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ABSTRACT

The roadmap towards fusion electricity includes the construction of an experimental
fusion reactor called DEMO (DEMOnstration power plant). A critical element of DEMO
is the tritium breeding blanket. Amongst others, two breeding blanket designs are cur-
rently under investigation: the HCPB (helium-cooled pebble bed) and the WCLL (water-
cooled lithium-lead) breeding blanket. In an HCPB breeding blanket, tritium is bred in
lithium-containing ceramic pebble beds rinsed by a helium purge gas flowing past helium
coolant channels. In a WCLL breeding blanket, a flowing lithium-lead breeder fluid is
penetrated by water coolant pipes. In both designs, it is inevitable that radioactive tritium
permeates from the breeder zone through Eurofer’97 steel walls into the adjacent coolant.
To ensure a safe operation of DEMO, finding methods that mitigate tritium contamination
of the coolant is essential. Previous experimental observations suggest that the addition
of protium to the breeder fluid or coolant of the breeding blankets might, under certain
conditions, reduce the tritium permeation flux. However, there is insufficient information
in the literature that would allow the evaluation of this technique as a suitable tritium
mitigation method.

For this purpose, in the first part of this thesis, a theoretical study of multi-isotopic
hydrogen gas-to-gas (relevant to an HCPB breeding blanket) and liquid metal-to-water
(relevant to a WCLL breeding blanket) co- and counter-permeation is conducted in which
the cause of the permeation flux altering effect of multi-isotopic permeation is revealed.
Algebraic formulas are derived that allow expressing the tritium permeation flux as a
function of the concentration of simultaneously co- or counter-permeating protium. Nu-
merical system-level hydrogen transport models of the HCPB and WCLL breeding zones
are developed which allow simulation of the occurring tritium permeation fluxes for dif-
ferent protium concentrations in the respective breeder fluid and the coolant. According
to the simulations, an addition of protium to the coolant of an HCPB breeding blanket
only leads to a reduction in tritium permeation when the protium concentration is too
high to be technically feasible. However, adding protium to the HCPB purge gas is found
to indeed result in a significant reduction in tritium permeation flux at still relatively low
protium concentrations and should therefore be considered as a tritium mitigation method
for HCPB breeding blankets. It is found that an increased concentration of protium in the
lithium-lead or water coolant of a WCLL breeding blanket can only lead to an increase in
tritium permeation and should hence be avoided. The numerical model and derived alge-
braic formulas describing gas-to-gas counter-permeation are experimentally validated by
reproducing experimental data.

To enable additional on-site experimental verification of gas-to-gas co- and counter
permeation effects with Eurofer’97 as membrane material a new experimental facility
is developed from scratch, called COOPER (CO- and cOunter-permeation) experiment.
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This thesis presents the experimental design and commissioning of the COOPER facility
as well as preliminary mono-isotopic permeation measurements in which hydrogen trans-
port coefficients such as the diffusivity, permeability and Sieverts’ constant of deuterium
in Eurofer’97 are determined. Moreover, detailed experimental procedures for perform-
ing co- and counter-permeation flux measurements with the COOPER experiment are
presented. The described procedures are supported by numerical simulations of multi-
isotopic permeation measurements taking into account the geometry and experimental
conditions of the COOPER device.

Another key research facility to be built on the path to fusion power is DONES
(DEMO-Oriented Neutron Source), an experimental neutron irradiation facility for fusion-
relevant materials. It consists of a deuterium beam colliding with a liquid lithium tar-
get that is part of a lithium loop system. Nuclear stripping reactions occur between
the deuterons and the lithium, producing neutrons, but also protium, deuterium and tri-
tium, which accumulate in the lithium. To comply with hydrogen concentration limits in
lithium, an yttrium-based hydrogen getter trap will be installed. However, the physical
processes that determine the absorption dynamics and the getter capacity of such a trap
have not yet been sufficiently studied to allow a reliable trap design.

For this reason, the second part of this thesis is devoted to the numerical and exper-
imental investigation of hydrogen capture in DONES with the objective of defining trap
design conditions that ensure meeting DONES safety limits. A numerical tool is devel-
oped from scratch capable of simulating multi-isotopic hydrogen transport in the DONES
lithium loop connected to an arbitrary yttrium pebble bed. It includes the physical mech-
anisms of lithium and yttrium hydride formation, which is a novelty in system-level hy-
drogen transport modeling. A thermodynamic analysis of the lithium-yttrium-hydrogen
system is carried out which reveals the solubility of hydrogen in different yttrium hydride
phases exposed to hydrogen-loaded lithium. Moreover, an approximate concentration-
dependent relationship of hydrogen diffusivity in yttrium is derived and incorporated into
the model. Simulations are performed to analyze the dynamics of hydrogen purification
processes during different operating phases of DONES by varying design parameters of
the trap. It is found that yttrium dihydride formation greatly increases the gettering ca-
pacity of the trap and prevents the concentration in the lithium to increase above a critical
value. Moreover, algebraic formulas are derived that allow calculating the required yt-
trium pebble bed mass and trap replacement period at any given temperature to comply
with DONES safety requirements. Finally, the model is validated by a numerical repro-
duction of experimental results.

To allow future experimental validation of the developed model, a new experimen-
tal lithium system is developed and put into operation. It is called the LYDER (Lithium
system for Yttrium-based DEeuterium Retention) experiment, the design and construc-
tion of which are presented in this thesis. The LYDER system is designed to allow the
loading of 100 mL of molten lithium with a controlled concentration of deuterium. The
design foresees creating a pressure differential in two argon-filled tanks which moves the
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deuterium-loaded lithium through a thin pipe system connected to an yttrium-based deu-
terium trap. The LYDER system is equipped with a lithium sample extraction system
and a thermal desorption spectroscopy branch with the purpose of analyzing the extracted
samples for their deuterium content. Numerical hydrogen transport models of the devel-
oped lithium system and the deuterium injection system are created and simulation results
are discussed in this thesis.
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RESUMEN

El camino hacia la energía de fusión incluye la construcción de un reactor de fusión
experimental denominado DEMO (DEMOnstration power plant). Un elemento crítico
de DEMO es la envoltura reproductora de tritio (de ahora en adelante breeding blanket)
donde se produce el combustible tritio. Entre otros, se están investigando intensamente
dos diseños de breeding blankts: el HCPB (helium-cooled pebble bed) y el WCLL (water-
cooled lithium-lead) breding blanket. En el HCPB breeding blanket, el tritio se genera en
lechos de pebbles cerámicos antes de ser arrastrado por un gas de purga de helio que
fluye a lo largo de canales de refrigeración de helio. En el WCLL breeding blanket el
tritio se produce en litio-plomo líquido que fluye a través de tubos refrigerados por agua.
En ambos diseños, es inevitable que el tritio radiactivo generado permea desde la zona
de su producción, a través de las paredes de acero de Eurofer’97, hacia el refrigerante.
Para garantizar un funcionamiento seguro de DEMO, es esencial encontrar métodos que
mitiguen la contaminación del refrigerante por tritio. Resultados experimentales previos
sugieren que, en determinadas condiciones, la inyección de protio a la zona de producción
de tritio o al refrigerante podría reducir el flujo de permeación de tritio al refrigerante. Sin
embargo, hoy en día no existe suficiente información en la literatura que permita evaluar
esta técnica como método de mitigación de tritio.

Con este fin, en la primera parte de esta disertación se lleva a cabo un estudio teórico
de la co- y contra-permeación multi-isotópica de gas-a-gas (relevante para un breeding
blanket HCPB) y de metal líquido-a-agua (relevante para un breeding blanket WCLL).
De esta manera se revela la causa de la alteración del flujo de permeación por efectos
multi-isotópicas. Se derivan fórmulas algebraicas que permiten expresar el flujo de per-
meación de tritio en función de la concentración de protio que simultáneamente co- o
contra-permea. Además, en esta tesis, se presenta el desarollo de modelos numéricos del
transporte de hidrógeno a nivel de sistema de las zonas de producción de tritio en los
breeding blankets HCPB y WCLL que permiten simular los flujos de permeación de tri-
tio para diferentes concentraciones de protio añadido. De acuerdo con las simulaciones,
la inyección de protio al refrigerante de un breeding blanket HCPB solamente resulta en
una reducción de la permeación de tritio cuando la concentración de protio es demasiado
alta para ser técnicamente viable. Sin embargo, se ha comprobado que la adición de pro-
tio al gas de purga del HCPB produce una reducción significativa a concentraciones de
protio relativamente bajas, por lo cual se debería considerar como un posible método de
mitigación de tritio, eficaz y barato. Se ha descubierto que una mayor concentración de
protio en el refrigerante de litio-plomo o agua de un breeding blanket WCLL sólo puede
resultar en un aumento de la permeación de tritio y, por lo tanto, debe evitarse. El mo-
delo numérico y las fórmulas algebraicas derivadas que describen la contra-permeación
gas-a-gas se validan mediante datos experimentales.
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Para permitir una verificación experimental adicional in situ de los efectos predichos
tanto de la co-permeación gas-a-gas como de la contra-permeación gas-a-gas con Eu-
rofer’97 como material de membrana, se desarrolla una nueva instalación experimental
desde cero, denominada experimento COOPER (CO- and cOunter-PERmeation). Esta
tesis presenta el diseño experimental y la puesta en marcha de la instalación COOPER,
así como mediciones preliminares de permeación mono-isotópica en las que se determi-
nan coeficientes de transporte de hidrógeno como la difusividad, la permeabilidad y la
constante de Sievert de deuterio en Eurofer’97. Además, se presentan procedimientos
experimentales detallados para realizar mediciones de flujo de co-permeación y contra-
permeación con el experimento COOPER. Los procedimientos descritos están respal-
dados por simulaciones numéricas, teniendo en cuenta la geometría característica y las
condiciones experimentales del experimento COOPER.

Otra instalación de investigación clave que se construirá en el camino hacia la energía
de fusión es DONES (DEMO-Oriented Neutron Source), una instalación experimental de
irradiación neutrónica de materiales para la fusión. DONES consiste en un haz de deuterio
que colisiona con un blanco de litio líquido que forma parte de un lazo de litio. Reacciones
nucleares entre los deuterones y el litio producen neutrones, pero también protio, deuterio
y tritio, que se acumulan en el litio. Para respetar los límites de concentración de isotopos
de hidrógeno en el litio, se instalará una trampa captadora de hidrógeno a base de itrio.
Hasta ahora, los procesos físicos que determinan la dinámica de absorción y la capacidad
de captación de una trampa de este tipo no se han investigado lo suficiente como para
poder diseñar una trampa fiable.

Por esta razón, la segunda parte de esta tesis se dedica a la investigación numérica y ex-
perimental de los mecanismos físicos implicados con el objetivo de definir los parámetros
de diseño de la trampa apropiados para DONES. Se desarrolla desde cero una herramienta
numérica capaz de simular el transporte de hidrógeno que se produce en el lazo de litio
de DONES conectado a un lecho de pebbles de itrio. El modelo incluye los mecanismos
físicos de la formación de hidruros de litio e itrio, lo que constituye una novedad en la
modelado del transporte de hidrógeno a nivel de sistema. Se lleva a cabo un análisis ter-
modinámico del sistema litio-itrio-hidrógeno que revela la solubilidad de los isótopos de
hidrógeno en diferentes fases de hidruro de itrio expuesto a litio cargado de hidrógeno.
Además, se deriva una relación aproximada de la difusividad de hidrógeno en itrio depen-
diente de la concentración de hidrógeno que está incorporado en el modelo. Se realizan
simulaciones para analizar la dinámica de los procesos de purificación de isótopos de
hidrógeno durante diferentes fases de operación de DONES variando los parámetros de
diseño de la trampa. Se observa que la formación de dihidruro de itrio aumenta en gran
medida la capacidad de absorción de la trampa y evita que la concentración en el litio
aumente por encima de un valor crítico. Además, se derivan fórmulas algebraicas que
permiten calcular la masa necesaria del lecho de pebbles de itrio y el periodo de susti-
tución de la trampa para cumplir los requisitos de seguridad de DONES. El modelo se
valida mediante una reproducción numérica de resultados experimentales.
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Para facilitar la futura validación experimental del modelo creado, se ha desarrollado
y puesto en funcionamiento un nuevo sistema experimental de litio en el marco de esta
tesis. Se trata del experimento LYDER (Lithium system for Yttrium-based DEeuterium
Retention), cuyo diseño y construcción se presentan en esta tesis. El sistema LYDER
está diseñado para permitir la carga de 100 mL de litio fundido con una concentración
controlada de deuterio. El diseño prevé la creación de un diferencial de presión entre dos
tanques presurizados con argón que mueve el litio cargado de deuterio a través de una
linea de tuberías que pasa por una trampa experimental de deuterio. El sistema LYDER
está equipado con un sistema de extracción de muestras de litio y una rama de espec-
troscopia de desorción térmica con el objetivo de analizar las muestras extraídas para
determinar su contenido de deuterio. Además, se presentan modelos numéricos del trans-
porte de deuterio en el sistema de litio y del sistema de inyección de deuterio de LYDER.
Los resultados de las simulaciones están analizados en esta disertación.
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LIST OF ABBREVIATIONS

TABLE I
General abbreviations.

Abbreviation Meaning

AC Antechamber
BB Breeding blanket
BCC Body centered cubic
BI Breeder interface
BL Boundary layer
BP Backing pump
CAD Computer aided design
CCG Cold cathode pressure gauge
CF Core flow
CFETR China Fusion Engineering Test Reactor
CG Coolant gas
CI Coolant interface
CIC Coolant inlet channel
CL Calibrated leak
COC Coolant outlet channel
CPS Coolant purification system
COOPER CO- and cOunter-PERmeation experiment
DEMO DEMOnstration Power Plant
DG Capacitance diaphragm gauge
DIS Deuterium injection system
DT Dump tank of the LYDER experiment
d.IN EcosimPro© diffusion port inlet
d.OUT EcosimPro© diffusion port outlet
DI Downstream interface
DL Diffusion-limited
DONES DEMO-oriented Neuron Source
EDX Energy dispersive X-ray spectroscopy
EH Electric heater
FCC Face centered cubic
EFDA European Fusion Development Agreement
f.IN EcosimPro© flow port inlet
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Abbreviation Meaning

f.OUT EcosimPro© flow port outlet
FP Fuel pin
GB Glove box
GDP Gross domestic product
GMT Gas mixing tank
GPS Glove box purification system
HCP Hexagonal closed packed
HCPB Helium-cooled pebble bed
HEBT High energy beam transport
HTR Heat transfer ring
HyF Hydride formation
HFTM High flux test module
HTR Heat transfer ring
HT Hydrogen trap
HV High vacuum
HX Heat exchanger
IFMIF International Fusion Materials Irradiation Facility
IL Isotope-limited
ITER International Thermonuclear Experimental Reactor
JET Joint European Tokamak
LD Leak detector
LEBT Low energy beam transport
LET Left expansion tank
LM Liquid metal
LML Liquid metals laboratory
LP Leak path
LS Lithium sensor
LT Left tank of the LYDER experiment
LYDER Lithium system for Y-based DEuterium Retention experiments
MHD Magnetohydrodynamics
MS Mass spectrometer
MEBT Medium energy beam transport
MSR Molten salt reactor
OP Open path
O-site Octahedral site
OW Outer purge gas wall
OVC Outer vacuum chamber
PC Permeation cell
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Abbreviation Meaning

PT Permeation tube
PCI Pressure-composition isotherm
PFD Process flow diagram
PG Purge gas
PG.IN Purge gas inlet of an HCPB fuel pin
PG.OUT Purge gas outlet segment of an HCPB fuel pin
PHTS Primary heat transfer system
PiG Pirani gauge
PI Purge gas interface
PCS Power conversion system
PSU Power supply unit
PWR Pressurized water reactor
QMS Quadrupole mass spectrometer
RFQ Radio Frequency Quadrupole
RET Right expansion tank
RT Right tank of the LYDER experiment
SC Sample container
SD Sample disk
SEM Scanning electron microscope
SL Surface-limited
SM Solid metal
SP Dry scroll pump
SPARC Soonest/Smallest Possible ARC
SST-2 Steady State Superconducting Tokamak
SRF Linac Super conducting Radio Frequency Linear accelerator
T-site Tetrahedral site
TC Thermocouple
TDS Thermal desorption spectroscopy
TBM Test Blanket Module
TBR Tritium breeding ratio
TJ-II Tokamak de la Junta II
TES Tritium extraction system
TMP Turbomolecular pump
UHV Ultra high vacuum
UI Upstream interface
V Valve
VC Vacuum chamber
WCLL Water-cooled lithium lead
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TABLE II
Abbreviations for particles, elements, molecules and materials.

Abbreviation Material

αFe α-iron
νe Anti-neutrino
Al Aluminum
Ar Argon
As Arsenic
Be Beryllium
C Carbon
Ca Calcium
Co Cobalt
Cr Chromium
Cu Copper
e− Electron
E97 Eurofer’97
Fe iron
FKM Fluoroelastomer
iH iH, jH, kH ∈ {1H, 2H, 3H} where i = j or i ≠ j but k ≠ i, j
1H Protium
2H Deuterium
3H Tritium
3He Helium-3
4He Helium-4
I600 Inconel®600
K Potassium
KALOS Karlsruhe Lithium Orthosilicate
Li Lithium
Mea Metal of type a
Mn Manganese
Mo Molybdenum
n Neutron
N Nitrogen
Na Sodium
Nb Niobium
Ni Nickel
O Oxygen
OFHC copper Oxygen free high conductivity copper
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Abbreviation Material

RAFM steel Reduced activation ferritic/martensitic steel
Sb Antimony
Si Silicon
Sn Tin
SS Stainless steel
Ta Tantalum
Ti Titanium
V Vanadium
W Tungsten
Y Yttrium
Zr Zirconium
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LIST OF PHYSICAL QUANTITIES

TABLE III
Physical quantities introduced in chapter 1.

Symbol Name SI unit

t Time s
E Energy J
ENB Nuclear binding energy of an atomic nucleus J
m Mass kg
∆mMD Mass defect of an atomic nucleus J
ç Speed of light in vacuum (ç = 299 792 458 m s−1) m s−1

∆mfis Mass difference between fission reactants and products kg
∆Efis Energy liberated in a fission reaction J
∆mfus Mass difference between fusion reactants and products kg
∆Efus Energy liberated in a fusion reaction J
T Temperature K
σNF Fusion reaction cross section m2

Q Fusion energy gain factor -
Ce Number concentration of electrons in plasma m−3

τE Plasma confinement time s
E⃗ Electric field V m−1

B⃗ Magnetic field T
R0 Major radius of a torus m
V Volume m3

p Total pressure Pa
r Radius m
TBM Tritium breeding ratio -

TABLE IV
Physical quantities introduced in chapter 2.

Symbol Name SI unit

G Gibbs energy J
H Enthalpy J
S Entropy J
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Symbol Name SI unit

µ Chemical potential J
Ns Number of particles of species s -
H

n
s Enthalpy change per particle s added to subsystem n J

S
n
s Entropy change per particle s added to subsystem n J

dξ Infinitesimal number of particles -
∆H s Enthalpy of solution of species s J
∆S s Entropy of solution of species s J
F Helmholtz free energy J
Zn Canonical partition function of subsystem n -
kB Boltzmann constant (kB = 1.381 × 10−23 J K−1) J K−1

p⃗ Canonical phase space coordinate of momentum kg m s−1

q⃗ Canonical phase space coordinate of position m
ϵ
(︁
p⃗, q⃗

)︁
Energy of a molecule in a certain energy state J

ℏ Reduced Planck constant (ℏ = 1.055 × 10−34 J s) J s
M⃗ Angular momentum of a diatomic hydrogen molecule kg m2 s−1

Θ Moment of inertia of a diatomic hydrogen molecule kg m2

ϵb Bond dissociation energy per molecule J
ps Partial pressure of species s Pa
p◦ Standard-state pressure (p◦ = 101 325 Pa) Pa
µ◦ Chemical potential at standard-state J
H
◦

Enthalpy change per added particle at standard-state J
S
◦

Entropy change per added particle at standard-state J
∆H

◦
Standard-state enthalpy of solution J

∆S
◦

Standard-state entropy of solution J
Kik+ jk

i j+kk Equilibrium constant: iHkH + jHkH ⇌ iH jH + kH2 -
ϵs Average energy of non-interacting isotopes in a lattice gas J
Nsites Number of available interstitial sites -
ϵHH Interaction energy per H-H pair in a lattice gas J
Nadj Number of nearest neighbor sites around an interstitial -
ELG Total energy of a lattice gas J
Ω Number of permutations of Ni isotopes over Nsites sites -
θb Fraction of occupied interstitial sites -
NMe Number of metal atoms -
x Number of dissolved isotopes per metal atom -
xmax Number of available interstitial sites per metal atom -
NA Avogadro constant (NA = 6.022 × 1023 mol−1) mol−1

ρ Density kg m−3

M Molar mass kg mol−1
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Symbol Name SI unit

cs Molar concentration of species s mol m−3

µex Excess contribution to the chemical potential per isotope J
Hex Excess contribution to the enthalpy change per isotope J
S ex Excess contribution to the entropy change per isotope J
∆Hs Sieverts’ enthalpy of solution J
∆S s Sieverts’ entropy of solution J
ks Sieverts’ constant -
k0

s Pre-exponential factor of the Sieverts’ constant -
Kex

ik Equilibrium constant: 2iHkH ⇌ iH2 +
kH2 -

Ks Sieverts’ constant expressed with molar concentration mol m−3 Pa−
1
2

K0
s Pre-exponential factor of the molar Sieverts’ constant mol m−3 Pa−

1
2

Ka−b
D,0 Low conc. distribution coefficient in a Mea-Meb-H system -
θν Fraction of phase ν when two hydride phases coexist -
xν Concentration of phase ν when two hydride phases coexist -
pdec Decomposition plateau pressure Pa
g Gibbs energy per metal atom of a metal-hydrogen solution J
∆H

◦

ν→ν′ Enthalpy of hydride formation of ν→ ν′ phase transition J
∆S
◦

ν→ν′ Entropy of hydride formation of ν→ ν′ phase transition J

Tc Max. temperature where two hydride phases can coexist K
αint Distance between interstitial sites m
Em Energetic height of potential barriers in a metal lattice J
r Radial distance m⟨︂
r2

n

⟩︂
Mean square distance a lattice atom passes after n jumps m2

fm(r, t) Probability for an atom to migrate a distance r after time t -
D Intrinsic diffusion coefficient or diffusivity m2 s−1

ϖ Jump frequency of a lattice atom in any possible direction Hz
ω Jump frequency of a lattice atom towards a specific site Hz
γint Lattice and interstitial site specific geometrical factor -
a0 Cubic lattice parameter m
∆Gm Gibbs energy of migration J
∆Hm Enthalpy of migration J
∆S m Entropy of migration J
ν0 Attempt rate of a lattice atom to jump into a specific site Hz
D0 Pre-exponential factor of the intrinsic diffusion coefficient m2 s−1

z Spacial axis oriented perpendicularly into a metal surface m
B Mobility of diffusing hydrogen isotopes s kg−1

u⃗ Velocity vector m s−1

u⃗m Average drift velocity of diffusing hydrogen isotopes m s−1
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Symbol Name SI unit

F⃗m Driving force of diffusion kg m s−2

J⃗ Atomic flux of hydrogen isotopes mol m−2 s−1

J⃗dif Atomic diffusion flux of hydrogen isotopes mol m−2 s−1

D Chemical diffusion coefficient m2 s−1

κs Mole number of particles of species s mol
Aper Surface area of a permeation membrane m2

ς Molar particle generation/consumption rate per volume mol m−3 s−1

Et Binding energy difference between a trap and a lattice site J
NT Molar density of trap sites mol m−3

NL Molar density of regular lattice sites mol m−3

cT Molar concentration of hydrogen isotopes in trap sites mol m−3

cL Molar concentration of hydrogen isotopes in lattice sites mol m−3

θTb Fraction of occupied trap sites -
θLb Fraction of occupied lattice sites -
µT Chemical potential of hydrogen isotopes in trap sites J
µL Chemical potential of hydrogen isotopes in lattice sites J
Deff Effective chemical diffusion coefficient m2 s−1

µint Chemical potential of hydrogen isotopes at a metal surface J
cint Molar hydrogen isotope concentration at a metal surface mol m−3

Jdif,int Atomic interface diffusion flux normal to a metal surface mol m−2 s−1

u⃗int Flow velocity at a metal interface m s−1

dBL Concentration boundary layer width in a liquid metal flow m
JMT Atomic mass transfer flux in the BL of a liquid metal flow mol m−2 s−1

cCF Molar concentration in the core flow of a liquid metal flow mol m−3

αMT Mass transfer coefficient of solutes into a liquid metal flow m s−1

Sh Sherwood number -
Lf Characteristic length of a flow environment m
αs Sticking coefficient -
α0

s Pre-exponential factor of the sticking coefficient -
Ed Activation energy of dissociation J
θc Fraction of occupied surface sites -
νs Number of surface sites mol m−2

jd Molecular dissociation flux normal to the metal surface mol m−2 s−1

Jd Atomic dissociation flux normal to the metal surface mol m−2 s−1

σ Surface roughness factor -
Γ Flux of impinging molecules onto a metal surface mol m−2 s−1

f u⃗ Maxwell-Boltzmann velocity distribution s3 m−3

kd Dissociation rate coefficient mol/m2/s/Pa
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Symbol Name SI unit

νi Areal molar density of occupied surface sites by species i mol m−2

Jsb Atomic flux of chemisorbed isotopes entering the bulk mol m−2 s−1

ksb Jump rate per isotope from the surface into the bulk mol s−1

k0
sb Attempt rate of an isotope to pass the surface-bulk barrier mol s−1

Ea Absorption energy barrier J
Ess Subsurface energy barrier J
δL Distance of the order of the lattice parameter m
Jbs Flux of subsurface isotopes emerging to the surface mol m−2

kbs Jump rate per isotope from the bulk to the surface mol s−1

k0
bs Attempt rate of an isotope to pass the bulk-surface barrier mol s−1

Kν Equilibrium constant for surface-subsurface equilibrium m
k′r Rate coefficient for recombination of two surface atoms m2 s−1

j′r Molecular flux due to recombination of two surface atoms mol m−2 s−1

k′′r Rate coefficient for surface-subsurface recombination m2 s−1

j′′r Molecular flux due to surface-subsurface recombination mol m−2 s−1

kr Recombination rate coefficient m4 mol−1 s−1

jr Molecular recombination flux mol m−2 s−1

Jr Atomic recombination flux mol m−2 s−1

jnet Molecular net flux mol m−2 s−1

Jnet Atomic net flux mol m−2 s−1

rf,ex
ik+ jk Forward reaction rate of the reaction (2.10) mol m−3 s−1

rb,ex
i j+kk Backward reaction rate of the reaction (2.10) mol m−3 s−1

ςex
s Rate of formation of species s from reaction (2.10) mol m−3 s−1

kf,ex
ik+ jk Forward rate coefficient of the reaction (2.10) m3 s−1 mol−1

kb,ex
i j+kk Backward rate coefficient of the reaction (2.10) m3 s−1 mol−1

KH Henry’s constant for hydrogen molecules in water mol m−3 Pa−1

Kw
n Equilibrium constants of reactions n: (2.113) - (2.117) -

rf,w
n,ik Forward reaction rates of reactions n: (2.113) - (2.117) mol m−3 s−1

rb,w
n,ik Backward reaction rates of reactions n: (2.113) - (2.117) mol m−3 s−1

kf,w
n,ik Forward rate coefficients of reactions n: (2.113) - (2.117) m3 s−1 mol−1

kb,w
n,ik Backward rate coefficients of reactions n: (2.113) - (2.117) m3 s−1 mol−1

ςw
s Formation rate of species s from reactions (2.113) - (2.117) mol m−3 s−1

pUI
s Partial pressure of species s at an upstream interface Pa

pDI
s Partial pressure of species s at a downstream interface Pa

d Thickness of a permeation membrane m
cUI,i Molar concentration of species i at an upstream interface mol m−3

cDI,i Molar concentration of species i at a downstream interface mol m−3

Jnet,UI Net flux of isotopes penetrating an upstream interface mol m−2 s−1
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Symbol Name SI unit

Jnet,DI Net flux of isotopes leaving a downstream interface mol m−2 s−1

Jper Atomic permeation flux mol m−2 s−1

Jper Atomic steady-state permeation flux mol m−2 s−1

cUI,eq Equilibrium concentration at an upstream interface mol m−3

cDI,eq Equilibrium concentration at a downstream interface mol m−3

J
dl
per Diffusion-limited atomic steady-state permeation flux mol m−2 s−1

Φs Permeability of species s mol/m/s/Pa
1
2

J
sl
per Surface-limited atomic steady-state permeation flux mol m−2 s−1

Ws Permeation number of species s -
λr Reduced concentration regarding an upstream interface -
ζr Reduced concentration regarding a downstream interface -
τTL Permeation time-lag mol m−2

ctot Total molar concentration including all isotopes mol m−3

cin Concentration at inner interface of a cylindrical wall mol m−3

cout Concentration at outer interface of a cylindrical wall mol m−3

rin Inner radius of a cylindrical wall m
rout Outer radius of a cylindrical wall m
J
⊚

in Particle flux through inner interface of cylindrical wall mol m−2 s−1

J
⊚

out Particle flux through outer interface of cylindrical wall mol m−2 s−1

f c
in Correction factor for inner side of cylindrical membrane -

f c
out Correction factor for outer side of cylindrical membrane -

f c
UI Correction factor for inner or outer upstream interface -

f c
DI Correction factor for inner or outer downstream interface -

TABLE V
Physical quantities introduced in chapter 3.

Symbol Name SI unit

λ Mean free path of molecules in a gas m
LVC Characteristic wall distance in a vacuum chamber m
Kn Knudsen number -
qpV Particle flow in a gas chamber mbar · L/s
∆pc Critical pressure difference leading to a chocked flow Pa
Csec Conductance of a gas chamber section L s−1

Cpipe,vis Conductance of a pipe section in the viscous flow regime L s−1

Cpipe,mol Conductance of a pipe section in the molecular flow regime L s−1
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Symbol Name SI unit

Ctot Total conductance of a system of pipes L s−1

qadd
pV Total flow of particles entering or leaving a gas chamber mbar · L/s

qleak
pV Flow of particles leaking into or out of a gas chamber mbar · L/s

qper
pV Flow of particles permeating into or out of a gas chamber mbar · L/s

qdegas
pV Flow of particles degassing from the chamber walls mbar · L/s

qpump
pV Flow of particles into a vacuum pump mbar · L/s

S pump Internal pumping speed of a vacuum pump L s−1

S eff Effective pumping speed L s−1

pin Intake pressure at a pump inlet Pa
pVC Pressure in a vacuum vessel Pa
pmin

VC Ultimate pressure in a vacuum chamber Pa
pmax

out Maximum allowable outlet pressure of a TMP Pa
S min

BP Minimum required pumping speed of a backing pump mbar · L/s
UV Voltage V
Tref Reference ambient temperature of a thermocouple K
I+prod,tot,s Total ion current originating from ionization of species s A
γs Ion source constant of species s Pa−1

σs Differential ionization effect cross section of species s m−1 Pa−1

le Mean path length of an electron in an ion source m
I −IS Electron current emitted from the cathode of an ion source A
RIPs Relative ionization probability of molecular species s -
I+prod,κ,s Current of ions with certain κ from parent species s A
κ Dimensionless mass-to-charge ratio of an ion -
CFκ,s Cracking fraction of ion with certain κ from parent species s -
U0 Offset voltage applied to the rods of a QMS V
VQMS Amplitude of the voltage applied to the rods in a QMS V
ωQMS Angular frequency of voltage applied to the rods in a QMS Hz
rQMS Radius of the central tunnel between the rods in a QMS m
TFκ,s Transmission factor of a QMS -
I+cup,κ,s Ion current with certain κ from species s hitting Faraday cup A
I+meas,κ,s Measured ion current with certain κ from species s A
I+meas,κ Measured ion current of mass-to-charge ratio κ A
f cal
κ,s QMS calibration factor to measure qper

pV,s at a certain κ mbar · L/s/A
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TABLE VI
Physical quantities introduced in chapter 4.

Symbol Name SI unit

peff,i Effective pressure of species iH ∈ {1H, 2H, 3H} Pa
Ψs Multi-isotopic permeation flux factor of species s -
Λs Normalized multi-isotopic permeation flux factor -
ceff Effective concentration mol m−3

TABLE VII
Physical quantities introduced in chapter 5.

Symbol Name SI unit

∆t Discretized time step for EcosimPro simulation s
M Number of discretization segments in fluid flow direction -
y Distance in flow direction of flow material component m
∆y Discretization length in fluid flow direction m
lflow Length of EcosimPro flow material component m
F Volume flow rate m3 s−1

Acs Cross section area of a flow material component m2

An Area assigned to diffusion port n of flow component m2

ṁ Mass flow rate kg s−1

Jn
s Diffusion flux through area An of flow component mol m−2 s−1

fsp Splitting fraction of a splitter component -
Nsplit Number of channels a flow is split by divider component -
ηTES,s Particle extraction efficiency of species s -
Q Number of discretization segments in diffusion direction -
∆z/∆r Discretization length in diffusion direction m
lFP Length of a fuel pin in an HCPB BB m
κ̇FP

s,gen Average generation rate of species s per HCPB fuel pin mol s−1

pPG Total pressure of the purge gas of an HCPB BB Pa
ṁPG Mass flow rate of the helium purge gas of an HCPB BB kg s−1

VPG Total volume of the helium purge gas of an HCPB BB m3

ṁFP
PG Mass flow rate of the purge gas through an HCPB fuel pin kg s−1

ε Void fraction of a pebble-bed -
dIW Thickness of inner E97 wall of pebble bed cladding of FP m
dOW Thickness of outer E97 wall of pebble bed cladding of FP m
ηCPS Extraction efficiency of a BB coolant purification system -
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Symbol Name SI unit

dpipe Total thickness of a pipe wall m
pCG

11,c Critical 1H2 pressure in coolant to reduce 3H permeation Pa
Re Reynolds number -
Sc Schmidt number -
ϱLM Dynamic viscosity of a liquid metal flow kg m−1 s−1

pUI.IN
s Pressure at the UI of the pipe inlet of Takeda’s experiment Pa

pDI.IN
s Pressure at the DI of the pipe inlet of Takeda’s experiment Pa

TABLE VIII
Physical quantities introduced in chapter 6.

Symbol Name SI unit

COP Conductance of the open path of the COOPER experiment L s−1

COVC Conductance of the OVC of the COOPER experiment L s−1

pGMT−A
init Pressure in gas mixing tank A prior to gas injection Pa

pPC−A
inj Pressure in permeation cell A after gas injection Pa
αinj Factor to convert pGMT−A

init into the resulting value of pPC−A
inj -

TABLE IX
Physical quantities introduced in chapter 7.

Symbol Name SI unit

Fmain Li volume flow rate through main loop m3 s−1

Ftrap Li volume flow rate through hydrogen trap m3 s−1

FBP Li volume flow rate through bypass m3 s−1

VLi Total volume of liquid Li m3

cLi
s,main Concentration of species s at position y′ in Li main loop mol m−3

U Number numerical discretization nodes of the main loop -
κ̇gen,s Isotope generation rate of species s mol s−1

VLi,main Volume of liquid Li in main loop m3

VLi,trap Volume of liquid Li in hydrogen trap m3

dtrap Diameter of hydrogen trap container m
Npeb Number of yttrium pebbles in hydrogen trap -
rpeb Radius of an yttrium pebble in hydrogen trap m
dpeb Diameter of an yttrium pebble in hydrogen trap m
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Symbol Name SI unit

Apeb Surface area of an yttrium pebble in hydrogen trap m2

AY Surface area of all yttrium pebbles in hydrogen trap m2

ltrap Length of hydrogen trap container m
Vtrap Internal volume of hydrogen trap container m3

VY Total volume of yttrium in hydrogen trap m3

cLi
s,trap Concentration of species s at position y in hydrogen trap mol m−3

Jret Atomic hydrogen isotope retention flux into Y getter bed mol m−2 s−1

κ̇Y
i Trap retention rate of hydrogen isotope species i mol s−1

κ̇Y Total hydrogen isotope retention rate of a trap mol s−1

δ Width of the center and last shell of a discretized pebble m
Vq Volume of shell q in the discretized pebble m3

κ̇shell
i Moles of isotopes i crossing a pebble shell per second mol s−1

cν-start Concentration in metal at start of phase ν mol m−3

cν-end Concentration in metal at end of phase ν mol m−3

pν-start Equilibrium pressure at start of phase ν Pa
pν-end Equilibrium pressure at end of phase ν Pa
f νν

′

Equilibrium pressure increase factor at ν→ ν′ transition -
sνν′ Slope of the PCIs of a metal hydrogen system -
an Fitting coefficients for T -c diagram of Y-H system -
cLi
− Minimum concentration in Li to trigger YH2 formation mol m−3

cLi
+ Concentration in Li once Y surface reaches δ-YH2±x phase mol m−3

Ka−b
D General distribution coefficient in a Mea-Meb-H system -

cLi
init Initial concentration in Li prior to purification mol m−3

cMe
eq Concentration in metal Me at equilibrium mol m−3

κLi
init Initial mole number of isotopes in Li prior to purification mol
κMe

eq Mole number of isotopes in metal Me at equilibrium mol
T−crit Max. T for YH2 to form at a given concentration K
T+crit Min. T for YH2 to not form at a given concentration K
AR Aspect ratio of hydrogen trap container -
mLi

3,limit Mass limit of dissolved tritium in the Li of DONES kg
mY

3,limit Mass limit of dissolved tritium in the Y getter of DONES kg
κ̇Me

i,α Increase rate of isotope mole number in Me in α phase mol s−1

ċMe Increase rate of concentration in metal Me mol m−3 s−1

κMe
HF Mole number of isotopes dissolved in Me during HyF mol
τHF Period during which YH2 forms before trap exhaustion s
κ̇Me

HF Increase rate of isotope mole number in Me in during HyF mol s−1

κMe
sat Mole number of isotopes dissolved in Me after saturation mol
κ̇Me

sat Increase rate of isotope mole number in Me after saturation mol s−1
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Symbol Name SI unit

mMe
3,max Maximum mass of dissolved tritium in metal Me kg

mMe
3,eq

3H mass in Me after trap is exchanged and in equilibrium kg
τtrap Trap replacement period s
τmax

trap Maximum permissible trap replacement period s
mmin

Y Min. required trap mass to meet DONES tritium limits kg

TABLE X
Physical quantities introduced in chapter 8.

Symbol Name SI unit

mmax
Y Maximum yttrium capacity of a hydrogen trap kg

r40CF
in Inner radius of a DN40CF nipple m

zmax
Li Max. height of the lithium column in the LYDER system m

gE Gravitational acceleration on Earth (gE = 9.81 m s−2) m s−2

VSC
Li Volume of an extracted lithium sample in LYDER m3

∆zLS Distance between level sensors in the right tank m
VPC Inner volume of the permeation chamber in LYDER m3

ztube Total height of the permeation membrane in LYDER m
∆z16CF Thickness of the ring-shaped 16CF flange ring in LYDER m
∆zroof Thickness of the roof of the α-iron membrane in LYDER m
∆zper Length of the effective permeation area in LYDER m
zsurf Height of the lithium column in the right tank m
rαFe

in Inner radius of the α-iron tube in LDYER m
rαFe

out Outer radius of the α-iron tube in LDYER m
Vside

Li Lithium volume beside the α-iron tube m3

A40CF Interior cross-sectional area of a DN40CF nipple m2

qdesorb
pV Flow of particles desorbing from a metal sample mbar · L/s
κLi

i,meas Measured number of desorbed deuterium isotopes mol
κLi

i,init Number of deuterium isotopes initially in the lithium mol
κLi

i,final Number of deuterium isotopes remaining in the lithium mol
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LIST OF TECHNICAL SYMBOLS

TABLE XI
Symbols of technical components.

Symbol Meaning

TC
01 Thermocouple

H-01 Heater

Turbomolecular pump

Dry scroll pump

DG

01 Diaphragm pressure gauge

PG

01 Pirani pressure gauge

Blower

CCG

01 Cold cathode pressure gauge

General open/close valve

Manually operated open/close valve

Manually operated regulation valve

Gas dosing valve

Pneumatically operated open/close valve

Electrically operated open/close valve

Gas
Gas cylinder
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102 Pa. The simulations assume that ṁPG = 5 × 10−1 kg s−1. . . . . . . . . 152

5.23 [Left] Section cut of the breeder zone in an outboard elementary cell of
the WCLL breeding blanket. [Right] Illustration of a water cooling pipe
in the breeder zone, overflown by the liquid PbLi flow. . . . . . . . . . . 153

5.24 EcosimPro© inner component structure of the double wall material com-
ponent used to simulate the water pipe wall in a WCLL elementary cell. . 154

liv



5.25 EcosimPro© component flow chart of the examined permeation environ-
ment which represents a section of a water cooling pipe inside of the
breeder unit in an elementary cell of a WCLL breeding blanket. . . . . . 154

5.26 [Left] Temperature dependencies of the Sieverts’ constants of protium in
different endothermic hydrogen-absorbing metals reported in the refer-
ences [161], [223], [224]. [Right] Temperature dependencies of the dif-
fusivities of protium in different endothermic hydrogen-absorbing metals
reported in the references [161], [224], [225]. . . . . . . . . . . . . . . . 156

5.27 [Left] Tritium permeation flux from the PbLi breeder flow into the wa-
ter coolant of a WCLL breeding blanket in a counter-permeation scenario
where 1H2 gas is added to the water coolant assuming the pipe wall is ex-
clusively made of Eurofer’97. The graph shows a simulated curve as well
as curves that are calculated using algebraic formulas derived in section
4.2. [Right] Simulated protium and tritium concentrations at the coolant
downstream interface of the water pipe wall of a WCLL breeding blan-
ket in a counter-permeation scenario where 1H2 gas is added to the water
coolant assuming the pipe wall is exclusively made of Eurofer’97. . . . . 158

5.28 [Left] Tritium permeation flux from the PbLi breeder flow into the water
coolant of a WCLL breeding blanket in a co-permeation scenario where
protium is added to the PbLi flow assuming the pipe wall is exclusively
made of Eurofer’97. The graph shows a simulated curve as well as curves
that are calculated using algebraic formulas derived in section 4.2. [Right]
Simulated protium and tritium concentrations at the coolant downstream
interface of the water pipe wall of a WCLL breeding blanket in a co-
permeation scenario where protium is added to the PbLi flow assuming
the pipe wall is exclusively made of Eurofer’97. . . . . . . . . . . . . . . 160

5.29 [Left] Minimum steady state tritium permeation flux from the PbLi flow
into the water coolant of a WCLL breeding blanket that establishes if
there is no protium in the system plotted against the tritium concentration
in the PbLi flow. It is shown together with the maximum permeation flux
that adjusts if there is much more protium than tritium in the system. The
curves are simulated and calculated using the algebraic equations (4.58)
and (4.60) derived in section 4.2. [Right] Tritium concentrations at the
breeder interface (BI) and coolant interface (CI) in the pipe wall if it con-
sists exclusively of Eurofer’97, plotted against the tritium concentration
in the PbLi flow if no protium is present in the system. . . . . . . . . . . 161

5.30 Steady state tritium permeation flux from the PbLi flow into the water
coolant of a WCLL breeding blanket plotted against the concentration of
added 1H2 to coolant and the concentration of added 1H to the PbLi flow
if cPbLi

CF,3 ≈ 1.4 × 10−2 mol m−3. . . . . . . . . . . . . . . . . . . . . . . . . 162

lv



5.31 Minimum steady state tritium permeation flux from the PbLi flow into
the water coolant of a WCLL breeding blanket if there is no protium in
the system plotted against the tritium concentration in the PbLi flow. It is
shown together with the maximum permeation flux that adjusts if there is
much more protium than tritium in the system. The plot contains the sim-
ulated curves for a pipe wall which exclusively consists of Eurofer’97 and
a pipe wall with an α-iron interlayer. Both walls have the same thicknesses.163

5.32 Steady state tritium permeation flux from the PbLi flow into the water
coolant of a WCLL breeding blanket plotted against the concentration of
added 1H2 to coolant and the concentration of added 1H to the PbLi flow
if cPbLi

CF,3 ≈ 1.4 × 10−3 mol m−3. The plot indicates the concentration of 1H2

in the water equal to xw
11 = 8 ppm. . . . . . . . . . . . . . . . . . . . . . 164

5.33 [Left] Average 2H permeation flux from the interior 2H2+Ar gas flow of
the test pipe of Takeda’s counter-permeation chamber through its Inconel®600
pipe wall into an 1H2+Ar gas mix flowing through the wider cylinder case
of the experimental setup. The graph contains experimental data points
[90], a simulated curve, and two calculated curves using algebraic equa-
tions determined in section 4.1. The permeation flux is shown relative
to the simulated flux which occurs if no 1H is present at the downstream
side. It is plotted against the 1H2 partial pressure injected into the inlet
of the downstream side. The considered 2H2 partial pressure at the test
pipe inlet is pUI.IN

22 = 102 Pa. [Right] Simulated average effective deu-
terium pressures inside (upstream) and outside (downstream) of the test
pipe of Takeda’s counter-permeation experiment. They are plotted against
the 1H2 partial pressure injected into the inlet of the downstream side. . . 166

5.34 Develloped EcosimPro© component flow chart of the counter-permeation
experiment executed by Takeda et al [90]. . . . . . . . . . . . . . . . . . 167

6.1 [Left] Theoretically calculated steady state deuterium permeation flux
from an upstream gas chamber through a ddisk = 1×10−3 m thick and plane
Eurofer’97 membrane into vacuum at T = 573 K plotted against the 2H2

partial pressure in the upstream chamber. [Right] Theoretically calculated
deuterium permeation flux from an upstream chamber with pUI

22 = 10 Pa
through a ddisk = 1 × 10−3 m thick and plane Eurofer’97 membrane into
vacuum in a co-permeation scenario at T = 573 K plotted as a function of
the 1H2 gas partial pressure pDI

11 in the upstream chamber. . . . . . . . . . 171

6.2 Process flow diagram of the experimental setup of the COOPER facility. . 175

6.3 Section cut of the fabrication plan of the permeation tube. The sample
disk is clamped between the two permeation cells. . . . . . . . . . . . . . 176

lvi



6.4 [Left] Photo of the permeation tube connected to the outlet ports of the
outer vacuum chamber. [Right] Exterior view of the outer vacuum cham-
ber containing the permeation tube. . . . . . . . . . . . . . . . . . . . . . 177

6.5 Fabrication plan of the designed outer vacuum chamber without the cover
plates which contains the permeation tube. . . . . . . . . . . . . . . . . . 177

6.6 Sectional view through the outer chamber and the inner permeation cells
which are separated by the sample disk and a heat transfer copper ring. . . 178

6.7 Photos showing the assembly of the permeation tube. . . . . . . . . . . . 179

6.8 Developed LabVIEW program to control the power supply of the band
heater and to monitor the temperatures and pressures measured at different
locations in the experimental setup of the COOPER facility. . . . . . . . . 180

6.9 Simulated steady state temperature profile which establishes throughout
the heat transfer ring surrounding an Eurofer’97 sample disk in its center
considering that the outer cylinder surface of the HTR is kept at a temper-
ature of 650 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

6.10 Simulated steady state temperature profile which establishes throughout
the permeation tube surface considering that the outer cylinder surface of
the HTR is kept at a temperature of 650 K. . . . . . . . . . . . . . . . . . 182

6.11 Photo of the mounted COOPER experiment. The outer vacuum chamber
which houses the permeation tube is visible in the center. On the right,
there is the gas mixing and gas injection system. On the left, the leak
paths and open paths are linked to the QMS, leak detector, and vacuum
system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

6.12 Photo of gas preparation and injection system of the COOPER experiment
involving the two gas mixing tanks GMT-A and GMT-B. . . . . . . . . . 184

6.13 Partial pressure spectrum of the vacuum atmosphere that establishes in the
gas line system connecting the permeation cells of the COOPER experi-
ment with the QMS once the ultimate pressure in the system is reached.
It is recorded for mass-to-charge ratios in a range of 0 < κ < 50 using a
QMS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

6.14 [Left] Temperatures measured by the different thermocouples installed in
the COOPER experiment during a typical heating phase in which the band
heater is heated to TTC−1 = 773 K with an adjusted temperature ramp of
∆T = 2 K min−1. [Right] Temperatures measured by the different ther-
mocouples installed in the COOPER experiment during thermal steady
state at the moment a 2H2 partial pressure of pUI

22 = 2 × 104 Pa is abruptly
injected into the upstream permeation cell PC-A. . . . . . . . . . . . . . 190

lvii



6.15 Time evolution of the 2H2 partial pressure in PC-B at TTC−2 = 823 K
measured by the QMS via the open path after an injection of 2H2 gas with
the partial pressures pUI

22 = 50 Pa (solid blue line) and pUI
22 = 2 × 104 Pa

(dashed orange line) into PC-A. . . . . . . . . . . . . . . . . . . . . . . 193

6.16 Measured EDX spectrum of the Eurofer’97 material used to manufacture
the sample disk installed in the COOPER experiment. . . . . . . . . . . . 194

6.17 [Left] Temperatures measured by the different thermocouples installed in
the COOPER experiment during the performed mono-isotopic permea-
tion measurements. [Right] Pressures of 2H2 gas in GMT-A and PC-A
measured by DG-03 and DG-05 during the performed mono-isotopic per-
meation measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

6.18 [Left] Measured deuterium permeation flux into PC-B resulting from an
injection of 2H2 gas into PC-A with a partial pressure of pUI

22 = 2× 104 Pa.
The measurements are performed at five different sample disk tempera-
tures. [Right] Molecular permeation fluxes associated to molecules that
are ionized by the QMS into fragments with the mass-to-charge ratios
κ = 3, κ = 4 and κ = 20 that result from an injection of 2H2 gas into PC-A
with a partial pressure of pUI

22 = 2 × 104 Pa at TTC−2 = 773 K. . . . . . . . 199

6.19 Measured steady state deuterium permeation fluxes into PC-B resulting
from an injection of 2H2 gas into PC-A with a partial pressure of pUI

22 =

2× 104 Pa. The measurements are performed at five different sample disk
temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

6.20 Measured permeability of deuterium in Eurofer’97 as a function of the
sample temperature. The diagram contains experimental deuterium per-
meability relations obtained from the literature [159], [161], [221], [222]. 201

6.21 [Left] Cumulative number of permeated deuterium atoms at different disk
temperatures plotted against time. The plots approach straight lines, which
are approximated by linear fits. The intercepts of the fits provide the per-
meation time-lags used to obtain the effective deuterium diffusion coef-
ficients at the observed temperatures. [Right] Effective diffusivities of
deuterium in Eurofer’97 measured with the COOPER experiment com-
pared with literature values [159], [161], [221], [222]. The solid blue line
is the determined temperature relation of the diffusivity which is assumed
to be valid for temperatures T > 673 K where Deff,2 ≈ D2. . . . . . . . . . 202

6.22 Effective Sieverts’ constant of deuterium in Eurofer’97 measured with the
COOPER experiment as a function of temperature compared with litera-
ture values [159], [161], [221], [222]. The solid blue line is the obtained
temperature relation of the interstitial Sieverts’ constant which is assumed
to be valid for temperatures T > 673 K where Deff,2 ≈ D2. . . . . . . . . . 204

lviii



6.23 Flow structure of the developed numerical model of the COOPER exper-
iment using EcosimPro©. . . . . . . . . . . . . . . . . . . . . . . . . . . 207

6.24 Flow structure of the developed numerical model of a gas chamber com-
ponent using EcosimPro©. . . . . . . . . . . . . . . . . . . . . . . . . . 207

6.25 [Left] Simulated steady state deuterium permeation flux into PC-B as a
function of the 1H2 upstream partial pressures in PC-A, which would
result in a co-permeation measurement with the COOPER experiment
at T = 773 K considering four different 2H2 upstream partial pressures
in PC-A. [Right] Simulated steady state deuterium permeation flux as a
function of the 1H2 downstream partial pressures, which would result in
a counter-permeation measurement with the COOPER experiment at T =
773 K if the injected 2H2 upstream partial pressures is pPC−A

22 = 1 × 103 Pa. 208

6.26 Simulated 1H2, 1H2H and 2H2 partial pressures in a closed PC-B during
a mono-isotopic permeation measurement performed with the COOPER
experiment at a sample disk temperature of T = 823 K and a 2H2 upstream
partial pressure of pPC−A

22 = 1 × 103 Pa. . . . . . . . . . . . . . . . . . . . 210

6.27 Simulated cumulative number of permeated deuterium atoms into a close
PC-B at a sample disk temperature of T = 823 K and a 2H2 upstream
partial pressure of pPC−A

22 = 1 × 103 Pa considering that either no 1H2 gas
is present in PC-B or a partial pressure of pPC−B

11 = 1 × 105 Pa. . . . . . . . 211

6.28 Simulated 1H2 and 1H2H partial pressures in a closed PC-B during counter-
permeation measurements with the COOPER experiment at a sample disk
temperature of T = 823 K, a 2H2 upstream partial pressure of pPC−A

22 =

1 × 103 Pa and a 1H2 downstream pressure of pPC−B
11 = 1 × 105 Pa. . . . . . 212

7.1 [Left] Internal component structure of the hydrogen trap component de-
veloped using the software EcosimPro© [113]. [Right] Flow diagram of
the numerical model of the DONES lithium loop using EcosimPro© [113]. 214

7.2 Numerical discretization of the trap container which contains the yttrium
pebble bed as considered in the numerical model. . . . . . . . . . . . . . 215

7.3 Temperature dependency of the diffusivity relations of deuterium in liq-
uid lithium and in the α-Y phase of yttrium obtained from experimental
values reported in [259] and [154]. In this model, these relations are con-
sidered for all three hydrogen isotopes. . . . . . . . . . . . . . . . . . . . 217

7.4 Discretized shell structure considered for the finite difference description
of hydrogen transport inside of each yttrium pebble. . . . . . . . . . . . . 218

7.5 Temperature dependency of the Sieverts’ constants of deuterium in the
α-Li phase and the α-Y phase together with their defined error ranges
obtained from experimental values reported in [119] and [268]. . . . . . . 221

lix



7.6 Temperature-concentration phase diagram of the Li-H system as consid-
ered in the model [272]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

7.7 Theoretically approximated pressure-composition isotherms of the Li-H
system at three temperatures relevant for the DONES lithium loop. . . . . 223

7.8 Temperature-concentration phase diagram of the Y-H system determined
by fitting against theoretically calculated phase boundaries in [116]. . . . 226

7.9 [Left] Theoretically approximated pressure-composition isotherms of the
Y-H system at three temperatures relevant for the DONES lithium loop.
[Right] Visualization of the numerically calculated concentration bound-
ary condition (7.19). It indicates the hydrogen concentration in yttrium
which occurs at the pebble surface at a certain interface concentration in
the lithium. Moreover, it depicts the concentration which adjusts in the
yttrium pebbles at a certain concentration in the lithium once thermody-
namic equilibrium is reached. . . . . . . . . . . . . . . . . . . . . . . . . 228

7.10 Concentration range in lithium at the Li-Y interface where YH2 is formed
on the pebble surface. Above this concentration range, the pebble surface
is in the δ-YH2±x phase and below this concentration, it occurs in the α-Y
phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

7.11 [Left] General distribution coefficient of the Li-Y-H system as a function
of the concentration in lithium calculated from the numerically derived
concentration boundary condition (7.19) depicted in the right-hand plot
in figure 7.9. [Right] Low-concentration distribution coefficient of the
Li-Y-H system as a function of the temperature. . . . . . . . . . . . . . . 230

7.12 Theoretically derived concentration-dependent diffusion relation of hy-
drogen in yttrium calculated using the equations (7.59) and (7.42). . . . . 232

7.13 Simulated temporal evolution of the concentration profile inside of an
yttrium pebble at T = 573 K if its surface is maintained at a constant con-
centration of cY

int > cε-start
Y . [Left] The first simulation assumes a concentration-

independent diffusion coefficient D
Y
= DY as it would yield from the

model if hydride formation was not taken into account. [Right] The sec-
ond simulation considers the derived concentration-dependent chemical
diffusion coefficient (7.59). . . . . . . . . . . . . . . . . . . . . . . . . . 233

7.14 Simulated temporal evolution of the average protium concentration in
lithium during initial purification of the DONES lithium loop at T =
623 K, assuming different yttrium masses in the hydrogen trap. The graph
includes a simulation that does not take hydride formation into account
(no HyF). The green area marks the required concentration range for
DONES operation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

lx



7.15 [Left] Simulated temporal evolution of the protium concentration profile
inside of an yttrium pebble of the first trap segment, assuming a temper-
ature of T = 623 K and a pebble bed mass of mY = 15 kg. [Right] Sim-
ulated temporal evolution of the protium concentration occurring at the
surface of an yttrium pebble in the first trap segment during initial purifi-
cation of the DONES lithium loop, assuming a temperature of T = 623 K
and a pebble bed mass of mY = 15 kg. The graph includes a simulation
that does not take hydride formation into account (no HyF). . . . . . . . . 236

7.16 [Left] Simulated temporal evolution of the protium concentration occur-
ring in lithium at the Li-Y interfaces in the first trap segment during ini-
tial purification of the DONES lithium loop, assuming a temperature of
T = 623 K and a pebble bed mass of mY = 15 kg. The graph includes
a simulation that does not take hydride formation into account (no HyF).
[Right] Simulated temporal evolution of the Li-Y general distribution co-
efficient in the first segment during initial purification of the DONES
lithium loop, assuming a temperature of T = 623 K and a pebble bed
mass of mY = 15 kg. The graph includes a simulation that does not take
hydride formation into account (no HyF). . . . . . . . . . . . . . . . . . 237

7.17 Minimum pebble bed mass as a function of temperature required for the
initial purification run of the DONES lithium loop to reduce the concen-
tration from an initial value of cLi

init = 57 wppm to a limit equilibrium value
of cLi

limit = 10 wppm. The black star marks the optimal design parameters
for the hydrogen trap used for the initial purification. . . . . . . . . . . . 241

7.18 [Left] Simulated temporal evolution of the average protium concentra-
tion in the lithium during initial purification of the DONES lithium loop
for a pebble bed mass of mY = 20 kg, assuming different operating tem-
peratures. [Right] Simulated temporal evolution of the average protium
concentration in the lithium flow during initial purification of the DONES
lithium loop for a pebble bed mass of mY = 20 kg and an operating tem-
perature of T = 563 K, varying the pebble diameter, the lithium flow rate
through the trap or the aspect ratio of the pebble bed. . . . . . . . . . . . 242

7.19 Simulated average total hydrogen isotope concentration in lithium during
DONES experimental phase for different pebble bed masses at T = 623 K
if a single non-replaced trap is used. The graph includes a simulation that
does not take hydride formation into account (no HyF). . . . . . . . . . . 245

7.20 Simulated average total hydrogen isotope concentration within the yt-
trium pebbles during DONES experimental phase if a single hydrogen
trap is used without replacement, assuming different pebble bed masses
and T = 623 K. The graph includes a simulation that does not take hy-
dride formation into account (no HyF). . . . . . . . . . . . . . . . . . . . 246

lxi



7.21 [Left] Simulated average total hydrogen isotope concentration in lithium
during DONES experimental phase at different temperatures assuming
a single hydrogen trap with a pebble bed mass of mY = 15 kg is used
throughout the lifetime of DONES. [Right] Simulated mass of tritium in
the lithium during DONES experimental phase at different temperatures
assuming a single hydrogen trap with a pebble bed mass of mY = 15 kg is
used throughout the lifetime of DONES. . . . . . . . . . . . . . . . . . . 248

7.22 Minimum pebble bed mass required to meet the tritium limits in yttrium
and lithium during DONES experimental phase if the trap it is replaced
every τmax

trap = 28 days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251

7.23 [Left] Simulated evolution of the tritium content in the yttrium pebble
bed during DONES experimental phase for different trap exchange pe-
riods assuming an yttrium mass of mY = 16.4 kg and a temperature of
T = 623 K. [Right] Simulated evolution of the tritium content in lithium
during DONES experimental phase for different trap exchange periods
assuming an yttrium mass of mY = 16.4 kg and a temperature of T = 623 K.252

7.24 [Left] Simulated evolution of the tritium content in lithium during DONES
experimental phase for different pebble bed masses assuming a temper-
ature of T = 623 K and a trap replacement period of τtrap = 28 days.
[Right] Simulated evolution of the tritium content in lithium during DONES
experimental phase for different temperatures assuming a pebble bed mass
of mY = 7.5 kg and a trap replacement period of τtrap = τ

max
trap . . . . . . . . 253

7.25 [Left] Simulated evolutions of the average protium, deuterium, tritium,
and total hydrogen isotope concentrations in lithium during DONES ex-
perimental phase if the yttrium pebble bed mass is mY = 16.4 kg, the
temperature is T = 623 K and assuming the hydrogen trap is exchanged
with the period τtrap = 28 days. Such configuration would comply with
the DONES safety limits. [Right] Simulated total hydrogen isotope con-
centration in lithium at the moment of a trap replacement during DONES
experimental phase if the yttrium pebble bed mass is mY = 16.4 kg, the
temperature is T = 623 K and assuming the hydrogen trap is exchanged
with the period τtrap = 28 days. The simulation is performed for different
pebble diameters, lithium flow rates through the pebble bed, and aspect
ratios of the trap container. . . . . . . . . . . . . . . . . . . . . . . . . . 254

7.26 Ratios between the measured average deuterium concentration of extracted
lithium samples that were exposed to an yttrium getter bed and the ini-
tial deuterium concentration in the lithium prior to the contact with the
yttrium. The ratios were measured in deuterium retention experiments
performed by Yamasaki et al [112]. The graph contains a simulation re-
producing the experimental values with the developed numerical model. . 255

lxii



8.1 Minimum yttrium bed mass required in the LYDER experiment to ensure
a reduction from an initial deuterium concentration of cLi

2,init = 40 mol m−3

to the critical concentration below which the pebbles occur in the α-Y
phase where equation (8.1) is valid. . . . . . . . . . . . . . . . . . . . . 260

8.2 Process flow diagram of the LYDER experiment. . . . . . . . . . . . . . 261

8.3 Photo showing the various components of the LYDER experiment. . . . . 262

8.4 Interior glove box components of the LYDER experiment involving a
branch for TDS experiments on the left and the lithium system on the
right. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 264

8.5 Developed CAD model of the lithium system of the LYDER experiment
showing the locations of the heaters, thermocouples, valves and lithium
level sensors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 265

8.6 Single lithium pallet with the shape and dimension as those purchased for
the experimental campaign of the LYDER experiment. . . . . . . . . . . 266

8.7 Control panel supporting the temperature controllers, pressure indicators
and valve manifold of the LYDER experiment to control the Ar and 2H2

gas pressures in the lithium system and the deuterium injection system. . 267

8.8 Bare lithium sample container with open VCR male nut disconnected
from the lithium system indicating the lithium flow direction into the sam-
ple container. The lithium can be filled into a beaker if instant sampling
inside the glove box atmosphere is required. . . . . . . . . . . . . . . . . 270

8.9 [Left] Constructed 20-pin electric feedthrough to power the ten resistance
heaters of the LYDER lithium system. [Right] Assembled feedthrough
manifold for the 22 thermocouple cables that penetrate the glove box. . . 271

8.10 Thermocouple connector strip mounted on the horizontal beam support in
the center of the glove box. . . . . . . . . . . . . . . . . . . . . . . . . . 272

8.11 [Left] Assembled liquid lithium system of the LYDER experiment wrapped
with fiberglass tape and ten heating wires. [Right] Removable sample
holder without thermal insulation surrounded by a heating cable and fiber-
glass tape. It is connected to the lithium system by a VCR fitting heated
by a small cartridge heater. . . . . . . . . . . . . . . . . . . . . . . . . . 273

8.12 LabVIEW control program of the LYDER facility. . . . . . . . . . . . . . 274

8.13 Manufacturing drawing of the developed deuterium injection system for
the LYDER experiment. This involves the α-iron membrane, a drilled
DN16CF flange ring and a modified DN40CF blind flange. . . . . . . . . 276

lxiii



8.14 [Top left]: Modified DN40CF blind flange used as the base for the deu-
terium injection system. It has a custom DN16CF knife-edge in the cen-
ter surrounded by six blind M4 threaded holes. The liquid lithium enters
through a drilled hole between the two knife-edges on the left, and the
2H2 gas enters the tube through the hole inside the DN16CF knife-edge.
[Top right] Fabricated closed α-iron tube acting as a deuterium permea-
tion membrane with a DN16CF knife-edge at the open end. The tube is
attached to the center flange of the base plate by a conventional DN16CF
flange ring using a DN16CF α-iron Helicoflex® gasket. [bottom left] As-
sembled deuterium injection system with a DN40CF α-iron Helicoflex®

gasket sitting on the outer knife edge. [bottom right] Top view into the
right tank showing the deuterium membrane from above. The picture
shows the hole through which the liquid lithium enters. . . . . . . . . . . 277

8.15 [Left] Assembled right tank of the LYDER lithium system with the deu-
terium injection system at the bottom flange. [center] Open DN40CF
flange in the middle of the right tank showing an α-iron Helicoflex® gas-
ket which is used for the sealing and two lithium level sensors LS-01 and
LS-02. [Right] Section cut through a 3D drawing of the custom-designed
deuterium injection system illustrating the deuterium permeation process
from the interior of a closed α-iron tube into the surrounding liquid lithium.278

8.16 EcosimPro© component structure of the developed numerical model of
the deuterium injection system. . . . . . . . . . . . . . . . . . . . . . . . 280

8.17 [Left] Simulated evolution of the radial deuterium concentration profile in
the lithium between the outer wall of the permeation membrane and the
inside wall of the right tank during deuterium injection. [Right] Simulated
evolution of the vertical deuterium concentration profile in the lithium
during deuterium injection, averaged over the radial direction of the tank. 282

8.18 [Left] Simulated evolution of the average deuterium concentration in the
lithium of the right tank during deuterium injection considering three dif-
ferent initial 2H2 pressures in the permeation chamber. [Right] Simulated
evolution of the 2H2 pressure in the permeation chamber during deuterium
injection into the lithium considering three different initial 2H2 pressures. 283

8.19 [Left] Thick 316 stainless steel body of the developed deuterium getter
trap container for the LYDER experiment. [Right] Fabricated deuterium
trap components that make up the yttrium basket. The arrows indicate the
assembly steps of the basket attached to the trap lid. . . . . . . . . . . . . 284

8.20 [Left] Assembled yttrium basket of the deuterium trap attached to the
trap lid showing the position of a Helicoflex® α-iron gasket [Right] 3D
drawing of the deuterium trap design illustrating how the yttrium basket
is inserted into the trap container. . . . . . . . . . . . . . . . . . . . . . . 285

lxiv



8.21 [Left] Closed deuterium trap mounted in the lithium system of the LY-
DER experiment. [Right] Cross-sectional view into the inner structure
of the deuterium getter trap showing the lithium flow path from above
through the yttrium getter bed enclosed by two stainless steel meshes. . . 286

8.22 Deuterium equilibrium concentration in liquid lithium as a function of the
temperature at different 2H2 partial pressures above the lithium surface. . 287

8.23 Temperatures measured by thermocouples that are used to control heating
elements of the LYDER system during a heating test up to T = 373 K. . . 289

8.24 Simulated average deuterium concentration in the lithium during deu-
terium retention experiments with the LYDER experiment as a function of
the number of times the lithium has passed through the trap. [Left] Sim-
ulation considering different initial concentrations at T = 623 K, mY =

2 × 10−3 kg, VLi = 95 mL, Ftrap = 50 mL min−1, rpeb = 7.5 × 10−4 m
and dtrap = 1.3 × 10−2 m [Right] Simulation considering different pebble
bed masses at T = 623 K, cLi

2,init = 40 mol m−3, VLi = 95 mL, Ftrap =

50 mL min−1, rpeb = 7.5 × 10−4 m and dtrap = 1.3 × 10−2 m. . . . . . . . . 293

8.25 Simulated average deuterium concentration in lithium during a deuterium
retention experiment with the LYDER experiment considering different
operating temperatures if cLi

2,init = 40 mol m−3, mY = 2 × 10−3 kg, VLi =

95 mL, Ftrap = 50 mL min−1, rpeb = 7.5 × 10−4 m and dtrap = 1.3 × 10−2 m
plotted against the number of times the lithium has passed through the trap. 294

A.1 Foto of the manufactured glove box. . . . . . . . . . . . . . . . . . . . .

A.2 General component structure of the glove box. . . . . . . . . . . . . . . .

A.3 Complete glove box frame. . . . . . . . . . . . . . . . . . . . . . . . . .

A.4 Lower front panel of the glove box. . . . . . . . . . . . . . . . . . . . . .

A.5 Upper front panel of the glove box. . . . . . . . . . . . . . . . . . . . . .

A.6 Welded lower and upper front panels of the glove box. . . . . . . . . . .

A.7 Rear wall of the glove box. . . . . . . . . . . . . . . . . . . . . . . . . .

A.8 Roof plate of the glove box. . . . . . . . . . . . . . . . . . . . . . . . . .

A.9 Floor plate of the glove box. . . . . . . . . . . . . . . . . . . . . . . . .

A.10 Right wall of the glove box. . . . . . . . . . . . . . . . . . . . . . . . . .

A.11 Left wall of the glove box. . . . . . . . . . . . . . . . . . . . . . . . . .

A.12 Removable cover plate for the opening at the left wall of the glove box. .

A.13 Additional modifications of the glove box frame. . . . . . . . . . . . . .

A.14 Lower polycarbonate window for the glove box. . . . . . . . . . . . . . .

lxv



A.15 Upper polycarbonate window for the glove box. . . . . . . . . . . . . . .

A.16 Additional modifications of the lower polycarbonate window. . . . . . . .

A.17 Additional modifications of the upper polycarbonate window. . . . . . . .

A.18 Control panel of the LYDER experiment. . . . . . . . . . . . . . . . . .

A.19 Foto of the manufactured glove box antechamber. . . . . . . . . . . . . .

A.20 Dimensions and components of the glove box antechamber. . . . . . . . .

A.21 Frame of the glove box antechamber. . . . . . . . . . . . . . . . . . . . .

A.22 Custom-made drawer for the glove box antechamber. . . . . . . . . . . .

A.23 Foto of the manufactured deuterium trap components. . . . . . . . . . . .

A.24 Assembly and structure of the deuterium trap. . . . . . . . . . . . . . . .

A.25 Main body of the deuterium trap container. . . . . . . . . . . . . . . . . .

A.26 Lid with DN40CF flange of the deuterium trap. . . . . . . . . . . . . . .

A.27 Outer cylinder of the yttrium basket of the deuterium trap. . . . . . . . .

A.28 Inner cylinder of the yttrium basket of the deuterium trap. . . . . . . . . .

A.29 Stainless steel mesh of the yttrium basket of the deuterium trap. . . . . .

lxvi



LIST OF TABLES

1.1 Specified composition requirements for the Fe-based alloy Eurofer’97
given in [wt %]. Not listed elements must have an impurity content of
below 5 × 10−3 wt % [64]. . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.1 Inner diameters of stainless steel tubes/pipes connected to different types
and sizes of commercially available vacuum fittings/flanges. . . . . . . . 78

5.1 Pre-exponential factors and activation energies of the Sieverts’ constants
and diffusion coefficients of protium in Eurofer’97, α-iron and PbLi used
for the simulations in this chapter. . . . . . . . . . . . . . . . . . . . . . 125

5.2 Measured pre-exponential factors and activation energies of the Sieverts’
constants and diffusion coefficients of protium in Inconel®600 used for
the numerical representation of Takeda’s counter-permeation experiment
[248]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

6.1 Established input design parameters of the COOPER experiment. . . . . . 173

6.2 Ion species that may be associated with a peak in a QMS spectrum at a
certain mass-to-charge ratio κ and possible parent molecules from which
the formed ions in the QMS originated. . . . . . . . . . . . . . . . . . . 188

6.3 Material composition of the Eurofer’97 material given in [wt %] which
is used to manufacture the sample disk installed in the COOPER experi-
ment. The composition is measured using EDX. . . . . . . . . . . . . . . 194

7.1 Fitting coefficients of the polynomial cY (T ) = a1 ·T 5+a2 ·T 4+a3 ·T 3+a4 ·

T 2 + a5 · T + a6 which is used to describe the temperature-dependent con-
centrations cY

α-end, cY
δ-start, cY

δ-end and cY
ε-start that mark the phase boundaries

in the T -c diagram of the Y-H system. . . . . . . . . . . . . . . . . . . . 225

8.1 Established input design parameters of the LYDER experiment. . . . . . . 258

8.2 Impurity content in [wppm] of the lithium samples with 99.9 % purity
acquired to fill the lithium system of the LYDER experiment. . . . . . . . 266

8.3 Thermocouples attached to the lithium system, whose temperature mea-
surements are used by ten different temperature controllers as input pa-
rameters to control the heaters which are listed in the first row of the table
(see figure 8.5). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273

lxvii



lxviii



1. INTRODUCTION AND OBJECTIVES

The first chapter sets out the research context for the scientific work carried out within
the scope of this dissertation. First, the need for nuclear fusion as a clean and poten-
tially cheap energy source is justified in the context of humanity’s future energy needs.
This is followed by an introduction to the physical principles and current technological
concepts of nuclear fusion power plants as well as fusion-relevant materials. It includes
an overview of currently planned experimental fusion research facilities as part of the
roadmap to fusion energy. Finally, tritium safety issues in these facilities are discussed
which leads to the description of the objectives and structure of this thesis.

1.1. Energetic scenario and motivation

Advances in agriculture and improvements in medical treatment during the Industrial Rev-
olution in the late 1800s led to a significant decline in infant mortality and an accelerated
increase in the world’s population. In the wake of economic and technological growth
around the globe, the human population experienced its strongest growth in the mid-20th
century and has continued to rise ever since (see the top left-hand plot of figure 1.1) [1].
Both population growth and rising gross domestic product (GDP) are accompanied by
an increase in energy consumption. This becomes apparent when comparing the upper
graphs of figure 1.1. Despite the development of new energy sources such as nuclear fis-
sion, solar, wind, and other renewables, about 80 % of the energy consumed today still
originates from fossil fuels [2].

It is assumed that the burning of fossil fuels is the main cause of the increase in
greenhouse gas concentrations in the Earth’s atmosphere, contributing to global warming
[5]. Moreover, they contain radioactive materials that are released into the atmosphere
after combustion [6]. The use of fossil fuels is also partly responsible for atmospheric
aerosols, smog, and acid rain. All of these problems have serious consequences for human
health and the environment [7], [8]. Therefore, a transition to cleaner energy sources
such as renewable energy or nuclear fission is essential. Current simulations indicate
that in the most likely scenario, population growth, and thus global energy demand, will
continue to increase at almost the same rate over the next thirty years. Although the global
community has agreed to reduce greenhouse gas emissions [9], conservative estimates [3]
predict that the share of fossil fuels will only decline from 80 % to 70 % by 2050, despite
the increasing availability of renewable energy sources (see lower left graph in figure 1.1).

Expanding the exploitation of nuclear fission energy would be one way to reduce fossil
fuel dependency. In contrast to renewable energy sources, nuclear fission is a base-load
energy source and does not rely on the development of new energy storage technologies.
As can be seen from the lower right-hand graph in figure 1.1, nuclear fission reactors
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Fig. 1.1. [Top left] Development of the world population extrapolated into the future (median)
[1]. [Top right] Global primary energy consumption by energy source [2]. [Lower left] Predicted
global primary energy consumption by energy source over the next 30 years [3]. [Lower right]
Mass of CO2 emitted per kW h of electricity produced by a fusion power plant compared to that
of other energy sources [4].

have among the lowest CO2 emission rates of all available energy sources. Nevertheless,
despite the development of new generation fission power plants, such as the 4th generation
molten salt reactor (MSR), the risk of nuclear accidents like in Chernobyl or Fukushima
is ever-present [10], [11]. Another safety concern is that nuclear fission energy relies
on the mining and production of radioactive fuel, which is burned and then stored as
radioactive waste in sealed containers. The particularly long decay times of the fission
products require the waste to be isolated for tenth of thousands of years. Unfortunately,
no final disposal concept has been developed so far. In conclusion, the pros and cons of
this technology suggest that it is well-suited as a transitional energy source, but should be
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replaced by a safer alternative in the future.

A promising alternative base-load energy source currently under development is nu-
clear fusion energy. Like fission reactors, fusion reactors would contribute to CO2 emis-
sions that are negligible compared to fossil fuel power plants (see the lower right-hand
plot of figure 1.1) [4]. In addition, fusion reactors need a lot less fuel to produce the same
amount of electricity as reactors fueled by coal, oil, or natural gas. In fact, it is estimated
that a 1 GW fusion power plant will require only about 250 kg of fusion fuel per year. In
comparison, a coal-fired power station with the same energy output consumes an annual
fuel amount of approximately 2.7 × 109 kg [12].

First-generation fusion reactors will rely on the hydrogen isotopes deuterium and tri-
tium as fusion fuel components. Hydrogen is the lightest of all elements and is a collective
term for the three hydrogen isotopes, protium (1H), deuterium (2H), and tritium (3H). In
the ground state, all three hydrogen isotopes contain a single proton in the nucleus sur-
rounded by an electron in the 1s orbital. While protium has zero, deuterium has one, and
tritium has two neutrons (n) bound to the proton in the nucleus (see figure 1.2).

Deuterium is a stable isotope and makes up about 3.5×10−3 % of the hydrogen isotopes
in Earth’s water. In water, it is mainly bound in 1H2HO molecules from which it can be
easily extracted after processes of chemical enrichment and distillation. Consequently,
deuterium is a highly available raw material.

Tritium on the other hand is extremely rare in nature due to its radioactive instability.
It undergoes a β− decay of the form

3H −→ 3He + e− + νe + 18.6 keV (1.1)

where νe labels an anti-neutrino. Tritium has a relatively short half-life of only 12.32 years.
About 5.7 keV of the energy released is carried by the electron and therefore is not ener-
getic enough to penetrate human skin. If inhaled or ingested tritium poses a serious threat
to human life [13]. Like deuterium, tritium is easily incorporated into water molecules
through isotope exchange reactions. Tritiated water entering groundwater reservoirs is
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a serious safety issue. The main source of tritium today are deuterium-uranium fission
reactors of CANDU type which generate small amounts of tritium from heavy water [14].
Over the past decades, the annual demand for tritium has remained relatively low because
it is used for only a small number of technological applications, such as 3He produc-
tion, nuclear weapons, or self-powered lighting induced by tritium radioluminescence.
Because of the low tritium production rate, it is planned to breed the necessary tritium in-
side the fusion reactor by means of lithium spallation. Consequently, the first-generation
fusion power plants will rely on the lithium as a raw material.

Lithium is an alkali metal with a melting temperature at atmospheric pressure of T =
453.54 K and a boiling temperature of T = 1616 K [15]. It accounts for approximately
6 × 10−3 % of Earth’s crust where it occurs as 6Li (natural abundance: 7.42 %) and 7Li
(natural abundance: 92.58 %) bound to stable minerals or salts [16]. It is mainly recovered
from mines or brine pools located in Argentina, Australia, Bolivia, Chile, and China
whose reserves are estimated to be approximately 22×106 t [17]. Due to the development
of lithium batteries and the proceeding transition towards electric vehicles, its recovery
has significantly increased in the past decade. Nevertheless, it is estimated that the lithium
deposits on Earth are large enough to last at least for several hundred or even thousands
of years [16], [18].

Fusion power plants do not produce radioactive waste in the form of burned fuel like
fission reactors do. In fact, the only direct fusion product which leaves the reactor as a
residual is inert helium (4He) posing no danger to humans or the environment. The sec-
ond fusion product is high-energy neutrons. These impact the plant’s structural material
and, over time, cause it to become radioactive through the process of neutron activation.
Nevertheless, by making use of reduced-activation ferritic/martensitic (RAFM) steels,
like Eurofer97 (E97), the half-lives of the generated radioactive isotopes are significantly
shorter compared to the radioactive waste of nuclear fission plants [19]. Figure 1.3 shows
a conservative estimate of the total radiotoxicity of the components of a RAFM steel-
based fusion reactor after its shutdown compared to that of a pressurized water fission
reactor (PWR) of the 2nd generation, a modern MSR fission reactor and the ash of a coal-
fired power plant, normalized to 1 GWe electricity production [20]. It can be seen that
the anticipated radiotoxicity of a fusion reactor falls to several orders of magnitude below
that of fission reactors within about a human lifetime, and over time even drops below
the radiotoxicity of the ash emitted by coal-fired plants. The use of vanadium alloys or
SiC/SiC materials for critical fusion reactor components would lead to an even further
reduction in radiotoxicity. As a result, there is no need for a long-term disposal concept
for dismantled reactor components and no burden is placed on future generations.

Indeed, a key advantage of fusion reactors over fission reactors is the impossibility
of an uncontrolled power excursion in which the reactor temperature rises in a runaway
process. A fusion reactor is thermally stable. Any uncontrolled increase in temperature or
pressure would cause the fusion reactions to cease. This eliminates the risk of a nuclear
accident in which the activated structural material is released into the environment. More-
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over, since tritium is produced inside the reactor at about the same rate as it is burned off,
the total amount of tritium contained in the reactor remains small and therefore poses no
severe threat to the outside environment.

However, there are still many scientific and technological challenges to overcome
before fusion can be made to work and produce electricity.

1.2. Nuclear fusion technology

Negatively charged electrons and positively charged atomic nuclei are bound to each other
by the electromagnetic force. This force is also responsible for chemical bonds between
atoms and molecules and stores the energy released in exothermic chemical reactions.

Atomic nuclei are made up of protons and neutrons called nucleons. Despite the
repulsive electrostatic force between positively charged protons, nucleons are found to
be strongly bound together. This is due to an additional attractive interaction, the nu-
clear force. According to the theory of quantum chromodynamics, the nuclear force is
a residual force that acts between nucleons as a result of the strong interaction between
the quarks that form the nucleons [21]. It has a relatively short range but exceeds the
repulsive electromagnetic force below a distance of about 2.5 × 10−15 m. This results in a
dominant attraction between nucleons within this range.

The nuclear binding energy ENB defines the work that must be done against the nu-
clear force to decompose and separate a whole nucleus. According to the principle of
equivalence between mass and energy, first discovered by Albert Einstein [22], the work
expended in such a separation process manifests itself as a condensation of energy into
mass. As a result, the summed mass of the individual constituents of an atomic nucleus
is by a value ∆mMD = ENB/ç2 heavier than the mass of the nucleus in its bound state.
Here, ç labels the speed of light in vacuum and ∆mMD is called the mass defect. Figure
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1.4 presents the binding energy per nucleon as a function of the nucleon number [23]. It
is found that for light elements the binding energy per nucleon experiences an overall in-
crease with increasing nucleon number before reaching a maximum and slowly decreases
for heavier elements. This tendency suggests that generally, two types of exothermic
nuclear reactions exist, nuclear fission and nuclear fusion.

Nuclear fission usually occurs if the bound structure of a very heavy parent nucleus is
disturbed for example by an impacting neutron and is split into two or sometimes three
lighter daughter fragments. This process is exothermic if, after the fission process, the
summed mass defect of the daughter nuclei is greater than the mass defect of the parent
nucleus. In this case, the total mass of the produced fission fragments is by a certain value
∆mfis smaller than that of the parent nucleus causing the energy ∆Efis = ∆mfis·ç2 to be
liberated.

Nuclear fusion, on the other hand, usually describes a reaction in which two light
parent nuclei collide and fuse to form a heavier daughter nucleus. Depending on the
individual fusion process, it may involve conversion between protons and neutrons and
lead to an additional release of secondary particles like lighter nuclei, neutrons, positrons,
neutrinos, and gamma photons. As figure 1.4 shows, the fusion of two very light nuclei
to a heavier parent nucleus mostly implies an increase in the binding energy and thus
in the mass defect of the daughter nucleus. The increase in binding energy and mass
defect after the fusion reaction results in a reduction of the total mass of the reaction
products by a value ∆mfus compared to the mass of the parent nuclei. This is associated
with an energy release of ∆Efus = ∆mfus·ç2. In most fusion reactions, the energy released
is distributed among the fusion products in the form of kinetic energy, but can also be
partially dissipated as electromagnetic radiation by a gamma photon. It can be seen that
light nuclei with certain nucleon numbers have a particularly high binding energy per
nucleon, higher than their nearest neighbors on the nucleon number scale. This effect is
most prominent in 4He nuclei which are therefore exceptionally stable.
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Figure 1.4 reveals that the difference in binding energy per nucleon increases strongest
between the nuclei 1H, 2H, 3H, 3He and 4He which suggests that a nuclear fusion between
two of these isotopes into one of the others releases a particularly high amount of energy
per fusion reaction. This is one of the reasons why the following nuclear fusion reactions
are of special importance for the technical application of fusion energy.

2H + 3H −→ 4He (3.5 MeV) + n (14.1 MeV) (1.2)

2H + 3He −→ 4He (3.6 MeV) + 1H (14.7 MeV) (1.3)

2H + 2H −→ 3H (1.01 MeV) + 1H (3.02 MeV) (∼ 50 %) (1.4)

−→ 3He (0.82 MeV) + n (2.45 MeV) (∼ 50 %) (1.5)

Both, the deuterium-tritium and the deuterium-3He reactions lead to the formation of 4He
and a neutron that carries most of the liberated energy. Due to the little lower nuclear bind-
ing energy of 3He compared to tritium, the second reaction has a slightly higher energy
output. Moreover, neither the fuel nor the products of the second reaction are radioactive,
which makes it very attractive for technological use. Like tritium, however, 3He is a very
rare isotope on Earth and would have to be artificially produced by lithium spallation.
In terms of fuel abundance and accessibility, the last two deuterium-deuterium reactions
appear to be of particular interest. Both reactions occur with almost equal probability.
Despite their relatively low amount of liberated energies the produced nuclei could sub-
sequently undergo the first two high-energy fusion reactions and terminate as 4He.

Whether a particular fusion reaction is technologically feasible, however, depends on
another crucial factor. For fusion to occur, the parent nuclei must collide and have suf-
ficient kinetic energy to tunnel or overcome their repulsive Coulomb potential, allowing
the attractive nuclear force to act and the nuclei to fuse. The probability of this happening
is represented by the fusion cross section σNF. It is a measure of the rate at which a given
fusion reaction occurs and varies with the kinetic energy of the involved particles. Figure
1.5 shows a plot of the cross sections of the fusion reactions (1.2) - (1.5) as a function
of the kinetic energy of 2H and the associated temperature [24]. It should be noted that
the plot of the deuterium-deuterium cross section refers to both reactions (1.4) and (1.5)
as they are approximately equally probable. The graph clearly shows that above about
T = 3 × 109 K the cross sections of all plotted reactions are of the same order of magni-
tude and therefore similarly probable. However, keeping a particle system confined and
stable at such high temperatures is not feasible with current technology. The only reaction
with an even higher cross section at lower temperatures is the deuterium-tritium reaction.
Here, its cross section exceeds that of the other reactions by several orders of magnitude.
Therefore, the current fusion research program especially focuses on this reaction as the
most technologically accessible reaction for the first generation of future power plants.
However, apart from the presence of radioactive tritium, a drawback of this reaction is
that most of the energy released is converted into kinetic energy of the neutrons, which
have the unfortunate property of activating irradiated material. Moreover, it is particularly
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difficult to efficiently absorb this energy by a cooling system which is necessary to gener-
ate electricity. Nevertheless, it will be demonstrated in the following sections the progress
of materials research and technology is making great strides in tackling these problems
with success.

In order to bring a system of 2H and 3H isotopes to temperatures associated with a
sufficiently high deuterium-tritium reaction cross section (see figure 1.5) it must be heated
by external heating systems and confined in a relatively dense state. In this process,
the atoms ionize and turn into a plasma of free-charged nuclei and electrons. For an
economically viable fusion reactor, it is essential that the fusion energy output exceeds
the injected energy to keep the fusion reactions running. The ratio between these two
quantities is known as the fusion energy gain factor Q which must be greater than unity
in order to ensure the required power gain. The condition Q > 1 is certainly satisfied if
the proportion of the generated fusion power carried by the produced 4He nuclei exceeds
the power losses of the plasma. Once this is achieved, the helium collisions in the plasma
occur frequently enough so that the plasma temperature is maintained and the external
heating systems could, in theory, be switched off. This scenario is called ignition. In
1955, J. D. Lawson first formulated a condition for certain plasma parameters that must
be satisfied in order for ignition to occur, the Lawson criterion [25]. For a deuterium-
tritium plasma at a temperature of about 14 keV or 1.62 × 108 K the Lawson criterion
writes

Ce · τE · T ≥ 3.5 × 1028 s K m−3 (1.6)

when assuming that the plasma densities of deuterium and tritium nuclei are equal. In this
expression, Ce is the number concentration of the plasma electrons and τE is the plasma
confinement time. Both higher or lower temperatures result in an increased triple product
and therefore pose a higher challenge for the technological realization of fusion ignition
[26]. However, for an economically feasible fusion power plant satisfying the Lawson
criterion is indispensable.
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In 2022, for the first time in history, apart from thermonuclear fusion weapons, a
fusion process with an energy gain factor of Q > 1 was experimentally realized [27].
The technique used for this achievement was inertial confinement fusion. It describes an
artificial nuclear fusion process in which the fuel components (typically deuterium and tri-
tium) are contained in small millimeter-sized pellets. By compressing the pellets with an
extremely high, well-distributed external heat source (for example lasers), the fuel com-
ponents are compressed to such an extent that their temperature reaches sufficiently high
values to satisfy the Lawson criterion. This allows the fuel in the pellets to be completely
burned and more fusion power to be generated than is injected by the heat source.

Nevertheless, despite the major scientific breakthrough it has provided, viable fusion
reactor concepts based on inertial confinement fusion are only just beginning to emerge
[28]. Instead, the first grid-connected fusion power plants will most likely be based on
another highly sophisticated nuclear fusion technology which has been the subject of
decade-long research. What is meant is magnetic confinement fusion.

1.2.1. Magnetic confinement fusion

Magnetic confinement fusion is a technology in which deuterium and tritium are injected
into a vacuum chamber and heated to temperatures where the Lawson criterion is met and
fusion ignition occurs. During the heating process, the deuterium and tritium atoms lose
their electrons and become a plasma. The plasma is confined to a fixed volume inside the
vacuum chamber by a strong magnetic field that prevents the plasma from contacting the
chamber walls. This is possible because, as a consequence of the principle of relativity
[29], charged particles experience a force perpendicular to a magnetic field and to their
direction of motion, the so-called Lorentz force. As a result, in addition to their primary
direction of motion, the high-energy plasma particles undergo a superimposed tight cir-
cular gyromotion around a point called the guiding center, perpendicular to the magnetic
field lines. The trajectory of the guiding center is therefore bound to a certain extent to
the direction of the magnetic field lines. Therefore, technically shaping the magnetic field
lines allows, in principle, to confine the space in which the movement of the plasma par-
ticles mainly takes place. Unfortunately, doing so is complicated by the fact that electric
fields E⃗ and inhomogeneous magnetic fields B⃗ in the plasma lead to drifts (E⃗ × B⃗ drift,
polarization drift, Grad-B drift, and curvature drift [26]) of the particle guiding centers
perpendicular to the magnetic field lines out of the confined plasma space [30]. Only very
precise and specifically shaped magnetic fields can compensate for these drifts and force
the particles back into confinement, keeping the particle escape rate low. Yet, design-
ing and building the right configuration of electromagnets is a physical and technological
challenge.

Notwithstanding, there are two reactor designs that have proven to be particularly
efficacious in terms of maintaining plasma confinement for a relatively long period of
time: the tokamak and the stellarator. Illustrations of the electromagnetic coil systems
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Fig. 1.6. [Left] Magnetic field coil and plasma configuration in a tokamak [31]. [Right] Magnetic
field coil and plasma configuration in a stellarator [31].

and induced magnetic fields of both devices are shown in figure 1.6. Both designs are
based on an electromagnetic arrangement that encloses the magnetic field lines into a
ring-shaped space.

The initial idea of the tokamak came from Austrian-born Ronald Richter [32], [33]. It
was later conceptualized by the Soviet scientists Andrei Sacharow and Igor Tamm [34].
In a tokamak, toroidally-arranged electromagnets generate a self-contained magnetic field
that runs around the torus in the perpendicular direction to the coils. A second electro-
magnet, a transformer coil, is located in the center of the torus (see figure 1.6). By con-
tinuously changing the intensity of the magnetic field in time, it induces a toroidal plasma
current. The current then generates a second transient magnetic field that encircles the
plasma current perpendicular to the toroidal direction. The superimposition of both mag-
netic fields results in helical magnetic field lines that twist around the plasma column on
closed magnetic surfaces. This particular magnetic field is necessary to compensate for
the particle drifts and thus enables an adequate plasma confinement time. The transformer
field is changed over time by repeatedly ramping up the field strength at fixed intervals.
However, since the transformer must be discharged after each ramp-up phase before it
can be powered up again, modern tokamaks can only operate in pulsed mode. To control
the position and shape of the induced plasma current a third coil system is needed, the
poloidal field coils (see figure 1.6). This is important because in a tokamak the ohmic
resistance of the plasma current is exploited as a plasma heating method [26]. In addition,
poloidal field coils allow the plasma to be forced into a D-shaped geometry. This has
the advantage of reducing the tension between the toroidal field coils on the inside of the
toroidal curvature and allowing impurity particles to be deflected out of the plasma in a
pre-determined direction.

The stellarator was invented in 1958 by the American theoretical physicist Lyman
Spitzer [35]. In this device, the twisted magnetic field required for plasma confinement
is generated solely by magnetic field coils arranged in a complex circular pattern around
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the plasma column. Therefore, a stellarator does not depend on a transformer current and
can, in principle, be operated in a steady state of permanent plasma confinement. As a
consequence, current-induced plasma instabilities do not occur and poloidal field coils
are not needed to stabilize the plasma motion. This implies a higher degree of freedom
to shape the plasma ring and optimize its properties for its potential use in a future fusion
reactor.

Numerous experimental tokamak and stellarator devices have been built over the past
decades. Their operation has led to major breakthroughs in understanding and control-
ling the complex behavior of magnetically confined plasmas. However, none have been
designed to generate electricity.

An example of an experimental stellarator device that has led to major advances in
stellarator research is the TJ-II (Tokamak de la Junta II) machine. It has been in operation
since 1997 at the Ciemat Institute in Madrid, Spain [36]. The largest stellarator in service
today is called Wendelstein 7-X and was inaugurated in 2015 [37]. Wendelstein 7-X
was designed with the goal of eventually answering the question of whether stellarators
might be a simpler reactor concept for future fusion plants than tokamaks. Nevertheless,
compared to tokamaks, research on stellarators is still at a relatively early stage.

Since their invention, tokamaks have been optimized several times, as more and more
plasma instabilities were discovered that had to be taken into account in the new designs.
The largest tokamak in operation and capable of operating with a deuterium-tritium fuel
mixture is called JET (Joint European Tokamak). It is located at the Culham Centre for
Fusion Energy in Oxfordshire, UK. An illustration of the JET tokamak is shown in the
left-hand image in figure 1.7 [26]. It has a plasma volume of V = 80 m3, a major plasma
radius of R0 = 2.96 m and began operation in 1983. In 1997, it achieved Q = 0.67, the
highest fusion energy gain of any magnetic confinement fusion device to date. Moreover,
it holds the record for the highest fusion power generated of Pfus = 16 MW [39], [40].

A considerably larger tokamak called ITER (International Thermonuclear Experimen-
tal Reactor) [41] is currently under construction in Cadarache, France (see the central
image in figure 1.7). Its designed plasma volume is V = 840 m3 with a major radius of
R0 = 6.2 m. ITER uses superconducting magnetic field coils that operate at cryogenic
temperatures. Therefore, the entire coil system is built inside a vacuum cryostat. Indeed,
it will be the largest vacuum system and the largest superconducting coil system ever
built. ITER is a new generation tokamak whose design is based on the combined knowl-
edge obtained from previous tokamak experiments. It shall demonstrate the feasibility
of fusion power as a potential future energy source. Therefore, ITER aims to achieve a
fusion energy gain factor as high as Q = 10 and maintain a plasma pulse for up to 8 min.
In addition, several tritium breeding technologies will be validated during the ITER TBM
(Test Blanket Module) program [42]. This is a crucial step on the way towards tritium
self-sufficiency of future fusion power plants. The first deuterium plasma is planned for
2027 when construction is expected to be completed and the commissioning phase to
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First plasma: ~ 2050
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Fig. 1.7. Comparison between the sizes and performances of the experimental nuclear fusion
devices JET (in operation) [26], ITER (under construction) [38] and DEMO (in the design stage)
[39].

begin. Full deuterium-tritium operation is planned for the period after 2035 and the ex-
perimental test blanket program is scheduled to start in 2037 [43]. It is worth noting that
other new-generation tokamaks with the goal of reaching Q > 1 have completed the de-
sign phase, the American SPARC [44], the Indian SST-2 [45] and the Chinese CFETR
[46]. Their construction is scheduled to begin within the next few years.

ITER is a key research facility on the roadmap towards fusion electricity [47]. This
roadmap provides a well-defined and structured path toward the commercialization of
fusion energy. It is an agreement between numerous research institutions and forms the
programmatic basis for the EUROfusion consortium, which was founded in 2014 as the
successor to the European Fusion Development Agreement (EFDA) [48]. EUROfusion
establishes and coordinates European fusion research activities and is currently funded by
the Euratom Horizon 2020 programme.

According to the EURfusion roadmap, the next step on the path towards a commercial
fusion power plant is the DEMO tokamak (DEMOnstration Power Plant) which is already
at a relatively advanced stage of conceptual design [49], [50]. The primary goal of DEMO
is to demonstrate stable power generation from a nuclear fusion device. Its engineering
design phase is expected to start after 2029 and will be adapted to the knowledge gained
during the ITER deuterium-tritium operation phase and the subsequent TBM program
[43]. A 3D image of the 2017 DEMO design and its currently foreseen dimensions and
performance data are shown on the right in figure 1.7. [39], [40], [51]. With a plasma
volume of V ≈ 2500 m3 and a major radius of R0 ≈ 9 m, DEMO will be significantly
larger than ITER [49]. This is necessary to achieve an even higher fusion energy gain

12



Breeding blanket

Magnet system

Plasma heating 
and current drive

Divertor

Power conversion system

Tritium extraction system

3H

2H, 3H, He2H, 3H

Steam generator

Primary heat transfer system

2H

Plasma chamber

3H

Tritium breeding cycle

Fuel supply

2HLi

Vacuum 
system

He

Fuel recovery system

Limiters

Fig. 1.8. Configuration of a conceptual nuclear fusion power plant [38].

factor of Q ≈ 25 and plasma pulses of longer than two hours.

DEMO will likely be the first thermonuclear fusion reactor to incorporate all the nec-
essary tokamak components and ancillary systems of a grid-connected fusion power plant
which are illustrated in figure 1.8. These can be divided into different subsystems: In-
vessel components, cryostat and superconducting magnets, plasma heating and current
drive systems, remote maintenance system, plasma diagnostics, vacuum systems, fuel
cycle, primary heat transfer system (PHTS) and power conversion system (PCS) [52].
Section 1.2.3 will focus more closely on one specific part of the fuel cycle, the tritium
breeding blanket which is penetrated by the PHTS. It is beyond the scope of this disser-
tation to describe all the other systems in detail, as most of them are not relevant to the
research carried out. Nevertheless, the reader can find outlines of their different functions
and tasks in the references [53]–[59].

The heart of the DEMO tokamak is the primary vacuum vessel. It has the form of
a D-shaped hollow torus with an inner volume of V ≈ 6400 m3 and an outer radius of
r ≈ 18 m. It surrounds the plasma column and contains the in-vessel components such
as the breeding blanket and the divertor [60] together with a system of plasma limiters
[61] that are subjected to the highest heat load. The vacuum vessel is subdivided into
16 segments with three ports each, an upper port, an equatorial port, and a lower port.
A 3D image of the vacuum vessel and its port structure is presented in figure 1.9. The
vacuum vessel has the function of maintaining a primary vacuum of p = 1 × 10−5 Pa
that is required prior to fuel injection. Moreover, it shields the exterior magnets from the
extensive neutron irradiation from the plasma. Through the lower ports, it is connected
to a system of different vacuum pumps responsible for the primary vacuum and for the
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Fig. 1.9. [Left] Primary vacuum vessel of the DEMO tokamak consisting of 16 segments [39].
[Center] Position of a breeding blanket segment inside the vacuum vessel. [Right] Reactor com-
ponents of the DEMO tokamak; a) inboard blanket segment, b) outboard blanket segment, c)
divertor, d) toroidal field coils, e) poloidal field coils, f) upper maintenance port and outlet for ser-
vice pipes that feed coolant and breeder fluid. g) equatorial port, h) lower port, j) vacuum vessel,
m) cryostat, n) bio-shield [39], [62].

removal of exhausted gas particles.

1.2.2. Fusion materials

The DEMO program will include electricity production, tritium self-sufficiency, and plasma
operation for several full-power years, its realization depends on new, more advanced ma-
terials. These are referred to as fusion materials. Of special importance for the research
carried out in this thesis are the fusion-relevant structural material, hydrogen getter mate-
rials, and breeding blanket materials.

Structural material

Structural material is the primary material used for components that support the basic
structure of the reactor. In general, it must be able to sustain high loads and be corrosion-
resistant to coolant or other corrosive fluids. Outside the primary vacuum chamber, con-
ventional 316 or 304 stainless steel can meet these requirements. However, the structural
components inside the chamber are much more demanding. Here, in addition to heavy
loads the material is subjected to intense thermo-mechanical stresses due to extreme tem-
perature fluctuations and high operating temperatures of T ≤ 823 K. During continuous
operation of DEMO, the material in the vacuum vessel is expected to be exposed to neu-
tron irradiation doses greater than 70 dpa (displacements per atom), two orders of magni-
tude higher than in ITER [53]. Therefore, the structural material selected for the in-vessel
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TABLE 1.1
Specified composition requirements for the Fe-based alloy Eurofer’97 given in [wt %]. Not

listed elements must have an impurity content of below 5 × 10−3 wt % [64].

Cr C Mn V W Ta Si

8.5 − 9.5 0.09 − 0.12 0.20 − 0.60 0.20 − 0.25 1.0 − 1.2 0.06 − 0.09 < 0.05

N2 O2 Ti Al Mo Ni As+ Sn+ Sb+Zr

0.015 − 0.045 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

components should be sufficiently resistant to neutron damage and helium bubble gener-
ation. Since it will constitute the majority of the fusion reactor’s radioactive waste after
shutdown, the in-vessel structural material must not be susceptible to neutron activation.
In addition, it should have a low tritium permeability to prevent tritium contamination of
the external environment.

To meet these constraints, the European Union Fusion Materials Community has de-
veloped a new reduced activation martensitic steel called Eurofer’97 which has been the
focus of intensive research over the last two decades [63]. The defined composition re-
quirements for the Fe-based alloy are shown in table 1.1 [64]. It contains a rather high
percentage of chemical elements (Fe, Cr, C, V, W, Si, Ti) that are less prone to neutron
activation [65]. A significant part of this dissertation is devoted to the numerical and ex-
perimental investigation of the hydrogen isotope permeation characteristics of Eurofer’97
at temperatures relevant to the in-vessel components of DEMO.

Hydrogen getter materials

A family of materials that plays an important role in this thesis is hydrogen getter materi-
als. They allow for high-density storage of excess hydrogen isotopes during the operating
phases of nuclear fusion devices, thus enabling the regulation of the tritium concentra-
tion in the corresponding gas or fluid system. Hydrogen getter materials are exothermic
hydride-forming metals arranged in getter beds with a high free surface area to ensure
rapid hydrogen absorption. They can be roughly divided into two groups, those that allow
the absorbed hydrogen isotopes to be released and reused by thermal treatment, and those
whose metal hydrides are too stable to allow tritium recovery after uptake, as the required
desorption temperature would be too high to be technologically feasible.

Examples of the first group are uranium and ZrCo. Both of these materials have a high
tritium storage capacity and allow the tritium to outgas up to a partial pressure of about
p = 1 × 105 Pa at desorption temperatures of below T < 773 K [66]. Hydrogen getter
materials of the first group could find application in fuel cycles of future fusion devices
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for the temporary storage of excess fusion fuel.

An example of a hydrogen getter material belonging to the second group is the lan-
thanide yttrium. For hydrogen-loaded yttrium to provide a hydrogen gas pressure of
p = 1 × 105 Pa, a desorption temperature of T ≈ 1600 K would be required [67], which
is close to the melting point of the material and too high to be technologically practical
[66], [68]. It turns out that yttrium dihydride is the most stable of all metal hydrides
in terms of decomposition temperature. This makes it an excellent candidate as a getter
material where only hydrogen isotope capture is required, or as a safe long-term tritium
disposal material from which the tritium degassing rate is negligible when exposed to the
environment. Another advantage of yttrium as a hydrogen getter material is its chemical
compatibility with highly corrosive materials like liquid lithium [69].

Breeding blanket materials

Due to insufficient tritium production from external sources, it is essential for a fusion
reactor to produce its own tritium in a closed fuel cycle inside the plant. One method
of tritium generation is particularly suitable for this purpose, as it exploits the high flux
and energy of the fusion products, the neutrons. The idea is to breed tritium in nuclear
spallation reactions between fusion neutrons and lithium. In such a reaction, both stable
lithium isotopes 6Li and 7Li transmute into tritium and 4He by undergoing the reactions

6Li + n −→ 3H + 4He + 4.8 MeV (1.7)

7Li + n −→ 3H + 4He + n’ − 2.5 MeV . (1.8)

It can be seen that while reaction (1.8) is endothermic absorbing a significant amount of
energy of the impacting neutron, the reaction (1.7) is exothermic and heats the surround-
ing material. Obviously, the removal of the heat generated by a cooling system would
contribute greatly to the power generation of the reactor, which remains the primary ob-
jective. This is one reason why it is more convenient for a power plant to produce tritium
mainly with the first reaction.

The left-hand plot of figure 1.10 displays the reaction cross sections of the two spal-
lation reactions (1.7) and (1.8) as a function of the neutron energy [24]. The plot shows
that the probability of 6Li undergoing a tritium-producing reaction is relatively high in the
entire relevant neutron energy range, while 7Li reacts almost exclusively with neutrons of
energies close to the maximum neutron energy of 14.1 MeV. The reason why it is impor-
tant for the lithium breeder to be able to react with a wide range of neutron energies, and
not just those produced in the plasma, can be seen from the following.

Tritium losses will be unavoidable in the breeding and fuel cycle. To compensate for
this, it is important that a fusion reactor breeds slightly more tritium than it burns. Indeed,
it has been estimated that the tritium breeding ratio (TBR) of a fusion reactor should
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Fig. 1.10. [Left] Probability cross section for tritium breeding reactions of a neutron with different
lithium isotopes as a function of the neutron energy [24]. [Right] Probability cross section for
(n,2n) reactions of a neutron and different neutron multiplier materials to be used in breeding
blankets as a function of the neutron energy [24].

approximately satisfy the condition [70]

TBR ≡
tritium bred
tritium burnt

> 1.15 . (1.9)

By logic, for this condition to be met, more neutrons need to be available to produce a
tritium nucleus than neutrons produced in the fusion reactions. In principle, during the
second reaction (1.8) the neutron is not lost as a new less energetic neutron is produced.
However, due to its overall small reaction cross section and endothermic nature, another
more suitable solution is found to ensure that the condition (1.9) is satisfied, namely the
use of a neutron multiplier material. For breeding blankets, the most promising neutron
multiplier materials are lead (9Be) and beryllium (208Pb). Both of these two isotopes have
the property to produce two neutrons after reacting with a single neutron, according to

9Be + n −→ 2 4He + n’ + n” − 3 MeV (1.10)

208Pb + n −→ 207Pb + n’ + n” − 10 MeV . (1.11)

Their reaction cross sections are shown in the right-hand plot in figure 1.10 [24]. It can
be seen that the two reactions are particularly probable for neutrons with energies close
to those of the fusion neutrons produced (14.1 MeV) and are therefore well suited to
fusion applications. As can be seen from the reactions (1.10) and (1.11), both reactions
are endothermic and consume a large amount of energy. The two neutrons produced
are therefore much less energetic than the one struck. The multiplied number of neutrons
produced can then react with the tritium breeding material, such that the condition TBM >
1.15 is satisfied. However, since only 6Li has a reasonable reaction cross section for the
wide energy range of neutrons produced in the neutron multiplier reactions, it may be
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necessary to use predominantly 6Li. As the fraction of naturally occurring 6Li is relatively
small compared to 7Li, it is considered to enrich the 6Li for its use as a breeder material.

1.2.3. Breeding blanket

As mentioned above, demonstrating electricity generation with the DEMO tokamak re-
quires complete tritium self-sufficiency and a system that converts the kinetic energy of
the fusion neutrons into heat. The breeding blanket (BB) has the purpose of accomplish-
ing both of these tasks. It is an approximately one-meter-deep shell consisting of 16
segments that cover almost the entire inside wall of the vacuum chamber and therefore
directly surrounds the plasma. As illustrated in the center of figure 1.9, one segment is
located below each of the top ports of the vacuum chamber. Since it is subjected to in-
tense neutron irradiation, its structure is made of Eurofer’97, whose plasma-facing side
is covered with thin tungsten armor. Each of the 16 segments consists of an inboard and
outboard segment that are highlighted in blue and red in the right-hand image in figure
1.9, respectively.

Among other intensively studied concepts, two breeding blanket designs being consid-
ered for DEMO are of particular importance to the research conducted in this dissertation.
They are referred to as the WCLL (water-cooled lithium lead) breeding blanket and the
HCPB (helium-cooled pebble bed) breeding blanket. Both blankets have completely dif-
ferent internal designs and rely on different neutron multiplier materials and lithium-based
tritium-breeding materials. The two concepts are briefly described in the following.

HCPB breeding blanket

The design of the HCPB breeding blanket is shown in figure 1.11. In this breeding blan-
ket concept, the lithium breeding material is a ceramic pebble bed consisting of a solid
solution of Li4SiO4 and Li2TiO3, known as KALOS (Karlsruhe Lithium Orthosilicate)
[72]–[74]. The pebble bed is contained within double-cylinder Eurofer’97 claddings, that
merge together at one end. Each pebble bed cladding is inserted into a second cylindri-
cal Eurofer’97 envelope. The system consisting of the ceramic breeder, the pebble bed
cladding and the envelope is called a fuel breeder pin. Figure 1.11 depicts the shape and
orientation of the fuel breeder pins arranged radially around the plasma chamber. The fig-
ure shows a breeder module as part of an outer segment containing several fuel pins [71].
Hexagonal Be12Ti neutron multiplier blocks are located between the fuel pins. Therefore,
an HCPB breeding blanket relies on 9Be as the neutron multiplier material. Both the neu-
tron multiplier blocks and the fuel pins protrude from a double-walled hollow backplate.

As indicated by the arrows in figure 1.11, a helium coolant gas, which is part of the
PHTS, flows through a coolant manifold behind the rear back plate of the breeder module.
In its low-temperature state, it first enters small channels that pass through the first wall
just behind the tungsten armor before re-entering the coolant manifold on the other side
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Fig. 1.11. Design of a helium-cooled pebble bed breeding blanket segment [71].

of the module. The slightly warmed gas then enters the fuel pins through the inner tunnel
surrounded by the inner wall of the pebble bed cladding and moves towards the first wall.
There it turns and exits the fuel pins back into the manifold (see red arrows). This coolant
path allows efficient removal of the heat generated in the lithium breeder reactions and of
those neutrons that lose their kinetic energy in other structures of the breeder module.

A He + 1H2 purge gas enters the KALOS pebble bed through the gap between the
two back plates, flushes the pebble bed and, then leaves the fuel pins through small thin
channels made in the inner cladding wall. From here, the purge gas flow leaves the breed-
ing blanket segment through feed tubes that pass through the upper port of the primary
vacuum vessel. At the pebble surfaces and grain boundaries, isotopic exchange reactions
occur between the H2 of the purge gas and the generated tritium bound to the ceramic
material, causing the tritium to leave the pebbles into the purge gas [75]–[78]. The purge
gas loop is connected to a tritium extraction system [79] where a certain fraction of the
generated tritium is removed and fed to the fuel supply system. The purge gas is part of
the tritium breeding cycle, which in turn is part of the plant’s fuel cycle (see figure 1.8).

WCLL breeding blanket

The WCLL breeding blanket design is illustrated in figure 1.12 [80], [81]. Although the
external appearance of the breeding blanket segments is very similar to that of the HCPB
blanket, its internal structure is fundamentally different. It is based on eutectic liquid
lithium-lead (PbLi) as the tritium breeding material, with the lead acting as the neutron
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Fig. 1.12. Design of a water-cooled lithium lead breeding blanket segment [80], [81].

multiplier. The lithium content of this eutectic liquid metal mixture is approximately
17 at.% lithium with a melting point at 508 K [82]. The corrosion and hydrogen transport
properties of liquid PbLi are currently under intense investigation in the liquid metals
laboratory (LML) of the Ciemat Institute [83], [84].

The liquid PbLi enters the segment from behind through an inlet at the bottom. It
rises in the rear part of the segment through rectangular channels close to a back plate that
separates the PbLi manifold from the breeding zone, which is located on the left, closer to
the first wall. As shown in the lower right-hand corner of figure 1.12, the breeding zone
consists of stacked rectangular channels arranged radially around the plasma chamber.
The channels are connected to the PbLi manifold by tubes. Liquid PbLi coming from the
manifold enters the radially arranged channels through the tubes, flows towards the first
wall, rises, and flows back through the back plate into the PbLi manifold (see figure 1.12).
The bred tritium is generated in the liquid metal in atomic form and thus transported to
a tritium extraction system. As part of the PHTS system U-shaped Eurofer’97 coolant
water pipes penetrated the WCLL breeding zones. They dissipate the heat generated and
thus allow for electricity production of the power plant.

1.2.4. Tritium mitigation in breeding blankets

In fact, the escape of tritium from the plasma chamber or the fuel cycle to external areas is
a serious safety issue for future fusion reactors. Therefore, measures must be taken to keep
the escape rate as low as possible. Nevertheless, probably the greatest hazard associated

20



with a potential tritium escape is the problem of tritium permeating from the breeder zone
of a breeding blanket into the coolant. In both the WCLL and HCPB breeding blanket
design, the respective coolant passes directly through the tritium breeder zones, where
they are separated only by very thin Eurofer’97 walls.

Unfortunately, due to its small atomic size, tritium easily penetrates the Eurofer’97
metal lattice and diffuses towards the coolant. The lack of tritium in the coolant creates
a tritium concentration gradient in the metal bulk, resulting in a net flux of permeating
tritium from the breeder zone into the coolant. Because the temperatures of the partition
walls in the breeder zone are significantly higher than the tube walls in other parts of the
tritium fuel cycle, the tritium diffusivity in the breeder zone is disproportionately larger.
This results in significantly higher tritium permeation rates to the exterior environment
compared to other areas of the plant. Although a tritium purification system is planned
for the coolant, the possibility of serious tritium contamination of the coolant remains.
This is particularly problematic because the PHTS is connected to further external heat
transfer systems and a steam generator, allowing the permeated tritium to migrate to the
natural environment and, in the worst case, to groundwater reservoirs as tritiated water.
It is therefore indispensable for future fusion reactors to employ methods that enable
reducing the tritium permeation flux into the coolant as much as possible. Finding such
methods has been the subject of intensive research during the past decades.

One possible technique that would serve this purpose is the use of so-called tritium
permeation barriers coated on the free Eurofer’97 coolant walls on the side of the cor-
responding breeder fluid [85]–[87]. Currently, it is considered to be implemented in the
WCLL design. Although only a thin coated layer, the low hydrogen isotope diffusivity and
low surface recombination kinetics of a ceramic permeation barrier material significantly
reduces the total permeation flux into the coolant. However, preventing corrosion damage
to the coatings over long periods of exposure to the breeder fluid remains a technological
challenge and requires further investigation before their successful application in future
fusion power plants can be assured. For this reason, alternative methods to reduce the
permeation flux to the coolant are needed.

Slightly more than two decades ago, the first experimental campaigns were conducted
to measure the deuterium permeation flux from an upstream to a downstream side of a
metal membrane in the presence of a protium counter-flow [88]–[90]. A permeation pro-
cess involving more than one hydrogen isotope species is here referred to as multi-isotopic
permeation. A general evaluation of the observed results leads to the conclusion that, un-
der certain sample material-specific pressure conditions, an increase in the partial pressure
of 1H2 on the downstream side of the membrane reduces the deuterium permeation flux
from the upstream to the downstream side. This leads to the assumption that a controlled
injection of 1H2 gas to the coolant of an HCPB breeding blanket could serve as a method
to reduce tritium permeation into the coolant. However, despite the generally observed
permeation flux-reducing nature of counter-permeation, the experimental results obtained
in the above-mentioned measurement campaigns differ widely.
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The references [88]–[90] each present a counter-permeation measurement in which
2H2 gas was injected on the upstream side and 1H2 gas was injected on the downstream
side of a sample permeation membrane made of palladium, nickel, and Inconel®600, re-
spectively. All three studies include deuterium permeation flux measurements at very
low partial pressures of the added 1H2 gas. The measurements performed by Kizu et al
suggest that the deuterium permeation flux slightly decreases with increasing 1H2 partial
pressure. On the other hand, Takeda et al observed the opposite effect, that at very low
1H2 partial pressures, the deuterium permeation flux increases with increasing 1H2 partial
pressure and starts to decrease only when the 1H2 pressure on the downstream side ex-
ceeds a critical value. The difference in the results shows that understanding the pressure
conditions and magnitude at which counter-permeation effects occur is far from trivial. In
addition, Kizu et al performed co-permeation measurements in which both 2H2 and 1H2

gas was injected on the upstream side. The results showed a slight increase in deuterium
permeation flux with increasing 1H2 partial pressure [91]. However, these measurements
were made at very low 1H2 partial pressures. Whether, as in Takeda’s counter-permeation
measurements, the permeation flux in a co-permeation flux measurement would begin to
decrease above a certain critical 1H2 partial pressure remains to be observed experimen-
tally. If this is found to be the case, an additional injection of protium into the purge gas of
an HCPB breeding blanket may also be considered as a potential permeation mitigation
method.

Moreover, several theoretical models were presented in the references listed above.
They allow, to a certain extent, the reproduction of the experimental results obtained in
the corresponding studies. However, the presented models differ greatly and are based on
extreme simplifications. Therefore, it is reasonable to say that the published literature,
both experimental and theoretical, does not sufficiently describe the process of co- and
counter-permeation to decide whether it could serve as a tritium mitigation technique in
breeding blankets.

None of the experimental campaigns carried out so far have performed multi-isotopic
permeation measurements using Eurofer’97 as a membrane material. Neither has multi-
isotopic permeation through Eurofer’97 been analyzed in a theoretical study that would
allow a theoretical estimation of its effect on the tritium permeation in a real breeding
blanket. Furthermore, only multi-isotope gas-to-gas permeation experiments relevant to
HCPB blankets were performed in the past. The effect of varying the protium concentra-
tion in the water or the PbLi of a WCLL blanket on the tritium permeation flux into the
water coolant has not been investigated to this date. The lack of research in this field is
one of the primary motivations for the work conducted in this thesis.

1.2.5. IFMIF-DONES

Section 1.2.2 highlights the particularly extreme demands that will be placed on materi-
als used for in-vessel components such as RAFM structural steels. These materials will
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Fig. 1.13. Simplified process flow diagram of the DONES facility highlighting the accelerator
systems, the test systems and the lithium systems [92].

be exposed to a neutron radiation field with neutron energies as high as 14.1 MeV. This
is expected to strongly affect the microstructure, mechanical properties, and radioactive
activation of these materials. Current knowledge of neutron irradiation damage in metals
allows estimation of the magnitude of damage that certain materials would experience
under such conditions. However, there is an urgent need for an experimental neutron irra-
diation database established under fusion-relevant conditions. Only by subjecting newly
designed plasma facing and structural materials to intense neutron irradiation, such as that
expected to be encountered in DEMO, would sufficient data be available to proceed with
the engineering design of DEMO.

For this reason, the EUROfusion roadmap towards fusion electricity involves the con-
struction of an experimental high-energy neutron irradiation facility that will generate a
neutron beam with fusion-relevant energies. The facility will be mounted in two phases.
First, a scaled-down version will be put into operation called DONES (DEMO-Oriented
Neutron Source) which is already under construction in Escúzar, Spain. A simplified pro-
cess flow diagram of the DONES experimental system including its numerous ancillary
systems is presented in figure 1.13 [92].

DONES involves of a particle accelerator that produces a beam of 40 MeV deuterium
nuclei [93]. The accelerator systems consist of an injector, where deuterium gas is in-
jected and ionized. The deuterium nuclei are subsequently accelerated by passing several
accelerator ancillaries such as the LEBT (Low Energy Beam Transport), RFQ (Radio Fre-
quency Quadrupole), MEBT (Medium Energy Beam Transport), SRF Linac (Supercon-
ducting Radio Frequency Linear accelerator), and the HEBT (High Energy Beam Trans-
port), before impacting a flowing liquid lithium target in the so-called test cell (see figure
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1.13) [92]. Here, the deuterons undergo the following nuclear stripping reactions with the
flowing 6Li and 7Li isotopes [24]

2H + 7Li −→ 7Li + 1H + n (1.12)
2H + 7Li −→ 4He + 3H + 1H + n (1.13)
2H + 7Li −→ 7Be + 2 n (1.14)
2H + 6Li −→ 7Be + n . (1.15)

Each of these reactions contributes to the production of a high-energy neutron beam that
exits the other side of the target toward the HFTM (High Flux Test Module), where ma-
terial samples can be positioned for study.

In a future phase of the EUROfusion roadmap, the experimental facility will be equipped
with a second accelerator [47]. At this stage, the facility will be called IFMIF (Interna-
tional Fusion Materials Irradiation Facility) [93], [94].

1.2.6. Tritium capture in DONES

The lithium flowing through the test cell is part of a closed liquid lithium loop system
with an operating temperature of the order of T = 526 K that slightly varies in different
loop components. The loop is coupled to additional heat exchanger circuits to remove
the heat generated in the target. As a result of the nuclear stripping reactions, protium,
tritium and 7Be impurities will over time accumulate in the liquid lithium [see equations
(1.12) - (1.15)]. Most of the deposited impurities will, however, be non-reacted deuterium
originating from the impacting particle beam [95], [96].

As for DEMO, a particular threat to the safety of the liquid lithium system is the
production of radioactive 3H. It could be released into the environment in the event of an
accident or as a result of permeation and leakage through the piping components of the
loop [97]–[99]. Moreover, hydrogen isotopes and other nonmetallic impurities such as
C, N, and O lead to increased corrosion of the structural loop material and erosion of the
settling solid compounds [100]. Therefore, a DONES safety evaluation concluded that it
was necessary to establish strict contamination limits to be met by installing an impurity
control and monitoring side loop system connected in parallel to the main loop [101].
The impurities O, C, and part of the accumulating 7Be are removed by a cold trap [95],
[102] while N is retained by a titanium getter in the lithium dump tank [103]. To meet
safety constraints on hydrogen isotope concentrations in the loop, it was decided to use a
separate yttrium pebble bed as a hydrogen getter trap [104].

Yttrium metal has a significantly higher hydrogen isotope solubility than lithium
[105]. As a result, in spite of its much smaller volume the yttrium pebbles absorb a
significant fraction of the dissolved isotopes from the passing lithium [95]. The rate at
which the hydrogen isotopes are absorbed by the pebble bed is greatly reduced in N- or
O-contaminated lithium [106]. This is yet another reason why it is essential to purify
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the lithium from these impurities. Radiation safety requires that the tritium inventory be
kept below 0.3 g in both the yttrium and lithium [99], in addition to the corrosion-related
maximum allowable total hydrogen isotope concentration of 10 wppm in the lithium [95].

Although it has been experimentally demonstrated in the past that yttrium metal ab-
sorbs hydrogen isotopes from lithium with great efficiency [107]–[112], the exact pro-
cesses that determine the hydrogen retention dynamics and the getter capacity for a given
yttrium volume and operating temperature are still not well enough understood to begin
the engineering design of the hydrogen hot trap for DONES. The experimental results
in the mentioned references suggest that even the slightest change in the experimental
conditions (mass, temperature, initial hydrogen concentration in the lithium, shape of the
yttrium pebbles, lithium flow conditions, etc.) leads to a large difference in the experi-
mental results. The only way to fully understand the response of an yttrium getter bed
to specific conditions in the lithium is to perform a detailed numerical study of the rel-
evant processes. Such a numerical study should be validated by an in-situ experimental
liquid lithium system, which allows to perform deuterium retention experiments using an
yttrium getter trap. The necessity for these tasks to be accomplished is another primary
motivation for the work conducted in this thesis.

1.3. Research objectives

Realizing the established EUROfusion roadmap to fusion energy fully depends on the
construction of the planned research facilities DEMO and IFMIF-DONES. However, their
safe operation can only be ensured if methods to tackle the discussed tritium safety issues
in these devices are successfully implemented as reliable radiation safety measures. Of
particular interest are the possible exploitation of multi-isotopic transport to reduce tri-
tium permeation into the coolant of a DEMO breeding blanket and the use of an yttrium
pebble bed as a tritium trap in DONES. However, to date, the available scientific litera-
ture does not provide sufficient experimental or theoretical analysis to define the technical
conditions under which a successful application of these methods could be guaranteed.

This dissertation is dedicated to the theoretical, numerical, and experimental study
of the physical processes that determine the tritium mitigating effects of multi-isotopic
transport in DEMO and of yttrium as a tritium getter material for DONES. The gen-
eral objective of this thesis is the development of the theoretical frameworks that allow
defining the conditions under which each of these techniques could function as a reliable
tritium mitigation method. For this purpose, new theoretical and numerical models that
describe multi-isotopic transport in breeding blankets and tritium capture in DONES are
developed and detailed numerical simulations are performed. With the objective of vali-
dating the developed models in the future, two new experimental devices are developed
from scratch and put into operation.

Following the discussion in section 1.2.4, it can be concluded that the analysis of
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protium co- or counter-permeation as a potential tritium mitigation method for DEMO
would be greatly facilitated by a deeper theoretical and numerical investigation of the
physical processes involved. The accomplishment of this task is the first objective of this
thesis. For this purpose, a theoretical study is carried out in which the consequences of
multi-isotope transport in both a gas-to-gas (for HCPB applications) and a liquid metal-
to-water (for WCLL applications) environment are analyzed analytically. Focusing on a
pure co- and a pure counter-permeation scenario allows deriving new algebraic formulas.
They enable calculating the permeation flux decrease that occurs for a given hydrogen
isotope species as a function of the concentration of the second hydrogen isotope species
involved. This study provides an overall understanding of the multi-isotopic transport
effects and their origin.

The analytical study is supported by numerical simulation using the simulation soft-
ware EcosimPro© [113]. The simulations are executed with the aim to simulate the effect
an injection of different protium concentrations into the coolant or the breeder fluid of
HCPB and WCLL breeding blankets has on the total tritium permeation flux into the re-
spective coolant fluid. Therefore, this thesis includes the creation of detailed numerical
hydrogen transport models of the fuel pins as part of the HCPB purge gas system and of
a water coolant pipe inside an elementary cell of a WCLL breeding blanket. In this way,
the exact pressure conditions under which the flux of the tritium permeation is reduced or
increased are defined. For each breeding blanket design, an analysis is performed to criti-
cally evaluate the feasibility of multi-isotropic permeation as a tritium mitigation method.
Furthermore, the simulation results are reproduced by means of the derived algebraic for-
mulas with the aim of validating the theoretical model.

To experimentally validate both the numerical and the theoretical model, they are used
to reproduce the measurement data of the counter-permeation experiment performed by
Takeda et al. However, as Takeda’s experiment employs Inconel®600 and no fusion-
relevant structural material as sample membrane material, the experimental validation
of the models remains incomplete. A complete experimental validation would require a
successful reproduction of co- and counter-permeation measurements through Eurofer’97
as the membrane material in partial pressure regimes that are relevant for real breeding
blanket applications.

For this purpose, within the scope of this work, a new experimental device called
COOPER (CO- and cOunter PERmeation) experiment has been developed and put into
operation. The experiment enables quantitative deuterium permeation flux measurements
from an upstream gas chamber filled with 2H2 gas through a Eurofer’97 disk into a down-
stream chamber. Co- and counter-permeation scenarios under HCPB conditions can be
experimentally recreated by injecting additional 1H2 gas to either the up or the down-
stream side. In contrast to similar previous experimental devices, the hot permeation cells
of the COOPER experimental set-up are mounted inside an exterior vacuum chamber. In
this way, leakages and permeation of atmospheric gases into the interior of the permea-
tion chambers are drastically reduced and efficient degassing is guaranteed. Furthermore,
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the COOPER experiment is designed to allow for the experimental determination of gen-
eral hydrogen transport parameters like the permeability, the diffusion coefficient, the
Sieverts’ constant as well as surface rate constants of hydrogen isotopes in the sample
disk material. Measuring these physical quantities for Eurofer’97 is drastically needed
as these parameters mainly determine the tritium permeation flux into the coolant of a
breeding blanket. At this point, the COOPER experiment has passed the commissioning
phase in which the accessible measurement parameter ranges are determined, and its suc-
cessful operation is confirmed. Moreover, calibration and permeation flux measurement
procedures are developed. This is showcased in this work by the execution of prelimi-
nary mono-isotopic permeation measurements in which deuterium transport parameters
in Eurofer’97 are measured.

With the objective of providing a contribution to the design of the hydrogen trap of
DONES, part of the work conducted within the framework of this dissertation is dedi-
cated to the development of a numerical simulation tool that is capable of realistically
modeling the transport of hydrogen isotopes from the liquid lithium flow of DONES into
an arbitrarily sized yttrium getter bed. It allows dynamic simulations of the hydrogen iso-
tope concentrations in the pebble bed and in the surrounding loop system. Under DONES
relevant conditions the hydrogen isotope concentration in the lithium likely exceeds crit-
ical values which makes a formation of yttrium dihydride during DONES operation very
probable. The formation of yttrium dihydride strongly determines the thermodynamics of
metal-hydrogen systems and thus the hydrogen isotope absorption behavior of an yttrium
getter trap [68], [114]. The inclusion of the hydride formation mechanism complicates
the development of the model drastically but is considered relevant due to its anticipated
influence on the optimal design parameters of the trap. In order to incorporate hydride
formation processes in the model, complete pressure-composition isotherms of the Li-
H and Y-H metal hydrogen systems are mathematically reconstructed using recent data
from the literature [115], [116]. The conditions for the formation of YH2 are derived by
determining the solubility of hydrogen isotopes in different yttrium hydride phases as a
function of the concentration in the lithium. In addition, the model accounts for the theo-
retical determination of the concentration dependency of the hydrogen isotope diffusivity
in different yttrium hydride phases. Integrating the metal hydride formation processes into
a dynamic hydrogen transport model is, to the best of the author’s knowledge, a novelty
and demonstrated for the first time in this thesis. The created model is used to simulate
the temporal evolution of the hydrogen isotope concentrations during different DONES
operation phases. Thus, the parameters for optimal trap design for DONES as a function
of the lithium temperature are determined and suitable operating modes for the trap to
meet the tritium safety requirements are presented.

Future experimental validation of this simulation tool requires the development of
a new in-situ experimental liquid lithium system. This is another goal of this disserta-
tion. The developed experiment is called LYDER (Lithium system for Yttrium-based
DEeuterium Retention experiments) and consists of two liquid lithium tanks connected
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by a piping system with an integrated yttrium-based deuterium trap. One tank contains a
custom-designed deuterium injection system using an α-iron membrane as a permeation
window. By measuring the pressure decrease of 2H2 on the gas side of the window, the
amount of deuterium injected into the lithium can be estimated. In a future experimental
campaign, it is planned to set the liquid metal in a controlled motion through the tube
system by manipulating the pressures in the two argon-filled tanks. While the lithium
flows through the yttrium bed, the deuterium concentration will decrease until thermo-
dynamic equilibrium between the two metal hydrogen systems is reached. LYDER is
equipped with a lithium sample extraction system that will allow the deuterium concen-
tration in the lithium to be measured offline using an internal experimental branch for
thermal desorption measurements or an external chemical dissolution measuring device.
In the best case, future experiments will enable measuring the getter capacity of yttrium
in deuterium-loaded liquid lithium which is the most important experimental input pa-
rameter for the model and the engineering design of the hydrogen trap of DONES.

1.4. Thesis structure

Based on the research objectives described above, the dissertation is structured as follows.

Chapter 1 introduces the scientific and technological context that defines the main mo-
tivation of this thesis. It justifies the need for fusion energy as an alternative future energy
source. This is followed by an introduction to current fusion technology and fusion-
relevant materials. Special emphasis is given to the description of the tritium safety issues
encountered in the HCPB and WCLL breeding blankets concepts as well as in the IFMIF-
DONES neutron irradiation facility as they are the center of the research carried out in
this thesis.

Chapter 2 familiarizes the reader with the physical concepts and equations on which
the theoretical and numerical analyses as well as the experimental techniques presented
in this dissertation, are based.

Chapter 3 introduces the fundamentals and working principles of different experi-
mental components and techniques which are used for the experimental work carried out
within the scope of this thesis.

Chapter 4 presents a theoretical study of multi-isotopic co- and counter-permeation
conducted by the author of this dissertation. The analysis focuses on two different per-
meation environments: multi-isotopic permeation from gas through a metal membrane to
gas (relevant for HCPB-related applications) and multi-isotopic permeation from liquid
PbLi through a metal membrane to water (relevant for WCLL-related applications). For
both cases, new algebraic formulas are derived which provide the dependence of the per-
meation flux of the less abundant hydrogen isotope species on the partial pressure of the
other species involved.

Chapter 5 is devoted to the development of system-level numerical hydrogen transport

28



models of the breeder zones of the HCPB and WCLL breeding blankets. The models
are used to numerically validate the algebraic formulas for co- and counter-permeation
derived in Chapter 4. Furthermore, the possible injection of protium into the coolant or
breeder fluid as a tritium mitigation method is critically discussed. Finally, the considered
theoretical description of multi-isotopic hydrogen transport is tested against measurement
data from a previous counter-permeation experiment by reproducing the experimental
results with a developed numerical hydrogen transport model and the derived algebraic
formulas.

Chapter 6 is dedicated to the description of the experimental design and construction
of the COOPER experiment. The commissioning phase of the COOPER experiment is
described and preliminary mono-isotopic permeation flux measurements are presented in
which hydrogen transport parameters are experimentally determined. Moreover, an ex-
perimental procedure for co- and counter-permeation measurements with the COOPER
experiment is presented which is supported the numerical simulation of experimental re-
sults.

Chapter 7 presents a new numerical tool developed from scratch to simulate hydrogen
transport from the liquid lithium system of DONES into a hydride-forming yttrium-based
getter trap. The tool is applied to simulate the time-evolving hydrogen isotope concen-
trations in the DONES lithium loop encountered during a proposed initial purification
run and throughout the DONES operation phase. In addition, the underlying theoretical
model is used to derive conditions for the optimal pebble bed mass and suitable operating
modes to meet tritium safety requirements during the different phases of DONES oper-
ation. Finally, the simulation tool is experimentally validated by reproducing measured
data that are taken from the literature.

Chapter 8 is dedicated to the description of the design and commissioning of the LY-
DER experiment developed within the scope of this work. Numerical simulations of ex-
perimental processes are performed and planned measurement procedures are presented.

The dissertation is completed by the conclusion of the scientific goals achieved through-
out the work for this thesis. The developed numerical and experimental systems presented
in this work offer a wide range of possible future research applications, which are pro-
posed and discussed.

A list of references cited in this thesis is included at the end of this document.

29



30



2. FUNDAMENTALS OF HYDROGEN IN METALS

Numerically and experimentally investigating multi-isotopic hydrogen permeation and
gettering in fusion-relevant materials requires deeply understanding the kinetics and ther-
modynamics of hydrogen dissolved in metals and its transport across gas-metal interfaces.
The governing physical processes which determine the occurring particle fluxes and time-
evolving concentrations in such systems are discussed in this chapter.

2.1. Thermodynamics of metal-hydrogen systems

The spontaneous behavior of a multi-particle system in which different phases co-exist
and chemical reactions may occur is well described using the thermodynamic concept of
the Gibbs free energy [117]

G = H − S T =
∑︂

s

µsNs . (2.1)

In this definition, H is the enthalpy, S is the entropy and T is the temperature. The total
Gibbs energy of a system is the sum of the Gibbs energies of its subsystems [118]. It may
be determined by adding up the products of the chemical potentials µs and the number of
particles Ns for each species s which constitute the system. The differential of the Gibbs
energy is given by

dG = Vdp + S dT +
∑︂

s

µsdNs (2.2)

This allows defining the chemical potential as follows

µs =

(︄
∂G
∂Ns

)︄
p,T,N′

=

(︄
∂H
∂Ns

)︄
p,T,N′

− T
(︄
∂S
∂Ns

)︄
p,T,N′

≡ H s − TS s . (2.3)

The quantities µs, H s and S s describe the changes of the systems Gibbs energy, enthalpy
and entropy if a single particle of species s is added to or removed from the system in
which the total pressure p, the temperature T and the particle numbers N′ of all species
other than s are kept constant. Using the thermodynamic Maxwell relations derived from
equation (2.2) leads to the following relations for H s and S s

S s = −

(︄
∂µs

∂Ts

)︄
p,N

& H s = µs − T
(︄
∂µs

∂Ts

)︄
p,N
. (2.4)

Of particular interest for this work is the general scenario in which a system of pure
metals Mea,Meb ∈ {Me1, Me2, Me3, . . .} is exposed to a gas phase containing a mixture
of multi-isotopic hydrogen gas molecules iH jH ∈ {1H2,

2H2,
3H2,

1H2H, 1H3H, 2H3H}
as illustrated in figure 2.1. In the described configuration, the molecules iH jH of the
gas would dissociate and dissolve into the different metal bulks as separated hydrogen

31



𝟏𝐇𝟐𝐇

𝟑𝐇𝟐

𝟑𝐇

𝟐𝐇𝟑𝐇

𝟏𝐇𝟑𝐇

𝐌𝐞𝟐
𝐌𝐞𝟏

𝐌𝐞𝟑

𝟐𝐇

𝐆𝐚𝐬

𝐌𝐞𝟒

𝟏𝐇𝟐

𝟑𝐇𝟐

𝟐𝐇𝟐

𝟑𝐇𝟐

𝟏𝐇

Fig. 2.1. Illustration of hydrogen transport
processes and isotope exchange reactions
occurring in a system of different metals
surrounded by multi-isotopic hydrogen gas.

isotopes iH, jH, kH ∈ {1H, 2H, 3H} while already dissolved isotopes may recombine and
leave the bulks back into the gas. The corresponding dissolution and dissociation re-
actions of the molecules iH jH from the gas phase into the different metals Mea can be
written as follows

iH jH (gas) ⇌ iH + jH (dissolved in Mea) if Mea shares interface with gas (2.5)

In this analysis, the system remains at an equal total pressure, an equal temperature and an
equal number and chemical potential of the metal atoms. Then, equation (2.2) simplifies
to

dG =
∑︂

i j

µ
g
i jdNg

i j +
∑︂

a

∑︂
i

µa
i dNa

i . (2.6)

Here, it is assumed that the diatomic molecules iH jH exist merely in the gas phase and the
atomic hydrogen isotopes iH are exclusively present in the metal phases Mea. In equation
(2.6), the quantities µsubsystem

species and Nsubsystem
species label the chemical potential and number of the

corresponding species inside of the respective subsystem. For the sake of clarity, several
index abbreviations are introduced. The letter g stands for gas, the indexes a, b, etc.
refer to the different metal species Mea and the joined index i j replaces the symbol for the
molecules iH jH. In this work, hydrogen isotope species are labeled with the letters i, j and
k. The subscripts i and j stand for either different or the same isotopes (i = j or i ≠ j) and
the index k refers to a hydrogen isotope different from those labeled with i or j (k ≠ i, j).
The spontaneous direction of reaction (2.5) is the one which leads to an overall reduction
of the Gibbs free energy of the system, such that dG < 0. According to equation (2.6),
removing an infinitesimal number dNg

ii = −dξ of mono-isotopic molecules iH2 from the
gas phase while adding the conforming infinitesimal number dNa

i = +2dξ of dissociated
hydrogen isotopes iH to one of the metal bulks Mea would lead to the following change
of the total Gibbs energy of the system

dG = µa
i

∂Na
i

∂ξ
dξ + µg

ii

∂Ng
ii

∂ξ
dξ =

(︂
2µa

i − µ
g
ii

)︂
dξ (2.7)
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As visible in figure 2.7 the different metals of the system may share part of their con-
tact surfaces or completely surround another metal in their interior. Once dissolved into
the metal, the isotopes may encounter a metal-metal interface and a further dissolution
process of hydrogen isotopes migrating from one metal into the other needs to be consid-
ered:

iH (dissolved in Mea) ⇌ iH (dissolved in Meb) if Mea has interface with Meb (2.8)

The spontaneous direction (dG < 0) of this reaction yields when calculating the change
of the Gibbs energy for the example that an infinitesimal number of isotopes dNa

i = −dξ
migrates from the metal Mea into the metal Meb, where consequently dNb

i = +dξ:

dG = µa
i

∂Na
i

∂ξ
dξ + µb

i

∂Nb
i

∂ξ
dξ =

(︂
µb

i − µ
a
i

)︂
dξ (2.9)

Moreover, it needs to be taken into account that between the six different diatomic
hydrogen molecules in the gas six different isotope exchange reactions occur. They may
be expressed by the following reaction equation

iHkH + jHkH (gas) ⇌ iH jH + kH2 (gas) . (2.10)

Removing an infinitesimal number of molecules dNg
ik = −dξ and dNg

jk = −dξ in a chemical
reaction would cause the generation of an infinitesimal number of molecules dNg

i j = dξ
and dNg

kk = dξ. The Gibbs free energy would consequently change by

dG = µg
i j

∂Ng
i j

∂ξ
dξ+µg

kk

∂Ng
kk

∂ξ
dξ+µg

ik

∂Ng
ik

∂ξ
dξ+µg

jk

∂Ng
jk

∂ξ
dξ =

(︂
µ

g
i j + µ

g
kk − µ

g
ik − µ

g
jk

)︂
dξ (2.11)

2.1.1. Equilibrium conditions

At thermodynamic equilibrium, the total Gibbs energy of the system has reached a mini-
mum value which implies that the variation of the Gibbs energy vanishes and dG = 0. As
a consequence, the equations (2.7), (2.9) and (2.11) yield the equilibrium conditions

Equilibrium condition 1: µa
i =

1
2
µ

g
ii (2.12)

Equilibrium condition 2: µa
i = µ

b
i (2.13)

Equilibrium condition 3: µ
g
ik + µ

g
jk = µ

g
i j + µ

g
kk (2.14)

They implicate that in equilibrium the reactions (2.5), (2.8) and (2.10) proceed with equal
rates in both directions. In equilibrium, the conditions 1, 2 and 3 must be simultaneously
fulfilled for every possible isotopic combination and at any gas-metal / metal-metal in-
terface [119]. Therefore, equilibrium conditions 1 and 2 also apply among gas or metal
phases that do not share part of their contact surfaces. This fact is known as the criterion

33



of phase equilibrium [120]. From now on, as long it is not necessary to explicitly differ-
entiate between two metal-hydrogen systems of two different metal species, writing the
superscripts a, b, etc. will be omitted.

The changes of enthalpy and entropy which would occur in the gas-metal system
in equilibrium if one hydrogen isotope iH is displaced from the gas into the metal are
known as the so-called enthalpy of solution ∆H and entropy of solution ∆S . According
to equilibrium condition 1, they can be written as follows [see equations (2.3) and (2.12)]
[114]

∆S i = S i −
1
2

S
g
ii and ∆Hi = Hi −

1
2

H
g
ii . (2.15)

To obtain more useful relations for the equilibrium conditions (2.12) - (2.14) the chem-
ical potentials of an ideal diatomic hydrogen gas µg

i j and of hydrogen isotopes in a solid
solution with a metal µi need to be expressed as a function of concentration, temperature
and pressure. This is most accurately realized using the tools of statistical mechanics.
Therefore, an alternative definition of the chemical potential of species s is used

µs =

(︄
∂F
∂Ns

)︄
V,T,N′

(2.16)

which is defined via the Helmholtz free energy F. The link between macroscopic thermo-
dynamics and statistical mechanics is provided by expressing the Helmholtz free energy
F of the system with the canonical partition function Z

F = −kBT ln (Z) = −kBT ln
∑︂

n

exp
(︄
−

En

kBT

)︄
. (2.17)

In this equation, En is the total energy of the system in a certain micro-state n and the sum
is taken over all possible micro-states the system can take.

For temperatures T > 400 K and pressures p < 10 MPa a diatomic hydrogen gas of
the same species can be considered as an ideal Boltzmann gas consisting of Ng indistin-
guishable molecules. In an ideal gas, the chance of finding two molecules in the same
energy state is negligibly small. Hence, it can be assumed that in any possible state of
the gas, the molecules of mass m occupy different energy states ϵq with q = 1 . . .Ng.
The canonical partition function Zq of a single diatomic molecule in the gas can be writ-
ten as Zq =

∑︁Ng

q exp(ϵq/kBT ), where the sum is taken over Ng different energy states the
molecules can occupy [118]. The partition function of a system (the gas) made of an en-
semble of Ng indistinguishable subsystems (each molecule) is given by Z = 1/Ng!

∏︁Ng

q Zq

[121]. The division by the factorial provokes that all possible permutations of the indis-
tinguishable particles in the phase space are counted as a single state of the gas. Since Zq

is the same for each molecule the partition function of the gas yields Z = 1/Ng! · (Zq)Ng
.

As a consequence, equation (2.17) transforms to

F = −kBT ln

⎧⎪⎪⎪⎨⎪⎪⎪⎩
⎡⎢⎢⎢⎢⎢⎢⎣∑︂

q

exp
(︄
−ϵq

kBT

)︄⎤⎥⎥⎥⎥⎥⎥⎦
Ng

1
Ng!

⎫⎪⎪⎪⎬⎪⎪⎪⎭ = −kBT Ng ln

⎡⎢⎢⎢⎢⎢⎢⎣ e
Ng

∑︂
q

exp
(︄
−ϵq

kBT

)︄⎤⎥⎥⎥⎥⎥⎥⎦ (2.18)
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for which Stirling’s formula is used. In classical statistical mechanics, the sum in equation
(2.18) must be expressed by an integral over the entire phase space.

F = −kBT Ng ln
[︄

e
Ng(2πℏ)3

∫︂
exp
−ϵ

(︁
p⃗, q⃗

)︁
kBT

dp⃗dq⃗
]︄
,with ϵ

(︁
p⃗, q⃗

)︁
= ϵb +

p⃗2

2m
+
M⃗

2

2Θ
(2.19)

where p⃗ and q⃗ are the phase space variables. Here, M⃗ labels the angular momentum, Θ
the moment of inertia, and ϵb is the bond dissociation energy per molecule in the gas.
Solving this integral finally leads to [121]

F = Nϵb − NgkBT ln

⎡⎢⎢⎢⎢⎢⎢⎣V e
N

(︄
mkBT
2πℏ

)︄ 3
2
⎤⎥⎥⎥⎥⎥⎥⎦ − NgkBT ln

(︄
kBTΘ
ℏ2

)︄
. (2.20)

Since in an ideal gas the molecules do not interact with each other the Helmholtz free
energy of a gas mix of distinguishable molecular species iH jH enclosed in the volume
V is determined by F = −kBT ln

∏︁
i j Zi j =

∑︁
i j −kBT ln Zi j where Zi j labels the partition

function of all molecules of the same species. Hence, the Helmholtz free energy of the
entire system can be expressed as the sum of the individual Helmholtz free energies of
each gas component iH jH, such that

F =
∑︂

i j

⎧⎪⎪⎨⎪⎪⎩Ng
i jϵb,i j − Ng

i jkBT ln

⎡⎢⎢⎢⎢⎢⎢⎣V e
Ng

i j

(︄
mi jkBT

2πℏ

)︄ 3
2
⎤⎥⎥⎥⎥⎥⎥⎦ − Ng

i jkBT ln
(︄
kBTΘi j

ℏ2

)︄⎫⎪⎪⎬⎪⎪⎭ . (2.21)

To obtain the chemical potential of component iH jH in the gas mixture, equation (2.16)
is applied before inserting the ideal gas law V = Ng

i jkBT/pi j, resulting in [122]

µ
g
i j = ϵb,i j + kBT ln

⎡⎢⎢⎢⎢⎢⎣ pi j

p0
i j (T )

⎤⎥⎥⎥⎥⎥⎦ , with p0
i j (T ) ≡

(kBT )7/2Θi jm
3/2
i j

ℏ5 (2π)3/2 (2.22)

where pi j is the partial pressure of component iH jH. By transformation, it may be ex-
pressed with respect to the standard state pressure p◦ = 101 325 Pa

µ
g
i j = µ

g,◦
i j + kBT ln

(︄
pi j

p◦

)︄
, with µ

g,◦
i j = ϵb,i j + kBT ln

⎡⎢⎢⎢⎢⎢⎣ p◦

p0
i j (T )

⎤⎥⎥⎥⎥⎥⎦ (2.23)

where µg,◦
i j is the standard state chemical potential of gas component iH jH. With the equa-

tions (2.3) it is possible to calculate the change of entropy and enthalpy of the diatomic
hydrogen gas per removed or added molecule at a certain pressure [123]

S
g
i j = S

g,◦
s,i j + kB ln

(︄
pi j

p◦

)︄
, with S

g,◦
s,i j =

7
2

kB + kB ln

⎡⎢⎢⎢⎢⎢⎣ p◦

p0
i j (T )

⎤⎥⎥⎥⎥⎥⎦ (2.24)

H
g
i j = H

g,◦
i j = ϵb,i j −

7
2

kBT (2.25)

The quantities S
g,◦
i j and H

g,◦
i j are defined by the relations (2.3) when substituting the chem-

ical potentials by the standard state chemical potentials of the gas, such that µg,◦
i j =
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H
g,◦
i j − TS

g,◦
i j . This leads to the definitions of the standard state entropy and enthalpy

of solution:
∆S
◦

i = S i −
1
2

S
g,◦
ii and ∆H

◦

i = Hi −
1
2

H
g,◦
ii (2.26)

Having obtained the expression (2.23) for the chemical potential of multi-isotopic
hydrogen gas enables rewriting equilibrium condition 3 [equation (2.14)] as follows [124]

pik p jk

pi j pkk
= exp

⎛⎜⎜⎜⎜⎜⎝µg,◦
i j + µ

g,◦
kk − µ

g,◦
ik − µ

g,◦
jk

kBT

⎞⎟⎟⎟⎟⎟⎠ ≡ Kik+ jk
i j+kk (2.27)

where Kik+ jk
i j+kk is defined as the equilibrium constant for the different isotope exchange

reactions (2.10) in the gas phase.

Even today, the exact physical mechanisms which determine the equilibrium state of
hydrogen dissolved in metal are still far from fully understood. Great progress was made
at the beginning of the 20th century when the methods of statistical mechanics combined
with numerical analysis made it possible to develop first theoretical models with satisfying
accuracy. Among the most successful is the mean-field theory of the lattice gas in which a
metal-hydrogen solution is treated as a mono-atomic hydrogen gas made of Ni hydrogen
isotopes iH [125]. The charge density distributions of the metal atoms lead to a potential
energy landscape that exhibits periodically repeating potential energy minimums known
as interstitial sites. In the lattice gas model, the hydrogen isotopes are considered to be
confined in the volume occupied by the metal and randomly distributed over a total of
Nsites interstitial sites.

Figure 2.2 illustrates three of the most common crystal structures of metals [body-
centered cubic (BCC), hexagonal closed packed (HCP) and face-centered cubic (FCC)]
and highlights the corresponding position of tetrahedral (T-sites) or octahedral (O-sites)
interstitial sites which may be occupied by hydrogen isotopes. The figure is created by
the author of this thesis using the computer-aided design (CAD) software CATIAv5.

According to the lattice gas model, every isotope of the same species iH dissolved
in the metal possesses the same average energy ϵs,i [126]. Lacher et al [127] extended
this picture by considering that the energy of a hydrogen isotope is influenced by the
presence of close-by hydrogen isotopes in the metal. This effect is called H-H interactions.
Amongst others, there is a repulsive electronic short-range and an attractive long-range
elastic contribution to the interactive forces each dissolved hydrogen isotope exerts on the
others [128]. The effect of H-H interaction on the hydrogen solution characteristics of
metal becomes visible at elevated concentrations. Lacher et al used the approximation
that the energy state of a hydrogen isotope is influenced only by the long-range elastic
interaction of nearest neighbor hydrogen isotopes occupying adjacent interstitial sites.
The elastic interaction arises from the fact that upon entering the metal, hydrogen isotopes
expand the lattice structure. Thus, a dissolving isotope creates a long-range distortion field
that makes surrounding interstitial sites more favorable for further hydrogen isotopes to
occupy. Considering a random distribution of isotopes over the lattice, according to the
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Fig. 2.2. Illustrated unit cells of the body-centered cubic (BCC), hexagonal closed packed (HCP)
and face-centered cubic (FCC) crystal structures of metals. The orange spheres represent tetra-
hedral (T-sites) and octahedral (O-sites) interstitial sites which may be occupied by hydrogen
isotopes, respectively.

Bragg and Williams approximation the probability for a hydrogen isotope to encounter
another hydrogen isotope of any kind in an adjacent interstitial is approximately Ni/Nsites

[129]. By assuming that an H-H interaction lowers the potential energy of both interacting
isotopes by ϵHH/2 < 0 the total energy of the lattice gas can be approximated by

ELG ≈ Ni ·

(︄
ϵs,i + Nadj ·

Ni

Nsites

ϵHH

2

)︄
, ϵHH < 0 & ϵs,i < 0 . (2.28)

Here, Nadj is the number of nearest neighbor interstitial sites surrounding each hydrogen
isotope [130] (see figure 2.2). The Helmholtz free energy F of the lattice gas constituting
the isotope species iH is obtained using equation (2.17)

F = −kBT ln Z = −kBT ln
∑︂

n

exp
(︄
−

ELG,n

kBT

)︄
. (2.29)

Since every hydrogen isotope is assumed to have equal average energy ϵs,i, the total energy
of any possible micro-state of the lattice gas is equal. For this reason, the sum in equation
(2.29) can be replaced by a multiplication of the exponential term with the number of
possible ways Ω = Nsites!/ [Ni! [(Nsites − Ni)!] the isotopes can be configured over Nsites

existing interstitial sites

F = −kBT ln
{︄
Ω · exp

[︄
−

1
kBT

(︄
Niϵs,i + Nadj ·

N2
i

Nsites

ϵHH

2

)︄]︄}︄
. (2.30)

Transformation of this equation leads to

F = −kBT ln (Ω) + Niϵs,i +
NadjϵHH

2
N2

i

Nsites
. (2.31)

37



By applying Stirling’s formula and after introducing the bulk coverage as the fraction
of occupied interstitial sites θb,i = Ni/Nsites ≤ 1, equation (2.30) transforms to

F = Nsites

{︂
kBT

[︁
θb,i ln

(︁
θb,i

)︁
+

(︁
1 − θb,i

)︁
ln

(︁
1 − θb,i

)︁]︁
+ ϵs,iθb,i + ϵHHNadjθ

2
b,i

}︂
(2.32)

The approximated chemical potential of different isotopes iH dissolved in a metal is finally
obtained using equation (2.16):

µi ≈
1

Nsites

(︄
∂F
∂θb,i

)︄
V,T
= kBT ln

(︄
θb,i

1 − θb,i

)︄
+ ϵs,i +

ϵHHNadj

2
θb,i (2.33)

Two definitions for the hydrogen concentration in a metal are introduced at this point:

xi ≈
Ni

NMe
= xmaxθb,i and ci =

Ni

VNA
=
ρMe

MMe
xi =

ρMe

MMe
xmaxθb,i (2.34)

Here, NMe is the number of metal atoms, xmax = Nsites/NMe the maximum possible con-
centration in the metal, NA the Avogadro number, MMe the molar mass and ρMe the den-
sity of the pure metal. The simple mean-field lattice gas model presented above neither
takes into account the expansion of the metal volume during the dissolution process, nor
the temperature-dependent occupation of vibrational energy states, nor further electronic
contributions to the entropy [114]. A detailed discussion of how to consider these addi-
tional terms in the derivation of the chemical potential can be found in [114], [131]–[134].
For simplicity, in this work, they are taken into account in the form of a corrective excess
term µex,i = Hex,i−TS ex,i which is summed to equation (2.33), such that when considering
the defined concentration xi

µi = kBT ln
(︄

xi

xmax − xi

)︄
+ ϵs,i + ϵHHNadj ·

xi

xmax
+ Hex,i − TS ex,i . (2.35)

The excess contributions to the entropy and enthalpy change per added or removed isotope
S ex,i and Hex,i are here assumed to be constant [135]. For hydrogen isotopes dissolved in
metal, equation (2.4) yields

S i = −kB ln
(︄

xi

xmax − xi

)︄
+ S ex,i and Hi ≈ ϵs,i + ϵHHNadj ·

xi

xmax
+ Hex,i . (2.36)

Inserting the derived chemical potentials (2.23) and (2.35) into equation (2.12) pro-
vides a more property-related expression of equilibrium condition 1 [equation (2.12)] if
only one isotope species is involved in the dissolution process

pii

p◦
=

(︄
xi

xmax − xi

)︄2

exp

⎛⎜⎜⎜⎜⎜⎝2ϵs,i + 2ϵHHNadjxi/xmax + 2Hex,i − 2TS ex,i − µ
g,◦
ii

kBT

⎞⎟⎟⎟⎟⎟⎠ . (2.37)

It relates the establishing equilibrium concentration xi in the metal for a given partial
pressure pii in the gas.
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The entropy and enthalpy of solution at equilibrium are obtained by inserting the
expressions (2.24), (2.25) and (2.36) into the definitions (2.15) and (2.26)

∆S i = −kB ln
(︄

xi

xmax − xi

)︄
+ S ex,i −

1
2

S
g
ii (2.38)

∆S
◦

i = −kB ln
(︄

xi

xmax − xi

)︄
+ S ex,i −

1
2

S
g,◦
ii (2.39)

∆Hi = ϵs,i + ϵHHNadj ·
xi

xmax
+ Hex,i −

1
2

H
g
ii (2.40)

∆H
◦

i = ϵs,i + ϵHHNadj ·
xi

xmax
+ Hex,i −

1
2

H
g,◦
ii . (2.41)

Dependent on the metal, the enthalpy or heat of solution ∆Hi at equilibrium is either pos-
itive or negative. It is found that alkali and alkaline-earth metals, titanium and vanadium
subgroup metals, rare-earth metals, scandium, yttrium, palladium and actinide series met-
als are exothermic hydrogen absorbers with ∆Hi < 0 while e.g. cobalt, copper, nickel,
silver, platinum, iron and iron alloys are endothermic absorbers and ∆Hi > 0 [136]. It
should be noted that H

g,◦
ii = H

g
ii ⇒ ∆H

◦

i = ∆Hi.

Equilibrium condition 2 [equation (2.13)] can be rewritten as well using the derived
relations for the chemical potentials (2.23) and (2.35) by considering that in combination
with equilibrium condition 1, it follows that µg

ii = 2µa
i = 2µb

i

pii

p◦
=

(︄
xa

i

xa
max − xa

i

)︄2

exp

⎛⎜⎜⎜⎜⎜⎝2∆H
a,◦
i − 2TS
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ex,i + TS

g,◦
ii

kBT

⎞⎟⎟⎟⎟⎟⎠
=

(︄
xb

i

xb
max − xb

i

)︄2

exp

⎛⎜⎜⎜⎜⎜⎜⎜⎝2∆H
b,◦
i − 2TS

b
ex,i + TS

g,◦
ii

kBT

⎞⎟⎟⎟⎟⎟⎟⎟⎠ . (2.42)

This condition states that once a gas phase containing the mono-isotopic molecules iH2

is in thermodynamic equilibrium with isotopes iH dissolved in two different metals, two
distinct equilibrium concentrations xa

i and xb
i will establish in the metals, respectively.

The enthalpies of solution ∆H
a,◦
i are those defined by the expression (2.41) considering

the metal specific parameters ϵas,i, ϵ
a
HH, na

adj, xa
max and H

a
ex,i for each metal.

Thus, in a system without a gas phase in which a hydrogen-loaded metal Mea is put
into contact with a second metal Meb the equilibrium condition determining the establish-
ing equilibrium concentrations in the two metals is given by the right-hand equal sign of
equation (2.42). Equation (2.42) holds for every isotope type in the metal, independently.

2.1.2. Dilute solutions and the Sieverts’ law

In the limit of low concentrations (xi → 0) the influence of H-H interactions becomes
negligible and equation (2.37) approaches the well-known Sieverts’ law [137]

xi = exp

⎡⎢⎢⎢⎢⎢⎢⎣−ϵs,i + Hex,i −
1
2 H

g,◦
ii − T

(︂
kB ln xmax + S ex,i −

1
2S

g,◦
ii

)︂
kBT

⎤⎥⎥⎥⎥⎥⎥⎦√︃ pii

p◦
≡ ks,i

√︃
pii

p◦
. (2.43)

39



It states that in the low-concentration limit and at constant temperature the equilibrium
concentration of hydrogen isotopes dissolved in a metal is proportional to the square root
of the equilibrium pressure in the surrounding gas. Its experimental reproducibility is an
indicator for the fact that diatomic hydrogen molecules dissociate and enter the metal in
atomic form. The metal and isotope specific proportionality constant ks,i is a measure
for the affinity of a metal to absorb the hydrogen isotopes of species iH. It is called
the Sieverts’ constant. The first three summands in the exponential of equation (2.43)
conform with the enthalpy of solution as defined in relation (2.41) considering the limit
of low concentrations. Since ∆H

◦

i = ∆Hi it can be substituted by ∆Hi. For the sake
of clarity, when expressed in the Sieverts’ law the enthalpy of solution is subscripted
with a lowercase s, such that ∆Hi ≡ ∆Hs,i. The term in parenthesis is similar but does
not conform with the entropy of solution defined in (2.40). It is here referred to as the
Sieverts’ entropy of solution and labeled with ∆S s,i

ks,i = exp
⎛⎜⎜⎜⎜⎝−∆Hs,i − T∆S s,i

kBT

⎞⎟⎟⎟⎟⎠ = exp
⎛⎜⎜⎜⎜⎝∆S s,i

kB

⎞⎟⎟⎟⎟⎠ exp
⎛⎜⎜⎜⎜⎝−∆Hs,i

kBT

⎞⎟⎟⎟⎟⎠ = k0
s,i exp

⎛⎜⎜⎜⎜⎝−∆Hs,i

kBT

⎞⎟⎟⎟⎟⎠ (2.44)

where k0
s,i is the pre-exponential factor of the Sieverts’ constant. Since ∆Hi and ∆S s,i are

metal-specific parameters, so is the Sieverts’ constant ks,i. It can be seen that the Sieverts
constant is also temperature dependent. In fact, for endothermic hydrogen absorbers, it
increases with temperature and in the case of exothermic hydrogen absorbing metals it
decreases with increasing temperature [136].

At thermodynamic equilibrium, equilibrium condition 1 [equation (2.37)] and equi-
librium condition 3 [equation (2.27)] must be fulfilled simultaneously. This means, that at
equilibrium the partial pressures of the different molecules in the gas establish strict rela-
tionships determined by equation (2.27). When considering the specific isotope exchange
reaction 2iHkH⇌ iH2 +

kH2, at equilibrium equation (2.27) yields

p2
ik

pii pkk
= Kik+ik

ii+kk ≡ Kex
ik ⇔

pik

p◦
=

√︂
Kex

ik

√︃
pii

p◦

√︃
pkk

p◦
(2.45)

where Kex
ik is a shorter form of labeling the equilibrium constant of the isotope exchange

reaction 2iHkH ⇌ iH2 +
kH2. Measuring the temperature dependence of the equilibrium

constants Kex
ik of the different isotope exchange reactions 2iHkH ⇌ iH2 +

kH2 has been
the target of several experimental campaigns in the past [138], [139]. The following
experimental relations are found in the literature [132]:

Kex
12 = 4.241

[︂
1 − exp

(︂
− 5986

T

)︂]︂ [︂
1 − exp
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T
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T

)︄
(2.46)

Kex
13 = 4.662
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(2.47)

Kex
23 = 4.083
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Fig. 2.3. Square root of measured equilibrium
constants for three isotope exchange reactions
in the temperature range relevant for this work
using measured relations reported by [132].

Figure 2.3 shows the temperature dependence of the square root of the equilibrium con-
stants as expressed in the formulas (2.46), (2.47) and (2.48) for the three isotope exchange
reactions. It can be seen that with increasing temperature it converges against

√︂
Kex

i j = 2.

To find the Sieverts’ law for the multi-isotopic case, the isotope-specific square roots
in equation (2.45) are substituted with the corresponding versions of the mono-isotopic
Sieverts’ law (2.43)

xixk =
ks,iks,k√︁

Kex
ik

·
pik

p◦
. (2.49)

The Sieverts’ constant as defined above is a unit-less parameter. When writing the
Sieverts’ law in terms of the molar concentration ci the Sieverts’ constant is usually re-
ported as a parameter with the unit [mol/m3Pa−1/2] and defined by

ci =
ρMe

MMe
√

p◦
· ks,i
√

pii ≡ Ks,i
√

pii and cick =
Ks,iKs,k√︁

Kex
ik

· pik . (2.50)

The low-concentration approximation of equilibrium condition 2 [equation (2.42)] is
obtain by equalizing the Sieverts’ relations (2.43) for hydrogen isotopes in two different
metals

xa
i

ka
s,i
=

xb
i

kb
s,i

and
ca

i

Ka
s,i
=

cb
i

Kb
s,i

⇔ cb
i = Ka−b

D,0,i · c
a
i , with Ka−b

D,0,i ≡
Kb

s,i

Ka
s,i
. (2.51)

The defined temperature-dependent parameter Ka−b
D,0,i is called the low-concentration dis-

tribution coefficient of isotope species iH dissolved in two different metals Mea and Meb,
that either share part of their surface areas or are exposed to the same gas phase.

2.1.3. Metal hydride formation

The relationship between the partial pressure pii of a diatomic hydrogen gas and the estab-
lishing equilibrium concentration xi at a fixed temperature in the metal is called pressure-
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composition isotherm (PCI) and generally expressed by equation (2.37). It is unique for
each metal and for each isotope species iH. The higher the establishing equilibrium con-
centration at a certain pressure, the higher the hydrogen isotope solubility of the metal.
Even at very high temperatures and pressures pii, most endothermic hydrogen-absorbing
metals exhibit very low equilibrium concentrations which implies a low hydrogen isotope
solubility. Therefore, in almost all practical applications, endothermic metal-hydrogen
solutions are sufficiently well described by the Sieverts’ law. On the other hand, exother-
mic hydrogen-absorbing metals are associated with a high hydrogen isotope solubility.
For many exothermic candidates, very low pressures pii correspond to equilibrium con-
centrations that are high enough that the effect of H-H interaction becomes important
and the Sieverts’ law starts to deviate from the true courses of the PCIs. To simplify the
discussion, the occurring effects at higher hydrogen isotope concentrations are explained
assuming a pure gas of only one type of mono-isotopic gas molecules.

Figure 2.4 shows PCIs for the palladium-protium (Pd-1H) system (black dashed lines)
at different temperatures which are calculated using equation (2.37). The used param-
eter values ϵs = −2.33 eV, ϵHHNadj = −0.20 eV, ϵb,11 = −4.48 eV, xmax = 0.59 and
p0

11 = 4.07 × 109 Pa are chosen according to fits against experimental data performed
by Lacher et al [114], [122], [127]. For the calculation, the excess entropy and enthalpy
appearing in equation (2.37) are neglected. To illustrate the influence of H-H interactions
on the PCIs, the graph contains the course of the Sieverts’ law for the highest plotted
temperature T = 586 K. It can be seen how already at relatively low pressures and con-
centrations the calculated PCIs deviate from the Sieverts’ law approximation. This means
that with increasing pressure and concentration, H-H interaction leads to an increasing
rise in hydrogen absorption capacity at a given pressure. It can be seen that within a
certain pressure range, the calculated PCIs show three equilibrium concentrations where
the hydrogen isotopes in the exothermic hydrogen-absorbing metal would have the same
chemical potential as the gas phase at a fixed pressure. However, it is important to re-
member that the plotted PCI relations (2.37) are derived from the lattice gas model which
assumes that the hydrogen isotopes are randomly distributed over the interstitial sites as
a single metal-hydrogen phase with a unique concentration. Another aspect is that at
the position of the intermediate of the three equilibrium concentrations corresponding to
the same equilibrium pressure, the PCI and therefore the chemical potential of hydrogen
dissolved in the metal have negative slopes. According to equation (2.3), a decreasing
chemical potential with increasing particle number represents a maximum of the Gibbs
free energy and hence does not describe a physically realistic equilibrium concentration.
In fact, all of the concentration values between the two extreme points of the PCIs in fig-
ure 2.4 would correspond to unstable states and could not exist in equilibrium. However,
contrary to this reasoning, experiments have shown that the total protium content in Pd
can indeed take values corresponding to this critical concentration range [127].

An answer to these inconsistencies surrounding the two extreme points is illustrated
in figure 2.5 and explained in the following. Below a critical pressure p < pdec the metal-
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Fig. 2.4. Calculated pressure-composition
isotherms (black dashed lines) of a simple
exothermic metal-hydrogen system (Pd-1H
system) using equation (2.37) with parameters
fitted by Lacher et al [127]. The flat plateau
area arises assuming that two phases of equal
chemical potentials but distinct concentrations
xα and x β coexist in the range xα < x < x β.
For comparison, the plot shows the course of
the Sieverts’ law for T = 586 K.

hydrogen solution exists as a single phase (here called the α phase) where the hydrogen
isotopes randomly distribute in the lattice and the equilibrium concentration increases
with pressure. In the α phase, hydrogen is dissolved as an interstitial solute, which is why
it is sometimes referred to as a solid solution (as long as the metal phase is solid). At
p = pdec the concentration of the α phase reaches a maximum value xα, which is known
as the terminal solubility [114]. Every additional hydrogen isotope added to the solution
precipitates within a second hydride β phase that emerges at more and more locations in
the lattice. These areas are characterized by a significantly higher concentration x β and an
ordered arrangement of the hydrogen isotopes over the lattice sites. The overall average
concentration in the two-phase metal-hydrogen solution at p = pdec can be written as

x = θαxα + θ βx β , with θα + θ β = 1 , if xα < x < x β (2.52)

In this expression θα stands for the fraction of hydrogen isotopes that are part of the α
phase at the limit concentration xα and θ β labels the fraction of hydrogen isotopes con-
stituting the hydride β phase which occurs with the fix concentration x β. For pressures
p ≥ pdec, the alpha phase disappears in equilibrium (θα = 0). Furthermore, the equi-
librium concentration is again pressure dependent with x > x β as described by equation
(2.37). However, the existence of a second hydride phase in the two-phase region at equi-
librium is bound to some conditions which ultimately determine the value of the critical
concentrations xα and x β and the decomposition pressure pdec.

According to equation (2.1), the Gibbs free energy of a mono-isotopic metal-hydrogen
solution can be written as G(x,T ) = NMeµMe(x,T ) + Nµ(x,T ) with µMe(x,T ) and µ(x,T )
being the chemical potentials of the metal atoms and the chemical potential of the hydro-
gen isotopes in the metal at a certain hydrogen concentration x. Dividing this equation by
the total number of metal atoms NMe and considering equation (2.2) yields

G (x,T )
NMe

≡ g (x,T ) = µMe (x,T )+x
[︄
∂g (x,T )
∂x

]︄
p,T
, with µ (x,T ) =

[︄
∂g (x,T )
∂x

]︄
p,T

(2.53)
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Fig. 2.5. Illustration of the distribution of hydrogen isotopes (orange dots) in the metal lattice
(blue circles) for different concentration regimes. In the low-concentration α phase (x < xα) the
isotopes are rather randomly distributed. While two phases coexist (α+β), the α phase has reached
its fix maximum concentration xα and the ordered hydride β phase precipitates at more and more
locations with a fix concentration x β [123].

By transformation, the chemical potential of the metal atoms writes

µMe (x,T ) = g (x,T ) − x
(︄
∂g (x,T )
∂x

)︄
p,T

(2.54)

According to the criterion of phase equilibrium [120], the equilibrium chemical poten-
tials of hydrogen isotopes dissolved in the two distinct phases µα = µ (xα,T ) and µ β =
µ (x β,T ) must be equal and fulfill equilibrium condition (2.12) with the gas phase. More-
over, thermodynamic equilibrium requires an equal chemical potential of the host metal
atoms in both phases µαMe = µMe (xα,T ) and µ βMe = µMe (x β,T ). Hence, the two-phase
equilibrium conditions are

µα = µ β =
1
2
µg with µα = µ (xα,T ) and µ β = µ (x β,T ) (2.55)

µαMe = µ
β
Me with µαMe = µMe (xα,T ) and µ

β
Me = µMe (x β,T ), . (2.56)

Using relation (2.23), from condition (2.55) it follows that in the concentration range
between xα and x β the famous Van’t Hoff equation holds

1
2

ln
(︄

pdec

p◦

)︄
=
µα − 1

2µ
g,◦

kBT
=
µβ − 1

2µ
g,◦

kBT
≡
∆H

◦

α→β

kBT
−
∆S
◦

α→β

kB
. (2.57)

The defined quantities ∆H
◦

α→β and ∆S
◦

α→β are the enthalpy and entropy of hydride forma-
tion, respectively.

Since in the entire two-phase region (xα < x < x β) the chemical potential of the
metal-hydrogen solution remains constant the two-phase equilibrium can exist at constant
pressure, the decomposition pressure, which is only dependent on temperature. This is
consistent with the Gibbs phase rule [136], which states that for a system of two com-
ponents (hydrogen and metal) inheriting three phases (gas phase, α phase, β phase), the
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number of degrees of freedom among the system variables p,T, xα and x β is one, the
temperature. All other variables have to be fixed and are only dependent on temperature.

Inserting equation (2.54) into equilibrium condition (2.56) taking into account condi-
tion (2.55) leads to the general condition for the coexistence of two phases in equilibrium

g (x β,T ) − g (xα,T )
x β − xα

=
1

x β − xα

∫︂ x β

xα
µ(x,T ) dx = µ (xα,T ) = µ (x β,T ) , (2.58)

which is known as the Maxwell construction [114]. Its meaning becomes apparent when
inserting the chemical potential µ (x,T ) of hydrogen dissolved in metals (2.37) into equa-
tion (2.58). By neglecting excess contributions to the entropy and enthalpy of solution
equation (2.58) reduced to

kBT ln
(︄

xν
r − xν

)︄
+ ϵHHNadj

(︄
xν
r
−

1
2

)︄
= 0 , for ν = α or ν = β . (2.59)

Solving this equation for xν provides the corresponding critical concentrations xα and x β
at a given temperature. The Van’t Hoff relation for the plateau decomposition pressure is
determined by inserting equation (2.59) into equation (2.37) (where excess contributions
to the chemical potential are neglected) [122]

1
2

ln
(︄

pdec

p◦

)︄
=
ϵs +

1
2ϵHHNadj −

1
2µ

g,◦

kBT
. (2.60)

Knowing both, the temperature dependency of the critical concentrations and the cor-
responding decomposition pressure enables correcting the plotted PCIs by considering a
constant decomposition pressure pdec for the entire concentration range xα < x < x β (see
figure 2.4 for the example of the Pd-1H system). It can be seen that the concentration
range where two phases coexist narrows with temperature. Above a critical temperature
Tc ≈ −ϵHHNadj/(4kB) the PCIs have a continuous positive slope and the coexistence of
two separate phases becomes redundant [122]. Using the example of the Pd-1H system,
the theoretical temperature dependency of the critical concentrations xα and x β are plot-
ted in a T -x phase diagram in figure 2.6 using equation (2.59). The right-hand graph of
figure 2.6 contains the theoretically calculated Van’t Hoff plot of the Pd-1H system using
equation (2.60). Its slope is proportional to the enthalpy or heat of hydride formation.

It is important to note that the presented lattice-gas model of metal-hydrogen solutions
is the simplest approach to the theoretical explanation of PCIs, phase diagrams, and Van’t
Hoff plots. Moreover, the Pd-1H system is one of the simplest metal-hydrogen systems
and was therefore chosen as an example to explain the origin and effects of hydride for-
mation in metals. Taking into account the ignored excess contributions to the enthalpy
and entropy of solution would lead to a distortion of the PCIs and the phase diagram.
Moreover, hydride formation is often accompanied by more complex side effects like the
change of the lattice structure or the formation of lattice defects and stresses in the metal
bulk. However, they require a more complex theoretical description to obtain accurate
simulation results (for more details see the references [114], [136], [140]–[143]).
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Fig. 2.6. [Left] Calculated T -x phase diagram of a simple exothermic metal-hydrogen system
(Pd-1H) using equation (2.59). [Right] Calculated Van’t Hoff plot of a simple exothermic metal-
hydrogen system (Pd-1H) using equation (2.60).

For many metal-hydrogen systems, it is observed that an increase in the external hy-
drogen gas pressure leads to the formation of further hydride phases beyond the β phase.
The PCIs of such metal-hydrogen solutions exhibit more than one plateau area where
two phases coexist. Several theoretical multiplateau models have been developed in the
past, giving insight into the underlying physical mechanisms. Significant progress in
the development of multiplateau theories was made by the work of Rees and Kierstead
[135], [144]–[146]. Kierstead extended Lachers single hydride model considering that
metals showing PCIs with multiple plateaus contain several crystallographically different
interstitial sites. Such groups of different interstitials may for example be octahedral and
tetrahedral interstitial sites. The chemical potential of hydrogen isotopes occupying each
group of interstitial sites is described by functions like equation (2.37) where each group
of sites is characterized by different enthalpies and entropies of solution. Consequently,
since at equilibrium, each group of sites must have an equal chemical potential, each
group of sites is occupied with a different fractional concentration at a certain pressure.
Moreover, each group experiences hydride formation at different decomposition pres-
sures and in different concentration regimes. Therefore, each plateau area corresponds
to hydride formation in a different group of sites. Furthermore, the model assumes that
certain groups of sites may be created or annihilated when entering a new concentration
regime, for example as a consequence of a change of the crystal structure during hydride
formation in the same or in a different group. In multiplateau PCIs the plateau pres-
sure is usually not perfectly constant but slightly sloped [128]. Examples of multipleatau
metal-hydrogen systems are the Y-H system, the Zr-H system, the Ti-H system, as well as
numerous metal hydrogen systems based on rare earth metals and specific alloys [136].
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2.2. Transport processes

The previous section introduced the physical concepts which determine the absorption
behavior of metals exposed to a multi-isotopic hydrogen gas in thermodynamic equilib-
rium. This section provides the tools for calculating the kinetics of hydrogen transport
processes in thermodynamic non-equilibrium.

2.2.1. Diffusion

Hydrogen isotopes dissolved in the lattice of a metal bulk occupy interstitial potential en-
ergy wells where they take up different discrete vibrational energy states. The occupation
distribution of these states is strongly temperature dependent. A migration of hydrogen
isotopes through the metal occurs since under certain conditions it is possible for an iso-
tope to jump into an adjacent interstitial site. The dominant physical mechanism which
enables the transition into a neighboring site differs among temperature regimes. At low
temperatures, this migration is dominated by tunneling processes and therefore a rather
rare process. However, in the temperature range relevant to the applications discussed
in this work (300 K < T < 1000 K), thermally activated over barrier jumps are energet-
ically possible for a significant fraction of the isotopes. They occur at a relatively high
rate. The energetic height of the potential energy barriers Em which the oscillators have to
overcome to reach adjacent interstitial sites is determined by the dimension and the bond
strength of the lattice atoms. As long as the neighboring site is not occupied by another
isotope the jump direction after each transition is completely random. This leads to an
unpredictable random walk every hydrogen isotope performs through the crystal lattice,
known as interstitial diffusion.

From the random walk model, it can be derived that when assuming an equal distance
between interstitial sites αint, the mean square distance a hydrogen isotope has passed after
n jumps from its initial location is

⟨︂
r2

n

⟩︂
= nα2

int. Following the random walk approach
in three dimensions[147], the probability for an interstitially dissolved isotope to have
migrated from its origin at time t = 0 s to a distance between r and r + dr after the time t
can be expressed as

fm(r, t) =
1

(4πDt)
3
2

exp
(︄
−

r2

4Dt

)︄
. (2.61)

As a consequence, the mean square distance
⟨︂
r2

⟩︂
is calculated with:

⟨︂
r2

⟩︂
=

∫︂ ∞

−∞

r2 fm(r, t) dr = 6Dt = nα2
int , with D =

1
6
ϖα2

int . (2.62)

where ϖ ≡ n/t is defined as the average jump frequency of the hydrogen atoms in any
possible direction. Parameter D is known as the intrinsic diffusion coefficient or diffu-
sivity [m2/s]. In this work, it is interpreted as a measure for the velocity with which the
random walk of interstitially dissolved solvent atoms in the metal proceeds. By expressing
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the jump frequency of a hydrogen isotope towards one particular neighboring interstitial
site as ω = ϖ/Nadj and the probability that this interstitial site is not yet occupied by an-
other hydrogen isotope with (1− θb,tot), the diffusion coefficient defined in equation (2.62)
transforms to

D = γinta2
0(1 − θb,tot)ω , with γint ≡

1
6

Nadjα
2
int/a

2
0 . (2.63)

In this expression [148], a0 is the cubic lattice parameter and γint a geometrical factor
characteristic for the lattice geometry and the type of available interstitial sites (usually
octahedral or tetrahedral sites). For simplicity, this explanation refers to cubic crystal
structures. An extension to non-cubic lattices can be found in [149]. The used expression
of the bulk coverage θb,tot =

∑︁
i θb,i refers to the total number of occupied interstitial sites

including all involved hydrogen isotope species. Applying statistical mechanics it was
found that the temperature dependency of the jump frequency ω follows an Arrhenius-
type equation of the form

ω = ν0 exp
(︄
−
∆Gm

kBT

)︄
= ν0 exp

(︄
∆S m

kB

)︄
exp

(︄
−
∆Hm

kBT

)︄
(2.64)

where ∆Gm, ∆Hm and ∆S m are the Gibbs free energy, the enthalpy and entropy of migra-
tion, respectively. The work required to move a dilute atom from its interstitial position
to the top of the saddle point of an adjacent potential energy barrier in an isothermal and
reversible process is equal to the change of the Gibbs free energy ∆Gm of the nearby
region of the lattice [147]. Hence, ν0 can be understood as the attempt frequency with
which the hydrogen isotopes oscillate towards a particular direction and the exponential
factor represents the probability that a hydrogen isotope fulfills the energetic conditions
to overcome the potential energy barrier. For a dilute metal-hydrogen solution (θb ≪ 1),
uniting the equations (2.63) and (2.64) leads to the known Arrhenius type temperature
relation of the intrinsic interstitial diffusion coefficient for hydrogen in metals

D(T ) = γinta2
0ν0 exp

(︄
∆S m

kB

)︄
exp

(︄
−
∆Hm

kBT

)︄
= D0 exp

(︄
−

Em

kBT

)︄
. (2.65)

In this expression, the enthalpy of migration is considered as the activation energy of
diffusion ∆Hm = Em and can be interpreted as the average heights of the potential hills
between two interstitials as shown in the figure 2.7. The factor D0 containing the entropy
term is called the pre-exponential factor of the diffusion coefficient. In general, interstitial
diffusion of heavier impurity atoms in metals like C, N or O is described by the same
equations. However, due to the much lower activation energy of diffusion for hydrogen
isotopes in metals, its diffusivity is many orders of magnitude faster [150]. It was found
that diffusion in BCC lattices (Fe, V, Nb, Ta, etc.) is faster than in FCC crystal structures
(Cu, Ni, Pd, etc), partially because there are no blocking metal atoms in the diffusion path
to the adjacent interstitial sites and the distance between two sites is generally shorter (see
figure 2.2). For these reasons, the potential energy barriers and thus the activation energy
Em in BCC lattices are smaller. In HCP lattices (Y, Ti, Zr, etc.) diffusion proceeds slightly
slower than in FCC latices since the distance between interstitial sites in HCP lattices is
usually a bit further [114].
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Fig. 2.7. One-dimensional qualitative potential energy curves for activated adsorption of hydrogen
isotopes onto a metal surface and into the metal bulk forming an endothermic or exothermic metal-
hydrogen solution. The image illustrates the potential energy landscape of interstitial sites in the
metal lattices where hydrogen isotopes move by diffusion.

For the diffusion process of different hydrogen isotopes iH in the same metal it could
be observed that D1(T ) < D2(T ) < D3(T ). This inequality is known as the isotope effect
of hydrogen diffusion in metals. It partially originates from non-classical effects related
to the slightly different chemistry between different hydrogen isotopes and the metal.
They are found to be responsible for the relationship Em,1 < Em,2 < Em,3 [148]. An
even stronger contribution to the isotope effect is that the attempt frequency ν0 is strongly
dependent on the mass of the oscillating diffuser, represented by the proportionality rela-
tion ν0,i ∝ 1/

√
mi. Estimating the variation of the diffusion coefficients among different

hydrogen isotopes in the same metal by applying the relations

Di

D j
=

√︃
m j

mi
=

√︂
M j/Mi . (2.66)

turns out to be a relatively accurate method [150]. In this equation, Mi is the molar mass
of the corresponding hydrogen isotope iH.

In the classical random motion model the intrinsic diffusion coefficient of a solvent in
a metal lattice can be related to the mobility B of the diffusing particles by the Einstein
relation D = BkBT . The mobility is defined through the equation u⃗m = B · F⃗m, where u⃗ is
the establishing average drift velocity of the diffusing particles if they would be exposed
to an external force F⃗m [114]. According to equation (2.35) an inhomogeneous distribu-
tion of hydrogen isotopes iH inside of the metal lattice implies a spatial gradient of the
chemical potential ∇⃗µi. As a consequence, a driving force F⃗m,i = −∇⃗µi arises which leads
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to a net molar diffusion flux J⃗dif,i of the hydrogen isotopes iH through the metal lattice
expressed by Fick’s first law of diffusion

J⃗dif,i = ciu⃗m,i = −Bici∇⃗µi = −
Dici

kBT
∂µi

∂ci
∇⃗ci = −Di∇⃗ci . (2.67)

A molar particle flux is defined as the mole number of particles κs = ms/Ms of species
s that pass per unit time through a unit area that is perpendicular to the direction of
the flux vector. Here, ms is the mass and Ms is the molar mass of the corresponding
particles. Parameter Di is called the chemical diffusion coefficient. In dilute solutions
(ci → 0), the chemical potential of hydrogen in metals described by equation (2.35) can
be approximated by the relation µi ≈ ϵs,i + kBT ln ci/cmax which leads to the derivative
∂µi/∂ci ≈ kBT/ci. Therefore, at low concentrations, the chemical diffusion coefficient
approaches the intrinsic diffusion coefficient Di → D = BkBT .

Usually, the net diffusion flux arising from the gradient of the chemical potential in
non-equilibrium conditions changes the isotope distribution in the metal until all gradients
have vanished and the system is in equilibrium. The time evolution of the isotope con-
centration at a certain position in the metal is described by the mass continuity equation

∂ci

∂t
= −∇⃗J⃗i + ςi = −∇⃗J⃗dif,i + ς = ∇⃗

(︂
Di∇⃗ci

)︂
+ ςi (2.68)

By substituting the hydrogen isotope flux J⃗i in the first equation with the diffusion flux
J⃗dif,i as defined in relation (2.67), the right-hand side of equation (2.68) takes the form
of the famous diffusion equation or Fick’s second law. The term ςi represents a possible
particle source or sink and has the units [mol/m3/s]. For example, this may be a chemical
or nuclear reaction in which hydrogen isotopes are generated or annihilated at a certain
rate.

Solute diffusion in liquified metal is a rather poorly understood physical mechanism
for which several different theoretical models (Einstein relation model, density fluctuation
model, modified hole theory, etc.) were developed in the past [151]–[155]. The models
generally result in the definition of a diffusion coefficient that follows the same Arrhenius
type temperature dependence (2.65) as found for solid metals [156].

2.2.2. Trapping

While migrating through the crystal lattice the hydrogen isotopes will come across mi-
crostructural imperfections such as impurities, internal interfaces, grain boundaries, voids,
vacancies, and dislocations. Some of these imperfections significantly reduce the poten-
tial energy of an encountering hydrogen isotope. This implies a stronger bond between
the imperfect lattice region compared to the surrounding interstitial sites. Lattice imper-
fections with such properties are referred to as trapping sites. The average energy value
per isotope by which the binding energy ϵt = ϵs − Et of a trapping site is lower than the
binding energy of the regular interstitial sites ϵs < 0 is labeled with Et > 0 (see figure 2.7).
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Certainly, the number of available trap sites per unit volume NT [mol/m−3] is much lower
than the concentration of lattice sites NL [mol/m−3]. Despite this fact, if the solubility
of the metal is low the molar concentration of hydrogen isotopes occupying trap sites cT

can exceed the molar concentration of hydrogen isotopes in lattice sites cL [147]. This
usually occurs for endothermic hydrogen-absorbing metals at low temperatures. Under
such circumstances, trapping highly influences the solubility and diffusivity of hydrogen
in metals which is discussed in the following. Since exothermic hydride-forming metals
have a comparably high solubility which even increases towards lower temperatures the
effect of trapping sites is found to have a negligible effect [147], [157].

For this reason, the quantitative treatment of the trapping phenomenon focuses on en-
dothermic metal hydrogen systems which under the pressure and temperature conditions
relevant to this work can be considered dilute solutions. Dilute solutions are characterized
by a low ratio between occupied and available lattice sites (θLb ≪ 1) where cL = NLθLb . It is
generally assumed that even in thermodynamic non-equilibrium hydrogen isotopes occu-
pying the traps (T) and those in the regular lattice sites (L) are always in thermodynamic
equilibrium. This implies an equality of their chemical potentials µL = µT [158]. When
ignoring the excess contributions to the enthalpy and entropy of solution, the chemical po-
tentials of hydrogen occupying the lattice sites µL and hydrogen occupying the trap sites
µT can be approximately described by equation (2.33). Since in the considered metal-
hydrogen solution the concentration of occupied lattice sites is low (θLb ≪ 1) it is assumed
that θLb/(1 − θ

L
b ) ≈ θLb . In addition to that, even if cT ≫ cL, because NT ≪ NL, the

overall concentration in the metal will remain low. This is why the H-H interaction terms
in the expressions for the chemical potentials µL and µT can be neglected. With these
assumptions the equilibrium condition between the concentration µL = µT writes

1
θLb

(︄
θTb

1 − θTb

)︄
≈ exp

(︄
−Et

kBT

)︄
. (2.69)

Here, θTb stands for the ratio between occupied trap sites and available trap sites. Inserting
cT = NTθTb and cL = NLθLb into equation (2.69) provides a relation for the ratio between
the concentration of occupied trap sites and occupied lattice sites

cT

cL ≈
NT

NL

(︂
1 − θTb

)︂
exp

(︄
−Et

kBT

)︄
(2.70)

The Sieverts’ constant Ks,i of an endothermic hydrogen-absorbing metal may be mea-
sured by experimentally determining the total amount of absorbed hydrogen isotopes iH
in the metal sample after reaching equilibrium while maintaining a certain external partial
pressure

√
pii of a mono-isotopic hydrogen gas iH2. Such a measurement would need

to be repeated for different temperatures in order to obtain the temperature relation of the
Sieverts’ constant applying equation (2.50). It is evident that if part of the absorbed hydro-
gen isotopes occupy trapping sites the measured content of absorbed hydrogen isotopes
will be different compared to a case in which the same metal sample was pure and free
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from traps. The measured so-called effective Sieverts’ constant Keff
s,i would then fulfill the

following relation with the real Sieverts’ constant Ks,i = cL
i /
√

pii of the pure metal lattice

Keff
s,i =

cL
i + cT

i
√

pii
= Ks,i +

cT
i
√

pii
= Ks,i +

cT
i

cL
i

Ks,i = Ks,i

[︄
1 +

NT

NL

(︂
1 − θTb

)︂
exp

(︄
−Et

kBT

)︄]︄
(2.71)

In most experimental campaigns dedicated to the determination of hydrogen transport
parameters in Fe-based alloys it is assumed that θTb ≪ 1 which leads to the widely applied
formula [159]–[161]

Keff
s,i = Ks,i

[︄
1 +

NT

NL

(︂
1 − θTb

)︂
exp

(︄
−Et

kBT

)︄]︄
≈ Ks,i

[︄
1 +

NT

NL exp
(︄
−Et

kBT

)︄]︄
. (2.72)

It can be seen that Keff
s,i > Ks,i which shows that the trapping increases the hydrogen

solubility of a metal.

The diffusion coefficient is influenced by the presence of trapping sites as well. There-
fore, in a measurement of the diffusion coefficient of hydrogen isotopes in a metal sample
containing trapping sites the observed effective diffusion coefficient will differ from the
real diffusion coefficient of the pure metal. This becomes apparent by observing the effect
of trapping on Fick’s second law assuming the presence of trapping sites and a homoge-
neous diffusion coefficient Di [147], [162]. Due to the conservation of mass, the temporal
evolution of the lattice concentration cL

i is determined by the diffusion flow of hydro-
gen isotopes through the lattice sites and the conversion of lattice hydrogen isotopes into
a trapped hydrogen isotopes. Mathematically, this can be considered as a particle sink
occurring with the rate ς = −∂cT/∂t. According to equation (2.68), this yields

∂cL
i

∂t
= ∇⃗

(︂
Di∇⃗cL

i

)︂
−
∂cT

i

∂t
= Di∆cL

i −
∂cT

i

∂cL
i

∂cL
i

∂t
= Di

(︄
1 +
∂cT

i

∂cL
i

)︄−1

∆cL
i ≡ Deff,i∆cL

i (2.73)

where Deff,i is the effective chemical diffusion coefficient and ∆ the Laplace operator. In
endothermic hydrogen absorbers or dilute solutions Deff,i → Deff,i. Solving the derivative
in parenthesis using equilibrium condition (2.70) leads to

Deff,i = Di

[︄
1 +

NT

NL

(︂
1 − θTb

)︂
exp

(︄
−Et

kBT

)︄]︄−1

≈ Di

[︄
1 +

NT

NL exp
(︄
−Et

kBT

)︄]︄−1

(2.74)

2.2.3. Metal-metal interfaces

As discussed in section 2.2.1, the time evolution of the concentration profiles and fluxes
of hydrogen isotopes in metal are described by Fick’s first (2.67) and second (2.68) law
of diffusion. If in chemical non-equilibrium two hydrogen-loaded metals Mea and Meb

are put in contact with each other, a net diffusion flux of hydrogen isotopes occurs which
is driven by the gradients of their chemical potentials in the two metals. However, bound-
ary conditions apply at the metal-metal interface. It is reasonable to assume that even
in chemical non-equilibrium, in an infinitesimal section crossing the interface (int), the
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chemical potentials of the isotope iH in the two metals are continuous and therefore equal
µa

int,i = µ
b
int,i. In this case, the relationship between the concentrations ca

int,i and cb
int,i at the

interface is always determined by equilibrium condition (2.42) or its simpler expression
for dilute solutions (2.51). In other words, at the interface, the concentration is a discon-
tinuous function and experiences a jump. In addition to that, mass continuity across an
interface enforces the continuity of the hydrogen isotope diffusion fluxes Ja

dif,int,i = Jb
dif,int,i.

Using Fick’s first (2.67) law this condition may be expressed by

−D
a
i∇ca

int,i = −D
b
i∇cb

int,i (2.75)

Since the diffusion coefficients in the two metals are different, condition (2.75) is only
fulfilled if the concentration gradients on both sides of the interface differ as well.

If instead, a solid metal (SM) is in contact with a liquid metal (LM) the same bound-
ary conditions JLM

int,i = JSM
int,i and µLM

int,i = µ
SM
int,i apply. As long as the liquid metal is stationary

it may be treated as a solid metal. However, if the liquid metal has a finite flow velocity
u⃗ ≠ 0 the time evolution of the concentration profile in the liquid metal is described by a
modified expression of Fick’s second law. This is because the total flux of hydrogen iso-
topes through an infinitesimal volume in the liquid metal is now the sum of the diffusion
flux and an advective flux term J⃗i = ciu⃗ + J⃗dif,i [163]. Hence, the modified Fick’s second
law for liquid metal flows writes

∂ci

∂t
= −∇⃗J⃗i + ςi = −∇⃗

(︂
ciu⃗ + J⃗dif,i

)︂
+ ςi = ∇⃗

(︃
D

LM
i · ∇⃗ci

)︃
− ∇⃗

(︂
ciu⃗

)︂
+ ςi , (2.76)

where D
LM
i is the chemical diffusion coefficient of isotope species iH in the liquid metal. It

can be seen that solving this equation for each position in the liquid requires knowing the
exact velocity profile. Unfortunately, obtaining the velocity profile is often tricky and may
only be calculated in extensive three-dimensional simulations by solving even further par-
tial differential equations (Navier-Stokes equation, magneto-hydrodynamic (MHD) equa-
tions, etc.). Therefore, the transfer of hydrogen isotopes across a metal surface in contact
with a laminar or turbulent liquid metal flow is approximately described assuming that
close to the interface viscous forces prevail and the flow velocity at the interface ap-
proaches zero (u⃗int → 0). The more turbulent the flow, the narrower the region where the
main velocity drop occurs, and the flatter the time-averaged velocity profile of the core
flow (CF) [164]. Hence, in stationary state and if ςi = 0, close to the interface equation
(2.76) approaches ∂ci/∂t = ∇⃗(D

LM
i · ∇⃗ci) = ∇⃗J⃗i [165]. Solving this equation for the sta-

tionary case (∂ci/∂t = 0) reveals a linear concentration profile close to the interface in
perpendicular direction to the metal surface. This is illustrated in figure 2.8. The more the
time-averaged velocity increases with distance from the interface, the more the advection
term of equation 2.76 determines the concentration profile in the core flow. As a conse-
quence, the faster and more turbulent the flow conditions are, the flatter the concentration
profile in the core flow will be.

In the boundary layer (BL) approximation it is assumed that the linear part of the
concentration profile occurs in a thin layer of width dBL at the interface and ranges from
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Fig. 2.8. Illustration of the concentration and flux distribution when a solid metal is put in contact
with a hydrogen-loaded flowing liquid metal.

the concentration cLM
int,i at the interface to the mean concentration cLM

CF,i in the core flow (see
figure 2.8). With these boundary conditions, the mass transfer flux J⃗MT,i in the boundary
layer can be approximated by the solution of equation ∇⃗(D

LM
i · ∇⃗ci) = ∇⃗J⃗MT,i = 0. In one

dimension, directed normal to the interface, it writes [165]–[167]

JMT,i ≈
D

LM
i

dBL
·
(︂
cLM

int,i − cLM
CF,i

)︂
= αMT

(︂
cLM

int,i − cLM
CF,i

)︂
. (2.77)

The defined parameter αMT is the mass transfer coefficient. It depends on dBL and hence
on the distance from the interface where the advective flux contribution starts dominating
the diffusion flux. It can be approximately described by the dimensionless Sherwood
number Sh [166]

Sh =
αMTLf

D
LM , (2.78)

where Lf is the characteristic length of the flow environment. The dependence of the
Sherwood number from the time-averaged flow velocity, the flow viscosity, the diffusion
coefficient and the fluid density could be measured for many different flow conditions
(pipe flow, pebble bed flow, etc.) [166], [168], [169]. Because of µLM

int,i = µ
SM
int,i, the in-

terface concentration cLM
int,i of the liquid metal flow is determined by equilibrium condition

(2.51), and for dilute solutions by equilibrium condition (2.42). Moreover, at the interface,
boundary condition JLM

int,i = JSM
int,i transforms to

αMT

(︂
cLM

CF,i − cLM
int,i

)︂
= JSM

dif,int,i . (2.79)
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2.2.4. Gas-metal interfaces

The adsorption/desorption process at a gas-metal interface is well understood by observ-
ing the qualitative potential energy curve of a hydrogen isotope iH as drawn in figure 2.7.
The zero-state potential energy of the graph is assigned to a hydrogen isotope in the gas
phase bound to a diatomic molecule far from the metal surface. Atomic unbound hy-
drogen isotopes in the gas phase would have a higher potential energy of about 2.238 eV
which corresponds to half of the bond dissociation energy of the molecule [124], [170].
Upon entering the gas-metal interface region, the iH jH molecule is noticeably attracted by
van der Waals forces approximately described by the Lennard-Jones potential. It consists
of an attractive term that decreases by a power of six with distance from the metal surface
and a repulsive term that decreases by the power of twelve. As a result, at a distance
of about half a molecular radius, the potential energy curve exhibits a minimum before it
steeply increases. The resulting relatively weak binding of the molecule iH jH to the metal
surface is known as physisorption and is a spontaneous exothermic process [123], [171].
Closer to the metal, the increasing electron density of the surface atoms perturbs the inter-
nal potential energy curve of the diatomic gas molecules. This leads to an increase in the
equilibrium distance between the bound nuclei of the diatomic molecule and a reduced
bond dissociation energy [172].

At a certain distance, the potential energy of hydrogen in the atomic state falls below
that of hydrogen in the molecular state and dissociation becomes energetically favorable.
The energy barrier which a molecule has to overcome in order to reach the distance where
the two potential energy curves intercept, is either above (activated dissociation) or be-
low (non-activated dissociation) the zero energy line. In the latter case, the dissociation
process is fast and occurs spontaneously. In contrast, overcoming the energy barrier of
an activated dissociation process requires the vibrational and/or translational (kinetic) en-
ergy states of the gas molecule to be thermally excited to a certain energy state [172].
The probability for an incoming molecule to overcome the energy barrier for activated
dissociation is represented by the unit-less sticking coefficient

αs = α
0
s · exp

(︄
−2Ed

kBT

)︄
(2.80)

where 0 ≤ α0
s ≤ 1. It has been shown that the cleaner the metal surface the lower the

activation energy Ed required for dissociation [173]. For very clean surfaces, Ed ≈ 0 and
α0

s ≈ 1. On transition metals, dissociation is usually a non-activated process for which the
sticking probability is αs ≈ 1 [174]. After a molecule is torn apart the hydrogen isotopes
occupy ionic or covalent bonding states with the surface atoms [175]. The process of
dissociation and subsequent bonding to the surface atoms is called chemisorption and
is represented by a significantly lower potential minimum compared to the enthalpy of
physisorption.

A crucial condition for a gas molecule to dissociate and reach the chemisorbed state
in atomic form instead of being repelled back into the gas is that vacant interstitial sites
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are available on the surface. The degree of superficial site occupation is described by
the surface coverage θc =

∑︁
i νi/νs which is defined as the ratio between the sum of the

areal molar densities of occupied sites νi [mol/m2] of the three hydrogen isotopes and
the areal molar density of existing surface sites νs [mol/m2]. It should be mentioned
that the sticking coefficient in equation (2.80) defines the probability for dissociation and
chemisorption to occur in case θc ≪ 1 [170]. If the surface coverage is higher, the proba-
bility for dissociated hydrogen isotopes to find an empty site can be approximated by the
product αs · (1 − θc)2. Hence, it is possible to express the absolute value of the molecular
flux jd,i j of incoming dissociated and chemisorbed molecules iH jH by

jd,i j = σαs(1 − θc)2Γi j (2.81)

whereσ is the surface roughness factor defined as the ratio between the real and geometric
surface area of the metal. If no other symbol is used to describe a particle flux, molecular
fluxes are labeled with the lowercase letter j and atomic fluxes with the capital letter J.
They are considered with the unit [mol m−2 s]. Unless otherwise noted, particle fluxes
oriented into the metal are assumed to be positive and normal to the metal surface. Thus,
vector notation is omitted. An expression for the total flux of impinging molecules onto
the metal surface Γi j with the unit [mol m−2 s] is found by assuming that the considered
surface is parallel to the xy-plane of a Cartesian coordinate system (plane normal to the
z-axis in figure 2.7). The molar flux Γi j is then equal to the flux of molecules iH jH which
exhibit a positive velocity value in z-direction. It is derived from the normalized Maxwell-
Boltzmann distribution function of velocity vectors u⃗ = (ux, uy, uz) in an ideal gas

f u⃗
i j

(︂
ux, uy, uz

)︂
=

(︄
mi j

2πkBT

)︄ 3
2

exp
⎡⎢⎢⎢⎢⎣−mi j(u2

x + u2
y + u2

z)

2kBT

⎤⎥⎥⎥⎥⎦ (2.82)

where mi j is the mass of gas compound iH jH. The probability for a molecule to exhibit a
positive velocity in z-direction in the range [uz, uz + duz] can be expressed by fi j(uz) duz,
with

fi j(uz) =
∫︂ ∞

−∞

∫︂ ∞

−∞

f u⃗
i j

(︂
ux, uy, uz

)︂
duxduy . (2.83)

As a consequence, the infinitesimal flux of molecules dΓi j (uz) [mol m−2 s] impinging on
the metal surface with velocities in z-direction in the range [uz, uz + duz] is given by

dΓi j = ci juz fi j(uz) duz = ci ju cos(θ) fi j(uz) duz (2.84)

where uz = u cos (θ) and u =
√︂

u2
x + u2

y + u2
z [176]. Variable ci j labels the number of moles

of molecules iH jH per gas volume and θ is the angle between the velocity vector u⃗ and the
z-axis [118]. To determine the flux of all molecules which possess a velocity component
in the positive z-direction, dΓi j is integrated over uz from zero to infinity

Γi j =

∫︂ ∞

0
ci ju cos(θ) fi j(uz) duz (2.85)
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Fig. 2.9. Molecular and atomic hydrogen adsorption, absorption and desorption fluxes at a gas-
metal interface.

Inserting the equations (2.82) and (2.83) as well as the infinitesimal velocity vector in
spherical coordinates duxduyduz = u2 sin (θ) dudθdφ yields

Γi j = ci j

(︄
mi j

2πkBT

)︄ 3
2
∫︂ ∞

0

∫︂ π
2

0

∫︂ 2π

0
u3 sin (θ) cos (θ) exp

[︄
−

mi j

2kBT
u2

]︄
dφdθdu , (2.86)

where φ is the angle between the x-axis and the projection of the velocity vector u⃗ onto
the xy-plane. The integrals are solved analytically [118]. After applying the ideal gas law
ci j = pi j/(kBNAT ) equation (2.86) reduces to

Γi j = ci j ·

√︄
kBT

2πmi j
=

pi j

NA
√︁

2πkBTmi j
(2.87)

By inserting equation (2.87) into expression (2.81) the molecular dissociation flux writes

jd,i j = σkd,i j pi j , (2.88)

where parameter kd,i j is defined as the metal-specific dissociation rate coefficient of molec-
ular species iH jH and expressed by

kd,i j [mol m−2 s−1 Pa−1] =
αs(1 − θc)2

NA
√︁

2πkBTmi j
(2.89)

Once chemisorbed, the separated hydrogen isotopes oscillate around their equilib-
rium positions and diffuse along the metal surface. By annihilating or exciting substrate
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phonons and electron-hole pairs of the metal atoms they dissipate a big part of their en-
ergy [171]. In this way, the isotopes thermalize with the surface atoms before being either
exothermically or endothermically absorbed by the metal lattice [136].

The atomic flux Jsb,i with which the chemisorbed isotopes enter the bulk is propor-
tional to the areal molar density of occupied sites νi [mol/m2] on the surface

Jsb,i = σksb,iνi , with ksb,i

[︂
mol s−1

]︂
= k0

sb,i exp
(︄
−

Ea

kBT

)︄
. (2.90)

The pre-exponential factor k0
sb [mol s−1] of the rate coefficient ksb,i can be considered as the

frequency at which each vibrating chemisorbed hydrogen isotope attempts to overcome
the absorption energy barrier Ea of the surface atoms.

When hydrogen isotopes enter a metal lattice they occupy interstitial sites resulting
in a slight increase in the lattice parameter. Since the metal surface is free to one side,
the distances between the first two to three atom layers (known as the subsurface) are
adjusted more easily and therefore require less work to be pushed apart by the entering
hydrogen isotopes. This leads to the formation of additional subsurface sites and to a
lowered enthalpy of solution in the subsurface. In figure 2.7 this is represented by the
slightly different shape and depth Ess of the potential wells in the subsurface compared
to the layers located deeper in the bulk 2.7 [177], [178]. However, in this analysis, it is
assumed that Ess ≈ Em. The height of the surface-subsurface absorption energy barrier
Ea mainly depends on the type of metal, its surface condition, and the surface coverage θc
[136], [179].

After being absorbed by the bulk the hydrogen isotopes start their diffusive random
walk through the metal lattice. For the hydrogen isotopes occupying subsurface sites, it
is possible to jump back into the chemisorbed state at the surface. However, this requires
that corresponding adjacent surfaces site are not already occupied by hydrogen isotopes.
The flux of hydrogen isotopes from the subsurface back to the surface is therefore approx-
imately proportional to the fraction of free surface sites (1 − θc), as well as to the areal
concentration of hydrogen isotopes in the subsurface, such that

Jbs,i = −σkbs,iδLcint,i , with kbs,i

[︂
mol s−1

]︂
= (1 − θc)k0

bs,i exp
(︄
−

Ess

kBT

)︄
. (2.91)

To set up this equation, the areal concentration of hydrogen isotopes in the subsurface is
estimated by δLcint,i, where δL is a distance of the order of the lattice parameter [170],
[174]. In equation (2.91), the parameter cint,i labels the volumetric concentration in the
subsurface which is equivalent to the interface concentration in the metal. If the surface
coverage is low (θc ≪ 1) it may be hypothesized that even under the condition of chemical
non-equilibrium, the surface and the subsurface are constantly in thermodynamic equilib-
rium. This implies [170]:

Jbs,i + Jsb,i ≈ 0 ⇒ ksb,iνi ≈ kbs,iδLcint,i ⇔ νi ≈ Kν,icint,i , with Kν,i ≡
δLkbs,i

ksb,i
(2.92)
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Despite supposing surface-subsurface equilibrium, since usually, ksb,i > kbs,i the areal
concentration at the surface νi is considerably higher than the concentration of hydrogen
isotopes in the subsurface δLcint,i. The equilibrium constant Kν,i can be considered as some
kind of Henry’s constant for the surface-subsurface equilibrium [180].

It is generally regarded as probable that mainly two different processes determine the
molecular desorption or recombination flux of molecules from the metal back into the gas.
The first process considers the recombination between two chemisorbed isotopes iH and
jH at the surface. Since the recombination rate is proportional to both areal concentrations
νi and ν j the contribution of this process to the molecular recombination flux is [170],
[174]

j′r,i j = −σk′r,i jνiν j , with k′r,i j

[︂
m2/s

]︂
= k′,0r,i j exp

[︄
−

2 (Ec + Ed)
kBT

]︄
. (2.93)

Another possible desorption mechanism describes the recombination between a chemi-
sorbed hydrogen isotope at the surface with an isotope emerging from the bulk to the
surface [181]. The proportion of the recombination flux which results from the formation
and desorption of molecules through this recombination process may be written as

j′′r,i j = −σk′′r,i jδLcint,iν j . (2.94)

Expressing the rate coefficient k′′r,i j [m2/s] is rather complex and therefore not part of this
discussion (for more details see [182], [183]). In any case, although the isotope emerging
from the subsurface to the surface does not have to remain in a chemisorbed state before
recombining with a surface isotope, parameter k′′r,i j is expected to be dependent on the
surface coverage. All discussed fluxes are illustrated in figure 2.9.

The total molecular recombination flux back into the gas is expressed as the sum of
both recombination flux contributions jr,i j = j′r,i j + j′′r,i j, such that with equation (2.92)

jr,i j = −σ
(︂
k′r,i jνiν j + k′′r,i jδLcint,iν j

)︂
= −σkr,i jcint,icint, j . (2.95)

where the surface recombination rate coefficient is defined by

kr,i j

[︂
m4 mol−1 s−1

]︂
≡ k′r,i jKν,iKν, j + k′′r,i jδLKν, j (2.96)

At this point, it is possible to provide an expression of the net flux of molecules whose
atoms penetrate the metal bulk as a sum of the recombination flux (2.95) and the dissoci-
ation flux (2.88)

jnet,i j = jd,i j + jr,i j = σkd,i j pi j − σkr,i jcint,icint, j (2.97)

Consequently, the net fluxes of penetrating hydrogen isotopes are given by

Jnet,k = 2 jnet,kk + jnet,ik + jnet, jk = Jdif,I,k with i ≠ j (2.98)

Due to mass conservation across the interface Jnet matches the diffusion flux Jdif,I in the
subsurface of the metal bulk. At thermodynamic equilibrium, the net fluxes vanish, such
that

jd,i j + jr,i j = 0 ⇔ c2
int,i =

kd,ii

kr,ii
pii and cint,icint,k =

kd,ik

kr,ik
pik (2.99)
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For dilute metal-hydrogen solutions, this equilibrium expression bears an analogy to the
Sieverts’ law (2.50) which yields the following formulas for the recombination rate con-
stant

kr,ii =
kd,ii

K2
s,i

and kr,ik =

√︂
Kex

ik

kd,ik

Ks,iKs,k
≈

2kd,ik

Ks,iKs,k
. (2.100)

For the calculations performed in this work, it is assumed that
√︁

Kex
ik ≈ 2 if the examined

temperature is above T = 550 K (see figure 2.3).

2.2.5. Isotope exchange kinetics

The ratio between the partial pressures of the molecules iH jH in the gas phase which
establishes at thermodynamic equilibrium is fully determined by equilibrium condition
3 [equation (2.27)] if the equilibrium constants Kik+ jk

i j+kk of all involved isotope exchange
reactions iHkH + jHkH ⇌ iH jH + kH2 are known. However, the equilibrium constant
contains no information about the frequency with which the different isotope exchange
reactions proceed. The reaction rates rf,ex

ik+ jk and rb,ex
i j+kk of the forward reaction and backward

reaction have the unit [mol/m3/s] and may be expressed by second-order rate equations

rf,ex
ik+ jk = kf,ex

ik+ jkcikc jk and rb,ex
i j+kk = kb,ex

i j+kkci jckk (2.101)

The molar concentrations of the gas molecules ci j are approximated by the ideal gas law
ci j = pi j/(RT ), where R = kBNA is the ideal gas constant. The rate coefficients kf,ex

ik+ jk and
kb,ex

i j+kk are strongly temperature dependent and have the unit [m3 s−1 mol−1]. At thermody-
namic equilibrium, the forward and backward reaction of each isotope exchange reaction
occurs with an equal rate (rf,ex

ik+ jk = rb,ex
i j+kk). As a consequence, with equation (2.27), equa-

tion (2.101) and the ideal gas law it is found that

kf,ex
ik+ jkcikc jk = kb,ex

i j+kkci jckk ⇔
kb,ex

i j+kk

kf,ex
ik+ jk

=
cikc jk

ci jckk
=

pik p jk

pi j pkk
= Kik+ jk

i j+kk (2.102)

Hence, at all times the forward and backward rate coefficients are related to the equilib-
rium constant via the formula

kb,ex
i j+kk = Kik+ jk

i j+kk · k
f,ex
ik+ jk . (2.103)

Unfortunately, the exact temperature dependencies of the rate coefficients kf,ex
ik+ jk and

kb,ex
i j+kk could so far not be accurately measured. However, to estimate their order of mag-

nitude one needs to be aware of the fact that, in reality, the considered isotope exchange
reactions iH jH+ iHkH ⇌ iH2+

jHkH are two-step free radical and ionic isotope exchange
chain reactions of the form kH⋆ + iHkH ⇌ kH2 +

iH⋆ and iH⋆ + jHkH ⇌ iH jH + kH⋆

[124]. Ionic isotope exchange reactions happen between the diatomic gas molecules and
triatomic hydrogen ions iH⋆ ∈ {1H2

iH+, 2H2
iH+, 3H2

iH+, 1H2HiH+, 1H3HiH+, 2H3HiH+}
[124], [184]. Free radical reactions occur between the diatomic gas molecules and atomic
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radicals of the hydrogen isotopes iH⋆ ∈ {1H•, 2H•, 3H•} [184]. Both types of chain re-
actions are depended on an independent initiation step in which the ions or free radicals
are formed by dissociating or ionizing a diatomic hydrogen gas molecule. This requires
the presence of a catalyst, such as radiation, heat, a metal surface, or the β-radiation of
tritium. It is found that the ionic isotope exchange reactions happen at a significantly
higher rate than the free radical reactions [124]. The slowest among the free radical re-
actions are those involving the heavier hydrogen molecules. Their rate coefficients were
calculated for temperatures between 300 K < T < 1000 K and found to be in the range
10 m3 s−1 mol−1

− 1 × 105 m3 s−1 mol−1 [124], [185]. Therefore, it may be estimated that
the reaction rate coefficients defined in equation (2.101) are greater than this range.

In this work, no calculation or experiment involves the simultaneous presence of all
three hydrogen isotopes bound to diatomic molecules in a gas phase. Therefore, and
to drastically simplify the notation, the further discussion considers the coexistence of
a maximum of two different hydrogen isotopes (iH and kH) and three different diatomic
hydrogen molecules (iH2, iHkH and kH2). Thus, the number of isotope exchange reactions
between diatomic hydrogen molecules reduces from six to one (2 iHkH ⇌ iH2 +

kH2).
According to the laws of chemical kinetics, in a closed system, at constant temperature
and constant volume, the rates of formation ςex

i j [mol/m3/s] of the different molecules in
the remaining isotope exchange reaction, are determined by the equations [120], [186]

ςex
ii = rf,ex

ik+ik − rb,ex
ii+kk (2.104)

ςex
kk = rf,ex

ik+ik − rb,ex
ii+kk (2.105)

ςex
ik = −2rf,ex

ik+ik + 2rb,ex
ii+kk . (2.106)

2.2.6. Water-metal interfaces

To understand the kinetics of hydrogen transport across a water-metal interface, it is use-
ful to imagine a system in which a gas phase of diatomic hydrogen molecules iH jH is
put in contact with a liquid water phase containing the molecules 1H2O. The hydrogen
molecules would dissolve into the water as diatomic molecules. Due to the criterion of
phase equilibrium [120], at thermodynamic equilibrium, the chemical potential of hydro-
gen molecules iH jH in the gas phase µg

i j equals the chemical potential of the molecules
dissolved in the liquid water µw

i j. This condition (µw
i j = µ

g
i j) is called equilibrium condition

4. For dilute solutions it yields the Henry’s law for hydrogen molecules iH jH dissolved
in water [118]

µw
i j = µ

g
i j ⇒ cw

i j = KH,i j p
g
i j . (2.107)

The parameter KH,i j is the Henry’s constant for the molecules iH jH dissolved in water
(1H2O). It follows an Arrhenius-type temperature dependence. So far, only the Henry’s
constants for the molecules 1H2 and 2H2 dissolved in water (1H2O) could be experimen-
tally determined [187]. In contrast to the found data for 2H2, the Henry’s constant for 1H2
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could be verified in various experiments within a certain error range [187]

KH,11 ≈ (7.7 ± 0.2) × 10−6 mol
m3Pa

· exp
[︄
(500 ± 50) K ·

(︄
1
T
−

1
298.15 K

)︄]︄
. (2.108)

The Henry’s law provides the equilibrium concentration cw
i j of the diatomic molecules

iH jH in the water which establishes at a certain partial pressure pg
i j in the gas. If in addi-

tion to that the water is in contact with a metal, a further dissolution process needs to be
taken into account in which part of the dissolved molecules iH jH in the water dissociate
at the metal surface and enter the metal bulk in atomic form. The net flux of hydrogen
isotopes into the metal is zero once the hydrogen isotopes in the metal are in equilibrium
with the hydrogen molecules in the water and in the gas phase. The mono-isotopic equi-
librium condition for the three phase (gas-water-metal) system at low concentrations is
therefore µw

ii = µ
g
ii = 2µa

i . For dilute solutions in the metal, it may be rewritten using equa-
tion (2.100), equilibrium condition 1 [Sieverts’ law: (2.50)] and equilibrium condition 4
[Henry’s law: (2.107)], which leads to

cw
ii

KH,ii
= pg

ii =
c2

int,i

K2
s,i

=
kr,ii

kd,ii
. (2.109)

The general water-metal equilibrium condition for the multi-isotopic case follows when
combining the multi-isotopic Sieverts’ law (2.50) with Henry’s law (2.107)

cw
ik

KH,ik
= pg

ik =

√︁
Kex

ik

Ks,iKs,k
· cint,icint,k =

kr,ik

kd,ik
· cint,icint,k . (2.110)

At equilibrium, the sum of the recombination and dissociation fluxes of hydrogen iso-
topes crossing the metal-water interface must be zero. Experiments suggest [188] that
also water molecules iH jHO may dissociate at the metal surface to jHO + iH. In this
case, the dissociated hydrogen isotope would enter the metal bulk while the free radi-
cal jHO recombines with a hydrogen isotope iH at the metal surface and returns into the
water as iH jHO. However, since not much is known about the kinetics of this absorp-
tion/desorption process, it will be ignored in the following discussion. Therefore, it may
be assumed that the recombination flux is described by the same rate equation (2.95) as
derived for the gas-metal interface. Hence, with the equations (2.95), (2.109) and (2.110),
equilibrium condition jd,i j + jr,i j = 0 transforms to

jr,i j = −σkr,i jcint,icint, j = −σ
kd,i j

KH,i j
cw

i j = − jd,i j , with jd,i j = σ
kd,i j

KH,i j
cw

i j (2.111)

Considering that the fluxes are positive when directed into the metal the molecular net
flux crossing the metal-water interface in chemical non-equilibrium can be written as

jnet,i j = jd,i j + jr,i j = σ
kd,i j

KH,i j
cw

i j − σkr,i jcint,icint, j (2.112)

If the water occurs as a gas phase (steam) instead, hydrogen molecules entering the
steam would mix with the water vapor as additional gas components. Since any chemi-
cal interaction between the water molecules and the metal is neglected, the transport of
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hydrogen isotopes crossing a steam-metal interface can be described by the same rate
equation (2.97) as derived for the gas-metal interface in section 2.2.4.

Furthermore, there are five different isotope exchange reactions that occur between
water molecules iHkHO and the diatomic hydrogen molecules iHkH if only two different
isotopes iH and kH are present [189]

I : iHkHO + iHkH ⇌ iH2O + kH2 with Kw
I,ik =

cikOcik

ciiOckk
(2.113)

II : iHkHO + iHkH ⇌ kH2O + iH2 with Kw
II,ik =

cikOcik

ckkOcii
(2.114)

III : iHkHO + iH2 ⇌ iH2O + iHkH with Kw
III,ik =

cikOcii

ciiOcik
(2.115)

IV : iHkHO + kH2 ⇌ kH2O + iHkH with Kw
IV,ik =

cikOckk

ckkOcik
(2.116)

V : 2 iHkHO ⇌ iH2O + kH2O with Kw
V,ik =

cikOcikO

ciiOckkO
. (2.117)

They occur in addition to the isotope exchange reactions between the molecules iH jH dis-
cussed in the previous section. The defined parameters Kw

I,ik to Kw
V,ik are the temperature-

depended equilibrium constants of the reactions I to V. They describe the concentration
ratio between the different molecules iHkH and iHkHO which would establish at thermo-
dynamic equilibrium in the water. Their expression is derived similarly to equilibrium
condition 3 [see equations (2.11), (2.14) and (2.27)]. The forward and backward reaction
rates of the reactions I to V can be expressed as follows

rf,w
I,ik = kf,w

I,ikcikOcik and rb,w
I,ik = kb,w

I,ik cIIOckk (2.118)

rf,w
II,ik = kf,w

II,ikcikOcik and rb,w
II,ik = kb,w

I,ik ckkOcII (2.119)

rf,w
III,ik = kf,w

III,ikcikOcII and rb,w
III,ik = kb,w

I,ik cIIOcik (2.120)

rf,w
IV,ik = kf,w

IV,ikcikOckk and rb,w
IV,ik = kb,w

I,ik ckkOcik (2.121)

rf,w
V,ik = kf,w

V,ikc
2
ikO and rb,w

V,ik = kb,w
I,ik cIIOckkO . (2.122)

The rates of formation which are contributed to the isotope exchange reactions with water
molecules are consequently given by [120], [186]

ςw
ii = rf,w

II,ik − rb,w
II,ik − rf,w

III,ik + rb,w
III,ik (2.123)

ςw
kk = rf,w

I,ik − rb,w
I,ik − rf,w

IV,ik + rb,w
IV,ik (2.124)

ςw
ik = rf,w

III,ik− rb,w
II,ik + rf,w

IV,ik − rb,w
IV,ik (2.125)

ςw
iiO = rf,w

I,ik − rb,w
I,ik + rf,w

III,ik − rb,w
III,ik + rf,w

V,ik − rb,w
V,ik (2.126)

ςw
kkO = rf,w

II,ik − rb,w
II,ik + rf,w

IV,ik − rb,w
IV,ik + rf,w

V,ik − rb,w
V,ik (2.127)

ςw
ikO = −2rf,w

V,ik +2rb,w
V,ik − rf,w

I,ik + rb,w
I,ik − rf,w

II,ik + rb,w
II,ik − rf,w

III,ik + rb,w
III,ik − rf,w

IV,ik + rb,w
IV,ik . (2.128)

Following the same argumentation used to derive relation (2.102) it is found that the rate
coefficients for the forward and backward reactions of all five reactions n = I, . . . ,V are
related to the equilibrium constants by

kb,w
n,ik = Kw

n,ik · k
f,w
n,ik . (2.129)
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Fig. 2.10. Illustration of the occurring fluxes and the establishing concentration profile during
steady state permeation of a mono-isotopic hydrogen gas from a high to a low-pressure side
through a plane metal sheet [170], [190].

Until today, the rate coefficients of these reactions could never be experimentally deter-
mined.

2.3. Mono-isotopic permeation

A significant part of this thesis is devoted to the theoretical, numerical and experimental
study of multi-isotopic hydrogen isotope permeation from one medium (solid metal, liq-
uid metal, water, steam or hydrogen isotope gas) through a metal membrane into a second
medium.

In order to deal with this rather complex problem, it is necessary to first introduce
the basics of mono-isotopic permeation processes using the example of the simplest per-
meation scenario. This is the permeation of hydrogen isotopes iH from a mono-isotopic
gas phase (upstream side) of constant pressure pUI

ii , through a flat sheet of metal, into a
second mono-isotopic gas phase (downstream side) of the same species and of constant
pressure pDI

ii < pUI
ii . Due to the simplicity of this particular case, fundamental insights into

permeation processes in general can be gained from its study. A sketch of the described
permeation scenario is shown in figure 2.10. For the sake of clarity, since mono-isotopic
permeation involves only a single isotope species, adding the self-evident indexes i (indi-
cating iH) and ii (indicating iH2) to the corresponding quantities is omitted. Furthermore,
in this discussion, it is assumed that the occurring hydrogen isotope concentrations in the
metal bulk are low enough so that the derived laws for dilute solutions are satisfied, which
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implies that D = D. Moreover, it is considered that no traps are present in the metal,
meaning that Deff = D and Keff

s = Ks.

Mono-isotopic permeation through a plane metal membrane can be mathematically
treated in one dimension considering that the upstream interface (UI) of the bulk is located
at a position z = 0 and the downstream interface (DI) at a position z = d. According to
the equations (2.97), (2.98) and Fick’s first law (2.67) in one dimension, the atomic net
flux of isotopes iH from the upstream side into the metal bulk is described by

Jnet,UI = −D
∂cUI

∂z
= 2 jd,UI − 2 jr,UI = 2σkd pUI − 2σkrc2

UI (upstream) (2.130)

Analogously, if the surface roughness σ is equal on both sides, the atomic net flux of
isotopes iH from the bulk into the downstream side writes

Jnet,DI = −D
∂cDI

∂z
= −2 jd,DI + 2 jr,DI = 2σkrc2

DI − 2σkd pDI ≡ Jper (downstream) (2.131)

The flux Jnet,DI is equivalent to the atomic permeation flux Jper into the downstream side.

Since the pressures on both the upstream and the downstream side are fixed it is ev-
ident that the establishing concentrations cUI and cDI will over time approach a constant
value. Assuming that these constant concentrations are reached instantaneously at both
interfaces and that the metal membrane is initially free of hydrogen isotopes (c(z, t0) = 0),
the one-dimensional expression of Fick’s second law (2.68)

∂c (z, t)
∂t

=
∂

∂z

[︄
D
∂c(z, t)
∂z

]︄
(2.132)

which describes the concentration profile in the membrane, has an analytical solution of
the form [165]

c (z, t) = cUI + (cDI − cUI)
z
d
+

2
π

∞∑︂
n=1

cDI cos (nπ) − cUI

n
sin

(︃nπz
d

)︃
exp

(︄
−Dn2π2t

d2

)︄
. (2.133)

2.3.1. Steady state permeation

It can be seen that for t → ∞ the concentration profile approaches a linear straight line
(see figure 2.10)

lim
t→∞

c (z, t) = cUI + (cDI − cUI)
z
d
. (2.134)

According to Fick’s first law, this implies the establishment of a homogeneous diffusion
flux in the metal bulk over time, and consequently a steady state permeation flux Jper into
the downstream side

Jper = −D
∂c(z, t∞)
∂z

= D
cUI − cDI

d
, (2.135)

where Jnet,UI = Jnet,DI = Jper. By using the equations (2.130) and (2.131), the steady state
condition (2.135) can be expressed by

Jper = D
cUI − cDI

d
= 2σkd pUI − 2σkrc2

UI = 2σkrc2
DI − 2σkd pDI . (2.136)

65



In a hypothetical scenario, if during the permeation process, both the upstream and
downstream gas phases were in thermodynamic equilibrium with their corresponding
metal bulk interface regions (which is obviously not the case), the equilibrium concen-
trations at the respective interfaces, defined as cUI,eq and cDI,eq, could be expressed by the
Sieverts’ law (2.99)

cUI,eq ≡ Ks

√︁
pUI =

√︄
kd pUI

kr
and cDI,eq ≡ Ks

√︁
pDI =

√︄
kd pDI

kr
. (2.137)

Inserting the equations (2.137) into the equation (2.136) yields two expressions for the
upstream and downstream concentrations during steady state permeation

c2
UI = c2

UI,eq − D
cUI − cDI

2σkrd
= c2

UI,eq

(︄
1 − D

cUI − cDI

2σkd pUId

)︄
(2.138)

c2
DI = c2

DI,eq + D
cUI − cDI

2σkrd
= c2

DI,eq

(︄
1 + D

cUI − cDI

2σkd pDId

)︄
. (2.139)

These relations demonstrate that cUI < cUI,eq and cDI > cDI,eq. Adding up the equations
(2.138) and (2.139) reveals that [170]

c2
UI + c2

DI = c2
UI,eq + c2

DI,eq . (2.140)

2.3.2. Diffusion-limited regime

In case the surface is relatively clean (sticking coefficient αs ≈ 1) and the driving pres-
sure pUI is high, the atomic dissociation flux 2 jd,UI on the upstream side is significantly
higher than the diffusion flux Jdif. This means the transport process through the metal is
mainly slowed down and determined by the velocity of the diffusion process inside the
bulk material. In other words, diffusion becomes the rate-limiting step of the permeation
process. At high driving pressures, the second term inside the bracket of equation (2.138)
approaches zero and cUI → cUI,eq. According to equation (2.140) this goes along with
cDI → cDI,eq, such that

cUI ≈ Ks

√︁
pUI and cDI ≈ Ks

√︁
pDI . (2.141)

The parameter domain where this approximation can be applied is called the diffusion-
limited (DL) permeation regime. Inserting the equations (2.141) into equation (2.135)
yields the approximate steady state permeation flux in the diffusion-limited regime

J
dl
per ≈ KsD

√︁
pUI −

√︁
pDI

d
≡ Φ

√︁
pUI −

√︁
pDI

d
≈ Φ

√︁
pUI

d
. (2.142)

It is found that if the permeation process is diffusion-limited and if pUI ≫ pDI the steady
state permeation flux is approximately proportional to the square root of the gas pressure
on the upstream side. The defined parameter Φ is the isotope and metal-specific hydrogen
isotope permeability. In dilute metal hydrogen solutions, it is the product of the Sieverts’
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constant [see equations (2.44) and (2.50)] and the intrinsic diffusion coefficient (2.65).
Therefore, it has an Arrhenius-type temperature dependency [191]

Φ (T ) = KsD = K0
s D0 exp

⎛⎜⎜⎜⎜⎝−∆Hs + Em

kBT

⎞⎟⎟⎟⎟⎠ . (2.143)

with the unit [mol/m/s/Pa
1
2 ]. The multiplication of the equations (2.72) and (2.74) con-

firms that Keff
s Deff = KsD. Therefore, trapping effects, as considered in this work, do not

influence the value of the permeability Φ.

2.3.3. Surface-limited regime

Another characteristic permeation regime establishes if the surface is not clean (sticking
coefficient αs ≪ 1) or the driving pressure pUI > pDI is low. According to the equations
(2.138) and (2.139), under these conditions, the interface concentrations are considerably
different from their equilibrium values (2.137) and [170]

cUI ≈ cDI ≈
cUI,eq
√

2
. (2.144)

In such a scenario, transport across the membrane is mainly limited by the surface dis-
sociation and recombination rates and is therefore referred to as the surface-limited (SL)
regime. As a consequence, equation (2.140) may be expressed by

c2
UI ≈ c2

DI ≈ c2
UI,eq + c2

DI,eq ⇔ cUI ≈ cDI ≈

√︄
c2

UI,eq + c2
DI,eq

2
=

√︄
kd

kr
·

pUI + pDI

2
. (2.145)

for which the definitions (2.137) are used. Substituting the upstream or downstream con-
centration in equation (2.136) by their expressions derived in equation (2.145) allows
writing an equation for the approximate permeation flux in the surface-limited regime

J
sl
per ≈ σkd

(︂
pUI − pDI

)︂
≈ σkd pUI . (2.146)

The last equation holds if the downstream pressure is negligibly small.

2.3.4. Permeation number

To facilitate the characterization of permeation regimes, a dimensionless quantity, the
permeation number W, is introduced. It is defined as the ratio between the upstream
atomic dissociation flux and the expression for the steady state atomic permeation flux in
the diffusion-limited regime (2.142)

W ≡
Jd,UI

J
dl
per

=
2σkd pUI

(Φ/d)
√︁

pUI
=

2σkdd
Φ

√︁
pUI =

2σd
D

krKs

√︁
pUI . (2.147)

Since diffusion-limited permeation is characterized by a dissociation flux that is large
in comparison with the diffusion flux in the bulk, the permeation number takes values
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W → ∞. In contrast, surface-limited permeation is represented by a permeation number
W → 0.

The usefulness of the permeation number becomes apparent when dividing the general
definitions of the steady state permeation flux (2.136) by the derived diffusion-limited
permeation flux J

dl
per assuming that pDI ≈ 0

W
(︂
1 − λ2

r

)︂
= λr − ζr and Wζ2

r = λr − ζr . (2.148)

Here, ζr and λr label the dimensionless reduced concentrations. They are defined by

ζr ≡
cDI

cUI,eq
and λr ≡

cUI

cUI,eq
(2.149)

where the equilibrium concentrations are those written in equation (2.137). Combining
the two equations (2.148) leads to the general equation for steady state permeation

W2ζ4
r + 2Wζ3

r + 2ζ2
r = 1 . (2.150)

This equation reveals that for W → ∞ in the diffusion-limited regime ζ2
r → 1/W and for

W → 0 in the surface-limited regime ζ2
r → 1/2. Inserting these limit values of the reduced

concentration into equation (2.136) yields the expressions for J
dl
per [equation (2.142)] and

J
sl
per [equation (2.146)], respectively.

A solution of the general equation for steady state permeation (2.150) of the form

log
(︂
ζ2

r

)︂
=

∑︁5
n=0 an

[︂
ln

(︂
W2

)︂]︂n∑︁5
n=0 bn

[︁
ln

(︁
W2)︁]︁n (2.151)

was found by Serra et al [192]. They numerically determined the parameters a0 = 5.31 ×
10−1, a1 = −9.72 × 10−2, a2 = −1.83 × 10−2, a3 = −1.26 × 10−2, a4 = −5.46 × 10−5,
a5 = −8.20 × 10−7 and b0 = 1, b1 = 1.10 × 10−2, b2 = 1.13 × 10−2, b3 = 1.74 ×
10−5, b4 = 8.98 × 10−6, b5 = −4.67 × 10−8. Substituting the obtained solution (2.151)
into equation (2.148) provides the second reduced concentration λr as a function of W.
Both reduced concentrations are plotted in figure 2.11 as a function of the permeation
number W. Whenever in this work it is referred to Serra’s solution of the general equation
for steady state permeation, what is meant are the two plotted relationships between the
reduced concentrations ζr and λr and the permeation number W determined by equation
(2.151) with the above-reported coefficients.

Esteban et al evaluated that in a range of about 0.1 < W < 5.5 the permeation num-
bers represent an intermediate permeation regime which can be assigned neither to the
diffusion-limited nor to the surface-limited regime [190].

According to the equations (2.100), (2.137) and (2.149), if pDI ≈ 0 the steady state
permeation flux is given by

Jper = ζ
2
r · 2σkd pUI . (2.152)
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Fig. 2.11. [Left] Solution (2.151) of the general equation of steady state permeation (2.150) ob-
tained by Serra et al. It is used to define the generally accepted zones of diffusion-limited and
surface-limited permeation [193]. [Right] Relationship between λr and W determined from the
numerically derived solution (2.151) and equation (2.149).

2.3.5. Permeation time-lag

The time evolution of the concentration profile derived from the analytical solution (2.133)
of Fick’s second law with the fixes interface concentrations cUI and cDI can be used to
calculate the approximate atomic permeation flux into the downstream side by applying
Fick’s first law to c(z = d, t). When additionally assuming that cDI = 0, which for exam-
ple would be approximately the case for diffusion-limited permeation into an evacuated
downstream side, the permeation flux writes

Jper(t) = −D
∂c(z = d, t)
∂z

=
DcUI

d
+

2DcUI

d

∞∑︂
n=1

(−1)n exp
(︄
−Dn2π2t

d2

)︄
. (2.153)

The course of the permeation flux calculated with equation (2.153) for the example param-
eter set D = 1 × 10−8 m2/s, d = 1 × 10−3 m and cUI = 1 mol/m3 is plotted in the left-hand
graph of figure 2.12. It can be seen how after a transient regime of increasing permeation
flux, steady state permeation is established where the permeation flux becomes constant.

A subsequent integration over time provides the cumulative mole number of isotopes
κ(t) which have passed through an area Aper of the downstream interface after the time t
[165]

κ(t)
Aper
=

DcUIt
d
−

cUId
6
−

2cUId
π2

∞∑︂
n=1

(−1)n

n2 exp
(︄
−Dn2π2t

d2

)︄
. (2.154)

It is plotted in the right-hand graph of figure 2.12 for Aper = 1 m. For t → ∞ the total
number of permeated isotopes κ(t) converges against a straight line (see figure 2.12)

lim
t→∞
κ(t) = Aper ·

DcUI

d

(︄
t −

d2

6D

)︄
. (2.155)
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Fig. 2.12. [Left] Analytically calculated permeation flux using equation (2.153) with the parameter
set D = 1 × 10−8 m2/s, d = 1 × 10−3 m and cUI = 1 mol/m3. [Right] Cumulative mole number of
permeated isotopes through a unit area Aper = 1 m calculated using equation (2.154). It converges
against a straight line whose intercept with the t-axis is known as the permeation time-lag.

The intercept of the straight line with the t-axis τ is called the permeation time-lag and is
related to the diffusion coefficient D as follows

τTL ≈
d2

6D
. (2.156)

Thus, measuring the permeation time lags in a series of steady-state permeation flux mea-
surements in the diffusion-limited regime is an experimental method for determining the
diffusion coefficient of the sheet material. It should be noted, however, that if trapping
effects are dominant, for example in endothermic hydrogen absorbing metals at low tem-
peratures, the effective diffusion coefficient Deff would be measured with this method
instead.

2.3.6. Permeation through cylindrical wall

Steady state permeation through a plane metal sheet is characterized by equal atomic
fluxes at both interfaces and a linear concentration profile. However, in a scenario where
the two sides of the permeation membrane are the inner and outer surface of a cylindrical
pipe the steady state concentration profile is no longer linear and the fluxes at the two
interfaces differ.

For a cylindrical wall, Fick’s second law and its steady state expression write

∂c(r, t)
∂t

=
1
r
∂

∂r

[︄
rD
∂c(r, t)
∂r

]︄
⇒ 0 =

∂

∂r

[︄
rD
∂c(r, t)
∂r

]︄
, if

∂c(r, t)
∂t

= 0 (2.157)

If the concentration at the inner side of the cylindrical wall at the radial position rin is
kept at the constant concentration cin and the outer side of the cylindrical wall at the radial
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position rout is maintained at the constant concentration cout, the steady state diffusion
equation has the solution [165]

c(r) =
cin ln(rout/r) + cout ln (r/rin)

ln (rout/rin)
, with rin ≤ r ≤ rout . (2.158)

Applying Fick’s first law yields an expression for the steady state particle flux at the radial
position r in the membrane. It takes the following form if it is defined as positive when
oriented from the cylinder center towards its exterior space [194]

J
⊚
(r) =

D (cin − cout)
r ln (rout/rin)

. (2.159)

General equation of steady state permeation through cylindrical membranes

While the information presented in the previous sections of this chapter is extracted from
the literature, the theoretical formulation presented in the following last subsection of this
chapter is a novel theoretical description developed within the scope of this thesis.

From equation (2.159) it follows that the particle flux at the interface of the inner
radius of the cylindrical wall can be written as

J
⊚

in = f c
in ·

D (cin − cout)
d

, with f c
in ≡

d
rin ln (rout/rin)

. (2.160)

where the flux at the outer radius yields

J
⊚

out = f c
out ·

D (cin − cout)
d

, with f c
out ≡

d
rout ln (rout/rin)

. (2.161)

In these relations, d = rout − rin is the thickness of the cylindrical wall. A relationship
between the fluxes J

⊚

in and J
⊚

out yields when combining the equations (2.160) and (2.161)

J
⊚

out =
f c
out

f c
in

· J
⊚

in . (2.162)

Comparing the equations (2.160) and (2.161) with expression (2.135) of the particle flux
through a parallel membrane J

∥
reveals that for parallel membranes f c

in = f c
out = 1.

It is important to note that according to the steady state relation (2.162), for cylindri-
cal membranes the two equations (2.130) and (2.131) are linked through the following
expression, if it is assumed that pDI ≈ 0

J
⊚

net,DI =
f c
DI

f c
UI
·
(︂
2σkd pUI − 2σkrc2

UI

)︂
= 2σkrc2

DI . (2.163)

The downstream atomic net flux is considered as the actual permeation flux through the
cylindrical membrane and labeled with Jper ≡ J

⊚

net,DI. If the inner cylinder surface is the
upstream side then f c

UI = f c
in and f c

DI = f c
out. Otherwise, the conversion factors follow the

contrary relations f c
DI = f c

in and f c
UI = f c

out.
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Dividing equation (2.163) by the derived formula for the diffusion-limited permea-
tion flux (2.142) for parallel membranes, and inserting the definitions of the permeation
number (2.147) and the reduced concentrations (2.149), leads to the expressions

W
f c
UI

(︂
1 − λ2

r

)︂
= λr − ζr and

W
f c
DI
ζ2

r = λr − ζr . (2.164)

Their combination yields the general equation for steady state permeation for cylindrical
membranes (︄

W
f c
DI

)︄2

ζ4
r +

2W
f c
DI
ζ3

r +

(︄
1 +

f c
UI

f c
DI

)︄
ζ2

r = 1 . (2.165)

From the equations (2.164) and (2.165) it can be seen that in the surface-limited regime
where W ≪ 0 the reduced concentrations approach the same relations

λ2
r →

1
1 + f c

UI/ f c
DI

and ζ2
r →

1
1 + f c

UI/ f c
DI
. (2.166)

Moreover, the equations (2.164) and (2.165) allow concluding that in the diffusion-limited
permeation regime where the permeation number W ≫ 0 is very high, the reduced con-
centrations in cylindrical membranes converge against

λ2
r → 1 and ζ2

r →
f c
DI

W
. (2.167)

One needs to be aware of the fact that Serra’s derived solution of the general equation for
steady state permeation (2.151) in parallel membranes does not solve equation (2.165) for
cylindrical membranes.

Eventually, inserting the determined limit values of ζ2
r which are shown in the equa-

tions (2.166) and (2.167) into equation (2.152) provides expressions for the surface-
limited and diffusion-limited mono-isotopic permeation flux at the downstream interface
of a cylindrical membrane if pDI ≈ 0.

J
sl,⊚
per =

1
1 + f c

UI/ f c
DI
· 2σkd pUI (surface-limited regime) (2.168)

J
dl,⊚
per = f c

DI ·
Φ

d

√︁
pUI (diffusion-limited regime) (2.169)
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3. MEASUREMENT TECHNIQUES AND COMPONENTS

This chapter presents the fundamentals of technical components, measuring devices,
and techniques that are addressed or applied in this work. Introducing their characteristic
features and working principles is important to justify the choice of technical devices
and components which are used for the developed experimental designs presented in this
thesis.

3.1. Vacuum technology

The experimental investigation of hydrogen in metals often demands an evacuation of air
from the corresponding experimental chamber. This has multiple reasons ranging from
the specific requirements of the measuring instrumentation to avoiding oxidation of the
sample material. Depending on the applied experimental technique the air is usually
replaced by either a hydrogen gas-inert gas mixture or by a high vacuum environment.

3.1.1. Vacuum fundamentals

The term vacuum refers to a gas mixture with a pressure below standard state atmospheric
pressure p◦ < 101 325 Pa. The mean free path λ is defined as the average distance a
particle travels before it collides with another particle. Applying the kinetic theory of
gases the mean free path can be expressed by

λ =
RT

√
2π(2r)2 p

, (3.1)

where r is the radius of the gas particles [176]. The formula reveals that at constant
temperature the product λ · p = const. and merely depends on the particle sizes. For
example, at an ambient temperature of T = 293 K in a pure 1H2 gas λ · p = 1.2×10−2 m Pa
and in air λ · p = 6.67 × 10−3 m Pa [195]. The resulting average mean free paths for
molecules in 1H2 gas and in air as a function of the total pressure are plotted in the left-
hand graph of figure 3.1. The movement of particles in a vacuum chamber (VC) with a
characteristic wall distance LVC has distinct characteristics depending on whether λ ≫
LVC, λ ≈ LVC or λ ≪ LVC. Therefore, different vacuum regimes can be defined using a
dimensionless number, the Knudsen number Kn ≡ λ/LVC.

It is generally accepted to speak of rough vacuum if Kn < 0.01. In this regime, the
motion of the gas particles is mainly driven by the interaction between particles as they
collide with each other far more often than with the chamber wall. This results in a flow
behavior known as viscous flow which is determined by the internal friction of the gas. It
manifests in a collective laminar or turbulent particle motion driven by a pressure variation

73



10 7 10 5 10 3 10 1 101 103 105

p [Pa]

10 8

10 6

10 4

10 2

100

102

104

106

 [m
]

Mean free path in 1H2 at T = 293 K
Mean free path in air at T = 293 K

10 7 10 5 10 3 10 1 101 103 105

p [Pa]

10 3

10 2

10 1

100

L V
C [

m
]

Rough vacuum in air at T = 293 K
Medium vacuum in air at T = 293 K
High vacuum in air at T = 293 K

Fig. 3.1. [Left] Mean free path of molecules in 1H2 and air at T = 293 K plotted against the total
pressure. [Right] Pressure ranges of different vacuum regimes inside of a pipe as a function of the
pipe diameter.

in the gas. The red shaded area in the right-hand plot of figure 3.1 represents the range of
total pressure where air enclosed in a pipe with an inner radius rin is considered to follow
the characteristics of a rough vacuum at T = 293 K.

The lower the pressure the less the individual trajectories of the particles are influ-
enced by collisions with other particles. At very low pressures where Kn > 0.5 a gas is
generally considered to occur in the high vacuum regime where the particles collide far
more frequently with the vessel wall than with other particles. Under such conditions, a
collective particle motion can no longer be observed as the particles move almost freely
through the vessel. They follow straight trajectories through the chamber and are ran-
domly scattered towards arbitrary directions every time they collide with the vessel walls
[196]. This results in a random bouncing motion of each particle through the vacuum
chamber. Such a particle motion in gas is known as molecular flow. The pressure range
of the high vacuum regime in which molecular flow occurs is represented by the blue
shaded area in the right-hand graph of figure 3.1. Another property of the high vacuum
regime is that the number of particles adsorbed to the chamber wall is considerably higher
than the number of particles moving through the interior space of the chamber. The ultra-
high-vacuum (UHV) regime is roughly defined for total pressures of approximately below
p < 1 × 10−7 Pa. In this regime, the characteristic time required to form an entire mono-
layer of adsorbed particles at the wall lasts several minutes, in contrast to the high-vacuum
regime where it lasts only a few seconds.

The transition regime between rough and high vacuum where 0.01 < Kn < 0.5 is
called medium vacuum. Here, an intermediate flow regime determines the particle motion
known as Knudsen flow. At higher temperatures or if the gas particles are smaller (like
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in H2 gas), the boundaries of the different vacuum regimes are slightly shifted towards
higher pressures.

A method to quantify a net flow of gas molecules in a vacuum chamber is provided by
the concept of the throughput qpV defined through the ideal gas law

qpV ≡
κRT

t
=

pV
t

(3.2)

It is usually expressed with the units [mbar · L/s]. Regardless of the vacuum regime the
throughput from a zone of pressure p1 towards an area of pressure p2 < p1 is proportional
to the pressure difference ∆p = p1− p2 > 0, such that qpV = ∆p ·Csec. In this equation, the
proportionality factor Csec is called the conductance of the observed section of the vacuum
chamber.

In the viscous flow regime in rough vacuum, if the ratio of the two pressures p1 and
p2 between which the flow occurs is greater than a critical value p1/p2 > (p1/p2)chok, the
flow velocity reaches its maximum speed, the speed of sound, and the particle flow in the
studied segment reaches a maximum throughput. Hence, above ∆p > ∆pc the throughput
remains constant which is known as choked flow. This occurs for example if the vessel is
vented or in case of a leak between the vacuum chamber and the outer atmosphere.

For non-choked flows, the expression of the conductance depends on the geometrical
shape of the flow segment (orifice, pipe, etc.) and on the vacuum regime. It can be
derived [195] that in the laminar viscous flow regime in rough vacuum at T = 293 K, the
conductance of a pipe of length lpipe and inner diameter rin approaches the expression

Cpipe,vis [L/s] = 1.35 × 106 ·
(2rin)4

lpipe
· ⟨p⟩ , (3.3)

It is a function of the average pressure ⟨p⟩ in the pipe section. In the molecular flow
regime of air molecules, the conductance becomes pressure-independent and converges
against

Cpipe,mol [L/s] = 1.21 × 105 ·
(2rin)3

lpipe
. (3.4)

The total conductance of a system of pipes n = 1, . . . ,N connected in series is given by

1
Ctot
=

N∑︂
n=1

1
Cpipe,n

. (3.5)

Apart from the gas flow through the internal space of a chamber, it needs to be con-
sidered that in reality gas particles leave and enter the vacuum vessel through leakages,
permeation, leak valves, and adsorption/desorption processes at the walls. The additional
particle flows associated with each of these particle sinks and sources are quantified by
individual flow rates as expressed in equation (3.2). Their sum is considered as the total
additional particle flow qadd

pV = qleak
pV +qper

pV +qdegas
pV due to particle sinks and sources into and

out of the vacuum chamber.
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Fig. 3.2. [top] Image of an ISO-KF high-vacuum flange connection. It uses FKM gaskets for the
seal and is fastened with a clamp. [bottom] Screwed CF ultra-high-vacuum flange connection.
The seal is realized by circular knife edges cutting from both sides into a flat copper gasket [197].

3.1.2. Piping components

Most commercially available vacuum chamber components are made of 304L and 316L
chromium-nickel austenitic stainless steel (SS). These alloys exhibit a relatively low per-
meability for atmospheric gases, good chemical compatibility with many harsh environ-
ments, and sufficiently high strength for flange connections [197]. The most common
vacuum chamber components are pipes which come with different types of flanges or
tube fittings. Each design has its individual advantages and disadvantages and is therefore
chosen depending on the respective experimental conditions.

Flanges, fittings, and gaskets

For applications with maximum temperatures of approximately T ≈ 423 K in a pressure
range 1 × 10−7 Pa < p < 1.5 × 105 Pa it is convenient to use pipe components with com-
mercially available ISO-KF flanges. A 3D image of a typical ISO-KF flange connection
between two pipes is visualized at the top of figure 3.2 [197]. The image shows how two
flat KF flanges are pressed from both sides against a fluoroelastomer (FKM) gasket sur-
rounding a stainless steel spacer ring using a hand-fastened stainless steel clamp. There
is no other type of vacuum flange that can be installed and disconnected as quickly and
easily as ISO-KF flanges. However, there is the drawback that FKM gaskets have a lower
temperature resistance compared to metallic gaskets. In addition, FKM gaskets exhibit
a relatively high total gas permeation rate of the order of qpV ≈ 1 × 10−6 mbar · L/s per
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Fig. 3.3. Section cut through a typical commercially available [top] metal gasket face seal (VCR®)
fitting [200] and a [bottom] two ferrule compression fitting [202] made entirely of 316 stainless
steel.

gasket when the external atmosphere is air with a relative humidity of 75 % at T = 293 K
[198]. The gas component in air that has by far the highest permeation rate through FKM
is 1H2O.

If lower pressures of 1× 10−10 Pa < p < 1× 105 Pa are required for ultra-high-vacuum
applications or if the seal is exposed to higher temperatures of T < 723 K it is usually
made use of commercially available CF flange connections. The principle of the CF seal
is shown in figure 3.2 below [197]. A stainless steel knife edge surrounds the tube opening
of each CF flange. The knife edges are pressed from both sides into a flat oxygen-free
high conductivity (OFHC) copper gasket ring via a screwed flange connection. Thus, it is
possible to reach helium leak rates of below qpV ≈ 1 × 10−10 mbar · L/s per gasket [199].
For temperatures 473 K < T < 723 K it is required to use silver-plated OFHC copper
gaskets.

In case even higher temperatures T < 810 K, higher pressures 1 × 10−9 Pa < p <
3.3 × 106 Pa or corrosion resistance are needed, commercially available metal gasket face
seal (VCR®) fittings can be used which are exclusively made of 316 stainless steel parts
[197], [200], [201]. A section cut of such a fitting connecting two pipes with a VCR®

flange is shown at the top of figure 3.3 [200]. VCR® flanges are characterized by a
rounded bulge ring surrounding the pipe opening. The bulges of two flanges are pressed
from both sides into a highly polished flat stainless steel gasket by screwing a single male
nut from one side into a female nut on the other side. This relatively simple procedure
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TABLE 3.1
Inner diameters of stainless steel tubes/pipes connected to different types and sizes of

commercially available vacuum fittings/flanges.

Fitting/flange
1/4 inch
rin [mm]

1/2 inch
rin [mm]

DN16
rin [mm]

DN25
rin [mm]

DN40
rin [mm]

Ref.

ISO-KF - - 8 12 20.25 [197]

CF - - 8 12 18.75 [197]

VCR® 2.45 5.45 - - - [200]

Double ferrule 2.45 5.45 - - - [202]

allows the flanges to be connected and disconnected quickly and repeatedly.

An alternative to VCR® flanges are double ferrule compression fittings. They with-
stand even higher temperatures of T < 921 K in a slightly narrower pressure range
1 × 10−7 Pa < p < 1.7 × 106 Pa [197], [201], [202]. As the section cut at the bottom
of figure 3.3 illustrates, double ferrule compression fittings allow connecting naked stain-
less steel pipes with no particular flange opening. Leak tightness is reached by pressing
two cone-shaped stainless steel rings (back and front ferrule) from outside into each pipe
wall using female nuts which are screwed to the corresponding ends of the fitting (see fig-
ure 3.3). A main advantage of VCR® and double ferrule compression fitting components
is their outstanding chemical resistance against corrosive environments. Moreover, they
can be used for both liquids and gases.

The inner diameters of several differently sized commercially available vacuum flanges
and fittings of the presented types are listed in table 3.1 [197], [200], [202]. Of each of the
introduced flange and fitting types, there exist nipples, elbows, tees, crosses, and flexible
hoses.

Since commercially available flanges and fittings are bound to their fixed designs,
finite gasket options, and limited temperature resistivities, some specific applications re-
quire custom-designed vacuum seals. Probably the most sophisticated vacuum sealing
concept that can be adapted to a wide range of needs are spring-energized metal seals
(Helicoflex®). They comprise a hollow helicoidal metal spring surrounded by an outer
metallic lining as visible in the left-hand image in figure 3.4 [203], [204]. In the typical
Helicoflex® design the metallic lining is open towards the high-pressure side. As the two
images on the right-hand side of figure 3.4 show, a Helicoflex® seal is placed inside of a
custom-designed metallic gasket bed. The vacuum seal is established by compressing the
O-ring with a second metallic surface until metal-to-metal contact with the upper stage of
the groove is attained. The cross-sectional diameter of a spring-energized gasket needs to
be designed according to the depth of the gasket bed such that during compression it is
contracted by a carefully specified amount which leads to plastic deformation of the outer
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Fig. 3.4. Section-cut of a spring-energized vacuum seal and illustration of its sealing mechanism
when placed into a custom-designed groove [203], [204].

lining without plastically deforming the flange material. The counter force of the seal is
provided by the highly elastic interior spring which leads to an outstanding adaption of the
outer lining material to irregularities of the groove surface. Dependent on the seal design
this enables working at pressures between 1 × 10−8 Pa < p < 3 × 108 Pa with leak rates
down to qpV < 1 × 10−11 mbar · L/s [203]. The wide range of possible gasket materials is
of specific interest when working with especially corrosive fluids like liquid alkali metals.
Certain spring and outer lining materials allow maintaining ultra-high-vacuum conditions
at temperatures of up to T = 1073 K.

Valves

Another crucial element of experimental vacuum or gas-filled chambers are valves. There
are many different types of vacuum valves on the market that are used for different pur-
poses. The following paragraphs introduce the type of valves installed in the developed
experimental designs of this thesis.

Open/close valves are used to hermetically block one part of the vacuum chamber
from another when closed. They can be opened to such an extent that the conductance of
the chamber is nearly not affected by the valve’s orifice. An image of a regular all-metal
open/close angle valve together with its interior structure is presented on the left-hand
side of figure 3.5 [205]. By rotating the valve’s actuator a plate equipped with a metal
gasket which is located at the end of a threaded rod moves down until it presses against
the valve seat and thus closes one of the two exit pipes (see figure 3.5). The moving parts
are hermetically separated from the valve interior by a welded non-rotating metal bellow.
Thus, they have very low leak rates and can be used for ultra-high-vacuum applications
[197]. This type of all-metal open/close valve withstands temperatures of up T = 573 K.
They also exist equipped with FKM gaskets for lower temperature applications [206].

As discussed above, for higher pressures or temperatures T > 573 K it is recommend-
able to design the experimental chamber with double ferrule compression fittings. One
of the most chemically and thermally resistant compression fitting valve which simul-
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Fig. 3.5. [Left] Image and section cut of a closed all-metal ultra-high-vacuum open/close valve
with CF flanges. Regular high-vacuum open/close valves have the same design but are sealed
with FKM gaskets instead. [Right] Image and section cut of a high-vacuum bellows-sealed high-
temperature regulating valve for double ferrule compression fitting connections [201], [205].

taneously allows working at very high pressures and temperatures of up to T < 921 K
is an all-metal bellows-sealed high vacuum valve of the Swagelok U-series whose inner
structure can be seen on the right-hand side of figure 3.5 [201]. It exists as an open/close
version with a spherical stem tip made of a cobalt-based alloy or as a regulating version
with a needle-shaped stainless steel stem tip that allows linearly adjusting the flow rate
between a fully open and totally closed position. Due to their unique properties under
extreme conditions, all-metal bellows-sealed high-temperature compression fitting valves
can be installed in pipe systems that contain highly corrosive interior fluids such as liquid
alkali metals.

In some experimental vacuum applications, it may be necessary to introduce gas into a
vacuum chamber and maintain it stable at a certain pressure value. This requires precisely
controlling the gas flow rate into the chamber for which normal open/close or regulating
valves would be far too coarse. Instead, for this purpose, it is made use of gas dosing or
leak valves. The left images of figure 3.6 show a high vacuum gas dosing valve together
with its inner workings [207]. Valves with this design work according to the principle
of a needle valve. A needle-shaped stem tip is lowered into a thin orifice located at the
valve flange connected to the low-pressure side. Thus, the valve opening and accordingly
the gas flow rate is continuously reduced. In this way it is possible to create an artificial
leak between the two flanges of the valve in a range 5 × 10−6 mbar · L/s < qpV < 5 ×
102 mbar · L/s. To change the gas flow through the pipe from its minimum leak rate
to its maximum value the hand wheel needs to be turned numerous times. Every gas
dosing valve has a specific relationship between the number of turns and the flow rate.
It typically follows a logarithmic relationship. A special feature of the valve depicted
in figure 3.6 is that regardless of the currently adjusted position of the needle, a second
exterior stem equipped with an FKM gasket can be lowered into the valve seat. This
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Fig. 3.6. Image and section cuts showing the partially opened and closed positions of a [Left]
high-vacuum gas dosing open/close valve with ISO-KF flanges and an [Right] ultra-high-vacuum
all-metal variable leak valve with CF flanges [207], [208].

allows closing and opening the valve without changing the adjusted flow rate in the open
position. However, the gasket material limits the temperature resistance of this valve to
relatively low temperatures of T < 373 K.

Higher temperatures of up to T < 573 K can be withstood by all-metal variable leak
valves like the one shown on the right-hand side of figure 3.6 [208]. As the picture
reveals, the gas flow through the valve is controlled by varying the distance of a convex
gold-plated diaphragm that sits above the valve seat. By turning the actuator a stem that
is connected to a spring lowers the diaphragm and reduces the flow section. With this
technique, the displayed ultra-high-vacuum valve enables controlling leak rates in a range
of 1 × 10−10 mbar · L/s < qpV < 5 × 102 mbar · L/s.

3.1.3. Vacuum generation

To evacuate a gas vessel from atmospheric pressure down to the high vacuum regime it is
necessary to connect the experimental chamber to a vacuum pumping system. A vacuum
pump serves as a particle sink with a throughput qpump

pV = −pin · S pump < 0. Here, pin is
the intake pressure at the pump inlet, and S pump = dV/dt the internal pumping speed of
the vacuum pump. The pumping speed is equivalent to the net volume that leaves into the
inlet of the pump per time and is given in [L s−1].

However, vacuum pumps are usually attached to the vacuum chamber via a system of
valves and pipes that impose resistance on the gas flow. As a consequence, the evacua-
tion of the vacuum chamber takes place with a reduced pumping speed compared to that
prevailing at the inlet flange of the pump. The reduced so-called effective pumping speed
S eff < S pump is a function of the internal pumping speed S pump and the conductance of the
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linking pipe system Ctot expressed by [195]

1
S eff
=

1
S pump

+
1

Ctot
. (3.6)

To ensure a maximum effective pumping speed for a given vacuum chamber the pump
model should be chosen such that S pump > Ctot. According to the continuity equation
the gas throughputs at the pump inlet and in the vacuum chamber are equal, such that
pVC = pin · S pump/S eff . This implies that pVC > pin.

When assuming that the chamber volume V and the temperature T of the gas are
constant, according to equation (3.2), the time derivative of the ideal gas law yields

V
dpVC

dt
=

dκ
dt

RT = −pVC · S eff + qadd
pV ⇔

dpVC

dt
=

1
V
·
(︂
qadd

pV − pVC · S eff

)︂
. (3.7)

It describes the time evolution of the pressure in the vacuum chamber during the pump-
down process. In this equation, it is taken into account that the total throughput in the
vacuum chamber is the sum of the negative throughput induced by the pump and the
throughput qadd

pV that originates from molecules that leak, degas or permeate into or out of
the chamber.

In the rough vacuum regime the particle flow pVC · S eff into the vacuum pump is high
compared to the flow of leaking, permeating or degassing into or out of the chamber
(pVC · S eff ≫ qadd

pV ). This allows simplifying equation (3.7) and extracting an approximate
expression for the pressure decrease during the pump-down process of a vacuum chamber
if it is hypothetically assumed that S eff remains constant∫︂ pVC

p◦

1
p′

dp′ = −
S eff

V
· t ⇔ pVC(t) = p◦ exp

(︃S eff

V
· t

)︃
. (3.8)

Using this formula allows plotting the time required to lower the intake pressure from
atmospheric pressure down to pVC = 1 × 102 Pa for different constant effective pumping
speeds against the vessel volume. The graph is shown on the left-hand in figure 3.7.

Providing approximate formulas for the pump-down time in the high vacuum molec-
ular flow regime is rather difficult since it depends on the total rate of permeating, leak-
ing and degassing particles qadd

pV . Nevertheless, the ultimate pressure pmin
VC in the vacuum

chamber is reached once dpVC/dt = 0 which according to equation (3.7) requires that
pVC · S eff = qadd

pV , such that

pmin
VC =

1
S eff
· qadd

pV =
1

S eff
·
(︂
qleak

pV + qper
pV + qdegas

pV

)︂
. (3.9)

In addition, equation (3.9) allows determining the ultimate pressure that adjusts right at
the pump inlet by substituting S eff for S pump.

In the following, two different types of vacuum pumps are introduced, a dry scroll
pump and a turbomolecular pump. They are both used for the experimental setups devel-
oped within the scope of this dissertation.
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Fig. 3.7. [Left] Pump down time of a vacuum chamber from atmospheric pressure down to
pVC = 1 × 102 Pa plotted against the volume of the vacuum chamber for different constant ef-
fective pumping speeds. [Right] Adjusting ultimate pressure in a vacuum chamber plotted against
the rate of leaking, degassing or permeating particles into the vessel considering different effective
pumping speeds.

Dry scroll vacuum pumps

Dry scroll vacuum pumps belong to the category of dry compression vacuum pumps and
enable pumping down a vacuum chamber from atmospheric pressure to the edge of the
high vacuum regime [195]. They are particularly efficient in a pressure range 1×102 Pa <
p < 1×105 Pa where their internal pumping speed remains roughly constant [196]. Below
pressures of about p < 1 × 102 Pa their internal pumping speed plunges. It reaches zero
once the gas has entered the molecular flow regime in a range 1 × 10−1 Pa < p < 1 Pa
which determines the minimum working pressure of a dry scroll vacuum pump. The
interior structure and operating principle of a scroll vacuum pump are depicted on the
left-hand side of figure 3.8. As the image illustrates, a scroll-shaped as an Archimedean
spiral oscillates circularly around a crankshaft inside of a second stationary scroll without
changing its orientation. Thus, pockets of gas are captured by the moving scroll and
transported helically inwards. In this process, the gas is continuously compressed until it
leaves through a hole in the center towards the exhaust of the pump. Dry scroll vacuum
pumps ensure the creation of particularly clean vacuum environments as they are free of
liquid lubricants.

Turbomolecular pumps

To further reduce the pressure and enter the high vacuum regime at p < 1 Pa a different
type of pump has to be added to the pumping system, such as a turbomolecular vacuum
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Fig. 3.8. [Left] Illustration of the working principle and image of the interior structure of a dry
scroll vacuum pump [209]. [Right] Inner workings and particle trajectory inside of a turbomolec-
ular vacuum pump [210].

pump. Turbomolecular vacuum pumps are designed to pump gas from a vacuum chamber
in the molecular flow regime. Their principle of operation is based on the intention of
removing any gas particle from the chamber that strikes the pump’s open inlet flange
while randomly bouncing through the vacuum system. For this purpose, a large number of
stacked alternately fixed and rotating blades are axially arranged below the pump opening
(see the right-hand picture in figure 3.8). A fraction of the incoming particles will hit
a rotating blade, gaining additional momentum that pushes them through the layer of
stationary blades below, before hitting another rotating blade in the layer below, and so
on. This process repeats up to the lowest layer of rotor blades before the gas particles
leave the pump through the exhaust. The internal pumping speed of a turbomolecular
pump remains constant throughout the entire high vacuum regime [195]. Apart from the
rotor blade velocity and the cross-sectional area of the inlet flange, the pumping speed is
dependent on the type of pumped molecular species [197].

It is important that the pressure at the exhaust of the turbomolecular pump does not ex-
ceed a certain maximum outlet pressure, meaning that pout < pmax

out . Therefore, the exhaust
must be connected to a second so-called backing pump which can cope with the through-
put qpump

pV = pin · S pump of the turbomolecular pump. This may be a dry scroll compression
pump. The minimum required effective pumping speed S min

BP of the backing pump is that
which allows maintaining the outlet pressure at a constant value of pout = pmax

out . According
to the continuity equation, this requires that the throughputs of the turbomolecular pump
and the backing pump are equal, meaning that

S min
BP =

pin

pmax
out
· S pump . (3.10)
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Fig. 3.9. Schema of a K-type thermocouple embedded in a stainless steel sheath and insulated
with magnesium oxide powder [213].

During a pump-down process, the turbomolecular pump is started after the backing
pump has pumped down the vacuum chamber to the molecular flow regime.

3.2. Measuring instrumentation

When hydrogen transport in material samples is experimentally studied inside a vacuum
or gas chamber it is often required to obtain information about the sample temperature,
total gas pressure, molecular partial pressures, and particle flows. Such is the case for the
experimental setups developed within the scope of this work. The working principles of
the measuring devices installed in the developed experiments are introduced below.

3.2.1. Thermocouples and feedthroughs

According to the Seebeck-effect [211], if the ends of an electric conductor have different
temperatures the average thermal energy of the electrons at the hot end is higher com-
pared to that at the cold end. As a consequence, more electrons diffuse from the hot to the
cold end than vice verse and an electric field between the two ends establishes. In an open
electric circuit, this leads to a measurable voltage UV between the two ends which varies
with the temperature difference ∆T . In a thermocouple, two conductors of different mate-
rials are welded together at one end which forms the tip of the temperature sensor while
the other two ends are kept at a known reference temperature Tref . Due to the difference
in the temperature-dependency of the voltage drop UV(∆T ) between the two conductor
materials, it is possible to measure a voltage between the two open ends. It would be
zero if the conductors were made of the same material. In a certain temperature range, the
measured voltage is proportional to ∆T [212]. Hence, if the reference temperature and the
characteristic temperature-dependencies of the voltage drop UV(∆T ) of the two materials
of the thermocouple are known, the temperature Tsense at the tip of the thermocouple can
be determined.

In mineral-insulated K-type thermocouples the two dissimilar conductors are made of
chromel (90 % nickel + 10 % chromium) and alumel (alloy: 95 % nickel, 2 % aluminum,
2 % manganese, and 1 % silicon), respectively [213]. The inner structure of a K-type
thermocouple is visualized in figure 3.9. It consists of a thin cylindrical stainless steel
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Fig. 3.10. Different types of electrical and thermocouple feedthroughs [197], [214].

sheath of arbitrary lengths containing the two conductors insulated by magnesium oxide
powder [213]. Thus, it is specially designed for applications in high-temperature and
corrosive environments and is protected against all kinds of damage. Moreover, the tip
can be bent and twisted into any desired shape. The two conductors leave the metal
sheath after a certain length where they are insulated by a polyvinyl acetate or fiberglass
jacket that withstand temperatures of T < 523 K and T < 753 K, respectively [213].
K-type thermocouples enable accurate temperature measurements in a temperature range
between T = 273 K and T = 1373 K [213].

Commercially available thermocouple feedthroughs allow transferring the electric sig-
nal of a thermocouple through the wall of a sealed vacuum or gas chamber. A common
thermocouple feedthrough is shown on the left-hand side of figure 3.10 [197], [214].
In this design, the two conductors of dissimilar metals which emerge from the stainless
steel sheath of the thermocouple are screwed from inside of the vacuum chamber to the
respective feedthrough electrode which is made of the same material as the connected
conductor. The two electrodes of the feedthrough penetrate a closed CF or ISO-KF flange
from which they are insulated with rigid aluminum oxide. Thus, such a feedthrough with-
stands temperatures of up to T = 573 K. A second type of thermocouple feedthrough is
depicted in the center of figure 3.10 [214]. It can be used for vacuum pressures of mini-
mum p = 1 × 10−4 Pa and higher temperature applications of up to T = 823 K where the
jacket of the thermocouple cable would be damaged. For this reason, not the thermocou-
ple cable but its stainless steel sheath penetrates the feedthrough and the cable leaves the
thermocouple pin outside the chamber (see figure 3.9). As the section cut in figure 3.10
shows, the sheath passes through a round graphite block which serves as the sealant. The
seal is realized by compressing the graphite block with a female nut. There are graphite
blocks available that allow for the penetration of multiple thermocouples.

A typical vacuum feedthrough for electrical power connections is nearly identical to
the presented ceramic insulated thermocouple feedthrough [197]. It can be seen on the
right-hand side of figure 3.10. The electric power is transferred into the vacuum chamber
via ceramic-insulated copper or stainless steel pins.
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3.2.2. Pressure measurement

The total pressure in a gas chamber is measured with a pressure gauge. Depending on the
applied measurement method, different types of pressure gauges cover specific pressure
ranges. Some pressure gauges unite several measurement techniques in a single device
and thus cover an extended pressure range [195].

Capacitance diaphragm gauges

Capacitance diaphragm gauges allow measuring the total pressure of a gas mix in a
pressure range that covers three orders of magnitude within a wider range between 1 ×
10−1 Pa < p < 1 × 105 Pa. They contain two disk-shaped electrodes that are connected
to a voltage source and thus act as a capacitor. One of the two electrodes is a deformable
membrane. Moreover, the space between the two electrodes is evacuated. The higher
the pressure outside of the evacuated space, the more the deformable membrane bends
inwards in the direction of the fixed electrode. This leads to a detectable increase in ca-
pacitance. The measurable pressure range of the gauge is set by the choice of membrane
thickness. An advantage of using capacitance diaphragm gauges in the rough and medium
vacuum regime is that the pressure measurement is independent of the molecular species.

Pirani gauges

Pirani gauges can be used to determine the pressure in a range of approximately 1 ×
10−2 Pa < p < 100 Pa which corresponds to the medium vacuum and high vacuum regime
[195]. In a Pirani gauge, a metal wire exposed to the interior of the vacuum chamber is
heated to a constant temperature of T ≈ 400 K by an electric current. In contrast to the
rough and ultra-high-vacuum regime, in the mentioned pressure range, the heat loss of the
wire is a function of pressure which is determined by calibration. The heat loss and thus
the pressure is obtained by measuring the electric power needed to maintain the wire at
a constant temperature. However, the relationship between pressure and heat loss differs
among different molecular species [195]. Therefore, measuring the pressure of a specific
gas mix different from that used for calibration requires a multiplication of the displayed
value with a conversion factor.

Cold cathode pressure gauges

Even lower pressures between 1 × 10−7 Pa < p < 1 × 101 Pa can be measured with
cold cathode pressure gauges [197]. They consist of a pin anode which is concentrically
surrounded by a cylindrical cathode. A strong voltage is applied between the two elements
causing the emission of electrons from the cathode. The arrangement is surrounded by
a specifically shaped permanent magnet with a concentric magnetic field. Due to the
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Fig. 3.11. Foto and illustration of the operating principle of a HIDEN HAL 101X RC quadrupole
mass spectrometer [215].

Lorentz force the emitted electrons perform long spiral trajectories around the field lines
before eventually reaching the anode. On their way, the electrons ionize gas molecules
which leads to a measurable gas discharge. The discharge current is a function of the gas
pressure. However, as with Pirani gauges, the relationship between the pressure and the
measurable quantity (the discharge current) depends on the molecular species in the gas.

3.2.3. Quadrupole mass spectrometer

While the presented pressure gauges are limited to measuring the total pressure in a vac-
uum chamber, a quadrupole mass spectrometer (QMS) allows approximately determining
the partial pressures of the individual gas components in a vacuum. It is therefore also
referred to as a residual gas analyzer. Figure 3.1 shows a photo of a HAL 101X RC QMS
from Hiden Analytical which is specially optimized for applications in fusion research
[215]. Its interior structure is illustrated in the drawing below. The visible head of the
QMS can be directly connected to a vacuum chamber via a DN40-CF flange.

Measuring principle

At the tip of the QMS head, there is an ion source which mainly consists of a hot cathode
filament and an anode. Electrons that are emitted from the cathode accelerate toward
the anode. On their way, they collide with neutral gas molecules that pass through the
space between the anode and the cathode leading to the formation of positive ions. The
electric current of ionized neutral gas molecules I+prod,tot,s of species s is proportional to the
corresponding partial pressure ps in the gas

I+prod,tot,s = γs · I −IS · ps , with γs ≡ σs · le . (3.11)
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Here, γs is called the ion source constant of species s, parameter σs is the differential ion-
ization effect cross-section of species s, parameter le the mean path length of an electron
traveling to the anode and I −IS the electron current emitted from the ion source cathode
[195]. The respective SI units of the introduced quantities are listed in table V. By defin-
ing σs ≡ RIPs · σN2 , equation (3.11) transforms to

I+prod,tot,s = RIPs · γN2 · I
−
IS · ps , (3.12)

with RIPs being the relative ionization probability. Since some molecular species can
crack or lose multiple valence electrons from the collision, several different ions with
distinct dimensionless mass-to-charge ratios κ may be formed from the same neutral par-
ent molecule s. In this work, dimensionless mass-to-charge ratios are given in atomic
mass number of the ion divided by its electric charge given as the number of elementary
charges. It is evident that the generated current of ions with a certain value of κ that
originate from a molecule of species s can be expressed by

I+prod,κ,s = CFκ,s · I+prod,tot,s = RIPs · CFκ,s · γN2 · I
−
IS · ps (3.13)

where 0 ≤ CFκ,s ≤ 1 is the cracking fraction of the corresponding ion.

Once formed the ions are diverted toward the quadrupole separation system by a neg-
atively charged extractor aperture. Here, they enter the central interstitial space between
four parallel metal rods (see figure 3.11). As visualized in figure (3.11), each of the two
poles of a voltage source is connected in parallel to a pair of opposing rods. The ap-
plication of an oscillating voltage of the form UV(t) = U0 + VQMS · cos (ωQMSt) with an
angular frequency ωQMS in the RF range leads to the generation of an electric field in the
free circular space between the rods that imposes a spiral motion on the entering ions. By
solving the equations of motion that result from the acting electrostatic force it is found
that ions of a certain mass-to-charge ratio κ can only pass the interior tunnel of radius
rQMS between the four rods if for fixed values of ωQMS and rQMS the voltages VQMS and U0

are adjusted within certain κ-dependent stability ranges [196]. These stability ranges shift
with changing mass-to-charge ratio. Therefore, varying the two voltages accordingly al-
lows ions of an arbitrary mass-to-charge ratio to pass the rod system. All other ions either
collide with a negatively charged rod or escape the electric field.

After leaving the rod system the ions of the chosen mass-to-charge ratio enter an ion
detector. In a HIDEN 101X RC QMS this is a Faraday cup connected to an electrometer
amplifier. However, even if the stability conditions for a certain mass-to-charge ratio are
fulfilled, only a fraction of the ions with a suitable mass-to-charge ratio reaches the de-
tector. This fraction is quantified with the transmission factor TFκ,s < 1 [195]. Hence, the
electric current of ions with a mass-to-charge ratio κ originating from the parent molecular
species s that eventually reach the detector surface can be written as

I+cup,κ,s = TFκ,s · I+prod,κ,s = TFκ,s · RIPs · CFκ,s · γN2 · I
−
IS · ps (3.14)

As soon as the ions hit the surface of the negatively charged cup, they pick up electrons
and become neutral. This process induces a current I+meas,κ,s in the Faraday cup circuit
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which satisfies I+meas,κ,s = I+cup,κ,s. Eventually, the total current measured by the electrometer
is the sum of the values of I+meas,κ,s taken over all molecular species s that form ions with
the same mass-to-charge ratio κ

I+meas,κ =
∑︂

s

I+meas,κ,s = I+meas,κ,s′ +
∑︂
s≠s′

I+meas,κ,s (3.15)

Since I+meas,κ,s = I+cup,κ,s, inserting equation (3.14) into equation (3.15) yields an expression
for the partial pressure of the neutral molecular species s′

ps′ =
1

TFκ,s′ · RIPs′ · CFκ,s′ · γN2 · I
−
IS
· I+meas,κ −

∑︁
s≠s′ I+meas,κ,s

TFκ,s′ · RIPs′ · CFκ,s′ · γN2 · I
−
IS

(3.16)

The parameters CFκ,s, RIPs, γN2 depend on the electron energy in the ion source while
the transmission coefficient TFκ,s is mainly determined by the respective ion mass [195].
The HIDEN 101X RC QMS system is equipped with a software that can access a data
library containing pre-determined values of the variables CFκ,s, RIPs, γN2 , I −IS and TFκ,s.
Equation (3.16) shows that if there are molecular species s ≠ s′ in the gas that are ionized
to ions with the same mass-to-charge ratio as ions originating from the molecular species
s′, it is not straightforward to calculate the partial pressure ps′ from the measured current
I+meas,κ. In this case, calculating ps′ requires estimating the relative heights of the currents
I+meas,κ,s in comparison with the current I+meas,κ,s′ . This is done in a critical analysis of the
entire recorded κ - I+meas,κ spectrum. In order for a QMS to provide precise measurement
results it is of crucial importance that from the moment of being produced until hitting the
Faraday cup the ions do not collide with each other. Therefore, a QMS must be operated
in the molecular flow regime at total pressures of p < 1 × 10−2 Pa.

Calibration for particle flux measurements

Nonetheless, equation (3.16) indicates a linear relationship between ps′ and the measured
current I+meas,κ by the QMS if the molecules s′ can form ions with the corresponding mass-
to-charge ratio κ. As illustrated in the left-hand process flow diagram (PFD) in figure 3.12,
a QMS is often positioned very close to the inlet flange of a turbomolecular pump where
the total pressure in the vacuum system is lowest. Thus, noise effects are reduced and the
sensibility of the detector signal is increased. The symbols of the technical components
that appear in the PFD are labeled in table XI. As equation (3.9) indicates, the adjusting
minimum pressure at the pump inlet and in the nearby ion source of the QMS depends
on the net flow qadd

Vp = qleak
Vp + qper

Vp + qdegas
Vp of leaking, degassing and permeating particles

entering the vacuum system. Of particular interest for this dissertation is the flow of per-
meating particles qper

Vp into the chamber. Transforming equation (3.9) it can be expressed
by

qper
pV = pmin

VC · S eff − qleak
pV − qdegas

pV . (3.17)

Therefore, in case the total permeation flow qper
pV increases by the amount ∆qper

pV while the
flow of degassing and leaking particles remains equal, the minimum pressure at the QMS
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Fig. 3.12. [Left] Process flow diagram of a quadrupole mass spectrometer connected to a vacuum
chamber and a test leak for calibration. [Right] Interior structure of a leak detector.

and the TMP inlet where S eff ≈ S pump experiences an increment by a certain value ∆pper
pV ,

according to
∆qper

pV = S pump · ∆pper
pV . (3.18)

It is evident that equation (3.18) remains valid when observing each molecular species
separately, meaning that an increase in permeation flow of molecular species s′ would
result in an increment of the partial pressure of species s′

∆qper
pV,s′ ≈ S pump · ∆ps′ (3.19)

Moreover, equation (3.16) implies that if the partial pressure of species s′ experiences
an increment ∆pper

pV,s′ , the current I+meas,κ of the corresponding mass-to-charge ratio must
increase as well. If during the partial pressure increase of species s′ the partial pressures
and hence the current fractions I+meas,κ,s of all other species s ≠ s′ remain constant the
following proportionality relationship arises

∆ps′ =
1

TFκ,s′ · RIPs′ · CFκ,s′ · γN2 · I
−
IS
· ∆I+meas,κ (3.20)

Inserting equation (3.19) into equation (3.20) finally leads to a relationship between the
increment of the measured current in the QMS resulting from a certain increase in per-
meation flow

∆qper
pV,s′ = f cal

κ,s′ · ∆I+meas,κ , with f cal
κ,s′ ≡

S pump

TFκ,s′ · RIPs′ · CFκ,s′ · γN2 · I
−
IS
. (3.21)

The defined factor f cal
κ,s′ is labeled the calibration factor of the QMS and is unique for

every molecular species and mass-to-charge ratio. It is evident that in order to be able
to convert a measured increase in ion current I+meas,κ at a certain mass-to-charge ratio into
the associated rise in permeation flow of species s′, the value of the calibration factor f cal

κ,s′

needs to be known.
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The easiest way to determine f cal
κ,s′ is through a calibration measurement using a com-

mercially available calibrated leak. A calibrated leak (CL) or test leak is a small gas
cylinder filled with a gas of species s′ that is attached to a flange of the vacuum chamber.
The high-pressure side of the calibrated leak and the interior of the vacuum chamber are
connected through an open capillary tube of very low conductance. As long as the pres-
sure difference ∆p = pCL − pVC between the two sides of the tube is above a critical value
the gas flow into the vacuum chamber occurs in the choked flow regime. This means that
the gas particles leave the capillary tube into the vacuum chamber with the speed of sound
at a constant throughput qCL

pV,s′ [195]. Before delivery, the manufacturer of the test leak
determines its individual throughput in a calibration measurement.

To calibrate the QMS for particle flux measurements the test leak and the vacuum
chamber are separated by an open/close valve. First, the valve is maintained closed and
the underground current I+meas,κ of a mass-to-charge ratio κ which corresponds to ions orig-
inating from molecular species s′, is measured. Then, the valve of the calibrated leak is
opened which causes the flow of species s′ into the vacuum chamber to rise by ∆qCL

pV,s′ .
Finally, the increase in current ∆I+meas,κ with respect to the underground measurement is
recorded. Both the known value of qCL

pV,s′ and the measured value of ∆I+meas,κ are inserted
into equation (3.21) which provides the experimentally determined value of f cal

κ,s′ . After
f cal
κ,s′ is determined, the QMS enables quantitatively measuring any increase in particle

flow from outside into the vacuum chamber using equation (3.21).

Equation (3.2) allows converting the measured rise in permeation flow ∆qper
pV,s′ into the

corresponding rise in molecular permeation flux ∆ jper,s′ of species s′ into the chamber

∆ jper,s′ =
1

AperRTQMS
· ∆qper

pV,s′ . (3.22)

Parameter Aper is the surface area through which the permeation process takes place and
TQMS is the gas temperature in the QMS.

3.2.4. Leak detector

A leak detector (LD) is a device that enables quantitatively measuring particle flows qadd
pV

of light gas components in a test vacuum chamber. Therefore, it applies a similar mea-
suring principle as discussed in section 3.2.3, using a mass spectrometer calibrated with
a test leak as a measuring device. The internal structure of a leak detector is shown in the
PFD on the right-hand side of figure 3.12.

To make a measurement, the inlet flange of the leak detector is attached to the test
chamber and the device is switched on. At this moment, valve V-03 is automatically
opened and a backing pump evacuates the vacuum chamber up to the medium vacuum
regime. The pressure is controlled by two internal Pirani gauges PiG-01 and PiG-02. In
addition, the backing pump is connected to the exhaust of a TMP whose inlet is linked
to the mass spectrometer of the leak detector. Once the pressure measured with PiG-02
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at the inlet of the backing pump reaches a sufficiently low backing pressure the TMP is
automatically started and valve V-03 is opened. The main difference between the particle
flow measurement principle of a leak detector and that of a QMS as it was presented in
section 3.2.3 is that in a leak detector, the mass spectrometer is not directly exposed to the
atmosphere of the test chamber. Instead, the mass spectrometer of a leak detector merely
sees the high vacuum environment which is generated in the space above the inlet of the
TMP and therefore does not detect any heavy gas components from the test chamber (see
figure 3.12). However, a fraction of very light gas particles, such as 1H2, 1H2H, 2H2, 3He
and 4He, that may originate from a leak or permeation source in the test chamber, are
able to counter-flow from the exhaust of the TMP towards the mass spectrometer where
they are ionized and detected. This measurement technique is called counter-flow mode.
Nevertheless, a leak detector only allows detecting ions of only one particular mass-to-
charge ratio κ ∈ {2, 3, 4} at a time which must be selected prior to the measurement.

To increase the measurement sensitivity, leak detectors are often equipped with a TMP
consisting of multiple stages [197] with intermediate inlet ports (see port connected to
valve V-01 in figure 3.12). In this case, if the evacuation of the test chamber by the
backing pump is capable of creating a sufficiently low pressure p < 1 × 102 Pa, the leak
detector automatically closes valve V-04 and opens valve V-01. This leads to a further
evacuation of the test chamber through the lower stage of the TMP and thus to a further
decrease in the pressure measured by PiG-01. Also in this operating mode, only light gas
components can reach the mass spectrometer by passing through the upper stage of the
TMP. In the following, this operating principle is referred to as the Twin-Flow™ mode
[216].

One of the primary purposes of a leak detector is to detect and quantify a leakage
occurring in a vacuum chamber. Therefore, certain areas of the test chamber, such as
fittings, flanges, or valves, which are particularly susceptible to leaks, are sprayed from
outside with 4He gas. If 4He is used as test gas, the detectable mass-to-charge ratio of the
leak detector is set to κ = 4. The 4He atoms enter the vacuum chamber at the location of a
leak and make their way into the leak detector before they reach the ion source of the mass
spectrometer. Here, the increased 4He particle flow leads to an increment in measured ion
current. By opening valve V-02 the leak detector measures the current rise resulting from
the known 4He flow of an internal calibrated test leak. By applying equation (3.21) the
mass spectrometer is calibrated in the same manner as described in section 3.2.3 which
enables the leak detector to convert any registered rise in ion current into a value of the
occurring 4He particle flow qleak

pV in the test chamber.

To quantitatively measure incoming particle flows of gas molecules like 1H2 (κ = 2)
or 2H2 (κ = 4) with a leak detector, it needs to be calibrated with an external test leak of
the corresponding gas component. The known throughput of the test leak can be specified
in the device settings.
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4. THEORETICAL STUDY OF MULTI-ISOTOPIC PERMEATION

This chapter presents a theoretical analysis of multi-isotopic permeation performed
by the author of this thesis. Particular focus is placed on two distinct permeation scenar-
ios which are relevant for permeation processes occurring in WCLL and HCPB breed-
ing blankets. That is multi-isotopic hydrogen isotope permeation from gas to gas and
from flowing liquid metal to water. For both permeation environments, new multi-isotope
transport equations are theoretically derived.

4.1. Theoretical study of multi-isotopic permeation from gas to gas

The first observed scenario comprises a metal membrane whose upstream and down-
stream interfaces are exposed to a hydrogen isotope gas. Multi-isotopic permeation occurs
once more than one isotope species is involved in the permeation process. In case only
two different isotopes iH and kH are present, the upstream and downstream side of the
membrane may contain the partial pressure configurations pUI

ii , pUI
ik , pUI

kk (upstream side)
and pDI

ii , pDI
ik , pDI

kk (downstream side), respectively. As for the mono-isotopic case, if the
partial pressures do not change over time it is evident that after some time constant steady
state interface concentrations cUI,i, cDI,i and cUI,k, cDI,k will establish. For each isotope,
this leads to an independent stationary concentration profile ci(z, t) and ck(z, t) and thus to
steady state atomic permeation fluxes Jper,i and Jper,k.

The following discussion analyzes multi-isotopic permeation in the general case of a
cylindrical metal membrane that satisfies the geometry of a parallel membrane in the limit.
To do so, it is made use of the conversion factors f c

in and f c
out which were defined by the

author of this thesis in the equations (2.160) and (2.161). Depending on which side of the
circular membrane is the upstream interface and which side is the downstream interface,
either f c

UI = f c
in or f c

UI = f c
out. According to the equations (2.98), (2.160) and (2.161),

the steady state atomic net fluxes of isotope species iH at the upstream and downstream
interfaces can be expressed by

J
⊚

net,UI,i = 2σkd,ii pUI
ii − 2σkr,iic2

UI,i + σkd,ik pUI
ik − σkr,ikcUI,icUI,k = f c

UI · Di
cUI,i − cDI,i

d
(4.1)

J
⊚

net,DI,i = f c
DI · Di

cUI,i − cDI,i

d
= 2σkr,iic2

DI,i − 2σkd,ii pDI
ii + σkr,ikcDI,icDI,k − σkd,ik pDI

ik (4.2)

In the limit of a parallel membrane f c
UI = f c

DI = 1 which implies J
⊚

net,UI,i = J
⊚

net,DI,i. In
contrast to the process of mono-isotopic permeation, the possibility of analytically ex-
ploring multi-isotopic permeation is rather limited. However, by sufficiently simplifying
the studied permeation process it is possible to discover certain regularities which uncover
the isotope effect of permeation. To facilitate the understanding of the multi-isotopic per-
meation process it is useful to consider iH as tritium and kH as protium. However, the
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developed theory is valid for any isotope combination.

One may imagine a case in which the upstream side of a plane metal sheet contains the
gas components iHkH and iH2 with the partial pressures pUI

ik > 0 and pUI
ii > 0 while on the

downstream side pDI
ik = pUI

ii = 0. As equation (2.88) reveals, the dissociation coefficients
of different molecular species iH jH differ by their individual sticking coefficients αs and a
factor 1/√mi j which contains the mass of the corresponding molecule. Hence, when as-
suming that the sticking coefficient αs of each molecular species is equal, the dissociation
coefficients of the molecules iHkH and iH2 can be related in the following manner

kd,ik ≈ kd,ii

√︃
mii

mik
(4.3)

For the following analytic investigation it is considered that Ks ≡ Ks,i = Ks,k. Therefore,
from the equations (4.3) and (2.100) it follows that

kr,ik ≈ 2kr,ii

√︃
mii

mik
(4.4)

As a consequence, applying the mentioned assumptions allows reducing the equations
(4.1) and (4.2) to

J
⊚

net,UI,i = 2σkd,ii pUI
ii + σkd,ik pUI

ik − 2σkr,ii

(︄
c2

UI,i +

√︃
mii

mik
cUI,icUI,k

)︄
= f c

UI · Di
cUI,i − cDI,i

d
(4.5)

J
⊚

net,DI,i = f c
DI · Di

cUI,i − cDI,i

d
= 2σkr,ii

(︄
c2

DI,i +

√︃
mii

mik
cDI,icDI,k

)︄
. (4.6)

At first, it is taken a closer look at a non-equilibrium scenario in which additionally
pUI

kk = pDI
kk = 0. Based on the expressions in equation (2.99), the following upstream

equilibrium concentrations are defined

c2
UI,eq,i ≡

kd,ii

kr,ii
pUI

ii and cUI,eq,icUI,eq,k ≡
kd,ik

kr,ik
pUI

ik (4.7)

A substitution of the equilibrium concentrations (4.7) into the two equations (4.5) and
(4.6) yields

c2
UI,i +

√︃
mii

mik
cUI,icUI,k =

(︄
c2

UI,eq,i +

√︃
mii

mik
cUI,eq,icUI,eq,k

)︄
·

⎛⎜⎜⎜⎜⎜⎝1 − f c
UIDi ·

cUI,i − cDI,i

2σkd,ii pUI
eff,id

⎞⎟⎟⎟⎟⎟⎠ (4.8)

c2
DI,i +

√︃
mii

mik
cDI,icDI,k = f c

DIDi ·
cUI,i − cDI,i

2σkd,iid
. (4.9)

For the expression of equation (4.8), a new quantity is introduced, the effective pressure
peff,i of isotope species iH

peff,i ≡ pii +
1
2

√︃
mii

mik
pik (4.10)
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Variable pUI
eff,i is the effective pressure at the upstream side of the membrane. Combining

the equations (4.8) and (4.9) yields

c2
UI,eq,i+

√︃
mii

mik
cUI,eq,icUI,eq,k =

(︄
c2

UI,i +

√︃
mii

mik
cUI,icUI,k

)︄
+

f c
UI

f c
DI
·

(︄
c2

DI,i +

√︃
mii

mik
cDI,icDI,k

)︄
(4.11)

In section 2.3, it was demonstrated that at very low driving pressures, a mono-isotopic
permeation process occurs in the surface-limited regime where cUI ≈ cDI. Therefore, in a
permeation process in which the effective pressure pUI

eff,i is very small and pUI
kk = pDI

kk = 0
there must be a surface-limited regime in which cUI,i ≈ cDI,i and cUI,k ≈ cDI,k. Thus, by
applying the equations (4.3), (4.4) and (4.7), in a surface-limited scenario, equation (4.11)
transforms to

c2
DI,i+

√︃
mii

mik
cDI,icDI,k ≈ c2

UI,i+

√︃
mii

mik
cUI,icUI,k ≈

1
1 + f c

UI/ f c
DI
·

(︄
c2

UI,eq,i +

√︃
mii

mik
cUI,eq,icUI,eq,k

)︄
=

1
1 + f c

UI/ f c
DI
·

(︄
kd,ii

kr,ii
pUI

ii +

√︃
mii

mik

kd,ik

kr,ik
pUI

ik

)︄
=

1
1 + f c

UI/ f c
DI
·

kd,ii

kr,ii
pUI

eff,i (4.12)

Eventually, inserting equation (4.12) into equation (4.6) provides an expression for the
permeation flux Jper,i ≡ J

⊚

net,DI,i of isotope species iH in the surface-limited permeation
regime where the effective upstream pressure pUI

eff,i is very low and pUI
kk = pDI

kk = 0

Jper,i =
1

1 + f c
UI/ f c

DI
· 2σkd,ii pUI

eff,i (4.13)

Apparently, equation (4.13) has an identical shape as equation (2.168) of the pure mono-
isotopic case, with the difference that now the effective pressure pUI

eff,i is the driving pres-
sure. Equation (4.13) is derived in this dissertation for the first time. It is consistent with
experimental results performed by Kizu et al [91]. The first factor on the right-hand side
of equation (4.13) may be considered as the reduced concentration ζ2

r in equation (2.152).
The left-hand plot in figure 2.11 illustrates that it is constant in the surface-limited regime
and described by equation (2.166). However, once the permeation process enters the in-
termediate permeation regime at higher effective pressures, parameter ζ2

r or the first factor
on the right-hand side of equation (4.13) is no longer constant and decreases towards a
diffusion-limited regime. However, at higher effective pressures, in this multi-isotopic
case, the permeation flux no longer depends only on the effective pressure pUI

eff,i but rather
on the values of the individual partial pressures pUI

ii and pUI
ik .

To continue the theoretical analysis, it is now considered that in addition, either the
upstream or the downstream side contains the gas component kH2 with a partial pressure
pkk. The following treatment is based on the assumption that the partial pressures pUI

ik

and pUI
ii are considerably smaller than the partial pressure of the gas component kH2, so

that pkk ≫ pUI
eff,i. This condition leads to a situation in which the interface concentrations

satisfy cUI,i ≪ cUI,k and cDI,i ≪ cDI,k. The less abundant isotope species iH is denoted the
primary species and the more abundant isotope kH is labeled the secondary species. Under
such circumstances, at a metal interface, a iH atom is much more likely to recombine
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with a kH atom to form iHkH than with another iH atom to form iH2 [see equation (2.95)].
Therefore, it is reasonable to neglect the formation of iH2 molecules. As a consequence,
the expressions (4.5) and (4.6) reduce to

J
⊚

net,UI,i = 2σkd,ii pUI
ii + σkd,ik pUI

ik − σkr,ikcUI,icUI,k = f c
UI · Di

cUI,i − cDI,i

d
(4.14)

J
⊚

net,DI,i = f c
DI · Di

cUI,i − cDI,i

d
= σkr,ikcDI,icDI,k (4.15)

with J
⊚

net,DI,i ≡ Jper,i. Combining the equations (4.14) and (4.15) and applying the expres-
sions (4.3) and (4.10) yields the following formula for the downstream permeation flux of
isotope species iH

Jper,i =
f c
DI

f c
UI
·
(︂
2σkd,ii pUI

eff,i − σkr,ikcUI,icUI,k

)︂
= σkr,ikcDI,icDI,k . (4.16)

By taking into account that Jper,i = σkr,ikcDI,icDI,k, a division of equation (4.16) by Jper,i

leads to

Jper,i = 2σkd,ii pUI
eff,i ·

(︄
cUI,i

cDI,i
·

cUI,k

cDI,k
+

f c
UI

f c
DI

)︄−1

. (4.17)

From the equations (4.15) and (2.100) it follows that

cUI,i

cDI,i
·

cUI,k

cDI,k
=

1
f c
DI

σkr,ikd
Di

cUI,k +
cUI,k

cDI,k
=

1
f c
DI

2σkd,ikd
K2

s Di
cUI,k +

cUI,k

cDI,k
. (4.18)

Another consequence of the assumption pkk ≫ pUI
eff,i is that the permeation process of the

isotopes kH can be considered unaffected by the presence of the gas components iHkH and
iH2. Therefore, the permeation of the isotopes kH is determined by the general equations
of mono-isotopic steady state permeation (2.164). Hence, the permeation regime of the
species kH can be assessed with its permeation number Wk. Its definition (2.147) may be
rewritten as follows

Wk =
2σkr,kkd

Dk
Ks
√

pkk =
2σkd,kkd

K2
s Dk

ceq,k =

√︃
mikmk

mkkmi

2σkd,ikd
K2

s Di
ceq,k (4.19)

To set up this expression, the same approximated molecular mass relationship between
different dissociation coefficients is applied as used in equation (4.3). Moreover, it is
applied that Dk ≈ Di

√
mi/mk [see equation (2.66)]. Eventually, inserting equation (4.19)

into equation (4.18) yields

cUI,i

cDI,i
·

cUI,k

cDI,k
=

Wk

f c
DI

√︃
mkkmi

mikmk
·

cUI,k

ceq,k
+

cUI,k

cDI,k
. (4.20)

Both the permeation number Wk and the equilibrium concentration ceq,k = Ks
√

pkk refer
to the upstream or downstream side where the partial pressure of kH2 is high. Substituting
this expression into equation (4.17) and using that mi j = mi + m j provides an alternative
expression of the atomic permeation flux of isotope species iH

Jper,i = 2σkd,ii pUI
eff,i ·

⎛⎜⎜⎜⎜⎝Wk

f c
DI

√︃
2mi

mik
·

cUI,k

ceq,k
+

cUI,k

cDI,k
+

f c
UI

f c
DI

⎞⎟⎟⎟⎟⎠−1

. (4.21)
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At this point, a new quantity is defined, that is the multi-isotopic permeation flux factor

Ψik ≡
Jper,i

2σkd,ii pUI
eff,i

=

⎛⎜⎜⎜⎜⎝Wk

f c
DI

√︃
2mi

mik
·

cUI,k

ceq,k
+

cUI,k

cDI,k
+

f c
UI

f c
DI

⎞⎟⎟⎟⎟⎠−1

. (4.22)

It describes the dependency of the permeation flux of species iH on the concentration
profile of species kH in the bulk, and hence on the partial pressure of the molecules kH2.
According to equation (4.22), the multi-isotopic permeation flux factor is independent
of the effective pressure pUI

eff,i. Substituting Ψik with the corresponding terms in equation
(4.21) yields

Jper,i = Ψik · 2σkd,ii pUI
eff,i . (4.23)

Combining the two equations (4.16) and (4.23) leads to the following relationship

Ψik =
f c
DI

f c
UI
·

⎛⎜⎜⎜⎜⎜⎝1 − kr,ikcUI,icUI,k

2kd,ii pUI
eff,i

⎞⎟⎟⎟⎟⎟⎠ . (4.24)

Inserting the relations (2.100) and (4.3) into equation (4.24) yields an expression for the
upstream interface concentration of species iH

cUI,i =

(︄
1 −

f c
UI

f c
DI
· Ψik

)︄
·

√︃
mik

2mi
·

pUI
eff,i

cUI,k
K2

s . (4.25)

Moreover, from the equations (4.15) and (4.23) it follows that

cDI,i =
Jper,i

σkr,ikcDI,k
= Ψik ·

√︃
mik

2mi
·

pUI
eff,i

cDI,k
K2

s . (4.26)

Since an increase in partial pressure of the gas component kH2 on any of the two sides
causes a rise in both cUI,k and cDI,k [see equation (2.149) and figure 2.11)], the interface
concentrations cUI,i and cDI,i must reduce and the overall content of the isotopes iH in the
bulk decreases [see equations (4.25) and (4.26)].

In the following, it is examined how the permeation regime of the undisturbed per-
meation process of isotope species kH influences the permeation flux of the isotopes iH
from the upstream to the downstream side. Therefore, a new quantity is defined. It is
called the normalized multi-isotopic permeation flux factor Λik and defined by

Λik = Ψik ·

(︄
1 +

f c
UI

f c
DI

)︄
(4.27)

It describes the factor 0 < Λik ≤ 1 by which the permeation flux of isotopes iH in the
presence of isotope species kH differs from a case where no isotopes kH are present in the
system. For parallel membranes, equation (4.29) simplifies to Λik = 2Ψik. Alternatively
the permeation flux of isotopes iH given by equation (4.23) can be expressed by

Jper,i =
Λik

1 + f c
UI/ f c

DI
· 2σkd,ii pUI

eff,i . (4.28)
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4.1.1. Surface-limited multi-isotopic permeation from gas to gas

The surface-limited regime of the considered multi-isotopic permeation process occurs for
permeation numbers Wk ≪ 1, meaning when either the metal surface is not clean or the
partial pressure pkk on the kH2 containing side is low. According to equation (2.166), in
the surface-limited permeation regime of parallel and cylindrical membranes cUI,k ≈ cDI,k.
Considering both limit conditions, equation (4.21) reduces to

Jper,i = Ψik · 2σkd,ii pUI
eff,i , with Ψik =

1
1 + f c

UI/ f c
DI
. (4.29)

Equation (4.29) reveals that in the surface-limited multi-isotopic permeation regime the
permeation flux of the isotopes iH into the downstream side depends neither on the partial
pressure nor on the permeation direction of the dominant gas component kH2. For parallel
membranes where f c

UI = f c
DI = 1, in the surface-limited multi-isotopic permeation regime

the permeation flux factor approachesΨ = 1/2. Moreover, from equation (4.27) it follows
that the normalized multi-isotopic permeation flux factor approaches unity in the surface-
limited multi-isotopic permeation regime so that Λik = 1.

It is important to note that equation (4.29) is identical to equation (4.13). This result
indicates that equation (4.29) holds even if the condition pkk ≫ pUI

eff,i is not satisfied, as
long as the effective pressure pUI

eff,i is low enough so that in a case where pkk = 0 the
permeation process of the isotopes iH would occur in the surface-limited regime.

At higher effective pressures pUI
eff,i where the permeation process of the isotopes iH is

no longer surface-limited, the conditions pkk ≫ pUI
eff,i need to be simultaneously satisfied

in order for equation (4.29) to be valid. If in a situation where Wk ≪ 1 the condition
pkk ≫ pUI

eff,i is not satisfied and the effective pressure pUI
eff,i is relatively high so that the

permeation process of the isotopes iH is no longer surface-limited regime, the permeation
flux of isotope species iH would approach a value smaller than given by equation (4.13).

In the surface-limited regime of the undisturbed permeation process of species kH,
the interface concentrations cUI,k and cDI,k yield from the equations (2.166), (2.149) and
(2.137)

cUI,k ≈ cDI,k ≈

√︄
1

1 + f c
UI/ f c

DI
· Ks ·

√
pkk . (4.30)

By inserting them into the equations (4.25) and (4.26), it is found that in the surface-
limited multi-isotopic permeation regime (Wk ≪ 1) the concentrations of isotope species
iH at the two interfaces follow the relations

cDI,i ≈ cUI,i ≈

√︄
1

1 + f c
UI/ f c

DI
· Ks · pUI

eff,i · p
− 1

2
kk (4.31)

The partial pressure pkk refers to the either pUI
kk or pDI

kk , depending which of the two sides
contains the kH2 gas. The equations (4.30) and (4.31) well demonstrate that in the surface-
limited multi-isotopic permeation regime the concentration profiles of both isotopes in the
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Fig. 4.1. Illustration of the molecular flux contributions in a multi-isotopic co- and counter-
permeation scenario as considered in the presented theoretical study where it is assumed that
isotope species kH is much more abundant in the system than isotope species iH. The image
shows the case of a parallel membrane where f c

UI = f c
DI = 1.

bulk are flat. Moreover, it is found that the interface concentrations cDI,i and cUI,i decrease
with increasing partial pressure pkk.

4.1.2. Counter-permeation from gas to gas

Pure gas-to-gas counter-permeation refers to a scenario in which pDI
kk ≫ pUI

eff,i and pUI
kk = 0.

Therefore, hydrogen isotopes kH are permeating from the downstream side into the up-
stream side, in the opposite direction to the diffusion flow of isotopes iH which permeate
from the upstream side into the downstream side. The upper part of figure 4.1 shows the
flux and partial pressure settings that define a case of pure gas-to-gas counter-permeation
in the case of a parallel membrane, where the concentration profiles in the bulk are linear
and f c

UI = f c
DI = 1. Since it is assumed that the permeation of kH isotopes occurs undis-

turbed, equation (4.21) can be expressed in terms of the defined reduced concentrations
ζr,k = cUI,k/ceq,DI,k and λr,k = cDI,k/ceq,DI,k

Jper,i = Ψik · 2σkd,ii pUI
eff,i , with Ψik =

⎛⎜⎜⎜⎜⎝√︃2mi

mik

Wk

f c
DI
ζr,k +

ζr,k

λr,k
+

f c
UI

f c
DI

⎞⎟⎟⎟⎟⎠−1

. (4.32)

In this chapter, the labels UI and DI refer to the upstream and downstream interfaces of the
primary species iH. The difference between the definitions of the reduced concentrations
of species kH in this section in comparison with their definitions in equation (2.149) is
due to the fact that in a counter-permeation scenario the label DI refers to the upstream
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Fig. 4.2. Normalized multi-isotopic permeation flux factor Λik for a parallel membrane if isotope
species kH is much more abundant in the system than isotope species iH. The plotted curves
represent different algebraic formulas derived in this work that approximately describe the value
of Λik. [Left] Pure counter-permeation scenario. [Right] Pure co-permeation scenario.

interface of the permeation process of isotope species kH which permeates in opposite
direction to the primary species iH.

Serra et al [192] solved the general equation for steady state permeation (2.150), and
thus found the dependency of the reduced concentration ζr on the permeation number in
parallel membranes (2.151) plotted on the left in figure 2.11. Inserting the solution for
ζr into equation (2.148) reveals the dependency of λr on the permeation number, which
is plotted on the right in figure 2.11. Considering these dependencies for the reduced
concentrations ζr,k(Wk) and λr,k(Wk) of the secondary species kH allows uncovering the
relationship between the multi-isotopic permeation flux factor and the permeation number
Wk in parallel membranes, by inserting both reduced concentrations into equation (4.32).
It is plotted in the left graph in figure 4.2 with a solid blue line after being normalized
according to Λik = 2Ψik [see equation (4.27)]. The plot reveals that, as predicted by
equation (4.29), in the surface-limited regime Λik ≈ 1 or Ψik ≈ 1/2. However, it turns
out that in the intermediate regime, the multi-isotopic permeation flux factor declines
with increasing permeation number and approaches zero when Wk → ∞ in the diffusion-
limited regime.

A similar relationship between the multi-isotopic permeation flux factor and the per-
meation number is expected for cylindrical membranes. However, since the general
equation of steady state permeation for cylindrical membranes (2.165) has not yet been
solved, only its limit behavior in the diffusion-limited permeation regime of the counter-
permeating species kH is discussed at this point.

In the diffusion-limited counter-permeation regime where Wk ≫ 1, the reduced con-
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centrations ζr,k and λr,k converge against ζr,k →
√︁

f c
UI/Wk and λr,k → 1 [see equation

(2.167)]. Once again, it is important to remember that in a counter-permeation scenario,
the interface labeled UI is the downstream interface of the counter-permeating isotopes
kH. Substituting the limit expressions of the reduced concentrations into the expression
(4.32) results in

Jper,i = Ψik · 2σkd,ii pUI
eff,i , with Ψik =

⎛⎜⎜⎜⎜⎜⎝√︃2mi

mik

√︁
f c
UIWk

f c
DI

+
f c
UI

f c
DI

⎞⎟⎟⎟⎟⎟⎠−1

. (4.33)

For W → ∞ the second term in the brackets can be neglected. Considering this and
inserting the definition of the permeation number (4.19) gives the dependency of the per-
meation flux Jper,i on the partial pressure pDI

kk in the diffusion-limited counter-permeation
regime

Jper,i =

√︃
mik

2mi

f c
DI√︁

f c
UIWk

·2σkd,ii pUI
eff,i =

f c
DI√︁
f c
UI

·

√
mikmk

mi

√︃
σkd,kkΦk

d
· pUI

eff,i ·
(︂
pDI

kk

)︂− 1
4
. (4.34)

Here, it is used that kd,ii ≈ kd,kk
√

mkk/mii. Hence, in the diffusion-limited counter-permeation
regime, the multi-isotopic permeation flux factor converges against

Ψik =

√︃
mik

2mi

f c
DI√︁

f c
UIWk

. (4.35)

It is important to note that the permeation number (4.19) depends not only on the pressure
pDI

kk but also on the bulk thickness and the values of the temperature-dependent coefficients
Ks and kd,kk. For this reason, at a fix value of pDI

kk , the permeation flux reduction factor Ψik

varies with temperature and wall thickness. After normalization with Λik = 2Ψik, the two
derived diffusion-limited expressions of the multi-isotopic permeation flux factor (4.33)
and (4.35) are plotted in the left graph of figure 4.2 considering a parallel membrane.
The graph reveals that both diffusion-limited expressions converge against the general
solution (solid blue line) derived from Serra’s solution of the general equation for steady
state permeation. Equation (4.33) describes the course of the permeation flux factor more
accurately than equation (4.35).

According to equation (2.167), in the diffusion-limited counter-permeation regime
where of the undisturbed permeation process of isotope species kH from the downstream
into the upstream side where W → ∞ the interface concentrations of species kH approach
cDI,k → ceq,DI,k and cUI,k → ceq,DI,k ·

√︁
f c
UI/Wk. Inserting the equations (2.137) and (4.19)

leads to the expressions

cUI,k =

√︄
f c
UI · Φk

2σkd,kkd
· Ks

(︂
pDI

kk

)︂ 1
4 and cDI,k = Ks

√︂
pDI

kk . (4.36)

Furthermore, substituting the equation (4.35) and (4.36) into the equations (4.25) and
(4.26) yields the approximate upstream and downstream interface concentrations of the
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isotopes iH in the diffusion-limited counter-permeation regime.

cUI,i =

√︃
mik

2mi
· Ks pUI

eff,i ·
(︂
pDI

kk

)︂− 1
2
·

⎡⎢⎢⎢⎢⎢⎢⎣
√︄

2σkd,kkd
f c
UI · Φk

(︂
pDI

kk

)︂ 1
4
−

√︃
mik

2mi

⎤⎥⎥⎥⎥⎥⎥⎦ (4.37)

cDI,i =
mik

2mi

√︄
f c
UI · Φk

2σkd,kkd
· Ks pUI

eff,i ·
(︂
pDI

kk

)︂− 3
4
. (4.38)

The equations show that in the diffusion-limited regime, the downstream concentration
cDI,i is described by a stronger decreasing function cDI,i ∝

(︂
pDI

kk

)︂−3/4
with increasing value

of pDI
kk than in the surface-limited regime where cDI,i ∝

(︂
pDI

kk

)︂−1/2
[see equation (4.31)]. In

contrast, the increase in upstream concentration cUI,i occurs at a lower rate compared to
the surface-limited regime [see equation (4.30)].

A useful quantity to explain the permeation mitigating effect of counter-permeation
is the product of the upstream interface concentrations of both species in the diffusion-
limited counter-permeation regime where W → ∞

cUI,kcUI,i =

√︃
mik

2mi
· K2

s pUI
eff,i −

mik

2mi

√︄
f c
UI · Φk

2σkd,kkd
· K2

s pUI
eff,i ·

(︂
pDI

kk

)︂− 1
4
. (4.39)

It shows that with increasing pressure pDI
kk the recombination flux JUI,r,i = −σkr,ikcUI,icUI,k

of the isotopes iH back into the upstream chamber increases. This occurs even if the
atomic dissociation flux JUI,d,i = 2σkd,ii pUI

eff,i remains constant. According to equation
(4.14), an increased upstream recombination flux at constant effective pressure pUI

eff,i causes
the permeation flux to decrease. This explains the permeation mitigating effect of counter-
permeation.

4.1.3. Co-permeation from gas to gas

In contrast, pure co-permeation occurs if pUI
kk ≫ pUI

eff,i and pDI
kk = 0. As a consequence,

the net diffusion direction of both isotopes is from the upstream into the downstream
side. They co-permeate side-by-side through the metal bulk. The flux configuration
occurring in a pure co-permeation scenario is showcased at the bottom in figure 4.1.
In a co-permeation scenario, the reduced concentrations of the permeation process of
isotope species kH are defined by ζr,k = cDI,k/ceq,UI,k and λr,k = cUI,k/ceq,UI,k. In a co-
permeation scenario, the reduced concentrations of isotope species kH differ from those
in a counter-permeation scenario since the label UI now refers to the upstream interface
of both species. Substituting these definitions into equation (4.21) allows it to be rewritten
as follows

Jper,i ≈ Ψik · 2σkd,ii pUI
eff,i , with Ψik =

⎛⎜⎜⎜⎜⎝√︃2mi

mik

Wk

f c
DI
λr,k +

λr,k

ζr,k
+

f c
UI

f c
DI

⎞⎟⎟⎟⎟⎠−1

. (4.40)

Once again, for the specific case of parallel membranes, the theoretical solutions for
the reduced concentrations ζr,k(Wk) and λr,k(Wk) displayed in figure 2.11 are inserted into
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equation (4.21) which reveals the relationship between the multi-isotopic permeation flux
factor of co-permeation and the permeation number Wk. It is plotted in the right-hand
graph of figure 4.2 with a solid blue line after being normalized. A comparison of the
solid blue lines in the two plots in figure 4.2 shows that the relationships between the
multi-isotope permeation flux factor and the permeation number Wk are very similar in
a counter- and co-permeation scenario. However, in a co-permeation scenario the value
of Ψik starts decreasing at lower permeation numbers and with a steeper negative slope
at the inflection point. This means that at a certain permeation number outside of the
surface-limited regime, the permeation flux factor reduces to much smaller values in a co-
permeation process compared to in a counter-permeation process. This becomes apparent
in figure 4.3 which compares the courses of the normalized permeation flux factors of
both permeation processes in the case of parallel membranes.

In the diffusion-limited co-permeation regime (Wk ≫ 1), where both isotope species
share the same downstream interface, the reduced concentration ζr,k approaches ζr,k →
f c
DI/
√

Wk and λr,k → 1 [see equation (2.167)]. For this reason, in the diffusion-limited
co-permeation regime equation (4.40) simplifies to

Jper,i = Ψik · 2σkd,ii pUI
eff,i , with Ψik =

⎛⎜⎜⎜⎜⎜⎜⎝
√︃

2mi

mik

Wk

f c
DI
+

√︄
Wk

f c
DI
+

f c
UI

f c
DI

⎞⎟⎟⎟⎟⎟⎟⎠
−1

. (4.41)

For W → ∞ the second and third terms in parenthesis become increasingly unimportant
and can be neglected. Eventually, substituting the permeation number with its definition
in equation (4.19) leads to

Jper,i ≈ 2σkd,ii pUI
eff,i

√︃
mik

2mi
·

f c
DI

Wk
= f c

DI ·
Φk

d

√︃
mikmk

2m2
i

· pUI
eff,i ·

(︂
pDI

kk

)︂− 1
2
. (4.42)

In this approximation, the multi-isotopic permeation flux factor converges against

Ψik ≈

√︃
mik

2mi
·

f c
DI

Wk
. (4.43)
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Both diffusion-limited relations of the permeation flux factor (4.41) and (4.43) are plot-
ted in the right-hand graph in figure 4.2 after applying the normalization procedure for
parallel membranes (Λik = 2Ψik). While expression (4.41) describes almost perfectly the
theoretical course of Λik above permeation numbers W2

k > 10, equation (4.41) is in good
agreement with the theoretical solution only when W2

k > 1000.

By comparing the derived algebraic permeation flux relations (4.34) and (4.42) for
the co- and counter-permeation regimes, it is found that in a diffusion-limited counter-
permeation scenario the steady state permeation flux of isotope species iH is proportional
to Jper,i ∝

(︂
pUI

kk

)︂−1/2
while diffusion-limited co-permeation is characterized by Jper,i ∝(︂

pUI
kk

)︂−1/4
. Hence, co-permeating isotopes kH reduce the permeation flux of isotope species

iH more efficiently than counter-permeating isotopes kH.

In contrast to a counter-permeation scenario, due to the reverse permeation direction of
species kH, in the diffusion-limited co-permeation regime the upstream and downstream
interface concentrations of species kH converge against the expressions cUI,k → ceq,UI,k

and cDI,k → ceq,UI,k ·
√︁

f c
DI/Wk. With the equations (2.137) and (4.19) this yields

cUI,k = Ks

√︂
pUI

kk and cDI,k =

√︄
f c
DI ·

Φk

2σkd,kkd
· Ks

(︂
pUI

kk

)︂ 1
4
. (4.44)

Analogously to the equations (4.37) and (4.38), one obtains the interface concentra-
tions of isotope species iH for the diffusion-limited regime of co-permeation by inserting
the expressions (4.43) and (4.44) into the equations (4.25) and (4.26)

cUI,i =

√︃
mik

2mi
· Ks pUI

eff,i ·
(︂
pUI

kk

)︂− 1
2
·

[︄
1 −

√︃
mik

2mi

f c
UI · Φk

2σkd,kkd
·
(︂
pUI

kk

)︂− 1
2

]︄
(4.45)

cDI,i =
mik

2mi

√︄
f c
DI · Φk

2kd,kkd
· Ks pUI

eff,i ·
(︂
pUI

kk

)︂− 3
4
. (4.46)

A comparison of the equations (4.38) and (4.46) shows that in the co- and the counter-
permeation diffusion-limited regimes, the downstream interface concentrations of the iso-
topes iH are described by the same pUI

kk dependent function. It can be seen that both the
upstream and downstream interface concentrations of the isotopes iH decrease at a slower
rate with increasing partial pressure pUI

kk than in the surface-limited regime.

Consequently, the product of both upstream concentrations yields

cUI,kcUI,i =

√︃
mik

2mi
· K2

s pUI
eff,i −

mik

4mi

f c
UI · Φk

σkd,kkd
· K2

s pUI
eff,i ·

(︂
pUI

kk

)︂− 1
2
. (4.47)

As it is the case for diffusion-limited counter-permeation, the product of the two con-
centrations cUI,kcUI,i, and thus the probability for a recently dissociated isotope iH to
recombine with an isotope kH and return back into the upstream interface, rises with
climbing partial pressure pDI

kk . For this reason, the upstream atomic recombination flux
into the upstream side JUI,r,i = −σkr,ikcUI,icUI,k increases. At constant pressure pUI

eff,i, this
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causes the permeation flux of the isotopes iH to decrease which explains the permeation
flux-reducing effect of co-permeation [see equation (4.14)]. However, in contrast to the
counter-permeation scenario, in the diffusion-limited co-permeation regime the upstream
concentration of isotope species iH increases stronger with rising pressure pUI

kk than in the
surface-limited regime. Therefore, also the recombination flux into the upstream side in-
creases at a higher rate with increasing partial pressure pUI

kk . This is why co-permeation
exhibits a more intense permeation flux mitigating effect than counter-permeation.

Three important algebraic equations (4.29), (4.33) and (4.41) could be derived within
the scope of this work that describe the permeation flux of the primary species iH as a
function of the partial pressure pkk of the secondary species for the surface-limited regime
and for the diffusion-limited co- and counter-permeation regimes. Strongly reduced ver-
sions of these equations were formulated in a previous theoretical assessment performed
by Waelbroeck et al [170]. In contrast to the previous study, the algebraic equations
of gas-to-gas multi-isotopic permeation derived in this work include several new terms
and are based on much less simplifying assumptions. The new equations are general-
ized for cylindrical permeation membranes and take into account the mass difference
between different isotopes. Moreover, by introducing the concept of the effective pres-
sure in this work, the derived equations are applicable to systems containing a mix of all
three molecules iH, iHkH and kH while the much more simplified model by Waelbroeck
et al is only valid in systems involving merely the two molecular species iHkH and kH.
The performed modifications in this work are of significant importance since in any re-
alistic multi-isotopic scenario isotope exchange reactions lead to the coexistence of all
three molecular species. The derived algebraic equations (4.29), (4.33) and (4.41) will be
validated in section 5.3.

Furthermore, for the first time in this work, the solution (2.151) of the general equation
of steady state permeation calculated by Sierra et al has been applied to an analytical
multi-isotopic permeation model. Thus, it was possible to derive and plot the theoretical
relationships (4.32) and (4.40) between the permeation flux of the isotopes iH and the
permeation number of the co- or counter-permeating isotopes kH for the case of parallel
membranes which are plotted in figure 4.2.

4.1.4. Isotope-limited permeation from gas to gas

Given that pkk ≫ pUI
eff,i, there is a special case of multi-isotopic gas-to-gas permeation, that

allows deriving an algebraic formula for the permeation flux of species iH which is valid
in the entire partial pressure range of the molecular species kH. It is here referred to as
isotope-limited permeation which is theoretically studied for the first time in this thesis.

In an isotope-limited permeation scenario, the partial pressure of the gas component
kH2 is equal on both sides of the membrane, such that pkk ≡ pUI

kk = pDI
kk . Consequently,

the isotopes kH dissolved in the metal bulk must be in chemical equilibrium with the
gaseous upstream and downstream sides. According to the Sieverts’ law, this implies that
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ceq,UI,k = ceq,DI,k = cUI,k = cDI,k = Ks
√

pkk. Consequently, equation (4.21) transforms to

Jper,i = Ψik · 2σkd,ii pUI
eff,i , with Ψik =

⎛⎜⎜⎜⎜⎝ 1
f c
DI

√︃
8mi

mik

σkd,kkd
Φk

√
pkk + 1 +

f c
UI

f c
DI

⎞⎟⎟⎟⎟⎠−1

. (4.48)

It can be seen that the permeation flux of the primary species reduces with increasing
partial pressure pkk. Furthermore, it is found that with increasing partial pressure pkk the
equation (4.48) converges against relation (4.41) of diffusion-limited co-permeation.

The example of isotope-limited permeation demonstrates that the flux-reducing effect
of multi-isotopic gas-to-gas permeation originates from the sheer presence of the sec-
ondary species kH in the system. A higher concentration cUI,k in the subsurface of the
upstream interface increases the recombination flux JUI,r,i = −σkr,ikcUI,icUI,k of isotopes
iH back into the upstream side. According to equation (4.14), it thus lowers the concen-
tration and the permeation flux of species iH into the downstream side. A concentration
gradient of the secondary species kH, as it is present in the co- and counter-permeation
case, merely reduces or increases this effect. The left-hand graph in figure (4.3) contains
a plot showing the relationship between the normalized multi-isotopic permeation flux
factor of isotope-limited permeation in parallel membranes (Λik = 2Ψik) and the permea-
tion number Wk, which is obtained by inserting the definition of the permeation number
(4.19) into equation (4.48). The plot shows that the permeation flux-reducing effect of
isotope-limited permeation is stronger than that of diffusion-limited counter-permeation
but slightly weaker than that of diffusion-limited co-permeation (see figure 4.3). However,
the curves of the multi-isotopic permeation flux factor of the co-permeation and isotope-
limited scenarios follow a very similar path. Hence, equation (4.48) may be used as a for-
mula to algebraically estimate the occurring permeation flux reduction in a co-permeation
process for any permeation number Wk. The physical mechanisms of multi-isotopic gas-
to-gas permeation are further discussed in section 5.3.

Figure 4.4 compares the courses of the normalized multi-isotopic permeation flux
factor of a parallel membrane with those of cylindrical membranes of different ratios
rout/rin = 1.5 and rout/rin = 3. It can be seen that even if the thickness of the membrane
is as much as half of the inner radius (rout/rin = 1.5), the relationship between Λik and
Wk is almost identical to that of a parallel membrane. Therefore, it is to expect that
also in a co- or counter-permeation scenario, the relationships between Λik and Wk of
cylindrical membranes do not differ much from the known theoretical courses of Λik(Wk)
of parallel membranes shown in figure 4.2. However, if the ratio rout/rin is even higher a
noticeable difference from the case of a parallel membrane can be observed (see the plot
for rout/rin = 3 in figure 4.4).

4.1.5. Multi-isotopic permeation at elevated concentrations

Another effect of multi-isotopic permeation arises if the total bulk concentration ctot =∑︁
i ci of the isotopes involved in the permeation process is well above the range of validity
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Fig. 4.4. Normalized multi-isotopic permea-
tion flux factor for the case of isotope-limited
permeation calculated using the derived alge-
braic equation (4.48). The different curves
represent a parallel membrane and different
cylindrical membranes.

of the Sieverts’ law. One might imagine a case in which isotopes of species iH permeate
from the upstream into the downstream side at a low driving pressure pUI

eff,i and with a
low bulk concentration profile ci(z). In addition, one or both sides of the membrane are
exposed to a very high partial pressure pkk of the gas component kH2 leading to a bulk
concentration profile ck(z) high enough to noticeably reduce the number of available in-
terstitial sites the permeating isotopes iH can jump into. Equation (2.63) reveals that if the
total bulk coverage θb,tot =

∑︁
i θb,i [see definition in equation (2.34)] is sufficiently high,

the factor (1− θb,tot) appearing in the expression of the intrinsic diffusion coefficient [147]
is considerably smaller than unity and therefore not negligible. According to Fick’s first
law (2.67), the diffusion flux of the isotopes iH is proportional to the diffusion coefficient
and likewise to the factor (1 − θb,tot). Hence, even if ci is small, the permeation flux of the
isotopes kH might be strongly reduced if the concentration ck in the bulk is high.

Furthermore, a high total bulk concentration of isotope species kH is accompanied by
an even greater areal surface concentration νk. Equation (2.88) reveals that a high surface
coverage θc reduces the dissociation flux of the isotopes iH on the upstream side by a
factor (1 − θc)2. Both the decrease in diffusion flux and the decrease in dissociation flux
result in a reduced permeation flux of the isotopes iH into the downstream chamber [see
equation (4.14)]. Since the surface concentration of interstitial solutes in metals is usually
much higher than the bulk concentration [180], it is reasonable to assume that the blocking
of surface sites by the isotopes kH reveals its permeation mitigating effect at considerably
lower partial pressures pkk than the blocking of interstitial sites in the bulk.

Nevertheless, the permeation phenomena studied in this work involve merely en-
dothermic iron-based hydrogen absorbers with a very low hydrogen solubility. In these
materials, the studied pressure conditions are not high enough to cause bulk concentra-
tions which would lead to the discussed high-concentration isotope effects. These effects
would however play a significant role in multi-isotopic gas-to-gas permeation scenarios
through exothermic hydrogen absorbing metals such as yttrium, palladium or vanadium.
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Fig. 4.5. Simplified flux contributions in a multi-isotopic permeation scenario from flowing liquid
metal through a plane metal bulk into water.

4.2. Theoretical study of multi-isotopic permeation from liquid metal to water

Another multi-isotopic permeation scenario examined in this theoretical study is the per-
meation of isotope species iH from flowing liquid metal through a metal membrane into
water. Again, it is assumed that a secondary isotope species kH is present in the system.
The steady state flux configuration and permeation profile of such a permeation process
is presented in figure 4.5 for the case of a parallel membrane.

Similar to the discussed multi-isotopic gas-to-gas permeation scenario, steady state
permeation is characterized by the establishment of constant interface concentrations of
the two isotopes in the bulk, as long as the mass transfer coefficient of the liquid metal
flow, the hydrogen isotope concentrations in the liquid metal and the concentrations of
hydrogen isotope containing molecules in the water remain constant. As is the case for
multi-isotopic gas-to-gas permeation, the establishing steady state concentration profiles
of both isotopes follow straight lines described by equation (2.134) if the membrane is
parallel and non-straight lines described by equation (2.158) if the membrane is cylin-
drical. Applying the laws of hydrogen transport across metal-metal interfaces derived
in section 2.2.3 and respecting mass continuity across interfaces leads to the following
expressions

J
⊚

net,UI,i = αMT

(︂
cLM

CF,i − cLM
UI,i

)︂
= αMT

(︂
cLM

CF,i − cSM
UI,iK

SM−LM
D,0,i

)︂
= f c

UID
SM
i

cSM
UI,i − cSM

DI,i

d
(4.49)

J
⊚

net,DI,i = f c
DID

SM
i

cSM
UI,i − cSM

DI,i

d
= σ ·

[︄
2kr,ii

(︂
cSM

DI,i

)︂2
+ kr,ikcSM

DI,ic
SM
DI,k − 2

kd,iicw
ii

KH,ii
−

kd,ikcw
ik

KH,ik

]︄
(4.50)
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where DSM
i is the diffusion coefficient of isotope species iH in the solid metal membrane.

The two equations describe the steady state atomic net flux of isotope species iH in the
presence of isotope species kH at both interfaces of a cylindrical membrane. To set up
these equations, it is considered that boundary condition (2.51) is satisfied in an infinites-
imal segment crossing the liquid-solid metal interface (see section 2.2.3). Moreover, the
dissociation fluxes (2.88) at the water-metal interface are expressed with regards to the
molecular concentrations in the water by making use of the Henry’s constant [see equa-
tion (2.109)]. The nature of the cylindrical geometry of the membrane is represented by
the conversion factors f c

UI and f c
DI according to the equations (2.160) and (2.161). In the

limit of parallel membranes f c
UI = f c

DI = 1 and J
⊚

net,UI,i = J
⊚

net,DI,i. Again, the following

discussion uses the notation Jper,i ≡ J
DI
per,i.

The following theoretical study is built on the single assumption that cw
ii = cw

ik = 0.
For the sake of lucidity, the following equations are expressed by means of an effective
concentration, defined by

ceff ≡ cSM
DI,i +

√︃
mii

mik
cSM

DI,k (4.51)

Consequently, taking into account the relations (2.100), (2.162), (4.3) and the definition
Jper,i ≡ J

⊚

net,DI,i, a combination of the equations (4.49) and (4.50) results in the following
approximated expression for the permeation flux into the downstream water side.

Jper,i = f c
DI · D

SM
i

cSM
UI,i − cSM

DI,i

d
=

f c
DI

f c
UI
·
(︂
αMT · cLM

CF,i − αMTcSM
UI,iK

SM−LM
D,0,i

)︂
≈ 2σkr,iicSM

DI,iceff (4.52)

It can be seen that when assuming cw
ii = cw

ik ≈ 0, the permeation flux is equal to the atomic
recombination flux of species iH at the water-metal interface. It is represented by the term
on the right-hand side of the last equal sign in equation (4.52).

According to equation (4.51), an increase in the concentration cSM
DI,k leads to a rise in

effective concentration ceff . Since Jper,i = 2σkr,iicSM
DI,iceff, a rise in the value of cSM

DI,k causes
an increase in permeation flux of species iH into the water. A useful mathematical ob-
servation of this effect suggests expressing the permeation flux of species iH as a direct
function of the concentrations cLM

CF,i, cLM
CF,k and cw

kk. This is possible for certain limit condi-
tions and the objective of this theoretical investigation. A division of relation (4.52) by
Jper,i = 2σkr,iicSM

DI,iceff yields

Jper,i = cLM
CF,i ·

⎡⎢⎢⎢⎢⎢⎣ f c
DI

f c
UI
·

1
αMT
+

KSM−LM
D,0,i

2σkr,ii
·

cSM
UI,i

cSM
DI,i · ceff

⎤⎥⎥⎥⎥⎥⎦−1

. (4.53)

Moreover, a transformation of the right equation (4.52) leads to

cSM
UI,i

cSM
DI,i · ceff

=
1
f c
DI

2σkr,iid
DSM

i

+
1

ceff
. (4.54)

Finally, substituting equation (4.54) into equation (4.53) allows writing an expression for
Jper,i as a function of the effective concentration in the solid metal at the water-metal
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interface.

Jper,i = cLM
CF,i ·

⎡⎢⎢⎢⎢⎢⎣ f c
DI

f c
UI
·

1
αMT
+

KSM−LM
D,0,i
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·

(︄
1
f c
DI

2σkr,iid
DSM

i

+
1

ceff

)︄⎤⎥⎥⎥⎥⎥⎦−1

. (4.55)

4.2.1. Mono-isotopic permeation from liquid metal to water

In case no isotope species kH is present in the system cSM
DI,k = 0 and ceff = cSM

DI,i. Then, the
last equal sign in equation (4.52) reduces to

Jper,i = 2σkr,ii

(︂
cSM

DI,i

)︂2
. (4.56)

An expression for the downstream interface concentration cSM
DI,i as a function of the con-

centration cLM
CF,i in the core of the liquid metal flow is obtained by combining equation

(4.55) and equation (4.56)

cSM
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⎤⎥⎥⎥⎥⎥⎥⎥⎦ (4.57)

Substituting this expression into equation (4.56) yields the following algebraic formula
for the mono-isotopic permeation flux of species iH from flowing liquid metal into the
water considering that cw

ii = cw
ik ≈ 0.
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2

(4.58)

It is important to note that this algebraic formula for the steady state mono-isotopic
permeation flux is also valid for a permeation process from flowing liquid metal to vac-
uum. Therefore, it should be considered an important formula for the development of
tritium extraction systems or hydrogen isotope concentration sensors based on the per-
meation to vacuum technology [101], [217].

4.2.2. Counter-permeation from liquid metal to water

As it is the case for multi-isotopic gas-to-gas permeation, the presence of isotope species
kH noticeably affects the permeation process of isotope species iH from liquid metal to
water. This influence of multi-isotopic transport is especially strong when the mole num-
ber of isotope species kH in the system is considerably higher than that of isotope species
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iH, meaning that cSM
DI,k ≫ cSM

DI,i. In such a case, ceff ≈ cSM
DI,k and equation (4.55) can be

approximated by

Jper,i = cLM
CF,i ·
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. (4.59)

As expected, with increasing concentration cSM
DI,k the permeation flux Jper,i climbs and con-

verges against the relation

Jper,i = cLM
CF,i ·

(︄
f c
DI

f c
UI
·

1
αMT
+ KSM−LM

D,0,i ·
d

f c
DID

SM
i

)︄−1

. (4.60)

Since increasing any of the two concentrations cLM
CF,k and cw

kk increases the interface con-
centration cSM

DI,k, both a co- and a counter-permeation process of isotope species kH would
lead to a rise in the permeation flux of species iH.

First, it is assumed that isotope species kH is counter-permeating from the water into
the liquid metal, contrary to the primary permeation direction of the isotopes iH. A pure
counter-permeation scenario occurs if cLM

CF,i > 0, cw
kk > 0 and cLM

CF,k = 0. Moreover, it
is considered that cw

kk is sufficiently high such that the establishing bulk concentrations
satisfy cSM

DI,k ≫ cSM
DI,i. Consequently and according to equation (4.50), the flux balance

for isotope species kH at the water-metal downstream interface takes the reduced form
(assuming that cw

ik ≈ 0)

f c
DI · D

SM
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DI,k

d
= 2σkr,kk

(︂
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)︂2
− 2σkd,kk

cw
kk

KH,kk
. (4.61)

By applying the equations (2.109) and (2.137) the equilibrium concentration at the
water-metal interface may be written as

cSM
DI,eq,k = Ks,kk

√︄
cw

kk

KH,kk
, (4.62)

By inserting the equilibrium concentration into equation (4.61), a similar relationship can
be found as expressed in equation (2.138)(︂

cSM
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)︂2
≈
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Since counter-permeation is characterized by the condition cSM
DI,k > cSM

UI,k, it follows from
equation (4.63) that cSM

DI,k < cSM
DI,eq,k. With equation (4.62) this further implies that for high

values of cw
kk the second term in the parenthesis of equation (4.63) approaches zero and

cSM
DI,k converges against cSM

DI,eq,k. Hence, in a counter-permeation scenario in which cw
kk is

sufficiently high, the permeation flux of isotope species iH into the water (4.59) can be
approximated by the algebraic equation
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4.2.3. Co-permeation from liquid metal to water

Pure co-permeation of both isotope species from flowing liquid metal into water is defined
through the conditions cLM

CF,i > 0, cLM
CF,k > 0 and cw

kk = 0. If in such a situation cLM
CF,k ≫ cLM

CF,i

the permeation process of isotopes kH into the water proceeds practically undisturbed
by the presence of isotopes iH. Then, the permeation of species kH can be treated as a
mono-isotopic permeation process and the downstream interface concentration cSM

DI,k can
be expressed with equation (4.57), substituting index k for the index i. Hence, if cLM

CF,k ≫

cLM
CF,i the permeation flux of isotope species iH into the water can be approximated with

equation (4.59) by inserting relation (4.57) as an expression for cSM
DI,k.
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. (4.65)

It can be seen that with increasing concentration cLM
CF,k, this algebraic formula of the per-

meation flux of the isotopes iH in a co-permeation from liquid metal to water when
cLM

CF,k ≫ cLM
CF,i converges against the maximum permeation flux expressed by equation

(4.60).

The same algebraic co-permeation formula is valid to approximate the permeation
flux of isotope species iH from liquid metal to vacuum when cLM

CF,k ≫ cLM
CF,i.
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5. MODELING OF MULTI-ISOTOPIC PERMEATION IN DEMO

The theoretical study of multi-isotopic permeation through a metal membrane in chap-
ter 4 suggests that co- and counter-permeating protium would have a significant effect on
the escape of tritium from the breeder into the coolant of an HCPB (gas-to-gas permea-
tion) or WCLL (liquid metal-to-water permeation) breeding blanket. Nonetheless, the
relationships obtained in chapter 4 are the result of several simplifying assumptions and
therefore do not provide sufficient information to evaluate the consequences of different
protium concentrations in the corresponding breeder fluid and coolant flow. This requires
a more in-depth focus on the geometry, material and application-specific conditions of
both WCLL and HCPB blanket designs.

5.1. EcosimPro© hydrogen transport simulation tool

The example of mono-isotopic gas-to-gas permeation through a flat sheet presented in
section 2.3 demonstrates, that even the simplest permeation environment exceeds the
maximum level of complexity that would allow the calculation of the time-evolving hy-
drogen permeation flux in the non-steady state to be performed analytically. This is in
part due to the fact that Fick’s differential diffusion equation (2.68) has analytical solu-
tions only under very specific geometric and predetermined boundary conditions [165].
Hydrogen transport in breeding blanket environments occurs in a system of multiple inter-
connected solid and liquid media with different geometries, temperatures, and material-
specific transport coefficients where chemical reactions take place. A system of coupled
partial differential equations must be solved to simulate the temporal evolution of the
concentration profiles and isotope fluxes in such environments, making an analytical ap-
proach impossible. For this reason, obtaining information about multi-isotopic transport
effects in WCLL and HCPB breeding blankets relies on the development of numerical
finite-difference hydrogen transport models.

For this purpose, the simulation tool EcosimPro© is used in this thesis [218]. It is an
object-oriented programming software capable of solving large systems of linear/non-
linear algebraic and coupled differential equations. To do this, EcosimPro© uses the
DASSL algorithm [219], which employs the Newton-Raphson method combined with
the Backward Differentiation Formula (BDF). When working with EcosimPro©, the in-
ternal BDF method is used to solve the time evolution of a physical quantity by repeatedly
integrating the corresponding time derivative of the differential equation that describes it.
Therefore, the time is discretized with a user-defined time step ∆t. For the numerical treat-
ment of multivariable partial differential equations such as Fick’s second law (2.68), it is
necessary to manually define the finite difference method of the second discretized vari-
able. As the diffusion equation suggests, in this thesis the manually discretized variable is
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Fig. 5.1. Layer structure of components in EcosimPro©. Each component is described by a code
containing a set of equations describing its physics. Linked components can be grouped to form
higher-level components represented by an individual symbol. This picture shows the component
structure of the created higher-level pipe flow component.

the location. EcosimPro© permits the user to group sets of equations into separate com-
ponents, each of them describing the physics of a separate subsystem with an individual
source code (see figure 5.1). The developed components are graphically represented by a
symbol. Input and output ports allow components to communicate dynamically, meaning
that each component shares values of certain variables with directly coupled components,
where they are treated as input values. The set of shared variables is determined by the
type of port used for transmission. To simplify the creation of larger systems, clusters of
components can be grouped and represented by higher-level parent components with their
own input and output ports. This makes it possible to create flowcharts of macroscopic
physical systems such as experiments or chemical plants. The hierarchical component
layer structure of EcosimPro© is shown in figure 5.1.

The symbols of the components used for the hydrogen transport simulations presented
in this chapter are shown in figure 5.2. They have been developed in the past by the tritium
modeling group of Ciemat in collaboration with the company Empresarios Agrupados
and are based on previously developed codes of the EcosimPro© tritium transport library
[113]. EcosimPro© simulations performed with earlier versions of these components have
been experimentally validated in the LIBRETTO experimental captain [220].

More recently, the hydrogen transport equations used in the developed components
have been extended to the simultaneous transport of multiple isotopes [78]. The con-
sequences of this extension are therefore still little explored numerically. In general,
the presented components contain the physical equations of hydrogen transport in di-
lute metal-hydrogen solutions introduced in chapter 2 of this thesis expressed in finite
difference form. They are described in the following.
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Fig. 5.2. Graphical representation of different EcosimPro© components.

Ports

Two types of ports are used to transmit variable values between the inputs and outputs of
connected components (see symbols in figure 5.2). The flow port (blue circle) forwards
the variables cs, T , p, ṁ and the diffusion port (purple circle) the variables ci, Ks,i, T , Js,
A. Of these variables, ṁ labels the mass flow rate of a fluid and A the surface area through
which the particle fluxes Js occur. In the following, the input and output variables of
the flow and diffusion ports are referred to by the indexes f.IN, f.OUT and d.IN, d.OUT,
respectively.

Flow material component

The flow material component shown in the top left-hand corner of figure 5.2 describes
the transport of hydrogen isotopes in flowing liquid metal, water, steam, or gas. In this
work, it is assumed that in fluid media the concentration of isotopes and molecules is
homogeneous in the perpendicular direction to the flow velocity (except in the boundary
layer of a liquid metal flow which is treated as a separate component). Hence, it is suffi-
cient to calculate the temporal and spatial variation of the concentration of each species
in one dimension, that is in the direction of the fluid flow, the y-axis. Therefore, the flow
component is discretized into M segments, with ∆y being the discretization length and
lflow = M∆y the length of the entire flow section. The method of discretization along the
y-axis is illustrated in figure 5.3. The variation of the different concentrations in any of
the considered fluids is described by the mass continuity equation (2.76). Considering
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Fig. 5.3. Illustration of the discretization in a cylindrical flow component along the direction of
the fluid motion. In addition, the image shows the discretization of a surrounding material wall
component in the perpendicular direction to the fluid flow.

that there is no concentration gradient perpendicularly to the flow direction, it reduces to

∂cs (t, y)
∂t

= −∇⃗
[︁
cs (t, y) · u⃗ (y)

]︁
+ ςs = −

∂
[︁
cs (t, y) · u (y)

]︁
∂y

+ ςs . (5.1)

In the flow component, this equation is represented by its numerical finite-difference form

∂cs (t, ym)
∂t

= −F ·
cs (t, ym−1) − cs (t, ym)

Acs∆y
+

4∑︂
n=1

Jn
s (t, ym) An

Acs∆y
+

+ ςex
s (t, ym) + ςw

s (t, ym) + ςgen
s (t, ym) . (5.2)

As mentioned above, solving the temporal part of this differential equation is executed in-
ternally by EcosimPro© while the spatial discretization is performed manually and solved
in a forward loop after each time step. For the treatment of the first trap segment the con-
centration cs (t, ym−1) is replaced by the input concentration cf.IN

s (t). The concentration at
the outlet port is defined as cs (t, yM) = cf.OUT

s (t). Parameter F = uAcs is the volume flow
rate and Acs the cross section of the fluid flow. The volumetric flow rate is related to the
mass flow rate by ṁ = Fρfluid. In this work, it is assumed that the flow rate is constant in
each flow component.

For the numerical expression of equation (5.1), the source term ςs is substituted by
four terms. The first describes outlet particle fluxes Jn

s (t, ym) = J d.OUT,n
s (t, ym) of species

s which causes growth or reduction in the number of particles in the corresponding flow
segment. The created component offers the possibility to describe four different particle
fluxes Jn

s (t, ym) crossing four default surface areas An per trap segment. The fluxes are
treated as particle sources or sinks since they are assumed to be perpendicular to the sur-
face of the fluid flow. To convert the fluxes into a rate of entering or leaving particles per
trap segment they are multiplied with the corresponding surface area An before being di-
vided by the volume of a flow segment. The flow component describes an axis-symmetric
fluid flow with a homogeneous cross-section Acs.
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The second and third source terms describe the rates of formation ςex
s (t, ym) and

ςw
s (t, ym) of species s. For isotope exchange reactions between diatomic hydrogen gas

molecules, the source terms are described by the equations (2.104)-(2.106) and for those
between hydrogen molecules and water molecules by the equations (2.123)-(2.128). The
last term represents an arbitrary generation rate ςgen

s which represents hydrogen isotope
generation in a liquid metal flow. As visible in figure 5.3, the flow component has an input
flow port, an output flow port, and five diffusion ports. In fact, the diffusion ports consist
of M ports, one for each discretized segment in the y-direction. While the flow ports can
be connected to a mixer, a splitter, or other flow components, four of the diffusion ports
may be linked to components that determine the fluxes Jn

s crossing the surfaces An. The
fifth diffusion port is used to describe an internal particle source or sink. The concen-
trations cs (t, ym) are equal to the output concentrations cd.OUT

s (t, ym) at the five diffusion
ports.

Splitter and Mixer components

A splitter component enables separating a fluid flow described by a flow component into
two separate flows with different mass flow rates. In order to not violate mass conservation
the inlet mass flow rate and the two outlet mass flow rates fulfill the relations ṁf.OUT1 =

fsp · mf.IN and ṁf.OUT2 = (1 − fsp) · ṁIN. Parameter 0 ≤ fsp ≤ 1 describes the mass flow
fraction each outlet receives. All other flow port variables do not change between the
inlet and outlet ports of the splitter. The mixer component unites two inlet flows into a
single outlet flow. Mass continuity requires ṁf.IN1 + ṁf.IN2 = ṁOUT. The mixed outlet
concentration is calculated according to

cf.OUT
s (t) =

ρfluid

(︂
T f.OUT, pf.OUT

)︂
ṁf.OUT ·

[︄
cf.IN1

s (t) · ṁf.IN1

ρfluid
(︁
T f.IN1, pf.IN1)︁ + cf.IN2

s (t) · ṁf.IN2

ρfluid
(︁
T f.IN2, pf.IN2)︁]︄ . (5.3)

Assuming equal heat capacities the temperature of the mixed fluids is determined through

T f.OUT =
T f.IN1ṁf.IN1 + T f.IN2ṁf.IN2

ṁf.OUT . (5.4)

Divider and Multiplier components

Divider components are used to split a fluid flow component into Nsplit flows with the same
mass flow rate. It changes the mass flow rate of the output port according to the relation
ṁf.OUT = ṁf.IN/Nsplit. The multiplier component unites Nsplit equal flows to one flow such
that ṁf.OUT = Nsplit · ṁf.IN. Both components maintain all other flow port variables equal.

Particle extraction system component

This component lowers the input concentration of any of the flowing hydrogen isotope-
containing molecules by an arbitrary factor which determines the extraction efficiency
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ηTES,s of species s by cf.OUT
s = (1− ηTES,s) · cf.IN

s . All other flow variables remain the same.

Feeding pump component

With the feeding pump component, it is possible to fix a certain mass flow rate and pres-
sure of a flow system at the position of the pump output. Furthermore, it allows setting
the output concentration of any species s to a certain value independent of its input con-
centration. Those species whose concentrations are not supposed to be changed by this
component can be left untouched.

Mass transfer interface component

The mass transfer interface component contains the physics of the boundary layer in a
liquid metal flow described in subsection 2.2.3. It is connected to the diffusion output
ports of a flow material component in case it describes a liquid metal flow. The diffusion
port input variables of a mass transfer interface component are equal to those at the output
port. Nevertheless, it imposes the following additional condition for the atomic hydrogen
isotope fluxes and concentrations at both ports

J d.IN
i (t, ym) = J d.OUT

i (t, ym) = αMT (ym)
[︂
cd.OUT

i (t, ym) − cd.IN
i (t, ym)

]︂
. (5.5)

Metal-metal interface component

The boundary conditions at the interface between two metals are introduced by the metal-
metal interface component. This can be two solid metals or a liquid metal flowing past
a solid metal wall. As explained in subsection 2.2.3, in addition to mass conservation
across an interface which is represented by J d.IN

i (t, ym) = J d.OUT
i (t, ym) the assumption

of continuous thermodynamic equilibrium inside of an infinitesimal layer across a metal-
metal interface implies

cd.IN
i (t, ym) =

Kd.IN
s,i

[︂
T d.IN (ym)

]︂
Kd.OUT

s,i
[︁
T d.OUT (ym)

]︁ · cd.OUT
i (t, ym) . (5.6)

All other variables remain unchanged.

Wall material component

In this work, the wall material component represents a metal bulk of thickness d. It has
an inlet and an outlet diffusion port and contains the physical laws which describe the
temporal evolution of the hydrogen isotope concentration profile in the perpendicular di-
rection to the metal surface. A boolean switch embedded in the component algorithm
offers the user to choose between a parallel wall or a cylindrical wall. For parallel walls,
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the diffusion axis perpendicular to the metal surface is the Cartesian z-axis and for cylin-
drical walls the radial r-axis. Figure 5.3 illustrates the discretization of a cylindrical wall
material around a flow material into Q segments with Q + 1 spatial nodes. Depending on
the wall geometry the length of the discretization step is either ∆z = d/Q or ∆r = d/Q. It
becomes apparent that each of the segments of the flow material arranged in y-direction
represents a separate channel for diffusing isotopes in r or z-direction. To some extent,
this allows describing the transport of hydrogen isotopes in two dimensions. However,
the two-dimensional transport description is limited since the model does not consider
the diffusion of hydrogen isotopes in y-direction inside of the bulk material.

As explained in section 2.2.1, the temporal evolution of the isotope concentration
profile in metal is described by Fick’s second law (2.68). Since the nabla operator ∇⃗ in
Cartesian coordinates differs from its definition in cylindrical coordinates, two different
finite-difference expressions of Fick’s second law are used

∂ci

(︂
t, ym, zq

)︂
∂t

= −
Ji

(︂
t, ym, zq+1

)︂
− Ji

(︂
t, ym, zq

)︂
∆z

+ ςs

(︂
t, zq

)︂
(Cartesian) (5.7)

∂ci

(︂
t, ym, rq

)︂
∂t

= −
rqJi

(︂
t, ym, rq+1

)︂
− rqJi

(︂
t, ym, rq

)︂
rq∆r

+ ςs

(︂
t, zq

)︂
(cylindrical) . (5.8)

In the drawing of figure 5.3 it can be seen that ci(t, ym, rq) is defined as the hydrogen
isotope concentration present between two nodes rq and rq+1 and Ji(t, ym, rq) stands for
the hydrogen isotope flux crossing the node rq. The atomic fluxes across the surfaces
of the metal wall are equal to the input and output fluxes Ji(t, ym, r1) = J d.IN

i (t, ym) and
Ji(t, ym, rQ+1) = J d.OUT

i (t, ym). The same applies to the z-direction of a wall material com-
ponent in Cartesian coordinates. Parameter ςs

(︂
t, zq

)︂
has the unit [mol m−3 s−1] and serves

as a sink or source term for hydrogen isotopes within the material bulk. Unless otherwise
noted, it is assumed to be zero for the simulations in this work.

There is the possibility that the input and output surfaces of each segment of the wall
material in y-direction are kept at different temperatures T d.IN (ym) and T d.OUT (ym). Re-
gardless of the geometry of the component, the temperatures of the segments within the
wall material are approximated by a linear straight line

T
(︂
ym, zq

)︂
= T

(︂
ym, rq

)︂
= T d.IN +

q − 1
Q

[︂
T d.OUT (ym) − T d.IN (ym)

]︂
. (5.9)

Fick’s first law (2.67) relates the flux values to the concentration gradients in the bulk.
For dilute solutions (D ≈ D) the finite difference expression of Fick’s first law writes

Ji

(︂
t, ym, zq

)︂
= −Di

(︂
ym, zq+1

)︂
·

ci

(︂
t, ym, zq+1

)︂
− ci

(︂
t, ym, zq

)︂
∆z

(Cartesian) (5.10)

Ji

(︂
t, ym, rq

)︂
= −Di

(︂
ym, rq+1

)︂
·

ci

(︂
t, ym, rq+1

)︂
− ci

(︂
t, ym, rq

)︂
∆r

(cylindrical) . (5.11)

The spatial variation of the diffusion coefficient takes into account a possible variation of
the temperature in r− or z-direction. The definitions of the inlet and outlet concentrations
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in the wall material component depend on whether the corresponding diffusion port is
connected to a gas-metal or metal-metal interface component

cd.IN
i (t, ym) = ci (t, ym, r1) (gas-metal interface) (5.12)

cd.IN
i (t, ym) = ci (t, ym, r1) + ∆r ·

J d.IN
i (t, ym)

Di (ym, rQ+1)
(metal-metal interface) (5.13)

cd.OUT
i (t, ym) = ci (t, ym, rQ) (gas-metal interface) (5.14)

cd.OUT
i (t, ym) = ci (t, ym, rQ) − ∆r ·

J d.OUT
i (t, ym)

Di (ym, rQ+1)
(metal-metal interface) . (5.15)

These relations are analogous for the Cartesian coordinate z.

The surface areas transmitted by the input and output diffusion ports of the material
wall component are related through Ad.IN = Ad.OUT for Cartesian coordinates and through
Ad.IN/r1 = Ad.OUT/rQ+1 for cylindrical coordinates.

Gas-metal interface component

A gas-metal interface component is placed between a wall material component and a
flow material component if the fluid medium is either water, steam, or hydrogen gas.
It contains the physical laws of dissociation and recombination processes discussed in
subsection 2.2.3. Thus, it converts the concentrations of molecular species iH jH at the
diffusion port of a connected flow material component into concentrations and atomic
fluxes of isotopes iH at the diffusion port of a connected wall material components.

The molecular net fluxes of isotopes iH jH entering the metal bulk are determined by
equation (2.97) and have the finite difference form

j d.IN
i j (t, ym) = σkd,i j(ym)pi j (t, ym) − σkr,i j(ym)cd.OUT

i (t, ym) cd.OUT
j (t, ym) (5.16)

The dependency of the dissociation and recombination coefficients on the y-direction
accounts for a possible temperature profile in the fluid along the flow direction. In
EcosimPro©, the recombination coefficient is calculated from equation (2.100) using ex-
perimentally determined expressions for the dissociation coefficient and the Sieverts’ con-
stant Kd.IN

s,i (ym) = Kd.OUT
s,i (ym) of the connected wall material component.

The pressure pi j (t, ym) is determined from the concentrations of molecules iH jH in
each segment of the flow material component. If the fluid flow consists of hydrogen gas
or steam the applied conversion relation is the ideal gas law pi j (t, ym) = cd.IN

i j (t, ym) RT d.IN.
In the case of water as the fluid medium, Henry’s law pi j (t, ym) = Kw

H,i j(T
d.IN)/cd.IN

i j (t, ym)
is applied instead (see subsection 2.2.6).

The output atomic fluxes of isotope species kH entering the metal bulk are determined
by equation (2.98)

J d.OUT
k (t, ym) = 2 j d.IN

kk (t, ym) + j d.IN
ik (t, ym) + j d.IN

jk (t, ym) with i ≠ j (5.17)
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Communication barrier and bound components

With a bound component, it is possible to impose an arbitrary particle flux at a diffusion
port of a wall material or flow material component. In this work, it is mostly used to block
a diffusion port by setting the permeation flux crossing the corresponding diffusion port
zero (see the symbol in figure 5.2).

The communication barrier component (see the symbol in figure 5.2) linked to a dif-
fusion port of an arbitrary component enables avoiding the output temperature or surface
variable of that component being shared with a component connected to it. To block a
diffusion port with a bound component, it is necessary to interrupt the transmission of
temperature information to the bound component by interposing a communication barrier
(see figure 5.1).

5.2. Hydrogen isotopes in Eurofer’97

In this work, the examination of multi-isotopic hydrogen transport in HCPB and WCLL
breeding blankets focuses on the occurring co- and counter-permeation processes hap-
pening in the breeder modules where the breeder and coolant fluid are merely separated
by a thin metal wall. In both breeding blankets, the wall material is mainly made of the
reduced activation martensitic steel Eurofer’97 (E97).

Hydrogen isotopes dissolved in Eurofer’97 occupy preferably tetrahedral sites of its
BCC crystal structure [161]. The left-hand graph in figure 5.4 shows temperature re-
lations of the Sievert’s constant of protium [159], [161] and deuterium [221], [222] in
Eurofer’97 plotted against temperature which were measured in four different experimen-
tal campaigns. Although it is expected that because of its bigger atomic size the Sievert’s
constant of deuterium is slightly lower than that of protium, no clear separation between
the measured relations of different isotopes can be identified. It turns out that in compar-
ison to deviations that could be observed between measured Sieverts’ relations of other
metal-hydrogen systems, the four relations agree fairly well [82]. They differ by at most
a factor of three. Figure 5.4 shows that the plotted Sieverts’ relations rise with temper-
ature. This uncovers Eurofer’97 as an endothermic hydrogen absorber with relatively
low solubility. In the four measurement campaigns the Sieverts’ relations were obtained
in permeation experiments as the quotient of measured permeability and diffusivity rela-
tions of protium [159], [161] and deuterium [221], [222] [see equation (2.143)]. To better
compare the measured diffusion coefficients, those reported for deuterium are converted
to relations applicable to protium using equation (2.66). All four diffusivity relations of
protium in Eurofer’97 are plotted in the right-hand graph in figure 5.4.

Since Eurofer’97-hydrogen solutions are endothermic, trapping effects highly influ-
ence the measured diffusivities. However, at temperatures of approximately T > 600 K
their influence on the hydrogen transport properties is found to significantly reduce [159],
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Fig. 5.4. [Left] Experimentally determined temperature dependency of the Sieverts’ constant of
hydrogen isotopes in Eurofer’97 [159], [161], [221], [222]. [Right] Temperature dependency of
the diffusion coefficient of protium in Eurofer’97 based on experimental data by Montupet et al
[161], Esteban et al [159], Chen et al [221] and Aiello et al [222].

[161], [221], [222]. Since the operating temperatures of the breeder units of both breeding
blanket concepts are expected to be above this temperature, the hydrogen transport mod-
els discussed in the following sections are developed without taking into account trapping
effects. In other words, it is assumed that in the relevant temperature range DE97

eff,i ≈ DE97
i

and Keff,E97
s,i ≈ KE97

s,i .

At T > 600 K, the measured diffusion relations differ at most by a factor of two (see
the right-hand plot in figure 5.4). A striking agreement is observed between the diffusion
coefficients of Aiello et al and Montupet et al. This increases trust in the correctness of
both their measurements. The Sieverts’ constants and diffusion coefficients measured by
Montupet et al are relatively high compared to the other relations. According to equation
(2.142), this implies a higher permeability Φ and consequently higher permeation fluxes
under equal conditions. This is beneficial for obtaining conservative simulation results
which result in rather too-high than too-low tritium permeation fluxes. For these reasons,
the experimental data by Montupet et al is chosen for the following simulations. The pre-
exponential factors and activation energies of the utilized Sieverts’ constant [see equations
(2.44) and (2.50)] and diffusion coefficient (2.65) are listed in table 5.1. Due to the lack
of experimental data for the tritium solubility in Eurofer’97, it has been decided to use the
Sieverts’ constant of protium for all three hydrogen isotopes. The diffusivity relations for
deuterium and tritium are determined from the measured coefficient of protium by taking
into account the isotope effect of diffusion which is represented by equation (2.66).

To date, neither the dissociation rate coefficient (2.89) nor the recombination rate coef-
ficient (2.96) of any hydrogen isotope species in Eurofer’97 could be measured. However,
the rate coefficients of a similar reduced activation martensitic steel called OPTIFER-IVb
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TABLE 5.1
Pre-exponential factors and activation energies of the Sieverts’ constants and diffusion

coefficients of protium in Eurofer’97, α-iron and PbLi used for the simulations in this chapter.

Quantity Eurofer’97 Ref. α-iron Ref. PbLi Ref.

K0
s,1

[︂
mol

m3
√

Pa

]︂
1.76 × 10−1 [161] 6.90 × 10−1 [223] ρPbLi

MPbLi
· 2.44 × 10−8 [224]

∆Hs,1

[︂
kJ

mol

]︂
26.05 [161] 24.30 [223] 1.35 [224]

D0
1

[︂
m2

s

]︂
2.52 × 10−7 [159] 4.43 × 10−8 [225] 4.03 × 10−8 [224]

Em,1

[︂
kJ

mol

]︂
15.4 [159] 5.31 [225] 19.50 [224]

have been experimentally determined by Esteban et al [190]. They determined the fol-
lowing Arrhenius-type temperature dependence of the dissociation rate coefficient for 2H2

σkE97
d,22 = 2.99 × 10−8 mol

m2sPa
· exp

(︄
−29 230 J mol−1

RT

)︄
. (5.18)

Due to the similarity of both materials, the dissociation rate coefficient of 2H2 in Euro-
fer’97 is approximated with relation (5.18). The recombination rate coefficient on the
other hand is obtained with equation (2.100) using the considered Sieverts’ constant of
protium in Eurofer’97 listed in table 5.1. Following the same reasoning as for setting up
equation (4.3), the dissociation coefficients of all remaining molecular species iH jH in
Eurofer’97 are determined with the relation

σkd,i j = σkd,22

√︃
m22

mi j
. (5.19)

5.3. Modeling of multi-isotopic permeation in an HCPB breeding blanket

As described in detail in section 1.2.3, in an HCPB breeding blanket, tritium is bred
in fuel-breeder pins located in breeder modules that are arranged around the toroidally-
shaped fusion plasma. The current DEMO design counts a total number 1 × 105 fuel pins
(FP) distributed over the 16 segments of the vacuum vessel [71]. In each fuel pin tritium
generation happens in a pebble bed made of the lithium-containing ceramic material KA-
LOS (see section 1.2.3) [73], [74]. The diameters and wall thicknesses given in [mm]
of the different cylindrical structures of a fuel pin are presented in the lower right-hand
corner of figure 5.5 [71].

An illustration of a pebble bed cladding sitting inside of the cylindrical envelope of a
fuel pin is shown in figure 5.5. Depending on the poloidal position of the breeder module
in the fusion reactor and the position of the fuel pin in the corresponding breeder module,
the length of the pebble bed claddings varies slightly around a value of lFP = 0.5 m.
As figure 5.5 shows, the heat generated in the tritium breeding and neutron multiplying
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Structure of the EcosimPro model of a fuel pinFuel pin of the HCPB breeding blanket
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Fig. 5.5. Illustration of the studied permeation environment in a fuel pin of an HCPB breeding
blanket [71], [226].

reactions is dissipated by the helium coolant gas. With a total pressure of pCG = 8×106 Pa
it enters each fuel pin through a 16×10−3 m wide tunnel which is surrounded by the pebble
bed cladding [71]. This tunnel is referred to as the coolant inlet channel (CIC). From
here, the gas moves towards the back plate of the first wall. At the back plate it expands,
reverses its flow direction and flows back to the coolant outlet through a 2 × 10−3 m thick
cylindrical gap between the fuel pin envelope and the pebble bad cladding (see figure 5.5).
In the following, this gap will be referred to as the coolant outlet channel (COC). While
flowing through the fuel pins the coolant gas temperature increases from approximately
T ≈ 623 K to T ≈ 793 K. The mass flow rate of the coolant gas through a fuel pin is
estimated to be approximately ṁCG = 2 × 10−2 kg s−1 [227].

Via transmutation reactions between the lithium in the ceramic pebbles and the im-
pelling neutrons coming from the fusion plasma or the neutron multiplier, tritium is
bred in atomic form. Subsequently, it diffuses along the grain boundaries of the peb-
bles towards the pebble surfaces where they emerge as 3H+ [76]. As indicated by the
arrows in figure 5.5, a helium purge gas rinses the pebble bed with a total pressure of
pPG = 2× 105 Pa [71]. The current HCPB design envisages adding a small amount of 1H2

to the purge gas [73]. When colliding with the ceramic pebbles part of the 1H2 molecules
in the purge gas dissociate before being chemisorbed by the pebble surfaces. Here, they
form bonds with oxygen (O 1H−) or lithium atoms (Li+ 1H− Li+) of the ceramic material
[76]. As a consequence, chemical reactions

O 1H− (chemisorbed) + 3H+ (pebble) ⇌ 1H3HO (gas)+V0 (pebble) (5.20)

Li+ 1H− Li+ (chemisorbed) + 3H+ (pebble) ⇌ 1H3H (gas)+ 2Li+ (pebble) (5.21)

lead to a release of tritium, in the form of 1H3H and 1H3HO molecules into the purge
gas [75], [78], [228]. Further reactions occur between the pebble surface and the purge
gas which cause an additional release of 3H2 and 3H2O molecules [77]. However, these
reactions are expected to occur at a drastically lower rate compared to the reactions (5.20)
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and (5.21). Therefore, they are neglected in this analysis. DEMO requires a total tritium
generation rate of about 3.20 × 10−1 kg/day in order to achieve tritium self-sufficiency.
This corresponds to a molar tritium generation rate of κ̇FP

3,gen = 1.23 × 10−8 mol s−1 per
fuel pin. Due to the pulsed operating mode of DEMO the generation rate experiences
oscillations in time [229]. Nevertheless, integrated over time the amount of generated
tritium approaches the amount of tritium released into the purge gas, so on average the
release rates of 1H3HO and 1H3H molecules per fuel pin can be estimated with κ̇FP

3,gen ≈

κ̇FP
13O+κ̇

FP
13 . Studies suggest [75], that by far the majority of the generated tritium is released

in the form of 1H3H [78]. For the calculations in this work, it is assumed that

κ̇FP
13 ≈ 0.8 ·

(︂
κ̇FP

13 + κ̇
FP
13O

)︂
and κ̇FP

13O ≈ 0.2 ·
(︂
κ̇FP

13 + κ̇
FP
13O

)︂
. (5.22)

Further isotope exchange reactions between the released molecules from the ceramic
breeder and the 1H2 of the purge gas cause an additional generation of 1H2O and 3H2.
Since in an HCPB breeding blanket, the 1H2 concentration in both the coolant and the
breeder fluid is usually significantly higher than that of the other molecular species (except
of He), the four reactions (2.113) - (2.115) and (2.117) occur with a much lower reaction
rate than the reactions (2.10) and (2.116). Therefore, this model merely takes into account
the two isotope exchange reactions (2.10) and (2.116) which with i = 3 and k = 1 can be
expressed as

21H3H ⇌ 1H2 +
3H2 (5.23)

1H3HO + 1H2 ⇌
1H2O + 1H3H . (5.24)

Following the explanation given in section 2.2.5, the forward reaction rate coefficients
of these reactions [see equations (2.102) and (2.121)] are estimated to be of the order of
kf,ex

13+13 ≈ 1×105 m3 s−1 mol−1 and kf,w
IV,31 ≈ 1×105 m3 s−1 mol−1, respectively. The backward

reaction rate coefficients are calculated with the equations (2.103) and (2.129). Equation
(2.47) provides the experimental relation to determine the equilibrium constant of reaction
(5.23). The temperature dependency of the equilibrium constant of reaction (5.24) could
be theoretically determined by Libby et al as [189], [230]

log Kw
IV,31 = 0.292 log T +

336.5
T
− 1.055 (5.25)

This relation was experimentally validated by Black et al [231].

During tritium breeding operation part of the pebble beds in the fuel pins reach tem-
peratures of up to T = 1200 K [74]. While trespassing through the pebble beds the purge
gas heats up from its inlet temperature of approximately T = 573 K to a maximum upper
limit temperature of T = 823 K. The gas is maintained below this maximum temperature
to prevent the Eurofer’97 material from experiencing a decrease in creep strength. After
emerging from the pebble bed, the purge gas, now enriched with tritiated molecules, en-
ters two thin ducts in the inner wall (IW) between the pebble bed and the coolant inlet
channel and flows back towards the outlet.

127



Coolant inlet

Coolant outlet

Tritium net diffusion flux

Inner wall
Outer wall

Tritium generation 

Tritium net diffusion flux

blocked

Purge gas inlet Purge gas outlet

Fig. 5.6. EcosimPro© component structure of a fuel pin in an HCPB breeding blanket.

Within the scope of this work, a hydrogen transport model of the fuel pin is devel-
oped in EcosimPro© using the components presented in section 5.1. The numerically
reproduced geometric structure of the fuel pin considered in the model is illustrated on
the right-hand side in figure 5.5. The EcosimPro© component flow chart of the fuel pin
model is shown in figure 5.6. It considers the purge gas as a cylindrical flow component
linked to two cylindrical wall material components which represent the inner and outer
cylindrical Eurofer’97 walls of the pebble bed case. Via gas-metal interface components,
each wall material component is connected with a flow component representing the in-
let and outlet coolant channels. For the sake of lucidity, the coolant flow components
with four blocked diffusion ports are grouped into a single so-called pipe flow component
whose set-up and symbol are depicted in figure 5.1. The output flow port of the flow com-
ponent representing the coolant inlet channel is connected to the input flow port of the
flow component representing the coolant outlet channel. This makes it possible to model
the flow reversal of the coolant gas at the front of the fuel pins. The chosen thicknesses
and contact surfaces of the considered lFP = 0.5 m long cylindrical flow and wall material
components are taken from the drawing in the lower right-hand corner of figure 5.5. The
intrinsic diffusion port of the purge gas component is linked to a bound component. In a
simplified manner, it reproduces the physics of the ceramic breeder by acting as a particle
source imposing the formation of 1H3HO and 3H2 molecules. The rates of formation per
flow segment are set to κ̇FP

13O/M and κ̇FP
33/M, respectively. By introducing a void fraction

of the ceramic breeder pebble bed of ε = 0.5 the volume of the purge gas flow reduces by
a factor of two. The coolant gas mass flow rate is chosen as specified above.

The purge gas inlet concentrations of the different molecular species in a fuel pin are
determined by the temporal evolutions of their concentrations in the entire purge gas loop
system. Therefore, in addition to the numerical representation of a fuel pin, a simplified

128



TES

blocked

Fuel pins

Purge gas loop

ሶ𝑚PG = 0. 479 kg/s

𝑃PG = 2 x 105 Pa

Distribution into 
1 x 105 fuel pins

Merging of pipes 
from fuel pins

𝑉PG = 105.4 m3

Coolant inlet Coolant outlet

Fig. 5.7. EcosimPro© component structure of the purge gas loop system of an HCPB breeding
blanket.

model of the purge gas loop system of DEMO is developed in EcosimPro©. Its component
structure is shown in figure 5.7. Here, the model of the fuel pin of figure 5.7 appears
as a grouped higher-level component. Outside of the fuel pins, the purge gas flow is
described as a single flow component. In the HCPB breeding blanket designed of DEMO
the total mass flow rate of the purge gas loop system is specified to approximately ṁPG =

5 × 10−1 kg s−1 with the total purge gas volume being VPG = 105.4 m3. These properties
are introduced by the feeding pump component. Moreover, the pump component serves
as a purge gas recycling unit where the 1H2 partial pressure in the purge gas coming from
the fuel pins can be set back to a desired value before passing again through the fuel pins.
In this model, the 1H2 partial pressure specified in the feeding pump conforms with its
partial pressure at the purge gas inlet of a fuel pin (PG.IN). A divider component splits
the single main stream of the purge gas into Nsplit = 1 × 105 flows, each connected to a
fuel pin. Consequently, in the model, the purge gas mass flow rate through each fuel pin is
about ṁFP

PG = 5× 10−6 kg s−1 [71]. After leaving the fuel pins, the purge gas outlet streams
unite again before passing through a particle extraction component which shall simulate
the tritium extraction system (TES). This model considers an efficiency of ηTES = 0.8 for
every hydrogen isotope-containing molecule.

The coolant gas loop of DEMO which is part of the PHTS will contain a coolant pu-
rification system (CPS) that removes most of the tritium that permeated from the purge
gas into the coolant. The CPS is envisaged to achieve a tritium removal efficiency of about
ηCPS = 0.9. However, to obtain conservative simulation results which lead to the highest
possible tritium permeation fluxes from the purge gas into the coolant, this analysis as-
sumes a CPS efficiency of ηCPS = 100 %, meaning that the 1H3H and 3H2 partial pressures
at the coolant gas inlet of the fuel pins are zero.

It should be noted that the model of the purge gas loop does not describe its exact
geometry. Neither does it take into account permeation processes happening through the
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purge gas pipe walls outside of the fuel pins. Moreover, the pulsed tritium breeding op-
eration and the detailed kinetics of tritium generation, diffusion, and desorption in the
ceramic pebbles are also neglected. For these reasons, the developed model should be
exclusively regarded as a tool to study the co- and counter-permeation process between
the purge gas and the coolant inside of fuel pins in an HCPB breeding blanket. The
applied simplifications are chosen on purpose to reduce external influences on the simula-
tion results. This enables a more undisturbed investigation of the ongoing multi-isotopic
permeation effects.

The numerical calculations in this section are executed with a discretization of each
material component into Q = 30 segments in the diffusion direction and M = 10 segments
in the flow direction. For the temperature of both gases and the Eurofer’97 wall in the
fuel pins the simulation assumes a homogeneous relatively high average temperature of
T = 773 K. Choosing an equal temperature for the different components causes the
tritium transport coefficients to be homogeneous throughout the system. This provides a
clearer view of the pure multi-isotopic transport effects occurring between the purge gas
and the coolant gas.

To start with the evaluation of multi-isotopic permeation effects occurring in the fuel
pins of an HCPB breeding blanket it is important to determine general characteristics of
the inner and outer Eurofer’97 walls of the pebble bed cladding as permeation membranes.
As the sketch in the lower right corner of figure 5.5 shows, their thicknesses are dIW =

6 × 10−3 m and dOW = 3 × 10−3 m, respectively. For this analysis, the EcosimPro© model
of the fuel pin is used to simulate the steady state tritium permeation flux from the purge
gas into an evacuated coolant that would occur if either only 1H3H or only 3H2 molecules
were present in the purge gas. For the simulation, it is considered that neither generation
nor isotope exchange reactions occur in the system such that the partial pressures of any
other molecular species are kept zero. Figure 5.8 shows the simulated tritium permeation
flux as a function of the effective tritium pressure pPG

eff,3 in the purge gas flow of a fuel
pin if either pPG

13 = 0 Pa and pPG
eff,3 = pPG

33 (dashed line) or pPG
33 = 0 Pa and pPG

eff,3 = 1/2 ·
√

m33/m13 · pPG
13 (dotted line). The left-hand plot shows the permeation flux through the

inner Eurofer’97 membrane into the coolant inlet channel and the right-hand graph the
permeation flux through the outer Eurofer’97 membrane into the coolant outlet channel.
It can be seen that as mathematically derived in section 4.1, at very low effective tritium
pressures the tritium permeation flux approaches equation (4.13). The corresponding
correction factors f c

UI and f c
DI of each membrane are calculated from the geometry data

shown in figure 5.5. At higher effective tritium pressures where the tritium permeation
process is no longer purely surface-limited, the two curves that describe the permeation
fluxes for the cases in which either only 3H2 molecules or only 1H3H molecules are present
in the purge gas are no longer identical. They progressively separate with increasing
effective tritium pressure. As predicted in the paragraph below equation (4.13), with
growing effective tritium pressure both simulated curves show ever smaller permeation
flux values than those given by the surface-limited equation (4.13). It is evident that if
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Fig. 5.8. Simulated steady state tritium permeation flux [Left] through the inner Eurofer’97 mem-
brane into the coolant inlet channel, and [Right] through the outer Eurofer’97 membrane into the
coolant outlet channel, as a function of the effective tritium pressure in the purge gas flow of an
HCPB fuel pin if either only 3H2 or only 1H3H molecules were present in the purge gas while the
partial pressures of all other molecular species are maintained zero. Both graphs contain a plot of
the derived equation (4.13).

both molecular species 1H3H and 3H2 are present in the purge gas the curve of the resulting
tritium permeation flux would run somewhere between the dashed and the dotted curves.
Since the inner wall of the fuel pin pebble bed cladding is thicker the permeation process
leaves the surface-limited regime at smaller effective tritium pressures than the permeation
process through the outer wall. For this reason, at a fixed effective tritium pressure, the
curves belonging to the inner membrane are more separated than those belonging to the
outer membrane.

5.3.1. Counter-permeation in an HCPB breeding blanket

The first analysis focuses on a situation that represents a pure counter-permeation scenario
in a fuel pin by adding 1H2 to the coolant. To enable an isolated examination of counter-
permeation effects on the tritium escape into the coolant, any overlapping co-permeation
effects are reduced as much as possible. Therefore, it is considered that no additional
1H2 gas is fed to the purge gas by the feeding pump component. Although in reality, this
would greatly suppress the release of tritium into the purge gas, it is assumed for now
that the tritium release will still occur with a total 3H release rate of 1.23 × 10−8 mol s−1

per fuel pin satisfying the condition (5.22). As soon as the simulation is launched, it
starts calculating the temporal evolution of the occurring partial pressures, concentrations,
and fluxes of all involved species in the entire system after each time step. Although
in this first simulation, the purge gas is initially free from hydrogen isotope-containing
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Fig. 5.9. [Left] Simulated partial pressures of hydrogen isotope containing molecules in the last
purge gas segment of an HCPB fuel pin for the case for a counter-permeation scenario in which
pPG.IN

11 = 0 Pa, plotted against the 1H2 partial pressure in the coolant. [Right] Steady state atomic
tritium permeation flux from the last purge gas segment of an HCPB fuel pin into the coolant outlet
channel for a counter-permeation scenario in which pPG.IN

11 = 0 Pa, plotted against the 1H2 partial
pressure in the coolant. The plot shows a simulation as well as curves that are calculated using
algebraical formulas derived in section 4.1.

molecules, the ongoing release of 1H3H and 1H3HO molecules from the ceramic breeder
leads to a gradual rise in their partial pressures. In addition, the liberated molecules
undergo the chemical reactions (5.23) and (5.24) leading to the formation of 1H2, 3H2

and 1H2O, which additionally accumulate in the purge gas flow. By passing through
the tritium extraction system, the increasing partial pressures of all hydrogen isotope-
containing molecules are continuously reduced. After some time this causes the partial
pressure increase in the loop to come to a hold and a steady state establishes. As the purge
gas passes through the tritium-releasing pebble beds, the time-constant partial pressures
of the different molecular species increase along the length of the fuel pins. This means
that the steady state partial pressures in the purge gas outlet segments of the fuel pins
(PG.OUT) are higher than at the purge gas inlets (PG.IN). Since in addition to that 1H2

gas is added to the coolant, the permeation of protium from the coolant into the purge gas
flow further influences the partial pressure configuration that sets up in the fuel pins.

The left-hand plot in figure 5.9 presents simulation results of the adjusting steady state
partial pressures in the last segment of the purge gas flow through the fuel pins for a broad
range of different 1H2 partial pressure in the coolant. The observed slight increase in 1H2

partial pressure in the purge gas with increasing 1H2 partial pressure in the coolant is due
to an elevated protium permeation flux from the coolant into the purge gas. Especially at
low 1H2 partial pressures in the coolant, the 1H2 partial pressure in the purge gas remains
so low that co-permeation effects may be ignored. Since the assumed rate coefficients
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Fig. 5.10. [Left] Simulated protium concentration profiles and [Right] simulated tritium concen-
tration profiles in the OW of the last purge gas segment of an HCPB fuel pin for the case in which
pPG.IN

11 = 0 Pa. The plotted profiles correspond to three different 1H2 partial pressures present in
the coolant.

kf,ex
13+13 = kf,w

IV,31 = 1 × 105 m3 s−1 mol−1 of the reactions (5.23) and (5.24) are relatively
high, a significant fraction of the released 1H3H molecules react and form 1H2 and 3H2

molecules before reaching the purge gas outlet. Moreover, on their way to the purge gas
outlet, part of the formed 1H2 molecules react with released 1H3HO molecules from the
ceramic breeder which leads to the generation of additional 1H3H molecules. The rise in
1H2 partial pressure in the purge gas with growing partial pressure in the coolant shifts
the equilibrium state of reaction (5.24) towards the 1H3H side. Therefore, with increasing
1H2 partial pressure in the coolant the 1H3H partial pressure in the purge gas experiences
an increment and the amount of 3H2 plunges (see the left-hand plot in figure 5.9).

While moving through the pebble bed, part of the tritium bound to the 1H3H and
3H2 molecules in the purge gas permeates into the coolant. The right-hand graph in fig-
ure 5.9 presents the simulated steady state atomic tritium permeation flux from the last
purge gas segment (see figure 5.5) through the outer cylindrical Eurofer’97 wall (OW)
into the coolant outlet channel. It is plotted as a function of the 1H2 partial pressure in the
coolant. To support the analysis of this plot, figure 5.10 displays the steady state protium
(left-hand graph) and tritium (right-hand graph) concentration profiles that adjust in the
outer Eurofer’97 wall. The graphs reveal that for 1H2 partial pressures pCG

11 > 10 Pa in the
coolant, the tritium concentrations at the purge gas interface (PI) and the coolant gas inter-
face (CI) are significantly lower than the corresponding protium concentrations. Equation
(2.95) implies that in this case, it is reasonable to assume that the recombination fluxes
of 3H2 molecules into the purge gas and the coolant are negligibly small compared to the
recombination fluxes of 1H3H molecules. Therefore, the simulated permeation scenario
well satisfies the conditions on which the theoretical study of multi-isotopic permeation
in section 4.1 is based. Consequently, with i = 3 (tritium) and k = 1 (protium), and
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by considering the purge gas interface of the Eurofer’97 wall as the upstream interface
and the coolant gas interface as the downstream interface, the simulated tritium permea-
tion process should behave according to the analytic study of multi-isotopic permeation
presented in section 4.1.

One of the main conclusions from the theoretical study in section 4.1 is that the in-
fluence of counter-permeating protium on the tritium permeation flux depends on the
protium permeation regime. This can be evaluated by calculating the permeation number
(2.148) of the protium counter-permeation process which is indicated in the right-hand
plot in figure 5.9 by the second x-axis. The graph reveals that for 1H2 partial pressures
in the coolant below approximately pCG

11 < 10 Pa, the protium counter-permeation process
occurs in the surface-limited regime. The derived algebraic expression for the tritium
permeation flux in the surface-limited regime (4.29) is plotted in the right-hand graph in
figure 5.9. It can be seen that the lower the 1H2 partial pressure in the coolant, the smaller
the permeation number and the more the simulated tritium permeation flux converges
against the algebraic relation (4.29) of the pure surface-limited regime. It is important to
note that for a case in which pCG

11 = 0 Pa, the right-hand graph in figure 5.8 shows that
at the simulated effective tritium pressure in the purge gas of only about pPG

eff,3 ≈ 1 Pa
the tritium permeation flux is almost perfectly described by equation (4.13). Since the
equations (4.29) and (4.13) are identical it can be concluded that in the surface-limited
protium permeation regime of the observed permeation scenario, the tritium permeation
flux is described by equation (4.29), even for pressures pCG

11 < pPG
eff,3

One must be aware of the fact that the variation of the simulated tritium permeation
flux with increasing value of pCG

11 is a superposition of counter-permeation effects and the
fact that the effective tritium pressure in the purge gas also slightly increases with pCG

11 (see
left-hand plot in figure 5.9). An isolated view on the contribution of counter-permeation
on the tritium permeation flux can hence only be obtained by examining the normalized
multi-isotopic permeation flux factor (4.27) of the simulated counter-permeation process.
It is shown in the left-hand graph in figure 5.11 as a function of pCG

11 after being calculated
from the simulated permeation flux shown in the right-hand plot in figure 5.9 by applying
equation (4.28). The plot confirms that in the specified surface-limited protium permea-
tion regime the permeation flux factor is very close to ΛPG.OUT

13 = 1. The simulated values
of the protium and tritium interface concentrations at the outer Eurofer’97 wall are plot-
ted in the right-hand graph in figure 5.11. As the equations (4.30) and (4.31) predict, in
the surface-limited regime, both tritium interface concentrations cPG.OUT

PI,3 > cCG.OUT
CI,3 plunge

with increasing partial pressure pCG
11 and the protium interface concentrations increase.

For pCG
11 > 10 Pa, the protium counter-permeation process occurs in the intermediate

regime. Here, the tritium permeation flux and the multi-isotopic permeation flux fac-
tor decrease with growing 1H2 partial pressure in the coolant (see the right-hand plot in
figure 5.9 and left-hand plot in figure 5.11). The right-hand graph in figure 5.11 visu-
alizes how, outside of the surface-limited regime, the dependencies of the two protium
interface concentrations on the 1H2 partial pressure transform from relation (4.30) to the
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Fig. 5.11. [Left] Normalized multi-isotopic permeation flux factor in the last purge gas segment
of an HCPB fuel pin plotted against the partial pressure pCG

11 for a counter-permeation scenario in
which pPG.IN

11 = 0 Pa. One curve is simulated using the numerical model and the other curve is
calculated with the derived equation (4.32). [Right] Simulated protium and tritium concentrations
at the purge gas interface (PI) and the coolant gas interface (CI) of the outer Eurofer’97 wall in
the last purge gas segment of an HCPB fuel pin plotted against the partial pressure pCG

11 for a
counter-permeation scenario in which pPG.IN

11 = 0 Pa.

relations (4.36). Moreover, the expressions of the tritium interface concentrations change
from equation (4.31) to the equations (4.37) and (4.38). According to equation (4.39),
the product of the protium and tritium purge gas interface concentrations and hence the
tritium recombination flux into the purge gas increase when moving from the intermedi-
ate towards the diffusion-limited regime. In the right-hand graph in figure 5.11 this can
be confirmed by the fact that with increasing partial pressure pCG

11 the value of cPG.OUT
PI,1

increases with a higher rate than the value of cPG.OUT
PI,3 decreases. As revealed in section

4.1, the increase in tritium recombination flux into the purge gas with increasing partial
pressure pCG

11 explains the permeation flux-reducing effect of multi-isotopic permeation.

Above protium partial pressures in the coolant of about pCG
11 > 2 × 104 Pa the protium

permeation process enters the diffusion-limited domain. This is confirmed by the left
plot in figure 5.10, which shows a steep protium concentration gradient at such high pres-
sures. The right-hand graph in figure 5.9 shows how with growing permeation number the
simulated tritium permeation flux is approached by the derived algebraic formulas (4.33)
and (4.34) that approximately describe the tritium permeation flux in a diffusion-limited
counter-permeation scenario. Furthermore, the dashed line shows the theoretically deter-
mined tritium permeation flux as a function of pCG

11 using the derived equation (4.32). It is
calculated by inserting the reduced concentrations ζr,1(W1) and λr,1(W1) for parallel mem-
branes which are plotted in figure 2.11 into equation (4.32). Moreover, the dashed line
in the left-hand plot in figure 5.11 presents the theoretically calculated normalized per-
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Fig. 5.12. [Left] Steady state atomic tritium permeation flux from the last purge gas segment of an
HCPB fuel pin into the coolant outlet channel plotted against the 1H2 partial pressure in the coolant
for two different outer wall thicknesses for a counter-permeation scenario in which pPG.IN

11 = 0 Pa.
The plot shows simulation results as well as curves that are calculated using algebraical formulas
derived in section 4.1. [Right] Simulated normalized multi-isotopic permeation flux factors occur-
ring in the last purge gas segment of an HCPB fuel pin for two different outer wall thicknesses in
a counter-permeation scenario in which pPG.IN

11 = 0 Pa.

meation flux factor which is obtained in the same way by inserting the calculated reduced
concentrations shown in figure 2.11 into equation (4.32) before applying equation (4.27).
Even though the theoretically obtained reduced concentrations are only valid for parallel
membranes (see section 2.3.4), the theoretical and simulated values agree extremely well.
This was expected since the ratio of the inner and outer radii rout/rin = 1.1 of the outer
Eurofer’97 wall is relatively small. In conclusion, equation (4.32) and the algebraic for-
mulas (4.29), (4.33), (4.34) which are derived in section 4.1.2 are in very good agreement
with the simulation results and are thus numerically validated.

As the tritium permeation mitigating effect of a protium counter-flow in a fuel pin is re-
vealed, the same simulation is performed assuming a thinner cylindrical outer Eurofer’97
wall with a width of dOW = 1×10−3 m but an unchanged inner diameter of 6×10−2 m (see
figure 5.5). In the left-hand plot in figure 5.12, the resulting steady state tritium permea-
tion flux from the last purge gas segment into the coolant outlet channel is plotted against
the 1H2 partial pressure in the coolant. As is the case for the thicker membrane, at low 1H2

partial pressures in the coolant the tritium permeation flux converges against the relation
(4.29) which is independent of the membrane thickness. However, a reduced thickness
means that the same number of particles entering the inner purge gas interface now leave
through a smaller surface area at the coolant interface compared to the thicker wall. This
explains the observed slight increment of the simulated surface-limited permeation flux
(see the left-hand plot in figure 5.12). Since the permeation number (2.147) of the protium
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counter diffusion is proportional to the membrane thickness, the surface-limited regime
of the thinner membrane lasts up to a higher 1H2 partial pressure in the coolant of almost
pCG

11 ≈ 1 × 102 Pa. The left-hand graph in figure 5.12 confirms that due to the displaced
range of the permeation number the derived algebraic formula (4.29) describes the tritium
permeation flux up to higher pressures compared to the thicker membrane. Consequently,
the reduction in tritium permeation flux due to counter-permeation phenomena happen-
ing in the intermediate permeation regime occurs at higher 1H2 partial pressures in the
coolant. For the thinner membrane, the pure diffusion-limited counter-permeation regime
starts at pressures of approximately pCG

11 > 2 × 105 Pa. As expected, in this regime the tri-
tium permeation flux starts converging against the plotted curves of the derived algebraic
formulas (4.33) and (4.34). Furthermore, the right-hand graph in figure 5.12 shows the
simulated normalized multi-isotopic permeation flux factors in the case of both membrane
thicknesses. It is observed that as a result of the shift in permeation number, the tritium
permeation flux reduction sets in at higher 1H2 partial pressures in the coolant. Therefore,
it can be concluded that the reducing effect of counter-permeating protium on the tritium
permeation flux is more efficient the thicker the wall thickness of the Eurofer’97 walls.

5.3.2. Co-permeation in an HCPB breeding blanket

At this point, the focus of the investigation is pointed towards a more realistic scenario
encountered in an HCPB breeding blanket in which 1H2 gas is added to the purge gas to
trigger the release of tritiated molecules from the ceramic breeder [226].

The amount of 1H2 gas added to the purge gas is a critical parameter that to some
extent determines the tritium release rate from the pebbles into the purge gas. Therefore,
in DEMO it will likely be controlled by some kind of purge gas recovery system. In the
model, the 1H2 partial pressure is controlled by the feeding pump component at the inlet
ports of the fuel pins (see figures 5.2 and 5.7) where it is set back to a chosen value of
pPG.IN

11 .

Because in this model the coolant is considered as a perfectly purified system, if no
additional 1H2 gas is added to the coolant (pCG

11 = 0 Pa) the partial pressures of all hydro-
gen isotope containing molecules at the coolant inlet of the fuel pins are zero. In this case,
the occurring hydrogen isotope permeation processes represent a pure co-permeation sce-
nario in which protium and tritium isotopes are permeating side-by-side from the purge
gas into the coolant. The left-hand plot in figure 5.13 shows how the addition of 1H2 gas
to the purge gas changes the establishing steady state partial pressures in the purge gas
outlet segment. The increased partial pressure of 1H2 molecules in the purge gas pro-
vokes reaction (5.24) to proceed faster compared to the previous simulation. This causes
the 1H3HO and 3H2 contents to diminish and the partial pressures of the 1H2O and 1H3H
molecules to increase.

In the right-hand graph in figure 5.13 the tritium permeation flux from the last purge
gas segment into the coolant outlet channel is plotted against the partial pressure of added
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Fig. 5.13. [Left] Simulated partial pressures of hydrogen isotope containing molecules in the
last purge gas segment of an HCPB fuel pin plotted against the partial pressure pPG.IN

11 for a co-
permeation scenario in which pCG

11 = 0 Pa. [Right] Steady state atomic tritium permeation flux
from the last purge gas segment of an HCPB fuel pin into the coolant outlet channel plotted
against the pPG.IN

11 for a co-permeation scenario in which pCG
11 = 0 Pa. The plot shows a numerical

simulation as well as curves that are calculated using algebraic formulas derived in section 4.1.

1H2 gas to the purge gas. Moreover, the upper graphs of figure 5.14 show the establishing
protium and tritium concentration profiles in the outer Eurofer’97 wall of the last purge
gas segment during the co-permeation process. This time, the protium concentration
gradient is tilted in the same direction as the tritium concentration profile. It is found that
for partial pressures in the purge gas of above approximately pPG.IN

11 > 1 Pa the condition
pPG.IN

11 ≫ pPG.OUT
eff,3 is sufficiently well fulfilled which is why the theoretical model presented

in section 4.1 should once again serve as a valid approximation for the simulation results.

As indicated by equation (4.28), the tritium permeation flux is proportional to the ef-
fective tritium pressure. Since in the range pPG.IN

11 < 200 Pa the effective tritium pressure in
the purge gas rises, the simulated tritium permeation flux increases as well (see the right-
hand plot in figure 5.13). Nevertheless, the right-hand graph in figure 5.13 shows that
despite this finding, in the surface-limited regime, the simulated tritium permeation flux
converges against the plotted relation (4.29). Again, since the effective tritium pressure
in the purge gas is sufficiently low, the equations (4.29) and (4.13) describe the tritium
permeation flux even for pressures pPG.IN

11 < pPG.OUT
eff,3 (see right graph in figure 5.8).

An isolated insight into the pure co-permeation effects on the tritium permeation flux
is provided by the left-hand graph in figure 5.15 which displays the simulated normal-
ized multi-isotopic permeation flux factor. As expected, in the surface-limited regime
it approaches ΛPG.OUT

13 = 1. However, compared to the previously analyzed counter-
permeation scenario the permeation flux factor decreases to a visibly lower value before
entering the intermediate permeation regime. This is compatible with the findings illus-
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Fig. 5.14. [Left] Simulated protium concentration profiles and [Right] simulated tritium concen-
tration profiles in the OW of the last purge gas segment of an HCPB fuel pin for the case in which
pCG

11 = 0 Pa. The plotted profiles correspond to three different 1H2 partial pressures at the purge
gas inlet.

trated in figure 4.3. The permeation flux reduces once the reduction in ΛPG.OUT
13 exceeds

the observed increase in effective tritium pressure [see equation (4.27)].

As predicted in section 4.1 by the equations (4.25) and (4.26), also in a co-permeation
scenario the tritium interface concentrations decrease with increasing value of pPG.IN

11 while
the protium interface concentrations increase. The simulated protium and tritium interface
concentrations in the outer Eurofer’97 wall of the last purge gas segment are plotted in the
right-hand graph in figure 5.15. The plot visualizes that, as discussed in section 4.1, in the
surface-limited regime both tritium interface concentrations cPG.OUT

PI,3 and cPG.OUT
CI,3 are de-

scribed by an approximately equal relation (4.31) and separate into the different relations
(4.45) and (4.46) in the diffusion-limited permeation regime. Comparing the right-hand
plot in figure 5.11 and the right-hand plot in figure 5.15 reveals that in the intermediate
and diffusion-limited permeation regimes, the tritium upstream interface concentrations
decline more intensely in a co-permeation than in counter-permeation scenario. Further-
more, in the transition from the surface-limited to the diffusion-limited regime, the plot
shows that the expressions of the protium interface concentrations transform from an
equal relation (4.30) in the surface-limited regime into the two different relations (4.44)
in the diffusion-limited regime. The right-hand graph in figure 5.15 confirms the statement
made in section 4.1 that in a co-permeation scenario, as pPG.IN

11 increases, the concentra-
tion cPG.OUT

PI,1 grows with a higher rate than the concentration cPG.OUT
PI,3 decreases. For this

reason, the product of the protium and tritium purge gas interface concentrations and thus
the tritium recombination flux back into the purge gas increases with growing pressure
pPG.IN

11 . According to equation (4.14) an increasing recombination flux at the upstream
purge gas interface causes the tritium permeation flux into the coolant to decrease which
explains the permeation flux reducing effect of co-permeation.
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Fig. 5.15. [Left] Normalized multi-isotopic permeation flux factor in the last purge gas segment of
an HCPB fuel pin plotted against the partial pressure pPG.IN

11 for a co-permeation scenario in which
pCG

11 = 0 Pa. One curve is simulated using the numerical model and the other curve is calculated
using the derived algebraic equation (4.40). [Right] Simulated protium and tritium concentrations
at the purge gas interface (PI) and the coolant gas interface (CI) of the outer Eurofer’97 wall in
the last purge gas segment of an HCPB fuel pin plotted against the partial pressure pPG.IN

11 for a
co-permeation scenario in which pCG

11 = 0 Pa.

The right-hand plot in figure 5.13 visualizes the two derived algebraic formulas (4.41)
and (4.42). They approximately describe the tritium permeation flux in a co-permeation
diffusion-limited regime. The plot confirms that the derived equations approach the sim-
ulated curve of the tritium permeation flux when moving toward higher permeation num-
bers. As expected, equation (4.41) matches the simulation results very well already at
much lower permeation numbers than the equation (4.42). Furthermore, the right-hand
plot in figure 5.13 and the left-hand plot in figure 5.15 display the curves of the theoretical
dependency of the tritium permeation flux and the normalized multi-isotopic permeation
flux factor on the 1H2 partial pressure in the purge gas. They are calculated by inserting
the reduced concentrations ζr,1(W1) and λr,1(W1) for parallel membranes which are plotted
in figure 2.11 into equation (4.40). Despite the cylindrical geometry of the fuel pin walls,
both theoretically determined curves are almost identical to the corresponding simulated
curves. To conclude, equation (4.40) and the algebraic expressions (4.29), (4.41), (4.42)
derived in section 4.1.3 agree very well with the simulation results and are therefore nu-
merically verified.

5.3.3. Isotope-limited permeation in an HCPB breeding blanket

The left-hand plot in figure 5.16 shows the simulated steady state tritium permeation flux
from the last purge gas segment through the outer Eurofer’97 wall into the coolant gas
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Fig. 5.16. [Left] Simulated steady state tritium permeation flux from the last purge gas segment
into the outer coolant channel of an HCPB fuel pin for an isotope-limited permeation scenario in
which the 1H2 partial pressure at the purge gas and the coolant gas inlets are equal. The graph
includes a simulated curve using the numerical model and a calculated curve using the derived
algebraic formula (4.48). [Right] Normalized multi-isotopic permeation flux factor of the isotope-
limited permeation scenario in which the 1H2 partial pressure in the purge gas and the coolant gas
inlets are equal. The curves are calculated for different temperatures using the derived algebraic
formula (4.48).

assuming that the partial pressures of added 1H2 gas at the purge gas and the coolant gas
inlets are equal. In section 4.1, such a multi-isotopic permeation scenario is labeled with
the term isotope-limited permeation. It turns out that in the observed isotope-limited case
the adjusting partial pressures in the purge gas outlet segment follow identical curves as
those of the analyzed co-permeation scenario which is visualized in the left-hand plot
in figure 5.13. The change in simulated tritium permeation flux with rising 1H2 partial
pressure in the isotope-limited scenario has a very similar shape as in the examined co-
permeation scenario shown in the right-hand graph in figure 5.13. This finding conforms
with the plot in figure 4.3. In addition to the simulation, the permeation fluxes are calcu-
lated using the derived algebraic formula (4.48). It is plotted in the left-hand plot in figure
5.16 using an orange dashed line. Both the simulated and the theoretically calculated
permeation flux values of the isotope-limited scenario are in very good agreement which
numerically validates the derived algebraic formula (4.48).

The multi-isotopic permeation flux factor of the isotope-limited case calculated with
equation (4.48) is shown in the right-hand plot in figure 5.16 after normalization using
equation (4.27) (see solid blue line for T = 773 K). In addition, the graph contains the
calculated courses of Λ13 for different temperatures. It can be seen that the lower the tem-
perature, the smaller the normalized multi-isotopic permeation flux factor as well as the
tritium permeation flux at a certain value of p11. This is a result of the fact that the hydro-
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Fig. 5.17. Simulated steady state tritium per-
meation flux from the last purge gas segment
of an HCPB fuel pin into the coolant outlet
channel for different 1H2 partial pressures at
the purge gas inlet plotted against the partial
pressure of 1H2 gas added to the coolant. The
plot indicates the 1H2 partial pressure in the
coolant which results in the maximum tritium
permeation flux and the critical 1H2 partial
pressure in the coolant above which the per-
meation flux is effectively reduced.

gen transport parameters and therefore the protium permeation number are temperature
dependent. Hence, it can be said the permeation flux mitigating effect of multi-isotopic
permeation in endothermic hydrogen absorbing metals decreases with increasing tem-
perature. This is not only true for isotope-limited permeation but for a co- and counter-
permeation scenario.

5.3.4. Evaluation of co-/counter-permeation for tritium control in an HCPB BB

In the current design of the HCPB breeding blanket, it is planned that about 0.1 wt% of the
total purge gas pressure will consist of 1H2 gas, which corresponds to a partial pressure of
about pPG.IN

11 = 2× 102 Pa [73]. The right-hand plot in figure 5.13 indicates that if no extra
1H2 gas is added to coolant, the 1H2 gas in the purge gas leads to a reduction in tritium
permeation flux if the 1H2 partial pressure in the purge gas satisfies the approximate con-
dition pPG.IN

11 > 1×102 Pa. This tendency can also be observed in figure 5.17 which shows
the simulated tritium permeation flux from the last purge gas segment into the coolant
outlet channel for different 1H2 partial pressures in the purge gas plotted against the 1H2

partial pressure in the coolant. The dashed curve is identical to the studied case of pure
counter-permeation shown in the right-hand graph in figure 5.9. As expected from the
co-permeation simulations presented in figure 5.13, figure 5.17 shows that at pCG

11 = 1 Pa,
above values of pPG.IN

11 > 1× 102 Pa, the tritium permeation flux decreases with increasing
1H2 partial pressure in the purge gas (compare solid blue line and red dotted line).

However, the purpose of the addition of 1H2 gas to the purge gas is to trigger the
release of tritiated molecules from the ceramic pebbles rather than to reduce the tritium
permeation flux through co-permeation effects [78]. Hence, the 1H2 partial pressure in
the purge gas is a carefully chosen value that might have a relatively low degree of design
freedom. For this reason, the further analysis considers the value pPG.IN

11 = 2×102 Pa as the
design pressure and focuses in particular on the consequences that an additional injection
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Fig. 5.18. [Left] Simulated partial pressures of different molecules that adjust in the purge gas
outlet segment of the purge gas in a fuel pin plotted against the 1H2 partial pressure in the coolant
if 1H2 gas with a partial pressure of pPG.IN

11 = 200 Pa is added to the purge gas. [Right] Simulated
normalized multi-isotopic permeation flux factor plotted against the 1H2 partial pressure in the
coolant if 1H2 gas with a partial pressure of pPG.IN

11 = 200 Pa is added to the purge gas.

of 1H2 gas to the coolant has on the tritium permeation flux.

The simulation in figure 5.17 reveals that if pPG.IN
11 > 0 Pa, adding 1H2 gas to the

coolant may have an enhancing or mitigating effect on the tritium permeation flux. When
following the continuous curve in figure 5.17 towards higher 1H2 partial pressures in the
coolant the tritium permeation flux first increases. However, at a certain pressure, the
tritium permeation flux exhibits a maximum before it decreases. As visible in figure 5.17,
there is a critical value pCG

11,c above which the tritium permeation flux is reduced compared
to a scenario in which the coolant is free from 1H2 gas. In other words, for pCG

11 < pCG
11,c, an

addition of 1H2 gas to the coolant has a tritium permeation flux enhancing effect and for
pCG

11 > pCG
11,c, it has a tritium permeation flux reducing effect.

The left-hand plot in figure 5.18 shows the simulated partial pressures that adjust in
the last purge gas segment in steady state if pPG.IN

11 = 2 × 102 Pa. It can be seen that the
effective tritium pressure in the purge gas shows no noticeable variation as the value of
pCG

11 increases. For this reason, the particular shape of the tritium permeation flux for
pPG.IN

11 = 2 × 102 Pa can be exclusively traced back to multi-isotopic transport effects
and not to a variation in effective tritium pressure [see equation (4.28)]. This finding is
confirmed by the fact that the simulated curve of the multi-isotopic permeation flux factor
ΛPG.OUT

13 , which is plotted in the right-hand graph in figure 5.18, has an identical shape as
the tritium permeation flux shown in figure 5.17.

The left-hand graph in figure 5.19 shows the dissociation and the recombination fluxes
at the purge gas interface of the outer Eurofer’97 wall plotted against the 1H2 partial
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Fig. 5.19. [Left] Simulated tritium recombination flux and dissociation flux at the purge gas inter-
face of the outer wall in the last purge gas segment of an HCPB fuel pin plotted against the 1H2 par-
tial pressure in the coolant for a case in which 1H2 gas with a partial pressure of pPG.IN

11 = 2×102 Pa
is added to the purge gas. [Right] Simulated protium and tritium concentrations at the purge gas
interface and the coolant gas interface in the outer Eurofer’97 wall of the last purge gas segment
of an HCPB fuel pin plotted against the 1H2 partial pressure in the coolant. The colored thick lines
refer to a case in which pPG.IN

11 = 2 × 102 Pa. For comparison, the black lines represent the pure
counter-permeation case of the right-hand plot in figure 5.11 where pPG.IN

11 = 0 Pa.

pressure in the coolant. Since the effective tritium pressure in the purge gas is unchanged
throughout the entire visualized pressure range of pCG

11 , the dissociation flux JPG.OUT
d,PI,3 =

2σkd,33 pPG.OUT
eff,3 at the purge gas interface remains constant. Consequently, according to

the equations (4.16) and (4.24) the courses of the multi-isotopic permeation flux factor
and the tritium permeation flux are fully determined by the tritium recombination flux
into the purge gas JPG.OUT

r,PI,3 ≈ −σkr,13cPG.OUT
PI,1 cPG.OUT

PI,3 or more precisely by the product of
the protium and tritium concentrations at the purge gas interface.

The right-hand graph in figure 5.19 depicts the protium and tritium purge gas and
coolant gas interface concentrations plotted against the 1H2 partial pressure in the coolant.
It reveals that in a case where pPG.IN

11 = 2 × 102 Pa, the tritium interface concentrations
at pCG

11 = 1 Pa are significantly lower compared to a pure counter-permeation scenario
(shown by the thin black lines). This is due to the fact that at very low 1H2 partial pres-
sures in the coolant, the existence of 1H2 gas in the purge gas creates an almost pure co-
permeation scenario. Hence, the observed tritium interface concentrations at pCG

11 = 1 Pa
in the right-hand graph in figure 5.19 are consistent with the observed decrease in the inter-
face concentration cPG.OUT

PI,3 shown in the right-hand plot in figure 5.15 at pPG.IN
11 = 2×102 Pa

(see dash-dot-dotted lines). Nevertheless, the right-hand graph in figure 5.19 reveals that
eventually, with growing pCG

11 , the tritium interface concentrations reduce. At higher val-
ues of pCG

11 they converge against the corresponding curves of the pure counter-permeation
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case which are drawn in figure 5.19 with black thin lines.

In contrast, the protium purge gas and coolant interface concentrations increase with
pCG

11 . Due to the presence of 1H2 gas in the purge gas, at pCG
11 = 1 Pa the protium interface

concentrations are significantly higher compared to a case of pure counter-permeation and
are equal to those indicated by the dash-dot-dotted lines in the right-hand graph in figure
5.15. The protium purge gas interface concentrations continuously increase. At pCG

11 =

pPG.IN
11 both concentrations intercept and match the equilibrium concentration cPG.OUT

PI,1 =

cPG.OUT
CI,1 = cPG.OUT

eq,1 . Here, the protium isotopes are in thermodynamic equilibrium with the
metal bulk and the gas phases. At higher pressures pCG

11 > pPG.IN
11 the values of cPG.OUT

PI,1

and cPG.OUT
CI,1 converge against their corresponding curves in the case of a pure counter-

permeation scenario (see thin black lines).

It is found that at partial pressures pCG
11 below a certain value, the decrease in cPG.OUT

PI,3

occurs at a higher rate than the increase in cPG.OUT
PI,1 . This is why at lower 1H2 partial pres-

sures in the coolant the product of the protium and tritium purge gas interface concentra-
tions, and hence the tritium recombination flux into the purge gas decreases. However, at
partial pressures pCG

11 above a certain value, the increase in cPG.OUT
PI,1 prevails and the product

of the protium and tritium purge gas interface concentrations increases. For this reason,
the simulated tritium recombination flux at the purge gas interface forms a minimum at
a pressure where the tritium permeation flux in figure 5.17 exhibits a maximum. It is
important to note that the maximum of the tritium permeation flux occurs at a 1H2 partial
pressure in the coolant which satisfies the condition pCG

11 > pPG.IN
11 , but certainly not the

condition pCG
11 = pPG.IN

11 .

Figure 5.17 reveals that if the 1H2 partial pressure in the purge gas is increased from
pPG.IN

11 = 2×102 Pa to pPG.IN
11 = 2×103 Pa the observed maximum of the tritium permeation

flux shifts to higher 1H2 partial pressures in the coolant. This implies that in comparison
with the situation in which pPG.IN

11 = 2 × 102 Pa it would require adding more 1H2 gas
to the coolant to achieve a tritium mitigating effect through counter-permeation effects.
Nevertheless, when examining figure 5.17, it can be seen that above pPG.IN

11 > 1 × 102 Pa,
an increase of the partial pressure of 1H2 in the purge gas leads to a much more effective
reduction of the tritium permeation flux due to co-permeation effects than an addition of
1H2 gas to the coolant would have due to counter-permeation effects.

By analyzing multi-isotopic permeation in the last purge gas segment of an HCPB fuel
pin it was possible to validate the findings and derived algebraic formulas for co-, counter-
, and isotope-limited permeation presented in section 4.1. In addition, the reason why a
situation where 1H2 gas is simultaneously present in the purge gas and the coolant flow can
lead to either an increase or a decrease in the tritium permeation flux has been uncovered.
At this point, the focus of is directed to the evaluation of multi-isotopic permeation as a
potential tritium mitigation method in an HCPB breeding blanket. Therefore, a parametric
study is performed in which the 1H2 partial pressures in the coolant and the purge gas are
varied considering two different purge gas mass flow rates.
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Case A: Purge gas mass flow rate of 0.5 kg/s

At first, like in the previous simulations, the purge gas mass flow rate is assumed to be
ṁPG = 5 × 10−1 kg s−1 which is the current HCPB mass flow rate design value [71]. The
simulated average effective tritium pressures ⟨p⟩PG

eff,3 that adjusts in the purge gas flow
through the fuel pins plotted against the 1H2 partial pressure in the coolant is presented in
the top left-hand plot in figure 5.20. The curves shown refer to different partial pressures
of added 1H2 gas to the purge gas inlet. It can be seen that except for a case in which
pPG.IN

11 = 1 Pa the adjusting effective tritium pressures are very close to pPG
eff,3 ≈ 1 Pa. This

value conforms with the simulations performed in [232].

At this point, the focus is no longer just on the permeation process happening in the
outer wall of the last purge gas segment in a fuel pin, but on the permeation process
occurring in a fuel pin as a whole. Therefore, the investigation now concentrates on the
average tritium permeation flux

⟨︂
J
⟩︂

per,3
in a fuel pin from the purge gas into the coolant

gas, averaged along the lengths of the inner and outer Eurofer’97 walls. In the right-hand
plot in figure 5.17, the simulated average tritium permeation flux from the purge gas into
the coolant is plotted in a three-dimensional graph against the partial pressure of the added
1H2 gas to the purge gas inlet (x-axis) and the coolant gas (y-axis).

It is important to note that the plotted average tritium permeation flux values are
based on the assumption of a continuous release of 1H3H and 1H3HO molecules from
the ceramic pebble beds with a total 3H release rate of 1.23 × 10−8 mol s−1 per fuel pin
(3.20 × 10−1 kg/day in the whole breeding blanket). In the model, this value is assumed
to be the same, regardless of the 1H2 partial pressure in the purge gas. It is to expect
that at very low 1H2 partial pressures in the purge gas the chemical reactions (5.20) and
(5.21) would be suppressed leading to a reduced 3H release rate from the pebble surfaces.
This would go along with lower effective tritium pressures in the fuel pins and hence a
decreased tritium permeation flux to the coolant. Nevertheless, assuming the maximum
possible 3H release rate from the pebbles (the 3H generation rate) independent of the value
of pPG.IN

11 allows obtaining rather conservative simulation results.

In the presented three-dimensional plot in figure 5.20 the average tritium permeation
flux values, which belong to the purest co- and counter-permeation scenarios, are those
lines in the plotted flux surface which are colored in yellow and red, respectively. The
corresponding flux values are slightly lower than those calculated for a permeation process
from the last purge gas segment into the coolant outlet channel shown in the figures 5.9
and 5.13. This is because the thicknesses of the inner and outer Eufofer’97 walls differ.
Furthermore, due to the spatial expansion of the pebble bed along the purge gas flow in a
fuel pin, the effective tritium pressure is lower in purge gas segments closer to the purge
gas inlet.

It can be seen that regardless of the chosen 1H2 partial pressure in the coolant, increas-
ing the 1H2 partial pressure in the purge gas leads to a reduction in the average tritium per-
meation flux into the coolant. The graph reveals that in a range pCG

11 < 1×103 Pa increasing
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Fig. 5.20. [Top left] Simulated effective tritium pressure in the purge gas flow of an HCPB fuel
pin averaged along the length of a fuel pin for different partial pressures of added 1H2 gas to
the purge gas. It is plotted against the partial pressure of added 1H2 gas to the coolant. [Top
right] Simulated average steady state tritium permeation flux from the purge gas into the coolant
in an HCPB fuel pin plotted against the partial pressure of added 1H2 gas to the purge gas and
the coolant gas. [Lower left] Simulated critical 1H2 gas pressures in the coolant with different
consequences for the tritium permeation flux into the coolant of an HCPB fuel pin. It is plotted
against the 1H2 partial pressure in the purge gas. [Lower right] Simulated total mass of tritium
absorbed in the inner and outer Eurofer’97 walls of all 1 × 105 fuel pins of an HCPB breeding
blanket. The simulations are performed assuming that ṁPG = 5 × 10−1 kg s−1.

the 1H2 partial pressure in the purge gas from pPG.IN
11 = 1 Pa to pPG.IN

11 = 1× 102 Pa reduces
the tritium permeation flux by approximately 25 %. An injection of pPG.IN

11 = 1× 103 Pa to
the purge gas leads to a reduction of about 60 % and if pPG.IN

11 = 1× 104 Pa the permeation
flux mitigation even reaches 85 %. Due to this finding, it can be said that, as long as it is
technically feasible, increasing the 1H2 partial pressure in the purge gas from the planned
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pPG.IN
11 = 2 × 102 Pa to pPG.IN

11 = 1 × 103 Pa or higher would be a recommendable design
change and could effectively mitigate the tritium permeation flux to the coolant. There-
fore, this numerical investigation identifies an addition of 1H2 gas to the purge gas as a
reasonable tritium permeation mitigation method for HCPB breeding blankets.

The dash-dot-dotted dark-blue line in the three-dimensional plot indicates the path
of the tritium permeation flux in an isotope-limited scenario in which the 1H2 partial
pressures at the purge gas inlet and in the coolant are equal. It can be seen that the curve
of the isotope-limited case runs over a slightly elevated part of the plotted permeation
flux surface in comparison with the yellow line of the co-permeation curve. This fact
and its inclination relative to the yellow co-permeation curve explain the similar but less
effective permeation flux-reducing effect of an isotope-limited case in comparison with a
pure co-permeation scenario, as it was predicted in the right-hand plot in figure 4.3.

As expected from the analysis of figure 5.17, by observing the change in tritium per-
meation flux in the direction of the pCG

11 -axis it is found that for elevated 1H2 partial pres-
sure in the purge gas, the tritium permeation flux first rises, runs through a maximum
before it decreases. The formation of the maximum has the same explanation as the max-
imum observed in figure 5.17, which was discussed above. The position of the maximum
is marked with blue circles and a red dotted line in the top right-hand plot in figure 5.20.
The same red dotted line is drawn in the lower left-hand graph in figure 5.20 which is a
projection of the three-dimensional plot onto the pressure plane. This line stands for the
1H2 partial pressure in the coolant that causes the highest possible tritium permeation flux
for a fixed value of pPG.IN

11 . It is evident that for a safe operation of an HCPB breeding blan-
ket, the 1H2 partial pressure configuration in the purge gas and the coolant indicated by
the red dotted line should be avoided under all circumstances. The critical pressure pCG

11,c

in the coolant above which the tritium permeation flux sinks below its value at pCG
11,c = 0 Pa

(see figure 5.17) is marked in the top right-hand and lower left-hand graph in figure 5.20
with a solid blue line. It can be said that for a fixed 1H2 partial pressure in the purge gas,
an injection of 1H2 gas to the coolant only has a permeation mitigating effect if its partial
pressure lays in the green shaded area shown in the lower left-hand graph in figure 5.20.
Only then would an injection of 1H2 to the coolant lead to a further reduction in tritium
permeation flux on top of the already achieved mitigation due to the presence of 1H2 gas
in the purge gas. As the lower left-hand graph reveals, if the chosen 1H2 partial pressure
in the purge gas is pPG.IN

11 = 2× 102 Pa, a 50 % reduction in tritium permeation flux caused
by the injection of 1H2 gas into the coolant would require at least a partial pressure of
about pCG

11 ≈ 1 × 105 Pa. The risks and technological challenges connected to such a high
1H2 partial pressure might overweight the benefits. Especially since the same reduction
in permeation flux could be achieved at pCG

11 = 0 Pa by increasing the 1H2 partial pressure
in the purge gas from pPG.IN

11 = 2 × 102 Pa to merely pPG.IN
11 ≈ 2 × 103 Pa instead (see top

right-hand plot in figure 5.20).

The lower right-hand graph shows the total mass of tritium dissolved in the inner and
outer Eurofer’97 walls in all 1 × 105 fuel pins of the HCPB breeding blanket plotted
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against the 1H2 partial pressure in the coolant. The mass of dissolved tritium is simulated
and plotted for different 1H2 partial pressures in the purge gas. The decrease in tritium
mass dissolved in the Eurofer’97 walls with increasing 1H2 partial pressures in the purge
gas or the coolant is due to the predicted decrease in tritium concentration in the presence
of protium which was discussed in section 4.1. It is found that injecting 1H2 gas to the
purge gas leads to a stronger reduction in tritium content than an injection of the same
partial pressure of 1H2 gas to the coolant. This is attributed to the fact that according to
the right-hand plot in figure 5.11 and the right-hand graph in figure 5.15 the tritium purge
gas interface concentration declines stronger in a co-permeation process than in a counter-
permeation process while the decrease in coolant interface concentration is approximately
equal. Therefore, in addition to a reduction in coolant contamination by tritium, increas-
ing the 1H2 partial pressure in the coolant or the purge gas could be considered as a method
to reduce the exposure of the metal lattice of the Eurofer’97 structural material to the beta
radiation of dissolved tritium and thus to reduce radiation damage. In addition, a smaller
tritium content in the structural material lowers the amount of tritium-containing material
which would escape into the environment in case of an accident.

Case B: Purge gas mass flow rate of 0.05 kg/s

To continue the parameter study it is now analyzed how the effect of multi-isotopic trans-
port on the tritium permeation flux in a fuel pin changes when moving to higher effective
tritium pressures in the purge gas. This is important in case it is planned to reduce the
purge gas mass flow rate. The top left-hand plot in figure 5.21 shows the simulated aver-
age steady state effective tritium pressure adjusting in the purge gas flow through a fuel pin
if the design purge gas mass flow rate was reduced by a factor ten to ṁPG = 5×10−2 kg s−1.
It is found that at elevated 1H2 partial pressures in the purge gas the simulated effective
tritium pressures are about ten times higher compared to those visible in figure 5.20. At
lower 1H2 partial pressures in the purge gas of pPG

11 ≈ 2 Pa and pPG
11 ≈ 2 × 101 Pa, the

increase in adjusting effective tritium pressure is merely eight and nine-fold, respectively.
The three-dimensional plot in figure 5.21 shows an increment in simulated tritium per-
meation flux values which almost exactly matches the increase in effective tritium pres-
sure compared to figure 5.20. This partially explains the difference in shape between the
plateau areas of the plotted flux surfaces in the figures 5.20 and 5.21.

In addition to that, it is observed that in contrast to the 3D plot in figure 5.20 even
at very low 1H2 partial pressures of pPG.IN

11 ≈ 1 Pa the permeation flux runs through a
pronounced maximum when increasing the 1H2 partial pressure in the coolant. This is
explained by the fact that according to figure 5.8, at a higher effective tritium pressure
of about pPG

eff,3 ≈ 10 Pa, for pressures pPG
kk ≈ pCG

kk ≈ 0 Pa the tritium permeation pro-
cesses through both the inner and outer Eurofer’97 walls are no longer surface-limited
and therefore the permeation fluxes approach smaller values than those given by the equa-
tions (4.29) and (4.13). The formation of the maximum at pPG.IN

11 ≈ 1 Pa can be explained
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Fig. 5.21. [Top left] Simulated effective tritium pressure in the purge gas flow of an HCPB fuel
pin averaged along the length of a fuel pin for different partial pressures of added 1H2 gas to the
purge gas. It is plotted against the partial pressure of added 1H2 gas to the coolant. [Top right]
Simulated average steady state tritium permeation flux from the purge gas into the coolant gas
of an HCPB fuel pin plotted against the partial pressure of added 1H2 gas to the purge gas and
to the coolant gas. [Lower left] Simulated critical 1H2 gas pressures in the coolant with different
consequences for the tritium permeation flux into the coolant of an HCPB fuel pin. It is plotted
against the 1H2 partial pressure in the purge gas. [Lower right] Simulated total mass of tritium
absorbed in the inner and outer Eurofer’97 walls of all 1 × 105 fuel pins of an HCPB breeding
blanket. The simulations are performed assuming that ṁPG = 5 × 10−2 kg s−1.

by the fact that when moving from higher to lower 1H2 partial pressures in the coolant,
the permeation flux first approaches the equations (4.29) and (4.13) as long as the con-
dition cPI,k ≫ cPI,i is satisfied before it declines towards its lower value at pCG

kk = 0 Pa
corresponding the non-surface-limited tritium permeation regime (see figure 5.8).
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Next, the plotted graphs in the lower left corners of the figures 5.20 and 5.21 are
compared. It can be seen that at a slower purge gas mass flow rate, and thus at a higher
adjusting effective tritium pressure, both the maximum of the plotted tritium permeation
flux surface and the critical 1H2 partial pressure, above which an addition of 1H2 into the
coolant mitigates the tritium permeation flux, shift to slightly higher values of pCG

11 . This
finding can be explained by the fact that at higher effective tritium pressures higher 1H2

partial pressures are required to satisfy the condition cPI,k ≫ cPI,i. This condition must be
met such that the presence of protium considerably increases the tritium recombination
flux back into the purge gas and thus decreases the permeation flux into the coolant [see
equation (4.1)].

Furthermore, it is found that at a slower purge gas mass flow rate, the simulated masses
of dissolved tritium in the Eurofer’97 walls of all fuel pins are increased by approximately
the same factors as the effective tritium pressures (see lower right plot in figure 5.21).

In summary, the same conclusions regarding the effectiveness of co- and counter-
permeation as a tritium permeation flux mitigation method apply even when the purge
gas mass flow rate is reduced and the setting effective tritium pressures are significantly
higher than those that could be drawn for the analyzed higher purge gas mass flow rate in
case A.

Case C: Addition of steam to the purge gas

Finally, the tritium permeation mitigating effect of co- and counter-permeation is com-
pared with the consequences of an additional injection of steam (1H2O) to the purge gas.
Therefore, the average steady state tritium permeation flux into the coolant flow of a fuel
pin is plotted as a function of the partial pressure of 1H2O gas at the purge gas inlet. It
is shown in the left-hand graph in figure 5.22. This simulation again considers the de-
sign value of the purge gas mass flow rate of ṁPG = 5 × 10−1 kg s−1 and is executed for
three different partial pressures of added 1H2 gas at the purge gas inlet. The plot reveals
that the tritium permeation flux drastically decreases with growing 1H2O partial pressure
in the purge gas. When comparing the observed decline in tritium permeation flux with
the three-dimensional plot in figure 5.20 one can say that according to the simulation, an
increase in 1H2O partial pressure in the purge gas has an even stronger tritium mitigating
effect than an addition of 1H2 gas to the purge gas or the coolant.

To reveal the origin of this effect it is looked at the right-hand plot in figure 5.22
which depicts the adjusting average partial pressures of the different hydrogen isotope-
containing molecules in the purge gas flow of the fuel pins plotted against the partial
pressure of steam at the purge gas inlet for the case in which pPG.IN

11 = 1 × 102 Pa (see
solid blue line). It can be seen that with a growing value of pPG.IN

11O the 1H3HO partial
pressure increases while the 3H2 and 1H3H partial pressures plunge. The reason for this
to happen is that due to an increased concentration of 1H2O molecules in the purge gas
the chemical reaction (5.24) occurs at a higher rate. As a result, the consumption of 1H3H
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Fig. 5.22. [Left] Simulated average steady state atomic tritium permeation flux from the purge
gas into the coolant of an HCPB fuel pin plotted against the partial pressure of 1H2O steam added
to the purge gas. The simulations are performed for different partial pressures of 1H2 gas that is
additionally added to the purge gas. [Right] Simulated average partial pressures of the different
hydrogen isotope-containing molecules in an HCPB fuel pin plotted against the partial pressure
of added 1H2O steam, if the partial pressure of additionally added 1H2 gas to the purge gas is
pPG.IN

11 = 1 × 102 Pa. The simulations assume that ṁPG = 5 × 10−1 kg s−1.

molecules and the formation 1H3HO and 1H2 molecules increases. The reduced number
of 1H3H molecules suppresses reaction (5.23) which leads to the formation of less 3H2.
Eventually, the tritium mitigating effect of an 1H2O injection to the purge gas arises from
the observed intense reduction in effective tritium pressure in the purge gas.

If the 1H2 partial pressure in the purge gas is higher, as it is the case for the red dotted
curve in the left-hand plot in figure 5.22, the intensified co-permeation effect leads to
an overall reduction in tritium permeation flux. For the same reason, if the 1H2 partial
pressure in the purge gas is lower, the tritium permeation flux is higher, as shown by the
orange dashed line. However, it is also observed that an increased 1H2 partial pressure in
the purge gas reduces the tritium permeation flux-reducing effect of steam addition to the
purge gas. This is because increasing the concentration of 1H2 molecules in the purge gas
leads to an increased formation of 1H3H molecules through the chemical reaction (5.24)
which increases the tritium effective pressure and thus the tritium permeation flux.

5.4. Modeling of multi-isotopic permeation in a WCLL breeding blanket

As described in section 1.2.3, the water-cooled pebble bed (WCLL) breeding blanket is
characterized by a liquid PbLi fluid flow as the tritium breeding material. Figure 5.23
shows a close-up section-cut of a three-dimensional CAD model of the breeding zone
in an elementary WCLL cell. It is shown from a different angle in figure 1.12. The
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Fig. 5.23. [Left] Section cut of the breeder zone in an outboard elementary cell of the WCLL
breeding blanket. [Right] Illustration of a water cooling pipe in the breeder zone, overflown by the
liquid PbLi flow.

inboard and outboard segments of the 16 toroidally arranged blanket sectors of the WCLL
breeding blanket are made of a large number of stacked elementary cells surrounding the
plasma. Hot liquid PbLi enters the breeding zone from the inlet PbLi manifold. It flows
through radially arranged rectangular channels towards the plasma-facing first wall where
it rises and reverses its flow direction back into the PbLi outlet manifold (see orange
arrows). Despite the occurring exothermic lithium spallation reactions, it is expected
that the PbLi flow in the breeding zone remains approximately isothermal at roughly
T = 600 K [233]. As shown in the 3D drawing, the PbLi flow is penetrated by U-shaped
coolant water pipes. The water temperature ranges from approximately T = 570 K at
the water inlet to T = 600 K at the water outlet of the breeding zone [234]. The current
WCLL design envisages water pipes with an inner radius of rin = 8 × 10−3 m. The water
is separated from the PbLi stream by a Eurofer’97 double wall with a welded 1 × 10−4 m
thick α-iron (α-Fe) layer in between (see the right-hand image in figure 5.23). At both
sides of the interlayer, the Eurofer’97 walls have a designed thickness of 1.33 × 10−3 m.
This results in a total pipe wall thickness of dpipe = 2.75 × 10−3 m with the outer radius
being rout = 1.08 × 10−2 m.

In recent years, the Ciemat tritium modeling group has developed an EcosimPro© tri-
tium transport model of the WCLL breeding blanket for DEMO at system level, taking
into account many details of its complexity [235]. This includes the specific geometry of
the breeder and coolant fluid cycles as well as the tritium extraction and coolant purifica-
tion systems. The model enables calculating the accumulation of generated tritium in the
PbLi, dependent on the distance from the first wall and the duration of the plasma pulses
of the tokamak. Some model outcomes based on different parameter sets are presented in
[232]. It was found that by assuming an efficiency of the tritium extraction system of 80 %
the adjusting steady state tritium concentration in the breeding zone oscillates around a
value of approximately cPbLi

CF,3 ≈ 1.4 × 10−2 mol m−3 in the PbLi core flow.
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Fig. 5.24. EcosimPro© inner component structure of the double wall material component used to
simulate the water pipe wall in a WCLL elementary cell.

                  

          

                         

 

Pipe double-wall

Water coolant Lithium-lead breeder

Tritium net diffusion flux

Fig. 5.25. EcosimPro© component flow chart of the examined permeation environment which
represents a section of a water cooling pipe inside of the breeder unit in an elementary cell of a
WCLL breeding blanket.

For the analysis of multi-isotopic transport effects on tritium permeation into the water
coolant, this study focuses on a one-meter-long section of a cooling pipe at the reversal
point of the PbLi flow, near the first wall. As visible in figure 5.23, the cylinder axis of the
considered pipe section is oriented perpendicular to the PbLi flow direction (see figure
5.23). An EcosimPro© model of the considered permeation environment is developed
within the scope of this work. In the model, the Eurofer’97-iron-Eurofer’97 double wall
is represented by a higher-order component shown in figure 5.24. It comprises three
cylindrical wall material components whose diffusion ports are linked by metal-metal
interface components. Via a gas-metal interface component, the double wall material
component is connected to a cylindrical pipe flow component which represents the water
flow through the pipe. The EcosimPro© component structure of the entire pipe section
sitting inside of the PbLi flow is presented in figure 5.25. It can be seen that the PbLi
flow around the pipe is described by another pipe flow component. Its free diffusion port
is linked to a mass transfer interface component and a metal-metal interface component
which together contain the physics of the PbLi boundary layer at the PbLi-Eurofer’97
interface. In contrast to the rather complex model developed for the analysis of the HCPB
breeding blanket in section 5.3, the permeation process into the water pipe is modeled
with only a single discretization node (M = 1) in the directions of the water and the PbLi

154



flows. Moreover, in this model, the three wall material components of the double wall in
figure 5.24 are each discretized into Q = 30 segments in diffusion direction.

Although in reality there will be a temperature gradient between the inlet and outlet
port of a water coolant pipe in the breeder zone, the simulations in this work assume con-
stant and equal temperatures of the PbLi and the water pipe of T = 600 K. As indicated
by simulations in [81], the water mass flow rate in the cooling pipes will be of the order
of uwater ≈ 1 m s−1.

To calculate the forward and backward reaction rates (2.121) of reaction (5.24) pro-
ceeding in the water coolant the model requires information about the concentration of
water molecules as an input value. It is calculated from steam tables [236] which, at
the designed WCLL water coolant pressure of pwater = 1.55 × 107 Pa, report a water
density of about ρw

11O = 6.8 × 102 kg m−3. It corresponds to an approximate concen-
tration of water molecules of cw

11O = ρ
w
11O/M11O = 3.8 × 104 mol m−3 where M11O =

18.02 × 10−3 kg mol−1 is the molar mass of a water molecule. The reaction rate co-
efficients of both isotope exchange reactions (5.23) and (5.24) in the water are set to
kf,ex

13+13 = kf,w
IV,31 = 1 × 105 m3 s−1 mol−1.

The considered velocity of the PbLi core flow around the water cooling pipes is taken
from a fluid dynamic simulation performed by Urgorri et al in [237]. They found that
the core velocity is highest close to the pipe walls where it takes values of approximately
uPbLi ≈ 3 × 10−3 m s−1. Knowing the fluid velocities of the PbLi flow and the water flow
enables calculating the volume flow rates FPbLi and Fw which are necessary input values
of the model to solve equation (5.2).

Another input quantity of the model is the mass transfer coefficient αMT which appears
in equation (5.5) as part of the mass transfer interface component. Al-Enezi et al experi-
mentally determined the following relation for the mass transfer coefficient of a fluid flow
around a single cylinder for Reynolds numbers Re < 500 [238], [239].

αMT = 1.71 · uPbLiRe−0.672Sc−0.67
[︂
m s−1

]︂
(5.26)

Their data is in good agreement with the results of another experimental campaign which
creates confidence to use their experimental relation for the simulations in this work.
The Reynolds number Re and Schmidt number Sc of the PbLi flow around the pipe is
calculated using the equations [238]

Re = 2rout ·
ρPbLiuPbLi

ϱPbLi
and Sc =

ϱPbLi

ρPbLiDPbLi
3

. (5.27)

Here, DPbLi
3 is the diffusion coefficient of tritium in PbLi and ρPbLi the temperature-dependent

density of eutectic liquid lithium lead. It can be estimated through relation [240]

ρPbLi = 10.52 × 103 ·
(︂
1 − 1.13 × 10−4 · T

)︂ [︂
kg m−3

]︂
. (5.28)

In addition, the dimensionless numbers (5.27) are dependent on the dynamic viscosity
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Fig. 5.26. [Left] Temperature dependencies of the Sieverts’ constants of protium in different en-
dothermic hydrogen-absorbing metals reported in the references [161], [223], [224]. [Right] Tem-
perature dependencies of the diffusivities of protium in different endothermic hydrogen-absorbing
metals reported in the references [161], [224], [225].

ϱPbLi which according to [241] may be calculated with the expression

ϱPbLi = 1.87 × 10−4 Pa s · exp
(︄
11 640 J mol−1

RT

)︄
. (5.29)

5.4.1. Hydrogen isotopes in α-iron

Like in Eurofer’97, hydrogen isotopes are endothermically dissolved in the bcc lattice of
α-iron. Therefore, its hydrogen absorption behavior is well described by the Sieverts’ law.
Eichenauer et al measured the Sieverts’constant of protium in α-iron [223], [242]. The
experimental coefficients are shown in table 5.1. Since no specific solubility measure-
ments of deuterium and tritium were performed, in this study the same Sieverts’ constant
of protium is assumed for all three hydrogen isotopes.

Furthermore, several experimental campaigns could measure the diffusion coefficient
DαFe

1 of protium in α-iron [140], [225], [243]–[245]. As shown in [225], the measured
results differ merely within the same order of magnitude. Since the measurements per-
formed by Tahara et al cover exactly the temperature range relevant for breeding blanket
applications 500 K < T < 1000 K it is decided to use their data for the calculations in
this work [225], [242]. The corresponding Arrhenius coefficients are shown in table 5.1.
Equation (2.66) is used to extrapolate the diffusion coefficients of the other hydrogen
isotopes.

Figure 5.26 presents the considered relations of DαFe
1 (T ) and KαFe

s,1 (T ) plotted against
temperature. For comparison, the graphs contain the corresponding plots of the Eurofer’97-
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hydrogen system based on the coefficients listed in table 5.1. The fact that the Sieverts’
constants of both metals increase with temperature is an indication of their endothermic
hydrogen-absorbing nature. The plots reveal that hydrogen isotopes have a higher solubil-
ity in α-iron than in Eurofer’97, but a very similar diffusivity. Therefore, the permeability
of hydrogen isotopes in α-iron is higher than in Eurofer’97 [see equation (2.143)].

5.4.2. Hydrogen isotopes in PbLi

In eutectic lead lithium a slight variation of the lithium content seems to have a great
influence on its hydrogen transport and absorption characteristics [82]. This may be traced
back to the strong exothermic nature of lithium as a hydrogen isotope absorber and is a
possible explanation for why the Sieverts’ constants that could be measured for PbLi
scatter over several orders of magnitude [82]. However, because of the large fraction
of lead in the eutectic alloy, it is found that PbLi rather behaves like an endothermic
hydrogen-absorbing metal in which the relevant part of the PCIs can be well described
with the Sieverts’ law [246]. Among all measured Sieverts’ constants that can be found in
literature, the relation measured by Reiter et al in a temperature range 508 K < T < 700 K
is the lowest and therefore yields the smallest low-concentration distribution coefficient
KE97−PbLi

D,0 between PbLi and Eurofer’97 [224]. Since according to equation (4.55), a lower
distribution coefficient results in a higher permeation flux, considering Reiters Sievert’s
coefficient provides the most conservative simulation results from the safety point of view.
For this reason, for the simulations in this work, the Sieverts’ constant of protium in PbLi
measured by Reiter et al is considered for all three hydrogen isotopes.

In contrast to the Sieverts’ constant, the measured diffusion relations which can be
found in the literature differ considerably less. To stay consistent, the diffusion relation
which was measured by Reiter et al in a temperature range 573 K < T < 773 K is chosen
for the calculations in this work [224]. They concluded that the same diffusivity relations
approximately apply to all three hydrogen isotopes.

The used experimental Arrhenius coefficients of both the Sieverts’ constant and the
diffusivity of protium in PbLi are listed in table 5.1. In addition, both quantities are plotted
in the two graphs of figure 5.26. It is interesting to note that especially in the temperature
range relevant for WCLL breeding blankets the solubility of hydrogen isotopes in PbLi is
of the same order of magnitude as the plotted solubilities in the two iron alloys. However,
compared to the other two metals the Sieverts’ constant of PbLi increases only very little
with temperature. Moreover, it can be seen that the diffusivity of hydrogen isotopes in
PbLi is at least an order of magnitude lower than in Eurofer’97 and α-iron.

5.4.3. Counter-permeation in a WCLL breeding blanket

The first simulations target the validation of the algebraic expressions for mono- and
multi-isotopic permeation from flowing liquid metal to water (4.58), (4.60), (4.64) and
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Fig. 5.27. [Left] Tritium permeation flux from the PbLi breeder flow into the water coolant of
a WCLL breeding blanket in a counter-permeation scenario where 1H2 gas is added to the water
coolant assuming the pipe wall is exclusively made of Eurofer’97. The graph shows a simulated
curve as well as curves that are calculated using algebraic formulas derived in section 4.2. [Right]
Simulated protium and tritium concentrations at the coolant downstream interface of the water
pipe wall of a WCLL breeding blanket in a counter-permeation scenario where 1H2 gas is added
to the water coolant assuming the pipe wall is exclusively made of Eurofer’97.

(4.65) which are derived in the theoretical analysis in section 4.2. Since these formulas
are only applicable to a membrane made of a single material the following preliminary
simulations consider a hypothetical case in which the interlayer of the pipe wall (central
material component in figure 5.24) is made of Eurofer’97 as well, instead of α-iron.

The tritium concentration at the inlet of the liquid PbLi pipe flow component assumed
in the simulations is taken from the mentioned calculations performed in [232] and is
set to cPbLi

CF,3 ≈ 1.4 × 10−2 mol m−3. Furthermore, it is assumed that the concentrations
of the tritium containing molecules 1H3HO, 1H3H and 3H2 at the inlet of the water pipe
component are zero. This ensures obtaining conservative simulation results.

Initially, a pure counter-permeation scenario is simulated in which 1H2 gas is added
to the coolant while the protium concentration at the inlet of the PbLi flow component is
maintained at zero. The blue continuous curve in the left-hand plot in figure 5.27 shows
the resulting simulated tritium permeation flux from the PbLi flow into the water flow
plotted against the 1H2 concentration in the water. The graph confirms that if the 1H2

concentration in the water is close to zero the permeation flux approaches a finite mini-
mum value which is calculated by the derived algebraic formula (4.58) for mono-isotopic
permeation from liquid metal to water (see dotted line). As the 1H2 concentration in the
water grows the tritium permeation flux increases. The simulated protium and tritium
concentrations in the pipe wall at the coolant downstream interface (CI) are visualized
in the right-hand graph. When the protium coolant interface concentration cE97

CI,1 is of the
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same order as the tritium coolant interface concentration cE97
CI,3 or higher, a steep rise in

tritium permeation flux can be observed. For cw
11 → ∞, the tritium permeation flux ap-

proaches a finite maximum value. As derived in section 4.2, equation (4.60) provides an
algebraic formula for this maximum permeation flux. It is validated through its graphical
representation with the dashed line in the left-hand graph in figure 5.27. At concentrations
in the water above approximately cw

11 > 1 × 10−2 mol m−3 the coolant interface concentra-
tions satisfy cE97

CI,1 ≫ cE97
CI,3. In section 4.2 it is derived that for such high concentrations in

the water, the tritium permeation flux of a counter-permeation scenario is approximately
described by the derived algebraic formula (4.64). To validate this claim the expression
is plotted into the left-hand graph in figure 5.27 (see dash-dotted line) after inserting the
same input parameters as used for the simulation. It can be seen that the higher the con-
centration cw

11 in the water, the better describes the relation (4.64) the simulated curve.

5.4.4. Co-permeation in a WCLL breeding blanket

To continue the numerical validation the same simulation is repeated, this time consider-
ing that the 1H2 concentration at the inlet of the water flow component is kept zero while
additional protium is added to the inlet of the PbLi flow component. Such a configuration
allows numerically observing a pure co-permeation process from the PbLi flow into the
modeled water coolant. A plot of the simulated tritium permeation flux into the coolant
as a function of the concentration of added protium into the breeder flow component is
presented in the left-hand graph in figure 5.28. It is immediately noticeable that in a
co-permeation scenario, the dependence of the permeation flux on the protium concentra-
tion in the PbLi flow has an almost identically shape as the dependency on the cw

11 in a
counter-permeation process. If the protium concentration in the PbLi is vanishingly small
the permeation flux is practically equal to its minimum mono-isotopic permeation flux
value which is plotted with a dotted line using the derived algebraic equation (4.58).

The right-hand plot in figure 5.28 shows the simulated coolant interface concentrations
of the two isotopes in the pipe wall. It is found that the tritium permeation flux, plotted
in the left-hand graph, increases when cE97

CI,1 is of the order of cE97
CI,3 or higher. At very

high protium concentrations in the PbLi, the tritium permeation flux converges against
the plotted maximum permeation flux given by the derived algebraic equation (4.60). The
plot also contains a graphical representation of the derived algebraic formula (4.65) for the
tritium permeation flux as a function of the protium and tritium concentration in the PbLi
flow. The two graphs in figure 5.28 confirm that the stronger the condition cE97

CI,1 ≫ cE97
CI,3 is

fulfilled, the better the derived formula describes the permeation flux in a co-permeation
scenario from liquid PbLi to water.

After analyzing the influence of co- and counter-permeating protium on the tritium
permeation flux from liquid PbLi to water it can be concluded that from a safety point
of view, it should be intended to avoid any protium in the system to obtain the minimum
tritium permeation flux given by equation (4.58). Nevertheless, the two left-hand graphs
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Fig. 5.28. [Left] Tritium permeation flux from the PbLi breeder flow into the water coolant of
a WCLL breeding blanket in a co-permeation scenario where protium is added to the PbLi flow
assuming the pipe wall is exclusively made of Eurofer’97. The graph shows a simulated curve
as well as curves that are calculated using algebraic formulas derived in section 4.2. [Right]
Simulated protium and tritium concentrations at the coolant downstream interface of the water
pipe wall of a WCLL breeding blanket in a co-permeation scenario where protium is added to the
PbLi flow assuming the pipe wall is exclusively made of Eurofer’97.

of the figures 5.27 and 5.28 give the impression that in a worst-case scenario, in which
a high amount of protium is present in the system, the tritium permeation flux could be
merely doubled. However, it is found that the difference between the minimum and the
maximum permeation flux is highly dependent on the tritium concentration in the PbLi.

The left-hand graph in figure 5.29 shows a plot of the simulated minimum and maxi-
mum permeation flux as a function of cPbLi

CF,3. In addition, the graph contains the curves of
the derived algebraic formulas (4.58) and (4.60). The correctness of the two equations is
confirmed since they perfectly match the simulation. It is found that if the tritium con-
centration in the liquid PbLi is small an addition of protium to the system can increase
the permeation flux by a much higher factor than if the tritium concentration is high. The
plot reveals that as cPbLi

CF,3 grows, the minimum permeation flux (4.58) approaches the max-
imum permeation flux (4.60). Therefore, at very high values of cPbLi

CF,3, the influence an
addition of protium to the system has on the tritium permeation flux becomes negligible
as the minimum and maximum value of the tritium permeation flux are almost identi-
cal. This is an important finding since its cause is directly connected to the origin of the
permeation-enhancing effect of co- and counter-permeation from liquid metal to water.

To comprehend this, it is looked at the right-hand graph in figure 5.29. It shows the
simulated tritium concentrations at the coolant interface and the PbLi breeder interface
(BI) for different tritium concentrations in the liquid PbLi assuming that no protium is
present in the entire system. The derived algebraic formula (4.57) for the tritium down-
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Fig. 5.29. [Left] Minimum steady state tritium permeation flux from the PbLi flow into the water
coolant of a WCLL breeding blanket that establishes if there is no protium in the system plotted
against the tritium concentration in the PbLi flow. It is shown together with the maximum per-
meation flux that adjusts if there is much more protium than tritium in the system. The curves are
simulated and calculated using the algebraic equations (4.58) and (4.60) derived in section 4.2.
[Right] Tritium concentrations at the breeder interface (BI) and coolant interface (CI) in the pipe
wall if it consists exclusively of Eurofer’97, plotted against the tritium concentration in the PbLi
flow if no protium is present in the system.

stream interface concentration in a mono-isotopic permeation scenario from liquid metal
to water is plotted in the graph as well. The simulated and algebraically calculated curves
match perfectly which validates the correctness of the derived formula. It can be seen
that at low tritium concentrations in the PbLi flow, the breeder and coolant interface con-
centrations are almost equal. This implies a flat concentration profile in the bulk. In
contrast, above approximately cPbLi

CF,3 > 1 × 10−2 mol m−3 the downstream coolant inter-
face concentrations become increasingly separated from the upstream breeder interface
concentration, meaning that the slope of the concentration profile in the bulk rises with
increasing value of cPbLi

CF,3. This behavior is well known from the permeation from gas to
gas and suggests that also for a permeation process from liquid metal to water there ex-
ists a surface-limited and diffusion-limited mono-isotopic permeation regime. The two
regimes are indeed recognizable in the left-hand graph in figure 5.29. At very low and
very high tritium concentrations in the liquid metal, the minimum mono-isotopic tritium
permeation flux (blue continuous and orange dashed lines) exhibits two distinct straight
slopes (in a logarithmic scale representation). The brackets in the two graphs indicate the
approximate concentration ranges of the surface-limited (cPbLi

CF,3 < 3 × 10−3 mol m−3) and
diffusion-limited (cPbLi

CF,3 > 1 × 10−1 mol m−3) mono-isotopic permeation regimes.

By looking at the left-hand graph it is found that an addition of protium to the system
only has a permeation-enhancing effect if, in a protium-free system, the mono-isotopic
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Fig. 5.30. Steady state tritium per-
meation flux from the PbLi flow into
the water coolant of a WCLL breed-
ing blanket plotted against the con-
centration of added 1H2 to coolant
and the concentration of added 1H
to the PbLi flow if cPbLi

CF,3 ≈ 1.4 ×
10−2 mol m−3. The plot indicates the
concentration of 1H2 in the water
equal to xw

11 = 8 ppm.

tritium permeation process would occur in the surface-limited regime. In this regime, a
high concentration of protium at the coolant downstream interface considerably increases
the tritium surface recombination rate. Thus, it takes the tritium permeation process out
of the surface-limited and towards the diffusion-limited regime where the tritium concen-
tration profile in the bulk is steep. This is the reason why at low tritium concentrations
in the PbLi flow a high protium content in the system increases the permeation flux to a
maximum value which seems to have the same dependency on the tritium concentration
in the PbLi as the mono-isotopic tritium permeation flux in the diffusion-limited regime.
If the tritium concentration in the PbLi flow is high enough that in a protium-free system,
tritium permeation would occur in the diffusion-limited regime, an addition of protium
could not further increase the permeation flux since it is already limited by diffusion pro-
cesses.

5.4.5. Evaluation of co-/counter-permeation for tritium control in a WCLL BB

At this point, it is focused on a real WCLL-relevant multi-isotopic permeation scenario in
which protium may be simultaneously present in the PbLi breeder and the water coolant.
Moreover, now as the calculations are exclusively performed using the EcosimPro© model,
it is possible to consider that in reality, the interlayer material of the pipe wall is α-
iron. Again, this simulation assumes a tritium concentration in the PbLi core flow of
cPbLi

CF,3 ≈ 1.4 × 10−2 mol m−3.

Figure 5.30 shows the simulated steady state tritium permeation flux from the PbLi
flow into the water coolant for different concentrations of added protium to the PbLi flow
and of added 1H2 to the coolant. It can be seen that in a pure counter-permeation scenario
(thick red line) and a pure co-permeation scenario (thick yellow line) the permeation flux
rises with increasing protium concentration in the corresponding system. It is found that
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Fig. 5.31. Minimum steady state tritium
permeation flux from the PbLi flow into the
water coolant of a WCLL breeding blanket
if there is no protium in the system plot-
ted against the tritium concentration in the
PbLi flow. It is shown together with the
maximum permeation flux that adjusts if
there is much more protium than tritium in
the system. The plot contains the simulated
curves for a pipe wall which exclusively
consists of Eurofer’97 and a pipe wall with
an α-iron interlayer. Both walls have the
same thicknesses.

when an α-iron interlayer is present in the bulk, the curves of both limit scenarios also
rise from a certain minimum value at low protium concentrations to a finite maximum
flux at high protium concentrations. In addition, figure 5.30 shows the resulting tritium
permeation flux for any possible configuration of the concentrations cPbLi

CF,1 and cw
11. It is

found that only if both protium concentrations in the PbLi and the water are very small,
the condition cE97

CI,1 ≪ cE97
CI,3 is satisfied and the permeation flux takes its minimum value.

Figure 5.31 shows the simulated minimum (blue continuous line) and maximum (or-
ange dashed line) tritium permeation flux values that occur if either no protium or a lot of
protium is present in the system, this time taking into account the α-iron interlayer. The
curves are presented together with those previously shown in the left-hand diagram of fig-
ure 5.29, which represent a scenario without the α-iron interlayer (green dash-dotted and
red dotted lines), but with the same total wall thickness. It is found that in a protium-free
permeation environment, where the mono-isotopic tritium permeation flux is minimal,
and at low tritium concentrations in the PbLi stream, where the tritium permeation pro-
cess occurs in the surface-limited regime, the presence of the α-iron interlayer has a neg-
ligible effect on the permeation flux. This is because, in the surface-limited regime, the
permeation process is mainly slowed down by the surface recombination kinetics rather
than by diffusion processes. The higher the tritium concentration in the PbLi, the more
the mono-isotopic permeation process shifts towards the diffusion-limited regime, where
the surface recombination rate is higher and the diffusivity of the tube wall material rather
determines the permeation flux. This explains the increasing separation of the blue solid
and the green dash-dotted curve at higher tritium concentrations. In a system where a
lot of protium is present, the surface recombination reactions are fast even if the tritium
concentration in the PbLi is very low. Therefore, when the protium content is high, the
permeation flux is mainly determined by the speed of the diffusion process. This explains
why, regardless of the tritium concentration in the PbLi stream, the presence of an α-iron
interlayer leads to an increased maximum tritium permeation flux.
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Fig. 5.32. Steady state tritium per-
meation flux from the PbLi flow into
the water coolant of a WCLL breed-
ing blanket plotted against the con-
centration of added 1H2 to coolant
and the concentration of added 1H
to the PbLi flow if cPbLi

CF,3 ≈ 1.4 ×
10−3 mol m−3. The plot indicates the
concentration of 1H2 in the water
equal to xw

11 = 8 ppm.

Figure 5.32 presents another three-dimensional plot of the tritium permeation flux for
a wide range of possible configurations of protium concentrations in the PbLi and the
water. In contrast to figure 5.30, it represents a simulation in which all parameters are
equal but the tritium concentration in the PbLi is ten times smaller. As can already be
seen from figure 5.31, the plot well visualizes how, at lower tritium concentrations in
the PbLi, an injection of protium into the system causes the tritium permeation flux to
increase by a much higher factor compared to the situation in figure 5.30.

In conclusion, from a radiation safety point of view, to achieve a minimum tritium
permeation flux into the coolant, the concentration of protium in both the PbLi and the
water coolant of a WCLL breeding blanket should be maintained as low as possible.

However, to counteract the generation of corrosion-enhancing O2 by radiolysis reac-
tions in the water, it might be considered to keep the 1H2 concentration in the coolant
at a relatively high level of about xw

11 ≈ 8 ppm or cw
11 ≈ xw

11 · ρ
w
11O/M11O ≈ 0.3 mol m−3.

In this way, the O2 concentration in the water can be significantly reduced. This tech-
nique is typically employed in pressurized water fission reactors [247]. The arrows in the
figures 5.30 and 5.32 indicate the tritium permeation flux into the coolant for a counter-
permeation scenario that would establish assuming that xw

11 = 8 ppm. It is found that the
counter-permeation effect of such a high 1H2 concentration in the coolant would lead to
the maximum possible increase in tritium permeation flux. Hence, if the tritium content in
the PbLi flow will have the expected average concentration of cPbLi

CF,3 ≈ 1.4 × 10−2 mol m−3

an addition of xw
11 = 8 ppm of 1H2 to the water double the tritium permeation flux into

the coolant. However, if eventually, the tritium concentration will be rather of the order
of cPbLi

CF,3 ≈ 1.4 × 10−3 mol m−3, a 1H2 concentration of xw
11 = 8 ppm would increase the

tritium permeation flux by a factor ten compared to a scenario without protium. It would
therefore have a far more unfortunate impact on the plant’s radiation safety.
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5.5. Experimental validation of gas-to-gas counter-permeation model

Both the theory developed in section 4.1 and the numerical simulations performed in
section 5.3 discovered a permeation flux-reducing effect of gas-to-gas co- and counter-
permeation. However, theoretical and numerical predictions of this effect are not sufficient
to verify its existence. Indeed, experimental validation of the permeation flux-reducing
mechanism of multi-isotope gas-to-gas permeation is indispensable.

In the past, the effect of co- and counter-permeation was experimentally observed for
sample membranes made of palladium and nickel by Kizu et al [88], [89], [91]. Un-
fortunately, in their experimental campaign, Kizu et al only addressed the investigation
of multi-isotopic effects in the surface-limited pressure regime of the co- and counter-
permeating species. However, as it is demonstrated in the developed analytical model
in section 4.1 and shown in figure 4.2, the strong permeation mitigating effect of multi-
isotopic permeation is expected to occur in the intermediate and diffusion-limited high-
pressure regime of the co- or counter-permeating species.

Indeed, a counter-permeation process in the diffusion-limited pressure regime was
experimentally explored by Takeda et al [90]. They experimentally demonstrated that
the permeation flux of deuterium from the inside of an Inconel®600 (I600) tube to the
outside is significantly reduced when protium counter-permeates in the diffusion-limited
regime by injecting relatively high partial pressures of 1H2 gas into the outer space of the
tube. This finding is consistent with the theory of counter-permeation developed in section
4.1, the implications of which are visualized in the left plot of figure 4.2. Fortunately,
the simple geometric structure of Tekeda’s permeation chamber allows the reproduction
of their experimental results using the derived algebraic formulas (4.33) and (4.34) for
gas-to-gas counter-permeation and a numerical model using the EcosimPro© components
presented in section 5.1. Thus, it is possible to experimentally validate the physical theory
of multi-isotopic hydrogen transport presented in section 2, which is used as a basis for
the theoretical and numerical studies performed in sections 4.1 and 5.3.

The experimental chamber of Takeda’s counter-permeation device is a test tube made
of Inconel®600, with a length of 2.25 m. The inner and outer radii of the pipe are rin =

3.5×10−3 m and rout = 4.7×10−3 m, respectively. It is bent to fit into the interior of a wider
closed cylinder case with a length of 1 m and an inner diameter of 5 × 10−2 m. The test
pipe enters the wider cylinder case at its top end and exits at its bottom end. At both ends,
the wider cylinder case is equipped with additional gas inlet and outlet tubes (see sketch
in [90]). For the counter-permeation flux measurements, a gas mixture of 2H2 + Ar was
injected into the inlet of the test tube interior at a volume flow rate of F = 5×10−4 m3 s−1.
The test tube interior represents the upstream side of the deuterium permeation process,
while the downstream side is the space between the outer wall of the test tube and the
inner wall of the wider cylinder housing. The downstream side was fed with a 1H2 +

Ar gas mixture at the same volume flow rate of F = 5 × 10−4 m3 s−1. Regardless of the
adjusted 1H2 and 2H2 partial pressures in the gas mixtures, the total pressures of the two
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Fig. 5.33. [Left] Average 2H permeation flux from the interior 2H2+Ar gas flow of the test pipe
of Takeda’s counter-permeation chamber through its Inconel®600 pipe wall into an 1H2+Ar gas
mix flowing through the wider cylinder case of the experimental setup. The graph contains exper-
imental data points [90], a simulated curve, and two calculated curves using algebraic equations
determined in section 4.1. The permeation flux is shown relative to the simulated flux which
occurs if no 1H is present at the downstream side. It is plotted against the 1H2 partial pressure
injected into the inlet of the downstream side. The considered 2H2 partial pressure at the test pipe
inlet is pUI.IN

22 = 102 Pa. [Right] Simulated average effective deuterium pressures inside (upstream)
and outside (downstream) of the test pipe of Takeda’s counter-permeation experiment. They are
plotted against the 1H2 partial pressure injected into the inlet of the downstream side.

gas streams were kept at atmospheric pressure by adding appropriate amounts of Ar gas.

For one of their experiments, Takeda et al kept the 2H2 partial pressure at the inlet of
the test tube at pUI.IN

22 = 102 Pa. The temperature of the test tube was set to T = 1092 K.
Takeda et al measured the partial pressure configuration of the gas components 1H2, 1H2H
and 2H2 at the outlet of the upstream and downstream gas flow using a QMS. They made
these measurements for different partial pressures pDI.IN

11 of injected 1H2 gas at the gas
inlet of the wider cylinder case. By knowing the volumetric flow rates of the two gas
streams, Takeda et al were able to calculate the amounts of permeated deuterium atoms
into the wider cylinder case (the downstream side) during a given time period for each
of the observed values of pDI.IN

11 . To extract the effect of the 1H2 counter-flow on the
deuterium permeation flux, Takeda et al divided the obtained values by the amounts of
permeated deuterium atoms measured when no 1H2 gas was added to the downstream
side. It is evident that the ratios obtained are equal to the ratios between the average
deuterium permeation fluxes through the tube wall in the presence of a 1H2 counter-flow
and the permeation flux occurring in the absence of 1H2 gas. Their experimental results
are shown in the left graph of figure 5.33 as black round markers [90].

To numerically represent their experimental results, a model of Takeda’s experiment
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Fig. 5.34. Develloped EcosimPro© component flow chart of the counter-permeation experiment
executed by Takeda et al [90].

is developed within the scope of this work using EcosimPro©. The created component
flow structure is shown in figure 5.34. Both the gas flow through the thin test pipe and
the gas flow through the wider cylinder case are modeled with pipe flow components
(see figure 5.1) discretized into M = 10 segments. In the model, equation (2.46) is
used to calculate the equilibrium constant for the occurring isotope exchange reactions
21H2H ⇌ 1H2 +

2H2 between the protium and deuterium containing gas molecules.
Like in the previous simulations, the forward reaction rate of this reaction can only be
estimated. For the calculation it is set to kf,ex

12+12 ≈ 1 × 105 m3 s−1 mol−1. The considered
lengths of the two pipe flow components and their volume flow rates are those specified
above in the description of Takeda’s experimental set-up. A wall material component
between the two flow components represents the Inconel®600 pipe wall connected to
gas-metal interface components on each side. It has a thickness of dpipe = 1.2 × 10−3 m
and is discretized into Q = 30 segments.

Inconel®600 is a nickel alloy with chromium and iron as main secondary elements.
The diffusion coefficients DI600

i and Sieverts’ constants KI600
s,i of protium in Inconel®600

which are used in the model were measured by Rota et al in a temperature range between
T = 423 K and T = 673 K [248]. While the diffusion coefficient of deuterium is extrap-
olated from that of protium using equation (2.66) the Sieverts’ constant of deuterium is
considered equal to that of protium. The measured Arrhenius coefficients of both physi-
cal quantities are shown in table 5.2. Figure 5.26 visualizes the temperature dependency
of the two quantities KI600

s,1 and DI600
1 of protium in Inconel®600. The temperature rela-

tionship of the dissociation coefficient of 2H2 at an Inconel®600 surface could also be
measured by Rota et al. [248]. They determined the relationship

σkI600
d,22 = 3.32 × 10−7 mol

m2sPa
exp

(︄
−46 000 J mol−1

RT

)︄
. (5.30)

In the model, the values of kI600
d,i j of all other hydrogen-containing molecules are deter-
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TABLE 5.2
Measured pre-exponential factors and activation energies of the Sieverts’ constants and
diffusion coefficients of protium in Inconel®600 used for the numerical representation of

Takeda’s counter-permeation experiment [248].

Sievert’s constant Inconel®600 Diffusion coefficient Inconel®600 Ref.

K0
s,1 [mol m−3 Pa−

1
2 ] 2.32 × 10−2 D0

1 [m2 s−1] 1.7 × 10−6 [248]

∆Hs,1 [kJ mol−1] 5.44 Em,1 [kJ mol−1] 49.80 [248]

mined using equation (5.19) and the values of σkI600
r,i j are obtained with equation (2.100).

In addition to Takeda’s experimental results, the left-hand graph in figure 5.33 shows
the ratio (blue curve) between the simulated average steady state deuterium permeation
flux

⟨︂
J
⟩︂multi

per,2
into the wider cylinder case in the presence of a protium counter-flow and the

simulated permeation flux
⟨︂
J
⟩︂mono

per,2
which occurs if pDI.IN

11 = 0 Pa. The simulated permea-
tion fluxes shown are averaged over the discretized segments of the pipe flow components
in flow direction and plotted against the 1H2 partial pressure at the downstream gas inlet
of the outer cylinder case. Considering that the experimental data points scatter relatively
strongly, the simulated curve is in good accordance with the general course of the experi-
mental results. The gray shaded area in the plot shows the approximate pressure range of
the intermediate protium permeation regime calculated with equation (2.147) as a func-
tion of pDI.IN

11 . The diffusion-limited regime is adjacent to its right. As expected from
the analysis performed in section 4.1, the left-hand graph in figure 5.33 shows that in the
diffusion-limited regime of the protium counter-permeation process, the experimentally
measured and numerically simulated deuterium permeation fluxes decrease with increas-
ing 1H2 partial pressure.

In section 4.1 it was derived that at high permeation numbers, the permeation flux is
approximately described by the derived algebraic formulas (4.33) and (4.34) provided that
the downstream effective deuterium pressure is negligibly small. Both algebraic equations
(4.33) and (4.34) are plotted in the left-hand graph in figure 5.33 after inserting the average
upstream effective deuterium pressure ⟨p⟩DI

eff,2 . The simulated upstream and downstream
effective deuterium pressures averaged over the discretized segments of the pipe flow
components are plotted in the right-hand graph in figure 5.33. The simulations reveal that
the relatively small volume flow rate of the gas through the wider cylinder case leads to
a non-negligible effective deuterium pressure in the gas flow of the downstream side (see
the right-hand graph in figure 5.33). This finding is consistent with experimental data
reported in [90]. Nevertheless, both algebraic formulas (4.33) and (4.34) describe the
measured and simulated decrease in deuterium permeation flux very well and approach
the simulated curve with increasing permeation number.
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6. DEVELOPMENT OF THE COOPER EXPERIMENT

1 While the decreasing effect of counter-permeating protium on the deuterium per-
meation flux could be experimentally observed by Takeda et al, the mitigating effect of
co-permeating protium on the deuterium permeation flux in the diffusion-limited regime
has not been measured yet. To complete the experimental validation of the theoretical
findings presented in section 4.1, its experimental validation is urgently needed. In ad-
dition, the experimental validation of both co- and counter-permeation effects must be
performed with different sample membrane materials than those used in previous experi-
mental campaigns. Of particular interest for HCPB applications is the experimental val-
idation of multi-isotopic permeation effects using Eurofer’97 as the membrane material.
Due to the different hydrogen transport properties of the already investigated materials
palladium, nickel, and Inconel®600 compared to Eurofer’97, the previously developed
experimental setups [88]–[91] were designed for sample membrane shapes, pressure, and
temperature regimes that would not be suitable for observation of multi-isotopic transport
effects in Eurofer’97. An experimental setup that enables studying these effects in Euro-
fer’97 would need to be fully adapted to its characteristic hydrogen transport parameters.

For these reasons, a new multi-isotopic hydrogen permeation experiment has been
designed from scratch and constructed within the scope of this dissertation. It is called
COOPER (CO- and cOunter PERmeation) experiment [249]. This chapter presents the
conceptual design, construction, and commissioning of the newly developed experimental
facility COOPER.

6.1. Design input parameters

The heart of the COOPER experiment is a sample permeation membrane through which
the permeation process under investigation takes place. Each side of the membrane is
exposed to a single gas chamber. One of the cavities is defined as the upstream cham-
ber, called permeation cell A (PC-A), and the other as the downstream chamber, called
permeation cell B (PC-B).

Although the purge gas and coolant gas of an HCPB breeding blanket contain the two
hydrogen isotopes protium and tritium, the COOPER experiment is designed to experi-
mentally explore co- and counter-permeation with an isotope combination of protium and
deuterium. The use of deuterium as a substitute for radioactive tritium greatly simplifies

1This chapter contains material and text that is contained in the following published article. The author
of this dissertation is the first author of this article:

• S.J. Hendricks et al, "Design of a multi-isotopic hydrogen co- and counter-permeation experiment
for HCPB related tritium mitigation studies," Fusion Eng. Des., vol. 175, p. 112991, 2022.
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the experimental setup, since no radiation protection measures need to be taken. Another
advantage of using deuterium is that it is much cheaper and more readily available than
tritium.

As shown theoretically in section 4.1 and observed in Takeda’s experiment, the mea-
surable influence of co- or counter-permeating protium on the permeation flux of deu-
terium has different characteristics in the surface-limited and diffusion-limited regime of
the protium permeation process (see figure 4.2). Therefore, a critical requirement for
the COOPER experiment is the ability to measure permeation processes for permeation
numbers ranging from the surface-limited to the diffusion-limited regime. Furthermore,
the ability to perform experiments in different permeation regimes extends the range of
possible permeation experiments with COOPER. It allows the measurement of material-
specific deuterium transport parameters of the sample material, such as its dissociation
coefficient in the surface-limited regime and the diffusion coefficient and Sieverts’ con-
stant in the diffusion-limited regime.

The definition of the permeation number (2.147) shows that the regime of the permea-
tion process depends on the membrane thickness, the driving pressure, and the temperature-
sensitive material-specific hydrogen transport properties. Therefore, to cover all three per-
meation regimes with the COOPER experiment, its range of adjustable operating temper-
atures, membrane thicknesses, and controllable hydrogen gas pressures must be carefully
defined.

The first design parameter, the operating temperature, is chosen to range from am-
bient temperature to T = 823 K. This upper limit is identical to the maximum allow-
able temperature of Eurofer’97 in breeding blankets. Thus, it is possible to measure co-
and counter-permeation effects as well as temperature relationships of hydrogen isotope-
specific parameters over the entire temperature range relevant to breeding blanket appli-
cations. The maximum design temperature of the experimental device is set to a slightly
higher value of T = 873 K. As discussed in detail in section 3.1.2, even higher tempera-
tures would severely limit design freedom, since the choice of suitable vacuum seals and
heating methods decreases sharply with temperature.

The left-hand plot of figure 6.1 shows the deuterium permeation flux (blue continuous
line) from the upstream side of a sample membrane with a thickness of ddisk = 1× 10−3 m
into an evacuated downstream side at T = 573 K which would occur in a mono-isotopic
permeation scenario. It is plotted against the value of the 2H2 driving pressure pUI

22 at
the upstream side. The permeation flux is calculated by inserting the definition of the
permeation number (2.147) and the solution of the general equation for steady state per-
meation (2.151) into equation (2.152) [192]. This analytical calculation assumes the
same experimental hydrogen transport parameters for Eurofer’97 as those given in ta-
ble 5.1 and equation (5.18), the same which are used for the simulations in chapter 5.
It can be seen that, according to this calculation, the use of a permeation membrane of
ddisk = 1 × 10−3 m at T = 573 K would allow measurements in the pure mono-isotopic
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Fig. 6.1. [Left] Theoretically calculated steady state deuterium permeation flux from an upstream
gas chamber through a ddisk = 1 × 10−3 m thick and plane Eurofer’97 membrane into vacuum at
T = 573 K plotted against the 2H2 partial pressure in the upstream chamber. [Right] Theoretically
calculated deuterium permeation flux from an upstream chamber with pUI

22 = 10 Pa through a
ddisk = 1×10−3 m thick and plane Eurofer’97 membrane into vacuum in a co-permeation scenario
at T = 573 K plotted as a function of the 1H2 gas partial pressure pDI

11 in the upstream chamber.

surface-limited regime at driving pressures of up to about pUI
22 ≈ 20 Pa and in the diffusion-

limited regime at pressures above pUI
22 ≈ 500 Pa. Based on this calculation, in order to

cover all three permeation regimes experimentally, the COOPER measurement system
must be able to detect deuterium fluxes resulting from 2H2 driving pressures in the pres-
sure range 1 Pa < p22 < 1×105 Pa. Working with total pressures higher than p = 1×105 Pa
in the permeation cells could lead to leakage at the flanges of installed vacuum piping
components (see section 3.1.2). This must be avoided at all costs because of the risk of
an oxyhydrogen explosion.

According to equation (2.147), the use of thinner permeation membranes shifts the
intermediate permeation regime towards higher pressures and the use of thicker mem-
branes towards lower pressures. Nevertheless, to avoid breakage or deformation of the
sample membrane during clamping with high-temperature vacuum seals, it was decided
to design the COOPER experiment for Eurofer’97 membranes with a thickness greater
than ddisk ≥ 1 mm. In any case, the design of the COOPER experiment presented in the
following sections refers to a reference membrane thickness of ddisk = 1 mm.

The left-hand plot of figure 6.1 has a second y-axis which indicates the number of
permeated 2H2 molecules per second expressed as a molecular permeation flow qper

pV,22.
The atomic permeation flux Jper is converted into the molecular permeation flow qper

pV,22

using equation (3.22) and taking into account that 2H2 contains two deuterium isotopes.
The effective surface area of a sample permeation membrane installed in the COOPER
experiment has a design value of Aper = 9.1×10−4 m2. It denotes the area of the membrane
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that is directly exposed to the atmosphere inside the permeation cells. The plot shows that
for Aper = 9.1×10−4 m2 and T = 573 K, the ability to measure permeation fluxes resulting
from 2H2 upstream driving pressures in the range of 1 Pa < p22 < 1 × 105 Pa requires the
installation of a measurement system sufficiently sensitive to resolve permeation flows in
a range of 1 × 10−9 mbar · L/s < qper

pV,s < 1 × 10−5 mbar L/s. It is found that when the
operating temperature is increased from T = 573 K to T = 823 K, the permeation flux
resulting from a given 2H2 upstream driving pressure increases by about a factor of ten.
Therefore, the employed flux measurement system should be able to handle even higher
molecular flows of up to about qper

pV,s = 1 × 10−4 mbar L/s.

As mentioned in section 3.2.3, a QMS is a device that allows quantitative measurement
of the partial pressures of different gas molecules in a vacuum chamber. They can resolve
partial pressures in a range of about 1 × 10−9 Pa < ps < 1 × 10−2 Pa [195].

Transformation of equation (3.18) yields

S pump[L s−1] =
∆qper

pV,s [mbar · L/s]

∆ps [mbar]
. (6.1)

This equation provides the required gas-specific pumping speed S pump of a turbomolecular
pump positioned near a QMS so that a given increment in permeation flow ∆qper

pV,s into a
vacuum system results in a certain increment in partial pressure ∆ps. For the COOPER
experiment, it is aimed that the minimum expected molecular permeation flow of qper

pV,s =

1×10−9 mbar · L/s into the measurement system leads to a partial pressure increase in the
QMS of the observed deuterium-containing hydrogen gas of at least ∆ps = 1 × 10−9 Pa.
According to equation (6.1), to achieve this, it is required to install a turbomolecular pump
with a pumping speed of approximately S pump ≈ 100 L s−1. Of course, a lower pumping
speed would theoretically result in a higher ∆ps and thus in a higher detector signal.
However, the increased vacuum base pressure resulting from a reduced pumping speed
would at the same time increase the noise in the QMS detector. The right-hand plot in
figure 3.7 indicates that a pumping speed of the turbomolecular pump of S pump ≈ 100 L s−1

would maintain the total pressure in the QMS below p = 1 × 10−4 Pa even if the highest
expected permeation flow of qper

pV,s = 1 × 10−4 mbar L/s occurs in the system. Therefore,
designing the experimental system with such a high pumping speed prevents the QMS
from being damaged by too high pressures of p > 1 × 10−2 Pa.

In addition, the COOPER experiment will use a leak detector as a backup flux mea-
surement device. As explained in section 3.2.4, leak detectors can only measure the per-
meation flow of one mass-to-charge ratio at a time. However, due to the different oper-
ating principle of a leak detector compared to a QMS (explained in section 3.2.4), they
can measure particle flows with often higher sensitivity, allowing them to resolve particle
flows as low as qper

pV,s = 1 × 10−12 mbar · L/s [195].

Due to the relatively large experimental setup, it is decided to use ISO-KF flange
connections for the cold piping components that connect the permeation cells to the mea-
surement system. These connections are presented in section 3.1.2. The primary vacuum
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TABLE 6.1
Established input design parameters of the COOPER experiment.

Design parameter Parameter range

Operating temperature T ≤ 823 K
Membrane thickness ddisk ≥ 1 × 10−3 m
Explorable 2H2 driving pressures 1 Pa < p22 < 1 × 105 Pa
Measurable permeation flux range 1 × 10−9 < qper

pV,s < 1 × 10−4 [mbar · L/s]
Effective permeation surface area Aper = 9.1 × 10−4 m2

Target pumping speed of TMP S pump ≈ 100 L s−1

Target vacuum level at QMS p < 1 × 10−4 Pa
Target S eff in permeation cells S eff > 1 L s−1

level in the permeation cells prior to hydrogen gas injection is aimed at p < 1 × 10−3 Pa.
This ensures a sufficiently low partial pressure of O2 in the system to prevent oxidation
of the permeation membrane while it is hot. As explained in section 3.1.2, the leak rate
of ISO-KF flanges is of the order of qadd

pV ≈ 1 × 10−6 mbar · L/s. According to the right-
hand graph in figure 3.7 and considering that the number of installed ISO-KF flanges
is relatively high, maintaining a vacuum pressure of p < 1 × 10−3 Pa requires an effec-
tive pumping speed within the permeation cells of about S eff ≈ 1 L/s. Moreover, the
right-hand graph in figure 3.7 shows that even if the molecular permeation flux into the
downstream chamber was as high as qper

pV,s ≈ 1 × 10−4 mbar · L/s, an effective pumping
speed of S eff ≈ 1 L/s would result in a vacuum level in the downstream permeation cell
of at most p ≈ 1 × 10−2 Pa. Therefore, an effective pumping speed of S eff ≈ 1 L/s in the
permeation cells is considered a reasonable input parameter for the COOPER design. All
design input parameters of the COOPER experiment defined in this section are listed in
table 6.1.

The right-hand plot in figure 6.1 shows the theoretically calculated steady state deu-
terium permeation flux as a function of the partial pressure of 1H2 gas injected into the
upstream chamber that would occur in a co-permeation measurement at T = 573 K with
the COOPER experiment. For the calculation, it is assumed that the 2H2 partial pres-
sure in the upstream chamber is maintained at pUI

22 = 10 Pa. The plot is calculated by
inserting the reduced concentrations ζr,1(W1) and λr,1(W1) for parallel membranes which
are plotted in figure 2.11 into equation (4.40). The plot shows that the above-defined
input parameters of the COOPER experiment would allow covering all three permea-
tion regimes of the co-permeating protium isotopes. Therefore, the COOPER experiment
is designed to allow the investigation of co-permeation from the surface-limited to the
diffusion-limited co-permeation regime. According to the plotted theoretical calculation,
the COOPER experiment would allow measuring a reduction in the deuterium permea-
tion flux due to co-permeation effects by a factor of about six if 1H2 gas with a pressure
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of pUI
11 ≈ 500 Pa was injected into the upstream chamber. Since the COOPER experiment

covers the diffusion-limited regime of co-permeating protium isotopes, it would allow the
experimental validation of the derived algebraic formulas for co-permeation (4.41) and
(4.42).

It is important to note that the presented design input parameters are based on the
experimental hydrogen transport parameters of Eurofer’97 listed in table 5.1 and equation
(5.18). Therefore, whether the permeation processes occur as theoretically predicted in
figure 6.1 depends to some extent on the approximate correctness of these values.

It should also be noted that the design input parameters of COOPER are optimized for
co-permeation measurements. However, as will be shown later, the COOER experiment
should also allow performing counter-permeation measurements and thus the validation
of the derived algebraic formulas for counter-permeation (4.33) and (4.34).

6.2. Engineering design and construction

Figure 6.2 shows the process flow diagram of the entire COOPER experiment. The mean-
ings of the symbols used in the PFD are listed in table XI. The heart of the COOPER
facility is the so-called permeation tube in which the multi-isotopic permeation processes
investigated take place. It denotes the bolted connection of PC-A and PC-B separated
by the sample permeation membrane, which can be seen on the right-hand side in figure
6.2. The design of the permeation tube has been developed from scratch using the CAD
software CATIAv5. It allows the creation of three-dimensional drawings of any shape
and their translation into manufacturing plans. A sectional view of a CAD drawing of the
permeation tube consisting of both permeation cells is shown in figure 6.3.

Both permeation cells consist of identical square, thick-walled stainless steel cham-
bers with cylindrical internal cavities. Their flat back walls are welded to DN16CF flanges
sealed with high-temperature silver-plated copper gaskets. While the flange of the down-
stream chamber PC-B is closed with a blank flange, the flange of the upstream cham-
ber PC-A is connected to a thermocouple feedthrough. A graphite-sealed thermocouple
feedthrough of the type shown in the middle panel of figure 3.10 is used for this pur-
pose. This type of feedthrough is chosen because it is suitable for vacuum pressures as
low as p ≈ 5 × 10−4 Pa at temperatures up to T = 823 K [214]. Three mineral-insulated
K-type thermocouples (see description in section 3.2.1) called TC-02, TC-03, and TC-04
are inserted through the graphite seal of the feedthrough into PC-A (see figure 6.3). They
measure the temperature of the disk center (TC-02), the disk border (TC-03), and the
temperature of the injected gas in PC-A (TC-04), respectively.

As can be seen in the center of figure 6.3, each permeation cell ends in a wide open
flange that allows the two chambers to be bolted together with the sample membrane
between them. A photo of the fabricated permeation tube is shown in the left photo in
figure 6.4. Gas can enter and exit each permeation cell through a narrow gas inlet tube and
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Fig. 6.2. Process flow diagram of the experimental setup of the COOPER facility.

a wider outlet tube. They penetrate the two vertical walls of an outer vacuum chamber
(OVC) that surrounds the permeation tube (see the left photo in figure 6.4). A picture
of the fabricated outer OVC is shown in the right-hand photo in figure 6.4. It is a cubic
vessel made of 316 stainless steel. The front and rear planes of the OVC are open and form
flanges with embedded Viton® seals. They are closed by bolted rectangular cover plates.
The front cover plate has a large viewport that allows the condition of the permeation
tube to be observed during operation. The outer vacuum chamber is also designed using
CATIAv5. The created manufacturing plan showing the dimensions of the OVC can be
seen in figure 6.5.

The rear cover plate of the OVC is connected to ceramic sealed thermocouple and
power feedthroughs of the same type as those described in section 3.2.1 and shown at
left and right in figure 3.10. The cables that leave the metal sheaths of the thermocouples
outside of PC-A are connected to the thermocouple feedthroughs at the rear plate of the
OVC. To protect the cables from the intense thermal radiation of the hot permeation tube,
their raw metal wires are insulated by ceramic tubes and additionally surrounded by pure
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Fig. 6.3. Section cut of the fabrication plan of the permeation tube. The sample disk is clamped
between the two permeation cells.

fiberglass tape. Using standard high-temperature thermocouple cable insulation made
of polyvinyl acetate or wax-impregnated fiberglass would not be suitable for the OVC
environment because the low pressure and high temperature would cause the insulation to
vaporize.

While the tubes exiting PC-B are welded from the inside against the inner walls of the
OVC, the tubes exiting PC-A are bolted through internal CF flanges using silver-plated
copper gaskets. This design allows PC-A to be disconnected and removed from the system
while PC-B remains in its fixed position. This reduces the possibility of leakage at the
flanged joints. Installing the copper gaskets and tightening the CF flange bolts of PC-A
requires some longitudinal and lateral clearance of at least one of the gas tubes. For this
reason, the PC-A gas outlet tube is designed as a welded flexible bellows tube. Outside
the OVC, the inlet and outlet connections of the permeation tube terminate in welded
DN16CF flanges. A sectional view of the permeation tube connected to the internal ports
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Fig. 6.4. [Left] Photo of the permeation tube connected to the outlet ports of the outer vacuum
chamber. [Right] Exterior view of the outer vacuum chamber containing the permeation tube.
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Fig. 6.5. Fabrication plan of the designed outer vacuum chamber without the cover plates which
contains the permeation tube.

of the OVC is shown in figure 6.6. It provides insight into permeation cells and net
deuterium permeation direction from PC-A to PC-B.

The sample disk (SD) with a radius of rdisk = 24 × 10−3 m is clamped between the
two inner custom flanges of the permeation cells using six M6 high-temperature stainless
steel bolts made of Incoloy Alloy® A-286. This high-temperature alloy maintains an ap-
proximately constant yield strength of 600 MPa up to a temperature of T = 873 K [250].
This prevents the flange joint from weakening during the heat-up and cool-down phases
of the test campaigns. Very good sealing between the permeation cells and the sample
disk is essential for accurate measurements. Although the permeation measurements are
performed at temperatures of at most T = 823 K, the design temperature of COOPER is
higher, at T = 873 K. To ensure good sealing under such extreme conditions, specially de-
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Fig. 6.6. Sectional view through the outer chamber and the inner permeation cells which are
separated by the sample disk and a heat transfer copper ring.

signed Helicoflex® O-rings are employed. Their working principle is described in section
3.1.2. The spring energized seals selected consist of a silver plated Inconel®600 lining
surrounding an internal Nimonic90 spring from Technetics. They provide sufficient leak
tightness for the required vacuum conditions up to a temperature of T = 923 K.

The top left photo of figure 6.7 shows the open flange of permeation cell A. It is
equipped with a gasket bed that surrounds the internal gas cavity. The flange of permea-
tion cell B has an identical shape. A Helicoflex® O-ring placed inside the gasket bed
is shown in the upper right photo. Note that the designed depth of the bed is equal to
the thickness of a Helicoflex® gasket in the compressed state, which provides maximum
tightness. In the lower left photo in figure 6.7 it can be seen how the sample disk is posi-
tioned on top of the gasket. The sample disk is surrounded by a copper disk that merges
into a wide copper cylinder surrounding the flanges of the permeation cells. It is called
the heat transfer ring (HTR). The assembly of the permeation tube is shown in the lower
right photo in figure 6.7. To thermally connect the two thermocouples TC-02 and TC-03
to the sample disk, they are inserted into cylindrical thermocouples sockets made of 316
stainless steel that are previously welded to the disk surface.
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Fig. 6.7. Photos showing the assembly of the permeation tube.

The sample disk is heated to the mentioned temperature range by a cylindrical mineral-
insulated band heater with a power of 600 W clamped around the HTR. The inner min-
eral insulation surrounding the heating wires of the band heater transfers heat by thermal
contact and is therefore suitable for vacuum applications. It can be operated up to a tem-
perature of T = 1033 K [251]. There is an engineered gap of one millimeter between the
HTR cylinder and the permeation cell flanges. This allows both parts, which are made
of different materials, to thermally expand and contract independently during heating cy-
cles. The contact force between the HTR and the sample disk is increased by tightening
the band heater clamping screw. To ensure continuous thermal contact between the two
during thermal expansion and contraction, the heater is secured around the HTR with a
spring-loaded high-temperature bolt.

The power supply of the band heater is controlled by a LabVIEW program. It allows
the user to set an arbitrary target temperature of maximum T = 1013 K for the heater
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Fig. 6.8. Developed LabVIEW program to control the power supply of the band heater and to
monitor the temperatures and pressures measured at different locations in the experimental setup
of the COOPER facility.

and the desired rate of increase or decrease of the temperature ramp. Figure 6.8 shows
the control panel of the created LabVIEW program. A PID controller is built into the
LabVIEW program. It uses the momentary temperature of the heater as an input to control
the voltage applied to the band heater (see the upper plot on the right in figure 6.8). The
momentary temperature of the heater is measured by a thermocouple called TC-01, which
is integrated into its internal mineral structure. The control panel monitors the temperature
data measured by all four thermocouples TC-01, TC-02, TC-03, and TC-04 (see the upper
central graph in figure 6.8).

When the band heater is turned on, heat quickly diffuses into the HTR disk between
the permeation cells before entering the sample disk. Since the HTR is in close contact
with the permeation cell flanges, they will heat up as well. The heat enters the sample disk
through the contact surface between the HTR and the sample disk, as well as through the
contact surface between the permeation cell flanges and the sample disk. An advantage
of this custom-designed external heating system is that any degassing contaminants from
the heater do not enter the permeation cells and thus the measurement system during
operation. This is an important requirement for accurate permeation measurements.

The design of the heating system is based on a simulation of the temperature profile
that establishes in steady state inside the heat transfer ring and the sample disk. Therefore,
the designed 3D model of the permeation tube attached to the OVC is imported into the
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finite element software ANSYS. The simulation is performed assuming that the contact
surface between the band heater and the HTR is kept at a temperature of T = 923 K. The
simulation assumes that the interior cavities of the permeation cells and the OVC are free
of gas. Therefore, the model considers that all components inside the OVC experience
heat transfer only by radiation and thermal conduction. Only the outer walls of the OVC
are assumed to have additional heat removal by air convection. The calculated steady
state temperature profile established throughout the HTR attached to the sample disk is
shown in Figure 6.9. It shows that at steady state, according to the simulation, the tem-
perature of the HTR drops from T = 923 K at the HTR jacket to T = 880 K at the contact
surface of HTR and sample disk. Thermocouple TC-03 which is attached to the disk bor-
der near the Helicoflex® gasket would therefore indicate a temperature of approximately
T = 868 K. Thermocouple TC-02 located in the center of the sample disk would measure
a temperature of T = 860 K. Therefore, the simulation suggests that the designed heating
system placed inside of the OVC would result in a relatively small radial temperature gra-
dient established within the sample disk of only about ∆T = 10 ◦C. Ensuring a relatively
flat radial temperature profile of the sample disk is essential for meaningful and precise
experimental results.

The simulated steady state temperature profile that would adjust over the entire outer
surface of the permeation tube is shown in figure 6.10. It can be seen that the temper-
ature decreases rapidly as one moves away from the permeation cell flanges toward the
DN16CF flanges at the back walls of the permeation cells. In fact, according to the finite
element simulation performed, the square bodies of the permeation cells would be on av-
erage about ∆T = 150 K - ∆T = 220 K colder than the HTR. The temperatures of the tube
walls connecting the permeation cells to the OVC decrease linearly from about T = 673 K
at the permeation tube walls to T = 373 K at the OVC walls. The simulation shows that
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even if the band heater is set to a temperature as high as T = 923 K, the outer walls of the
OVC facing the atmosphere of the laboratory would have an average temperature of only
T ≈ 350 K, a temperature that poses no immediate danger to the user or the surrounding
equipment.

The vacuum inside the OVC has the advantage of eliminating leakage or permeation
of atmospheric gases into the interior of the permeation cells. This helps to eliminate
difficult-to-estimate uncertainty factors in the measurement results. Thus, it provides a
much cleaner environment compared to previous experiments where the permeation tubes
are located in air [88], [190]. In addition, the vacuum of the OVC enables efficient de-
gassing of the permeation cell walls after each permeation flux measurement.

A photograph of the fully assembled setup of the COOPER experiment is depicted in
figure 6.11. Upon exiting the OVC, the two external DN16CF flanges linked to the inlet
gas pipes of the permeation tube are connected to all-metal UHV open/close valves (V-06
and V-07) of the same type as shown on the left in figure 3.5. The downstream permeation
cell B has an additional connection to a calibrated 2H2 leak with the purpose of calibrating
the QMS and the LD for 2H2 permeation flux measurements.

Furthermore, the gas inlet pipes of the permeation tube are linked to a gas prepara-
tion and injection system which is shown in figure 6.12. It allows the introduction of
an arbitrary partial pressure configuration of 1H2 and 2H2 into each permeation cell via
UHV all-metal leak valves of the same type as shown on the right in figure 3.6 (V-04 and
V-05). It should be noted that to avoid contamination of the downstream chamber, the
injection of 2H2 gas into permeation cell B must be avoided at all costs. Both gas inlet
valves are connected by flexible stainless steel tubing to custom-made gas mixing tanks
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Fig. 6.11. Photo of the mounted COOPER experiment. The outer vacuum chamber which houses
the permeation tube is visible in the center. On the right, there is the gas mixing and gas injection
system. On the left, the leak paths and open paths are linked to the QMS, leak detector, and
vacuum system.

(GMT-A and GMT-B) with a volume of about 100 mL each. As visible in figure 6.12, the
gas piping system is constructed using double ferrule compression fittings. Unlike con-
ventional vacuum components, double ferrule compression fittings are sufficiently tight to
withstand gas pressures of p > 1 × 105 Pa (see section 3.1.2). The gas mixing tanks serve
as individual gas reservoirs for the two permeation cells. In each tank, an arbitrary partial
pressure configuration of 1H2 and 2H2 can be premixed prior to gas injection. The gas
pressures inside of the two GMTs are controlled by the two capacitance diaphragm pres-
sure gauges DG-02 and DG-03 with measuring ranges of 1.3 × 101 Pa < p < 1.3 × 105 Pa
(see description in section 3.2.2). Two bellows-sealed high-temperature valves (V-01 and
V-02), with characteristics similar to the valves shown on the right in figure 3.5, are placed
directly behind the pressure sensors and serve as open/close gates for the GMTs. These
two valves are connected to a manifold that connects to a 1H2 and a 2H2 gas cylinder.
Each is equipped with a pressure regulator and a fine flow needle valve similar to those
shown on the left-hand side in figure 3.6. Through valve V-03, the manifold is connected
to a dry scroll vacuum pump (SP-01) of the type described in section 3.1.3 and a Pirani
gauge (PiG-01) which is calibrated for hydrogen gas pressure measurements.

After an initial evacuation of the entire gas line system, both GMTs can be succes-
sively filled with individual gas mixtures of arbitrary partial pressure compositions. Given
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jection system of the COOPER experiment
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that the valves V-01 to V-08 are initially closed, the procedure for preparing individual gas
mixtures in the two GMTs is as follows. First, the gas preparation and injection system is
evacuated via SP-01 by opening the valves V-01, V-02, and V-03 until PiG-01 indicates
a total pressure that is sufficiently low to continue the mixing process. Then, valve V-01
and valve V-03 are closed while valve V-02 is maintained open. The needle valve of the
first gas component is carefully manipulated until the desired partial pressure in GMT-A
is reached, which is measured by DG-03. Subsequently, the needle valve of the second
gas component is opened until the target partial pressure of the second gas component is
reached. It is equal to the momentary pressure measured by DG-03 minus the partial pres-
sure of the first gas component which was injected previously. When GMT-A contains
the desired gas composition, valve V-02 is closed. To fill GMT-B, valve V-02 is opened
and the gas-filling procedure is repeated.

The two exit ports of the outlet gas pipes of the OVC are each connected to two
capacitance diaphragm pressure gauges, one for a measurement range of 1.3 × 10−1 Pa <
p < 1.3×103 Pa and the other with a range of 1.3×101 Pa < p < 1.3×105 Pa. The signals
of all four pressure gauges are read out, monitored and stored by the developed LabVIEW
program (see the lower middle and lower right-hand plots in figure 6.8). In this way, it
is possible to precisely control the pressures of the gas injected into the permeation cells.
While the two pressure gauges connected to PC-A share the name DG-05, the two gauges
linked to PC-B are labeled DG-06.

As visible in the PFD in figure 6.2, both permeation cells can expose their internal
atmospheres to a HAL 101X RC QMS from Hiden Analytical (see section 3.2.3) and a
high-vacuum pumping system. Alternatively, both permeation cells can be linked to a
HLT 570 SmartTest leak detector from Pfeiffer Vacuum with an integrated Twin-Flow™
mode (see section 3.2.4) [216]. The connecting system of valves and piping is made of
ISO-25KF flange components with inner radii as specified in table 3.1. Depending on
whether a permeation flux measurement is performed with the QMS or the LD, either
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valve V-12 or valve V-15 is opened while the other remains closed.

During a permeation measurement with the COOPER experiment, only the down-
stream permeation cell B is connected to the measurement system. Valves V-18 and V-20
are therefore only opened during the initial evacuation of the whole pipe system or dur-
ing degassing of both permeation cells. The unique design of the COOPER experiment
is based on the ability to connect the downstream permeation cell B to the vacuum and
measurement system in two different ways.

The open path (OP) is defined as a route from PC-B to the QMS or LD via the
open/close valves V-14 and V-19, keeping the valves V-21 and V-23 closed (see orange
arrows in the figures 6.2 and 6.11). This path is used, for example, in a mono-isotopic
or co-permeation measurement where the downstream permeation cell B is kept at a high
vacuum by connecting it directly to the QMS and vacuum system.

In contrast, the leak path (LP) describes a route from PC-B to the QMS or LD via
the open/close valves V-14 and V-21, passing the leak valve V-23, while keeping the
open/close valve V-19 closed (see blue arrows in the figures 6.2 and 6.11). Hence, while
the open path is a pipe connection with only open/close valves of high conductance, the
leak path is interrupted by a UHV all-metal leak valve V-23 with a variable flow rate.
The selected leak valve is of the same type as that shown on the right in figure 3.6. It is
highlighted in figure 6.11. Manipulation of the leak valves allows controlling the gas leak
rate from the corresponding permeation cell to the measuring system in a wide range of
1 × 10−10 mbar · L/s < qleak

pV < 5 × 102 mbar · L/s (see description of all-metal leak valves
in section 3.1.2). This path is needed, for example, for counter-permeation measurements
where the downstream permeation cell B is filled with 1H2 gas. The leak path allows the
gas flow from a gas-filled permeation cell to the QMS and vacuum system to be controlled
so that the operating pressure requirement p < 1 × 10−2 Pa of the QMS is met.

The QMS is directly connected to the inlet of a HiPace® 700 turbomolecular pump
from Pfeiffer Vacuum with an internal pumping speed for 1H2 gas of S TMP−02

pump = 550 L s−1,
called TMP-02 [252]. Its pumping speed is slightly higher than the design value given in
table 6.1, but of the same order of magnitude. Therefore, it should meet the requirements.
This pump model requires the backing pressure of the fore-vacuum at the pump outlet
to be at most pmax

out = 1.1 × 103 Pa. Considering that the TMP is switched on below a
pressure of about p ≈ 10 Pa, it follows from equation (3.10) that a backing pump with a
pumping speed of at least S min

out ≈ 5 L s−1 in the pressure range of the fore-vacuum should
be connected to the outlet of TMP-02. Therefore, in the COOPER experimental setup, a
nXDS15i dry scroll pump from Edwards Vacuum is selected as the backing pump for the
TMP-02 and labeled SP-02. It has a pumping speed of S SP−02

pump ≈ 15 L s−1 in the required
fore-vacuum pressure regime [209].

The open path connecting the interior of a permeation cell to the inlet of TMP-02 has
a length of about lpipe = 1.5 m and an average inner radius of about rin = 1.2 × 10−2 m
(see ISO-25KF specifications in table 3.1). Taking this into account, it follows from the
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formulas (3.4) and (3.5) that the conductance of the open path is about COP ≈ 1 L s−1.
Inserting COP and the internal pumping speed of TMP-02 into equation (3.6) yields that
the effective pumping speed inside a permeation cell connected to the vacuum system via
the open path is approximately S OP

eff ≈ 1 L s−1. This agrees with the design input parameter
shown in table 6.1.

According to equation (3.3) and considering that TMP-02 is connected to SP-02 via
an ISO-16KF bellows tube with a length of lpipe = 1 m, at p = 100 Pa the conductance
of the piping system which connects the permeation cells with SP-02 is estimated to be
at least COP ≈ 6 L s−1. Since the pumping speed of SP-02 is about S SP−02

pump ≈ 15 L s−1, it
follows from equation (3.6) that the lowest effective pumping speed during pump-down
is approximately S OP

eff ≈ 4 L s−1. Consequently, by estimating that the volume of the entire
piping system between the two permeation cells and the vacuum system is approximately
V = 5 × 10−3 m3, the left-hand graph in figure 3.7 yields that the pump-down time during
evacuation will be at most three minutes before reaching p < 100 Pa.

The OVC is connected to an independent system of turbomolecular pump and dry
scroll backing pump. They are named TMP-01 and SP-01. While the selected dry
scroll pump model is the same model as that of SP-02, the turbomolecular pump con-
nected to the OVC is a HiPace® 300 from Pfeiffer Vacuum with a pumping speed of
S TMP−02

pump = 250 L s−1 for air molecules. During COOPER operation, the hot band heater
degasses particles at a rate significantly higher than the degassing and permeation rate
occurring inside the permeation cell chambers. To handle such high degassing rates, a
higher effective pumping speed is required inside the OVC. Therefore, the OVC and the
TMP-01 are connected by a combination of DN40CF and ISO-40KF piping components
with an approximate length of lpipe ≈ 1 m and an average inner radius of rin ≈ 2 × 10−2 m
(see table 3.1). According to the formulas (3.4), (3.5) and (3.6) this implies that in the
molecular flow regime COVC ≈ S OVC

eff ≈ 8 L s−1. By performing an equivalent calculation
as above, it is concluded that the minimum effective pumping speed during initial pump-
down of the OVC is about S OVC

eff ≈ 5 L s−1. Therefore, and because the interior volume of
the OVC is approximately V = 5 × 10−2 m3, from the right-hand plot in figure 3.7, it can
be derived that the highest expected pump-down time of the OVC is about 10 min.

Each permeation cell can be evacuated after a measurement without destroying the
vacuum created by TMP-02 and SP-02. This is done by slowly opening the valves V-13,
V-16 and V-17 (if PC-A is evacuated) or V-14, V-22 and V-23 (if PC-B is evacuated)
while keeping the valves V-18 and V-20 (if PC-A is evacuated) or V-19 and V-21 (if PC-
B is evacuated) closed. Evacuation is performed using TMP-01 and SP-01. Therefore,
first, valve V-11 is opened which enables reducing the pressure in the corresponding per-
meation cell to the backing pressure provided by SP-01. Then, valve V-11 is closed and
needle valve V-10 is slowly opened to further reduce the pressure in the permeation cell
using the turbomolecular pump TMP-1. Evacuating the permeation cell with TMP-01 and
SP-01 instead of TMP-02 and SP-02 prevents the QMS from being exposed to high loads
of hydrogen gas and the piping system from being contaminated.
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Continuous total vacuum pressure measurements in the pipe systems of the COOPER
experiment are performed by the cold cathode pressure transmitters CCG-04, CCG-07
and CCG-08 (see figure 6.2). When a temperature or pressure value is given below, an
index corresponding to the sensor name is added to the physical quantity.

6.3. Commissioning

This section presents the results obtained during the various steps of the commissioning
of the COOPER experiment that has been carried out in the past.

The commissioning phase is initiated by turning on the two dry scroll vacuum pumps
SP-01 and SP-02. Therefore, the valves V-06, V-07, V-16 and V-22 are closed while all
other valves of the gas system connecting both permeation cells with the QMS and the
vacuum system are opened. It is found that, as predicted during the engineering phase,
it takes only a few minutes for both vacuum systems to reach sufficiently low pressures
of pCCG−04 ≈ 100 Pa and pCCG−08 ≈ 100 Pa, so that the turbomolecular pumps TMP-
01 and TMP-02 can be switched on safely. From that moment on, it takes a few hours
for both vacuum systems to reach stable ultimate vacuum pressures of below p < 1 ×
10−5 Pa with the band heater switched off. Considering that S TMP−02

pump = 550 L s−1, the right-
hand plot in figure 3.7 suggests that the total rate of particles entering the vacuum system
through leaks, permeation and degassing is of the order of qadd

pV = 5 × 10−5 mbar · L/s.
This was to expect due to the fact that about a hundred ISO-KF flanges are used for
the construction of the gas line system that each have a permeation rate of the order of
qper

pV ≈ 1 × 10−6 mbar · L/s.

6.3.1. Vacuum analysis and leak tightness

A first scan of the vacuum atmosphere in the gas line system that connects the permea-
tion cells with the measuring system is made using the QMS while the system is cold.
Therefore, the partial pressures of molecules corresponding to the mass-to-charge ratios
0 < κ < 50 are recorded. The recorded spectrum can be seen in figure 6.13. The plot is
supported by table 6.2 which shows the possible ion species that may be responsible for
the formation of the peaks. In addition, for each mass-to-charge ratio and corresponding
possible ion species, the table lists the parent molecules from which the ions formed in
the QMS ion source originate. See section 3.2.3 for a more detailed explanation of how a
QMS spectrum is generated.

The partial pressures indicated by the spectrum are the sum of the individual partial
pressures of the possible parent molecules listed in table 6.2 associated with the different
mass-to-charge ratios κ. The QMS calculates the recorded pressures shown in the spec-
trum from the measured ion current I+cup,κ,s in its Faraday detector. It converts the measured
currents into a partial pressure by applying equation (3.14), assuming that only one type
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Fig. 6.13. Partial pressure spectrum of the vacuum atmosphere that establishes in the gas line sys-
tem connecting the permeation cells of the COOPER experiment with the QMS once the ultimate
pressure in the system is reached. It is recorded for mass-to-charge ratios in a range of 0 < κ < 50
using a QMS.

TABLE 6.2
Ion species that may be associated with a peak in a QMS spectrum at a certain mass-to-charge
ratio κ and possible parent molecules from which the formed ions in the QMS originated.

κ Ion species in QMS detector Possible parent molecules

1 1H+ 1H2, 1H2O, 1H2HO

2 1H+2 , 2H+ 1H2, 1H2H, 2H2, 1H2O, 1H2HO, 2H2O

3 1H2H+ 1H2H, 1H2HO

4 2H+2 ,He+ 2H2, 2H2O, 4He
12 C+ CO, CO2

14 N+ N2

16 O+ O2, CO, CO2, 1H2O, 1H2HO, 2H2O
17 1HO+ 1H2O, 1H2HO
18 1H2O+, 2HO+ 1H2O, 1H2HO, 2H2O
19 1H2HO+, 1H3O+ 1H2O, 1H2HO
20 2H2O+, Ar++, Ne+ 2H2O, Ar, Ne
28 N+, CO+ N2, CO, CO2

32 O+2 O2

40 Ar+ Ar
44 CO+2 CO2
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of molecular species s is responsible for the ion current. For the conversion, the QMS
software applies pre-determined values of the transmission coefficient TFκ,s, the cracking
fraction CFκ,s, the relative ionization probability RIPs and the ion source constant γN2 that
belong to the molecular species that is likely most responsible for the peak.

It can be seen that according to the table, no other molecular species than N2 and O2

are responsible for the formation of the peaks at κ = 14 and κ = 32, respectively. The fact
that the ratio between the measured partial pressures of N2 and O2 does not correspond
to their ratio in air suggests that the system is leak tight and that the source of incoming
particles is rather the result of permeation through the ISO-KF flanges and degassing from
the tube walls. The highest peaks shown in the spectrum are those associated with ions
originating from 1H2O molecules. These originate mainly from permeation through the
FKM seals (see FKM properties discussed in section 3.1.2). Water molecules degassing
from the walls also contribute significantly to the relatively high 1H2O particle flux in the
system. As the table shows, the other prominent peaks in the spectrum are mainly made
up of residual air molecules such as Ar, N2, O2, CO2, CO and 1H2. It is found that the
measured partial pressures of molecules associated with the mass-to-charge ratio κ = 4
are vanishing small. Therefore, contamination of helium-4 in the system can be excluded.
Any future partial pressure measured at κ = 4 can hence be assigned exclusively to 2H2

gas.

6.3.2. Commissioning of heating system

The highest temperature of the band heater reached during the commissioning of the
heating system is TTC−1 = 923 K. As expected from the simulations shown in the figures
6.10, such a heater temperature indeed results in a temperature of the sample disk of about
TTC−2 = 873 K. It is observed that the smoothest way to heat and cool the permeation tube
is by setting the temperature ramp of the band heater to ∆T = 2 K min−1. This allows the
sample disk and permeation tube walls to heat up and cool down at approximately the
same rate as the heater.

During the commissioning phase, it is found that the increased degassing of molecules
from the permeation cell walls into their inner cavities does not cause a noticeable in-
crease in the vacuum pressure monitored by CCG-07. This is beneficial for precise QMS
measurements at elevated temperatures. However, it turns out that the intense degassing
of the band heater during heating causes the vacuum pressure in the OVC to increase
from pCCG−04 ≈ 1 × 10−5 Pa when cold to pCCG−04 ≈ 1 × 10−2 Pa when heated. Since
S OVC

eff ≈ 8 L s−1, this result suggests that the band heater degassing rate is of the order
of qdegas

pV = 1 × 10−3 mbar · L/s. According to the right plot in figure 3.1, a pressure of
pCCG−04 ≈ 1 × 10−2 Pa is associated with the high vacuum molecular flow regime, which
is still low enough that the thermal insulation provided by the vacuum in the OVP prevents
the heat from the band heater from being dissipated by gas molecules.

However, once the temperature of the band heater reaches its target temperature and
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Fig. 6.14. [Left] Temperatures measured by the different thermocouples installed in the COOPER
experiment during a typical heating phase in which the band heater is heated to TTC−1 = 773 K
with an adjusted temperature ramp of ∆T = 2 K min−1. [Right] Temperatures measured by the
different thermocouples installed in the COOPER experiment during thermal steady state at the
moment a 2H2 partial pressure of pUI

22 = 2×104 Pa is abruptly injected into the upstream permeation
cell PC-A.

thermal steady state establishes in the permeation tube, the voltage required to power the
heater drops significantly and so does the degassing rate of the band heater, causing the
pressure in the OVC to return to its previous value of pCCG−04 < 1 × 10−5 Pa.

The upper left-hand plot in figure 6.14 shows the temperature measured by the thermo-
couples TC-02, TC-03, and TC-04 during a typical heating phase if the band heater target
temperature is set to TTC−1 = 773 K. As shown in the graph, it takes approximately one
hour for the disk temperature to rise at the same rate as the band heater temperature. Once
the band heater has reached its target temperature, it takes about an additional hour for
the various components of the permeation tube to reach a constant temperature in thermal
steady state. To perform accurate permeation flux measurement, it is essential that the per-
meation tube temperature has stopped rising before the flux is recorded. This is because
the slightest increase in temperature has a significant effect on the permeation flux. It is
observed that at a target temperature of the band heater of TTC−1 = 773 K the temperature
difference between the band heater and the center of the sample disk ∆T = TTC−1 − TTC−2

is only ∆T = 23 K. Obviously, this difference would be even smaller at lower heater
temperatures. This result confirms good thermal contact between the band heater and the
sample disk and shows that the designed heating system works very well.

The temperature difference between the disk border and the disk center is found to
be negligibly small (only about ∆T = 1 K). This fact is very advantageous for precise
permeation measurements, especially for the determination of the temperature relations
of hydrogen transport parameters. These require a homogeneous temperature distribu-
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tion over the whole surface of the disk through which the permeation takes place. The
measured small temperature difference between the disk center and the disk border is
consistent with the simulation shown in figure 6.9, which was performed assuming even
higher temperatures. It should be noted that thermocouple TC-03 measures the tempera-
ture of the disk border within the Helicoflex® gasket, at a distance of about 13 × 10−3 m
from the center of the disk. This position does not correspond to the real edge of the
sample disk which is outside the Helicoflex® gaskets at a radius of rdisk = 24 × 10−3 m.

Temperature measurements during commissioning have shown that at a band heater
temperature of TTC−1 = 773 K the outer walls of the OVC reach temperatures of about
T = 343 K, while the outer flange connections of the gas inlet and outlet tubes reach a
temperature of up to T = 373 K. As already anticipated by the presented finite element
calculations, such temperatures pose no direct harm to the user. The airflow outside the
OVC cools the tubes connected to the gas inlet and outlet flanges. Even if gas is present
in the permeation cells, the exterior gas pipes reach room temperature within a few cen-
timeters distance from the OVC. Therefore, damage of the capacitance diaphragm gauges
DG-05 and DG-06 can be excluded.

The right-hand graph in figure 6.14 shows a time frame of a temperature measurement
with the COOPER experiment where the target temperature of the band heater has been
set to TTC−1 = 583 K and the system has reached thermal steady state, i.e. the temperatures
of all four thermocouples are constant in time. This measurement is performed to test the
temperature response of the various components of the permeation tube at the moment of
gas injection, as will be done during a permeation flux measurement. With the valve V-13
maintained closed, at t = 9 min of the presented time frame, a 2H2 partial pressure of pUI

22 =

2 × 104 Pa is abruptly injected into the upstream permeation cell PC-A. The gas injection
procedure is explained in more detail in section 6.4. It is found that the injected cold gas
does not lead to a decrease in temperature of the sample disk but rather to an increase in
temperature of a few K. Therefore, in order to perform a permeation flux measurement
at a specific desired temperature of the sample disk, the thermocouples TC-02 and TC-
03 must indicate steady state temperatures prior to gas injection that are slightly below
the temperature at which the actual measurement is to be performed. For example, if a
permeation flux measurement is to be made at TTC−2 = 573 K, the thermocouple TC-02
should indicate a temperature of only about TTC−2 = 570 K before the gas is introduced
(see right-hand graph in figure 6.14). The rise in temperature of the thermocouples during
gas injection is probably due to the following reason. While permeation cell A is under
vacuum, the thermocouple tips connected to the sample disk are heated by the hot disk
surface primarily by heat conduction at their contact surfaces with the disk and by ambient
heat radiation. When gas is present in the permeation cell, they are additionally heated
by conduction and convection of the surrounding gas. Due to the reduced heat transfer
between the disk surface and the thermocouple tips in vacuum, the measured temperature
of the thermocouples is probably lower than the real temperature of the sample disk.
It is reasonable to assume that before the gas is injected, the sample disk is already at
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the temperature that the thermocouples indicate after the gas is injected. Moreover, the
plot reveals that also the measured temperature of TC-04 that is located in free space
in the center of the PC-A cavity increases during gas injection. The temperature of the
thermocouple increases because the heat from the disk and the walls of the permeation
tube, which in a vacuum is transferred to the thermocouple only by thermal radiation, is
additionally transferred by gas conduction and convection after the gas is injected.

6.3.3. Controllable pressure range of injected gas

With the purpose of exploring the range of controllable gas pressures injected into the
permeation cells, 2H2 gas with different partial pressures in the range 0.1 Pa < pUI

22 < 5 ×
104 Pa are injected into PC-A while maintaining valve V-13 closed. It is found that regard-
less of the permeation tube temperature, if gas with a pressure satisfying pUI

22 > 1× 101 Pa
is injected into PC-A, degassing or absorption of the surrounding permeation cell walls
does not lead to a measurable change in pressure over time. However, if pUI

22 < 1 × 101 Pa
the degassing or absorption rate causes a visible pressure change. Therefore, maintaining
a low-pressure stable requires constantly injecting and relieving gas into PC-A through
the leak valves V-04 and V-17. Therefore, valves V-02, V-06, V-13, V-16, and V-11 are
opened and the gas flow is controlled by manipulating both leak valves simultaneously.
In fact, performing a permeation measurement with a 2H2 gas flow through PC-A much
more closely mimics the scenario of a purge gas flowing through a fuel pin of an HCPB
breeding blanket.

6.3.4. Sensitivity test of QMS detector

Finally, the sensitivity of the QMS detector is tested. For this purpose, different partial
pressures of 2H2 gas are injected into PC-A and the increase in signal height in the QMS
detector caused by the permeating deuterium atoms into PC-B is measured. The increase
in detector signal for the mass-to-charge ratio κ = 4 is of particular interest. The reason
for this is that in this mono-isotopic permeation measurement, most of the permeated
deuterium atoms will recombine with another deuterium atom at the downstream interface
to form 2H2 molecules. According to the fragmentation patterns in [253], the vast majority
of 2H2 molecules ionize to 2H+2 in the QMS ion source with κ = 4. For the conversion
of the measured ion current at κ = 4 into a partial pressure of 2H2, the fraction of 2H2

molecules ionized to 2H+2 is estimated to be equal to the known value CF ≈ 0.9, which
holds for ionization of 1H2 molecules to 1H+2 ions [253]. In addition, the relative ionization
probability RIP ≈ 0.35 of 2H2 molecules is taken from the reference [195]. Both values
are manually added to the QMS software database.

Figure 6.15 shows the 2H2 partial pressure increment in PC-B at a sample disk tem-
perature of TTC−2 = 823 K measured by the QMS via the open path resulting from an
injection of 2H2 gas into PC-A with the partial pressures pUI

22 = 50 Pa (solid blue line)
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Fig. 6.15. Time evolution of the 2H2 partial
pressure in PC-B at TTC−2 = 823 K mea-
sured by the QMS via the open path after
an injection of 2H2 gas with the partial pres-
sures pUI

22 = 50 Pa (solid blue line) and pUI
22 =

2 × 104 Pa (dashed orange line) into PC-A.

and pUI
22 = 2 × 104 Pa (dashed orange line), respectively. The plot reveals that in case of

high upstream pressures, the QMS shows an excellent detector signal. However, at up-
stream pressures pUI

22 < 50 Pa the QMS approaches its lower resolution limit. Therefore,
for permeation flux measurements with the COOPER experiment at upstream pressures
pUI

22 < 50 Pa, permeation flux measurements will be performed using the leak detector
instead. The 2H2 gas used for all measurements discussed in this chapter has a purity of
99.8 %.

6.4. Procedure for mono- and multi-isotopic permeation measurements

The following sections present measurement procedures for mono- and multi-isotopic
deuterium permeation flux measurements using the COOPER experiment, which are es-
tablished within the scope of this dissertation. A preliminary permeation experiment is
presented to demonstrate the calibration and measurement procedure for mono-isotopic
permeation measurements. A standard scheme for obtaining characteristic hydrogen
transport parameters in a mono-isotopic permeation experiment such as the permeabil-
ity, the diffusion coefficient and the Sieverts’ constant is presented. Finally, the planned
experimental procedure for co- and counter-permeation measurements is described.

6.4.1. Sample material characterization

Prior to any permeation experiment, the composition of the sample disk material must be
characterized. This is important in order to be able to interpret the experimental results of
performed permeation flux measurements with those obtained in previous experimental
campaigns that might have used sample material with the same name but slightly different
composition.

The presented mono-isotopic permeation experiment is executed with a sample disk
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Fig. 6.16. Measured EDX spectrum of the
Eurofer’97 material used to manufacture the
sample disk installed in the COOPER exper-
iment.

TABLE 6.3
Material composition of the Eurofer’97 material given in [wt %] which is used to manufacture
the sample disk installed in the COOPER experiment. The composition is measured using EDX.

Fe Cr C Mn V W Ta

85.55 10.93 1.38 0.52 0.20 1.33 0.10

made of Eurofer’97 supplied by Atmostat (patch 3, lot 1615, normalized at 1253 K for
11 min in air, tempering at 1033 K for 65 min in air).

The composition of the obtained Eurofer’97 material is determined by applying the
technique EDX (Energy-Dispersive X-ray Spectroscopy) inside of a SEM (Scanning Elec-
tron Microscope). In this experimental technique, atoms on the sample surface are irradi-
ated with X-rays, which excite electrons in the lower atomic shells (K, L, M, etc.), causing
them to be ejected from the atom. An electron from a higher energy level occupies the
now available electron hole in the lower energy shell, releasing energy in the form of a
photon that can be captured by a detector. The released photon energies are characteris-
tic of the atomic species. The energy level of the atomic shell from which the electron
falls back into the lower shell (K, L, M, etc.) determines the name of the characteristic
photon energy line (Kα, Kβ, Lα, Mβ, etc.). The number of detected photons per second
of a specific energy line is a measure of the concentration of the corresponding atomic
species. More information about the EDX technique can be found in the reference [254].
The recorded spectrum with the indicated energy lines associated with different elements
on the observed Eurofer’97 sample surface can be seen in figure 6.16. From the relative
heights of the peaks, the used EDX software obtains a material composition which is
shown in table 6.2. A comparison of the measured composition with table 1.1 suggests
that the obtained sample material has a Cr content that is outside the range of the speci-
fied composition requirements for Eurofer’97. Also, the Cr content of the sample material
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appears to be slightly higher than the Eurofer’97 material specifications.

The average thickness of the installed sample disk is measured to be approximately
ddisk = (1.00 ± 0.05) × 10−3 m and the sample disk surface exposed to the gas chamber
cavities within the gaskets is estimated to be Aper = (9.1 ± 0.5) × 10−4 m2. Prior to its
installation, the disk is roughly polished with emery paper. To mimic a surface roughness
more similar to the Eurofer’97 surface conditions expected in a real breeding blanket,
further polishing is omitted.

6.4.2. Mono-isotopic permeation measurements in the diffusion-limited regime

The execution of permeation flux measurements using the QMS begins with an evacuation
of all pipe lines of the experimental setup. Therefore, all valves except V-04, V-05, V-08,
V-10, V-11 and V-12 are opened and the two vacuum systems are turned on. It is waited
until both systems reach an ultimate minimum vacuum pressure of p < 1 × 10−5 Pa.

Then, the valves V-03, V-06, V-07, V-13, V-17, V-18, V-20, V-21, V-23 are closed and
the valves V-04 and V-11 are opened. In this configuration of open and closed valves,
the downstream permeation cell B is connected with the QMS via the open path which
is required for a mono-isotopic permeation measurement into vacuum. The experimen-
tal procedure described in the following suppose that the permeation cells are already
degassed which is done at the end of every set of permeation measurements.

The deuterium permeation flux measurements presented in this work are all performed
with the same 2H2 upstream pressure of pUI

22 = 2 × 104 Pa at five different sample disk
temperatures TTC−2 = [573 K, 623 K, 673 K, 723 K, 773 K]. According to the left plot
in figure 6.1 at TTC−2 = 573 K such a high upstream pressure corresponds to the edge
of the intermediate and the beginning of the diffusion-limited permeation regime. In a
previous mono-isotopic permeation experiment performed by Montupet-Leblond et al,
who also used Eurofer’97 permeation membranes of approximately the same thickness,
a 2H2 upstream pressure of pUI

22 = 2 × 104 Pa could be assigned to the diffusion-limited
permeation regime [161]. Experimental confirmation of the upstream pressure range for
surface-limited and diffusion-limited permeation flux measurements with the COOPER
experiment remains to be performed. However, for the time being, it is assumed that
the permeation flux measurements described below correspond to the diffusion-limited
regime.

During the commissioning phase, it is learned that heating the permeation tube system
from a lower temperature to a higher constant target temperature allows thermal steady
state of the permeation tube to be reached more quickly than if the system is cooled from
a higher temperature to a lower temperature. In addition, heating the system brings the re-
sulting equilibrium temperature of the sample disk closer to the set constant target temper-
ature of the band heater than if the target temperature is reached by cooling. The left plot
in figure 6.17 shows the temperatures measured by the various thermocouples throughout
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Fig. 6.17. [Left] Temperatures measured by the different thermocouples installed in the COOPER
experiment during the performed mono-isotopic permeation measurements. [Right] Pressures of
2H2 gas in GMT-A and PC-A measured by DG-03 and DG-05 during the performed mono-isotopic
permeation measurements.

the period during which the mono-isotopic permeation measurements discussed in this
section are being performed. It is started with the lowest disk temperature of the test
matrix of TTC−2 = 573 K. As the right plot in figure 6.14 shows, this requires the band
heater to be kept at a constant target temperature of TTC−2 = 583 K. It is reached at about
t = 14 h of the time frame shown in the left-hand plot in figure 6.17. From this moment, it
is waited for about one hour until the temperatures of the components of the permeation
tube have reached their steady state values. For the reasons explained above, the measured
sample disk temperature will increase by some kelvin during the gas injection. Therefore,
it is aimed that the displayed temperature of the thermocouple TC-02 levels out a few
Kelvin below the sample disk target temperature.

Prior to the injection of 2H2 gas into the upstream chamber, the QMS is calibrated to
allow for permeation flux measurements as described in section 3.2.3. For the calibration,
a 2H2 test leak with a calibrated throughput of qCL

pV,22 = 2.04 × 10−7 mbar · L/s is used. It
is connected to the gas inlet port of PC-B outside the OVC via valve V-08 (see the figures
6.2 and 6.11). As soon as the valves V-07 and V-08 are opened the test leak releases its
calibrated 2H2 flux into the open path. Here, it is detected by the QMS in the form of
an increase in ion current ∆I+meas,κ of mainly the mass-to-charge ratio κ = 4 since the 2H2

molecules ionize primarily to 2H+2 ions in the QMS ion source [253]. The increment in
ion current ∆I+meas,4 resulting from the increase in particle flow in the open path qCL

pV,22 is
measured by the QMS. According to equation (3.21), the calibration factor of the QMS is
obtained with

f cal
κ,22 =

qCL
pV,22

∆I+meas,4
(6.2)
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Having obtained f cal
κ,22 allows conversion of the ion current increment ∆I+meas,4 measured

during a permeation flux measurements into a deuterium permeation flow using equation
(3.21) and into a deuterium permeation flux applying relation (3.22). Once the calibration
factor is determined the valves V-07 and V-08 are closed again. This calibration procedure
is repeated at every new temperature step.

In a mono-isotopic permeation experiment, a deuterium isotope that has permeated
into PC-B will most likely recombine with another deuterium atom to form 2H2, which
then enters the vacuum of PC-B before making its way to the QMS detector. However,
since 1H2 gas is relatively abundant in air and the used 2H2 gas cylinder contains 1H2H
impurities, there will be a low concentration of dissolved protium in the sample disk
material. Therefore, it is important to consider that some of the permeating deuterium
atoms will recombine with protium to form 1H2H. In addition, subsequent isotope ex-
change reactions with water molecules at the disk and the wall surfaces of PC-B lead
to the formation of 1H2HO and 2H2O molecules. Consequently, the total flux of perme-
ated deuterium isotopes can only be measured by recording the molecular fluxes of all
deuterium-containing molecules, i.e. 1H2H, 2H2, 1H2HO, 2H2O. Table 6.2 shows that in
the ion source of the QMS these four molecular species fragment into ions corresponding
to the set of mass-to-charge ratios κ ∈ {1, 2, 3, 4, 16, 17, 18, 19, 20}. Hence, to measure the
exact deuterium permeation flux, the increments in ion current of all these mass-to-charge
ratios would have to be measured. However, it is found that due to the high partial pressure
of 2H2O molecules in the system, the ion current signals in the QMS detector of the mass-
to-charge ratios κ ∈ {1, 2, 16, 17, 18, 19, 19} are so high that any increment associated
with an increase in deuterium-containing molecules is lost in the detector noise. For this
reason, permeation flux measurements with the COOPER experiment merely take into
account the ion current increments measured at the mass-to-charge ratios κ ∈ {3, 4, 20}.
The mass-to-charge ratio κ = 3 represents ions that are formed from the molecules 1H2H,
1H2HO, κ = 4 is associated with the molecules 2H2, 2H2O and κ = 20 with the molecule
2H2O. Since calibrated leaks of 1H2H, 1H2HO and 2H2O gas do not exist the conversion of
the measured ion current increments into permeation fluxes is done using the same QMS
calibration factor as that measured for 2H2 gas.

Consequently, the total atomic deuterium permeation flux is calculated from the mea-
sured increments in ion currents ∆I+meas,κ that correspond to the three recorded mass-to-
charge ratios κ ∈ {3, 4, 20}, according to

Jper,2 = j κ=3
per + 2 j κ=4

per + 2 j κ=20
per =

f cal
κ,22

AperRTQMS
·
(︂
∆I+meas,3 + 2∆I+meas,4 + 2∆I+meas,20

)︂
. (6.3)

To set up this equation it is made use of the equation (3.21) and (3.22) and it is taken into
account that the deuterium-containing molecules that correspond to the mass-to-charge
ratios κ ∈ {3, 4, 20} contain one or two deuterium isotopes (see table 6.2).

After the QMS is calibrated, 2H2 gas with a partial pressure of pUI
22 = 2 × 104 Pa

is injected into PC-A. In order to enable a precise measurement of the diffusion coeffi-
cient with the time-lag method described in section 2.3.5, the gas injection must occur as

197



quickly as possible. Therefore, GMT-A is filled with a specific partial pressure pGMT−A
init,22 of

2H2 gas, which implies the establishment of a final overall pressure of pPC−A
inj,22 = 2× 104 Pa

in both PC-A and GMT-A at the moment when valve V-06 is opened and the gas enters
the vacuum of PC-A. The initial pressure in GMT-A that is required to inject a given value
of pUI

22 into the previously evacuated PC-A is determined by the ideal gas law and given
by

pGMT−A
init,22 = αinj · pPC−A

inj,22 = , with αinj =
VGMT−A + VPC−A

VGMT−A
·

T gas
room

T gas
aver
. (6.4)

In this expression, VGMT−A describes the volume of GMT-A between the valves V-02
and V-06, and VPC−A specifies the volume of PC-A between the valves V-06 and V-
13. Moreover, variable T gas

room is the gas temperature in GMT-A and T gas
aver is the average

temperature of the gas in both GMT-A and PC-A after gas injection. During commis-
sioning it could be experimentally determined that αinj = 3.17 at TTC−2 = 573 K and
αinj = 3.2 at TTC−2 = 773 K. Following this calculation, at the first temperature step of
the performed permeation flux measurements, GMT-A is pre-filled with a 2H2 pressure
of pGMT−A

22 = 6.38 × 104 Pa. The pressures in GMT-A and PC-A measured by DG-03
and DG-05 during the performed mono-isotopic permeation measurements are shown in
the left-hand graph in figure 6.17. The periods in which the GMT-A is pre-filled and
subsequently emptied into PC-A are clearly visible.

The deuterium permeation process is initiated at the moment when valve V-06 is
opened, resulting in a rapid injection of exactly pUI

22 = 2×104 Pa into PC-A (see right-hand
plot in figure 6.17). Then valve V-06 is closed again and the deuterium permeation flux
into PC-B is recorded for about two hours. The measurement is completed by removing
the gas from PC-A. To do this, valve V-13 is opened and the leak rate through valve V-17
is carefully increased so that the 2H2 gas slowly escapes into the dry scroll pump SP-01.
As soon as DG-05 monitors a pressure of p < 10 Pa, valve V-11 is closed and needle valve
V-10 is slowly opened to reduce the pressure in PC-A to the high vacuum range with the
help of TMP-01. The evacuation processes after each permeation measurement can be
seen in the right-hand graph of figure 6.2 as well (see orange dotted line). Then, the next
higher target temperature is set in the LabVIEW program. Once all thermocouples con-
firm the establishment of thermal steady state, the calibration, gas injection, permeation
flux measurement and evacuation procedures are repeated.

The left-hand graph in figure 6.18 presents the recorded deuterium permeation fluxes
at five different temperatures, converted from the measured ion currents of the three mass-
to-charge ratios using equation (6.3). In the plot, t = 0 min corresponds to the moment of
gas injection. It can be seen that for all observed temperatures it takes more than 30 min
for the permeation flux to reach thermal steady state permeation. The right-hand plot in
figure 6.18 shows the measured molecular permeation fluxes

j κper =
1

AperRTQMS
· f cal
κ,22 · ∆I+meas,κ (6.5)

at the last temperature step TTC−2 = 773 K, that are associated with molecules whose ions
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Fig. 6.18. [Left] Measured deuterium permeation flux into PC-B resulting from an injection of 2H2

gas into PC-A with a partial pressure of pUI
22 = 2×104 Pa. The measurements are performed at five

different sample disk temperatures. [Right] Molecular permeation fluxes associated to molecules
that are ionized by the QMS into fragments with the mass-to-charge ratios κ = 3, κ = 4 and κ = 20
that result from an injection of 2H2 gas into PC-A with a partial pressure of pUI

22 = 2 × 104 Pa at
TTC−2 = 773 K.

have the mass-to-charge ratios κ = 3, κ = 4 and κ = 20 (see legend in the right-hand plot
in figure 6.18). These molecular fluxes are inserted into equation (6.3) to obtain the total
atomic deuterium flux. It can be seen that the height of the steady state permeation flux
measured for κ = 4 is approximately two orders of magnitude higher than the permeation
fluxes that correspond to the other two mass-to-charge ratios.

Figure 6.19 shows the values of the measured steady state deuterium permeation
fluxes. They are obtained by determining the mean value of the permeation fluxes which
are measured during the last ten minutes of the shown time frame in the left-hand plot in
figure 6.18. The error of the temperature measurement of the sample disk is estimated to
be ∆T = 3 K. This error takes into account the fact that the sample disk is slightly colder
at the border than at the center. The error bars of the permeation flux measurement are
derived from the equations (6.2) and (6.3) using error propagation, according to

∆Jper,2 = Jper,2 ·

⌜⃓⎷⎛⎜⎜⎜⎜⎜⎝∆qCL
pV,22

qCL
pV,22

⎞⎟⎟⎟⎟⎟⎠2

+

(︄
∆Aper

Aper

)︄2

+

(︄
∆TQMS

TQMS

)︄2

. (6.6)

Here, it is assumed that the relative errors of the ion currents measured by the QMS are
negligible since they are small in comparison with the relative errors of the other quantities
that occur in equation (6.6). The relative error of the test leak rate ∆qCL

pV,22 is assumed to
be ∆qCL

pV,22 = 0.2 · qCL
pV,22. It is estimated that the gas temperature in the QMS is at room

temperature TQMS = (293 ± 5) K. This value is given with a relatively large error. This is
due to the difficult-to-estimate effect of the thermal radiation from the QMS filament on
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partial pressure of pUI
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measurements are performed at five different
sample disk temperatures.

the gas temperature.

At the end of the last permeation measurement, PC-A is evacuated as described above.
This is followed by the degassing process. Therefore, after evacuation, the valves V-17,
V-16 and V-10 are closed again and valve V-18 is opened. As a result, both permeation
cells are now connected to the QMS and TMP-02. At this stage, the temperature of the
band heater is raised to TTC−01 = 873 K and the ion currents of the mass-to-charge ratios
κ ∈ {3, 4, 20} are recorded. The heater is held at the degassing temperature until the
recorded ion currents disappear in the detector noise. It was found that this is the case
after about 24 h.

6.4.3. Measurement of the deuterium permeability in Eurofer’97

Considering that the presented mono-isotopic permeation flux measurements are per-
formed in the diffusion-limited regime, it is possible to determine the permeability of
deuterium in Eurofer’97 from the steady state permeation fluxes plotted in the left-hand
plot in figure 6.19. Therefore, it is made use of equation (2.142) which is transformed to

ΦE97
2 =

ddisk

Jper,2 ·

√︂
pUI

22

, with ∆ΦE97
2 = ΦE97

2 ·

⌜⎷(︄
∆ddisk

ddisk

)︄2

+

(︄
∆Jper,2

Jper,2

)︄2

+

(︄
∆pUI

22

2pUI
22

)︄2

. (6.7)

It yields the deuterium permeabilities which are shown in figure 6.20. The error of the
permeabilities is determined by error propagation as reported in equation (6.7). Therefore,
it is estimated that the error of the injected upstream pressure is ∆pUI

22 = 5 × 102 Pa. Be-
cause of the Arrhenius-type temperature dependence of the permeability given in equation
(2.143), its temperature relationship is determined by a linear fit to the natural logarithm
of the permeability values obtained. The error of the slope of the fitted line and the error
of its intercept with the y-axis are estimated such that the error lines would diagonally
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Fig. 6.20. Measured permeability of deu-
terium in Eurofer’97 as a function of the sam-
ple temperature. The diagram contains exper-
imental deuterium permeability relations ob-
tained from the literature [159], [161], [221],
[222].

connect the extreme ends of the error bars of the highest and lowest temperature. Thus,
the following permeability relation for deuterium in Eurofer’97 is obtained.

ΦE97
2 (T ) = (3.0 ± 0.5) × 10−8 mol/m/s/Pa

1
2 · exp

[︄
−

(51.5 ± 0.5) kJ mol−1

RT

]︄
. (6.8)

Expression (6.8) is plotted in figure 6.20 together with permeability relations obtained
from the literature [159], [161], [221], [222]. While the permeability relations reported by
Chen et al [221] and Aiello et al [222] were measured for deuterium, Montupet-Leblond
et al and Esteban et al measured the permeability relation for protium. As the equations
(2.143) and (2.66) suggest, when assuming an approximately equal Sieverts’ constant
for protium and deuterium the measured protium permeabilities in the references [159],
[161] can be converted to deuterium permeabilities considering that Φ2 ≈ Φ1

√
M1/M2.

This conversion is applied before plotting the relations in figure 6.20.

It can be seen that the permeability relation measured with the COOPER experiment
is slightly lower than the literature data. There could be two reasons for this. The first
reason could be that the installed sample disk has oxidized during the experimental phase.
An oxidation layer behaves like a permeation barrier coating and drastically reduces the
surface recombination coefficient. According to equation (2.147), this would imply a re-
duced permeation number and thus mean that the measurements may actually have been
made in the intermediate and not the diffusion-limited permeation regime. According to
the left-hand plot in figure 6.1, in the intermediate regime, the steady state permeation
flux is not sufficiently well described by equation (2.142) that is used for the determi-
nation of the permeability. Therefore, measuring the permeation flux in the intermediate
permeation regime implies an underestimation of the permeability obtained with equation
(2.142).

Another reason for the discrepancy could be the fact that the determined composition
of the Eurofer’97 sample disk shown in table 6.3 differs considerably from the composi-
tions of the Eurofer’97 samples shown in the references [161], [221], [222]. In fact, the
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Fig. 6.21. [Left] Cumulative number of permeated deuterium atoms at different disk temperatures
plotted against time. The plots approach straight lines, which are approximated by linear fits.
The intercepts of the fits provide the permeation time-lags used to obtain the effective deuterium
diffusion coefficients at the observed temperatures. [Right] Effective diffusivities of deuterium in
Eurofer’97 measured with the COOPER experiment compared with literature values [159], [161],
[221], [222]. The solid blue line is the determined temperature relation of the diffusivity which is
assumed to be valid for temperatures T > 673 K where Deff,2 ≈ D2.

sample material installed in the COOPER experiment has significantly higher Cr and C
contents than the samples observed in the mentioned references.

6.4.4. Measurement of the deuterium diffusivity in Eurofer’97

In addition, the COOPER device enables measuring the temperature-dependent effective
diffusion coefficient of the sample disk material by applying the time-lag method that is
introduced in section 2.3.5. The concept of the effective diffusivity is addressed in section
2.2.2. From equation (2.156) it follows that

DE97
eff,2 =

d2
disk

6 · τTL
, with ∆DE97

eff,2 = Deff,2 ·

√︄(︄
∆ddisk

ddisk

)︄2

+

(︄
2 ·
∆τTL

τTL

)︄2

. (6.9)

In order to obtain the permeation time-lags τTL of the measurements at each temperature
step, the cumulative number of permeated isotopes κper,2 is calculated as a function of
time. Therefore, the measured permeation fluxes visualized in the left-hand plot in figure
6.18 are inserted into the equation

κper,2 (t) = Aper ·

∫︂ t

0
Jper,2

(︁
t′
)︁

dt′ . (6.10)

The result is plotted in the left-hand graph in figure 6.21.
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Straight lines are fitted to the linear sections of the curves corresponding to the time
interval 30 min < t < 60 min. The intercepts τTL of the linear fits with the t-axis are
determined. These intercepts are independent of the area Aper. Therefore, the error of
Aper has no influence on the obtained values of τTL. Nevertheless, the inaccuracy in the
determination of the time-lags rather results from an incorrect choice of the time interval
boundaries used for the linear fits. For this reason, the error of τTL is estimated by varying
the lower time boundary of the fit interval by a reasonable time range.

Inserting the determined time-lags into equation (6.9) yields the effective diffusion
coefficients of deuterium in Eurofer’97 measured with the COOPER experiment. The
measured data points are shown in the right graph of figure 6.21, together with the ef-
fective diffusivity relations in Eurofer’97 reported in the references [159], [161], [221],
[222]. Before plotting the curves, the diffusivity relations measured in [159], [161] for
protium in Eurofer’97 are converted to relations for deuterium using equation (2.66). It
can be seen that above a temperature of about T = 673 K, the effective diffusivities mea-
sured with the COOPER experiment and reported in the mentioned references show an
Arrhenius-type temperature dependence, i.e. they increase linearly with the inverse tem-
perature when plotted on a logarithmic scale. Below this critical temperature, trapping
mechanisms significantly affect the diffusivity and cause a deviation from the Arrhenius-
type behavior. To determine the intrinsic interstitial diffusivity DE97

2 of deuterium in Eu-
rofer’97, it is assumed that DE97

eff,2 ≈ DE97
2 at temperatures of T > 673 K. The Arrhenius

relation (2.65) is then fitted to the diffusion coefficients determined at the temperature
steps TTC−2 = [673 K, 723 K, 773 K]. The error of the fits is determined in the same way
as for the permeability relation. Consequently, the intrinsic interstitial diffusion relation
for deuterium in Eurofer’97 measured with the COOPER experiment is

DE97
2 (T ) = (1.7 ± 0.3) × 10−9 m2 s−1 · exp

[︄
−

(10.1 ± 0.1) kJ mol−1

RT

]︄
. (6.11)

It is found that the measured diffusivities are significantly smaller than the literature data.
This may be for the same reasons as those suggested for the observed discrepancy in the
measured permeability relation. That is an unclean or oxidized disk surface may have
led to slower surface recombination and dissociation kinetics, and thus to a shift into
the intermediate permeation regime. If the measured permeation processes occurred in
the intermediate rather than the diffusion-limited regime, the time-lag method would have
underestimated the true deuterium diffusivity. This is because, in the intermediate regime,
it takes longer to reach steady state permeation.

In future measurements of the effective diffusivity relation with the COOPER experi-
ment, more experimental data points will be recorded at lower temperatures and the entire
expression (2.74) will be fitted against the measured values using the parameters D0

2, Em,
NT and Et as free fitting coefficients, as was done in [161].
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6.4.5. Measurement of the deuterium Sieverts’ constant in Eurofer’97

According to equation (2.143), the effective Sieverts’ constants Keff,E97
s,2 at the five observed

temperature steps are obtained by dividing the data points of the measured permeabilities
Φ2 shown in figure 6.20 by the obtained data points of the effective diffusivities Deff,2

plotted in the right-hand graph in figure 6.21, such that

Keff,E97
s,2 =

ΦE97
2

DE97
eff,2

, with ∆Keff,E97
s,2 = Keff,E97

s,2 ·

⌜⃓⎷(︄
∆ΦE97

2

ΦE97
2

)︄2

+

⎛⎜⎜⎜⎜⎜⎝∆DE97
eff,2

DE97
eff,2

⎞⎟⎟⎟⎟⎟⎠2

. (6.12)

The resulting data points and their error limits are shown in figure 6.22. They are plot-
ted together with the effective Sieverts’ relations reported by the references [159], [161],
[221], [222]. Indeed, the discrepancies in the measured Sieverts’ constants arise from the
discrepancies of the measured permeabilities and diffusivities. The temperature relation
of the real Sievert’s constant is obtained for temperatures of approximately T > 673 K by
dividing the determined relation (6.8) by relation (6.11), so that

KE97s,2 (T ) = (55.9 ± 4.5) mol/m3·Pa−
1
2 · exp

[︄
−

(48.7 ± 1.0) kJ mol−1

RT

]︄
. (6.13)

The previous sections show that the design of the COOPER experiment allows the mea-
surement of the permeability, the diffusion coefficient and the Sieverts’ constant of deu-
terium in Eurofer’97. For future measurements, however, a prior characterization of the
permeation regime is essential. To ensure measurement in the diffusion-limited regime,
the deuterium upstream pressure could be increased, which according to equation (2.147),
would lead to an increased permeation number.

6.4.6. Mono-isotopic permeation measurements in the surface-limited regime

The left plot in figure 6.1 suggests that performing measurements in the surface-limited
regime requires 2H2 upstream pressures of p < 20 Pa. These are best performed using the
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leak detector to measure the permeation flux because such low upstream pressures result
in permeation fluxes that are difficult for the QMS to resolve (see figure 6.15).

Measurements in the surface-limited regime are executed by applying the same ex-
perimental procedure as for the described measurements in the diffusion-limited regime.
However, since no time-lag method is applied, the 2H2 gas can be injected slowly into PC-
A using the leak valve V-04. To ensure a stable 2H2 pressure in PC-A, a continuous 2H2

gas flow through PC-A may be created by simultaneously manipulating the leak valves
V-04 and V-17.

In the surface-limited regime, the steady state permeation flux and the upstream pres-
sure are related by equation (2.146). Therefore, performing permeation flux measure-
ments at different temperatures in this regime would allow the determination of the disso-
ciation coefficient kd,22 of 2H2 molecules. The recombination coefficient kr,22 would then
be obtained by inserting the obtained value kd,22 into equation (2.100).

6.4.7. Multi-isotopic co-permeation measurements

The experimental procedure for co-permeation measurements with the COOPER exper-
iment starts in the same way as the mono-isotopic permeation measurements described
above. After the evacuation of the whole system, the downstream chamber PC-B is con-
nected to the QMS and the vacuum system via the open path. Therefore, the configuration
of open and closed valves during the heating and measuring phases is identical to that de-
scribed for the mono-isotopic permeation experiments. Since no temperature-dependent
hydrogen transport parameters are measured in a co-permeation measurement, it is in
principle sufficient to execute the experiment at a fixed temperature. Nevertheless, mea-
suring at a higher temperature has the advantage that the detected permeation fluxes are
higher, and thus noise effects are reduced.

A co-permeation measurement is initiated once the band heater has reached the tar-
get temperature and the permeation tube has reached thermal steady state. For a co-
permeation measurement, it is not necessary to inject the gas quickly. This is because
the analysis of co-permeation effects focuses merely on the influence of multi-isotopic
transport on the height of the establishing steady state deuterium permeation flux and not
on the period of transient permeation at the beginning of a permeation process. The ob-
jective of the co-permeation measurements is to observe whether at a fixed 2H2 upstream
pressure pPC−A

22 an additional injection of 1H2 gas to the same side changes the steady
state deuterium permeation flux into the evacuated PC-B. In the previous chapter, it was
theoretically derived that co-permeation significantly reduces the steady state permeation
flux of the primary isotope species when the permeation of the co-permeating secondary
isotope species occurs in the diffusion-limited permeation regime (see right-hand plot
in figure 6.1). To test this theoretical claim, two different co-permeation measurement
schemes are planned.
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The first involves measuring the flux-reducing effect of co-permeation in separate suc-
cessive permeation flux measurements. In each measurement, the upstream partial pres-
sure pPC−A

22 of the injected 2H2 gas is held constant while the partial pressure pPC−A
11 of

the injected 1H2 gas is incrementally increased. First, a mono-isotopic permeation flux
measurement is performed by injecting only 2H2 gas with a pressure of pPC−A

22 into PC-A.
The resulting permeation flux is measured until steady state permeation occurs. Then,
PC-A is evacuated. The next measurement involves the injection of a 1H2 +

2H2 gas mix
into PC-A. Before gas injection, the gas mixture is prepared in GMT-A. To guarantee the
injection of a certain partial pressure pPC−A

11 of 1H2 together with the fixed partial pressure
pPC−A

22 of 2H2, the ratio of the partial pressures in the premixed gas pGMT−A
11 /pGMT−A

22 must
satisfy

pGMT−A
11

pGMT−A
22

=
pPC−A

11

pPC−A
22

. (6.14)

The total pressure of the injected gas mix into PC-A is controlled by DG-05. The fixed
partial pressure pPC−A

22 of 2H2 gas is reached as soon as the total pressure reaches the value

pPC−A =

(︄
pGMT−A

11

pGMT−A
22

+ 1
)︄
· pPC−A

22 . (6.15)

After gas injection, the steady state deuterium permeation flux is recorded again until
steady state permeation is reached. The described gas mix injection and measurement
procedure is repeated several times. With each new permeation flux measurement, the
partial pressure pPC−A

11 is increased while pPC−A
22 is held equal. It is observed whether the

measured steady state permeation fluxes change with every new measurement. According
to the right graph in figure 6.1, it is expected that in a measurement where a high partial
pressure pPC−A

11 of 1H2 gas is injected into PC-A, the deuterium permeation flux should be
significantly reduced compared to a measurement where pPC−A

11 = 0 Pa.

The second planned experimental scheme for co-permeation measurements makes
use of the physical concept of a choked flow that was explained in section 3.1.1. It says
that if the ratio between the total pressures in GMT-A and PC-A exceeds a critical value
pGMT−A/pPC−A > (pGMT−A/pPC−A)chok the flow of gas particles through the leak valve V-04
reaches the speed of sound and therefore occurs only in one direction, from GMT-A to
PC-A. For 1H2 gas this critical pressure ratio is found to be [255](︄

pGMT−A

pPC−A

)︄
chok
= 1.89 . (6.16)

For this reason, a co-permeation measurement with the COOPER experiment can also be
performed in the following way. A fixed partial pressure pPC−A

22 of 2H2 gas is injected into
PC-A, the leak valve V-04 is closed and the permeation flux measurement is started. At
this point, GMT-A is evacuated and then filled with pure 1H2 gas from the gas cylinder,
which must satisfy the condition pGMT−A

11 > 1.899 · pPC−A at all times during the following
measurement period. Once the deuterium permeation flux has reached steady state per-
meation, the leak valve V-04 is carefully opened and 1H2 gas is continuously injected into
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PC-A. The gas injection must be slow enough to allow the protium permeation process
to remain in a steady state. As long as the condition pGMT−A

11 > 1.899 · pPC−A is satisfied,
there is no risk that the previously injected 2H2 gas will flow back into GMT-A. To ensure
this, fresh 1H2 gas must be added to GMT-A several times during the experiment. The
continuous gas injection is stopped when pPC−A = 1 × 105 Pa. The predicted effect of
co-permeating protium on the deuterium permeation flux should be directly visible in a
changing QMS signal during continuous 1H2 gas injection.

Within the scope of this thesis, a numerical model of the COOPER experiment is de-
veloped using the software EcosimPro©. Therefore, it is made use of the components
described in section 5.1, whose symbols are shown in figure 5.2. Figure 6.23 presents the
component flow structure of the developed model in which a wall material component is
connected to two gas chamber components on each side, with gas-metal interface com-
ponents in between. The gas chamber component is a higher-level component created as
part of this work. Its inner structure is shown in figure 6.24. It consists of a flow ma-
terial component with a fluid mass-flow rate of zero and a single discretization segment
whose flow ports are connected in a closed loop. It has only one diffusion port while all
other diffusion ports are blocked (see figure 6.24). The considered permeation surface of
the parallel wall material component is Aper = 9.1 × 10−4 m2. Moreover, the gas volume
of the upstream gas chamber component is assumed to be VPC−A = 5 × 10−4 m3 which
approximately corresponds to the volume enclosed between the valves V-06 and V-13.
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Fig. 6.25. [Left] Simulated steady state deuterium permeation flux into PC-B as a function of
the 1H2 upstream partial pressures in PC-A, which would result in a co-permeation measure-
ment with the COOPER experiment at T = 773 K considering four different 2H2 upstream partial
pressures in PC-A. [Right] Simulated steady state deuterium permeation flux as a function of
the 1H2 downstream partial pressures, which would result in a counter-permeation measurement
with the COOPER experiment at T = 773 K if the injected 2H2 upstream partial pressures is
pPC−A

22 = 1 × 103 Pa.

To simulate co-permeation measurements into vacuum, the gas volume assigned to the
downstream gas chamber is not important since the pressure in the open path of PC-B
is bound to pPC−B = 0 Pa. The hydrogen transport properties used in the model are the
same as those given in table 5.1 and equation (5.18). It should be reminded that the model
does take into account the isotope exchange reaction 21H2H ⇌ 1H2 +

2H2 to occur in the
gas mixture. According to the justification given in section 2.2.5, a forward reaction rate
coefficient of kf,ex

12+12 ≈ 1 × 105 m3 s−1 mol−1 is considered for the reaction. This chosen
relatively fast reaction rate coefficient basically means that the model assumes that the
isotope exchange reaction reaches equilibrium almost immediately. The backward reac-
tion rate coefficient is obtained with equation (2.103), considering equation (2.47) as the
experimental relation for the equilibrium constant of the reaction.

The left-hand plot in figure 6.25 presents the simulated steady state deuterium per-
meation flux as a function of the 1H2 upstream partial pressure that would theoretically
occur in a co-permeation measurement for four different constant 2H2 partial pressures if
the measurements were performed at a sample disk temperature of T = 773 K. It can be
seen that, according to the simulations, at all four 2H2 upstream pressures, the presence of
1H2 gas in PC-A should significantly reduce the deuterium permeation flux if the 1H2 par-
tial pressure is high. The higher the fixed 2H2 upstream pressure, the higher the injected
1H2 partial pressure must be for the permeation flux reduction effect to be noticeable.
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6.4.8. Multi-isotopic counter-permeation measurements

Performing a counter-permeation measurement is considerably more complex than a mono-
isotopic or co-permeation measurement, and the results are more prone to error. This
is because the downstream chamber PC-B is not in vacuum but filled with 1H2 gas of
pressures up to pPC−B

11 ≈ 1 × 105 Pa. Since the QMS does not work in a hydrogen gas
environment at pressures of p > 1 × 10−2 Pa the permeation flux in a counter-permeation
experiment can not be directly measured. To overcome this problem, the COOPER ex-
perimental setup is equipped with the leak path connection between PC-B and the QMS
described in section 6.2.

A counter-permeation experiment begins like a mono-isotopic and co-permeation ex-
periment, with an evacuation of the entire pipe system in which all valves except V-04,
V-05, V-08, V-10, V-11 and V-12 are opened and the band heater is heated to the desired
target temperature. In order to increase the accuracy of the measurement as much as pos-
sible, a counter-permeation experiment is performed at conditions where the deuterium
permeation flux is highest, i.e. at the highest operating temperature of TTC−01 = 823 K.
Once the permeation tube has reached thermal steady state, the valves V-03, V-13, V-17,
V-18, V-19, V-20, V-22 and V-23 are closed, and the valves V-04 and V-11 are opened.

A counter-permeation experiment is performed to verify the theoretical findings of
section 4.1.2. These predict that the deuterium permeation flux from PC-A to PC-B is
reduced when the permeation process of the counter-permeating protium isotopes occurs
in the intermediate or diffusion-limited regime. In order to plan a series of appropriate
counter-permeation measurements, it is helpful to simulate in advance the deuterium per-
meation flux that will occur during the measurement as a function of the partial pressure
of the injected 1H2-gas in PC-B. Therefore, it is made use of the developed numerical
model of the COOPER experiment. The input values of the model are the same as those
considered for the simulation of the co-permeation measurement. However, this time it is
important to take into account that the gas volume in PC-B which is enclosed by the sam-
ple disk and the valves V-07, V-19 and V-23 is approximately VPC−B ≈ (764±5)×10−6 m3.
This value is determined using the developed CAD model of the COOPER experiment.
The right-hand plot in figure 6.24 shows the simulated deuterium permeation flux at a
sample disk temperature of T = 823 K and a 2H2 upstream pressure of pPC−A

22 = 1×103 Pa
as a function of the partial pressure of injected 1H2 gas into PC-B.

It can be seen that with increasing 1H2 partial pressure in PC-B the permeation flux
first runs through a maximum before reducing considerably below the value that is ex-
pected in a mono-isotopic permeation measurement. The formation of the maximum is
due to the fact that at a pressure of pUI

22 = 103 Pa and pDI
11 = 0 Pa, the deuterium permeation

process is not surface-limited. Therefore, at pDI
11 = 0 Pa, where pDI

11 ≪ pUI
22 , the deuterium

permeation flux is described by a lower value than that given by equation (4.29). With in-
creasing value of pDI

11 the condition for equation (4.29) to be valid pDI
11 ≫ pUI

22 is approached
more and more, which leads to an increase of the tritium permeation flux with increas-
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ing value of pDI
11 . However, as soon as in the diffusion-limited counter-permeation regime

the deuterium permeation flux reducing effect of the counter-permeating protium prevails,
the deuterium permeation flux decreases and a maximum is formed. No maximum would
have formed if the considered 2H2 upstream pressure had been lower so that at pDI

11 = 0 Pa
the deuterium permeation process would have occurred in the surface-limited regime.

In order to experimentally verify the simulation results, two measurements are planned
with the specification highlighted by circles in the right-hand plot in figure 6.25.

The first measurement is a mono-isotopic permeation experiment in which 2H2 gas
with an upstream pressure of pPC−A

22 = 1 × 103 Pa is injected through the leak valve V-04
into PC-A. As a result, the permeated 2H2 molecules will accumulate in the enclosed vol-
ume of PC-B, causing the 2H2 partial pressure in PC-B to increase over time. The pressure
increase predicted for the first measurement is simulated and plotted in figure 6.26. Note
that the simulation does not take into account the presence of protium impurities, nor iso-
tope exchange reactions between permeated 2H2 molecules and residual water molecules.
Therefore, the simulated partial pressures of 1H2 and 1H2H remain zero. In fact, an out-
gassing of the residual molecules from the walls of the permeation cell chamber or ab-
sorption of the permeated 2H2 into the wall will lead to a systematic deviation of the real
pressure measurement from the simulation. In order to keep the relative systematic error
∆pPC−B/pPC−B of the total pressure increase caused by the permeated 2H2 molecules from
PC-A to PC-B as small as possible, the mono-isotopic permeation measurement is carried
out for as long as practically possible. The plotted simulation shows that after a measure-
ment period of t = 24 h the pressure in PC-B will have increased to about pPC−B = 105 Pa.
Such a value is well measurable with the installed capacitance diaphragm gauges DG-06.
Since in a real mono-isotopic permeation experiment, it is expected that residual protium-
containing molecules are present in the system, the total pressure pPC−B will not be equal
to the 2H2 partial pressure pPC−B

22 in PC-B. To determine the partial pressure configura-
tion of deuterium-containing molecules in PC-B after the measurement ends, the total

210



0 4 8 12 16 20 24
t [h]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
pe

r,
2 [

m
ol

]

1e 5

pUI
22 = 103 Pa

pDI
11 = 0 Pa

pDI
11 = 105 Pa

Fig. 6.27. Simulated cumulative number of
permeated deuterium atoms into a close PC-
B at a sample disk temperature of T =

823 K and a 2H2 upstream partial pressure of
pPC−A

22 = 1×103 Pa considering that either no
1H2 gas is present in PC-B or a partial pres-
sure of pPC−B

11 = 1 × 105 Pa.

pressure measurement is supported by a gas composition measurement using the QMS.
Therefore, the leak valve V-23 is carefully opened and the resulting increments in the de-
tector signals ∆I+meas,κ of the mass-to-charge ratios κ ∈ {1, 2, 3, 4, 16, 17, 18, 19, 20} related
to hydrogen isotope containing molecules are measured. The partial pressures related to
the mass-to-charge ratios κ′ ∈ {3, 4, 20} are then obtained with the formula

pPC−B
κ′ =

∆I+meas,κ′∑︁
κ ∆I+meas,κ

· pPC−B , (6.17)

where the sum must be taken over the increases in ion current of all mass-to-charge ratios
κ ∈ {1, 2, 3, 4, 16, 17, 18, 19, 20}. The cumulative number of permeated deuterium isotopes
can then be calculated with the ideal gas law

κper,2 =
VPC−B

RT
·
(︂
pPC−B
κ=3 + 2pPC−B

κ=4 + 2pPC−B
κ=20

)︂
, (6.18)

The simulated cumulative number of permeated deuterium isotopes into PC-B as a func-
tion of time is represented by the blue solid line in figure 6.27. Once the value of κper,2 at
the end of the performed experiment at time tend is experimentally determined, the average
deuterium permeation flux that must have governed during the time of the experiment can
be estimated, considering that Jper,2 ≈ κper,2 (tend) /tend.

The second measurement is identical to the first, with the only difference that this
time the injection of 2H2 gas with a partial pressure of pPC−A

22 = 1 × 103 Pa into PC-A is
followed by an injection of 1H2 gas with a partial pressure of pPC−B

11 = 1 × 105 Pa into
PC-B. Again, the total pressure and the partial pressure configuration that establish at the
end of the measurement period are measured using DG-06 and the QMS, in the same
way as in the first measurement. The simulated development of the partial pressures in
PC-B is shown in figure 6.28. The slight decrease in the 1H2 partial pressure over time
is related to the 1H2 molecules lost in the counter-permeation process into PC-A. Due to
the high abundance of 1H2 molecules in PC-B, most of the permeated deuterium isotopes
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recombine with protium upon entering PC-B. Moreover, the isotope exchange reactions
between 1H2 and 2H2 result in a vanishing partial pressure of 2H2 molecules. Therefore,
almost all deuterium isotopes in PC-B are bound in 1H2H molecules. It can be seen that
after t = 24 h the partial pressure ratio between 1H2 and 1H2H molecules in PC-B is
expected to be of the order of pPC−B

22 /pPC−B
11 ≈ 1/500. Resolving a 500-fold difference

in detector signal between the κ = 3 mass-to-charge ratio signal associated with 1H2H
molecules and that of κ = 2 associated mainly with 1H2 molecules is not an issue for a
QMS. The expected cumulative number of permeated deuterium isotopes in the second
measurement is represented by the dotted orange line in figure 6.27. It can be seen that
according to the simulation, due to the reduced permeation flux caused by the high 1H2

pressure in PC-B, less deuterium will permeate into PC-B over time compared to the first
mono-isotopic permeation measurement. This implies that the average permeation flux
estimated by Jper,2 ≈ κper,2 (tend) /tend must have been smaller.

If the predicted difference in the cumulative number of deuterium isotopes perme-
ated can be experimentally demonstrated, the permeation flux-reducing effect of counter-
permeation in Eurofer’97 would be confirmed.
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7. MODELING OF YTTRIUM-BASED HYDROGEN CAPTURE IN
DONES

2In this chapter, the focus of the dissertation is turned to the numerical investigation
of hydrogen isotope capture in the DONES lithium loop with yttrium metal as the getter
material. For this purpose, a numerical tool is developed from scratch capable of sim-
ulating the transport of hydrogen isotopes from the DONES liquid lithium system into
a hydride-forming yttrium-based getter trap. After an in-depth theoretical study of the
physical mechanisms involved, the tool is used to simulate the hydrogen isotope trans-
port occurring in the DONES lithium loop during a proposed initial purification run and
during the DONES experimental phase. Furthermore, conditions for the optimal pebble
bed mass and suitable operating modes to meet the tritium safety requirements during the
different phases of DONES are derived from the underlying theoretical model. Finally,
experimental validation of the simulation tool is performed by reproducing measurement
data from a previous deuterium retention experiment [112].

To simulate the process of hydrogen isotope retention by an yttrium getter trap in the
liquid lithium loop of DONES, a numerical model of the lithium circuit is developed using
the EcosimPro© software [113]. In the model, absorption and permeation processes of
hydrogen isotopes in loop components other than the getter trap are neglected. Therefore,
it is sufficient to model hydrogen transport in the DONES lithium loop with a simplified
layout compared to the full piping and instrumentation diagram shown in [256]. All
material characteristic properties of lithium mentioned in the following refer to natural
lithium containing 7.42 % of 6Li and 92.58 % of 7Li.

7.1. Hydrogen transport in the DONES lithium loop

A component flow chart of the created loop model is presented on the right-hand side in
figure 7.1. It consists of a main loop with a volume flow rate Fmain and a purification side
loop connected in parallel. For this configuration, the model makes use of the EcosimPro©

splitter and mixer components which are defined in section 5.1 (see figure 5.2). In this
model, the purification side loop merely contains an yttrium getter trap which is exposed
to a lithium flow rate of Ftrap. The total volume of liquid lithium in the loop system is
denoted by VLi.

The temporal and spatial evolution of the concentrations cLi
i,main(y′, t) of hydrogen iso-

2This chapter contains material and text that is contained in the following published article. The author
of this dissertation is the first author of this article:

• S.J. Hendricks et al, "Impact of yttrium hydride formation on multi-isotopic hydrogen retention by
a getter trap for the DONES lithium loop," Nuclear Fusion, vol. 63, p. 056012, 2023.
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Fig. 7.1. [Left] Internal component structure of the hydrogen trap component developed using the
software EcosimPro© [113]. [Right] Flow diagram of the numerical model of the DONES lithium
loop using EcosimPro© [113].

tope species iH in the main loop are represented by an EcosimPro© pipe flow component
(see figure 5.1) and described by the finite difference mass continuity equation (5.2). It is
discretized along its longitudinal axis y′ axis into U spatial segments y′n = y′1, . . . , y

′
U . The

generation of hydrogen isotopes originating from the impelling deuterons into the lithium
target is quantified by a generation rate κ̇i,gen with the unit [mol s−1] and considered to
happen in the first segment y′1 of the main loop pipe. Here, it is treated as a particle source
with ςgen

i (y′1, t) = κ̇i,gen ·U/VLi,main. This allows equation (5.2) to be adapted to the situation
occurring in the lithium target, which is expressed by the following finite-difference form
(5.2)

∂cLi
i,main(y′1, t)

∂t
=

U
VLi,main

· κ̇i,gen −
Fmain · U
VLi,main

·
[︂
cLi

i,main(y′1, t) − cLi,f.IN
i,main (t)

]︂
, (7.1)

where cLi,f.IN
i,main (t) is the concentration at the inlet flow port of the main loop pipe flow

component (see figure 7.1). The parameter VLi,main = VLi −VLi,trap is the volume of lithium
flowing through the main loop. Neither particle sinks nor sources are assumed to occur
in the remaining main loop sections y′n = y′2, . . . , y

′
U . This reduces the finite difference

expression of the mass continuity equation in these segments to

∂cLi
i,main(y′n, t)

∂t
= −

Fmain · U
VLi,main

·
[︂
cLi

i,main(y′n, t) − cLi
i,main(y′n−1, t)

]︂
. (7.2)

The hydrogen hot trap is considered to be a cylindrical tube of diameter dtrap. It is
densely filled with Npeb round yttrium pebbles of radius rpeb, diameter dpeb and individual
surface area Apeb = 4πr2

peb. Consequently, the total yttrium surface area yields AY =

NpebApeb. The length ltrap and the internal volume Vtrap of the trap container are determined
by the relations ltrap = 4Vtrap/(πd2

trap) and Vtrap = VY/(1 − ε). Here, ε is the void fraction
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Fig. 7.2. Numerical discretization of the trap
container which contains the yttrium pebble
bed as considered in the numerical model.

of the yttrium pebble bed. The volume and mass of the yttrium pebble bed are given by
VY = 4/3 · Npebπr3

peb and mY = ρYVY, respectively. Parameter ρY = 4469 kg m−3 is the
density of pure yttrium. The volume of liquid lithium filling the interstitials of the pebble
bed is determined by VLi,trap = Vtrap − VY.

Again, equation (5.2) is used to calculate the concentrations cLi
i,trap in the lithium core

flow through the interstitial spaces of the pebble bed. This is done by considering the re-
tention of hydrogen isotopes into the yttrium pebbles as a particle sink. It is quantified by
an isotope-specific retention flux Jret,i(y, t) which is assumed negative for fluxes directed
towards the pebble centers and varies along the y-direction of the trap. For its numerical
treatment, the lithium flow through the trap container is described by a pipe flow compo-
nent discretized into M segments ym = y1, . . . , yM, with ∆y = ltrap/M (see left-hand image
in figure 7.1). A sketch of the applied discretization is shown in figure 7.2. The retention
flux into the pebbles occurs in each trap segment and is equivalent to the diffusion flux
Jd.OUT

i (y, t) at the M diffusion ports of the pipe flow component describing the trap. Since
no isotopic exchange reactions take place in the lithium and permeation losses are ne-
glected, equation (5.2) is transformed into the following finite difference form to describe
the lithium flow through the trap

∂cLi
i,trap(ym, t)

∂t
=

AY

VLi,trap
· Jret,i(ym, t) −

Ftrap ·M

VLi,trap
·
[︂
cLi

i,trap(ym, t) − cLi
i,trap(ym−1, t)

]︂
. (7.3)

For m = 1, the term cLi
i,trap(ym−1, t) in equation (7.3) is replaced by cLi,f.IN

i,trap (t). The parameters
cLi,f.IN

i,trap (t) and cLi,f.OUT
i,trap (t) ≡ cLi

i,trap(yM, t) label the concentrations at the inlet and outlet of the
pipe flow component of the trap. The isotope specific retention rate κ̇Y

i (t) of the yttrium
pebble bed is defined by

κ̇Y
i (t) ≡ AY ·

M∑︂
m

Jret,i(ym, t)
M

=
3mY

rpebρY
·

M∑︂
m

Jret,i(ym, t)
M

. (7.4)
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The total retention rate is determined by κ̇Y(t) =
∑︁

i κ̇
Y
i (t).

In this model, the lithium density is calculated by ρLi (T ) = 562 − 0.1 · T [K] [257].
Both the temperature and the lithium density are assumed to be constant throughout the
loop. Consequently, mass continuity requires Fmain = FBP + Ftrap, where FBP designates
the volume flow through the bypass parallel to the purification side loop (see figure 7.1).
As a result, equation (5.3), which describes the physics of the mixer component employed
for the parallel connection of the purification side loop, reduces to

cLi,f.IN
i,main (t) =

1
Fmain

·
[︂
cLi,f.OUT

i,main (t) · FBP + cLi,f.OUT
i,trap (t) · Ftrap

]︂
. (7.5)

The average concentration in the whole lithium system is calculated with

⟨︂
cLi

i

⟩︂
(t) =

VLi,main

UVLi

U∑︂
n=1

cLi,f.IN
i,main (y′n, t) +

VLi,trap

MVLi

M∑︂
m=1

cLi,f.IN
i,trap (ym, t) . (7.6)

7.2. Hydrogen transport from lithium into an yttrium getter bed

The diffusive hydrogen isotope transport from the liquid lithium core flow through the
interstitial sites of the pebble bed into the yttrium pebbles is numerically described by the
EcosimPro© mass transfer component described in section 5.1. It mainly represents the
boundary layer approximation which describes the hydrogen isotope retention flux Jret,i

in lithium at the Li-Y interfaces as a mass transfer flux expressed by equation (5.5)

Jret,i(ym, t) = αMT · [cLi
int,i(ym, t) − cLi

i,trap(ym, t)] . (7.7)

The mass transfer between liquids and spheres in packed beds has been studied by E. J.
Wilson and C. J. Geankoplis [168]. Their experimental results allow writing the following
two expressions for the mass transfer coefficient, which are valid in two different Reynolds
number regimes [105], [166]

αMT = 1.09 ·
DLi

ε · dpeb
· Re1/3Sc1/3 , 0.0016 < Re < 55 (7.8)

αMT = 0.25 ·
DLi

ε · dpeb
· Re0.69Sc1/3 , 55 < Re < 1500 . (7.9)

This thesis considers expressions for the Reynolds number Re and the Schmidt number
Sc of a fluid flow through a pebble bed, as reported in [166], [168].

Re =
uintdpebρLi

ϱLi
& Sc =

ϱLi

ρLiDLi . (7.10)

where the interfacial velocity around the pebbles in the packed bed is calculated with
[258]:

uint =
εltrapFLi

VLi,trap
(7.11)
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The temperature-dependent parameter ϱLi is the dynamic viscosity of liquid lithium, which
is given by [257]

log ϱLi (±19 %) = −3.08 +
58
T
− 5.2 × 10−4 · T . (7.12)

The parameter DLi is the diffusivity of hydrogen isotopes in lithium. This model uses the
diffusivity relation of deuterium in lithium for all three hydrogen isotopes. It is determined
from the tritium diffusivity measured in [259] by taking into account the isotope effect of
hydrogen diffusion in metals, expressed by equation (2.66)

log DLi = 1.737 log T −
110
T
− 8.562 + log

√︃
M3

M2
, (7.13)

Here M2 and M3 denote the molar masses of deuterium and tritium [154], [260]. This
particular diffusivity relation for liquid lithium is chosen because it was measured at the
lowest temperature range of 640 K < T < 1000 K among the experimental data found
in the literature [154], [259], [261], [262]. A critical analysis of the different literature
values can be found in [105]. Relation (7.13) is plotted in figure 7.3.

The physical laws describing the hydrogen isotope transport across the lithium-yttrium
interface and inside the pebbles are included in an EcosimPro© component which is devel-
oped from scratch by the author of this thesis. It is called yttrium pebble bed component
(see figure 7.1). Transmitted by the connected mass transfer interface component which
mainly contains equation (7.7), the inlet concentration and inlet particle flux of the yttrium
pebble bed component are cLi

int,i(ym, t) and Jret,i(ym, t), respectively.

In this model, the yttrium pebbles are regarded as spheres. Each sphere consists of
Q + 2 spherical shells q. Figure 7.4 illustrates the discretized shell structure under con-
sideration. The pebble center forms the first shell and is described as a sphere with radius
r1 = δ. The last shell is considered as a spherical layer of thickness δ with an inner radius
of rQ+2 = rpeb − δ and an outer radius of rQ+3 = rpeb. The defined radial positions of the
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Fig. 7.4. Discretized shell structure consid-
ered for the finite difference description of
hydrogen transport inside of each yttrium
pebble.

remaining shells rq = (q− 3/2) ·∆r with ∆r = rpeb/Q ≫ δ are in the middle between their
inner and outer spherical surface planes. Consequently, the volumes Vq of the spherical
shells q can be expressed by

Vq =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

4
3πδ

3 if q = 1
4
3π

(︂
∆r3 − δ3

)︂
if q = 2

4
3π

(︂[︁
(q − 1)∆r

]︁3
−

[︁
(q − 2)∆r

]︁3
)︂

if 2 < q ≤ Q

4
3π

(︂
r3
Q+2 − [rQ+3 − ∆r]3

)︂
if q = Q + 1

4
3π

(︂
r3
Q+3 − r3

Q+2

)︂
if q = Q + 2 .

(7.14)

By using Fick’s first law of diffusion (2.67), the number of isotopes κ̇shell
i of species iH

that cross a spherical plane of an yttrium pebble at radius r per time yields

κ̇shell
i (r, y, t) = −4πr2D

Y
(r, y, t) ·

∂cY
i (r, y, t)
∂r

. (7.15)

Integrating this equation on both sides from one radial discretization node to the next, and
assuming the chemical diffusion coefficient D

Y
(rq, ym, t) of hydrogen isotopes in yttrium

to be isotropic inside of a single shell q, allows defining the following two finite difference
relations [263]

κ̇shell
i (rq, ym, t) =

4πD
Y

(rq, ym, t) ·
[︂
cY

i (rq, ym, t) − cY
i (rq+1, ym, t)

]︂
1/rq − 1/rq+1

(7.16)

and
∂cY

i (rq, ym, t)
∂t

=
κ̇shell

i (rq−1, ym, t) − κ̇shell
i (rq, ym, t)

Vq
. (7.17)

They approximately describe the time-evolving fluxes and concentrations of each hydro-
gen isotope iH at the nodes q in the pebbles. The concentration of hydrogen isotopes in
yttrium at the Li-Y interface is defined by cY

int,i(ym, t) ≡ cY
i (rQ+3, ym, t).

218



As has been observed in the past, the diffusivity of hydrogen isotopes in yttrium is
concentration-dependent [68]. Hence, above a certain hydrogen concentration in the yt-
trium D

Y
≠ DY which. Therefore, the calculations in this chapter must consider the

chemical diffusion coefficient of hydrogen isotopes in yttrium instead of the intrinsic dif-
fusivity (see section 2.2.1 for more details). Obtaining an expression for D

Y
(rq, ym, t)

requires a previous theoretical analysis of the thermodynamics of the yttrium-hydrogen
system which is carried out in section 7.3.2. The final expression for D

Y
(rq, ym, t) is de-

rived in section 7.5.

7.3. Determination of the lithium-yttrium boundary condition

Two boundary conditions are required to complete the set of hydrogen transport equations
contained in the yttrium pebble bed component. The first condition follows from the
principle of mass conservation across an interface

Jret,i(ym, t) ≡ κ̇shell
i (rQ+2, ym, t)/Apeb . (7.18)

This condition means that the hydrogen retention flux in the boundary layer on the lithium
side of the interface is equal to the hydrogen diffusion flux crossing the outer layer of an
yttrium pebble.

The second boundary condition is the relation between the hydrogen isotope concen-
trations cLi

int,i and cY
int,i at the Li-Y interface. It will be seen that this boundary condition

mainly determines the hydrogen isotope absorption dynamics of the yttrium pebble bed
and describes the process of hydride formation (HyF) in the getter material.

From now on, the term hydrogen (H) will be considered as a unified expression for
all three hydrogen isotopes, leading to the definitions cMe ≡

∑︁
i cMe

i and JMe ≡
∑︁

i JMe
i .

In general, when in this chapter a quantity is not assigned to a specific hydrogen isotope
by the index i, it refers to the sum of all hydrogen isotopes. Here the symbol Me stands
for either yttrium or lithium. Furthermore, in the following, it is not necessary to relate
each quantity to the corresponding longitudinal position in the trap, since the boundary
conditions apply to each trap segment.

According to equilibrium condition 1 [relation (2.12)] derived in section 2.1.1, hydro-
gen isotopes are absorbed from the lithium flow by the yttrium pebbles until the concen-
tration and temperature-dependent chemical potential of hydrogen dissolved in lithium
µLi

H (cLi,T ) is equal to the chemical potential of hydrogen dissolved in yttrium µY
H(cY,T ).

At this moment, all concentration gradients and diffusion fluxes disappear and thermo-
dynamic equilibrium is reached. Here, µMe

H =
∑︁

i µ
Me
i refers to the summed chemical

potential of all hydrogen isotopes dissolved in a metal. The thermodynamic equilib-
rium between the two metal-hydrogen systems Li-H and Y-H is described mathematically
by the defined equilibrium condition 2 which is expressed by the equations (2.13) and
(2.42). According to condition (2.42), in thermodynamic equilibrium, the equality of the
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chemical potentials between the Li-H and Y-H systems can be represented by an equality
of their temperature- and concentration-dependent equilibrium pressures pLi

H2

(︂
cLi,T

)︂
and

pY
H2

(︂
cY,T

)︂
. The model assumes that within an infinitesimal layer crossing the Li-Y inter-

face, the chemical potentials in both materials are always at equilibrium. This leads to the
definition of the second boundary condition

pLi
H2

(︂
cLi

int,T
)︂
= pY

H2

(︂
cY

int,T
)︂
, (7.19)

where the variables cLi
int and cY

int refer to the concentrations in the corresponding metal
at the Li-Y interface. It should be mentioned that in this model, boundary condition
(7.19) refers to the summed concentration cMe

int =
∑︁

i cMe
int,i in the respective metals. The

concentrations cY
int,i of the individual hydrogen isotopes in yttrium at the Li-Y interface

are here determined through the relation

cY
int,i =

cLi
i,trap

cLi
trap
· cY

int . (7.20)

Boundary condition (7.19) states that the concentrations cLi
int and cY

int in the two metals
at the Li-Y interface are those assigned to the same equilibrium pressure given by the
pressure-composition isotherms of the two metal-hydrogen solutions. In section 2.1.2 it
is deduced that at very low concentrations the PCIs of a metal-hydrogen system can be
approximately described by Sieverts’ law (2.50). Consequently, when the concentrations
in both metals are low, boundary condition (7.19) reduces to equation (2.51), so that

cY
int = cLi

int ·
KY

s

KLi
s
= cLi

int · K
Li−Y
D,0 . (7.21)

At higher concentrations, the Sieverts’ law as well as boundary condition (7.21) are no
longer valid. As explained in section 2.1.3, beyond the Sieverts’ regime, H-H interaction
and the formation of metal hydrides dictate the courses of the PCIs of the Li-H and Y-H
systems. Indeed, it turns out that hydride formation has a particularly strong influence on
the absorption characteristics of an yttrium getter trap exposed to flowing liquid lithium.
In order to find a generalized expression of boundary condition (7.19), the relations which
approximately describe the courses of the PCIs of the Li-H and the Y-H systems at higher
concentrations are derived in the following.

7.3.1. Construction of pressure-composition isotherms of the Li-H system

In the past, PCIs covering the entire concentration range of the Li-H binary system could
be measured for temperatures 973 K < T < 1173 K [119], [264]. However, it is not
possible to determine them experimentally in the temperature range relevant for DONES
(473 K < T < 673 K), since the equilibrium pressures are too small to be measured.

In the low-concentration liquid α-Li phase, hydrogen is dissolved as a solute. As
mentioned above, the PCIs in this regime are described by Sieverts’ law (2.50). This
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Fig. 7.5. Temperature dependency of the
Sieverts’ constants of deuterium in the α-Li
phase and the α-Y phase together with their
defined error ranges obtained from experi-
mental values reported in [119] and [268]. In
this model, these relations are considered for
all three hydrogen isotopes.

model considers the same Sieverts’ constant for all three hydrogen isotopes. Namely, the
Sieverts’ constant of deuterium in lithium, determined by Smith et al [119]

KLi
s =

(︂
9.2 × 10−4 · ρLi

)︂
mol/m3·Pa−

1
2 · exp

(︄
46.9 kJ mol−1

RT

)︄
. (7.22)

The Sieverts’ constants of the Li-H system have been measured in several experimental
campaigns [119], [264]–[267]. They differ within a narrower zone than the range limited
by the Sieverts’ relations of 1H and 3H measured by Smith et al. [119]. Thus, the model
considers

∆+KLi
s ≈

⃓⃓⃓
KLi

s,1 − KLi
s,2

⃓⃓⃓
(7.23)

∆−KLi
s ≈

⃓⃓⃓
KLi

s,3 − KLi
s,2

⃓⃓⃓
(7.24)

as the upper and lower error limits of KLi
s . The Sieverts’ relation (7.22) of the Li-H

system, together with its defined error range is plotted in figure 7.5. It can be seen that
because the enthalpy of solution of hydrogen in lithium satisfies ∆Hs < 0, the Sieverts’
constant decreases with increasing temperature (see section 2.1.2). This is an indication
that lithium is an exothermic hydride-forming hydrogen absorber (see section 2.1.1).

In fact, at elevated hydrogen concentrations a hydride phase, the β-LiH phase, pre-
cipitates within the solid solution α-Li phase. As in the example of the Pd-H system
discussed in section 2.1.3, the PCIs of the Li-H system exhibit a single plateau [264].
The physical mechanism of hydride formation in a Li-H solution which causes the for-
mation of the flat plateau is described in section 2.1.3. Certainly, it may be possible to
theoretically calculate the exact shape of the PCIs of the Li-H system with the equations
(2.37), (2.59) and (2.60) as demonstrated for the Pd-H system in section 2.1.3. However,
the thermodynamic parameters of the Li-H system required for such a calculation are not
sufficiently well measured to allow for an accurate calculation. Therefore, the PCIs of
the Li-H system are constructed mathematically based on experimentally confirmed data
from the literature.
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Fig. 7.6. Temperature-concentration phase di-
agram of the Li-H system as considered in the
model [272].

The maximum concentration cLi
α-end of the pure solid solution α-Li phase could be mea-

sured in the experimental campaigns [269]–[271] for 1H and 2H between 523 K and 773 K.
Yakimovich et al evaluated their data for deuterium dissolved in lithium and derived the
expression

ln cLi
α-end = −1.52 − 1197

(︄
1
T
−

1
TM

)︄
+ 6.83 ln

T
TM
, (7.25)

with [molH/(molH + molLi)] as the unit of cLi
α-end [272]. All other equations in this work

consider [mol m−3] as the unit of the concentration. In equation (7.25), TM ≈ 963 K is the
monotectic temperature of the Li-H system [272]. The reported mean square error of the
coefficients in equation (7.25) is 1.9 %. It defines an error range of cLi

α-end. The position of
the phase boundary for protium dissolved in lithium given in [272] is located within this
error range. Figure 7.6 presents the calculated phase boundary cLi

α-end plotted in the T -c
binary phase diagram of the Li-H system. The corresponding equilibrium pressure pLi

α-end

at the end of the pure α-Li phase is estimated by inserting relation (7.25) into the Sieverts’
law (2.50)

pLi
α-end =

(︄
cLi
α-end

KLi
s

)︄2

. (7.26)

Thus, this model estimates the height of the α → β decomposition pressure of the Li-H
system (see section 2.1.3). As shown by the example of the Pd-H system in figure 2.4, the
decomposition pressure of the Li-H system increases with temperature. At the decom-
position pressure, a very small increase in equilibrium pressure implies the precipitation
of solid lithium hydride compounds (β-LiH). The decomposition regime where the two
hydride phases α-Li (liq.) and β-LiH (sol.) coexist is called the α→ β phase transition of
the Li-H system.

As illustrated by figure 2.5, while the concentration in the precipitating solid β-LiH
compounds is cLi

β-start the concentration in the coexisting liquid α-Li phase remains at cLi
α-end.

Nevertheless, if in this model it is referred to a concentration cMe, what is meant is the
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Fig. 7.7. Theoretically approximated pressure-
composition isotherms of the Li-H system at
three temperatures relevant for the DONES
lithium loop.

concentration averaged over the distinct concentrations occurring in coexisting metal-
hydrogen phases as expressed by equation (2.52).

Once the entire Li-H solution has transformed to solid β-LiH, the pure β-LiH phase
is reached. The concentration in the pure β-LiH phase is here approximated by cLi

β-start =

ρLi/MLi. In this expression, MLi is the molar mass of lithium. The calculated phase
boundary of pure β-LiH is plotted in the phase diagram of figure 7.6. For the model, it is
assumed that when passing through the α → β phase transition the equilibrium pressure
increases by about 1 %, such that pLi

β-start = f αβLi · pLi
α-end, with f αβLi ≈ 1.01. The assumed

slight slope of the plateau region is necessary for the model to work and agrees with
previously measured PCIs of the Li-H system [119], [264]. In the α→ β phase transition
regime as well as in the β-LiH phase, this model describes the PCIs by linear straight
lines. For the reproduction of an almost infinite slope of the equilibrium pressure in the
β-LiH phase the hypothetical values pLi

β-end = 1010Pa and cLi
β-end = 1.01 · cLi

β-start are assumed
in the model.

Finally, the complete mathematically constructed relation describing PCIs of the Li-H
system can be expressed by

pLi
H2
≈

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
(︂
cLi/KLi

s

)︂2
if cLi < cLi

α-end

sLi
αβ ·

(︂
cLi − cLi

α-end

)︂
+ pLi

α-end if cLi
α-end ≤ cLi < cLi

β-start

sLi
ββ ·

(︂
cLi − cLi

β-start

)︂
+ pLi

β-start if cLi
β-start ≤ cLi ,

(7.27)

where the slopes sLi of the straight lines are defined by

sLi
αβ =

(︂
pLi
β-start − pLi

α-end

)︂
/
(︂
cLi
β-start − cLi

α-end

)︂
(7.28)

sLi
ββ =

(︂
pLi
β-end − pLi

β-start

)︂
/
(︂
cLi
β-end − cLi

β-start

)︂
. (7.29)

Figure 7.7 presents three PCIs of the Li-H system belonging to the temperatures T =
523 K, T = 573 K and T = 623 K. They are plotted using equation (7.27).
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7.3.2. Construction of pressure-composition isotherms of the Y-H system

In the relevant temperature range 473 K < T < 673 K, PCIs of the Y-H system could only
be measured for equilibrium pressures pY

H2
> 100 Pa which led to very high equilibrium

concentrations [115], [273]. In contrast, the T -c phase diagram of the Y-H system could
be experimentally explored in a much greater concentration and temperature range [67],
[115], [268], [274], [275]. It reveals the ability of yttrium to absorb up to three hydrogen
atoms per yttrium atom. Besides the solid solution α-Y phase, two hydride phases (δ-
YH2±x and ε-YH3−y) exist for the Y-H system. Consequently, the Y-H system is described
by multiplateau PCIs, the physics of which is discussed in the last paragraph of section
2.1.3. In fact, the PCIs of the Y-H system exhibit two phase transition plateaus. The
approximate shape of the PCIs of the Y-H system is constructed mathematically using
data from the literature, as was done for the Li-H system.

In the low-concentration α-Y phase, hydrogen is interstitially dissolved in yttrium
where it occupies tetrahedral sites without changing the HCP lattice structure (see figure
2.2) of the pure metal [136]. To describe the PCIs of the Y-H system in this regime, the
model considers the same Sieverts’ constant of deuterium in yttrium for each hydrogen
isotope. Therefore, it is made use of the experimentally determined Sieverts’ relation
which was measured by Begun et al in a high temperatures measurement [268]

KY
s = 16.4 × 10−2 mol/m3·Pa−

1
2 · exp

(︄
95.0 kJ mol−1

RT

)︄
. (7.30)

Indeed, the Sieverts’ relation of the Y-H system was measured in several experimental
campaigns in the past [268], [273], [276]. However, since Begun’s experimental results
are in agreement with a low-temperature measurement of the Sieverts’ constant performed
for the Y-3H system by Clinton et al [276], equation (7.30) should be valid in a wider tem-
perature range of 523 K - 1273 K. Like for the Li-H system, it is found that the difference
between the Sieverts’ relations measured for different hydrogen isotopes by Begun et al is
greater than the disagreement among the Sieverts’ relations measured in different exper-
imental campaigns. Therefore, the upper and lower error limits of the Sieverts’ constant
are estimated by.

∆+KY
s ≈

⃓⃓⃓
KY

s,1 − KY
s,2

⃓⃓⃓
(7.31)

∆−KY
s ≈

⃓⃓⃓
KY

s,3 − KY
s,2

⃓⃓⃓
. (7.32)

Relation (7.30) and the defined error range is plotted in figure 7.5. Like for the Li-H
system, the enthalpy of solution of the Y-H system satisfies ∆Hs < 0. Therefore, the
Sieverts’ constant decreases with increasing temperature, which is characteristic of an
exothermic hydrogen-absorbing hydride-forming metal.

Figure 7.5 reveals that the Sieverts’ constant of hydrogen in yttrium is several orders
of magnitude higher than of hydrogen in lithium. This implies that the affinity of yttrium
to absorb hydrogen isotopes is much higher than that of lithium.
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TABLE 7.1
Fitting coefficients of the polynomial cY (T ) = a1 · T 5 + a2 · T 4 + a3 · T 3 + a4 · T 2 + a5 · T + a6

which is used to describe the temperature-dependent concentrations cY
α-end, cY

δ-start, cY
δ-end and

cY
ε-start that mark the phase boundaries in the T -c diagram of the Y-H system.[︂

mol
m3

]︂
a1

[︂
mol

m3K5

]︂
a2

[︂
mol

m3K4

]︂
a3

[︂
mol

m3K3

]︂
a4

[︂
mol

m3K2

]︂
a5

[︂
mol
m3K

]︂
a6

[︂
mol
m3

]︂
cY
α-end 1.4 × 10−11 −6.3 × 10−8 1.0 × 10−4 −7.2 × 10−2 4.0 × 101 6.6 × 103

cY
δ-start 1.0 × 10−10 −5.6 × 10−7 1.2 × 10−3 −1.1 3.8 × 102 5.6 × 104

cY
δ-end 4.4 × 10−12 −2.2 × 10−8 4.2 × 10−5 −3.8 × 10−2 1.6 × 101 9.8 × 104

cY
ε-start 4.6 × 10−11 −2.1 × 10−7 3.5 × 10−4 −2.4 × 10−1 5.3 × 101 1.4 × 105

Peng et al performed a thermodynamic study in which the entire T -c phase diagram
of the Y-H system was theoretically calculated [116]. Their calculation is based on an
improved thermodynamic description compared to the previously determined phase dia-
gram by Fu et al [115]. For this reason, it is chosen to use Peng’s theoretical results as
the basis for the mathematical reconstruction of the PCIs in this model. The temperature-
dependent concentration cY

α-end which marks the end of the pure α-Y phase is determined
by fitting the fifth order polynomial

c (T ) = a1 · T 5 + a2 · T 4 + a3 · T 3 + a4 · T 2 + a5 · T + a6 (7.33)

against the theoretically calculated phase boundary. Table 7.1 presents the obtained fitting
coefficients. The phase boundary cY

α-end which is calculated in the fitting procedure is
plotted in the Y-H phase diagram in figure 7.8. By comparing the obtained expression for
cY
α-end with a relation derived by Beaudry et al, it is estimated that in the range 473 K <

T < 673 K the uncertainty of the determined expression for cY
α-end is approximately [274]

∆cY
α-end ≈ 2 × 103 mol/m3 . (7.34)

The corresponding decomposition plateau pressure at the end of the pure α-Y phase is
determined by inserting the obtained relation cY

α-end into the Sieverts’ law (2.50), such that

pY
α-end =

(︄
cY
α-end

KY
s

)︄2

. (7.35)

In the α → δ phase transition regime, yttrium dihydride (YH2) precipitates within the
lattice. This goes along with a change of the HCP crystal structure into an FCC structure
(see figure 2.2) in which all tetrahedral sites are occupied by hydrogen isotopes [136].

When most of the lattice has transformed to yttrium dihydride, the solution enters the
δ-YH2±x phase. The increase in equilibrium pressure during the α→ δ phase transition is
estimated from measured PCIs by Fu et al to be roughly 10 %, such that

pY
δ-start = f αδY · p

Y
α-end , with f αδY ≈ 1.1 ± 0.1 . (7.36)
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Fig. 7.8. Temperature-concentration phase di-
agram of the Y-H system determined by fitting
against theoretically calculated phase bound-
aries in [116].

Using equation (7.35), the error of pY
δ-start yields

∆±pY
δ-start = pY

δ-start ·

⌜⎷(︄
2
∆±KY

s

KY
s

)︄2

+

(︄
2
∆cY
α-end

cY
α-end

)︄2

+

(︄
∆ f αδY

f αδY

)︄2

. (7.37)

Fitting the polynomial (7.33) against the lower phase boundary of the δ-YH2±x phase,
which was theoretically calculated in [116], enables defining a relation for cY

δ-start. It is
plotted in figure 7.8 using the corresponding fitting parameters listed in table 7.1.

In the δ-YH2±x phase, further hydrogen isotopes occupy octahedral sites of the FCC
structure, which demands a relatively large amount of energy. Here, significantly rising
the concentration in the bulk requires increasing the equilibrium pressure by several orders
of magnitude. At some point, a second plateau area is reached, which is characterized by
the precipitation of HCP yttrium trihydride (YH3). A relation for the height of the δ → ε
decomposition pressure pY

δ-end is estimated by applying a linear regression against the
corresponding Van’t Hoff plot which was measured by Peng et al [116] in the relevant
temperature range.

pY
δ-end ≈ 1.45 × 1011 Pa · exp

(︄
−

76.14 kJ mol−1

RT

)︄
. (7.38)

The physical background on the meaning of Van’t Hoff plots is given in section 2.1.3.
By comparing relation (7.38) with the Van’t Hoff relation which yields from a fit to the
equilibrium pressures pY

δ-end measured by Fu et al a relative uncertainty of ∆pY
δ-end ≈ 0.6 ·

pY
δ-end is determined.

Based on experimental data by Fu et al [115], the equilibrium pressure assigned to
the end of the δ → ε transition regime and beginning of the δ-YH2±x phase is here ap-
proximated by pY

ε-start ≈ f δεY · pY
δ-end, with f δεY ≈ 1.1. The obtained fitting coefficients,

which provide the concentrations cY
δ-end and cY

ε-start, are shown in table 7.1. From the ob-
served discrepancies between the phase diagrams calculated by Peng et al and Fu et al, it
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is estimated that the errors of the calculated phase boundaries are approximately

∆cY
δ-start ≈ 7 × 103 mol/m3 (7.39)

∆cY
δ-end ≈ 2 × 103 mol/m3 (7.40)

∆cY
ε-start ≈ 5 × 103 mol/m3 . (7.41)

In this model, the courses of the PCIs in the α → δ and δ → ε phase transition
regimes as well as in the δ-YH2±x and ε-YH3−y phases are described by linear straight
lines linking the defined characteristic points pY

H2
(cY). They mark the start and end points

of the different hydride phases. This leads to the following definition of the PCIs of the
Y-H system

pY
H2
≈

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(︂
cY/KY

s

)︂2
if cY < cY

α-end

sY
αδ ·

(︂
cY − cY

α-end

)︂
+ pY

α-end if cY
α-end ≤ cY < cY

δ-start

sY
δδ ·

(︂
cY − cY

δ-start

)︂
+ pY

δ-start if cY
δ-start ≤ cY < cY

δ-end

sY
δε ·

(︂
cY − cY

δ-end

)︂
+ pY

δ-end if cY
δ-end ≤ cY < cY

ε-start

sY
εϵ ·

(︂
cY − cY

ε-start

)︂
+ pY

ε-start if cY
ε-start ≤ cY ,

(7.42)

where the slopes sY are defined by

sY
αδ =

(︂
pY
δ-start − pY

α-end

)︂
/
(︂
cY
δ-start − cY

α-end

)︂
(7.43)

sY
δδ =

(︂
pY
δ-end − pY

δ-start

)︂
/
(︂
cY
δ-end − cY

δ-start

)︂
(7.44)

sY
δε =

(︂
pY
ε-start − pY

δ-end

)︂
/
(︂
cY
ε-start − cY

δ-end

)︂
(7.45)

sY
εϵ =

(︂
pY
ε-end − pY

ε-start

)︂
/
(︂
cY
ε-end − cY

ε-start

)︂
. (7.46)

The maximum theoretically achievable concentration in the Y-H system is considered to
be cY

ε-end ≈ 3 · δY/MY. To reproduce an almost infinite pressure increase in the ε-YH3−y

phase, the model assumes a hypothetical equilibrium pressure of pY
ε-end ≈ 1010Pa. The left-

hand plot in figure 7.9 shows the fully assembled PCIs of the Y-H system for T = 523 K,
T = 573 K and T = 623 K as mathematically defined by relation (7.42).

Finally, a generalized expression of boundary condition (7.19) is numerically deter-
mined after inserting the relations (7.27) and (7.42) into equation (7.19). The result is
plotted in the right-hand graph in figure 7.9. It reveals the value of cY

int which occurs
at the pebble surface at a given value of cLi

int. In addition, the visualized boundary con-
dition indicates the homogeneous equilibrium concentration that would occur inside the
yttrium pebbles cY

eq once a certain constant equilibrium concentration cLi
eq in the lithium is

established at thermodynamic equilibrium.

7.4. Yttrium hydride formation in lithium

The right-hand plot in figure 7.9 reveals that up to a certain temperature-dependent crit-
ical concentration cLi

− the adjusting interface concentration cY
int is determined by equation
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Fig. 7.9. [Left] Theoretically approximated pressure-composition isotherms of the Y-H system
at three temperatures relevant for the DONES lithium loop. [Right] Visualization of the numeri-
cally calculated concentration boundary condition (7.19). It indicates the hydrogen concentration
in yttrium which occurs at the pebble surface at a certain interface concentration in the lithium.
Moreover, it depicts the concentration which adjusts in the yttrium pebbles at a certain concentra-
tion in the lithium once thermodynamic equilibrium is reached.

(7.21). At a Li-Y interface concentration in lithium of cLi
int > cLi

− the concentration at the
pebble surface in yttrium satisfies cY

int > cY
α-end and yttrium dihydride formation is trig-

gered. Since cLi
− < cLi

α-end the critical concentration can be calculated by inserting cLi
α-end

into equation (7.21)

cLi
− =

KLi
s

KY
s
· cY
α-end . (7.47)

Its upper and lower error limits ∆+cLi
− and ∆−cLi

− are determined by error propagation

∆±cLi
− = cLi

− ·

⌜⎷(︄
∆±KLi

s

KLi
s

)︄2

+

(︄
∆±KY

s

KY
s

)︄2

+

(︄
∆cY
α-end

cY
α-end

)︄2

(7.48)

using the errors estimated in the equations (7.23), (7.24), (7.31), (7.32) and (7.34). The
right-hand plot in figure 7.9 reveals that yttrium dihydride formation goes hand in hand
with a strong increase in hydrogen content at the pebble surface from cY

int = cY
α-end to

cY
int = cY

δ-start. At the same time, the concentration cLi
int increases by only a very small value.

The slightly higher concentration that occurs in lithium at the Li-Y interface once the
surface region of the yttrium pebbles has fully reached the δ-YH2±x phase, is denoted by
cLi
+ . Since cLi

+ < cLi
α-end, it can be calculated by inserting pY

δ-start into the Sieverts’ law (2.50)

cLi
+ = KLi

s ·

√︂
pY
δ-start . (7.49)

Its error range is given by

∆±cLi
+ = cLi

+ ·

⌜⎷(︄
∆±KLi

s

KLi
s

)︄2

+

(︄
1
2
∆±pY

δ-start

pY
δ-start

)︄2

, (7.50)
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Pebble surface in -Y phase

Saturated pebble surface in -YH2±x phase 

Fig. 7.10. Concentration range in lithium at
the Li-Y interface where YH2 is formed on
the pebble surface. Above this concentration
range, the pebble surface is in the δ-YH2±x

phase and below this concentration, it occurs
in the α-Y phase.

where ∆±pY
δ-start is determined through relation (7.37). In figure 7.10, the calculated critical

concentrations cLi
− and cLi

+ are plotted against temperature together with their error ranges.

The right-hand graph in figure 7.9 discloses that at cLi
int > cLi

+ , further increasing the
concentration in the lithium leads to an almost negligible rise in pebble surface concen-
tration cY

int. This can be attributed to the steep increase of the PCIs in the δ-YH2±x phase.
By observing figure 7.7 and the left-hand plot in figure 7.9, it is found that in the DONES-
relevant temperature range the equilibrium pressure pβ-start

Li , at which a Li-H solution would
fully transform to solid β-LiH, is not high enough to trigger a formation of YH3. For this
reason, the formation of YH3 surrounded by hydrogen-loaded lithium is not possible. In
fact, even at a concentration in the lithium of cβ-start

Li , the establishing concentration in the
yttrium would remain at a value of approximately cY

δ-start. Hence, the concentration cY
δ-start

can be considered as the approximate saturation concentration of hydrogen in lithium-
exposed yttrium at DONES-relevant temperatures.

The ratio between the concentrations that adjust in the yttrium pebbles in the lithium
at thermodynamic equilibrium is called the general distribution coefficient of the Li-Y-H
system KLi−Y

D . In contrast to the low-concentration distribution coefficient KLi−Y
D,0 defined

in equation (2.51), the general distribution coefficient is defined for all concentrations. It
is evident that the higher the general distribution coefficient, the higher the hydrogen get-
tering capacity of the yttrium getter at a certain equilibrium concentration in the lithium.
The gettering capacity refers to the total amount of hydrogen isotopes the getter bed can
absorb at a specific concentration in the lithium. Since the infinitesimal space crossing the
Li-Y interfaces of a pebble is assumed to be always at equilibrium, during thermodynamic
non-equilibrium the general distribution coefficient writes

KLi−Y
D ≡

cY
int

cLi
int

. (7.51)

The left-hand plot in figure 7.11 presents the temperature-dependent general distribution
coefficient of the Li-Y-H system as a function of cLi

int for different temperatures. It is cal-
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Fig. 7.11. [Left] General distribution coefficient of the Li-Y-H system as a function of the concen-
tration in lithium calculated from the numerically derived concentration boundary condition (7.19)
depicted in the right-hand plot in figure 7.9. [Right] Low-concentration distribution coefficient of
the Li-Y-H system as a function of the temperature.

culated from the numerically obtained boundary condition (7.19) shown in the right-hand
graph in figure 7.9. As the plot reveals, in the Sieverts’ regime of the low-concentration
α-Y phase the general distribution coefficient takes the constant value KLi−Y

D,0 of the low-
concentration distribution coefficient. Inserting the low-concentration boundary condition
(7.21) into equation (7.51) yields KLi−Y

D,0 = KY
s /K

Li
s which is conform with equation (2.51).

Consequently, with the equations (7.22) and (7.30) it follows that

KLi−Y
D,0 =

KY
s

KLi
s
=

1
ρLi
· 1.76 × 102 kg m−3 · exp

(︄
48.1 kJ mol−1

RT

)︄
. (7.52)

The error of this low-concentration distribution coefficient is calculated by error propaga-
tion

∆±KLi−Y
D,0 = KLi−Y

D,0 ·

√︄(︄
∆±KLi

s

KLi
s

)︄2

+

(︄
∆±KY

s

KY
s

)︄2

(7.53)

using the estimated errors (7.23), (7.24), (7.31) and (7.32). It is plotted in the right-hand
plot in figure 7.11 together with its error range. Combining equation (7.52) and equation
(7.47) yields that the critical concentration in lithium above which hydride formation
occurs is related to the low-concentration distribution coefficient according to

cLi
− =

cY
α-end

KLi−Y
D,0

. (7.54)

Moreover, from the equations (7.48) and (7.53) it is found that the relatively large error
range of cLi

− yields mainly from the wide error range of the distribution coefficient.

In the concentration range cLi
− < cLi

int < cLi
+ , where yttrium dihydride formation occurs,

the general distribution coefficient KLi−Y
D experiences a sharp increase (see left-hand plot
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in figure 7.11). Its highest value is reached at the start of the δ-YH2±x phase. At concen-
trations cLi

int > cLi
+ it decreases with increasing cLi

int. Above a certain value of cLi
int the general

distribution coefficient even decreases below its constant value in the α-Y phase KLi−Y
D,0 . It

can therefore be concluded, that in the concentration range cLi
int > cLi

− where KLi−Y
D > KLi−Y

D,0

the hydrogen gettering capacity of yttrium in lithium is particularly large.

7.5. Determination of the hydrogen diffusivity in yttrium hydride phases

A physical quantity which, according to equation (7.14), strongly determines the retention
flux of hydrogen isotopes into the yttrium pebbles, is the diffusion coefficient of hydrogen
in yttrium.

As mentioned above, previous experimental studies have shown that the diffusion co-
efficient in yttrium is dependent on the hydrogen content [68], [277]. This can be at-
tributed to the fact that the driving force for chemical diffusion of hydrogen in metals
arises from the gradient of the chemical potential which is expressed by the general-
ized Fick’s first law (2.67). Equation (2.67) allows writing a general expression for the
temperature- and concentration-dependent chemical diffusion coefficient of hydrogen in
yttrium

D
Y

(cY,T ) ≡
DYcY

RT
∂µY

H

∂cY . (7.55)

The chemical potential µY
H of atomic hydrogen at a given position in the yttrium pebble

where a certain concentration cY occurs can be obtained by expressing µY
H in terms of the

corresponding chemical potential of a diatomic H2 gas that would adjust at thermody-
namic equilibrium with the corresponding H-Y solution of concentration cY. Therefore,
equation (2.23) is inserted into equation (2.12) and the equilibrium pressure is replaced
by the derived temperature-dependent pressure-composition isotherm pY

H2
(cY,T ), which

is expressed by equation (7.42)

µY
H =

1
2
µ◦H2
+

RT
2

ln

⎡⎢⎢⎢⎢⎢⎣ pY
H2

(cY,T )

p◦

⎤⎥⎥⎥⎥⎥⎦ . (7.56)

In this equation, the chemical potential is expressed with the unit [J mol−1]. Consequently,
the derivative in equation (7.55) writes

∂µY
H

∂cY =
RT

2pY
H2

(cY,T )

∂pY
H2

(cY,T )

∂cY . (7.57)

As shown in section 2.1.2, in the low-concentration α phase of a metal-hydrogen solu-
tion where the Sievers’ constant is assumed to be valid the chemical diffusion coefficient
equals the intrinsic diffusion coefficient D

Y
= DY, which is concentration-independent.

For the value of the concentration-independent intrinsic diffusion coefficient DY, this
model considers the same diffusion relation of deuterium in yttrium for all three hydrogen
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Fig. 7.12. Theoretically derived
concentration-dependent diffusion rela-
tion of hydrogen in yttrium calculated using
the equations (7.59) and (7.42).

isotopes. It is determined from the protium diffusivity relation reported by Buxbaum et al
in [154] by making use of the isotope effect of diffusion (2.66).

DY = 2.7 × 10−7 m2 s−1 · exp
(︄
−46.0 kJ mol−1

RT

)︄
. (7.58)

The diffusion relation given by Buxbaum et al is chosen for this model since it is valid
in a temperature range of 673 K < T < 1373 K that is closest to the temperature range
relevant for DONES. All other measured relations that are available in the literature have
been measured at significantly higher temperatures [278], [279]. Relation (7.58) is plotted
against the temperature in figure 7.3. It is clearly visible that hydrogen diffusion in yttrium
is several orders of magnitude slower than in lithium.

Finally, substituting the equations (7.57) into equation (7.55) provides a relation for
the concentration-dependent chemical diffusion coefficient of hydrogen in yttrium.

D
Y

(cY,T ) = DY (T ) ·
cY

2pY
H2

(cY,T )

∂pY
H2

(cY,T )

∂cY . (7.59)

In this description, the derivative of the equilibrium pressure pY
H2

(cY,T ) which is described
by relation (7.42) equals the phase-specific slopes given by the equations (7.43), (7.44),
(7.45) and (7.46).

Figure 7.12 shows the calculated concentration-dependent diffusion coefficient in yt-
trium for three different temperatures. It can be seen that at concentrations corresponding
to the phase transitions the diffusivity plunges. When entering a new phase, it abruptly
rises by several orders of magnitude above the constant intrinsic diffusivity DY of the α-Y
phase.

For the finite element description of the yttrium pebbles in this model, the derived rela-
tion for D

Y
(cY,T ) is inserted into equation (7.16), where D

Y
(rq, ym, t) = D

Y
[cY(rq, ym, t)].

It is important to emphasize that the concentration cY(rq, ym, t), which is used to calculate
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YH2 formation

Fig. 7.13. Simulated temporal evolution of the concentration profile inside of an yttrium pebble at
T = 573 K if its surface is maintained at a constant concentration of cY

int > cε-start
Y . [Left] The first

simulation assumes a concentration-independent diffusion coefficient D
Y
= DY as it would yield

from the model if hydride formation was not taken into account. [Right] The second simulation
considers the derived concentration-dependent chemical diffusion coefficient (7.59).

the chemical diffusion coefficient, refers to the summed concentration of all isotopes in
the corresponding shell of a discretized pebble.

The determination of the chemical diffusion coefficient D
Y

is the result of a theoretical
study that has been performed within the scope of this dissertation. Deriving an expression
for the concentration-dependent hydrogen diffusivity in different yttrium hydride phases
is a novelty and, to the best of the author’s knowledge, has not been done before. The
sharp change of the diffusion coefficient in different phases visible in figure 7.12 is a
clear indication that hydride formation has a strong influence on the hydrogen absorption
kinetics of yttrium and must therefore be considered in the model.

Figure 7.13 presents two simulated diffusion processes of hydrogen into an yttrium
pebble of radius rpeb = 5×10−4 m at T = 573 K, assuming that the interface concentration
at the pebble surface is constant at cY

int = 1.4 × 105 mol m−3. This concentration value is
chosen for the simulations because it satisfies the condition 1.4 × 105 mol m−3 > cε-start

Y .
According to figure 7.8, this implies that the pebble surface occurs in the ε-YH3−y phase.

The left plot shows the simulated concentration profile in the pebble after three dif-
ferent times if the diffusion coefficient was concentration-independent and described by
relation (7.58) over the entire concentration range. As a result, a continuous concentration
profile is observed that increases smoothly with time. It follows the typical solution of
Fick’s second law for a diffusion process into a homogeneous sphere at constant interface
concentration (see chapter 6 in [165]).

The right-hand graph displays a simulation of the same process, this time carried out
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considering the derived concentration-dependent chemical diffusion coefficient expressed
by equation (7.59). In the plot, areas shaded in color indicate the concentration ranges
corresponding to the different yttrium hydride phases. The interrupted concentration scale
illustrates the fact that the model considered a maximum hydrogen content of yttrium at
a concentration cY

ε-end. The simulation reveals that because of the temperature-dependent
variation of the diffusivity shown in figure 7.12 the time-evolving concentration profile is
no longer continuous. Indeed, in the concentration ranges representing the α→ δ and δ→
ε transition regimes, the diffusing atoms pile up and form steep diffusion fronts. Due to
the much slower diffusivity in the transition regimes compared to the pure hydride phases,
the rate of diffusing atoms entering a transition range from an adjacent higher phase is
bigger than the rate of atoms leaving the transition range into a lower phase. Moreover,
it is observed that the α → δ front moves faster than the δ → ε front. These results are
in good accordance with measurements made by den Broeder et al who experimentally
visualized the same behavior of hydrogen diffusion in different yttrium hydride phases at
lower temperatures [277].

Whenever in the following reference is made to a simulation that does not take yt-
trium hydride formation into account (no HyF), what is meant is a simulation that consid-
ers boundary condition (7.21) and the intrinsic hydrogen diffusion coefficient in yttrium
(7.58) to be valid in an infinite concentration range. This would be the case if the Y-H
system remained in the α-Y phase regardless of the concentration.

Possible material-altering effects of the tritium β− decay on the hydrogen transport
properties of the two metals are neglected by this model.

7.6. Simulation results and discussion

In this section, the developed numerical model is applied to simulate the retention of hy-
drogen isotopes by an yttrium-based hydrogen getter trap installed in the DONES lithium
loop. Therefore, the volume flow rate through the main loop is set to Fmain = 1×10−1 m3/s.
The current design of the DONES lithium loop envisages a total lithium volume of ap-
proximately VLi = 14 m3 which is considered as a reference value for the following simu-
lations [280]. Unless otherwise noted, the simulations are executed assuming a flow rate
through the trap of Ftrap ≈ 2 × 10−3 m3/s, a trap diameter of dtrap = 0.15 m and a pebble
radius of rpeb = 5 × 10−4 m.

The pebble bed void fraction of perfectly round pebbles packed in a cylindrical trap
container with dtrap ≫ rpeb is usually determined to be approximately ε ≈ 0.4 [281].
However, in a real yttrium getter-bed the sizes and shapes of the pebbles are expected to
strongly vary. Therefore, a packing density as high as ε ≈ 0.4 is probably not achievable.
The mass transfer coefficient αMT in equation (7.7) decreases with increasing void fraction
[105]. Hence, to obtain conservative simulation results, the following calculations assume
a higher void fraction of ε = 0.6.
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Fig. 7.14. Simulated temporal evolution of
the average protium concentration in lithium
during initial purification of the DONES
lithium loop at T = 623 K, assuming differ-
ent yttrium masses in the hydrogen trap. The
graph includes a simulation that does not take
hydride formation into account (no HyF). The
green area marks the required concentration
range for DONES operation.

The applied discretization density of the spatial sub-systems considered in the model
is set to Q = 198, M = 6, and U = 3. To solve the system of equations introduced
in the previous section, the finite difference equations (7.2), (7.3), (7.16) and (7.17) are
manually solved in for-loops over the indexes q, m and n. As explained in section 5.1, the
temporal parts of the differential equations (7.1), (7.2), (7.3) and (7.17) are automatically
computed by EcosimPro©.

In order to cope with the imposed safety requirements for DONES, the installed hy-
drogen trap needs to be capable of maintaining the average total hydrogen isotope con-
centration in the lithium below cLi

limit = 10 wppm. Further radiation safety requirements
restrict the inventories of tritium in yttrium to mY

3,limit = 3 × 10−4 kg and in lithium to
mLi

3,limit = 3 × 10−4 kg [99]. This is equivalent to cLi
3,limit = 7.1 × 10−3 mol m−3 considering

that VLi = 14 m3. The current design basis of the DONES impurity control loop envisages
T = 623 K as the design temperature of the hydrogen trap [256].

7.6.1. Simulation of hydrogen capture during DONES initial purification

It is assumed that the lithium which is going to be purchased to fill the DONES lithium
loop for its future experimental campaigns will be contaminated with a relatively high
protium concentration. Furthermore, filling the DONES lithium loop the first time will
cause the stainless steel walls of the pipes to release an additional significant amount of
protium into the lithium. Part of the dissolved protium will be removed by a cold trap
which is working at a temperature of T = 463 K. The cold trap retains solidified lithium
hydride (β-LiH) which precipitates above the temperature-dependent terminal solubility
cLi
α-end. Equation (7.25) reveals that at T = 463 K the terminal solubility of the solid

solution α-Li phase is cLi
α-end ≈ 28.7 mol m−3. Hence, it is expected that after the first

purification run using only the cold trap, the liquid lithium will have a maximum protium
concentration of approximately cLi

1,init = 28.7 mol m−3 = 57 wppm.
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Fig. 7.15. [Left] Simulated temporal evolution of the protium concentration profile inside of an
yttrium pebble of the first trap segment, assuming a temperature of T = 623 K and a pebble bed
mass of mY = 15 kg. [Right] Simulated temporal evolution of the protium concentration occurring
at the surface of an yttrium pebble in the first trap segment during initial purification of the DONES
lithium loop, assuming a temperature of T = 623 K and a pebble bed mass of mY = 15 kg. The
graph includes a simulation that does not take hydride formation into account (no HyF).

In order to comply with the DONES safety requirements mentioned above, prior to
continuous DONES operation, the lithium loop system should undergo another purifica-
tion run with the hydrogen trap operating in which the average concentration in the loop
⟨cLi

1 ⟩ is further reduced to below ⟨cLi
1 ⟩ < 10 wppm = 5.1 mol m−3. This initial purification

process using the hydrogen trap is simulated and analyzed in the following paragraphs.
Since protium is assumed to be the only isotope present during the initial purification
phase, its average concentration ⟨cLi

1 ⟩ equals the total average concentration ⟨cLi⟩, includ-
ing all hydrogen isotopes.

Figure 7.14 presents the simulated temporal evolution of the average concentration
⟨cLi⟩ in the loop during initial purification for different pebble bed masses. The simulation
assumes an operating temperature of T = 623 K. To analyze the observed hydrogen
absorption behavior of the trap and the impact of yttrium dihydride formation, it is taken
a closer look at the purification process resulting from a trap with an yttrium mass of
mY = 15 kg (see solid blue curve in figure 7.14). A deep insight into the getter process is
obtained by observing the time-evolving concentration profile within an yttrium pebble of
the first trap segment y1. It is simulated and plotted in the left-hand graph of figure 7.15.
The analysis is supported by the right-hand graph in figure 7.15 and by the two plots
shown in figure 7.16. They show the simulated values of the interface concentrations cY

int,
cLi

int and the general distribution coefficient KLi−Y
D in the first trap segment.

It is found that after a period of several minutes in which the empty yttrium peb-
bles absorb the protium atoms as a solute, the surface concentration cY

int surpasses the
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Fig. 7.16. [Left] Simulated temporal evolution of the protium concentration occurring in lithium at
the Li-Y interfaces in the first trap segment during initial purification of the DONES lithium loop,
assuming a temperature of T = 623 K and a pebble bed mass of mY = 15 kg. The graph includes a
simulation that does not take hydride formation into account (no HyF). [Right] Simulated temporal
evolution of the Li-Y general distribution coefficient in the first segment during initial purification
of the DONES lithium loop, assuming a temperature of T = 623 K and a pebble bed mass of
mY = 15 kg. The graph includes a simulation that does not take hydride formation into account
(no HyF).

maximum concentration cY
α-end of the pure α-Y phase and hydride formation sets in (see

both plots in figure 7.15). The precipitation of high-concentrated yttrium dihydride at the
surface is characterized by an abruptly accelerated increase in the average hydrogen con-
centration in the yttrium at the Li-Y interface cY

int (see right-hand plot in figure 7.15). As
the left-hand plot in figure 7.16 reveals, during hydride formation, the protium concen-
tration in lithium at the Li-Y interface abides in the concentration range cLi

− < cLi
int < cLi

+ .
The right-hand graph in figure 7.16 demonstrates how the rapidly growing concentration
cY

int at almost constant value of cLi
int causes the general distribution coefficient KLi−Y

D to in-
crease above its constant value KLi−Y

D,0 in the pure α-Y phase (see left-hand plot in figure
7.9). Approximately one hour after the start of the purification process, the increase in
interface concentration at the pebble surface comes to a halt at the saturation concentra-
tion cY

int = cY
α-end (see right-hand plot in figure 7.15) and the general distribution coefficient

reaches its maximum value (see right-hand plot in figure 7.16). By this time, the yttrium
surface has entered the pure δ-YH2±x phase. Once surface saturation occurs, the protium
concentration in lithium at the Li-Y interface abruptly increases beyond the concentration
range cLi

− < cLi
int < cLi

+ where it resided during phase transition. In accordance with the left-
hand graph in figure 7.11, the sudden rise in the concentration cLi

int implies that the general
distribution coefficient decreases. At about the same time, the quickly diffusing protium
atoms in the α-Y phase have homogeneously distributed in the entire pebble. In con-
trast, the much slower elapsing diffusion process occurring in the α → δ phase transition
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regime closer to the surface leads to the formation of a relatively steep diffusion front (see
red shaded area in the left-hand plot of figure 7.15). It slowly flattens out over time while
the pebble surface remains at the saturation concentration cY

int = cY
δ-start. The left-hand plot

of figure 7.16 reveals that after approximately three hours, the hydrogen absorption flux
induced by the concentration gradient that occurs at the pebble interface has lowered the
average concentration in the loop so much that cLi

int reaches a maximum before decreasing
alongside with the average concentration ⟨cLi⟩. According to the left-hand plot in figure
7.11, this results in a slow but persistent rise in the general distribution coefficient back
toward its maximum value. The transport processes come to an end once thermodynamic
equilibrium establishes and the concentrations in both the Li-H and the Y-H systems have
reached steady state values. At this time the concentration profiles in the pebbles are flat.
The left-hand graph in figure 7.15 shows that at equilibrium the yttrium pebbles of a getter
bed with a mass of mY = 15 kg have entirely transformed to pure δ-YH2±x and occur at a
homogeneous concentration of cY = cY

δ-start.

The influence of the implemented mechanism of hydride formation on the retention
dynamics of the trap becomes apparent when comparing the discussed simulation results
with a simulation that does not take hydride formation into account (no HyF). The simu-
lation results are plotted in the figures 7.14, 7.15 and 7.16 using an orange dotted line and
assuming the same input parameters as before (mY = 15 kg, T = 623 K). The right-hand
plot in figure 7.15 reveals that if the process of hydride formation is ignored, no abruptly
accelerated increase in cY

int is observed once the concentration in yttrium at the pebble sur-
face surpasses the terminal solubility cY

α-end. Disregarding hydride formation in the model
would mean that even at concentrations cY

int > cY
α-end, the general distribution coefficient

remains constant at KLi−Y
D,0 = KY

s /K
Li
s during the entire simulated time period. In contrast,

taking hydride formation into account leads to an increase in the general distribution co-
efficient which levels out at a value KLi−Y

D > KLi−Y
D,0 (compare solid blue and orange dotted

lines in the right-hand plot in figure 7.16). For this reason, the final equilibrium concen-
tration cLi

eq ≈ 19 wppm which yields from the simulation that considers hydride formation
is much lower than the adjusting equilibrium concentration cLi

eq ≈ 30 wppm that adjusts
when hydride formation is ignored. The great difference between the two simulated equi-
librium concentrations in lithium obtained with and without the consideration of hydride
formation illustrates the significant magnitude by which yttrium dihydride formation in-
creases the gettering capacity of yttrium. Ignoring the process of hydride formation would
therefore lead to an overestimation of the required trap mass to meet the DONES safety
requirements. This example demonstrates the importance of incorporating the thermody-
namics of hydride formation into the model.

Observing figure 7.14, it is found that regardless of the pebble bed mass, with the ex-
amined parameter set (T = 623 K, Ftrap = 2×10−3 m3 s−1, rpeb = 5×10−4 m, dtrap = 0.15 m,
ε = 0.6) the purification process takes about twelve hours to reach thermodynamic equi-
librium. It is found that the higher the mass of the pebble bed, the lower the concentration
cLi

eq in lithium, which adjusts throughout the loop once thermodynamic equilibrium is
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reached. The right-hand plot in figure 7.15 reveals that different pebble bed masses lead
to specific equilibrium concentrations cY

eq in the pebbles. In fact, three distinct scenarios
are identified.

The first scenario describes a case like the one discussed above (mY = 15 kg, T =
623 K), where, at thermodynamic equilibrium, the entire pebble bed converts to pure
δ-YH2±x. This means that the adjusting equilibrium concentration everywhere in the peb-
bles is cY

eq = cY
δ-start. As the derived concentration boundary condition illustrated by the

right-hand graph in figure 7.9 indicates, full saturation occurs only if the establishing
equilibrium concentration in lithium satisfies cLi

eq > cLi
+ . In this case, the final concentra-

tion cLi
eq can be calculated assuming that at thermodynamic equilibrium the mole numbers

of hydrogen isotopes in the yttrium κY
eq and in the lithium κLi

eq are distributed according to
κLi

init = κ
Y
eq+κ

Li
eq. Here, κLi

init is the mole number of hydrogen isotopes present in the lithium
prior to purification. With κLi

init = cLi
initVLi, κLi

eq = cLi
eqVLi and κY

eq = cY
δ-startVY the equilibrium

concentration yields

cLi
eq = cLi

init −
VY

VLi
· cY
δ-start , if cLi

eq > cLi
+ . (7.60)

According to figure 7.8, the concentration cY
δ−start decreases with increasing temperature.

Therefore, in the first scenario, the gettering capacity slightly reduces with increasing
temperature. Solving equation (7.60) for mY yields the pebble bed mass required to reduce
the equilibrium concentration from a given initial concentration cLi

init down to a certain
equilibrium value

mY =
ρYVLi

cY
δ-start

·
(︂
cLi

init − cLi
eq

)︂
, if cLi

eq > cLi
+ . (7.61)

The error of the required pebble bed mass is determined by the error of the phase boundary
∆cY
δ-start which was estimated in equation (7.39). Consequently, error propagation yields

∆mY =
∆cY
δ-start

cY
δ-start

· mY , if cLi
eq > cLi

+ . (7.62)

The second scenario refers to a case where during the concentration decrease the value
of the average concentration ⟨cLi⟩ falls below the minimum concentration required for
hydride formation cLi

− , such that cLi
eq < cLi

− . As figure 7.14 shows, such a situation is
observed for a trap with a mass of mY = 100 kg operating at T = 623 K. The pink dash-
dotted lines in the right-hand graphs of the figures 7.15 and 7.16 reveal that if a sufficiently
heavy trap is installed the concentration cY

int never exceeds cY
α-end and no hydride formation

takes place. Hence, if cLi
eq < cLi

− the pebble bed occurs exclusively in the α-Y phase and the
concentration boundary condition is described by relation (7.21). With equation (7.51),
this implies that at thermodynamic equilibrium the mole number of hydrogen atoms in
the pebbles is given by κY

eq = VYcY
eq = VYcLi

eqKLi−Y
D,0 . Inserting this relation into the equation

κLi
init = κ

Y
eq + κ

Li
eq provides an expression for the equilibrium concentration in the lithium

cLi
eq =

VLicLi
init

VLi + VYKLi−Y
D,0

, if cLi
eq < cLi

− . (7.63)
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Also in the second scenario, the gettering capacity decreases with increasing tempera-
ture. This is attributed to the temperature dependency of KLi−Y

D,0 which is visualized in the
right-hand graph in figure 7.11 and mathematically expresses with equation (7.52). Ac-
cording to equation (7.63), in the second scenario the required pebble bed mass to lower
the concentration in lithium down to a certain equilibrium value is determined by

mY =
ρYVLi

KLi−Y
D,0

·

(︄
cLi

init

cLi
eq
− 1

)︄
, if cLi

eq < cLi
− . (7.64)

Its error originates from the error of KLi−Y
D,0 given by equation (7.53), such that

∆±mY =
∆±KLi−Y

D,0

KLi−Y
D,0

· mY , if cLi
eq < cLi

− . (7.65)

A third scenario arises when, for the observed temperature and pebble bed mass, the
values of cLi

eq resulting from the equations (7.61) and (7.64) do not satisfy the specified
conditions for cLi

eq written alongside the equations. In this case, the Li-Y-H system levels
out at an equilibrium concentration cLi

− < cLi
eq < cLi

+ . According to the right-hand plot in
figure 7.9, in this regime, the pebbles have only partially transformed to yttrium dihydride
once thermodynamic equilibrium is reached. Figure 7.10 shows that both cLi

− and cLi
+

strongly increase with temperature. For this reason, also in the third scenario, the gettering
capacity decreases with increasing temperature. Figure 7.14 as well as the right-hand
plots in the figures 7.15 and 7.16 show that at T = 623 K, the third scenario occurs for
the traps with the masses mY = 30 kg and mY = 60 kg. In spite of their large difference
in mass, both traps are found to reduce the average concentration in the lithium into the
range cLi

− (623 K) < cLi
eq < cLi

+ (623 K) and level out in the α→ δ phase transition regime.

The equations (7.61) and (7.64) allow calculating the minimum pebble bed mass
which is required to reduce the concentration in the DONES lithium loop from cLi

init =

28.7 mol m−3 = 57 wppm to the limit value cLi
limit = 10 wppm = 5.1 mol m−3. It is plotted

in figure 7.17 against the temperature.

From figure 7.10 it can be derived that if the operating temperature is smaller than a
critical value T < T−crit = ( 620 ± 60

45 ) K the DONES limit concentration satisfies cLi
limit > cLi

+

and the pebble bed follows the defined first scenario. In this case, the minimum required
trap mass is significantly lower than at higher operating temperatures and is described by
the equations (7.61) and (7.62). They yield an almost constant value of mY ≈ (18 ± 1) kg
throughout the temperature regime T < T−crit.

According to figure 7.10, if T > T+crit = ( 623 ± 60
45 ) K the limit concentration satisfies

cLi
limit = 5.1 mol m−3 < cLi

− . Consequently, in this regime, any pebble bed will behave as
described in the defined second scenario where the minimum required trap mass and its
error range are given by the equations (7.64) and (7.65). It can be seen that if T > T+crit

a much larger minimum pebble bed mass mY > 78 kg is required to comply with the
concentration limit than at lower operating temperatures. Such a large pebble bed mass
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Fig. 7.17. Minimum pebble bed mass as a
function of temperature required for the initial
purification run of the DONES lithium loop to
reduce the concentration from an initial value
of cLi

init = 57 wppm to a limit equilibrium value
of cLi

limit = 10 wppm. The black star marks
the optimal design parameters for the hydro-
gen trap used for the initial purification.

is necessary because, without hydride formation, the gettering capacity remains relatively
low.

Figure 7.17 reveals that the defined third scenario occurs if T−crit < T < T+crit. In this
regime, the minimum required pebble bed mass is in the range of 18 kg < mY < 78 kg.

If hydride formation mechanisms were not taken into account the minimum required
trap mass would be exclusively given by equation (7.64) regardless of the operating
temperature (see orange dashed line). Disregarding hydride formation at temperatures
T > (538 ± 5) K could hence only lead to a non-problematic overestimation of the min-
imum required trap mass. However, at temperatures T < (538 ± 5) K, ignoring hydride
formation would lead to a severe underestimation of the necessary pebble bed mass. That
is because below this temperature the orange dashed line falls below the blue curve which
takes hydride formation into account. Yet another reason why implementing hydride for-
mation in the model is essential.

In figure 7.17, the green shaded area represents an appropriate combination of op-
erating temperature and pebble bed mass which ensures meeting the safety requirement
⟨cLi⟩ < cLi

limit during initial purification of the DONES lithium loop. Picking the design
parameters from the red area must be avoided, as this would lead to equilibrium concen-
trations above the concentration limit. The relatively large error range which enters deep
into the green shaded area arises from the error ranges of the critical temperatures T−crit

and T+crit.

An optimal hydrogen trap design for the DONES purification phase should be based
on the intention to exploit the gettering capacity-enhancing effect of yttrium dihydride
formation. Therefore, the optimal trap should have an operating temperature of T <
T−crit. To ensure that hydride formation occurs and the DONES limit is met under all
circumstances, the conservatively estimated error range in figure 7.17 must be taken into
account when choosing the design parameters. Considering this, it is found that if T <
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Fig. 7.18. [Left] Simulated temporal evolution of the average protium concentration in the lithium
during initial purification of the DONES lithium loop for a pebble bed mass of mY = 20 kg,
assuming different operating temperatures. [Right] Simulated temporal evolution of the average
protium concentration in the lithium flow during initial purification of the DONES lithium loop
for a pebble bed mass of mY = 20 kg and an operating temperature of T = 563 K, varying the
pebble diameter, the lithium flow rate through the trap or the aspect ratio of the pebble bed.

T−crit, a trap with a pebble bed mass of mY = 20 kg would ensure meeting the requirements
with the least amount of yttrium.

The left-hand plot in figure 7.18 displays the simulated protium concentration de-
crease during initial purification at three different temperatures that would result from a
trap with a mass of mY = 20 kg. As predicted by figure 7.17, the two temperatures that
satisfy T < T−crit lead to a concentration decrease well below the safety limit. In contrast,
T = 623 K is above the critical temperature. At this temperature, a pebble bed mass of
mY = 20 kg can be assigned to the red shaded area in figure 7.17 and therefore does not
comply with the concentration safety limit (see left-hand plot in figure 7.18). It is found
that the higher the temperature, the less time it takes for the system to reach thermo-
dynamic equilibrium. This can be attributed to the fact that the diffusion coefficients in
lithium and in yttrium increase with temperature (see figure 7.12).

According to the error range in figure 7.17, an operating temperature of T = 563 K
is the maximum temperature where hydride formation in a pebble bed with a mass of
mY = 20 kg is guaranteed. Furthermore, with this combination of design parameters, the
purification run would be completed in a reasonable period of time of between one and
two days (see left-hand plot in figure 7.18).

Having determined the optimal trap mass and working temperature it remains to be
investigated how varying the flow rate, pebble diameter and aspect ratio AR ≡ ltrap/dtrap

affects the purification dynamics. In the following, these quantities are referred to as
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secondary design parameters. The right-hand plot in figure 7.18 depicts the simulated
temporal evolution of the average concentration in the lithium yielding from the deter-
mined optimal trap mass and temperature for different sets of the secondary parame-
ters. The reference parameter set which was assumed for all previous simulations is
Ftrap = 2 × 10−3 m3 s−1, rpeb = 5 × 10−4 m and dtrap = 0.15 m. Given that mY = 20 kg
and ε = 0.6, the trap length yields ltrap = 0.63 m and the aspect ratio is AR = 4.2.

The right-hand graph in figure 7.18 discloses that operating a trap at a lower lithium
flow rate Ftrap causes the purification process to finish later. This has the following rea-
sons. According to the equations (7.8) and (7.9), the pebble bed mass transfer coefficient
decreases with the lithium flow velocity. Since a smaller flow rate Ftrap implies a lower
lithium flow velocity uint, it leads to a reduced mass transfer coefficient and thus to a
lower retention flux into the pebbles. Moreover, at a lower flow rate, the residence time
of lithium in the trap container is higher. As a result, the lithium flowing past is exposed
to the yttrium getter for a longer time leading to a smaller concentration cLi

trap in the trap.
Consequently, the concentration gradient in yttrium at the pebble surface and thus the
retention flux is smaller, so that thermodynamic equilibrium is reached later.

Furthermore, the right-hand plot in figure 7.18 shows that using a trap with wider
pebbles also leads to a delay in the purification time. As equation (7.4) discloses, this is
due to the fact that a reduced total surface area of the yttrium pebbles at equal pebble bed
mass implies a reduced hydrogen retention rate. Moreover, wider pebbles imply a smaller
mass transfer coefficient.

Increasing the trap diameter and thus reducing the aspect ratio of the trap container
does not increase the residence time. However, it does decrease the lithium flow velocity
and thus the mass transfer coefficient of the pebble bed. Therefore, one would expect
the time to reach equilibrium to increase with the trap diameter. However, the right-
hand plot in figure 7.18 shows no noticeable change in the shape of the concentration
decrease as the trap diameter is increased from dtrap = 0.15 m to dtrap = 0.3 m. This is
due to a second overlapping effect that increases the retention flux when moving toward
wider trap diameters. It arises from the effect a reduced mass transfer coefficient has
on the hydride formation dynamics. During α → δ phase transition, the pebble surface
concentration in yttrium increases abruptly and the concentration gradients on both sides
of the lithium-yttrium pebble increase alongside. This is directly related to an increase in
hydrogen retention flux. However, the increased retention flux lasts only until the pebble
surface reaches the saturation concentration. A smaller mass transfer coefficient causes
hydride formation to proceed slower and surface saturation to happen later. Therefore, in
wider traps, the increased retention flux occurring during hydride formation lasts over a
longer period of time.

Finally, it is found that in contrast to the pebble bed mass and operating temperature,
neither the lithium flow rate, nor the pebble diameter or aspect ratio has an influence on
the establishing concentration cLi

eq in the lithium at thermodynamic equilibrium.
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7.6.2. Simulation of hydrogen capture during DONES operation

As soon as the DONES experimental phase is started, nuclear stripping reactions in the
target component of the loop lead to an accumulation of hydrogen isotopes in the lithium
flow. Current estimations expect the generation rates [99], [101], [256]

κ̇1,gen = 8.26 × 10−8 mol s−1 (7.66)

κ̇2,gen = 1.37 × 10−6 mol s−1 (7.67)

κ̇3,gen = 4.11 × 10−8 mol s−1 . (7.68)

The total hydrogen isotope generation rate is defined by κ̇gen =
∑︁

i κ̇i,gen. Due to
the preliminary purification procedure which was discussed in the last section, the total
hydrogen isotope concentration at the start of the DONES experimental phase is expected
to satisfy the condition ⟨cLi⟩ < cLi

limit = 10 wppm. To provide conservative simulations,
this work assumes an initial protium concentration of ⟨cLi

1 ⟩ = 10 wppm = 5.1 mol/m3 in
the lithium while the deuterium and tritium concentrations start from zero.

The generation rates yield that without the installation of a hydrogen trap, the tritium
inventory limit in lithium (mLi

3,limit = 3 × 10−4 kg) would be exceeded after the time

t =
mLi

3,limit

κ̇3,gen · M3
= 28 days . (7.69)

Without a trap, the total concentration in the lithium would grow over time as indicated
by the olive dashed line in figure 7.19.

Case A: Non-replaced hydrogen trap

To demonstrate the effect of hydride formation on the behavior of an yttrium getter trap
exposed to a liquid lithium flow with continuous hydrogen isotope generation, a scenario
is considered in which a single hydrogen trap is used throughout the entire lifetime of
DONES. Figure 7.19 showcases the simulated development of the average total hydro-
gen isotope concentration in the lithium over an operating time of six years at a fixed
temperature of T = 623 K considering different pebble bed masses of the hydrogen trap.

The zoom shown in figure 7.19 reveals that the average concentration in the lithium
initially drops sharply from a value of ⟨cLi⟩ = 5.1 mol/m3 before reaching an intermediate
equilibrium state a few hours later. The establishing initial equilibrium concentration can
be calculated using the equations (7.60), (7.63) or cLi

− < cLi
eq < cLi

+ , depending on whether
the purification process belongs to the defined first, second or third scenario, respectively
(see section 7.6.1). Whether cLi

eq < cLi
− or cLi

eq > cLi
+ also determines the hydride phase in

which the yttrium pebbles occur at initial equilibrium. In the example shown in figure
7.19, all three equilibrium concentrations satisfy cLi

eq < cLi
− (623 K), which means that the

yttrium pebbles must occur in the α-Y phase. Indeed, when examining the process over
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Fig. 7.19. Simulated average total hydro-
gen isotope concentration in lithium during
DONES experimental phase for different peb-
ble bed masses at T = 623 K if a single non-
replaced trap is used. The graph includes a
simulation that does not take hydride forma-
tion into account (no HyF).

the scale of a year a concentration increase in the lithium is observed which arises from
the proceeding isotope generation in the target. The zoom shows that the increase in
lithium concentration is slow compared to the time required to reach initial equilibrium,
and therefore has a negligible effect on the value of the equilibrium concentration.

In fact, compared to the scale of a year, the time required for the hydrogen isotopes to
diffuse from a pebble surface to the center is negligibly short. Therefore, it can be assumed
that despite the continuous hydrogen isotope generation, the Li-Y-H system remains ap-
proximately at thermodynamic equilibrium. Consequently, during DONES operation, the
concentrations throughout the yttrium pebbles and at different locations in the lithium
are approximately homogeneous and very close to their average concentrations ⟨cY⟩ and
⟨cLi⟩, respectively. This implies that cY

int ≈ ⟨c
Y⟩ and cLi

int ≈ ⟨c
Li⟩. Consequently, boundary

condition (7.21) visualized in the right-hand plot in figure 7.9 applies to both the lithium
system and the yttrium system as a whole, not just to their interfaces.

This means that according to the equations (7.21) and (7.51), the mole numbers of
the different hydrogen isotopes in the two metal-hydrogen systems satisfy the condition
κY

i /VY = KLi−Y
D,0 κ

Li
i /VLi. Indeed, a prerequisite for this condition is that the yttrium pebbles

occur in the α-Y phase. It is evident that the rates at which the generated isotopes are
distributed between the lithium and yttrium systems respect the relation

κ̇i,gen = κ̇
Y
i + κ̇

Li
i . (7.70)

Therefore, the rates at which the mole numbers of the dissolved isotopes in the two metals
increase while the pebbles occur in the α-Y phase are

κ̇Y
i,α =

VYKLi−Y
D,0

VLi + VYKLi−Y
D,0

· κ̇i,gen (7.71)

κ̇Li
i,α =

VLi

VLi + VYKLi−Y
D,0

· κ̇i,gen . (7.72)
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Fig. 7.20. Simulated average total hydrogen
isotope concentration within the yttrium peb-
bles during DONES experimental phase if a
single hydrogen trap is used without replace-
ment, assuming different pebble bed masses
and T = 623 K. The graph includes a simula-
tion that does not take hydride formation into
account (no HyF).

Figure 7.20 displays the simulated time evolution of the average approximately homo-
geneous total hydrogen isotope concentration within the yttrium pebbles for the same
temperature and pebble bed masses as those plotted in figure 7.19. In accordance with
the equations (7.71) and (7.72), both figures show that the increase rates of the average
concentrations in the lithium and the yttrium decrease with increasing pebble bed mass.
However, they also reveal that while the pebbles occur in the α-Y phase, only an infinitely
heavy hydrogen trap would lead to κ̇Li

i,α = 0.

Hydride formation is triggered once the concentration in the loop reaches the critical
concentration cLi

− which coincides with the attainment of the concentration cY
α-end in the

yttrium pebbles. As figure 7.9 shows, during phase transition the concentration in lithium
remains nearly constant, increasing only from cLi

− to cLi
+ . Therefore, as long as hydride

formation progresses the concentration in the lithium occurs in a quasi-stationary state.
By far the biggest fraction of generated isotopes is absorbed by the yttrium pebbles. Dur-
ing hydride formation, any absorbed hydrogen isotope is directly converted to yttrium
dihydride at the pebble surface. Saturation occurs once the nearly homogeneous con-
centration throughout the pebbles reaches cY

δ-start. Hence, the mole numbers of hydrogen
isotopes added to the yttrium and lithium during hydride formation are given by

κLi
HyF =

(︂
cLi
+ − cLi

−

)︂
· VLi = cLi

− ·

(︃√︂
f αδY − 1

)︃
≈ 0 (7.73)

κY
HyF =

(︂
cY
δ-start − cY

α-end

)︂
· VY , (7.74)

where κLi
HyF = 0 and κY

HyF = 0 at the moment hydride formation begins. The transformation
in expression (7.73) is performed by making use of the equations (7.35), (7.36), (7.47) and
(7.49). From the equations (7.73) and (7.74) it becomes apparent that κY

HyF ≫ κ
Li
HyF ≈ 0.

The time τHyF from the beginning of hydride formation to reaching saturation is obtained
by considering that τHyFκ̇gen = κ

Li
HyF + κ

Y
HyF, such that

τHyF =
1
κ̇gen

[︃(︂
cY
δ-start − cY

α-end

)︂
· VY + cLi

− ·

(︃√︂
f αδY − 1

)︃]︃
. (7.75)
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Equation (7.75) and the figures 7.19 and 7.20 demonstrate that τHyF rises linearly with
the pebble bed mass. The rates at which the mole numbers of hydrogen isotopes in the
lithium and yttrium grow during hydride formation are given by

κ̇Li
HyF =

κLi
HyF

τHyF
= κ̇gen −

κY
HyF

τHyF
≈ 0 (7.76)

κ̇Y
HyF =

κY
HyF

τHyF
= κ̇gen −

κLi
HyF

τHyF
≈ κ̇gen . (7.77)

Since it is assumed that cY
int ≈ ⟨c

Y⟩ = κY/VY and cLi
int ≈ ⟨c

Li⟩ = κLi/VLi, the derivative
of equation (7.20) with respect to time provides the following general expression for the
growth rate of isotopes of type iH in yttrium

κ̇Y
i =
κLi

i

κLi · κ̇
Y +
∂

∂t

(︄
κLi

i

κLi

)︄
· κY . (7.78)

By considering that during hydride formation κ̇Y
HyF ≈ κ̇gen and κ̇Y

HyF ≈ 0, inserting relation
(7.78) into equation (7.70) yields the following expression for the growth rates of the mole
numbers of the isotopes iH in lithium during hydride formation

κ̇Li
i,HyF ≈

κLi · κ̇i,gen − κ
Li
i · κ̇gen

κLi + κY . (7.79)

This equation implies that

κ̇Li
i,HyF < 0 , if κLi

i /κ
Li > κ̇i,gen/κ̇gen (7.80)

κ̇Li
i,HyF > 0 , if κLi

i /κ
Li < κ̇i,gen/κ̇gen . (7.81)

Once the pebbles have completely converted to pure δ-YH2±x, the pebble bed is ex-
hausted because the concentration in the pebbles cannot get any higher. As a consequence,
the total retention rate κ̇Y

sat = 0, which implies that after saturation occurs κ̇Li
sat = κ̇gen. Sub-

stituting the conditions of a saturated trap κ̇Y
sat = 0 and κY

sat = cY
δ-startVY into the equations

(7.78) and (7.71) provides the growth rates of the mole numbers of isotope species iH in
the lithium after the pebble bed is exhausted

κ̇Li
i,sat = κ̇i,gen − VY · cY

δ-start ·
∂

∂t

(︄
κLi

i

κLi

)︄
(7.82)

Hence, if after trap exhaustion the generation of isotopes in the loop keeps changing the
ratio κLi

i /κ
Li there is an ongoing isotope exchange between the yttrium and the lithium.

Both figures 7.19 and 7.20 contain a simulation that does not incorporate the physics
of hydride formation. Consequently, it predicts the curves to continue as if the Y-H sys-
tem forever remained in the α-Y phase. Moreover, disregarding hydride formation would
mean that there is no maximum saturation concentration of the yttrium pebbles and that
the pebble bed could take up an infinite amount of hydrogen isotopes. However, the pos-
sibility of the trap being exhausted once the pebbles have entirely transformed to yttrium
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Fig. 7.21. [Left] Simulated average total hydrogen isotope concentration in lithium during DONES
experimental phase at different temperatures assuming a single hydrogen trap with a pebble bed
mass of mY = 15 kg is used throughout the lifetime of DONES. [Right] Simulated mass of tritium
in the lithium during DONES experimental phase at different temperatures assuming a single
hydrogen trap with a pebble bed mass of mY = 15 kg is used throughout the lifetime of DONES.

dihydride is a critical safety consideration and must be taken into account in the design
of the hydrogen trap for DONES. This is another reason why the inclusion of hydride
formation in the model is so important.

The left-hand plot in figure 7.21 presents the simulated evolution of the average total
hydrogen isotope concentration in the loop at different temperatures, considering a trap
with a fixed pebble bed mass of mY = 15 kg. It is found that at T = 473 K and T = 523 K,
the initial concentration drop proceeds according to the third scenario defined in section
7.6.1, meaning that hydride formation starts right at the beginning. The figure shows that
the height of the steady state plateau increases with temperature. This is in accordance
with the temperature dependencies of the critical concentrations cLi

− and cLi
+ depicted by

figure 7.10. Moreover, it is observed that the time period hydride formation lasts decreases
with increasing temperature. According to equation (7.75) and figure 7.8, this is due to
the fact that the width of the concentration range assigned to the α → δ phase transition
regime of the Y-H system narrows with increasing temperature.

The right-hand plot in figure 7.21 displays the simulated evolution of the tritium con-
tent dissolved in lithium which results from a trap with a mass of mY = 15 kg. Instead
of abruptly entering into a flat stationary state, during hydride formation, the tritium in-
ventory increase slows down rather smoothly until saturation occurs. This behavior is
explained by equation (7.81) considering that due to the large amount of protium in the
system κLi

3 /κ
Li < κ̇3,gen/κ̇gen. It is found that at T = 473 K the establishing stationary

concentration is low enough to keep the 3H inventory below the DONES safety limit
mLi

3,limit = 3 × 10−4 kg for more than five years.
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Case B: Replaced hydrogen traps

Indeed, since the amount of generated tritium in the loop follows the relation κ̇3,gen · t =
κLi

3 + κ
Y
3 , using a single trap for the entire DONES lifetime to satisfy mLi

3 < mLi
3,limit =

3 × 10−4 kg would at some point violate the second imposed tritium safety requirement
mY

3 < mY
3,limit = 3×10−4 kg. Nevertheless, the calculations in the previous section show that

hydride formation in a sufficiently large trap prevents the concentration in the lithium from
increasing above a certain temperature-dependent value for several years. This effect can
be regarded a natural safety control system that is triggered in the event of an accidental,
uncontrolled increase in concentration occurring in the DONES lithium loop.

One proposed method to meet both limits at all times is to frequently replace the
installed hydrogen trap before the tritium contents in both the lithium and the yttrium
exceed the limits [99].

To determine an appropriate operating temperature, pebble bed mass, and trap replace-
ment period τtrap it is considered that a non-exhausted hydrogen trap operates in a state in
which it is least efficient, i.e., when the yttrium pebbles occur in the α-Y phase where no
hydride formation occurs.

As the DONES experimental phase starts, the tritium contents in both metals begin
to grow. It is imagined that once an arbitrary tritium content mLi

3,max in the lithium is
reached, the trap is replaced by an empty trap. As a result, the tritium content in the
lithium decreases within a short period of time before it reaches an equilibrium, similar to
the initial concentration decrease shown in figure 7.19. By hypothetically assuming that
the concentration decrease occurs instantaneously, the value of the equilibrium tritium
content in the lithium can be calculated with equation (7.63)

mLi
3,eq =

mLi
3,maxVLi

VLi + VYKLi−Y
D,0

. (7.83)

While the tritium content in the lithium plunges, the mass of absorbed tritium mY
3 in the

new yttrium pebble bed quickly rises until the concentration profiles in the pebbles are
flat. For the reasons discussed in the previous subsection Case A, it can be assumed that,
in spite of the proceeding hydrogen isotope generation, from this moment onwards the
pebbles approximately remain in thermodynamic equilibrium with the lithium system.
Therefore, boundary condition (7.21) is approximately satisfied and yields

mY
3 =

VY

VLi
· KLi−Y

D,0 · m
Li
3 . (7.84)

Moreover, the assumed thermodynamic equilibrium implies that the progressive produc-
tion of hydrogen isotopes in the loop causes the tritium content in the two metals to
increase approximately linearly, with slopes given by the equations (7.71) and (7.72).
Therefore, the time evolution of the slowly increasing tritium content in the lithium after
the trap exchange is approximately described by

mLi
3 = κ̇

Li
3,αM3 · t + mLi

3,eq . (7.85)
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Inserting the equations (7.72) and (7.83) into equation (7.85) and replacing mLi
3 with the

maximum tritium content mLi
3,max that occurred in the lithium just before the trap was re-

placed gives the time τtrap it will take for the tritium content in lithium to rise back to the
same maximum value mLi

3,max as prior to the trap replacement

τtrap =
mLi

3,maxVYKLi−Y
D,0

M3VLiκ̇3,gen
. (7.86)

Transforming equation (7.86) yields the maximum inventory of tritium in the lithium
mLi

3,max that establishes at a given value of τtrap.

mLi
3,max =

VLiM3

VYKLi−Y
D,0

· κ̇3,gen · τtrap . (7.87)

Substituting equation (7.87) into equation (7.84) provides the value of the maximum tri-
tium content which occurs in the yttrium bed after the time τtrap has elapsed

mY
3,max = M3κ̇3,gen · τtrap . (7.88)

Therefore, if the trap is replaced with a period τtrap the tritium contents in the lithium and
the yttrium bed are maintained below their maximum values given by the equations (7.87)
and (7.88), respectively.

From equation (7.88) it follows that in order to satisfy the safety condition mY
3 <

mY
3,limit = 3 × 10−4 kg the trap needs to be replaced every

τtrap < τ
max
trap ≡

mY
3,limit

κ̇3,genM3
= 28 days . (7.89)

If τtrap = τ
max
trap , the adjusting maximum tritium content in the lithium given by equation

(7.87) is

mLi
3,max =

VLimY
3,limit

VYKLi−Y
D,0

. (7.90)

The requirement for the pebble bed mass to meet the other limit mLi
3 < mLi

3,limit = 3×10−4 kg
is determined by inserting mLi

3,limit into equation (7.87)

mY > mmin
Y

(︂
τtrap

)︂
=

VLiρYM3

mLi
3,limitK

Li−Y
D,0

· κ̇3,gen · τtrap . (7.91)

The minimum required pebble bed mass is highest in case the maximum permissible
replacement period of τmax

trap is chosen. In this case, the requirement for the yttrium mass
mY is obtained by inserting equation (7.89) into equation (7.91)

mY > mmin
Y

(︂
τmax

trap

)︂
=

VLi · ρY

KLi−Y
D,0

. (7.92)

The relative error of mmin
Y is given by

∆±mmin
Y ≡

∆±KLi−Y
D,0

KLi−Y
D,0

· mmin
Y . (7.93)
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Fig. 7.22. Minimum pebble bed mass re-
quired to meet the tritium limits in yttrium and
lithium during DONES experimental phase if
the trap it is replaced every τmax

trap = 28 days.

Figure 7.22 presents a plot of the temperature-dependent minimum pebble bed mass and
its error range required to meet the imposed tritium limits of the DONES experimental
phase considering that the trap is replaced every τmax

trap = 28 days. The design parameters
should be chosen such that they are located in the green shaded area, outside of the plotted
error range. Traps with a mass and operating temperature in the red area would cause the
tritium content in the lithium to level out above the limit value mLi

3,limit.

In contrast to the above thought experiment, in a real DONES operating scenario, it
is not waited until the tritium contents in the yttrium and lithium reach their maximum
permissible values before the trap is exchanged. Instead, the trap replacement procedure
is started from the beginning with a fixed replacement period τtrap. As a result, the tritium
contents in both lithium and yttrium converge toward their maximum values determined
by the equations (7.87) and (7.88) over the course of several replacement iterations.

From the equations (7.92) and (7.93) it follows that if τtrap = τ
max
trap , the minimum

required yttrium mass at T = 623 K is mY = (16.4 ± 1.7) kg (see figure 7.22). The
simulated temporal evolutions of the tritium contents in the yttrium and the lithium, that
result from such a pebble bed mass and operating temperature, are showcased in the two
plots in figure 7.23 for different exchange periods, respectively. It can be seen that the
shorter the trap exchange period, the faster the tritium contents in the two metals converge
toward their maximum values. The left-hand plot in figure 7.23 confirms the prediction
from equation (7.92), that for an exchange period of τmax

trap = 28 days the maximum tritium
content in the pebble bed matches mY

3,limit. Moreover, the right-hand plot in figure 7.23
verifies that if at T = 623 K the yttrium mass is mY = (16.4 ± 1.7) kg and τtrap = τ

max
trap the

maximum adjusting concentration in the lithium is indeed converging against the value
mLi

3,limit. If the exchange period is longer, the tritium contents in the bed and the lithium
level out at higher values mY

3 > mY
3,limit and mLi

3 > mLi
3,limit. This must be prevented at all

costs. A shorter replacement period allows maintaining the tritium contents in both metals
at values below the limit contents without changing the pebble bed mass or temperature.
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Fig. 7.23. [Left] Simulated evolution of the tritium content in the yttrium pebble bed during
DONES experimental phase for different trap exchange periods assuming an yttrium mass of mY =

16.4 kg and a temperature of T = 623 K. [Right] Simulated evolution of the tritium content
in lithium during DONES experimental phase for different trap exchange periods assuming an
yttrium mass of mY = 16.4 kg and a temperature of T = 623 K.

The figures also demonstrate that if the pebble bed mass has the value given by equation
(7.92) and τtrap = τ

max
trap , the maximum tritium contents in the lithium and the yttrium are

equal.

The left-hand plot in figure 7.24 presents the simulated time evolution of the tritium
content in lithium at a fixed temperature T = 623 K and replacement period τtrap = τ

max
trap ,

varying only the pebble bed mass. The plot validates equation (7.90) according to which
the adjusting maximum tritium content in lithium increases with decreasing pebble bed
mass. When choosing τtrap = τ

max
trap , the maximum tritium content in yttrium is mY

3 =

mY
3,limit, regardless of the observed temperature and yttrium mass [see equation (7.88)].

The variation of the adjusting maximum tritium content in lithium that occurs when
changing the temperature at a fixed pebble bed mass of mY = 7.5 kg and fix trap replace-
ment period τtrap = τ

max
trap is depicted in the right-hand plot in figure 7.24. In this case, the

value of mLi
3 is determined by equation (7.90). It is found that mLi

3 increases with tempera-
ture. The reason for this is that KLi−Y

D,0 decreases with increasing temperature [see equation
(7.52)].

The temporal evolutions of the average protium, deuterium, tritium, and total hy-
drogen isotope concentrations in the lithium that occur when a trap with mY = 16.4 kg
operating at T = 623 K is replaced with an exchange period of τtrap = τ

max
trap is shown in

the left-hand plot in figure 7.25. The plots reveal that during several trap replacements the
average protium concentration which starts at a value of ⟨cLi

1 ⟩ = 5.1 mol/m3 is gradually
reduced before it keeps oscillating at a constant level. In contrast, the average deuterium
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Fig. 7.24. [Left] Simulated evolution of the tritium content in lithium during DONES experimental
phase for different pebble bed masses assuming a temperature of T = 623 K and a trap replacement
period of τtrap = 28 days. [Right] Simulated evolution of the tritium content in lithium during
DONES experimental phase for different temperatures assuming a pebble bed mass of mY = 7.5 kg
and a trap replacement period of τtrap = τ

max
trap .

and tritium concentrations approach their equilibrium values from below. Regardless of
whether the initial concentration is zero or higher, the maximum concentration values be-
low which the individual average concentrations will oscillate after several replacement
iterations are determined by equation (7.87), in which the tritium generation rate and the
molar mass must be replaced by the corresponding values of the observed isotope. It is
evident that the values to which the concentrations of the different isotopes converge in-
crease with increasing temperature and decreasing mass of the pebble bed. The left-hand
plot in figure 7.25 shows that if the tritium limits for both the lithium and the yttrium
are satisfied, the average total hydrogen isotope concentration in lithium levels out con-
siderably below a value where hydride formation would be triggered. However, at lower
temperatures, hydride formation might occur during the first trap replacement iterations
when the total hydrogen isotope concentration is still relatively high. According to the
findings of the last section, hydride formation would keep the concentration in lithium
stationary until the trap is exchanged.

The simulated effects a changing pebble diameter, the lithium flow rate through the
pebble bed, or aspect ratio of the trap container have on the concentration dynamics can
be seen in the right-hand graph in figure 7.25. It shows the evolution of the average
total hydrogen isotope concentration which is plotted in the left-hand plot in figure 7.25,
magnified to day 336. First, it is found that a variation of the secondary parameters only
affects the time to reach the intermediate equilibrium each time the trap is exchanged.
It has no influence on the maximum establishing concentration in the lithium. For the
reasons discussed in section 7.6.1 the time that elapses before the intermediate equilibrium
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See zoom in figure 31
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Fig. 7.25. [Left] Simulated evolutions of the average protium, deuterium, tritium, and total hydro-
gen isotope concentrations in lithium during DONES experimental phase if the yttrium pebble bed
mass is mY = 16.4 kg, the temperature is T = 623 K and assuming the hydrogen trap is exchanged
with the period τtrap = 28 days. Such configuration would comply with the DONES safety limits.
[Right] Simulated total hydrogen isotope concentration in lithium at the moment of a trap re-
placement during DONES experimental phase if the yttrium pebble bed mass is mY = 16.4 kg,
the temperature is T = 623 K and assuming the hydrogen trap is exchanged with the period
τtrap = 28 days. The simulation is performed for different pebble diameters, lithium flow rates
through the pebble bed, and aspect ratios of the trap container.

is established increases with increasing pebble diameter and decreasing flow rate. In
contrast to the right-hand plot in figure 7.18, since no hydride formation takes place a
reduced aspect ratio is found to slightly delay the concentration drop. Due to a smaller
diffusion coefficient a lower temperature would delay the time to reach the intermediate
equilibrium (see left-hand plot in figure 7.18).

7.6.3. Experimental validation of the model

Finally, the presented numerical model is tested against experimental results obtained by
Yamasaki et al [112]. In their experiments, mLi = 0.6 kg of liquid lithium at T = 573 K
is loaded with an initial deuterium concentration of cLi

2,init = 160 wppm = 40.1 mol m−3

before it is set in motion through an experimental liquid lithium circuit connected in line
with an yttrium getter bed. The trap container used for the experiments has a length of
ltrap = 0.3 m and contains mY = 1 × 10−2 kg of thin yttrium chips with a diameter of 2 -
3 mm. The lithium flow rate through the trap is reported to be Ftrap = 2.5 × 10−5 m3 s−1.
As soon as the deuterium-loaded lithium passes the pebble bed, its deuterium content is
continuously reduced. Yamasaki et al measured the decrease in deuterium concentration
that occurred after five time periods of different lengths using the chemical dissolution
method [112]. Figure 7.26 shows the ratios between the measured concentration ⟨cLi

2 ⟩ of
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Fig. 7.26. Ratios between the measured av-
erage deuterium concentration of extracted
lithium samples that were exposed to an yt-
trium getter bed and the initial deuterium con-
centration in the lithium prior to the contact
with the yttrium. The ratios were measured
in deuterium retention experiments performed
by Yamasaki et al [112]. The graph contains a
simulation reproducing the experimental val-
ues with the developed numerical model.

the extracted lithium samples and the initial deuterium concentration cLi
2,init in the lithium

as a function of the lithium volume that has passed through the trap [112].

The described experiment is numerically reproduced using the presented EcosimPro©

model illustrated in figure 7.1. Therefore, it is assumed that Fmain = Ftrap = 2.5 ×
10−5 m3 s−1. Moreover, the simulation considers a pebble radius of rpeb = 5 × 10−4 m.
The void fraction and diameter of the pebble bed is set to ε = 0.6 and dtrap = 5 × 10−3 m
which implies that the simulated trap has a length of ltrap ≈ 2.8 × 10−1 m. The discretiza-
tion densities of the trap and pipe segments are set to the same values as in the simulations
discussed in the previous sections.

The performed numerical reproduction of Yamasaki’s experimental data is plotted
with a solid blue line in figure 7.26. It can be seen that the simulation agrees very well
with the first four data points. The last data point is located well below the simulated
curve.

When analyzing the observed purification process, it can be certainly excluded that
the pebbles in Yamasaki’s experiment have completely transformed to pure δ-YH2±x.
There is just not enough deuterium in the system to load an yttrium mass of mY =

1 × 10−2 kg with a homogeneous saturation concentration of cY
δ-start. Therefore, the es-

tablishing equilibrium concentration in Yamasaki’s experiment must have satisfied the
condition cLi

eq < cLi
+ (573 K) (see figure 7.10). The two critical concentrations cLi

− (573 K)
and cLi

+ (573 K) are plotted together with their overlapped error range (blue shaded area)
in figure 7.26. It is found that the simulated concentration levels out in the concentration
range cLi

− < cLi
eq < cLi

+ . Hence, according to the simulation, at thermodynamic equilibrium,
the yttrium chips in Yamasaki’s experiment occur in the α → δ transition regime. Given
that cLi

eq < cLi
+ (573 K), an overestimation of the critical concentrations cLi

− and cLi
+ implies

an overestimation of the simulated equilibrium concentration.

In fact, the error range of the critical concentrations shaded in blue can be considered
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as the error range of the simulated equilibrium concentration. As the equations (7.37),
(7.48) and (7.50) indicate, this error range is mainly determined by the errors of the
Sieverts’ constants of the Li-H and Y-H systems and therefore by the error of the low-
concentration distribution coefficient (7.52) of the Li-Y-H system. Figure 7.26 shows that
the error bar of the last experimental data point enters deep into the error range of the
simulated equilibrium concentration (see right-hand plot in figure 7.25). Therefore, it is
reasonable to say that the simulation results and the experimental data match within their
error ranges.

The experimental data suggests that the model rather underestimates the hydrogen
gettering capacity of yttrium in liquid lithium. For this reason, designing the hydrogen
trap of DONES based on simulations performed with the presented model would prob-
ably lead to a slightly oversized trap. Nevertheless, from a safety point of view, this is
beneficial.
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8. DEVELOPMENT OF THE LYDER EXPERIMENT

The last chapter proves that a numerical model capable of simulating hydrogen trans-
port from flowing liquid lithium into an yttrium getter trap is a helpful tool to compre-
hend and simulate the physical mechanisms that determine the dynamics of the occurring
hydrogen transport processes. Only by having access to such a tool is it possible to de-
termine appropriate design parameters for the hydrogen trap of DONES that will ensure
reaching concentration safety limits in a reasonable period of time. In section 7.6.3, the
developed numerical model could be validated by demonstrating that the reproduction
of experimental data succeeds when taking into account the error ranges of both exper-
imental data and simulation results. The relatively large error range of the simulated
experimental results in figure 7.26 is found to be mainly due to the uncertainty of the low-
concentration distribution coefficient KLi−Y

D,0 = KY
s /K

Li
s . In fact, besides the inaccuracies

of the assumed low-concentration hydrogen diffusivities in lithium and yttrium, the error
of KLi−Y

D,0 turns out to be the main source of error of the model. This is because, up to
the critical concentration cLi

− = cY
α-end/K

Li−Y
D,0 , boundary condition (7.19) visualized in the

right-hand plot in figure 7.9 is mainly determined by the value of the low-concentration
distribution coefficient [see equation (7.21)]. In addition, the error of the critical concen-
tration cLi

− (threshold concentration for hydride formation and great increase in gettering
capacity) depends entirely on the accuracy of KLi−Y

D,0 . For these reasons, as long as the peb-
bles are not fully transformed into the δ-YH2±x phase, the error ranges of the minimum
required trap masses for DONES shown in the figures 7.17 and 7.22 are mainly due to the
uncertainty of KLi−Y

D,0 . Hence, increasing the accuracy of the model requires reducing the
error range of the assumed distribution coefficient and additional experimental validation
of the developed model by performing in-situ deuterium retention experiments.

For this purpose, a new liquid lithium experiment is designed and constructed within
the scope of this thesis. It is called the LYDER (Lithium system for Yttrium-based DEeu-
terium Retention experiments) experiment and is part of the liquid metals laboratory of
the Ciemat Institute. Besides being designed to validate the numerical model and to mea-
sure the distribution coefficient, the LYDER experiment has the goal of testing critical
liquid metal technologies that are developed in this work. That is a system for injecting
deuterium into liquid lithium, an experimental hydrogen hot trap and a system for sam-
pling from a liquid lithium circuit. The experimental design and planned experimental
procedure of the LYDER experiment are described in this chapter.

8.1. Design input parameters

The following paragraphs justify the established input design parameters on which basis
the LYDER experiment is designed. They are listed in table 8.1. Since the ultimate goal of
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TABLE 8.1
Established input design parameters of the LYDER experiment.

Design parameter Parameter range / applied technique / materials

Operating temperature 523 K< T < 623 K
Working atmosphere Argon
Piping material 316 stainless steel
Pressure range in lithium circuit 1 × 10−2 Pa < p < 2 × 105 Pa
Lithium flow propulsion Differential pressure
Lithium volume VLi = 100 mL
Lithium flow rate Ftrap = 50 mL min−1

Max. injected 2H concentration in Li cLi
2 < 40 mol m−3

Yttrium capacity of the trap mmax
Y = 5 × 10−3 kg

the research conducted is to gain the knowledge necessary to develop a reliable hydrogen
trap for DONES, the LYDER experiment is designed to operate in a DONES-relevant
temperature range of 523 K < T < 623 K, where lithium is in its liquid state.

Although lithium is the least reactive of the alkali metals, it undergoes many chemi-
cal reactions [282]. When catalyzed by the presence of moisture, lithium reactions with
the air molecules N2, O2, CO2 become exothermic, resulting in the formation of Li3N,
Li2O, and Li2CO3 compounds. These reactions can cause the lithium to ignite sponta-
neously. The ignition temperature depends on the pressure, composition and humidity of
the surrounding air, but is somewhere in the range of 458 K < T < 913 K. Of particular
importance is the exothermic reaction of lithium with water molecules, producing LiOH
and 1H2 gas. Especially in its liquid state, the lithium-water reactions occur vigorously.
However, the main problem associated with this reaction is the generation of 1H2 gas,
which in the presence of air can result in an oxyhydrogen explosion. Furthermore, at the
operating temperature of the LYDER experiment, the compounds Li3N, Li2CO3, Li2O,
and LiOH are solid and have a higher density than liquid lithium, leading to erosion of
these particles on the tube bottoms [282]. As a result, the pipe system can become clogged
with solid particles over time. Moreover, elevated concentrations of these compounds in
the liquid lithium significantly increases corrosion [282]. Therefore, it is essential to per-
form the LYDER experiment in an inert gas atmosphere specially purified from N2, O2,
CO2, 1H2O molecules. The inert working gas chosen for the LYDER experiment is argon.

Very few materials withstand the corrosive nature of liquid lithium. In particular, the
presence of Li3N, Li2O and LiOH compounds causes most materials to be severely at-
tacked. Metals that show good long-term resistance in the relevant temperature range are
Ti, Ta, Mo, Zr, Co-based alloys and austenitic stainless steels such as 316 and 304 stain-
less steel. However, the best corrosion resistance is found for pure α-iron [282]. To avoid
the expensive manufacturing of custom-made tubing parts, the LYDER experiment is de-
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signed to be constructed from standard 316 stainless steel piping components chemically
pre-treated with pickling and passivation processes.

The operating pressure inside the lithium system is set to range from p = 1 × 10−2 Pa
under vacuum conditions to p = 1 × 105 Pa under pressurized conditions. To prevent
exterior impurities from entering the lithium system or lithium from leaking, the chosen
flanges and fittings connecting the pipes must be particularly leak-tight and have a reason-
able over-pressure safety margin. Moreover, all gaskets, valves and piping components in
contact with the lithium must be made of the above-mentioned lithium-resistant materials.

The LYDER facility is designed as a small-scale dynamic liquid metal system that op-
erates with a relatively small volume of lithium in the liquid phase of only VLi = 100 mL.
Therefore, there is not enough space to include a cold trap to retain O and C impurities or
a titanium getter to remove N impurities. To compensate for the accumulation of impu-
rities over time, the contaminated lithium is planned to be drained into a dump tank after
each experiment. For this reason, it is necessary to be able to add new lithium to the sys-
tem in a quick and easy manner without each time having to dismantle the piping system.
In general, due to the lack of additional trap systems, it is important that the purchased
lithium is very pure and contains only minimal amounts of N, C, O and 1H impurities.

In order to study the performance of an experimental hydrogen trap exposed to flow-
ing liquid lithium, it is necessary to set the lithium in motion by technical means. One
possibility would be to install an electromagnetic liquid metal pump as used in the LIFUS
(LIthium for FUSion) 6 experiment or planned for the DONES liquid lithium loop [283],
[284]. This would allow the lithium to be moved in a closed loop with a well-controlled
flow rate. However, due to the small volume of lithium manipulated in the LYDER ex-
periment, this option is excluded. Instead, the movement of the lithium will be realized
by differential pressure between two tanks and connected by a pipe and regulating valves
for additional control of the flow rate. The experiments are aimed to be performed at a
flow rate of about Ftrap ≈ 50 mL min−1 so that it takes about two minutes for the lithium
to move from one tank to the other.

To perform deuterium retention experiments with the LYDER experiments, the liquid
lithium must first be loaded with deuterium. Therefore, the LYDER system requires a spe-
cially designed deuterium injection system that enables control over the initially injected
concentration cLi

2,init. The lithium retention experiments are planned to be executed at con-
centrations relevant to the DONES lithium loop (see section 7.6). For this reason, the
design of the deuterium injection system should allow loading the lithium with deuterium
at concentrations in the range cLi

2 < 40 mol m−3.

To measure the low concentration distribution coefficient, it is necessary to allow the
extraction of lithium samples and measure their deuterium concentrations. This is the
purpose of a lithium sample extraction system with a removable sample container. The
deuterium concentration in the extracted lithium samples is planned to be measured ei-
ther by thermal desorption spectroscopy (TDS) as part of the LYDER infrastructure or
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Fig. 8.1. Minimum yttrium bed mass re-
quired in the LYDER experiment to ensure
a reduction from an initial deuterium concen-
tration of cLi

2,init = 40 mol m−3 to the critical
concentration below which the pebbles oc-
cur in the α-Y phase where equation (8.1) is
valid.

by chemical dissolution in an external device [111], [285]. Executing deuterium retention
experiments requires the installation of an experimental hydrogen trap (HT) with a remov-
able yttrium getter bed. In the following, it is estimated how much yttrium is required to
enable measurement of the low-concentration distribution coefficient. The estimation as-
sumes that the level of protium impurities in the lithium is negligibly small compared to
the concentration of injected deuterium.

The amount of yttrium exposed to the lithium must be large enough to reduce the
concentration in the lithium sufficiently so that the yttrium pebbles occur in the α-Y phase
after thermodynamic equilibrium is reached. According to the right-hand graph in figure
7.9, this is the case when the concentration in the lithium at equilibrium satisfies cLi

2,eq <

cLi
− . Only in this case, no yttrium dihydride formation occurs and the adjusting equilibrium

concentration during a deuterium retention process is described by equation (7.64) which
allows the low-concentration distribution coefficient to be expressed by

KLi−Y
D,0 =

ρYVLi

mY
·

⎛⎜⎜⎜⎜⎜⎝cLi
2,init

cLi
2,eq

− 1

⎞⎟⎟⎟⎟⎟⎠ if cLi
2,eq < cLi

− . (8.1)

The formula shows that as long as cLi
2,eq < cLi

− , the distribution coefficient can be calcu-
lated directly from the measured ratio cLi

2,eq/c
Li
2,init between the initial concentration and

the equilibrium concentration. The minimum yttrium mass required to ensure cLi
2,eq < cLi

−

to be satisfied is calculated with equation (7.64) by substituting cLi
eq for the temperature-

dependent value of cLi
− defined by equation (7.47). The minimum required yttrium mass

increases with the initial concentration in the lithium and decreases with temperature. It is
plotted in figure 8.1 assuming an initial concentration of cLi

2,init = 40 mol m−3 and a lithium
volume of VLi = 100 mL. The error of KLi−Y

D,0 as assumed in the last chapter is taken
into account by the plotted error range. This range suggests designing a trap that is large
enough so that it can take up yttrium pieces with a total mass of mY = 5 g.
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Fig. 8.2. Process flow diagram of the LYDER experiment.

8.2. Engineering design

The process flow diagram of the LYDER experiment is shown in figure 8.2. It can be seen
that it consists of several subsystems. In general, a distinction should be made between
those components that are directly in contact with the liquid lithium, the so-called lithium
system, and external components that serve as auxiliary systems. In the PFD shown in
figure 8.2, the lithium system is drawn in red. This indicates that the lithium system is
heated, unlike all other subsystems of the LYDER experiment. A photo of the whole
LYDER facility is shown in figure 8.3.

8.2.1. Homemade glove box

To prevent lithium from spilling into the open air in the event of a lithium leak and to
avoid oxidation of lithium or yttrium samples during preparation, the lithium system of
the LYDER experiment is mounted inside an argon-filled glove box (see dash-dotted line
in figure 8.2). It is designed and fabricated on-site to fit the specific dimensions and pipe
connections of the lithium system. The preliminary design of the glove box (GB) is de-
veloped by the author of this thesis using the CATIAv5 software. It has been reworked
together with a professional draftsman of the Ciemat Institute to produce the final fabri-
cation drawings, which can be found in section A.1 in the appendix. A photograph of the
glove box immediately after its fabrication is shown in figure A.1. The glove box is made
of welded 316 stainless steel plates with a thickness of 4 × 10−3 m and is closed by two
polycarbonate windows sealed by FKM gaskets. Due to its large size of 1.6 m x 1.2 m
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Fig. 8.3. Photo showing the various components of the LYDER experiment.

x 0.6 m the glove box is equipped with three glove ports in the lower window. A fourth
glove port has been added to the top window in the center after the date of the photo.

The glove box incorporated into the LYDER system can be seen in figure 8.3. It
has eight 1/2" pipe feedthroughs that pass the glove box roof and is equipped with ISO-
40KF, DN40CF and DN100CF flanges at the roof and the side panels. A capacitance
diaphragm pressure gauge (DG-07) attached to one of these flanges measures the pressure
inside the glove box. The left-hand side of the glove box has an opening that is closed
with a gasket-sealed square-shaped cover plate. It is penetrated by a DN250CF round
feedthrough designed to be connected to a custom glove box antechamber (AC).

The design and construction of the antechamber has been realized within the scope
of this thesis. It enables the insertion and removal of samples or tools into and out of
the glove box without having to remove its argon atmosphere during operation. The
fabrication drawings of the antechamber based on the three dimensional design developed
by the author of this thesis can be found in section A.2 in the appendix. It involves a
custom-made stainless steel drawer that can be moved into the glove box via a rail system
(see photo in figure A.19). The antechamber can be opened to the inside atmosphere of
the glove box and to the exterior environment of the laboratory via round FKM-sealed
vacuum chamber doors. One of the DN40CF flanges at the roof of the antechamber is
connected to a dry scroll vacuum pump with the name SP-02 via valve V-14 (see figure
8.2). A Pirani gauge (PiG-08) and a mechanical manometer control the pressure in the
antechamber. The other DN40CF flange visible in figure A.19 is connected to an argon
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gas line via the regulating open/close valve V-15 and to the surrounding air by valve V-
16. Thus, the antechamber operates as an airlock which is evacuated before being refilled
with either argon gas for sample insertion or air for sample removal.

On the right-hand side, the front panel of the glove box is attached to a stainless steel
control panel. Its fabrication plan is made by the author of this thesis and can be found in
figure A.18 in the appendix. It is designed to accommodate 3x 3U 19" rack drawers at the
top. The large number of small holes in the center of the panel allows for the mounting of
a valve tube manifold supported by pipe clamps attached to threaded rods. The panel is
designed to allow the tubes to pass through the larger holes to the rear of the panel.

Furthermore, the glove box is connected to a Core-12 glove box purification system
(GPS) from Jacomex [286]. It is the white box visible on the left in figure 8.3, standing
on the floor next to the glove box. The unit is equipped with a fan that circulates the argon
gas from the glove box through a system of getter beds which reduce the O2 and 1H2O
concentrations in the glove box atmosphere to below 1 ppm. This is controlled by internal
O2 and 1H2O concentration sensors. In addition, the purifier contains a pressure gauge
that measures the pressure inside the glove box. The purifier allows the user to adjust the
working pressure of the glove box. An internal valve opens and injects argon gas into the
glove box when the pressure is too low and releases gas through the check valve V-34
when the pressure exceeds the set value. To reduce the leak rate of air molecules into the
box, it is decided to operate the glove box at an argon pressure of approximately 5×102 Pa
above atmospheric pressure. The purification unit is controlled by a touchscreen display
mounted on the outer wall of the glove box in front of the antechamber (see figure 8.3).

The glove box is connected to a heat exchanger (HX) to prevent the temperature of the
glove box atmosphere from rising more than a few Kelvins above the ambient temperature
when the lithium system is heated. It is designed and developed within the scope of this
thesis. The heat exchanger system can be seen mounted inside an aluminum frame at the
bottom right-hand side of figure 8.3. It consists of a fan (the round cylinder at the bottom),
the inlet of which is connected to the roof of the glove box above the lithium system using
an ISO-40KF bellows tube. The gas flow exiting the blower is split into two parallel
paths, each of which passes through a cylindrical heat exchanger. Both cylinders contain
a spiral-shaped cooling water tube made of copper, the tube ends of which protrude out of
the cylinder wall at the top and at the bottom (see figure 8.3). Cold water flows through
the cooling pipes of the two heat exchangers where it heats up and thus dissipates about
1600 W of thermal power from the passing gas. The water flow is part of a water cooling
cycle that is connected to a chiller that cools down the water before it passes again through
the heat exchangers. After passing the heat exchangers the glove box gas reenters the
glove box via a ISO-40KF bellows that is connected to a flange in the lower right corner
of the glove box. Keeping the temperature of the argon gas low is important so that the
pressure and gas sensors of the GPS do not exceed their maximum permissible operating
temperature of about T = 313 K.

263



Fig. 8.4. Interior glove box components of the LYDER experiment involving a branch for TDS
experiments on the left and the lithium system on the right.

Figure 8.4 shows the interior setup of the glove box. Two steel panels are bolted to the
back wall of the glove box at a distance of about 5 × 10−2 m. They support two separate
experimental systems. This is the thermal desorption branch on the left and the lithium
system wrapped in ceramic thermal insulation wool and aluminum tape on the right. Both
systems are described in the following sections.

8.2.2. Experimental lithium system

The engineering design of the lithium system is developed by the author of this disser-
tation using the CAD software CATIAv5. It is based on the input parameters that are
specified in section 8.1. The 3D image of the design is presented in figure 8.5.

The lithium system comprises two tanks, a left tank (LT) and a right tank (RT). Both
tanks are supported via stainless steel tube clamps bolted to the right-hand support panel
of the lithium system in the back. The tanks consist of two 316 stainless steel CF nipples.
Since standard copper CF gaskets would dissolve in liquid lithium, the nipple flanges are
sealed with specially designed Helicoflex® gaskets made of an α-iron lining surrounding a
Nimonic90 spring from Technetics [287]. They withstand temperatures up to T = 723 K
and are suitable for pressures from high vacuum to at least p = 2 × 105 Pa. To ensure
that the CF seals are compressed with the required force regardless of the set operating
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Fig. 8.5. Developed CAD model of
the lithium system of the LYDER
experiment showing the locations of
the heaters, thermocouples, valves
and lithium level sensors.

temperature, high-temperature M6 bolts made of Incoloy Alloy® A-286 [250] are used.
The inner radius of the CF nipples is r40CF

in = 18.75 × 10−3 m and each nipple has a length
of 1.25 × 10−1 m. This means that a lithium volume of VLi = 100 mL of molten lithium
would not even exceed the central flanges of the tanks.

Attached to the top flange of the left tank is an all-metal high-temperature DN40CF
open/close valve V-01 of the same type as that shown on the left in figure 3.5. The other
flange of the valve is open towards the glove box atmosphere. This valve serves as a gate
to insert small solid lithium samples into the left tank. The lithium pallets purchased for
this purpose have a cylindrical shape with sizes of approximately ∅ 6 mm x 15 mm. One
of the purchased lithium pallets can be seen in figure 8.6. They have a purity of 99.9 %
and are packed in small argon-filled bags, each containing about VLI = 100 mL of solid
pallets. The impurity list reported by the supplier Neyco is presented in table 8.2. Not
shown impurities are either lower than the content of Ni or negligibly small. Therefore,
the acquired lithium samples meet the requirement of containing sufficiently low impurity
levels of O, N, C, and H. The left tank serves as a lithium injection, melting and storage
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Fig. 8.6. Single lithium pallet with the shape
and dimension as those purchased for the ex-
perimental campaign of the LYDER experi-
ment.

TABLE 8.2
Impurity content in [wppm] of the lithium samples with 99.9 % purity acquired to fill the

lithium system of the LYDER experiment.

Ca Na Si Fe K Al Cu Ni

200 200 80 50 50 50 40 30

container. It has an internal volume of about 275 mL. Hence, even if the inserted lithium
pallets occupy only 36 % of the space in the tank, the entire volume of VLI = 100 mL may
be introduced and melted at once.

The right tank houses the custom-designed deuterium injection system (DIS) at its
bottom and two lithium level sensors LS-01 and LS-02. The two level sensors are made
of stainless steel conductors that penetrate the cap of the right tank via an electrical
feedthrough. The conductor pins of the feedthrough terminate at two different heights
in the open space inside the tank. Outside the tank, the pins of the feedthrough are con-
nected to cables that leave the glove box through another electrical feedthrough (see figure
8.2). Here, each of the two cables is connected in line with an electric resistance and a
9V battery whose other pole is put in contact with the glove box stainless steel wall that
is electrically connected to the lithium system. As soon as the liquid metal touches one
of the level sensor conductor pins the corresponding electrical circuit closes and a voltage
drop at the respective resistance is detected (see PFD in figure 8.2). The working principle
of the deuterium injection system is addressed in section 8.2.4.

As shown in figure 8.4, both tanks are connected to two separate pipe feedthroughs be-
low the glove box roof by 1/2" stainless steel tubing. Outside the box, the two feedthroughs
are linked by long 1/2" flexible stainless steel hoses to the capacitance diaphragm pres-
sure gauges DG-03 and DG-04 (see figure 8.2) before terminating in two identical valve
manifolds, each consisting of three valves, (V-20, V-21, V-22) and (V23, V-24, V-25).
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These valve manifolds are made of ISO-16KF piping components which are attached to
the upper left and upper right corners of the control panel where they are held in place
by tube clamps. The arrangement of the valves on the control panel can be seen in a
close-up view in figure 8.7. The valves V-21, V-22 and V-24, V-25 connect the two tanks
to a dry scroll vacuum pump (SP-01) via valve V-33 (see pump to the right of the glove
box table in figure 8.3). Both vacuum pumps of the LYDER experiment are the same
as those installed in the COOPER experiment, nXDS15i dry scroll pumps from Edwards
Vacuum [209]. The open/close valves V-22 and V-25 are opened when the tanks need to
be evacuated completely and quickly. If the pressure in the tanks is only to be reduced
to a specified lower value in a controlled manner, the gas dosing valves V-21 and V-24
are manipulated instead, while the valves V-22 and V-25 are kept closed. The gas dosing
valves are of the type as that shown on the left in figure 3.6, whose specifications are dis-
cussed in section 3.1.2. This type of valve is chosen because it allows a pre-set gas flow
to be instantly blocked and opened at any time without losing the set flow value. The gas
dosing valves V-20 and V-23 are of the same type as the valves V-21 and V-24. They con-
nect the two tanks to an argon gas supply line. This allows the argon pressure in the tanks
to be increased in the same controlled manner as it can be decreased by manipulating the
valves V-21 and V-24.

Due to the length of the flexible stainless steel tubes coming from the tanks, any
lithium vapor will condense on the tube walls and the gas inside will cool to ambient
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temperature before reaching the corrosion and heat-sensitive pressure gauges and FKM
gaskets of the ISO-KF connections. The readings of all pressure gauges installed in the
LYDER experiment are displayed on pressure indicators mounted in the 19" rack drawer
directly above the valve manifolds. It should be noted that under normal operating con-
ditions, both tanks are always kept in an argon atmosphere and the path to the vacuum
pump is only opened during an evacuation.

The bottoms of the two lithium tanks are linked through 1/4" piping connected by 316
stainless steel double ferrule compression fittings and bellows-sealed high-temperature
valves from the Swagelok U-series as that shown on the right in figure 3.5 [201]. Its
specifications and inner workings are specified in section 3.1.2. The materials of the
valves in contact with the liquid lithium are stainless steel (regulating version) or a cobalt-
based alloy (open/close version). According to the discussion in section 8.1, both of
these materials are sufficiently chemically compatible with liquid lithium in the relevant
temperature range. Only the two valves V-03 and V-07 are of the regulating type, while
all other valves of the pipe system between the two tanks are of the open/close type. Each
valve, except the slightly angled valve V-04, is bolted to the support panel of the lithium
system with threaded rods of 1.5 × 10−1 m length. Thus, the lithium system is held in
place. The connection of the threaded rods to the support panel is realized by means of
nuts and washers with an FKM damper in between. This provides some horizontal and
vertical clearance for the rods which is important to allow the lithium system to thermally
expand and contract during the heating and cooling phases. In addition, the FKM dampers
provide thermal insulation by reducing the heat flow from the lithium system to the cold
backplate.

The pipe connection between the tanks has two different paths. A bypass line inter-
rupted by valve V-03, and a tube line connected to the experimental hydrogen trap via the
valves V-04, V-07 and V-08. The connecting tubes are inclined so that no lithium can be
stranded at any location in the tube system. In order to transfer liquid lithium from one
tank to another, the argon pressure in the target tank is reduced below the argon pressure
in the tank from which the lithium is being removed. It is expected that due to the small
cross-section of the 1/4" tubes and the high surface tension of liquid lithium in the rele-
vant temperature range, it will be possible to pump the lithium completely out of the thin
tube line into the other tank, leaving no lithium in the tubes [282], [288]. It is considered
that the maximum height of the lithium column in the LYDER system reaching from the
T-piece between the valves V-07, V-08 and V-10 to the center flange of the right tank is
approximately zmax

Li ≈ 0.5 m. The minimum pressure difference ∆p between the two tanks
required to completely pump the lithium from one tank to the other is here estimated with
∆p = ρLigEzmax

Li ≈ 2.5 × 103 Pa. In this formula, gE = 9.81 m s−2 is the gravitational
acceleration on Earth.

The pressure in the two tanks can be adjusted by manipulating the valves V-20, V-
23, V-21 and V-24 on the control panel. The lithium is set in motion when opening the
corresponding valves V-03 or V-07, which block the selected path between the tanks. The
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liquid lithium will always pass through the bypass path when moved from the left to the
right tank. It may be pumped through the trap only when it is moved from the right to the
left tank. In this way, it is possible to create a circular trajectory of the lithium through
the pipe system. The user is alerted when the lithium in the target tank has reached its
maximum level not only by lithium level sensors but also by a sudden gas bubble event in
which the pressures in the two tanks abruptly equalize.

The lowest point of the two paths is the T-piece between the valves V-07 and V-08.
Therefore, when the valves V-03, V-04, V-07 and V-08 are opened, all liquid lithium will
tend to flow to this lowest point where the lithium system has another connection to a
lithium dump tank via valve V-10. The dump tank is a round, custom-designed container
with an internal volume of approximately four liters. It serves as a receptacle for used
liquid lithium. Flexible stainless steel hoses connect the dump tank to valve V-29 on the
glove box control panel. This provides a separate connection to the vacuum pump SP-
01 via valve V-26 and to the argon gas line via valve V-30. Its internal pressure can be
measured with the diaphragm pressure gauge DG-02. To minimize corrosion of the dump
tank, the contaminated lithium in the lithium in the dump tank is kept in the hot liquid
state as little as possible. Therefore, the dump tank is heated only in rare cases, such
as when used lithium is being drained. In almost all operating scenarios of the LYDER
experiment, the dump tank is kept in vacuum by maintaining the valves V-29 and V-26
open. The dump tank is also equipped with a level sensor (LS-03) that indicates when the
lithium in the dump tank has filled 90 % of its volume. It has the same design as the other
two level sensors described above.

For safety reasons, outside the glove box, all three tanks of the lithium system are
equipped with pressure relief valves (V-35, V-36 and V-37) that are connected to the
exhaust line and open if the pressure in the respective tank exceeds p = 3 × 105 Pa.

Above the hydrogen trap, the lithium system has another connection to the argon line
and vacuum system via the valves V-05, V-27, V-26, and V-30. This connection provides
the ability to push any residual lithium from the hydrogen trap into the dump tank. Before
the first lithium is melted, this line will be equipped with a heated expansion tank (RET)
consisting of a single DN40CF nipple with a volume of approximately V = 138 mL. The
expansion vessel will be connected to the upper fitting of valve V-05 as shown in the PFD
in figure 8.2. This will prevent lithium from flowing up the gas line to areas outside the
glove box in an accidental scenario.

The lithium sample extraction system with the removable sample container is located
to the left of the lithium system, connected to valve V-06. Via the valves V-02, V-28,
V-26 and V-30 it has a separate connection to the vacuum and argon line. Before the ex-
perimental campaign begins, the gas line of the extraction system will be equipped with
a heated expansion tank (LET) made of a DN40CF nipple with a volume of V = 138 mL,
as drawn in figure 8.2. The section of the sample extraction line which is enclosed by
the valves V-02, V-06 and V-09 has an interior volume of VSC

Li ≈ 5 mL. It determines the
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Fig. 8.8. Bare lithium sample container with
open VCR male nut disconnected from the
lithium system indicating the lithium flow di-
rection into the sample container. The lithium
can be filled into a beaker if instant sampling
inside the glove box atmosphere is required.

extractable volume of liquid lithium. Below valve V-09 there is a female quick-connect
VCR fitting whose sealing principle is described in section 3.1.2 and illustrated in figure
3.3. This connector fitting enables frequently connecting and disconnecting a custom-
designed lithium sample container (SC). A photo of the assembled bare sample container
disconnected from the sample extraction line is shown in figure 8.8. At the top, it has a
male VCR fitting which can be screwed to the female connector of the sample extraction
line using two wrenches and a VCR stainless steel gasket (see figure 3.3). The sample
container is made of a double-ended stainless steel sample cylinder with an inner volume
of V = 10 mL whose both ends are connected to high-temperature bellows-sealed regu-
lating valves V-11 and V-12 from the Swagelok U-series [201]. The lower end of valve
V-12 serves as a spigot to empty small quantities of liquid lithium into a beaker below.
The sample extraction procedure is described in section 8.4.

8.2.3. Heating system

Two electrical plugs are installed inside the glove box (see figure 8.4). The plug on the
left is used to power a scale for weighing lithium and yttrium samples that would oxidize
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Fig. 8.9. [Left] Constructed 20-pin electric feedthrough to power the ten resistance heaters of the
LYDER lithium system. [Right] Assembled feedthrough manifold for the 22 thermocouple cables
that penetrate the glove box.

outside the glove box. The other electrical plug is used to power the heating wire of the
lithium system’s removable sample container. Cables connected to these two plugs exit
the glovebox through DN40CF electrical vacuum feedthroughs along with ten other 240 V
power cables needed for the lithium heating system. The electrical feedthroughs are of
the same type as that shown in figure 3.10. A photo of the constructed 20-pin electrical
feedthrough for the lithium heating system can be seen on the left in figure 8.9. Each of
the pins is surrounded by a ceramic tube to avoid electrical contact with the glove box
walls.

As shown in figure 8.10, the horizontal center column of the glovebox, which supports
the horizontal beam of the glovebox window, also serves as a connector strip for 24 female
K-type thermocouple connectors. These plugs are connected to thermocouple cables that
exit the glovebox through a thermocouple feedthrough manifold attached to a DN100CF
flange located on the right-hand glovebox wall. A photo of the constructed thermocouple
feedthrough manifold prior to connection to the glove box side wall is shown in the right
photo of figure 8.9.

The naked piping of the entire lithium system is wrapped with a layer of fiberglass
tape. This acts as electrical insulation and ensures that the sharp edges of the pipe system
do not damage the insulation of the heating elements. As shown in figure 8.5, ten heating
elements (H-1 through H-10) are required to heat the lithium system. That is nine heating
wires with lengths between 0.5 m and 3.5 m and one 200 W cartridge heater (H-07). The
heating cords are wrapped around the tanks and the tube system at the locations indicated
in figure 8.5. Note that the two expansion vessels that will be installed in the future
are going to be covered by the heaters H-03 and H-05. The selected heating wires are
grounded HTCE XtremeFLEX® heating cords with a power density of 60 W m−2 and a
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Fig. 8.10. Thermocouple connector strip
mounted on the horizontal beam support in the
center of the glove box.

maximum operating temperature of T = 1033 K [289]. A total of 12 m of heating cords
are installed. This implies a maximum power required to heat the lithium system of about
920 W. The installed heating cables can be seen in the left-hand photo of figure 8.11 prior
to the installation of the thermal insulation wool. To ensure good thermal contact between
the heating cords and stainless steel surfaces the cords are secured with tube clamps. The
location of the cartridge heater can be seen in the right-hand photo of figure 8.11. It is
used to heat the VCR connection of the removable sample container. To increase thermal
contact the cartridge heater is wrapped with rigid copper foil that adapts to the plane
surface of the VCR nut. In addition, the right photo shows a specially shaped gripper arm
attached to the stem of the V-12 valve. It has the purpose of holding the sample container
in place during operation. The heater grounding leads are connected to the glove box wall,
which itself is grounded. On the other hand, their electric power conductors are linked to
the mounted 20-pin electrical feedthrough.

Furthermore, there are 22 K-type thermocouples that measure the temperatures at
different locations of the lithium system. Their positions are indicated in the figures 8.2
and 8.5. The cables of the thermocouples are connected to the thermocouple connector
strip mounted on the horizontal beam support in the center of the glove box (see figure
8.10). The pipes of the lithium system are wrapped with about 3 × 10−2 m thick thermal
insulation Superwool® blanket from Morgan Advanced Materials [290], which is secured
with high-temperature aluminum tape. The thermal insulation of the removable sample
container has yet to be applied. During operation, a removable thermal blanket covers the
bare area around the cartridge heater of the sample container’s VCR fitting.

The heaters are controlled by ten individual RB100 temperature controllers from RKC
Instrument linked to solid-state relays that either open or close the 240V AC power supply
to the heaters [291]. They are mounted in the two upper 19" rack drawers on the control
panel (see figure 8.7). The internal PID regulation program of each temperature controller
uses the temperature measurements of one thermocouple as an input value. Table 8.3
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Fig. 8.11. [Left] Assembled liquid lithium system of the LYDER experiment wrapped with fiber-
glass tape and ten heating wires. [Right] Removable sample holder without thermal insulation
surrounded by a heating cable and fiberglass tape. It is connected to the lithium system by a VCR
fitting heated by a small cartridge heater.

TABLE 8.3
Thermocouples attached to the lithium system, whose temperature measurements are used by
ten different temperature controllers as input parameters to control the heaters which are

listed in the first row of the table (see figure 8.5).

Heater 01 02 03 04 05 06 07 08 09 10

Thermocouple 04 05 07 12 09 13 15 21 17 20

lists those thermocouples whose measurements are used for the different heaters. The
temperature controllers allow setting individual temperature target values for each heater
and specify their temperature ramps during heat-up and cool-down phases.

A LabVIEW program is developed that permits the user to control the settings of
the temperature controllers from the computer and store its data. The graphical user
interface of the LabVIEW program is shown in figure 8.12. It stores and displays the
measured temperatures of all 22 thermocouples and the recorded data of the installed
pressure gauges.
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Fig. 8.12. LabVIEW control program of the LYDER facility.
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8.2.4. Deuterium injection system

The deuterium injection system, located in the right tank of the LYDER lithium system,
is in charge of loading the lithium with a given initial concentration of deuterium prior to
the deuterium retention experiments. Injecting deuterium into a liquid metal can be done
in several ways.

One may expose the free surface of the lithium to a 2H2 gas atmosphere, or bubble 2H2

gas from below through the liquid metal as done in the experimental campaigns [110]–
[112], [292]–[294]. In either case, the deuterium would dissociate at the free surface and
diffuse into the liquid metal bulk.

In this work, an alternative deuterium injection technique is applied. It is decided to
inject the deuterium by permeation from a 2H2-filled chamber through an α-iron mem-
brane into the liquid lithium. The use of α-iron as the membrane material is reasonable
since it has a relatively high hydrogen isotope diffusivity [242], is very corrosion resistant
to liquid lithium and is easy to fabricate. In addition, its hydrogen transport parameters
are well known, allowing the deuterium injection process to be simulated in advance.

The designed deuterium injection system consists of a modified 316 stainless steel
DN40CF blind flange. Its fabrication drawing is created by the author of this thesis and
can be seen in figure 8.13 on the right. The performed modification involves the manufac-
turing of a second DN16CF knife-edge located concentrically within the pre-fabricated
DN40CF knife-edge. It is surrounded by six blind internal screw threads. Two holes are
drilled through the modified DN40CF blind flange bulk, one inside the circular DN16CF
knife-edge and the other between the DN16CF and the DN40CF knife-edges. On the
other side of the blind flange, the holes are welded to a straight and an angled male VPN
connector fitting. The fabricated modified DN40CF flange can be seen in the upper left
photo in figure 8.14.

The fabrication drawing of the α-iron membrane is shown on the left in figure 8.13.
It is made of a cylindrical tube with one open and one closed end. The membrane has a
length of 6×10−2 m and a wall thickness of 5×10−4 m. Due to manufacturing limitations,
the wall at the closed tube end is considerably thicker than the cylinder wall (about 3 ×
10−3 m). The shape of the open α-iron tube end is imitated from a conventional DN16CF
nipple with a rotatable flange ring and ends in a manufactured DN16CF knife-edge. A
photo of the fabricated α-iron membrane can be seen in the upper right photo in figure
8.14. As visible in the lower left-hand photo in figure 8.14 the tube is fastened to the
center of the modified DN40CF blind flange with a conventional DN16CF ring-shaped
rotatable flange made of 316 stainless steel. Therefore, it is made use of DN16CF α-iron
Helicoflex® gasket from Technetics and six M4 screws made of the high-temperature and
corrosion-resistant steel Incoloy Alloy® A-286. At the position of the hole that is drilled
through the modified DN40CF blind flange between the inner and outer knife-edges the
ring-shaped DN16CF flange has a drilled notch (see upper left corner in figure 8.13).
In this configuration, the welded inclined VCR fitting provides a channel into the inner
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Fig. 8.13. Manufacturing drawing of the developed deuterium injection system for the LYDER
experiment. This involves the α-iron membrane, a drilled DN16CF flange ring and a modified
DN40CF blind flange.

cavity of the α-iron tube.

On the left, figure 8.15 shows a photo of the bare right tank of the lithium system. It
can be seen that the flange of the deuterium injection system is used as the base of the
tank. A view from above into the tank with the deuterium injection system at the bottom is
shown in the lower right photo in figure 8.14. The lithium passes through the straight VCR
connector fitting before entering the tank through the small hole visible at the bottom. The
photo in the middle of figure 8.15 shows the positions of the two lithium level sensor pins
LS-01 and LS-02. The longer pin LS-01 is cut exactly 7 × 10−2 m above the bottom
flange of the tank or 1 × 10−2 m above the plane roof of the permeation membrane. This
means that by the time the level sensor LS-01 detects a signal, approximately VLS−01 =

49 mL of liquid lithium has entered the right tank, taking into account the space occupied
by the permeation membrane. The level sensor LS-01 is designed to indicate when the
permeation membrane is completely covered with liquid lithium. This is a requirement
for the proper operation of the deuterium injection system. The second level sensor LS-02
is cut 1×10−1 m above the bottom flange which corresponds to a volume of liquid lithium
in the right tank of VLS−02 ≈ 90 mL. The distance between the ends of two level sensors
is therefore ∆zLS = 3 × 10−2 m. Measuring the time ∆t between two signals of the level
sensors will allow determining the lithium flow rate through the equation

F = π
(︂
r40CF

in

)︂2
·
∆zLS

∆t
= 3.31 × 10−5 m3 ·

1
∆t
. (8.2)

The right-hand image in figure 8.15 shows a section cut through the deuterium injec-
tion system. It depicts the Li and 2H2 inlet holes and the position of the two Helicoflex®

gaskets. Moreover, it illustrates the dissociation processes of 2H2 molecules at the inner
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Fig. 8.14. [Top left]: Modified DN40CF blind flange used as the base for the deuterium injection
system. It has a custom DN16CF knife-edge in the center surrounded by six blind M4 threaded
holes. The liquid lithium enters through a drilled hole between the two knife-edges on the left, and
the 2H2 gas enters the tube through the hole inside the DN16CF knife-edge. [Top right] Fabricated
closed α-iron tube acting as a deuterium permeation membrane with a DN16CF knife-edge at the
open end. The tube is attached to the center flange of the base plate by a conventional DN16CF
flange ring using a DN16CF α-iron Helicoflex® gasket. [bottom left] Assembled deuterium in-
jection system with a DN40CF α-iron Helicoflex® gasket sitting on the outer knife edge. [bottom
right] Top view into the right tank showing the deuterium membrane from above. The picture
shows the hole through which the liquid lithium enters.

gas-αFe interface and the diffusion through the membrane into the liquid lithium where it
accumulates in atomic form.

The figures 8.2 and 8.15 show that the 2H2 gas inlet of the deuterium injection system
is connected via its VCR fitting to a tube line consisting of a 1/2" flexible stainless steel
vacuum hose from Swagelok. It passes through the feedthrough at the roof of the glove
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Fig. 8.15. [Left] Assembled right tank of the LYDER lithium system with the deuterium injection
system at the bottom flange. [center] Open DN40CF flange in the middle of the right tank showing
an α-iron Helicoflex® gasket which is used for the sealing and two lithium level sensors LS-01
and LS-02. [Right] Section cut through a 3D drawing of the custom-designed deuterium injection
system illustrating the deuterium permeation process from the interior of a closed α-iron tube into
the surrounding liquid lithium.

box. The other end of the feedthrough is connected to the control panel with another hose
and terminates at a manifold consisting of the valves V-17, V-18, and V-19.

From now on, the combined internal volume of the α-iron cavity and the piping con-
nected to the valve manifold at the control panel will be referred to as the permeation
chamber of the deuterium injection system. The internal volume of the permeation cham-
ber is estimated to be VPC ≈ (210 ± 40) m3. The relatively large error is due to the
uncertainty in the inner radius of the corrugated flexible hoses. The 2H2 gas pressure in-
side this volume is measured with a capacitance diaphragm gauge (DG-05) for pressures
between 1 × 102 Pa < p < 2 × 105 Pa and a Pirani gauge (PiG-05) to cover the range
1 × 10−2 Pa < p < 1 × 103 Pa. The valve manifold has the same design as those used to
manipulate the pressure in the left and right tanks. It allows the controlled injection and
removal of 2H2 gas through the gas dosing valves V-17 and V-18, respectively. The com-
plete evacuation into the scroll vacuum pump SP-01 is realized by opening the open/close
valve V-19.

The deuterium injection procedure established for the LYDER system foresees to
pump lithium through the bypass line into the right tank until the lithium has reached
its maximum level. As mentioned above, this is indicated by a gas bubble and pressure
equalization event that will occur as soon as the argon gas from the left tank begins to
enter the right tank. During deuterium injection, the lithium is held motionless at a con-
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stant temperature and constant argon pressure with valve V-03 closed. The deuterium
injection process into the lithium is started by filling 2H2 into the permeation chamber.
Once the desired initial pressure in the permeation chamber p22,init is set, the valves V-17
and V-18 are closed so that no more 2H2 gas enters or leaves the permeation chamber.
The difference between the chemical potentials of deuterium in the high pressure 2H2

gas in the permeation chamber and in the initially deuterium-free lithium triggers a diffu-
sive transport of deuterium from the permeation chamber into the lithium. As deuterium
molecules are removed from the gas, the pressure in the permeation chamber decreases
until thermodynamic equilibrium is reached. The permeated deuterium isotopes diffuse
through the lithium bulk until the concentration is homogeneous. Regardless of the exact
deuterium concentration profile in the lithium, its average concentration ⟨cLi

2 ⟩ (t) is related
to the measured pressure drop ∆p22 (t) at a given time t during the deuterium injection
process by the equation ⟨︂

cLi
2

⟩︂
(t) =

VPC

RTVLi
· ∆p22 (t) . (8.3)

The choice of the height and wall thickness of the designed α-iron membrane is based
on numerical simulations of the deuterium permeation process occurring in the described
deuterium injection system. Thus, its design is optimized for the injection of deuterium
concentrations into the lithium in the range ⟨cLi

2 ⟩ < 40 mol m−3, which is specified as
the desired concentration range in section 8.1. An optimal design allows the desired
concentrations to be injected in a reasonable amount of time.

The simulation model of the deuterium injection system is created using EcosimPro©.
Its component flow structure is shown in figure 8.16. The applied components are those
presented in section 5.1 and graphically illustrated in figure 5.2.

To numerically simulate the pressure decrease in the permeation chamber during the
injection procedure, the created higher-level gas chamber component defined in figure
6.24 is used. It is found that due to the significantly greater thickness ∆zroof ≈ 3 × 10−3 m
of the closed end of the α-iron tube compared to its cylindrical wall, the rate at which deu-
terium isotopes permeate through the horizontal roof of the membrane is negligibly small
compared to the rate at which they enter the lithium by permeation through the cylin-
drical wall. Therefore, the model only takes into account the radial permeation process
through the cylindrical part of the α-iron wall, which is represented by a cylindrical wall
material component. For the model, it is assumed that the permeation process from the
permeation chamber into the lithium happens only along part of the length of the α-iron
tube which is estimated by ∆zper = ztube −∆z16CF −∆zroof = 5.1× 10−2 m (see figure 8.16).
Here, ztube = 6 × 10−2 m is the total length of the α-iron tube and ∆z16CF = 5.8 × 10−3 m
is the height of the DN16CF flange ring surrounding the α-iron tube at the bottom. In
accordance with the fabrication drawing in figure 8.13, the considered inner and outer
radii of the cylindrical α-iron wall material component are rαFe

in = 8.25 × 10−3 mL and
rαFe

out = 8.75 × 10−3 mL, respectively.

The model uses the Sieverts’ constant of hydrogen isotopes in α-iron which is listed
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Fig. 8.16. EcosimPro© component structure of the developed numerical model of the deuterium
injection system.

in table 5.1 [242]. The protium diffusion coefficient listed in table 5.1 is converted to
its value for deuterium using equation (2.66). For the recombination coefficients of 2H2

molecules at a gas-αFe interface, the model assumes the following relation measured by
Nagasaki et al [295]

σkαFe
r,22 = 2.77 ·

m4
√

K
mol s

·
1
√

T
· exp

(︄
36 300 J mol−1

RT

)︄
. (8.4)

The dissociation coefficient is determined from the recombination coefficient and the
Sieverts’ constant through equation (2.100).

In the model, the lithium bath is divided into two segments. The lower segment is
the cylindrical lithium bulk between the α-iron tube and the inner wall of the tank. It is
represented by a cylindrical wall material component and calculates the time-dependent
concentration profile in the radial r-direction. Up to the total height of the α-iron tube
ztube = 6 × 10−2 m, the model assumes the concentration in the lithium to be independent
of the vertical z-direction. In this coordinate system z = 0 m is the height of the tank floor.
Since the DN16CF flange occupies almost the entire width of the tank floor, the volume
of lithium reaching from the tank bottom to the end of the α-iron tube is estimated by

Vside
Li ≈ π · (ztube − ∆z16CF) ·

[︃(︂
r40CF

in

)︂2
−

(︂
rαFe

out

)︂2
]︃
= 47 mL . (8.5)
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The deuterium diffusion process in the liquid lithium bulk that occupies the space
between the flat roof of the α-iron tube and the lithium surface at z = zsurf in the range
ztube < z ≤ zsurf is modeled with a parallel wall material component (see components
above permeation membrane in figure 8.16). Considering that the volume of lithium that
enters the right tank is VLi = 100 mL the height of the lithium surface is estimated by

zsurf ≈ ztube +
VLi − Vside

Li

A40CF
= 1.08 × 10−1 m , (8.6)

where A40CF = π
(︂
r40CF

in

)︂2
is the cross section of the tank. The wall material component, as

defined in section 5.1, allows the simulation of the deuterium concentration and diffusion
fluxes in only one direction, which is here chosen to be the vertical z-direction. Hence,
the deuterium concentration in the radial r-direction is considered to be homogeneous.
For this reason, the model assumes that the deuterium concentration at the inlet diffusion
port of the parallel wall material component above the tube at z = zsurf is equal to the
simulated average concentration in the lithium bulk next to the membrane below. It is
assumed that the surface area through which the diffusion into the lithium column above
the α-iron tube occurs is equal to the cross-section of the tank A40CF. Since at T = 623 K
the recombination rate coefficient of hydrogen isotopes at a gas-lithium interface is very
small compared to that of other metals, the flux of evaporating deuterium isotopes entering
the argon atmosphere is neglected in this model [296], [297].

In order to not violate mass conservation, the particle losses from the lithium beside
the membrane into the lithium sitting on top of the membrane need to be taken into ac-
count. This is done by treating the deuterium diffusion flux J d.IN

2,top (t) at the inlet port of
the lithium wall material component on top of the membrane as a particle sink that ho-
mogeneously removes deuterium isotopes from the lithium sitting beside the membrane.
Mathematically, this is expressed by the sink term ς2

(︂
t, rq

)︂
in equation (5.8) of the cylin-

drical wall material of the lithium beside the membrane, according to

ς2

(︂
t, rq

)︂
= J d.IN

2,top (t) ·
A40CF

Vside
Li

. (8.7)

For the model, the same diffusion coefficient and Sieverts’ constant of deuterium in liquid
lithium is applied as used in chapter 7. Since the simulated concentrations in the lithium
are sufficiently, low the lithium is considered to occur in the α-Li phase where the Sieverts’
law is approximately valid. This is a requirement for the usage of the metal-metal interface
component described in section 5.1.

The left-hand graph in figure 8.17 shows the simulated radial concentration profile in
the cylindrical lithium bulk next to the membrane after different time periods considering
an initial 2H2 pressure in the permeation chamber of p22,init = 5×104 Pa and a temperature
of T = 623 K. It can be seen how the concentration profile gradually increases over the
course of a day, with a slightly higher concentration at the αFe-Li interface compared
to the inner wall of the tank. The concentration profile flattens out when approaching
thermodynamic equilibrium.
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Fig. 8.17. [Left] Simulated evolution of the radial deuterium concentration profile in the lithium
between the outer wall of the permeation membrane and the inside wall of the right tank during
deuterium injection. [Right] Simulated evolution of the vertical deuterium concentration profile in
the lithium during deuterium injection, averaged over the radial direction of the tank.

The right-hand graph in figure 8.17 presents the simulated deuterium concentration
in vertical z-direction averaged over the radial r-direction. The plot illustrates how the
concentration profile in the column above the permeation membrane rises with time. It
can be seen that between t = 3 h and t = 6 h the first deuterium isotopes have reached the
lithium surface. However, it is found that it takes more than t = 24 h for the deuterium to
homogeneously distribute throughout the entire lithium column. It is worth noting that in
this simplified one-dimensional model the average concentration in the vertical direction
is a discontinuous function showing a kink at z = ztube. In reality, particle diffusion from
the lithium next to the membrane into the lithium column above the membrane would
cause a slight decrease of the average concentration closer to the tube head and a smooth
transition of the average concentration at the Li-Li interface at z = ztube. Hence, in reality,
the gradients of the average concentration across the Li-Li interface at z = ztube would be
the same on both sides. Nevertheless, including this detail in the model would probably
have a negligible effect on the calculated deuterium permeation flux across the α-iron
membrane.

The simulated total average concentration in the whole VLi = 100 mL of liquid lithium
in the right tank is presented in the left graph in figure 8.18 for different initial 2H2

pressures in the permeation chamber. It is found that the lower the initial pressure the
smaller is the rate at which the average concentration in the lithium increases. Further-
more, the lower the initial pressure, the earlier is thermodynamic equilibrium reached
and the lower is the adjusting constant average concentration at equilibrium. It can be
seen that all three simulated 2H2 pressures result in the establishment of a constant equi-
librium concentration after a period of time which is reasonable for laboratory experi-
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Fig. 8.18. [Left] Simulated evolution of the average deuterium concentration in the lithium of
the right tank during deuterium injection considering three different initial 2H2 pressures in the
permeation chamber. [Right] Simulated evolution of the 2H2 pressure in the permeation chamber
during deuterium injection into the lithium considering three different initial 2H2 pressures.

ments. The deuterium injection process may be stopped at any point during the transient
phase towards thermodynamic equilibrium and the momentary average concentration in
the lithium would be maintained. According to the simulation that considers an upstream
pressure of p22,init = 5 × 104 Pa, removing the gas from the permeation chamber after the
times t = 15 min, t = 1.5 h or t = 3 h would allow the establishment of an average initial
deuterium concentration of ⟨cLi

2 ⟩ = 1 mol m−3, ⟨cLi
2 ⟩ = 5 mol m−3, or ⟨cLi

2 ⟩ = 10 mol m−3,
respectively.

The right-hand graph in figure 8.18 presents the simulated time evolution of the de-
creasing pressure in the closed permeation chamber. It can be seen that the pressure de-
crease rate is relatively high and will therefore be well measurable by the pressure gauge
DG-05. The 2H2 pressure is found to approach zero at thermodynamic equilibrium. This
is consistent with figure 7.7, which shows very low equilibrium pressures in the relevant
concentration range.

8.2.5. Deuterium getter trap

The design of the LYDER lithium system allows the deuterium-loaded lithium to be ex-
posed to an yttrium getter bed for deuterium retention experiments. As mentioned above,
making this possible is the purpose of an experimental deuterium trap developed as part
of this thesis. In section 8.1 it is argued that the trap should have a capacity of up to
mY = 5 × 10−3 kg of small yttrium pieces and be made exclusively of materials com-
patible with liquid lithium (see table 8.1). Another requirement is the ability to remove,
empty and refill the yttrium basket from the trap container when the system is cold.
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Fig. 8.19. [Left] Thick 316 stainless steel body of the developed deuterium getter trap container for
the LYDER experiment. [Right] Fabricated deuterium trap components that make up the yttrium
basket. The arrows indicate the assembly steps of the basket attached to the trap lid.

Based on these conditions, a trap design is elaborated by the author of this thesis in
collaboration with the company AVS (Added Value Solutions). The prepared manufac-
turing drawings can be found in section A.3 of the appendix.

Photographs of the various manufactured parts of the trap, made exclusively of 316
stainless steel, are shown in figure 8.19. The photo on the left shows the outer body of
the trap container. Two double ferrule compression fittings welded to the opposite side
walls of the trap container serve as lithium inlet and outlet ports. The round recess in the
center of the trap container is prepared to hold the yttrium sample basket whose individual
components are shown in the right photo of figure 8.19. This includes a narrower and a
wider open 316 stainless steel cylinder (see center left and top left corner, respectively),
two stainless steel meshes with an aperture width of 1×10−3 m and a pitch of 1.2×10−3 m
(see upper right corner), the trap lid made of a custom-designed DN40CF blind flange
(see lower right corner) and a small steel pin.

The assembly steps of the yttrium basket are illustrated by the arrows in figure 8.19.
First, one of the round steel meshes is inserted into the wider cylinder. At the bottom of the
wider cylinder, a slightly narrower opening prevents the mesh from falling through. The
second narrower cylinder is then placed on top of the mesh before up to mY = 5× 10−3 kg
small pieces of yttrium may be filled into the basket. The second round mesh is placed
over the opening of the inner cylinder. In this way, the yttrium will be confined in the
space between the two meshes. Finally, the spigot of the trap lid is inserted into the wider
cylinder where it is secured with a pin that passes through both parts.

A photograph of the assembled yttrium basket is shown in the left-hand photo in figure
8.20. The yttrium basket is flanged to the manufactured DN40CF knife-edge at the open-
ing of trap container using a DN40CF Helicoflex® α-iron gasket (see left photo in figure
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Fig. 8.20. [Left] Assembled yttrium basket of the deuterium trap attached to the trap lid show-
ing the position of a Helicoflex® α-iron gasket [Right] 3D drawing of the deuterium trap design
illustrating how the yttrium basket is inserted into the trap container.

8.20) and six high-temperature M6 screws made of Incoloy Alloy® A-286. Therefore, the
wider cylinder attached to the trap lid is inserted into the opening of the trap container as
illustrated in the 3D drawing of the trap presented in the right-hand image in figure 8.20.

The closed deuterium trap mounted between the valves V-04, V-05 and V-08 into the
lithium system can be seen in the left-hand photo in figure 8.21. A 3D drawing showing a
cross-sectional view through the trap is shown on the right in figure 8.21. The red arrow
indicates the flow path of the liquid lithium through the drilled channels in the trap body
and the pebble bed.

The volume of the cylindrical cavity between the meshes that encloses the yttrium
pebbles defines the trap volume Vtrap = 3.94 × 10−6 m3. It has a diameter of dtrap =

1.3× 10−2 m and a length of ltrap = 3× 10−2 m. This implies an aspect ratio of AR = 2.28.

The maximum capacity of yttrium pebbles of the trap container is determined by the
relation mmax

Y = (1 − ε) · ρYVtrap. Due to the small length and radius of the yttrium-
containing cavity compared to the radii of the yttrium pieces (5 × 10−4 m < rpeb < 1.5 ×
10−3 m) that will be inserted into the basket, a relatively high void fraction of the pebble
bed of ε ≈ 0.7 should be expected [281]. Such a conservative estimation of the void
fraction yields an yttrium capacity of the trap of mmax

Y = 5.3 × 10−3 kg. This is consistent
with the target yttrium capacity of mmax

Y = 5 × 10−3 kg (see table 8.1).
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Fig. 8.21. [Left] Closed deuterium trap mounted in the lithium system of the LYDER experiment.
[Right] Cross-sectional view into the inner structure of the deuterium getter trap showing the
lithium flow path from above through the yttrium getter bed enclosed by two stainless steel meshes.

8.2.6. Thermal desorption branch

One method that might allow the approximate determination of the deuterium content of
extracted lithium samples is called thermal desorption spectroscopy [285], [298]. In order
to investigate the suitability of this measurement method for the relevant concentration
range, it will be tested as part of the LYDER experiment. Therefore, a specially designed
TDS branch is designed and constructed within the scope of this work.

It consists of a 1/2" pipe made of 316 stainless steel, which is attached to one of the
pipe feedthroughs at the glove box roof by means of a double ferrule compression fitting.
The lower end of the pipe terminates in a VCR male fitting that is secured by a pipe clamp
in the center of the second support panel in the glove box. The TDS branch mounted to
the left of the lithium system can be seen in figure 8.4. Outside the glove box, the TDS
branch is attached to the control panel with an ISO-16KF bellows tube where it ends in
a valve manifold. It provides a connection to a leak detector (HLT 570 SmartTest leak
detector from Pfeiffer Vacuum [216]) via the open/close valve V-31 and to the argon gas
line via the gas dosing valve V-32.

When the deuterium content of an extracted lithium sample is to be measured, the
removable sample container, previously filled with a fixed volume of VSC

Li = 5 mL of
deuterium-loaded liquid lithium, is disconnected from the VCR fitting of the sample ex-
traction system and attached to the VCR fitting of the TDS branch. The measurement
is started by opening valve V-11. Thus, the solid lithium in the sample container is ex-
posed to the argon gas in the TDS branch. At this point, valve V-31 is opened and the
turbomolecular pump of the leak detector is turned on which leads to an evacuation of the
sample container to the high-vacuum regime. The leak detector has an internal pumping
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above the lithium surface.

speed of about S pump = 2.5 L s−1 while inside the sample container, the effective pumping
speed is calculated to be approximately S eff = 0.1 L s−1 using the equations (3.4), (3.5)
and (3.6). This relatively low effective pumping speed is mainly due to the thin duct that
passes valve V-11 of the sample container.

Figure 8.22 shows the concentration in the lithium sample at thermodynamic equilib-
rium for different 2H2 partial pressures above the lithium surface as a function of temper-
ature. Since lithium occurs in the α-Li phase in the concentration and temperature range
shown in the graph (see figure 7.6), the curves are calculated with the Sieverts’ law (2.50).
Therefore, the same Sieverts’ constant (7.22) for hydrogen isotopes in lithium is used as
that considered in the model presented in chapter 7.

The graph reveals that the higher the temperature and the lower the 2H2 partial pres-
sure above the lithium, the lower the concentration that would establish at thermodynamic
equilibrium in the lithium sample. Hence, heating the lithium sample in a vacuum envi-
ronment with a low 2H2 partial pressure to a temperature that implies an equilibrium
deuterium concentration that is lower than the initial concentration cLi

2,init in the extracted
sample would cause the deuterium to desorb from the lithium surface.

In the presented experimental setup, the rate at which the deuterium atoms desorb
from the sample surface as 2H2 molecules is measured by the leak detector in terms of
a desorption flow qdesorb

pV,22 given in [mbar · L/s]. Therefore, the leak detector must be cali-
brated for deuterium flux measurements using a calibrated 2H2 leak as described in section
3.2.4.

To determine the deuterium concentration of extracted lithium samples, the sample
container is heated to the highest permissible temperature and the desorption flow is mea-
sured over time. Indeed, determining the time integral of the measured rate of desorbing
deuterium isotopes from the beginning to the end of the desorption measurement gives the
cumulative number of desorbed deuterium isotopes κLi

2,meas from the sample. In fact, the
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measured value of κLi
2,meas matches the number of deuterium atoms initially dissolved in

the sample κLi
2,init = cLi

2,initV
SC
Li minus the number of deuterium isotopes κLi

2,final = cLi
2,finalV

SC
Li

that remain in the sample after the measurement is stopped. Consequently, the deuterium
concentration in the lithium sample prior to the TDS measurement must satisfy

cLi
2,init =

κLi
2,meas

VSC
Li

+ cLi
2,final . (8.8)

This equation shows that to accurately determine the initial concentration cLi
2,init of the ex-

tracted lithium sample from the measured value of κLi
2,meas, the concentration in the lithium

cLi
2,final at the end of the measurement must be as small as possible. Therefore, the desorp-

tion flow must be measured for as long as possible.

The highest temperature to which the sample container of the LYDER experiment
may be heated is determined by the temperature limit of the installed high-temperature
regulating valves of the sample container, which, according to the discussion in section
3.1.2, is T = 921 K. Such a high temperature is within the temperature range of the
installed heating cables.

When neglecting the rate of 2H2 molecules degassing from the walls of the sample
container, the 2H2 partial pressure p22 above the lithium surface that occurs during a ther-
mal desorption experiment is determined by the relationship p22 = qdesorb

pV,22 /S eff [see equa-
tion (3.9)]. This pressure determines the equilibrium concentration in the lithium sample
shown in figure 8.22. As the declining concentration in the lithium sample approaches the
momentary equilibrium concentration, the desorption flow qdesorb

pV,22 decreases because the
concentration gradients in the lithium flatten out. Since according to p22 = qdesorb

pV,22 /S eff,
a decreasing desorption flow implies a decreasing 2H2 partial pressure above the lithium
surface in the sample container, the equilibrium concentration in the lithium will decrease
over time. As a consequence, the desorption process will continue indefinitely with an-
ever decreasing desorption flow until no more deuterium is left in the sample (see 8.22).
The time required for this to occur highly depends on the hydrogen surface recombination
and dissociation kinetics of a free lithium surface, which in turn depends strongly on its
state of oxidation and contamination [296].

Investigating the recombination and dissociation kinetics of hydrogen from a liquid
lithium surface is another purpose of the developed TDS branch. This line of investigation
is urgently needed to enable estimation of the rate at which tritium would degas from an
open lithium surface in the event of an accidental lithium escape from the DONES lithium
loop.

8.3. Commissioning

At this stage, the construction of the LYDER experiment is finished and the commission-
ing phase has begun. Prior to the installation of the thermal insulation, vacuum tests of the
lithium system have been conducted. It was found that after the dry scroll pump SP-01
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mocouples that are used to control heating el-
ements of the LYDER system during a heat-
ing test up to T = 373 K.

is switched on, it takes only several minutes for the Pirani gauges PiG-01 and PiG-06 to
indicate a total pressure of p < 5 × 10−2 Pa which corresponds to the beginning of the
high-vacuum regime. Vacuum testing was followed by helium leak testing of the entire
vacuum and lithium systems as described in section 3.2.4. During the leak test campaign,
the vacuum pump was replaced by the leak detector. The first leak measurements were
performed in the cold state where leak rates of maximum qleak

pV = 1 × 10−10 mbar · L/s
could be registered. The leak test was repeated, this time in the warm state by heating the
lithium system to a temperature of T = 353 K. Again, maximum leak rates of at most
qleak

pV = 5× 10−10 mbar · L/s could be recorded. In conclusion, the constructed lithium and
vacuum system of the LYDER experiment can be considered sufficiently leak tight.

Now, as the thermal insulation is attached to the lithium system (see figure 8.4), the
heating test campaign is intensified. Figure 8.23 shows the temperature measurements
of the thermocouples that are used to control the heating elements of the lithium system
during a heating test in which the lithium system is heated to T = 373 K. Therefore, the
temperature controllers are set to a temperature ramp of 5 K min−1 using the developed
LabVIEW program. Since the thermal insulation of the sample container is not yet in-
stalled, the test is performed without the heating elements H-07 and H-08. The graph
shows that the developed heating system works as expected as long as the set tempera-
tures are still relatively low. Heating tests up to the lithium system operating temperature
of T = 623 K remain to be performed.

8.4. Procedure for deuterium retention experiments

This section presents an experimental procedure for deuterium retention experiments
using the LYDER experiment. It is established with the goal of measuring the low-
concentration distribution coefficient KLi−Y

D,0 using equation (8.1).

The starting point of the procedure is a situation in which the glove box is closed
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and the glove box purification and heat exchanger systems are functioning properly. This
implies that the glove box contains a cooled, high-purity argon atmosphere. The exper-
imental procedure requires that a scale be connected to the left-hand power plug insight
the glove box (see figure 8.4). It is also assumed that all valves of the LYDER experiment
are closed at the beginning and that the sample container is connected to the lithium sys-
tem which is still free of lithium and yttrium. The following experimental procedure is
described in sequential order.

First, the lithium system is evacuated. Therefore, the valves V-19, V-22, V-25, V-26,
V-27, V-28, V-29, V-33 and all valves of the lithium system (shown in red in figure 8.2)
except V-12 and V-13 are opened and the vacuum pump SP-01 is turned on. To degas the
lithium system and ensure that it is freed from residual water molecules, it is heated to the
maximum operating temperature of T = 623 K using the LabVIEW control program and
left in the hot state for several hours. Afterwards, it is cooled to ambient temperatures and
the valves V-06, V-10, V-22, V-25, V-26, V-27 are closed. By manipulating either valve
V-20 or V-23, the lithium system is then filled with argon gas until the pressure gauges
DG-03 and DG-04 indicate the same pressure as DG-07 of about p ≈ 1 × 105 Pa. At this
point, both the sample extraction system and the lithium dump tank remain evacuated and
in direct contact with the vacuum pump SP-01.

In order to insert lithium and yttrium samples into the system, the valves V-03 and
V-07 are closed and valve V-01 is opened, exposing the inside of the left tank to the
glove box atmosphere. A purchased argon-filled bag containing exactly VLi = 100 mL of
lithium pallets (see figure 8.6) is opened and all the pallets are pushed one by one through
the opening of valve V-01 before it is closed again.

Yttrium sample insertion is accomplished as follows. The valves V-04, V-05 and V-
08 are closed, the flange of the trap container is opened with a wrench and the yttrium
basket is pulled out of its socket before being disassembled. The amount of purchased
yttrium pebbles to be placed in the trap is weighed beforehand using a scale inside the
glove box. To ensure rapid deuterium absorption from the lithium during the experiment,
the pebbles should be pre-treated with hydrogen fluoride, which removes any oxide layer
that could act as a hydrogen diffusion barrier [299]. The yttrium pebbles are filled into the
basket before it is reassembled as described in section 8.2.5. It is then flanged to the trap
container using a new Helicoflex® gasket and valves V-04, V-05 and V-08 are opened.

At this point, the lithium system is prepared to be heated to the desired operating
temperature which results in the melting of the liquid lithium at T = 453.54 K. To ensure
that all parts of the lithium system are heated at approximately the same rate, it is decided
to set the temperature ramp to 2 K min−1. This will allow the system to adjust smoothly to
the thermal expansion that occurs. It is considered safe to heat the lithium-filled left tank
in the presence of the enclosed argon atmosphere because the lithium vapor pressure at
the maximum operating temperature of T = 623 K is only about p ≈ 4 × 10−4 Pa [300].

To inject deuterium into the liquid lithium, it is pumped into the right tank via the
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bypass line. Therefore, the valves V-04, V-05 and V-07 are closed and the pressure in the
right tank is reduced by a value of ∆p > 2.5×103 Pa (see estimation of minimum required
pressure difference in section 8.2.2). The lithium is set in motion when the regulating
valve V-03 is slightly opened. The level sensors LS-01 and LS-02 will successively signal
when the lithium surface has passed their respective heights, allowing the lithium flow rate
to be determined using equation (8.2). Valve V-03 is closed when argon gas bubbles from
the left tank into the right tank, which can be registered by the pressure gauges DG-03 and
DG-04. At this point, the argon pressure in the right tank is brought back to the working
pressure of about p = 1 × 105 Pa by manipulating valve V-23.

The deuterium injection procedure is started by closing valve V-19 and filling the
permeation chamber with a certain 2H2 pressure manipulating valve V-17. It is recom-
mended to perform the deuterium injection procedure at the highest operating tempera-
ture of T = 623 K. This guarantees the fastest injection flux and the fastest distribution of
permeated deuterium in the lithium. The set pressure in the permeation chamber should
have a value that, according to the simulation shown in figure 8.18, would allow the in-
jection of the desired deuterium concentration in the lithium in a reasonable time. The
pressure decrease in the closed permeation chamber is measured over time and the value
of the average concentration of deuterium in the liquid lithium is calculated using equa-
tion (8.3). As soon as the desired initial deuterium concentration cLi

2,init is reached the 2H2

gas is carefully removed from the permeation membrane via the gas dosing valve V-18.

In order to determine the low-concentration distribution coefficient with equation (8.1)
it is necessary to measure the ratio of the concentrations in the lithium before and after
the deuterium retention experiment. To obtain the most accurate measurement results of
this ratio, it is reasonable to measure both the inital and the final concentration with the
same experimental technique. Therefore, prior to the retention experiment, a sample of
the deuterium-loaded lithium is extracted from the system and its deuterium content is
measured with either the presented TDS method or with the chemical dissolution method
described in [111]. To extract a sample from the lithium system into the connected sample
container after deuterium injection, the lithium is moved from the right into the left tank
via the bypass. Then, the valves V-02, V-03 and V-09 are closed. Upon opening valve
V-06, a volume of VSC

Li ≈ 5 mL of liquid lithium enters the evacuated space between the
valves V-02, V-06, and V-09. After closing valve V-06, valve V-09 is opened and the
liquid lithium enclosed by the valves V-02, V-06 and V-09 is sucked into the evacuated
sample container. To prevent lithium from remaining in the line above valve V-09, it may
be pushed into the sample container by pressurized argon gas entering from above by
opening the valves V-02, and V-30 after the valves V-26 and V-29 are closed.

To measure the concentration using the chemical dissolution method, the desired
amount of liquid lithium is poured into a beaker placed under the sample container by
carefully opening the regulating valve V-12 (see figure 8.8). The beaker is then removed
from the glove box through the antechamber and transported in a sealed container to the
chemical dissolution apparatus. In contrast to the developed TDS branch, the chemi-
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cal dissolution measurements will be carried out at an external laboratory that is located
within the same research center as the LYDER experiment, the Ciemat Institute in Madrid,
Spain. The residual lithium in the sample container not needed for the chemical disso-
lution experiment is poured into another beaker via valve V-12 and dumped in a sealed
container stored inside the glove box.

For concentration measurements using the TDS method, the sample container must
be removed from the lithium system and plugged to the TDS branch. To do so, first, the
valves V-02, V-09, V-11, and V-12 are closed and the remaining VLi = 95 mL of liquid
lithium that resided in the left tank are pumped into the right tank. Here, the lithium is
kept in the liquid state at operating temperature. The heaters H-03, H-07, and H-08 are
then turned off while all other heating elements are maintained at operating temperature.
It is waited until the thermocouples TC-15 and TC-21 indicate that the sample container
and the VCR fitting have cooled to ambient temperature before the sample container can
be removed safely and plugged to the TDS branch. While the TDS measurement is being
executed, a second sample container with the exact same design is connected to the VCR
fitting of the sample extraction system. This allows directly continuing with the deuterium
retention experiments without having to wait for the TDS measurement to finish. The
sample extraction branch including the new sample container is subsequently evacuated
via the valves V-02, V-26 and V-28 before the cold heating elements are brought back
to operating temperature. After a TDS measurement has finished the residual lithium is
pushed into a beaker via valve V-12 by pressurizing the TDS line with argon gas via valve
V-32. It is then disposed of in the sealed container, which is stored in the glove box.

The deuterium retention process is initiated by pumping the deuterium-loaded lithium
from the right tank through the yttrium pebble bed into the left tank. To do this, the pres-
sure in the left tank is first reduced by a value of ∆p > 2.5 × 103 Pa, and the valves V-04
and V-07 are opened. The relationship between the number of turns of the actuator of
regulating valve V-04 and the resulting lithium flow rate is to be determined as a func-
tion of the set pressure differential ∆p during commissioning by performing preliminary
lithium flow tests. This will allow a desired flow rate to be deliberately set in future ex-
periments. As a result of the deuterium transport from the liquid lithium into the yttrium
pebble bed the deuterium concentration in the lithium reaching the left tank is slightly
reduced. Nevertheless, considering that Ftrap ≈ 50 mL min−1, a single passage of the liq-
uid lithium through the trap would take only 114 seconds, which is not enough time for
the two metal-hydrogen systems to reach thermodynamic equilibrium. Therefore, after
the first passage is completed the lithium is moved back into the right tank via the bypass
and a second passage through the trap is performed. A complete deuterium retention ex-
periment with the LYDER experiment involves multiple passages through the trap until
thermodynamic equilibrium is attained. After the last passage through the trap, a second
lithium sample is extracted and the equilibrium concentration cLi

2,eq is measured. The ratio
cLi

2,eq/c
Li
2,init is calculated and inserted in the formula (8.1) which provides a value for the

low-concentration distribution coefficient KLi−Y
D,0 .
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Fig. 8.24. Simulated average deuterium concentration in the lithium during deuterium retention
experiments with the LYDER experiment as a function of the number of times the lithium has
passed through the trap. [Left] Simulation considering different initial concentrations at T =
623 K, mY = 2 × 10−3 kg, VLi = 95 mL, Ftrap = 50 mL min−1, rpeb = 7.5 × 10−4 m and dtrap =

1.3 × 10−2 m [Right] Simulation considering different pebble bed masses at T = 623 K, cLi
2,init =

40 mol m−3, VLi = 95 mL, Ftrap = 50 mL min−1, rpeb = 7.5 × 10−4 m and dtrap = 1.3 × 10−2 m.

In order to estimate the number of passages required to reduce the deuterium concen-
tration in the lithium to a value close to the equilibrium concentration cLi

2,eq, the deuterium
retention process occurring in the LYDER experiment is simulated for different experi-
mental conditions. Therefore, it is made use of the developed numerical model of the
lithium loop connected to a hydrogen trap presented in chapter 7, whose EcosimPro©

component structure is visualized in figure 7.1. The input parameters of the model are
adapted to the lithium system of the LYDER experiment considering that VLi = 95 mL,
Fmain = Ftrap = 50 mL min−1, rpeb = 7.5 × 10−4 m and dtrap = 1.3 × 10−2 m.

The left-hand plot in figure 8.24 shows a simulation of the average deuterium concen-
tration in the lithium during a retention experiment with the LYDER device for different
initial concentrations assuming that T = 623 K and mY = 2 × 10−3 kg. It can be seen
that, according to the simulation, thermodynamic equilibrium is reached after about 12
lithium passages through the trap, each lasting about 114 seconds. Since for each of
the initial concentrations shown, the simulated retention process takes place in the low-
concentration α-Li phase and at the same temperature, the distribution coefficient and
thus the ratio of the equilibrium to the initial concentration cLi

2,eq/c
Li
2,init remains equal [see

equation (8.1)]. The right-hand plot shows the same simulation with a fixed initial con-
centration of cLi

2,init = 40 mol m−3 but a varying pebble bed mass. The simulation results
are in accordance with equation (7.63) which states that an increased pebble bed mass
reduces the equilibrium concentration at a constant low-concentration distribution coeffi-
cient. It is found that as long as the retention process occurs in the α-Li phase, a variation
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Fig. 8.25. Simulated average deuterium con-
centration in lithium during a deuterium re-
tention experiment with the LYDER experi-
ment considering different operating tempera-
tures if cLi

2,init = 40 mol m−3, mY = 2× 10−3 kg,
VLi = 95 mL, Ftrap = 50 mL min−1, rpeb =

7.5 × 10−4 m and dtrap = 1.3 × 10−2 m plot-
ted against the number of times the lithium has
passed through the trap.

of the pebble bed mass or the initial concentration has no noticeable effect on the number
of passages through the trap required to reach equilibrium.

To experimentally determine the temperature dependency of the low-concentration
distribution coefficient it is necessary to perform the retention experiments at different
temperatures which are simulated and plotted in figure 8.25. It can be seen that the sim-
ulated ratio cLi

2,eq/c
Li
2,init increases with temperature. This is because the low-concentration

distribution coefficient decreases with increasing temperature (see figure 7.11). Since the
diffusion coefficient decreases with decreasing temperature it requires a higher number of
passages through the trap for thermodynamic equilibrium to be attained (about 20 pas-
sages at T = 573 K).

At the end of a deuterium retention experiment, the lithium from the left tank is
drained into the evacuated dump tank below. To do this, the valves V-08 and V-29 are
closed before the valves V-07 and V-10 are opened. The user will be notified when all the
lithium has entered the dump tank because at that moment the pressure in the left tank will
drop significantly. To ensure that no lithium remains in the right tank or the deuterium
trap before the lithium system is cooled, the valves V-03, V-04, and V-08 are opened and
the argon pressure in the right tank pushes the remaining lithium into the dump tank.
Then, valve V-10 is closed, the dump tank is evacuated, and the argon pressure in the
lithium system is brought back to about p = 1 × 105 Pa. Finally, the heating elements of
the lithium system are turned off. When all thermocouples indicate ambient temperature,
the yttrium basket is removed from the trap container.

After the deuterium retention experiment is completed, the used deuterium-containing
yttrium pebbles are examined for their deuterium content, surface oxidation state, evi-
dence of yttrium dihydride formation, etc. Therefore, various experimental methods are
going to be applied, such as the chemical dissolution method [111], thermal desorption
spectroscopy, secondary ion mass spectroscopy, or energy dispersive X-ray spectroscopy.
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9. CONCLUSION

Harnessing fusion energy on Earth could make it possible to meet the world’s growing
energy needs without increasing the use of nuclear fission or fossil fuels. The technical
realization of this new energy source in the coming decades depends on the construction
of two key experimental fusion devices: DEMO and IFMIF-DONES. For both devices,
the release of tritium into external plant systems and ultimately into the environment is a
critical safety issue that must be mitigated as much as possible by technical means.

Of special interest are the controlled application of multi-isotopic transport effects as
a method to affect the tritium permeation flux into the coolant of a WCLL or an HCPB
breeding blanket in DEMO and the use of an yttrium getter bed for tritium capture in
the liquid lithium loop of DONES. To date, there is insufficient experimental and theo-
retical analysis in the available scientific literature to evaluate these methods as suitable
tritium mitigation techniques, nor to define the technical requirements for a successful
implementation of these methods in the respective facilities.

Therefore, the established general objective of this dissertation has been the develop-
ment of the scientific framework that allows defining the conditions under which each of
these techniques could be implemented as reliable tritium mitigation methods.

For this purpose, theoretical and numerical models have been developed from scratch
and used to evaluate the proposed tritium safety measures in DEMO and DONES. Fur-
thermore, two new experimental facilities have been designed and put into operation with
the purpose of validating the numerical and theoretical models and measuring critical
experimental parameters on which the models are based.

After introducing the research contexts and relevant theoretical foundations in the first
three chapters 1 - 3, the chapters 4 - 8 are dedicated to the novel work conducted by the
author of this thesis. The following paragraphs summarize, by chapter, the main results
obtained and the activities carried out:

Chapter 4 presented a comprehensive theoretical analysis of multi-isotopic hydrogen
permeation through metal from gas to gas (relevant for HCPB blankets) and from liquid
metal to water (relevant for WCLL blankets). The results of this chapter, listed below, pro-
vided the theoretical basis for an evaluation of the potential use of multi-isotope transport
effects for tritium control in HCPB and WCLL breeding blankets which was presented in
chapter 5.

• It was possible to theoretically demonstrate why the permeation flux of a given
hydrogen isotope species through a metal membrane is either enhanced or reduced
when a different hydrogen isotope co- or counter-permeates through the membrane.
The origin of this isotope effect of multi-isotopic transport could be revealed for
both a gas-to-gas and a liquid metal-to-water permeation scenario.

295



• On the basis of simplifying assumptions, new algebraic formulas have been the-
oretically derived which provide the permeation flux of a given hydrogen isotope
species through a parallel or cylindrical membrane from gas to gas and from liquid
metal to water as a function of the concentration of another more abundant, co- or
counter-permeating hydrogen isotope species.

• The complete theoretical relationship between the gas-to-gas permeation flux re-
duction factor of a given hydrogen isotope species permeating in the surface-limited
regime and the permeation number of a different co- or counter-permeating hydro-
gen isotope species could be derived and graphically represented for the first time
using a numerically obtained solution of the general equation of steady-state per-
meation.

• It could be demonstrated that in a multi-isotope gas-to-gas co- or counter-permeation
scenario, the flux of a permeating hydrogen isotope species is greatly reduced
when a different hydrogen isotope species co- or counter-permeates in the diffusion-
limited permeation regime. Gas-to-gas co-permeation is observed to have a stronger
permeation flux reducing effect than gas-to-gas counter-permeation.

• It was found that in a multi-isotopic co- or counter-permeation scenario from liquid
metal to water, the flux of a permeating hydrogen isotope species increases with
increasing concentration of a second distinct co- or counter-permeating hydrogen
isotope species. In fact, as the concentration of the second species increases, the
permeation flux of the first species approaches a certain maximum value.

• Moreover, an algebraic formula was derived describing the mono-isotopic hydrogen
permeation flux from liquid metal to water or vacuum as a function of the hydrogen
isotope concentration in the liquid metal. This equation is particularly useful when
designing tritium extraction systems or hydrogen concentration sensors for flowing
molten metal based on the permeation to vacuum technology.

Chapter 5 was devoted to the numerical investigation of multi-isotopic transport in both
an HCPB and a WCLL breeding blanket. Thus, the results obtained in chapter 4 could be
numerically validated and a possible application of multi-isotopic permeation as a tritium
mitigation method for breeding blankets was critically analyzed.

• A hydrogen transport model of the HCPB breeding blanket purge gas system has
been developed. By performing numerical simulations, the multi-isotopic transport
effects an injection of protium to the coolant or the purge gas of an HCPB breeding
blanket has on the tritium permeation flux into the coolant were analyzed in detail.

• Using the developed model, algebraic equations derived in chapter 4 could be veri-
fied numerically by using them to reproduce the numerical results of simulated pure
co- and counter-permeation scenarios in an HCPB breeding blanket.
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• The performed numerical simulations could show that injecting 1H2 gas into the
coolant reduces the tritium permeation flux from the purge gas into the coolant when
the partial pressure of the injected 1H2 gas is greater than a critical value. Below
this critical value, the tritium permeation flux increases, which must be avoided at
all costs. It was found that efficient reduction of the tritium permeation flux would
require injecting 1H2 partial pressures into the coolant, which are probably too high
to be technically feasible.

• However, it was found that increasing the partial pressure of 1H2 gas in the purge
gas instead of in the coolant results in a much more efficient reduction of the tri-
tium permeation flux at still relatively low 1H2 partial pressures. Therefore, the
conducted evaluation suggested that injecting additional 1H2 gas into the purge gas
should indeed be considered for implementation in an HCPB blanket as an effective
and inexpensive tritium permeation mitigation method.

• With the numerical simulations of tritium permeation processes in an HCPB breed-
ing blanket it could also be shown that an addition of water vapor to the purge gas
would have a strong decreasing effect on the tritium permeation flux to the coolant.

• Moreover, a numerical model of the tritium permeation processes that occur be-
tween the PbLi breeder fluid and the coolant water in a WCLL breeding blanket
has been developed. The tritium permeation flux was found to approach a certain
maximum value with increasing protium concentration in the system. Therefore, it
was concluded that to mitigate tritium permeation in a WCLL breeding blanket, the
protium concentration in the water coolant must be kept as low as possible.

• The numerical simulations carried out using the numerical model of the WCLL
breeder zone allowed verifying the algebraic formulas for co- and counter permea-
tion from liquid metal to water derived in chapter 4.

• As part of the experimental investigation conducted in this chapter, a numerical
model of a gas-to-gas counter-permeation experiment presented in the literature
was developed in this thesis. The experimental results were successfully reproduced
numerically, demonstrating the experimental validation of the model. In addition,
algebraic counter-permeation formulas derived in chapter 4 have been applied to the
conditions of the experimental permeation process. It was found that the derived
algebraic formulas reproduce the experimental results very well.

To allow for additional in-situ experimental validation of gas-to-gas co- and counter-
permeation with Eurofer’97 as the membrane material, a new hydrogen isotope co- and
counter-permeation experiment has been designed and was put into operation within the
scope of this work. It is called COOPER experiment. Besides, the COOPER experiment
is designed to enable measuring hydrogen transport parameters of Eurofer’97 that are
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required as input parameters for the models. Chapter 6 presented the design, commis-
sioning and established experimental procedures of the COOPER experiment. Moreover,
first mono-isotopic permeation measurements were presented.

• The developed COOPER permeation chamber consists of an upstream and a down-
stream gas chamber separated by a Eurofer’97 sample disk. A heating system was
designed to reach sample disk temperatures of up to T = 923 K. A gas supply sys-
tem consisting of two gas tanks permits the user to mix and inject arbitrary partial
pressure configurations of 1H2 and 2H2 gas into both the upstream and downstream
chambers. The experimental design enables the measurement of deuterium per-
meation fluxes into an evacuated downstream chamber (for mono-isotopic and co-
permeation measurements) or into a 1H2 filled downstream chamber (for counter-
permeation measurements) using a calibrated QMS.

• Finite element thermal steady-state calculations of the designed COOPER permea-
tion chamber were executed using the simulation software ANSYS. They antici-
pated a nearly homogeneous radial temperature profile throughout the disk surface
which is important for the accurate measurement of hydrogen transport parameters.

• For the control of the heater and the measurement of the pressures and temperatures
of the COOPER experiment, a LabVIEW program was developed from scratch.

• During the commissioning, vacuum and heating tests were conducted that con-
firmed that the system is sufficiently leak tight and that the heating system works
as predicted with the finite element steady-state thermal calculations. In addition,
sensitivity tests of the QMS detector were performed to determine the range of 2H2

upstream pressures at which permeation flux measurements can be conducted.

• After an analysis of the material composition of the installed Eurofer’97 sample
disk using EDX spectroscopy, a set of mono-isotopic deuterium permeation flux
measurements at different temperatures were performed. This involved a previous
calibration of the QMS to allow for deuterium permeation flux measurements. The
executed experimental procedure established for mono-isotopic permeation mea-
surements was described in detail.

• The experimental data obtained from the conducted mono-isotopic permeation mea-
surements was used to determine the permeability, diffusion coefficient and Siev-
erts’ constant of deuterium in Eurofer’97 in an HCPB-relevant temperature range.

• Established experimental procedures for co- and counter-permeation measurements
with the COOPER experiment were described in detail.

• Simulations of co- and counter-permeation flux measurements were performed with
a numerical hydrogen transport model of the COOPER permeation chamber that
was developed within the scope of this work.
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An appropriate design of the hydrogen hot trap for the DONES liquid lithium loop de-
pends on the development of an accurate numerical simulation tool that can predict the hy-
drogen isotope absorption behavior of an yttrium pebble bed exposed to hydrogen-loaded
flowing liquid lithium. This has been the objective of the work presented in chapter 7 of
this dissertation. The obtained results presented in this chapter are listed below.

• A new numerical model of hydrogen isotope transport in an yttrium-based hydrogen
getter trap connected to the liquid lithium loop of DONES has been developed from
scratch using EcosimPro©. It incorporates the physics of yttrium hydride formation
into a system-level hydrogen transport model, which has never been done before.

• A generalized concentration boundary condition for the Li-Y interface was derived
by approximating the courses of complete PCIs of the Y-H and Li-H systems in
the DONES-relevant temperature range. This allowed determining the solubility
of hydrogen in yttrium as a function of the concentration in the surrounding liquid
lithium. It was found to highly increase when yttrium dihydride forms.

• Moreover, a relation for the concentration dependency of the diffusion coefficient
in different yttrium hydride phases could be derived for the first time.

• By simulating the evolving hydrogen isotope concentrations in the lithium loop and
the yttrium pebble bed during different DONES operating phases, the effects of
yttrium dihydride formation on the trap performance were analyzed in detail.

• It has been found that the formation of yttrium dihydride during DONES operation
would greatly increase the hydrogen gettering capacity of the trap and prevent the
tritium concentration in the lithium loop from rising above a critical value.

• It is discovered that by selecting an appropriate operating temperature of the trap,
the formation of yttrium dihydride can be deliberately induced which highly re-
duces the yttrium mass in the trap required to meet DONES safety limits.

• A mode of operation relevant to the DONES experimental phase could be identified
that involves replacing the hydrogen trap after at least every 28 days so that the
tritium contents in the lithium and the yttrium remain below safety limits.

• Furthermore, this work defined the conditions for the mass of the yttrium pebble
bed and the temperature of the installed trap that would allow keeping hydrogen
isotope concentrations in the lithium and the trap below DONES safety limits.

• Analytical formulas have been derived that enable calculating the minimum re-
quired trap mass at any given temperature for both the initial purification phase and
the experimental phase of DONES, taking into account error ranges.

• The developed model was tested against experimental results. Simulation and mea-
surement data were found to be in good accordance within each other’s error limits.
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Measuring critical experimental parameters that determine the hydrogen capacity of an
yttrium getter bed exposed to hydrogen loaded-liquid lithium and further experimental
validation of the developed numerical model which was presented in chapter 7 are the
objectives of a new liquid lithium experiment, called LYDER. It was developed as part of
this thesis and presented in chapter 8 of this thesis.

• The development of the LYDER experiment involved the construction of a specially
designed glove box with an attached antechamber.

• A new experimental liquid lithium system has been designed and constructed inside
the developed glove box. It allows the circular movement of up to VLi = 100 mL of
deuterium-loaded liquid lithium between two tanks.

• A deuterium injection system has been designed as part of the lithium system. It
enables loading the liquid lithium with a controlled concentration of deuterium.
The chosen injection method is permeation from a 2H2 filled chamber through a
custom-designed α-iron membrane into the lithium.

• A numerical model of the deuterium injection system was developed to allow nu-
merical simulation of the deuterium injection process. The numerical model has
been used to define the appropriate size and thickness of the permeation membrane
and allows the calculation of the required 2H2 upstream pressure in the permeation
chamber to load the lithium with a given concentration in a reasonable time.

• To enable yttrium-based deuterium retention experiments with the LYDER system,
the deuterium-loaded liquid lithium will be pumped through an experimental deu-
terium trap filled with yttrium pebbles. The trap was designed and manufactured
within the scope of this work.

• The lithium system has been equipped with a specially designed lithium extraction
system that allows small lithium samples to be taken for subsequent measurement
of their deuterium content.

• An experimental branch for thermal desorption spectroscopy of the extracted lithium
samples was designed and mounted inside the glove box. Is purpose is to measure
the deuterium content in the lithium samples and to study the kinetics of hydrogen
desorption from liquid lithium.

• With the LYDER system fully assembled, the first heating and vacuum tests of the
lithium system were conducted. They showed that the lithium system is leak tight
and that the heating system is working well.

• An established procedure for performing deuterium retention experiments with the
LYDER system was presented and supported by numerical simulations.

In conclusion, the general research objectives of this dissertation, defined in section 1.3,
have been achieved.
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10. FUTURE WORK

This dissertation presented the development of new numerical models and experimen-
tal devices for the study of multi-isotopic hydrogen permeation and gettering in fusion-
relevant materials. However, their potential applications have only been partially ex-
ploited in this work. In fact, the activities carried out have opened several new lines of
research that should be pursued in future research campaigns. Some of the numerical and
experimental work that remains to be done is presented below:

Among other activities, within the scope of this work, first mono-isotope permeation
measurements with the developed COOPER experiment were carried out. In the future,
the mono-isotopic permeation measurements will be extended to characterize in which
driving pressure ranges the observed permeation processes occur in the diffusion-limited
and in the surface-limited regime. This helps to ensure that hydrogen transport parameters
are being measured in the appropriate permeation regime. Furthermore, it will be verified
whether the installation of a mirror polished Eurofer’97 permeation membrane results
in the measurement of hydrogen transport parameters closer to the literature values than
those obtained in the preliminary measurements. In addition, mono-isotopic permeation
measurements in the surface-limited regime will be performed to measure the dissociation
rate coefficient of 2H2 molecules on a Eurofer’97 surface.

Moreover, first co- and counter-permeation measurements with the COOPER experi-
ment will be executed according to the experimental procedures presented in section 6.4.
The observation of a decreasing deuterium permeation flux with increasing 1H2 partial
pressure would be a major achievement. The obtained experimental data will be com-
pared with the simulation results of the developed model of the COOPER experiment for
experimental validation of the model.

The development of the numerical model of hydrogen transport in different yttrium
hydride phases presented in chapter 7 has opened the possibility to numerically investi-
gate the hydrogen isotope absorption and desorption kinetics of an yttrium pebble bed
exposed to a gas or a vacuum. Thus, it is planned to investigate numerically under which
pressure and temperature conditions an exhausted yttrium pebble bed could be degassed
and recovered for reuse as a getter trap in the DONES lithium loop. For this purpose, the
developed numerical model of the pebble bed will be slightly modified to allow for the
simulation of hydrogen transport across a gas-yttrium interface.

However, performing a numerical simulation of a hydrogen degassing process from
an yttrium pebble bed would require the unknown temperature relations of the hydrogen
recombination and dissociation coefficients at a gas-yttrium interface as input parameters.
These parameters are planned to be experimentally determined with the COOPER exper-
iment by performing mono-isotopic permeation measurements of deuterium through an
yttrium membrane in the surface-limited permeation regime. The influence of the yttrium
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surface condition on the degassing rate will also be investigated experimentally and the
results will be incorporated into the model. Finally, the modified numerical model of
hydrogen isotopes degassing from an yttrium pebble will be experimentally validated by
reproducing TDS measurements of deuterium-loaded yttrium samples.

The development of the LYDER experiment has opened up another line of research.
In the near future, the commissioning phase of the LYDER experiment will be completed
by testing the heating system at higher temperatures and the functioning of all glove box
auxiliary systems. Afterwards, the proper movement of molten lithium between the two
tanks will be verified. In addition, the deuterium injection system will be tested and the
first lithium samples will be extracted. The designed TDS branch of the LYDER experi-
ment will be evaluated as an appropriate method to measure the deuterium concentration
in lithium. Preliminary deuterium retention experiments will be performed with the LY-
DER experiment. Thus, it will be intended to determine the low-concentration distribution
coefficient of the H-Li-Y system. To validate the numerical model presented in chapter
7, future experimental results with the LYDER experiment will be compared with the
simulation results of the deuterium retention measurements shown in chapter 8.

The developed TDS branch of the LYDER experiment enables the experimental inves-
tigation of the hydrogen isotope desorption kinetics from a free liquid lithium surface. To
date, there is insufficient information in the literature to estimate the rate at which tritium
would degas from a liberated tritium-loaded lithium surface in an accidental scenario of
DONES. Performing TDS measurements with the developed TDS branch may provide
sufficient information to make such an estimation possible.
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APPENDIX

The appendix presents fabrication drawings of various technical components devel-
oped during this dissertation. The final drawings were prepared by professional CAD
draftsmen of the Ciemat Institute and AVS company. They are fully based on preliminary
designs made by the author of this thesis.

A.1. Fabrication drawings of glove box

Fig. A.1. Foto of the manufactured glove box.
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Fig. A.14. Lower polycarbonate window for the glove box.
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Fig. A.16. Additional modifications of the lower polycarbonate window.
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Fig. A.17. Additional modifications of the upper polycarbonate window.
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A.2. Fabrication drawings of glove box antechamber

Fig. A.19. Foto of the manufactured glove box antechamber.
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Fig. A.22. Custom-made drawer for the glove box antechamber.



A.3. Fabrication drawings of deuterium getter trap

Fig. A.23. Foto of the manufactured deuterium trap components.
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Fig. A.24. Assembly and structure of the deuterium trap.
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Fig. A.25. Main body of the deuterium trap container.
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Fig. A.26. Lid with DN40CF flange of the deuterium trap.
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Fig. A.27. Outer cylinder of the yttrium basket of the deuterium trap.
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Fig. A.28. Inner cylinder of the yttrium basket of the deuterium trap.
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Fig. A.29. Stainless steel mesh of the yttrium basket of the deuterium trap.
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