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RESUMEN
Esta Tesis se ha centrado en el problema asociado a la recuperación de tritio para la operación de
reactores de fusión de un modo auto-sostenible. Como base, se ha seleccionado un reactor DEMO
operado con un breeding blanket DCLL (Dual Coolant Lithium Lead) que utiliza la aleación eutéctica
PbLi como regenerador de tritio, multiplicador de neutrones y refrigerante principal. Uno de los
sistemas más importantes del reactor es el Sistema de Extracción y Recuperación de Tritio (TERS, de
sus siglas en inglés), que se encarga de extraer el tritio generado para enviarlo a la Planta de Tritio y
posteriormente ser reinyectado en el plasma para cerrar el ciclo. La opción seleccionada como
tecnología de extracción de tritio para blankets basados en metal líquido es la permeación contra vacío
(Permeation Against Vacuum, PAV). Dado que no hay resultados experimentales que validen la
aplicabilidad de esta técnica, el objetivo principal de esta Tesis es el diseño de una instalación
experimental capaz de demostrar la viabilidad de la tecnología PAV como sistema de extracción de
isótopos de hidrógeno. Dicha instalación consiste en un circuito cerrado de metal líquido que lleva
asociados una serie de componentes necesarios para dar soporte a la actividad, fundamentalmente un
extractor (PAV) y un sistema de inyección de gas. El circuito, CLIPPER, se ha diseñado de acuerdo a los
parámetros de operación del breeding blanket y su TERS, para así obtener unos resultados relevantes y
extrapolables a DEMO.
Por tanto, el primer paso de este trabajo se ha centrado en el diseño del TERS - DCLL, necesario
para definir los parámetros de operación sobre los que diseñar y escalar la instalación experimental. El
componente básico del TERS es el PAV, por lo que se ha realizado una optimización de su diseño
operando en condiciones de DCLL, y partiendo del desarrollo teórico de un modelo de transporte de
tritio que relaciona los parámetros físicos y geométricos del permeador en términos de eficiencia.
Dicho modelo depende de los materiales que se utilizan para el estudio por sus características de
permeación y compatibilidad con el PbLi, así como de la temperatura de operación y caudal del metal
líquido. Uno de los resultados más relevantes es que los parámetros con mayor influencia en la
eficiencia del permeador son la longitud de la membrana y la altura del canal. Se ha encontrado que un
aspecto crítico en el diseño es la incertidumbre en el valor de la solubilidad de tritio en PbLi, que se
traduce en una alta dispersión en la eficiencia calculada. Finalmente, se presenta un diseño de PAV
capaz de recuperar tritio con una eficiencia del 80% cuando opera en condiciones DCLL, y que es
adaptable a las necesidades del reactor. La dispersión en el valor de la solubilidad tiene una segunda
consecuencia, ya que afecta al rango de velocidad de bombeo del sistema de vacío del permeador
dificultando la definición de la bomba más adecuada, y que podría condicionar el funcionamiento de la
técnica. Además, se ha determinado que la velocidad de bombeo mínima necesaria es 150 m 3/s y
actualmente no hay bombas compatibles capaces de llegar a ese nivel. Por ello se ha propuesto un
diseño adaptado de una bomba comercial que, aumentando su tamaño, cubre las necesidades
descritas.
Una vez establecidos los parámetros de referencia se han fijado las condiciones de trabajo del lazo
experimental, que cubren un amplio rango de operación con el objetivo de caracterizar el
comportamiento de PAV en diferentes condiciones de caudal, temperatura y presión parcial de
hidrógeno. Dado que el manejo de tritio atañe una serie de riesgos debido a su radiactividad y requiere
una serie de instalaciones especiales y dedicadas, los experimentos se llevarán a cabo utilizando dos
isótopos de ese gas, deuterio e hidrógeno. Los resultados pueden ser posteriormente extrapolados a
los esperados en un entorno de operación con tritio dada su similitud química.
Dos de los elementos clave de la instalación, el PAV y el inyector de gas, no existen
comercialmente. Es por ello que el diseño y desarrollo de prototipos ha centrado gran parte de la
actividad de esta Tesis. Para el PAV se ha seleccionado vanadio como material de la membrana debido
a su alta permeabilidad y compatibilidad con PbLi. El diseño final del permeador consiste en placas de

vanadio soportadas en una estructura de acero inoxidable que proporciona un rango de eficiencias en
el CLIPPER entre 21% y 39%. Se ha realizado una caracterización completa de la membrana de
vanadio, cuyo primer resultado es un análisis químico que confirma una pureza del material del
99.86%. Posteriormente se ha llevado a cabo su caracterización mecánica para obtener diferentes
parámetros necesarios para las simulaciones termomecánicas (módulo de elasticidad, coeficiente de
expansión térmica, tensión de rotura y fluencia). Se ha medido también la permeabilidad al deuterio
en dos laboratorios diferentes, obteniendo una buena concordancia aunque un valor distinto al
encontrado en la literatura. También se ha determinado que la soldadura TIG entre acero inoxidable y
la membrana de vanadio puede realizarse mostrando una buena compatibilidad en términos de
estabilidad de los materiales. Finalmente se presenta la fabricación de todas las piezas del permeador
para su ensamblaje final. Quedan pendientes los test a vacío que confirmen la estanqueidad del
conjunto.
Puesto que no se dispone de fuente neutrónica que pueda generar tritio en el seno del metal
líquido, otro elemento clave en el circuito es el sistema de inyección de gas. Este dispositivo se encarga
de asegurar la concentración deseada de hidrógeno o deuterio en el PbLi. En esta Tesis se presenta un
enfoque novedoso basado en la permeación forzada. Sus principales ventajas respecto a otras técnicas
empleadas en el campo (principalmente inyección de burbujas en el líquido) son una mejor
solubilización del hidrógeno en el PbLi y una distribución uniforme del gas dentro del mismo. El
diseño del inyector consiste en un conjunto de tubos de niobio, utilizados como membrana permeable,
envueltos por una carcasa de acero que contiene el gas a inyectar. Para la optimización de este sistema
se ha desarrollado un modelo teórico que simula los flujos de gas a través de la membrana, teniendo
en cuenta el movimiento del fluido en el interior de los tubos. Se ha encontrado que la inyección se ve
favorecida, principalmente, por la longitud de la membrana (al igual que en el caso del permeador) y
por el número de tubos. Otro resultado importante es que para membranas con alta permeabilidad, el
aumento en el radio del tubo dificulta el proceso, mientras que para membranas con baja
permeabilidad, un aumento en este parámetro mejora la inyección. Finalmente, se presenta un diseño
de inyector de gas que puede operar en el lazo de PbLi de acuerdo con sus parámetros operativos fijos.
El inyector se basa en la aplicación de una alta presión de hidrógeno en el interior de la carcasa para
forzar la permeación a través de los tubos, alcanzando un enorme gradiente en el espesor de la
membrana. Gracias a esto, el área de membrana requerida para el sistema de inyección es mucho más
bajo que la del sistema PAV para obtener el mismo flujo inyectado/extraído.
Todo el trabajo desarrollado durante la presente Tesis se encuentra condensado en el diseño final
de la instalación experimental CLIPPER. Además del desarrollo de los sistemas no comerciales, el
diseño del lazo incluye todos los demás componentes necesarios para la operación del mismo (bomba,
tanques, válvulas, sensores, etc.). Dado que el PbLi se puede oxidar rápidamente cuando es expuesto a
la atmósfera, el proceso de fundido se lleva a cabo en un tanque externo al circuito que se encuentra en
una caja de guantes con atmósfera inerte. Esto permite tomar muestras para analizar y eliminar las
impurezas antes de llenar el lazo. Se ha realizado una evaluación termomecánica de CLIPPER con el
objetivo de identificar deformaciones y tensiones excesivas en las tuberías y componentes del circuito.
Se ha encontrado que, gracias al diseño propuesto, la mayoría de las tuberías estarán sometidas a un
nivel de tensión relativamente bajo (1-30 MPa), siendo la deformación máxima a lo largo del circuito
de unos 4 cm, por lo que la operación del lazo no se verá comprometida.
Finalmente, se ha realizado una simulación preliminar sobre el inventario de hidrógeno en
CLIPPER en distintos escenarios de operación, teniendo en cuenta los flujos de inyección y extracción
en los distintos componentes. Para ello, el parámetro clave es la evolución de la concentración de
hidrógeno con el tiempo. Teniendo en cuenta las condiciones de operación de un DCLL, se ha
encontrado que se necesitan 2.5 h para alcanzar la concentración deseada en el lazo antes de encender
el PAV. A partir de este momento se obtendría una eficiencia de extracción del 22%. Se concluye que el
proceso de inyección se ve más afectado por la concentración de hidrógeno y el caudal másico de PbLi,
mientras que la extracción depende en mayor medida de la temperatura. El cálculo de inventario se ha

repetido en condiciones de operación representativas de otros dos tipos de breeding blankets, el HCLL
(Helium Cooled Lithium Lead) y el WCLL (Water Cooled Lithium Lead), encontrando resultados
similares pero con distintas eficiencias de extracción.

Table of Contents
1

INTRODUCTION ................................................................................................................................... 1
1.1.

NUCLEAR FUSION ....................................................................................................................................................... 2

1.2. FUSION REACTORS .................................................................................................................................................... 6
1.2.1.
Magnetic confinement ..................................................................................................................................... 8
1.2.2.
Fusion Roadmap: research developments in fusion power plants ........................................... 10
1.3. DEMO PROJECT......................................................................................................................................................... 12
1.3.1.
Main geometrical and physical characteristics .................................................................................. 12
1.3.2.
Main Systems and Components................................................................................................................ 14
1.4. THE BREEDING BLANKET ................................................................................................................................... 16
1.4.1.
Main blanket requirements ........................................................................................................................ 16
1.4.2.
Types of Breeding Blankets........................................................................................................................ 18
1.4.3.
Auxiliaries.......................................................................................................................................................... 23
1.4.4.
Principal issues of liquid metal based breeding blankets ............................................................. 23

2

1.5.

THE DUAL COOLANT LITHIUM LEAD BREEDING BLANKET ............................................................... 24

1.6.

THE DCLL LEAD-LITHIUM LOOP AND AUXILIARIES ............................................................................... 27

1.7.

STATE OF THE ART IN PbLi LOOPS ................................................................................................................. 29

TRITIUM ASPECTS IN FUSION ...................................................................................................... 35
2.1. TRITIUM TRANSPORT: basic properties of the interaction with materials .................................... 36
2.1.1.
Solubility ............................................................................................................................................................ 37
2.1.2.
Diffusivity .......................................................................................................................................................... 40
2.1.3.
Permeability ..................................................................................................................................................... 41
2.2.

TRITIUM CONCENTRATION IN THE BREEDING BLANKET ................................................................... 43

2.3. TRITIUM EXTRACTION TECHNOLOGIES ....................................................................................................... 44
2.3.1.
Gas-liquid contactors .................................................................................................................................... 45
2.3.2.
Vacuum Sieve Tray ........................................................................................................................................ 49
2.3.3.
Getter System ................................................................................................................................................... 50
2.3.4.
Permeation Against Vacuum ..................................................................................................................... 51
2.3.5.
Summary and comparison between techniques ............................................................................... 54

3

THE TRITIUM EXTRACTION AND REMOVAL SYSTEM FOR A DCLL-DEMO ................... 59
3.1.

OBJECTIVE AND REQUIREMENTS OF THE TERS ....................................................................................... 60

3.2.

TERS PIPING AND INSTRUMENTATION DIAGRAM AND MAIN CHARACTERISTICS .................. 60

3.3. TRITIUM EXTRACTION: PERMEATOR AGAINST VACUUM .................................................................... 62
3.3.1.
Geometry ........................................................................................................................................................... 62
3.3.2.
Materials ............................................................................................................................................................ 63
3.3.3.
Model of permeation against vacuum.................................................................................................... 64

4

3.4.

VACUUM SYSTEM .................................................................................................................................................... 77

3.5.

TERS FINAL DESIGN: INTEGRATION IN THE PbLi LOOP ....................................................................... 81

CONCEPTUAL DESIGN OF THE LEAD-LITHIUM LOOP FOR TRITIUM EXTRACTION .. 87
4.1.

OBJECTIVE .................................................................................................................................................................. 87

4.2.

DESCRIPTION OF THE MAIN COMPONENTS ............................................................................................... 87

XIII

4.2.1.
4.2.2.
4.2.3.
4.3.

Pumping system.............................................................................................................................................. 88
Extraction system........................................................................................................................................... 89
Injection system .............................................................................................................................................. 90

OPERATIONAL PARAMETERS............................................................................................................................ 90

4.4. SUPPORTING ACTIVITIES FOR THE PbLi LOOP CONCEPTUAL DESIGN .......................................... 91
4.4.1.
A PAV prototype: FUSKITE ......................................................................................................................... 92
4.4.2.
A PbLi loop for tritium extraction: TRIEX ............................................................................................ 97
4.4.3.
Analysis of lead-lithium .............................................................................................................................103

5

DEVELOPMENT OF NON-COMMERCIAL COMPONENTS FOR LEAD-LITHIUM LOOP 115
5.1. PERMEATOR AGAINSTS VACUUM PROTOTYPE-TRITON ....................................................................115
5.1.1.
Characteristics ...............................................................................................................................................115
5.1.2.
Conceptual design ........................................................................................................................................116
5.1.3.
Characterization of the vanadium membrane..................................................................................121
5.1.4.
Detailed design ..............................................................................................................................................130
5.1.5.
Manufacturing and final assembly ........................................................................................................134
5.2. GAS INJECTION SYSTEM .....................................................................................................................................145
5.2.1.
Characteristics ...............................................................................................................................................145
5.2.2.
Conceptual design ........................................................................................................................................145
5.2.3.
Detailed design ..............................................................................................................................................155

6

CLIPPER: THE CIEMAT LEAD-LITHIUM PERMEATION EXPERIMENT .......................... 159
6.1.

DESCRIPTION OF THE FACILITY: CLIPPER LAYOUT..............................................................................159

6.2.

COMPONENTS OF THE LOOP............................................................................................................................163

6.3.

STRUCTURAL CALCULATIONS OF CLIPPER...............................................................................................174

6.4.

PROCEDURES FOR CLIPPER OPERATION ...................................................................................................176

6.5.

INVENTORY OF HYDROGEN/DEUTERIUM IN THE LOOP ....................................................................178

7

CONCLUSIONS .................................................................................................................................. 187

8

FUTURE WORKS ............................................................................................................................. 193

REFERENCES ............................................................................................................................................ 197
ANNEX I. LEAD-LITHIUM PROPERTIES ........................................................................................... 209
ANNEX II. MANUFACTURING PLANS OF TRITON ......................................................................... 211
PUBLICATIONS AND CONFERENCE CONTRIBUTIONS ............................................................... 221

XIV

List of Figures
Figure 1.1. Left) Global fossil fuel consumption over the last 100 years; right) share of World electricity
production from fossil fuels [1] ............................................................................................................................ 1
Figure 1.2. Elements chain formation by nuclear fusion reactions ........................................................................... 2
Figure 1.3. The three isotopes of hydrogen: protium, deuterium and tritium ..................................................... 3
Figure 1.4. Proton-proton chain of hydrogen fusion: the reactions to create helium from protium nuclei
according to the p-p cycle are shown................................................................................................................. 3
Figure 1.5. Left) Potential energy of two nuclei as function of their separation. Right) Cross-sections for
the three most probable fusion reactions. [6] ................................................................................................ 4
Figure 1.6. Tritium production cross-section for the two forms of lithium ........................................................... 6
Figure 1.7. General scheme of a nuclear fusion power plant. The plasma is confined inside the vacuum
vessel and it is surrounded by the breeding blanket, where the tritium is re-generated to be
extracted and injected in the plasma. The heat of the fusion reaction is transformed into
electricity by the steam generator [6] ............................................................................................................... 7
Figure 1.8. Scheme of the inertial confinement fusion process at NIF. All of the energy is directed inside
a gold cylinder called hohlraum containing atoms of deuterium and tritium to fuel the
ignition [12] .................................................................................................................................................................. 8
Figure 1.9. Scheme of the magnet system of a tokamak fusion device. The confinement of the plasma is
assured with poloidal and toroidal coils [13] ................................................................................................. 8
Figure 1.10. Scheme of TJ-II stellarator showing part of the vacuum vessel (gray), the coils (blue) and
the plasma (yellow) [15] ......................................................................................................................................... 9
Figure 1.11. Fusion Roadmap to reach the construction of a commercially Fusion Power Plant [17] ... 10
Figure 1.12. Comparison between the biggest tokamak existing, JET, the forthcoming ITER and the
future DEMO .............................................................................................................................................................. 11
Figure 1.13. DEMO2015 general scheme showing the main components [21] ................................................ 12
Figure 1.14. HCPB breeding blanket design. A detailed view of the OB equatorial module shows the
layers devoted to lithium breeder and beryllium multiplier beds [28]............................................ 19
Figure 1.15. Phase diagram of PbLi system. The melting point for the eutectic composition of Pb-17Li is
at 235 ℃ ...................................................................................................................................................................... 20
Figure 1.16. PbLi microstructure. Left) Ingots of nearly eutectic PbLi with 15.8-16.1±0.2% at. Li from
the University of Latvia (IPUL). Right) Ingots of hypereutectic PbLi with 18.8-19.4±3.5% at. Li
from “Jost-Hinrich Stachov Metahandel” (Germany) [33] ..................................................................... 20
Figure 1.17. WCLL breeding blanket equatorial outboard central module [34] .............................................. 21
Figure 1.18. Left) isometric view of the HCLL equatorial outboard module; right) Helium and PbLi
distribution in the HCLL module [35] ............................................................................................................. 22
Figure 1.19. Left) DCLL equatorial outboard module composition; right) isometric view of the OB
module showing the PbLi path in the breeding zone ............................................................................... 22
Figure 1.20. Left) lateral view of the DCLL equatorial module showing the PbLi routing in the breeding
zone; (right) distribution of the PbLi channels in the OB equatorial module and main
dimensions. The breeding zone is depicted together with the supporting structure................. 25
Figure 1.21. Left) DCLL breeding blanket central outboard and inboard segments arrangement. It is
divided into 8 IB modules and 8 OB modules; right) DCLL coolant scheme in the BSS ............. 26
Figure 1.22. Toroidal section view of the DEMO TOKAMAK showing the 18 sectors (outboard: L1-L9,
inboard: L10-L12) with the corresponding 12 PbLi loops for the DCLL breeding blanket
concept......................................................................................................................................................................... 27
Figure 1.23. P&ID of the DCLL PbLi loop [50]. DPT: differential pressure transmitter; FM: flow meter;
GR: gamma activity monitoring; HR: hydrogen sensor; LS: PbLi level sensor; PT: pressure
transmitter; QR: Q2 sensor; RD: failure disk; SV: relief valve; TT: temperature transmitter;
VC: control pneumatic valve; VG: pneumatic valve; VP: vacuum pump. .......................................... 28

XV

Figure 2.1. Tritium fuel cycle in a fusion reactor. Blue denotes the inner fuel cycle; red denotes the
outer fuel cycle ......................................................................................................................................................... 35
Figure 2.2. Potential energy distribution of hydrogen in a metal [72] ................................................................. 37
Figure 2.3. Dependence of the hydrogen solubility in lead-lithium with the temperature for different
experimental results .............................................................................................................................................. 38
Figure 2.4. Variation of the deuterium solubility in lead-lithium with the temperature for different
experimental results .............................................................................................................................................. 39
Figure 2.5. Deuterium and hydrogen solubility in PbLi at 450 ℃ vs. lithium atomic fraction in the alloy
for the different experimental measurements ............................................................................................ 39
Figure 2.6. Scheme of a gas-liquid contactor based on a packed column where liquid and gas flow are in
counter-current........................................................................................................................................................ 46
Figure 2.7. Left) Scheme of a gas-liquid contactor based on bubble column. Right) Scheme of gas-liquid
contactor based on spray tower........................................................................................................................ 48
Figure 2.8. Left) Principle of tritium extraction from liquid falling droplets in vacuum sieve tray; right)
design of VST system for a breeding blanket [112] .................................................................................. 50
Figure 2.9. Permeation against vacuum principle: the liquid metal containing tritium enters in the
channel and due to the gradient of pressure generated by the vacuum pump, tritium
permeates through the membrane to be finally extracted [118] ........................................................ 52
Figure 2.10. Permeation processes taking place in a membrane. Tritium is adsorbed on the membrane,
diffuses through it and then is desorbed in the vacuum side ............................................................... 52
Figure 2.11. Tritium transport processes in the permeator. The tritium is carried along the channel
with the liquid metal (axial diffusion) and it moves to the extremes of the channel (up and
down; radial diffusion).......................................................................................................................................... 53
Figure 3.1. TERS P&ID. PAV: Permeator Against Vacuum; G: Getter System; HVP: high vacuum pump;
RVP: rough vacuum pump; TT: temperature sensor; PT: pressure transducer; TS: tritium
sensor in PbLi; AC: tritium sensor in gas phase; V: valve ....................................................................... 61
Figure 3.2. Permeator against vacuum squared configuration. Liquid metal channels are alternated
with vacuum channels ........................................................................................................................................... 63
Figure 3.3. Concentration profile of tritium from the bulk towards the wall .................................................... 65
Figure 3.4. Scheme of axial transport of tritium within the liquid lead-lithium ............................................... 67
Figure 3.5. Relation between efficiency, distance between membranes and velocity. (a = 0.75 m, z = 1E3m, N = 80, Φ = 1.26E-8mol/m·s·Pa0.5) .......................................................................................................... 71
Figure 3.6. Left) Relation between wall thickness and efficiency. Right) Dependence of efficiency with
the channel width (z = 1E-3 m, L = 7 m, Φ = 1.26E-8 mol/m·s·Pa0.5) ................................................ 72
Figure 3.7. Dependence of efficiency with the parameters studied. (h = 5E-3 m, L = 7 m, z = 1E-3 m, a =
0.80 m, N = 60, Φ = 1.26E-8 mol/m·s·Pa0.5) ................................................................................................. 72
Figure 3.8. Relation between permeability and efficiency. For a fixed geometry, there is a saturation
limit from which an increase on permeability does not improve the efficiency........................... 73
Figure 3.9. Left) Overall design of the PAV showing length, width and total height. Right) Detailed view
of the PbLi and vacuum channels ..................................................................................................................... 74
Figure 3.10. Relation between tritium permeability and efficiency of the PAV for the two limiting cases,
Reiter’s (filled circles) and Aiello’s (open circles) solubility constant. Blue: inboard PbLi loop,
black: outboard PbLi loop .................................................................................................................................... 75
Figure 3.11. Schematic of the connection between PAV and PbLi circuit............................................................ 76
Figure 3.12. Tritium extraction efficiency as a function of the pumping speed considering Reiter’s (left)
and Aiello’s (right) Sieverts constants for a fixed tritium concentration in PbLi of 4.70E-4
mol/m3 ......................................................................................................................................................................... 78
Figure 3.13. Pumping speed as a function of the tritium concentration at the PAV entrance. Efficiency
estimated for a Nb-based PAV for Reiter’s and Aiello’s KS ..................................................................... 79
Figure 3.14. Cut view of turbomolecular pump by ‘Eurovacuum B.V.’ [152] (left) and cryogenic pump
by ‘Brooks Automation Inc.’ [153] (right) showing the operation procedure and the possible
connections with the PAV system .................................................................................................................... 80

XVI

Figure 3.15. Left) Scheme of a linear diffusion pump by ‘Hivatec Laboratory’ [154]. Right) Scheme of a
liquid-ring pump [155] ......................................................................................................................................... 80
Figure 3.16. CAD model overview of the Tritium Extraction and Removal System ........................................ 81
Figure 3.17. View of the OB PbLi loop model [51] with the integration of the TERS, the expansion tank,
the heat exchanger, the mechanical pump and the storage tank. Prior to be sent to the
blanket, the PbLi flows through the purification system. Most valves and flowmeters are also
showed. ........................................................................................................................................................................ 82
Figure 4.1. Basic scheme of a PbLi loop for testing the permeation against vacuum technology. The
PbLi is filled with hydrogen/deuterium gas prior entering in the extractor system. ................. 88
Figure 4.2. Fuskite configuration. The spiral shaped design is fabricated on stainless steel 316 by laser
melting technology [123] ..................................................................................................................................... 92
Figure 4.3. Left) Layout of the PbLi loop for Fuskite [161] and right) scheme of the Fuskite location in
the loop ........................................................................................................................................................................ 93
Figure 4.4. Evolution with time of the hydrogen permeation flux at different temperatures in gas phase
experiments of Fuskite [161] ............................................................................................................................. 94
Figure 4.5. Pressure evolution in the gas feed during the injection of hydrogen into PbLi using Fuskite
as inverted permeator. Three tests were performed with different initial pressures (0.8 bar,
1.45 bar and 1.6 bar).............................................................................................................................................. 95
Figure 4.6. Evolution of the hydrogen flux measured in the gas analyser during the extraction
procedure of Fuskite. The extracted amount of hydrogen is similar for the three tests ........... 96
Figure 4.7. P&ID of TRIEX-2. MFM: mass flowmeter; PMP: pump; PST: differential pressure transducer;
V: valve; S2: saturator; S3: extractor; V: valve. Courtesy of ENEA ...................................................... 98
Figure 4.8. TRIEX-2 scheme bypass-1. Two valves (green) regulate the PbLi mass flow sent to each
pipe line. SAT: saturator; EXT: extractor ....................................................................................................... 99
Figure 4.9. TRIEX-2 scheme bypass-2. Two valves (green) regulate the PbLi mass flow sent to each
pipe line. SAT: saturator; EXT: extractor .....................................................................................................100
Figure 4.10. Evolution of hydrogen concentration in PbLi after the saturator for the two values of K T:
left) scheme of bypass-1; right) scheme of bypass-2 .............................................................................101
Figure 4.11. Evolution of hydrogen concentration in PbLi at different points of the loop in the bypass-2
scheme. The high limit of mass transport is considered (KT = 1.00E-5 m/s) ...............................102
Figure 4.12. Lead-lithium ingot by GMH Stachow-Metall GmbH. It can be appreciated the white
deposition on the lower lateral face that can be formed by oxides ..................................................104
Figure 4.13. DTA and TG analysis of PbLi as received from GMH (batch 1: purple and green lines; batch
2: red and blue lines) and from IPUL (yellow and orange lines) ......................................................105
Figure 4.14. Chemical analysis of two samples from GMH and IPUL batches. The concentration of the
different elements is represented in ppm except for lithium which is in mg/g ..........................106
Figure 4.15. XRD pattern of both samples from GMH batch 2. The intensity of the peak is plotted
against the characteristic parameter for its obtainment. Each peak is identified and
numbered according to the pattern of the JCPDS: blue for Pb and green for PbO .....................107
Figure 4.16. Dross taken during the melting of PbLi from the GMH-1................................................................108
Figure 4.17. XRD pattern of sample 2 from dross analysis (ES2). Each peak is identified and numbered
according to the pattern of the JCPDS: red for Pb, green for PbO, purple for LiOH and blue for
Li2O ..............................................................................................................................................................................108
Figure 4.18. DTA and TG analyses of melted PbLi samples taken from the loop. Blue and red lines
corresponding to samples before experiments; green and purple lines refers to the samples
taken after the experiments ..............................................................................................................................109
Figure 4.19. Chemical analysis of PbLi from GMH. Comparison of the as received PbLi samples (GMH-1
and GMH-2) and melted PbLi samples (LM-before and LM-after) ...................................................110
Figure 5.1. Variation of the efficiency with the PAV width for the two membranes considered (v = 1
m/s; h = 5E-3 m; L = 1 m; z = 1E-3 m; ϕ Fe= 1.75E-10 mol/m·s·Pa0.5; ϕ V= 1.52E-7
mol/m·s·Pa0.5) .........................................................................................................................................................117
Figure 5.2. Variation of the efficiency with the PbLi mass flow rate and velocity (h = 5E-3 m; z = 1E-3
m; a = 8E-2 m; N = 7; T=500 ℃; ϕ Fe= 1.75E-10 mol/m·s·Pa0.5; ϕ V= 1.52E-7 mol/m·s·Pa0.5)118
XVII

Figure 5.3. Efficiency dependence with temperature (m=28.4 kg/s; h = 5E-3 m; z = 1E-3 m; a = 8E-2 m;
N = 7; ϕ Fe= 1.77E-8 exp(-31600/(R·T)) mol/m·s·Pa0.5 ; ϕ V= 4.0E-9 exp(24900/(R·T))
mol/m·s·Pa0.5) .........................................................................................................................................................119
Figure 5.4. Sensitivity analysis of the design of TRTION (h = 5E-3 m, L = 5 m, z = 1E-3 m, a = 8E-2 m, N
= 7, ϕ V= 1.52E-7 mol/m·s·Pa0.5) ......................................................................................................................120
Figure 5.5. Vanadium membranes of 1 mm thick, 1 m length and 0.09 m width ...........................................121
Figure 5.6. Certificate of analysis of the vanadium purchased for the manufacturing of the permeator,
from Eagle Alloys Corporation.........................................................................................................................122
Figure 5.7. Chemical analysis of vanadium membranes. Comparison between results obtained at
CIEMAT (red bars) and supplier’s data (blue bars). X-ray fluorescence was employed to
determine the amount of impurities and vanadium purity .................................................................122
Figure 5.8. SEM/EDX analysis of vanadium as received ...........................................................................................123
Figure 5.9. a) Vanadium sheet in oxidized state; b) First step to remove the oxide layer in vanadium:
washing with CITRANOX/water 1:1 and ethanol; c) Second step: polish the surface with
1200-SiC sandpaper and then with 4000-SiC sandpaper and water; d) Final state of
vanadium membrane after the elimination of the oxide layer ...........................................................123
Figure 5.10. SEM/EDX analysis of vanadium oxide powder extracted from the membrane ....................124
Figure 5.11. Microscope photographs of the surface of vanadium (a) before and (b) after the cleaning
procedure to remove the layer of oxide .......................................................................................................124
Figure 5.12. Literature values for deuterium permeability through vanadium..............................................125
Figure 5.13. General scheme of a gas driven permeation set-up and vanadium sample used for the
experiments (dimensions 39 x 39 x 1 mm) ................................................................................................126
Figure 5.14. Deuterium permeation flux through the vanadium membrane. Left) evolution with time
and increasing pressures. Right) flux dependence with the pressure applied at different
temperatures. Measurements performed in ASIPP ................................................................................127
Figure 5.15. Deuterium permeability through vanadium at different temperatures measured at
CIEMAT and ASIPP: comparison with literature values. ......................................................................127
Figure 5.16. Evolution of the thermal expansion coefficient of vanadium with temperature.
Longitudinal (blue line) and transversal (red line) directions...........................................................128
Figure 5.17. Vanadium probes after tensile tests at 400 ℃, 500 ℃ and 550 ℃ ..............................................129
Figure 5.18. Structural analysis of PAV: temperature profile of half-longitudinal-section ........................130
Figure 5.19. Structural analysis of PAV showing half-longitudinal-section; a) Steel structure von Mises
stress; b) Vanadium sheets von Mises stress. Maximum stresses are below the limits for both
materials ...................................................................................................................................................................131
Figure 5.20. Stiffening elements located in the vacuum channels of the PAV. There are 16 stiffeners per
channel separated each 25 mm, with a width of 35 mm and a length of 68 mm........................131
Figure 5.21. Efficiency ranges of TRITON for the operational parameters of the loop and the measured
V permeability. a) Evolution with mass flow rate limits; b) dependence with temperature
ranges .........................................................................................................................................................................132
Figure 5.22. Efficiency of the permeator for the range of PbLi mass flow and temperatures to be tested
in the experimental campaign considering Reiter’s KS ..........................................................................132
Figure 5.23. TRITON design based on vanadium sheets embedded on a stainless steel structure in
which a heating element is allocated ............................................................................................................133
Figure 5.24. PAV general view with vacuum circuit connections .........................................................................134
Figure 5.25. Lateral supporting structure and details showing the holes for performing the vacuum
between PbLi channels, the splines to allocate the membranes of vanadium and the groove
for the heating element .......................................................................................................................................135
Figure 5.26. Upper and bottom supporting structures .............................................................................................135
Figure 5.27. Vacuum box pieces with CF connections for pressure sensor, thermocouples, vacuum
pump and gas analyser .......................................................................................................................................136
Figure 5.28. Diffuser and stiffener .....................................................................................................................................136
Figure 5.29. Samples of welding test between vanadium and stainless steel AISI410; left) sample 1;
right) sample 2 .......................................................................................................................................................137
XVIII

Figure 5.30. SEM analysis of vanadium side of welding test; sample 1 ..............................................................137
Figure 5.31. SEM analysis of back side of welding test in the zone of the filler material, sample 1 .......138
Figure 5.32. SEM analysis of back side of welding test in the zone of the edge of the welding, sample 1
.......................................................................................................................................................................................138
Figure 5.33. Left) Inner view of vanadium membranes conforming PbLi and vacuum channels; right)
base structure with the stiffening elements ...............................................................................................139
Figure 5.34. View of the lateral supporting structures attached to the base structure of stainless steel
.......................................................................................................................................................................................139
Figure 5.35. Left) Stiffeners welded to a common rod and to the lateral supporting structure of
stainless steel; right) front view of PbLi channels and vacuum channels closed with
individual plates ....................................................................................................................................................140
Figure 5.36. Welding of vanadium to the supporting structure ............................................................................140
Figure 5.37. Lateral view of TRITON with and without the vacuum box ...........................................................141
Figure 5.38. Final assembly of TRITON ............................................................................................................................141
Figure 5.39. Pumping speed required as function of the hydrogen partial pressure in the PbLi. Needed
conditions for the vacuum pump to cover the range of pressures to test in the PAV working
at 500 ℃ ....................................................................................................................................................................142
Figure 5.40. HiPace 400® vacuum pump scheme from Pfeiffer Vacuum GmbH ............................................143
Figure 5.41. Heating element Thermocoax resistance ..............................................................................................143
Figure 5.42. a) Thermocouple type K from TCDirect; b) stiffener with holes to allocate the
thermocouple ..........................................................................................................................................................144
Figure 5.43. Pirani/cold cathode gauge IKR060 from Pfeiffer-Vacuum............................................................144
Figure 5.44. Artistic view of a tube-in-tube injection system .................................................................................145
Figure 5.45. Scheme of radial diffusion of hydrogen from the high pressure side to the PbLi bulk
through the membrane .......................................................................................................................................146
Figure 5.46. Scheme of axial diffusion of hydrogen within the PbLi bulk..........................................................148
Figure 5.47. Pressure of gas applied vs. concentration in PbLi for two configurations membrane
material: effect of the length. (TPbLi = 500℃; ri = 1.27E-2 m; z = 2E-3 m; N = 1; PbLi mass flow
= 28 kg/s; ϕ Nb = 3.08E-7 mol/m·s·Pa0.5; ϕ Fe = 1.29E-11 mol/m·s·Pa0.5) .......................................150
Figure 5.48. Pressure of gas applied as function of the concentration in the PbLi: effect of the
membrane thickness. (TPbLi = 500℃; ri = 1.27E-2 m; L = 0.5 m; N = 1; PbLi mass flow = 28
kg/s; ϕ Nb = 3.08E-7 mol/m·s·Pa0.5; ϕ Fe = 1.29E-11 mol/m·s·Pa0.5).................................................151
Figure 5.49. Left) H flux vs. tube radius; N=1. Right) Influence of the number of tubes on the hydrogen
injection versus the gas pressure applied. (PH2 = 100 Pa; CPbLi = 4.70E-4 mol/m3; TPbLi =
500℃; L = 0.5 m; z = 2E-3 m; ri = 1.27E-2 m; PbLi mass flow = 28 kg/s; Reiter’s solubility; ϕ Nb
= 3.08E-7 mol/m·s·Pa0.5; ϕ Fe = 1.29E-11 mol/m·s·Pa0.5)......................................................................152
Figure 5.50. Left) Hydrogen flux variation with the solubility of H in PbLi; TPbLi = 500℃. Right)
Influence of PbLi temperature on the entering flux of hydrogen for two different membrane
materials (PH2 = 100 Pa; CPbLi = 4.70E-4 mol/m3; L = 0.5 m; ri = 1.27E-2 m; z = 2E-3 m; N = 1;
vPbLi = 1.5 m/s; ϕ Nb = 3.08E-7 mol/m·s·Pa0.5; ϕ Fe = 1.29E-11 mol/m·s·Pa0.5) .............................153
Figure 5.51. Concentration of hydrogen in the PbLi vs pressure of hydrogen applied in the injector for
the three liquid based breeding blankets: DCLL-red; WCLL-blue; HCLL-green..........................154
Figure 5.52. 3D design of the gas injector made of 5 niobium tubes (orange) with 1 inch inner diameter
and 200 mm length. The connection with the loop is made through a conic distributer of
stainless steel (purple)........................................................................................................................................155
Figure 5.53. Overall view of the gas injector. A cylindrical case to cover all niobium tubes and contain
the hydrogen gas owns a flange connection for the gas inlet, pressure and temperature
sensors .......................................................................................................................................................................156
Figure 6.1. CLIPPER simplified scheme. GB: glove box; MT: melting tank; FT: storage/filling tank; PMP:
permanent magnet pump; FM: flowmeter; ET: expansion tank; Co: cooler; GI: gas injector;
PAV: permeator against vacuum.....................................................................................................................160
Figure 6.2. 3D design of CLIPPER showing all components ....................................................................................160

XIX

Figure 6.3. Piping and Instrumentation Diagram (P&ID) of CLIPPER. Black lines indicate the liquid
metal piping, green lines are used for argon line and blue lines show the air line ....................162
Figure 6.4. Dimensions of CLIPPER: lateral view and top view .............................................................................163
Figure 6.5. 3D design of glove box GP Concept-T2 by Jacomex with the melting tank integrated in the
lower part .................................................................................................................................................................164
Figure 6.6. Scheme of melting tank and fabrication plan .........................................................................................165
Figure 6.7. Scheme of filling/draining tank and plan .................................................................................................165
Figure 6.8. Scheme of expansion tank and plan............................................................................................................166
Figure 6.9. Sketch of the permanent magnets electromagnetic pump designed by SAAS GmbH and
detail of the interior showing the PbLi channel (blue) and magnets (black) ...............................167
Figure 6.10. Pictures of the permanent magnets electromagnetic pump, by SAAS GmbH: left) assembly
procedure of the magnets; right) final view of pump ............................................................................167
Figure 6.11. Pressure drop-volumetric flow curves of the pump. ........................................................................168
Figure 6.12. Flywheel flowmeter from SAAS GmbH and scheme of installation ............................................169
Figure 6.13. Scheme of air cooler and plan.....................................................................................................................169
Figure 6.14. Ball valve T60 series by Swagelok and cross section view. Main dimensions for ½ inch
diameter pipe ..........................................................................................................................................................170
Figure 6.15. Gold-coated metallic gasket and detailed inner view by Garlock ................................................170
Figure 6.16. Heating cable insulated with quartz yarn HSQ by Horst .................................................................171
Figure 6.17. Left) Heating mat made of quartz fiber fabric by Horst; right) Mineral insulated band
barrel by Watlow ...................................................................................................................................................171
Figure 6.18. Scheme of AirTronic pressure regulator control valve by AirCom for argon gas line of
filling and expansion tanks ................................................................................................................................173
Figure 6.19. 3D scheme of the thermocouple installation into the pipes of the PbLi loop .........................173
Figure 6.20. a) Basic scheme of a level sensor based on a conductive probe. b) Pressure transducer
Cerabar T by Endress+Hauser .........................................................................................................................174
Figure 6.21. Structural analysis of CLIPPER: temperature profile .......................................................................175
Figure 6.22. Structural analysis of CLIPPER: total deformation ............................................................................175
Figure 6.23. Structural analysis of CLIPPER: deformation (x3 scale) along the Z-axis (m). The nondeformed model is shown in translucence .................................................................................................176
Figure 6.24. Simplified scheme of CLIPPER ...................................................................................................................179
Figure 6.25. Variation of hydrogen concentration in the liquid metal with time under DCLL conditions:
a) 5 hours of operation showing the stationary and the beginning of the PAV operation; b)
detailed view of the difference of concentrations after the start of the extraction ...................180
Figure 6.26. Variation of injected flux of hydrogen with time under DCLL conditions................................180
Figure 6.27. Variation of hydrogen concentration in the liquid metal with time under WCLL conditions:
a) 55 hours of operation showing the stationary and the beginning of the PAV operation; b)
detailed view of the difference on concentrations after the start of the extraction ..................181
Figure 6.28. Variation of injected flux of hydrogen with time under WCLL conditions ..............................181
Figure 6.29. Variation of hydrogen concentration in the liquid metal with time under HCLL conditions:
a) 50 hours of operation showing the stationary and the beginning of the PAV operation; b)
detailed view of the difference on concentrations after the start of the extraction ..................182
Figure 6.30. Variation of injected flux of hydrogen with time under HCLL conditions ...............................182
Figure 6.31. Variation of hydrogen concentration in the liquid metal with time under DCLL conditions
with experimental V-permeability obtained in CIEMAT: a) 5 hours of operation showing the
stationary and the beginning of the PAV operation; b) detailed view of the difference of
concentrations after the start of the extraction ........................................................................................184

XX

List of Tables
Table 1.1. Main DEMO2015 parameters [22] .................................................................................................................. 13
Table 1.2. Breeding Blanket concepts under investigation in EUROfusion ........................................................ 18
Table 1.3. PbLi parameters for a DCLL reactor [37] ..................................................................................................... 27
Table 1.4. Summary of PbLi loops devoted to fusion technologies ........................................................................ 31
Table 2.1. Purity of PbLi compositions employed to determine hydrogen/deuterium solubility ............ 40
Table 2.2. Tritium transport parameters of some materials of interest in nuclear fusion ........................... 42
Table 2.3. Tritium concentration in the three liquid breeding blanket concepts ............................................. 44
Table 2.4. Summary of pros/cons of tritium extraction technologies for liquid breeders [126], [127] . 54
Table 3.1. Table of input parameters defining the TERS characteristics ............................................................. 62
Table 3.2. Tritium permeability of materials evaluated as membrane for the permeator against vacuum
at 548 ℃ ...................................................................................................................................................................... 64
Table 3.3. PAV geometric characteristics .......................................................................................................................... 75
Table 3.4. Pressure drop caused by the PAV in the PbLi loop .................................................................................. 77
Table 4.1. Loop operational parameters............................................................................................................................ 91
Table 4.2. Fuskite main geometrical characteristics [67]........................................................................................... 92
Table 4.3. Efficiency of Fuskite calculated as a relation between the amount of hydrogen injected and
extracted for the three assays performed ..................................................................................................... 96
Table 4.4. TRIEX parameters. Courtesy of ENEA ........................................................................................................... 98
Table 4.5. Summary of PbLi samples analysed .............................................................................................................103
Table 5.1. Input parameters for TRITON .........................................................................................................................115
Table 5.2. TRITON geometrical characteristics ............................................................................................................118
Table 5.3. TRITON efficiency for Fe and V membranes in the range of PbLi mass flow operation at 500
℃ ..................................................................................................................................................................................120
Table 5.4. Mechanical properties of vanadium membrane and reference value (at room temperature)
given by the supplier............................................................................................................................................129
Table 5.5. Gas Injector geometrical characteristics ....................................................................................................154
Table 6.1. Dimensional parameters of the PbLi loop CLIPPER ..............................................................................163
Table 6.2. Main characteristics of the PMP by SAAS ...................................................................................................168
Table 6.3. Summary of heating elements for CLIPPER ..............................................................................................172
Table 6.4. Experimental parameters of CLIPPER to reproduce conditions of the three breeding
blankets .....................................................................................................................................................................179
Table 6.5. Summary of experimental extraction efficiencies to be achieved in CLIPPER under different
conditions .................................................................................................................................................................183
Table 8.1. Summary of experimental coefficients of hydrogen isotopes solubility in PbLi........................209
Table 8.2. PbLi properties ......................................................................................................................................................210

XXI

Abbreviations
ADS
ALARA
APT
ASIPP
BB
BSS
CAD
CANDU
CCFE
CEA
CIEMAT
CLIPPER
CLWR
CPS
DCLL
DEMO
DONES
DTA
ECRH
EFDA
ENEA
FCI
FW
GDP
GIS
GLC
HCLL
HCPB
HSX
HVP
IB
ICRH
IELLLO
IFMIF
ITER
JCPDS
JET
KIT
LHD
MHD
NBI
NIF
OB
ORMAK
PAV
PFC
PMP
PPPT

XXII

Accelerator Driven Subcritical system
As Low As Reasonably Achievable
Accelerator Production of Tritium
Institute of Plasma Physics, Chinese Academy of Sciences
Breeding Blanket
Back Supporting Structure
Computer Aided Design
CANada Deuterium Uranium
Culham Centre for Fusion Energy
Commissariat à l’énergie atomique et aux énergies alternatives
Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas
Ciemat Lithium-lead loop Permeation exPERiment
Commercial Light Water Reactors
Coolant Purification System
Dual Coolant Lithium Lead (blanket)
DEMOnstration Power Plant
Demo Oriented early Neutron Source
Differential Thermal Analysis
Electron Cyclotron Resonance Heating
European Fusion Development Agreement
Agenzia nazionale per le nuove tecnologie, l'energia e lo sviluppo economico sostenibile
Flow Channel Insert
First Wall
Gas Driven Permeation
Gas Injection System
Gas-Liquid Contactor
Helium Cooled Lithium Lead (blanket)
Helium Cooled Pebble Bed (blanket)
Helically Symmetric eXperiment
High Vacuum Pump
Inboard
Ion Cyclotron Resonance Heating
Integrated European Lead Lithium Loop
International Fusion Material Irradiation Facility
International Thermonuclear Experimental Reactor
Joint Committee on Powder Diffraction Standards
Joint European Torus
Karlsruher Institut für Technologie
Large Helical Device
Magnetohydrodynamics
Neutral Beam Injection
National Ignition Facility
Outboard
Oak Ridge tokaMAK
Permeator Against Vacuum
Poloidal Field Coil
Permanent Magnets Pump
Power Plant Physics & Technology Work Programme (EUROfusion)

P&ID
RVP
SEM
TBM
TBR
TES
TEU
TERS
TFC
TFTR
TGA
TIG
TRIEX
TRITON
VST
VV
WCLL
WPBB
XRD

Process and Instrumentation Diagram
Rough Vacuum Pump
Scanning Electron Microscopy
Test Breeding Module
Tritium Breeding Ratio
Tritium Extraction System
Tritium Extraction Unit
Tritium Extraction and Removal System
Toroidal Field Coil
Tokamak Fusion Test Reactor
Thermo-Gravimetric Analysis
Tungsten Inert Gas welding
Tritium Extraction facility, at ENEA
TRITium permeatiON (PAV)
Vacuum Sieve Tray
Vacuum Vessel
Water Cooled Lithium Lead (blanket)
Breeding Blankets Project (EUROfusion)
X-Ray Diffraction

XXIII

Objetivos y estructura de la memoria
La fusión nuclear es el proceso mediante el cual dos átomos se fusionan en un solo núcleo cuya
masa es menor que la suma de las masas iniciales y, como consecuencia, se produce una liberación de
energía que es mayor que la necesaria para llevar a cabo el proceso. En el Sol y las estrellas esta
reacción ocurre de forma continuada gracias a la acción de la atracción gravitatoria pero para replicar
la actividad en un reactor nuclear, son necesarias unas condiciones muy estrictas de presión y
temperatura. La reacción más accesible desde el punto de vista energético es la fusión de dos isótopos
de hidrógeno, deuterio y tritio (D-T). Para asegurar el correcto funcionamiento de una planta de fusión
es necesaria una inyección continua de este combustible. El deuterio existe de forma natural en la
Tierra en una proporción 1:5000 en el agua, equivalente a unos 30 g en 1 m 3, por lo que las reservas
son numerosas. En cambio, el tritio es un elemento radiactivo con un período de semi-desintegración
de unos 12 años que, de forma natural, se encuentra en escasa abundancia en las capas altas de la
atmósfera. Su producción es mayormente antropogénica, a través de reacciones de activación
neutrónica de litio o boro.
Debido a la baja disponibilidad de tritio, una de las funciones más importantes en un reactor de
fusión es conseguir la autosuficiencia este elemento. Como producto de la reacción D-T se obtienen un
átomo de helio y un neutrón que carga con la mayor parte de la energía. Así, a través de reacciones de
captura neutrónica con litio, gracias a los neutrones liberados en la reacción de fusión, es posible
generar tritio. En el reactor nuclear, el componente clave encargado de llevar a cabo este proceso es el
breeding blanket o manto regenerador. Sus funciones principales son la de asegurar la autosuficiencia
del tritio y extraer la potencia del reactor.
De entre los diferentes proyectos propuestos por el Consorcio de EUROfusion, se están llevando a
cabo una serie de actividades de investigación y desarrollo para la obtención de un diseño preconceptual de una planta de fusión nuclear (DEMO). En este marco se están diseñando cuatro
conceptos de breeding blanket que cubren las diferentes posibilidades de refrigerante y regenerador
de tritio (breeder). Tres de ellos están basados en un metal líquido como regenerador, Helium Cooled
Lithium Lead (HCLL), Dual Coolant Lithium Lead (DCLL) y Water Cooled Lithium Lead (WCLL), y
utilizan helio, el propio metal líquido o agua como refrigerante. El cuarto concepto está basado en un
compuesto cerámico de litio como regenerador y helio como refrigerante, Helium Cooled Pebble Bed
(HCPB). Como ya se ha mencionado, la generación de tritio se consigue mediante la irradiación de un
compuesto de litio con los neutrones provenientes de la reacción de fusión. Además, debido a que la
reacción de fusión emite un único neutrón, es necesario incorporar un material capaz de multiplicar
neutrones, como el berilio o el plomo, y así suplir las posibles pérdidas de neutrones por absorción de
los materiales estructurales. La aleación eutéctica de litio-plomo (PbLi) es de gran interés para los
breeeding blankets basados en metal líquido porque permite alcanzar la autosuficiencia de tritio sin
necesidad de un multiplicador neutrónico adicional.
Un punto crítico para garantizar la viabilidad de la fusión nuclear basada en el ciclo de
combustible D-T como fuente de energía es la extracción y recuperación del tritio generado para ser
re-inyectado en el plasma y cerrar así el ciclo de tritio. El componente encargado de esta tarea es el
sistema de extracción y recuperación o Tritium Extraction and Removal System (TERS) que está
conectado al breeding blanket a través de un circuito. Para el caso de breeder líquido, actualmente no
existe una tecnología de extracción que demuestre su validez y, por tanto, el problema de la
autosuficiencia del reactor no está resuelto. Se hace imprescindible el desarrollo de un sistema capaz
de extraer el tritio de manera que pueda mantenerse la autosuficiencia y compensar las posibles
pérdidas hacia otros sistemas. Se están explorando diferentes técnicas para extraer el tritio del metal
líquido, y la más prometedora es la permeación contra vacío (Permeation Against Vacuum, PAV).

El objetivo de esta Tesis es el diseño de una instalación experimental capaz de demostrar la
viabilidad de la tecnología PAV como sistema de extracción. Para ello, se requiere un circuito de metal
líquido en el cual instalar una serie de componentes que den soporte a la actividad. El circuito,
CLIPPER, se diseña de acuerdo a los parámetros de operación del breeder blanket, para así obtener
unos resultados relevantes y extrapolables a DEMO.
Es por ello que el primer paso de este trabajo se centra en el diseño del TERS - DCLL, para así
disponer de una base de parámetros de operación sobre los que diseñar y escalar la instalación
experimental. La optimización del diseño de un PAV, operando en condiciones de DCLL, parte del
desarrollo teórico de un modelo de transporte de tritio que relacione los parámetros físicos y
geométricos del permeador en términos de eficiencia. Dicho modelo dependerá de los materiales que
se utilicen para el estudio por sus características de permeación y compatibilidad con el metal líquido,
así como de la temperatura de operación y caudal. La finalidad es obtener un diseño que opere en
condiciones específicas de eficiencia y se adapte a las necesidades del reactor.
Una vez establecidos los parámetros referencia, se pueden fijar las condiciones de trabajo del lazo
experimental. Para ello se deben conocer los objetivos específicos y los principales componentes,
evaluar si existen comercialmente o si por el contrario es necesario un desarrollo específico. Además,
se deben tener en cuenta los resultados obtenidos en otras instalaciones dedicadas a la misma
finalidad puesto que servirán de apoyo y ayuda para mejorar el diseño y la operación de CLIPPER.
El elemento clave de la instalación, el PAV, no existe comercialmente. Por tanto es necesario
diseñar un prototipo siguiendo las especificaciones del TERS que permita su fabricación utilizando
materiales y tecnologías disponibles. Además, es necesario caracterizar los materiales empleados para
conocer su comportamiento real cuando se lleve a cabo la experimentación y garantizar la obtención
de resultados relevantes.
Puesto que no se dispone de fuente neutrónica que pueda generar tritio en el seno del metal
líquido, otro elemento clave en el circuito, que no existe comercialmente, es el sistema de inyección de
gas. Este dispositivo se encarga de asegurar una concentración de hidrógeno o deuterio en el PbLi para
así llevar a cabo la experimentación. Dado que el manejo de tritio atañe una serie de riesgos debido a
su radiactividad y requiere una serie de instalaciones especiales y dedicadas, los experimentos se
llevarán a cabo utilizando dos isótopos de ese gas, deuterio e hidrógeno. Los resultados pueden ser
posteriormente extrapolados a los esperados en un entorno de operación con tritio dada su similitud
química. Para el diseño de este sistema se debe tener en cuenta, además de las condiciones del circuito,
la operación del PAV. El objetivo es que el sistema de inyección sea capaz de solubilizar el gas en el
metal líquido a la misma velocidad que se extrae en el PAV para poder funcionar en paralelo y así
facilitar el desarrollo de la campaña experimental.
El último paso engloba la totalidad del trabajo desarrollado: la integración de todos los
componentes en un circuito de PbLi de acuerdo a los parámetros de operación prefijados. Además de
los sistemas no comerciales, existen una serie de componentes (bomba, tanques, válvulas, sensores,
etc.) que son necesarios para la operación del lazo. El objetivo es definir dichos elementos, presentar
sus características y cómo se realiza su integración en el lazo. Para asegurar que el circuito operará en
condiciones seguras, es necesario realizar un estudio termomecánico que establezca las condiciones
límite a las que estarán sujetos los materiales. Finalmente, se estudiará de forma teórica cómo será la
operación del lazo en términos de inventario de hidrógeno. El objetivo es desarrollar un modelo de
transporte que relacione los procesos de inyección y extracción de manera que se puedan obtener
resultados para los diferentes escenarios de operación.

Con el fin de dar solución a los objetivos planteados, la Tesis se estructura de la siguiente manera:
En el capítulo 1 se hace una introducción a la necesidad de desarrollo de plantas de fusión nuclear
haciendo hincapié en los principios de operación y requisitos para conseguir una producción neta de
energía. Se discuten los aspectos fundamentales de plantas basadas en confinamiento magnético para
introducir las principales características del reactor DEMO. Además se hace una descripción detallada
del blanket DCLL y sus sistemas auxiliares. Finalmente se presenta un resumen de los principales
circuitos de PbLi que han operado o están operando actualmente.
En el capítulo 2 se presentan los aspectos más relevantes del ciclo de tritio en un reactor de fusión
junto con una descripción detallada de las propiedades básicas de interacción tritio-materiales. Se
hace una introducción de los principios de operación de los sistemas de extracción de tritio de metal
líquido en vías de encontrar la técnica más apropiada para un DCLL, haciendo una comparativa en
función de sus ventajas y desventajas.
En el capítulo 3 se presenta el diseño del TERS-DCLL incluyendo la unidad de extracción (PAV) y
el sistema de vacío junto con el P&ID y un diseño 3D.
El capítulo 4 presenta el diseño preliminar del lazo de PbLi para la validación experimental de la
tecnología PAV para la extracción y recuperación de tritio. Se resumen los principales componentes
necesarios y se presenta una justificación detallada de los parámetros operativos establecidos.
Finalmente, se resumen los principales aspectos y resultados de las actividades de apoyo llevadas a
cabo con el objetivo de ayudar en la definición del circuito de PbLi.
En el capítulo 5 se presenta el diseño y la fabricación de los principales componentes del circuito
PbLi para demostrar experimentalmente la técnica de permeación contra vacío. Dado que no existen
comercialmente se hace un desarrollo completo de su diseño: un prototipo de permeador contra vacío
y un sistema de inyección de gas.
Por último, en el capítulo 6, se muestra el diseño final del CLIPPER donde se testeará el prototipo
PAV. Se presenta el diseño de todos los componentes necesarios junto con el comportamiento
termomecánico del lazo. Se describen los procedimientos de operación y se lleva a cabo una
simulación final del inventario de hidrógeno dentro del circuito.

1. INTRODUCTION
In this chapter an introduction to the need of nuclear fusion power plants is presented. Then,
the work is focused on the description of nuclear fusion principles, requirements and ways to
accomplish a net production of electricity. The main aspects of magnetic confinement based
power plants are discussed and a description of the characteristics and components of the
DEMO reactor is introduced focusing on the description of the DCLL breeding blanket.

Chapter 1

1 INTRODUCTION
The current energetic system is fundamentally supported by non-renewable technologies,
specifically by fossil fuel sources. Human daily consumption of oil is 95M barrels which makes a total
of about 4750 M€/day. It is the largest energy source accounting for around 39% of fossil energy
followed by coal and natural gas with 33% and 28% respectively, Figure 1.1-left [1]. The global invoice
of energy is estimated on 10000 M€/day.

Figure 1.1. Left) Global fossil fuel consumption over the last 100 years; right) share of
World electricity production from fossil fuels [1]
Fossil fuels are the energy supply in a large number of ways like heat and electricity production.
In the last few decades, coal has been the dominant electricity source with a 40% of the total electricity
production followed by natural gas, 22%, and oil at 4%, Figure 1.1-right. This leaves a 34% to be
supplied by other energy sources such as renewable and nuclear technologies.
It is estimated that reserves of such fossil fuels will go over in approximately 100 years [1], thus it
is mandatory to find a long-term solution to cover the energy necessities since renewable sources have
their own limitations [2].
Large hopes and R&D resources are put on the development of nuclear fusion power plants. This
technology promises clean and unlimited energy and has inspired a global investment on research
activities that takes its starting point in the middle of the 20th century. It has been over 70 years since
the first great event based on nuclear fusion- the hydrogen bomb detonation in 1952- and there has
been a rapid advance in science and technology from then. However, it is still far from the construction
of a full power plant energetically self-sufficient due to the availability of materials and technologies
compatible with the requirements of this kind of technology. Currently, among the various projects on
the path to achieve fusion energy, the biggest investments are being made to ITER and DEMO. ITER,
which is under construction, will be the world’s largest tokamak and will be the first fusion device to
produce net energy [3]. The DEMOnstration power plant, DEMO, will be ITER's successor. With the
transition from ITER to DEMO, fusion will go from a science-driven, lab-based exercise to an industrydriven and technology-driven programme [4]. A key criterion for DEMO is the production of electricity
although not at the price and the quantities of commercial power plants [4].
The present work tries to contribute to current studies on the field of nuclear fusion technologies,
with the aim of facilitating advances on the way to a plant construction and centred on one of its main
functions: the tritium self-sufficiency. The research here presented is focused on the design of an
experimental facility for the validation of tritium extraction from PbLi at DCLL relevant conditions. For
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this aim, the Tritium Extraction and Removal System for a DCLL-DEMO reactor is developed setting
the basis for the further design of a small scale facility including all required components.

1.1. NUCLEAR FUSION
Fusion is the nuclear reaction taking part in the stars like the Sun and in which light nuclei
combine to form heavy nuclei with the subsequent release of energy. In the centre of the Sun, where
the temperature is about 10-15 millions of degrees Celsius, hydrogen atoms merge to form helium and
the process releases energy in form of solar radiation. The fusion of two atomic nuclei generates an
atom that is slightly lighter than the sum of the masses of the progenitors. The difference of the mass is
released in form of energy according to Einstein’s law, E=m·c2, where m is the difference of mass
observed in the system before and after the fusion reaction and c is the speed of the light [5].
The identification of nuclear fusion reactions taking part in the Sun came as a result of three main
events that took part in favour of the advance on fusion science. All started with the deduction of
Albert Einstein of the conversion of mass into energy, in the year 1905. After a period of 10 years,
Francis Aston performed measurements of atomic masses, demonstrating that the total mass of four
hydrogen atoms is quite higher than the mass of one helium atom. By merging these two results,
Arthur Eddington was able to propose a theory about the real process in which mass could be turned
into energy in the Sun and the stars [6].
However, this theory collided with the classical physics that stated that the Sun was not hot
enough to promote nuclear fusion. A proper understanding of the background of nuclear fusion was
possible after the development of quantum physics in the late 1920s. Subsequently, a consistent model
of the processes that give rise to all the different atoms in the Universe based on nuclear fusion
reactions was developed, Figure 1.2. The model states that stars burn hydrogen and fuse hydrogen
nuclei to form helium following two different paths: the proton-proton cycle and the CNO cycle.

Figure 1.2. Elements chain formation by nuclear fusion reactions
Hydrogen is the first element of the periodic table. It is presented in three isotopes: protium,
deuterium and tritium. The three are formed by one proton and one electron and the difference relays
on the number of neutrons, i.e. protium has none neutrons, deuterium has one neutron and tritium has
two neutrons, as can be seen in Figure 1.3.
The proton-proton cycle (p-p cycle) is a chain of hydrogen reactions where the final product is
one helium nucleus [7]. First, two protons combine to form a deuterium atom with the release of a
positron (e+) and a neutrino (νe). Then, the deuterium nucleus captures other proton to form a helium-
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3 nucleus emitting a gamma ray (γ), Figure 1.4. From the different paths that follow to generate a
helium-4 nucleus (alpha particle), the most direct combines two helium-3 nuclei. Finally, the global
balance results in the fusion of four protons to give an alpha particle, two neutrinos, two positrons and
two gamma rays.

Figure 1.3. The three isotopes of hydrogen: protium, deuterium and tritium
The other sequence of nuclear reactions is known as the CNO cycle (carbon-nitrogen-oxygen
cycle). These reactions provide most of the energy radiated by stars. These three elements act as
catalysts to produce helium, starting from the fusion of hydrogen with a carbon-12 nucleus. The
overall reaction transforms four protium nuclei into a single helium-4 atom, thus the energy release is
the same as for the p-p cycle.

Figure 1.4. Proton-proton chain of hydrogen fusion: the reactions to create helium from
protium nuclei according to the p-p cycle are shown
As can be observed in Figure 1.5-left, to produce the fusion of atoms their nuclei need to get as
close as possible in order to overcome the repulsion due to the electric charge of protons, the Coulomb
repulsion force. For that reason the fusion reaction requires high temperature and pressure to be
reached. At those high thermonuclear temperatures (about 108 to 109 K), light atoms are completely
stripped of their orbital electrons, i.e. its electrons are completely separated from the nucleus
generating ions. This state is called plasma, the fourth state of the matter, and at the high temperatures
required for fusion, it is fully ionized consisting of a mixture of negative electrons and positive nuclei.
The Coulomb repulsion forces are proportional to the charge of the nuclei interacting thus, light ions
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are easier to fuse. Therefore, to reach fusion at the Earth, hydrogen based plasmas are the most
adequate.

Figure 1.5. Left) Potential energy of two nuclei as function of their separation. Right)
Cross-sections for the three most probable fusion reactions. [6]
There are several fusion reactions, based on hydrogen plasmas, which can be advantageous from
the energetic point of view:
2D

+ 2D  3T (1.01 MeV) + p (3.03 MeV)

2D

+ 2D  3He (0.82 MeV) + n (2.45 MeV)

2D

+ 3T  4He (3.52 MeV) + n (14.06 MeV)

2D

+ 3He  4He (3.7 MeV) + p (14.7 MeV)

The probability of a particle to suffer an interaction per unit of length is determined by the cross
section. The cross sections of these reactions are shown in Figure 1.5-right where it is deduced that the
D-T reaction has a higher probability at lower energies; i.e. the conditions to reach the fusion are more
accessible. This reaction consists of the fusion between deuterium and tritium to give a helium nucleus
and a neutron. From the total energy released (17.58 MeV), 14.06 MeV belongs to the neutron in form
of kinetic energy and the helium carries the remaining 3.52 MeV. Moreover, since this plasma is
composed of deuterium and tritium, the other fusion reactions based on their interaction are also
expected, although the released energy is lower (e.g. about 4 MeV in D-D fusion).
Although D-T fusion seems to be the most promising solution, there is an important aspect related
with the use of this fuel. While deuterium is commonly found in the nature as a percentage of the
water hydrogen (about 1:5000), tritium is less accessible and the availability of large quantities to
produce nuclear fusion is of large concern. Deuterium was found in 1931 by a distillation of a large
quantity of natural hydrogen in order to obtain a small amount of heavy hydrogen. The availability of
this element is considered infinite since its obtainment is straightforward and there are enough
deuterium reserves as fuel to provide energy during billions of years. Even though the existence of
tritium was considered, it was not found until 1934 by Lord Rutherford and collaborators. They
accelerated deuterons that produced tritium by hitting deuterium. Later, the discovery of tritium
radioactivity explained why it was not previously found in the nature [8].
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The name of tritium derived from the Greek τρίτος, ‘Tritos’, which means “the third”. It has a high
reactivity giving and taking electrons and interacting with metals (solution, diffusion, permeation…)
and can be found in three main forms:
-

in molecular state as a gas, where it could be combined with the other hydrogen isotopes
(T2, DT, HT)

-

as an oxide in liquid state (tritiated water): T2O, HTO, DTO

-

associated with other molecules (e.g. carbides, nitrides, polymerisation reactions)

Tritium is an unstable radioactive isotope which emits beta radiation. When the nucleus decays,
three elements are formed: a helium-3 nucleus that is so heavy that barely moves; an antineutrino that
is so light and unreactive that passes through the earth without stopping and a beta particle. Tritium is
the lowest energy-beta-emitter known, with transition energy of about 18.6 keV. Its semidisintegration period is 12.3 years and, as a consequence, the decay is about 5% per year. Even if it is
relatively week, the energy of decay is enough to promote radiochemical reactions like self-radiolysis
of T2 and T2O; reactions with nitrogen and oxygen and in polymerisation reactions of hydro-carbides.
Two main issues arise for the fusion power plants: the safety factor for being a radioactive element to
be carefully controlled; and the rate at which the reserves of tritium decrease makes necessary a
continuous reposition to prevail the requested concentration in the plasma.
Tritium is an element mainly anthropogenic. It is naturally found in the high layers of the
atmosphere where is produced by the action of cosmic rays (14N + n  3T + 12C). Thus, the estimated
amount of tritium is about 3 kg, with a generation rate of 0.15 kg per year, approximately. Artificially,
it is mostly obtained as sub-product in fission reactors of the CANDU (CANada Deuterium Uranium)
type [9]. Here, through ternary fission of heavy nuclei (uranium oxide) and with the use of heavywater as moderator (D2O), tritium is produced at 130 g/year, approximately [9]. There are other
possible sources of tritium based on proton accelerators which need further R&D to guarantee the
required tritium production. In an Accelerator Production of Tritium (APT) a flux of protons of 1.7 GeV
and 200 mA would hit a tungsten/lead target producing neutrons. The impact of these neutrons with
heavy-water would generate tritium at a rate of about 7.4 kg/full power year [9]. In Commercial Light
Water Reactors (CLWR) the estimated production is 1.5 kg/full power year. These reactors are based
on APT but with a high waste production. Finally, in Accelerator Driven Subcritical system (ADS),
tritium generation would go up to 8.5 kg/year in the phase 2 when PbLi is used both as tritium
breeder and coolant [9]. In this kind of system, a subcritical reactor would be coupled with a proton
accelerator and with a lead based alloy as target.
Initially, it has been estimated that a fusion reactor requires about 5 kg of tritium to start the
operation [10]. If there are enough tritium reserves, then the problem relays on the maintenance of
the plasma. At this stage, one of the main functions of the reactor is defined – it must achieve tritium
self-sufficiency. In order to guarantee a proper operation and due to the continuous burning of the
plasma, it should breed tritium for its further extraction. As a consequence, the recovery of the
generated tritium is a critical point to reach the required self-sufficiency.
The option that is being considered to deal with the issue of tritium availability is the tritium
breeding through reactions where a lithium compound is bombarded with neutrons. Natural lithium is
composed in a 92.5% of 7Li and in a 7.5% of 6Li. Both isotopes react with neutrons to give helium and
tritium:
6Li

+ n  4He + 3T + 4.8 MeV

7Li

+ n  4He + 3T + n – 2.5 MeV
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The 6Li reaction has a high cross section, especially in the low-energy region while the 7Li has a
higher probability of interact with the neutrons coming from the D-T fusion, in the high-energy region,
Figure 1.6. It produces an additional neutron with low energy able to react with the 6Li. In this way,
taking advantage of the neutrons coming from the D-T reaction it would be possible to obtain tritium
in a fusion reactor. Therefore, the basic elements needed for the fusion plant are deuterium, tritium
and lithium, knowing that tritium is obtained as a subproduct.

Figure 1.6. Tritium production cross-section for the two forms of lithium

1.2. FUSION REACTORS
As mentioned, the Sun is a system based on fusion reactions taking part at high temperature in
which the fuel is confined by the action of gravity. The aim of nuclear fusion research is to reproduce
those conditions in order to obtain energy. The basic scheme of a fusion power plant is based on a
central vessel which confines the plasma surrounded by a breeding blanket filled with a lithium
compound able to regenerate the fused tritium, Figure 1.7. Another key component of the plant is the
steam generator, where the energy released in the reaction is transformed into electricity.
The requirement for a fusion reaction to take part is to reach a temperature above the critical
ignition level, i.e. to enable the particles to overcome the Coulomb barrier. To achieve a net yield of
energy, it is needed to maintain the temperature for a sufficient confinement time and with sufficient
ion density to make the probability of collision high enough [11]. In 1957, J. D. Lawson enounced the
requirements to produce a fusion reaction, the called Lawson’s Criterion. It states that the product of
ion density and confinement time determines the minimum conditions for a reaction to produce more
energy than the consumed. To reach those conditions there are two possibilities: short confinement
times but high ion densities or large confinement times with moderate densities [5]. Both mechanisms
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are being studied: the first option corresponds to inertial confinement and the second is the basis of
the magnetic confinement.

Figure 1.7. General scheme of a nuclear fusion power plant. The plasma is confined inside
the vacuum vessel and it is surrounded by the breeding blanket, where the tritium is regenerated to be extracted and injected in the plasma. The heat of the fusion reaction is
transformed into electricity by the steam generator [6]
In inertial confinement based power plants, hot plasmas confined by the inertia of their own mass
are generated. The plasma is kept confined during a short period of time (of the order of nanoseconds)
but at very high densities. The fuel is composed of DT target capsules or pellets that are compressed
and heated by the use of lasers of high power inside a fusion chamber, Figure 1.8. Therefore, the
ignition heat is propagated faster than the expansion of the capsule and the plasma is confined by the
inertia of its own mass giving rise to the implosion of the pellet. The process requires a compression of
the fuel with a spherical symmetry quasi perfect to avoid the hydrodynamic instabilities happening in
the hot plasma and the over heat of the fuel during the implosion. A critical issue is that energetic
electrons and X-rays present in the process penetrate inside the fuel heating it before the compression
had finished [6].
One of the main ignition facilities is the National Ignition Facility (NIF) of the Lawrence Livermore
National Laboratory. A primary goal for NIF is to achieve fusion ignition in which the energy
generation from the reaction is faster than the implosion cooling due to X-ray radiation losses and
electron conduction. 192 neodymium lasers are employed to achieve the fusion reaction by focusing
the energy inside a gold cylinder called hohlraum which contains the fuel. The laser pulse could reach
one billion joules of energy and travels through 1500 meters in just 5 microseconds, Figure 1.8 [12].
In the magnetic confinement, particles are confined at smaller densities but during large periods of
time to reach many fusion reactions. Magnetic confinement takes part in toroidal geometry, Figure 1.9.
Thus, magnetic fields are employed to force the charged particles forming the plasma to move
describing helix along the magnetic lines. To help the plasma to heat up to the required temperature,
microwave radiation and neutral beam injection are employed. The mayor issue is the confinement of
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the plasma by the magnetic field. The turbulences of the plasma could promote particles to escape
from the confinement zone hitting the vessel walls and, as a consequence, a sputtering of high mass
particles is produced. These particles merge with the fuel lowering the temperature and inhibiting the
fusion reaction to take part.

Figure 1.8. Scheme of the inertial confinement fusion process at NIF. All of the energy is
directed inside a gold cylinder called hohlraum containing atoms of deuterium and
tritium to fuel the ignition [12]
To reach a reaction self-sustainable in terms of temperature there is the ignition criterion. In a D-T
reaction, a helium atom is generated. This particle carries the 20% of the energy released in the
reaction and, as it is positively charged, it is retained in the magnetic field lines. Then, the energy of the
alpha particle can be used to heat the plasma. To initiate the process an external source of heat is
required. However, as the temperature rises, the fusion reaction rate speeds up with the alpha
particles providing more heating power until a point where the alpha heating is enough by itself to
maintain the plasma. At this point the ignition is reached [6].

Figure 1.9. Scheme of the magnet system of a tokamak fusion device. The confinement of
the plasma is assured with poloidal and toroidal coils [13]

1.2.1. Magnetic confinement
To take advantage of the fact that charged particles follow magnetic field lines, in the years after
the Second World War many linear plasma devices were designed. They consisted of a plasma current
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flowing along the axis between two end electrodes producing an azimuthal magnetic field that
compresses the plasma away from the walls [6]. However, due to their open extremes, the loss of
particles caused the confinement time to be low even though the intensity of the field or the plasma
size was enlarged. As a consequence, this kind of machines was not useful to be the basis of a fusion
reactor. As a solution, the concept of toroidal machine, where the magnetic field lines close over
themselves, arose. Within these devices helical field lines can be formed by a combination of external
coils in two configurations: tokamak and stellarator.
The tokamak, developed in Moscow in the 1950s [14], owns two main magnetic fields. One of
these, known as the toroidal field, is produced by a coil wound in the shape of a torus. The second
magnetic field, the poloidal field, is generated by an electric current that flows in the plasma. The two
magnetic fields combine to create a total magnetic field that twists around the torus in a gentle helix
(Figure 1.9). Due to the fact that the poloidal field is generated with a transformer, and they not work
with direct current, the tokamak is a pulsed machine since the plasma confinement cannot be
maintained indefinitely just with the inductive current. The big problem of this system is that plasma
is inherently unstable and always tries to escape from the magnetic field. The plasma extinguishes
itself in a sudden manner, known as a disruption: the plasma current abruptly terminates and
confinement is lost.
There have been more than 30 projects all over the world dedicated to tokamaks since the 1970s.
The ORMAK (Oak Ridge tokamak), currently shut down, was located in Oak Ridge and was the first
machine to achieve 2E7 K plasma temperature. Later, the TFTR (Tokamak Fusion Test Reactor) in
Princeton reached the record on fusion power and temperature of 510 MK. The Joint European Tours
(JET) started its operation in 1983 and it is currently the world’s largest tokamak machine in
operation where D-T fusion has been achieved reaching a record for fusion output power of 16 MW
from an input of 24 MW. The next step in the fusion roadmap is also a tokamak, ITER, and it is under
construction in Cadarache, France [13]. Its objective is to demonstrate the feasibility of fusion on a
power-plant scale being the world’s largest magnetic confinement experiment.

Figure 1.10. Scheme of TJ-II stellarator showing part of the vacuum vessel (gray), the coils
(blue) and the plasma (yellow) [15]
The stellarator does not have a toroidal symmetry and the magnetic fields required to confine the
plasma are exclusively generated by external coils; with no need of a toroidal electric current in the
plasma. This characteristic makes its confinement to be stationary as long as the currents in the
external coils are maintained. It was proposed at the early 1950s in Princeton, and is based on the
twisting of the plasma around itself, Figure 1.10. It is necessary to twist the magnetic field as it passes
around the torus so that each field line is wrapped around the inside as well as the outside of the cross
section.
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Although stellarators are very promising as commercial reactors, the research in this direction is
still in an earlier phase due to its complex engineering. In CIEMAT (Spain) since 1997 with the TJ-II
machine, Figure 1.10, the confinement and transport of energy and particles in hot plasmas is being
studied. A recent goal has been achieved with the construction of the Wendelstein 7-X stellarator.
Wendelstein 7-X is the world’s largest fusion device of the stellarator type. Its objective is to
investigate the suitability of this type of device for a power plant [12]. The main assembly of
Wendelstein 7-X was concluded in 2014 and the first plasma was produced on 10th December 2015.
Other important stellarator machines are the Large Helical Device (LHD) in Japan and the Helically
Symmetric eXperiment (HSX) in USA [12].

1.2.2. Fusion Roadmap: research developments in fusion power plants
In 2014, fusion research bodies from European Union member states and Switzerland signed an
agreement to cement European collaboration on fusion research and EUROfusion, the European
Consortium for Development of Fusion Energy, was born. EUROfusion supports and funds fusion
research activities on behalf of the European Commission’s Euratom programme. The Roadmap to the
Realisation of Fusion Energy is a document that outlines the pragmatic approach and the practical
steps involved in hooking fusion energy to the electricity grid. The European Fusion Development
Agreement or EFDA, the organisation that managed European fusion research prior to EUROfusion,
published the first version of the roadmap in 2012. All the scientific programmes supported by
EUROfusion are in keeping with the steps laid out in the Roadmap, Figure 1.11. The 2012 roadmap
covers three periods: The European Research Framework Programme Horizon 2020, the years 20212030 and the time between 2031 and 2050 [4], [16]. However, a series of development steps need to
be taken to demonstrate the scientific, technical and commercial viability of the tokamak power plant
achievement.

Figure 1.11. Fusion Roadmap to reach the construction of a commercially Fusion Power
Plant [17]
The first step has been accomplished. The Joint European Torus (JET), located at the Culham
Centre for Fusion Energy (CCFE), UK, is the central research facility of the European Fusion
Programme, and it is the largest and most successful fusion experiment in the world. It is based on a Dshaped tokamak design built in the 1980s and is the first reactor in the world to achieve the D-T
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fusion. In 1997, the record for fusion output was set at 16 MW from an input of 24 MW of heating
power and a total input of 800 MW of electrical power [4]. The other tokamak main devices that have
helped to the demonstration of the scientific viability are the JT-60U in Japan and the TFTR in USA
[12].
To demonstrate the technical viability of the nuclear fusion two main facilities are under
development ITER and IFMIF. ITER (International Thermonuclear Experimental Reactor) is a
milestone project in the development of fusion energy. It will be the major international fusion
experiment and a crucial step towards commercial fusion energy. It will be the first fusion experiment
to produce net power – ten times more than the amount required to heat the plasma, to test the
integrated technologies, materials, and physics regimes necessary for the commercial production of
fusion-based electricity. ITER will be the world's largest tokamak—twice the size of the largest
machine currently in operation, with ten times the plasma chamber volume, Figure 1.12 [3]. The ITER
site is next to an existing energy research site at Cadarache in southern France. An international team
is now constructing the machine, with the first plasma expected in 2025. This will be followed by a 20year period of operation that will test essential physics and technologies for the fusion power plants of
the future [3].

Figure 1.12. Comparison between the biggest tokamak existing, JET, the forthcoming ITER
and the future DEMO
IFMIF (International Fusion Materials Irradiation Facility) is a facility with the main objective to
provide a sufficiently intense neutron source for testing, selecting and licensing the right materials for
fusion reactors. There is a fundamental need to build an intense high energy neutron source to serve
as a tool for calibrating and validating the data generated using fission reactors and particle
accelerators, and for qualifying materials up to about full lifetime [3]. IFMIF will work with two intense
D+ beams of 40 MeV, each carrying an intensity of 125 mA, and a liquid target of lithium for the
generation of high-energy neutrons that will be fired on testing materials identified as suitable for the
components of commercial fusion reactors. The irradiation conditions provided by IFMIF will be very
close to the ones expected to occur in a fusion reactor, at the level of the first wall, in terms of damage
rate and rates of production of helium and hydrogen. Completion of IFMIF's design is now being taken
forward as a joint European/Japanese project and a site for the facility is being identified [18].
Once the scientific and engineering systems have been tested, the next stage will be to build a
DEMOnstration fusion power plant (see Section 1.3) which integrates the results obtained in previous
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stages and incorporates new ones such as the production of net energy by fusing D-T nuclei. Designs
are already advanced for this prototype machine. A comparison with JET and ITER is shown in Figure
1.12 to have an estimation on the dimensioning of the machines.

1.3. DEMO PROJECT
The DEMOnstration power plant, DEMO, will be ITER's successor. Laying the foundation for DEMO
is the objective of the EUROfusion Power Plant Physics & Technology (PPPT) Work Programme [4].
DEMO will produce several GW of electrical power to the grid, a similar output to a standard electrical
power plant. If successful, it will lead to the first generation of commercial fusion power stations [19].

1.3.1. Main geometrical and physical characteristics
DEMO power plant is composed by different components that allow the proper operation of the
reactor, Figure 1.13. In the nucleus is located the plasma. The surface containing the plasma is the first
wall and has a toroidal configuration. Behind the first wall is located the breeding blanket containing
the lithium needed to regenerate the tritium burnt in the plasma. This zone is covered by the vacuum
vessel and the toroidal and poloidal magnetic field coils. Finally, a divertor is positioned in the lower
part of the plasma at the bottom of the vacuum vessel to extract heat and ash produced by the fusion
reaction. It minimizes plasma contamination, and protects the surrounding walls from thermal and
neutronic loads [3], [20].

Figure 1.13. DEMO2015 general scheme showing the main components [21]
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The scheme of DEMO varies with time; it is constantly being updated to improve the shape,
geometry, sizing and many aspects related with the proper behaviour of the plasma. For that reason, in
order to give comprehensive results, this Thesis has been focused on the DEMO2015 reactor design,
nevertheless all results here presented can be easily extrapolated to other designs. The DEMO2015
layout consists of 18 sectors distributed every 20° and composed of 2 inboard (IB) and 3 outboard
(OB) blanket segments each [21]. The DEMO reactor performance has been determined by the
PROCESS system code and the main characteristics are summarized in Table 1.1 [21]. The divertor
together with the first wall and the blanket, are receiving a high heat flux that must be refrigerated.
Current proposals are based on helium, water or the breeding material itself as cooling elements from
where the fusion power is recovered in form of electricity.
All tokamak supply lines are routed through the tokamak building, in particular [20]:


From the cryoplant: magnet feeders (supplying liquid helium and electrical current)



From the Primary Heat Transfer System: Vessel and in-vessel components cooling
pipes



From the tritium plant: fuel cycle lines (D, T), Tritium Extraction System exhaust pipes;
Primary vacuum pumping exhaust pipes; coolant pipes (water/ helium); fuelling
system lines



Neutral Beam Injection (NBI) power supply



Electron Cyclotron Resonance Heating (ECRH) pipes

Table 1.1. Main DEMO2015 parameters [22]
Parameter

Value

Plasma power

2037 MW

Thermal power including n-multiplication in the blanket

2436 MW

Plant electricity output capability

500 MW

Lifetime neutron damage in steel in the FW

20 + 50 dpa

Major radius (Ro)

9.072 m

Minor radius

2.927 m

Plasma current

19.6 MA

Toroidal field at Ro

5.667 T

Plasma volume

2502 m3

Average neutron wall load

1.05 MW/m2

Nuclear heating in blanket

1822 MW

Power to divertor

154.2 MW
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1.3.2. Main Systems and Components
The tokamak structure is composed of three main systems, each providing support to other
systems [20]:

a) Vacuum Vessel
The vacuum vessel (VV) is a torus-shaped double-walled pressure vessel. It provides the primary
vacuum and shields the magnet system from neutrons. Being one of the two backbone structures of
the tokamak it supports the in-vessel components and other systems:


Breeding blanket with first wall (FW). The actively cooled FW withstands the plasma heat
radiation and additional heat loads due to impacting particles. The actively cooled breeder
zone contains lithium that is transmuted into tritium due to neutron radiation. The tritium is
removed from the breeder in a closed loop and extracted from that loop by a tritium extraction
system. The heat from both FW and breeder zone is exhausted by the primary coolant and
transferred to the secondary cooling loop via a heat exchanger. The DEMO blanket concept has
not been chosen yet. In Europe, there are four concepts under development and they will be
described in Section 1.4.



Divertor. It is primarily a high heat flux component. The magnetic topology is chosen in a way
that the field lines outside the last closed flux surface intersect the divertor targets, which
collect most of the particles and energy exhausted by the plasma. In the intended operation
scenario the divertor target is subject to the highest heat loads; the particle impact causes the
most severe erosion in the tokamak.



Plasma start-up and shut-down limiters. These are primarily high heat flux components and
are part of the plasma-facing wall integrated in the assembly of blanket segments. They
intersect the scrape-off layer in plasma scenarios where the plasma becomes in contact with
the plasma-facing wall avoiding to a large extent direct particle impact onto the blanket FW.
The implementation of limiters is not required in case the blanket FW can be in contact with
the plasma.



FW protection limiters. As above these are primarily high heat flux components and are part of
the plasma-facing wall integrated in the assembly of blanket segments. They protrude the
blanket FW slightly (stick out) protecting the FW from high heat loads.



Auxiliary heating systems in the vessel port structures. These are ECRH, ICRH (Ion Cyclotron
Resonance Heating) and Lower Hybrid systems whose front parts (launchers/antennas or
ducts/liners) are integrated in the assembly of blanket segments. These systems face the
plasma and radiate electromagnetic waves into the plasma transferring energy to certain
particles (e.g. electrons for ECRH). The electromagnetic waves (ECRH and ICRH) are delivered
through wave guides from outside the tokamak building.



Diagnostics. There are different sensors installed on the vessel, on the in-vessel components, or
in VV port structures. These measure plasma and magnetic field parameters mostly in the
framework of the plasma control system.



Fuelling system. It is located outside tokamak, forms pellets of frozen D, T, or D-T, accelerates
these pellets, and guides them through a pipe up to the level of the FW. The pipe runs through
a vessel port and penetrates the in-vessel components. Alternatively a gas fuelling system
could be considered.
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b) Magnet System
The magnet system is an assembly of planar superconducting (SC) coils which provide the
magnetic field required to break-down and confine the plasma, to drive its current and to define its
poloidal structure. It is actively cooled by liquid helium at ~4K. Both electric current and liquid helium
are supplied by ex-tokamak systems through magnet feeders to the SC coils. The Toroidal Field (TF)
coil assembly is the 2nd backbone structure of the tokamak (the vacuum vessel being the 1st)
supporting the following systems:


Poloidal Field (PF) coils. Six individual coils are mounted in the outboard leg of the TF coils
providing the vertical and radial magnetic field. Whereas the TF coil current remains constant
during plasma operation, the currents in the PF coils are altered over the duration of the
plasma pulse contributing to driving the plasma current but also to actively stabilize the
plasma.



Central Solenoid. It consists of a stack of coils in the bore of the torus. It is charged before
plasma operation and its current is then partly discharged providing the voltage required to
break-down the hydrogen gas into a plasma. During the plasma pulse it is further discharged
driving the plasma current until it reaches the opposite peak current, which marks the end of
the plasma pulse.



Vacuum vessel thermal shield. It is a shell-like structure supported by the TF coils that
encloses the vacuum vessel and its port structures. It is actively cooled by helium at ~80K and
shields the cryogenic magnet system from radiation heat from the vessel.



Cryostat thermal shield (outboard part). It is designed and operated based on the same
principles as the vacuum vessel thermal shield. It shields the magnet system from radiation
loads. The top and bottom part of the cryostat thermal shield are supported off the cryostat.

c) Cryostat
The cryostat is a large, single-walled, vacuum vessel passively cooled at room temperature. It
provides the vacuum required to operate the magnet system in cryogenic conditions and supports the
two backbone structures of the tokamak: the vacuum vessel and the TF coil system. The cryostat is
supported by the tokamak building and has a large removable top lid through which the tokamak is
assembled and through which it could be maintained in exceptional situations. The cryostat has a large
number of openings, in particular to allow access into the vessel ports but also to allow in-cryostat
maintenance as well as penetration of cooling pipes and magnet feeders. It is connected to the vessel
ports by rectangular bellows.
The cryostat provides support to the following systems:


Magnet system. All TF coil supports rest on the pedestal ring.



Vacuum vessel. All vessel supports rest on the pedestal ring.



Vacuum pumps. The plasma chamber vacuum pumps might be integrated in the special
pumping port structures and might be supported by the cryostat. These provide the primary
vacuum by evacuating the vacuum chamber through pumping unused fuel, helium, impurities,
and – following a plant shut-down state - air.
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Cryostat thermal shield (upper and lower parts). It is designed and operated based on the same
principles as the vacuum vessel thermal shield. It shields the magnet system from radiation
loads from the cryostat and in-cryostat components.

1.4. THE BREEDING BLANKET
One key component in a fusion reactor is the breeding blanket. It is in charge of several important
functions which result essential for the reactor operation: it has to extract the power generated in the
fusion reaction; to generate tritium to be re-injected into the plasma to assure the self-sufficiency of
the plant; to remove the first wall surface heat flux without exceeding the stress limit and to act as
neutron barrier for the coils and other components located behind it.
The self-sufficiency is measured through the Tritium Breeding Ratio (TBR). This concept defines
the relation between the tritium generated in the breeding blanket by irradiation of lithium and the
tritium consumed in the fusion reaction (or neutrons produced), eq. 1.

TBR =

tritium nuclei generated/s
>1
neutrons generated/s

eq. 1

However, it should be taken into account that each fusion reaction generates just one neutron, and
not all the neutrons produced in the fusion reaction will be directly involved in the process of
generating new tritium atoms: the plasma chamber is not fully covered by the breeder blanket, only
the 80% of the surface is destined to the blanket, and the structural materials absorb neutrons causing
losses on the neutrons availability. There are some reactions that can be used to increase the number
of neutrons, such as those with beryllium or lead:
9Be

+ n  4He + 4He + 2n

208Pb

+ n  207Pb + 2n

These elements are called neutron multipliers and are essential to reach the TBR target. They are
integrated in the breeding blanket in different ways being one of the points which differentiates the
different blanket concepts. A number of breeding blankets have been studied over the years based on
the breeder material, the neutron multiplier and the power extraction method.

1.4.1. Main blanket requirements
All the blanket concepts have to fulfil a set of general requirements, which can be summarized as
follows [23]:
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a) Functional requirements
i.

Tritium breeding function

The blanket must warrant reactor tritium self-sufficiency through efficient breeding and recovery,
allowing ongoing plasma operations without the need to import tritium from external sources. The
goal for the specification of a target value is to reach a (final) net TBR ≥ 1.0 for DEMO independently of
the considered blanket concept. Some additional margin in excess of unity must be achieved to account
for tritium losses and uncertainties (nuclear cross section data, statistical, modelling assumptions, and
specific engineering design uncertainties, effect of the 6Li burn-up and blanket ports). These effects,
uncertainties and related margins depend, however, to a large extent on the considered blanket
concept. A very conservative value of 5% for tritium losses in the fuel cycle is assumed and a margin of
5% to the port effect is assigned, resulting in the design target of TBR = 1.10 [24].
ii.

Generation of electricity function

The blanket must assure the extraction and amplification of neutronics power (typical thermal
loads MW/m2). In addition, the blanket must assure the extraction of thermal power allowing for
efficient electricity production. To comply with these requirements, there are high operating
temperatures (above 300 °C) with a minimized temperature variation and a minimized coolant flow
variation. Moreover, the pressure drop shall be minimized to ensure an adequate overall energy
balance.
iii.

Shielding function

In a fusion reactor each component is a shield for the structures behind itself. For this reason the
blanket must shield the superconducting magnets and the vacuum vessel (lifetime neutron damage
limit in vessel: 2.75 dpa [23]) from plasma radiation at extreme radiation/thermal shielding factors.

b) Energy amplification
The energy multiplication factor must be higher than 1 (typical values are between 1.1 and 1.3). It
is defined as the ratio between the nuclear power generated in reactor to the fusion neutrons power.
Only a part of the deposited energy is recovered by energy conversion system and then useful in terms
of electricity production.

c) Safety requirements
i.

Confinement of radioactive products

Small amounts of tritium, PbLi activation products, as Po-210 and Hg-203 (relatively volatile and
highly radiotoxic), and structure corrosion products, as Fe-55 or Mn-54 mostly mobilized to the fluid
in hot surfaces, will be present inside the blanket. An effective confinement of these substances must
be warranted, in a way that the fraction of total radioactive inventory assumed to be released in
postulated accidents (e.g. in-vessel LOCA, ex-vessel LOCA, etc.) is minimized.
ii.

Use of Low-activation Materials

To reduce the long-term activation hazard and volume of the waste, and, hence, to increase the
attractiveness of fusion system as a clean energy source, the use of low activation structural material
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in first wall and blanket interior as well as careful attention to impurities in the structural, breeding,
and multiplier materials is required.
iii.

Nuclear shielding

Adequate nuclear shielding shall be provided to ensure that exposure levels in the areas that are
adjacent to the blanket components are within ALARA requirements.
iv.

Tritium permeation

The tritium permeation rate has to be controllable and to be kept at minimum. Limits have to be
defined according to the international safety standard.

1.4.2. Types of Breeding Blankets
Various chemical forms have been considered for containing the lithium in the blanket. Possible
lithium compounds are lead-lithium or tin-lithium alloys or a mixture of lithium/fluorine/beryllium
called Flibe, which are liquid at operating temperatures. The other breeder possibility is the solid
concept in form of ceramics containing lithium (as lithium oxide or lithium orthosilicate) which are
solid at working temperatures. Lithium and lead-lithium offer the highest breeding ratios without the
use of an additional neutron multiplier. Even though metallic lithium could be used in principle, it has
the disadvantage of being very chemically reactive and it is easily set on fire in the presence of air or
water in the case of an accident [6].
In the case of DEMO project within EUROfusion, four breeding blankets are being studied to be
implemented in the power plant: the Helium Cooled Pebble Bed (HCPB), the Helium Cooled Lithium
Lead (HCLL), the Water Cooled Lithium Lead (WCLL) and the Dual Coolant Lithium Lead (DCLL) [25].
They are classified in the way they produce the tritium and extract fusion power, as seen in Table 1.2.
All of them use as structural material a Reduced Activation Ferritic/Martensitic (RAFM) steel, Eurofer.
Although being a low activation material, it has an important limitation on its operational window:
temperature must not be lower than 300 °C to minimize radiation-induced embrittlement (DBTT
increase) and it is limited to 550 °C to avoid material’s creep [26].
Table 1.2. Breeding Blanket concepts under investigation in EUROfusion
HCLL

DCLL

WCLL

HCPB

Structure

Eurofer

Eurofer

Eurofer

Eurofer

Coolant

He

PbLi, He

Water

He

Breeder

PbLi

PbLi

PbLi

Li-ceramics

a) Solid breeding blankets
There is one concept based on solid breeders which is being developed within the EUROfusion
programme. The HCPB breeding blanket uses solid Li-ceramics in pebble bed form as breeder. The
reference breeder compound is Li4SiO4, produced by a melt-spraying process. Due to its lower rupture
strength with respect to Li2TiO3, which is another well-known option, R&D activities are being
performed to improve the silicate behaviour by additions of Li2TiO3 [27]. The titanate is not used alone

18

Introduction

Chapter 1

because its density is substantially lower than that of Li4SiO4, which results in lower tritium breeding
performances.
The size of the current pebble proposal for tritium breeder (Li4SiO4) is in the range between 0.25
and 0.63 mm of diameter. Beryllium is the material selected as neutron multiplier in pebble bed form
with 1 mm diameter [28]. Li-breeder pebbles require temperatures higher than 600 ℃ to have high
tritium release rates but lower than 900 ℃ to avoid microstructure changes due to thermal creep
effects. The maximum temperature for the beryllium pebble beds is 650 ℃, to avoid loss of mechanical
properties and excessive swelling [29].
For the DEMO2015 layout the HCPB is based on a multi-module segment configuration, formed by
7 inboard (IB) and 7 outboard (OB) blanket modules per segment. Each blanket module is formed by a
box defined by the First Wall (FW), the backplate and an arrangement of parallel cooling plates that
separate alternate layers of Li4SiO4 and Be, Figure 1.14 [28]. This concept uses helium as coolant with
an inlet temperature of 320 ℃ and outlet temperature of 550 ℃.
Tritium is generated in the Li-pebbles with a TBR of 1.205 and has to diffuse to the outside of the
surface. However, it is also produced in Be pebbles but with significantly lower generation rate. A
purge gas sweeps the Li4SiO4 and Be pebble beds separately. It is composed by He with an addition of
0.1% wt H2 as doping agent to promote an isotopic exchange to form HT, helping to the tritium release
and extraction. Later, tritium must be recovered from the He stream.

Figure 1.14. HCPB breeding blanket design. A detailed view of the OB equatorial module
shows the layers devoted to lithium breeder and beryllium multiplier beds [28]

b) Liquid breeding blankets
Within the liquid breeding blankets, three concepts are under study in the EUROfusion
programme. Lead-lithium alloy has been selected as the most suitable candidate since breeder and
neutron multiplier are combined in the same material. In particular, the eutectic composition of PbLi
alloy has been chosen because of its low melting temperature and its adequate stability not showing
vigorous chemical reactions with air or water. Low melting temperatures provide an easier operation
of the PbLi loop and allow for out-of-blanket tritium extraction either in batch or continuous modes.
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Figure 1.15. Phase diagram of PbLi system. The melting point for the eutectic composition
of Pb-17Li is at 235 ℃
The lead-lithium eutectic properties are key licensing aspects concerning tritium control
capabilities and tritium confinement related issues. The characteristics of this alloy should be
established according to nuclear material requirements knowing that tritium solubility in PbLi would
largely depend on Li-disproportioning by bad mixing or local aggregation [30]. Moreover, lithium
determines the eutectic chemical activity and fine variation of Li title can significantly impact key
database properties as physical–chemical and solute transport properties. Lithium contained in PbLi is
enriched at 90% with 6Li, because of its high cross section for tritium production under thermal
neutrons bombardment compared to 7Li (Section 1.1, Figure 1.6).

Figure 1.16. PbLi microstructure. Left) Ingots of nearly eutectic PbLi with 15.8-16.1±0.2%
at. Li from the University of Latvia (IPUL). Right) Ingots of hypereutectic PbLi with 18.819.4±3.5% at. Li from “Jost-Hinrich Stachov Metahandel” (Germany) [33]
There is, however, a large discrepancy on the exact eutectic composition, varying the lithium
content from 15.7 to 17% [31]. Statistical data analysis of the experimental determinations, place
eutectic title at 17 at.% Li (corresponding to a lithium content of 0.68% in weight) with a melting point
of 235 ℃ [32], Figure 1.15. Figure 1.16 shows two micrographs of PbLi alloy, one in eutectic
composition and other with a higher percentage of lithium [33]. It can be observed that a minimum
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variation of 3% in the percentage of lithium present in the alloy leads to important changes in the
microstructure and, consequently, can strongly influence its properties.

i. Water Cooled Lithium Lead Breeding Blanket
The WCLL breeding blanket uses PbLi flowing at 0.25 mm/s in the breeder zone both as breeder
and neutron multiplier with a temperature of 311.5 ℃. The coolant for the structures and first wall is
water at 15.5 MPa entering at 285 ℃ and exiting at 325 ℃. For the DEMO2015 layout the design of the
blanket is based on a multi-module segmentation where the inboard and outboard segments are
divided in 7 module boxes attached to a common back supporting structure (BSS). Each module is
divided in the poloidal direction into cells where the PbLi flows, reaching a 1.127 value for the TBR
[34].

Figure 1.17. WCLL breeding blanket equatorial outboard central module [34]
Its advantages are that water is an exceptional coolant largely available, the Pressurized Water
Reactor cooling technology is well proved and it contributes to neutron shielding in the manifold
region. Its disadvantages are the water/PbLi reaction and the corrosion effect. A critical issue derived
from the low PbLi velocity is the high tritium concentration and consequent permeation to other
systems with possible contamination of the primary coolant (tritiated water).

ii.

Helium Cooled Lithium Lead Breeding Blanket

In the HCLL breeding blanket, liquid PbLi acts as breeder and neutron multiplier at a temperature
of 300 ℃. The cooling of the structures is assured by a helium flow at 8 MPa entering in the module at
300 ℃ and exiting at 500 ℃ [35]. In this concept, each inner segment is divided into 8 modules
whereas the outer segment is divided into 9 modules, aiming to a TBR of 1.15.
Two operation modes are considered. One operating at 10 circulations/day requiring a liquid
metal mass flow rate in the order of 1000 kg/s, therefore the PbLi velocity is around 1 mm/s. The
other mode considers 20 circulations/day aiming at a PbLi flow of 2000 kg/s. As a consequence, as in
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the case of the WCLL there could exist a high tritium permeation to other systems that may
compromise the safety of the plant.

Figure 1.18. Left) isometric view of the HCLL equatorial outboard module; right) Helium
and PbLi distribution in the HCLL module [35]

iii.

Dual Coolant Lithium Lead Breeding Blanket

The DCLL breeding blanket concept uses helium only to cool the Eurofer structure (including the
first wall) [36]. Flowing PbLi acts as a self-cooled breeder in the inner channels due to its high velocity
(about 2 cm/s) in order to extract most of the reactor power. To accomplish with that function, the
PbLi enters in the breeding zone at 300 ℃ and exits the blanket at 548 ℃. Both inboard and outboard
segments are divided into 8 modules and the TBR achieved is 1.196 [37].

Figure 1.19. Left) DCLL equatorial outboard module composition; right) isometric view of
the OB module showing the PbLi path in the breeding zone
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In this blanket, the issue related with the tritium permeation is reduced due to the high velocity of
the PbLi. Being the mass flow in the order of 29500 kg/s [37], the tritium concentration is rather low
which, together with the velocity of PbLi, reduces possible leakages to other systems.
A more detailed description of this blanket concept is given in Section 1.5.

1.4.3. Auxiliaries
In addition to the tritium generation and recovery function of the breeding blanket, some other
requirements needed for a good arrangement of a DEMO power plant (energy amplification, shielding,
TBR, safety…) are achieved with the following auxiliary subsystems:

• The Helium/Water Cooling System: it is in charge of cooling the first wall and the supporting
structures (He in the case of HCPB, HCLL, DCLL; water in WCLL) and also to extract the reactor power.
In the case of DCLL, this last function is also achieved with the PbLi itself.
• The Tritium Extraction and Recovery System (TERS): the extraction of tritium from the
breeder (or the purge gas in case of HCPB) is performed in this dedicated system.
• The Coolant Purification System (CPS): is located inside the tritium plant, is responsible to
recover tritium from the coolant (helium or water) and to control the coolant chemistry.
• The PbLi loop: in the case of liquid based blankets, a circuit routes the liquid metal from the
blanket to the subsystems such as the TERS.
• Balance of Plant: it constitutes the system for power conversion and distribution. To restrict
the transport of tritium it is assumed that the DEMO balance of plant will be an indirect cycle. The
primary coolant would be helium, water or PbLi, depending on the blanket concept, whereas the
secondary coolant options are water/steam, supercritical CO2, molten salts, etc. [38].

1.4.4. Principal issues of liquid metal based breeding blankets
The use of PbLi conveys several particular issues that are shared among the liquid based breeding
blankets (HCLL, WCLL and DCLL):

a) Magnetohydrodynamic effects
In a fusion device the magnetic field is perpendicular to the flowing liquid metal, which is
contained in non-electrically insulated channels causing pressure losses through the induced Lorentz
force [39]. Even though is a common issue for the three breeding blankets, DCLL [40], HCLL [41] and
WCLL [42], it causes a higher impact when the velocity of the liquid metal increases, being the DCLL
the most affected.
To overcome this problem the solution envisioned is the introduction of electrical insulation via
flow channel inserts [40]. These components must have a low electrical conductivity to minimize MHD
pressure losses. Moreover, they may increase the structure thermal insulation due to the low thermal
conductivity. The current proposal for the DCLL consists of a ceramic channel made of alumina (Al2O3)
inserted in the blanket ducts. Different alternatives are being studied such as the sandwich
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configuration, where a layer of Eurofer covers both surfaces of the ceramic, or the pure alumina
structure [43].

b) Corrosion
The PbLi is an element that causes high corrosion to the pipes and blanket structures due to its
high temperature and velocity. The chemical compatibility of PbLi and structural materials is essential
for safe and reliable system operation.
The corrosion process is produced due to the alloy dissolution. Iron, chromium and other steel
elements are solubilized in the PbLi degrading the structure in contact with the liquid metal.
Experimental studies for PbLi showed that the corrosion rate varies in a wide range (20-900 µm/year)
depending on the temperature, velocity and the existence of the magnetic field [44], [45].
To deal with this issue, corrosion barriers are being studied. They are based on ceramic coatings
deposited on the surface of the material in direct contact with the PbLi [46].

c) Tritium permeation and extraction
The low solubility of tritium in the PbLi involves two main aspects. First, it facilitates the
permeation of tritium to other systems including the secondary coolant. It is mandatory to reduce as
much as possible these leakages for safety and for its recovery for the plant self-sufficiency. Thus,
permeation barriers must be used. In this sense, corrosion coatings could also be used as tritium
permeation barriers. HCLL and WCLL are the most affected since the low PbLi velocity increases the
tritium concentration favouring its permeation whereas for the DCLL this issue is almost negligible
due to the high PbLi velocity.
Secondly, a low solubility implies a high partial pressure which, in principle, facilitates the
extraction of the generated tritium. However, due to the high mass flow rate of PbLi in DCLL the
tritium concentration is rather low, making it difficult to be extracted in comparison with HCLL and
WCLL. Several technologies are being studied that must comply with the requirements of compatibility
with PbLi and provide low residence times to have tritium available for being re-injected in the
plasma. In general, the efficiency of the extraction process presents a huge dependence with the
temperature of operation. Thus, the behaviour would be different depending on the blanket concept,
i.e. in a DCLL the PbLi outlet temperature is about 548 ℃ while in WCLL and HCLL is in the order of
300 ℃.

1.5.THE DUAL COOLANT LITHIUM LEAD BREEDING BLANKET
CIEMAT (Spain) is leading the design of the DCLL within the EUROfusion program proposed for
the period 2014–2018 [36]. It includes engineering aspects such as the definition of system
specifications (requirements, integration, and operational points; the CAD design of the individual
blankets and segments; the engineering design analyses) neutronic, thermal-hydraulic, MHD, and
thermomechanical analysis. CIEMAT is also responsible of other research activities related with the
DCLL such as the definition of the PbLi loops (including auxiliaries and component development);
analysis of corrosion experiments at a high velocity and coatings development; modelling of tritium
transport; design of the tritium extraction and removal system and development and testing of
permeation coatings. A detailed description of the DCLL breeding blanket is presented in this section.
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The DCLL concept has been evolving in the last 20 years. It comes from the self-cooled concept
where the liquid metal was used as breeder and coolant but there was not a secondary coolant. This
implied several issues: cooling the first wall with the liquid metal required very high velocities leading
to extremely high MHD effects; the risk of spill the liquid into the plasma chamber in case of leaks of
the single wall between both zones; malfunctions in the liquid circulation could difficult the removal of
the decay heat. To overcome these issues a blanket concept with a self-cooled breeder zone and a
helium-cooled first wall was proposed [47].
Different DCLL approaches have been considered consisting of: 1) the liquid metal operational
temperature, low (up to 550 ℃) or high (up to 700 ℃) temperature concepts; 2) the reduction of MHD
phenomena through different electrical insulation techniques; and 3) the segment box structure,
banana segment (or single-module) versus multi-module segment [48], [49].
In the conceptual phase of the EUROfusion programme, a version of DCLL operating at the
maximum temperature of the structural material is considered, in order to allow the use of
conventional materials and technologies [36]. It is important to note that this limit, imposed for the
outlet temperature of the PbLi, reduces considerably the potential thermodynamic efficiency, which is
one of the main advantages of this blanket technology. To recover the reactor power, the PbLi
circulates at elevated mass flow rates. As mentioned, this fact makes the concentration of tritium to be
lower than in other liquid concepts. Due to the low concentration and the high PbLi velocity, the
permeation to other systems is highly reduced, which presents an important advantage with regard to
the design of the system and the safety of the power plant.

Figure 1.20. Left) lateral view of the DCLL equatorial module showing the PbLi routing in
the breeding zone; (right) distribution of the PbLi channels in the OB equatorial module
and main dimensions. The breeding zone is depicted together with the supporting
structure
In the DCLL design for the DEMO2105 layout each segment (both OB and IB) is based on a multi
module approach, consisting of a number of breeding modules attached to a common Back Supporting
Structure (BSS) (Figure 1.20). The BSS includes channels for PbLi and He to feed the different modules.
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The hydraulic diameter of the channels is varied along the segment to maintain a constant velocity of
both flows. The modules are distributed along the segment in a way that the functional volume (for
the breeder) is optimized. All modules are feed in parallel from the BSS as seen in Figure 1.21-right:
the ‘cold’ PbLi enters at the bottom of the segment and is distributed among the modules. After its
circulation within the breeding zone, the PbLi is recollected and routed to the exit at the upper part of
the segment. In order to maximize the power extracted by the PbLi, its route inside the blanket has
been enhanced following the premise of having an outlet temperature as high as possible. Due to
restrictions imposed by the structural material (Eurofer), the maximum PbLi temperature is limited to
550 ℃ [26].
Figure 1.20 shows a cut view of one OB module situated at the equatorial level of the reactor. The
radial length of the breeding zone is 630 mm, while the supporting structure has 637 mm. As it can be
seen, the latter has specific channels to feed (‘cold’ channels) and collect (‘hot’ channels) the coolants
from the different DCLL modules. The dimensions of these channels have been adjusted to minimize
the coolant velocity, and thus ensuring low pressure drops and corrosion rates. This dimensioning also
takes into account a compromise existing with the space required in the breeding zone to maintain an
adequate tritium breeding ratio. It can be seen that the breeding zone is composed of several PbLi
circuits (from 5 to 7, depending on the segment and module) with an optimized route which facilitates
gravity drainage, see Figure 1.21. These circuits are delimited by radial stiffeners and one toroidal
plate which separates each individual circuit into two poloidal channels. Most of the power is
deposited in the channel closest to the first wall, with a gain of approximately 200 ℃.

Figure 1.21. Left) DCLL breeding blanket central outboard and inboard segments
arrangement. It is divided into 8 IB modules and 8 OB modules; right) DCLL coolant
scheme in the BSS
In order to comply with the power balance of the reactor, the total PbLi mass flow rate has been
adjusted to 29527 kg/s and the helium mass flow rate to 933 kg/s [37]. In this configuration, helium
carries away the 34.9% of the power extracted while the PbLi the 65.1%. The PbLi total mass flow is
spread between the IB and the OB blankets as follows: 8776.8 kg/s for the whole IB (36 segments) and
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20750.4 kg/s for the OB (54 segments). The values for the DCLL DEMO2015 regarding to the PbLi
mass flow rate are summarized in Table 1.3, [37], together with the inlet and outlet temperatures.
Table 1.3. PbLi parameters for a DCLL reactor [37]
PbLi parameters

Outboard

Inboard

Segment mass flow

384.3 kg/s

243.8 kg/s

Sector mass flow

1152.8 kg/s

437.0 kg/s

Total mass flow

20750.4 kg/s

8776.8 kg/s

Breeding Blanket Inlet temperature

300.0 ℃

300.0 ℃

Breeding Blanket Outlet temperature

547.0 ℃

549.5 ℃

1.6. THE DCLL LEAD-LITHIUM LOOP AND AUXILIARIES
The extraction of tritium generated in the blanket is ensured by a closed PbLi loop which, in the
case of the DCLL, is also in charge of the heat transfer to a heat exchanger [50]. The DCLL PbLi system
is divided into 3 PbLi closed loops dedicated to the inboard blanket segments (L10 to L12 in Figure
1.22) and 9 closed PbLi loops dedicated to the outboard ones (L1 to L9 in Figure 1.22) [51] . This
subdivision tries to manage the huge PbLi mass flow rate which is necessary in a DCLL blanket by
minimizing the number of loops as much as possible. A larger number of loops would imply a
duplication of most of the systems with the consequent increase in the cost and reliability of the
reactor. In addition, it would be difficult to integrate the loops in the reactor due to the limited
available space.

Figure 1.22. Toroidal section view of the DEMO TOKAMAK showing the 18 sectors
(outboard: L1-L9, inboard: L10-L12) with the corresponding 12 PbLi loops for the DCLL
breeding blanket concept
The functions to be fulfilled by the PbLi loop are [50]:
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Transport of PbLi between the inboard/outboard breeding blanket and the heat
exchanger
Transport the generated tritium from the PbLi loop to the TERS where tritium is extracted
Ensure good conditions for the PbLi flow (pressure drop, temperature, velocity…)
Feeding the PbLi loop and breeding blanket with PbLi at the beginning of the operation
Draining of the PbLi loop into the storage tank
Draining of the breeding blanket into the storage tank
Minimize the heat losses between the breeding blanket and the heat exchanger to increase
the efficiency of the reactor
Minimize the tritium losses
Limit the number of helium bubbles in the PbLi to ensure a good tritium extraction
efficiency in TERS and a good heat transfer in the heat exchanger
Accommodate the possible changes of PbLi volume
Accommodate an increase of pressure in the loop due to the rupture of the helium channel
in the breeding blanket
Control and readjust the PbLi alloy quality (Li content, chemical composition, oxygen
content etc.)
Remove impurities from PbLi (e.g. corrosion and activation products, oxides, etc.)

Figure 1.23. P&ID of the DCLL PbLi loop [50]. DPT: differential pressure transmitter; FM:
flow meter; GR: gamma activity monitoring; HR: hydrogen sensor; LS: PbLi level sensor;
PT: pressure transmitter; QR: Q2 sensor; RD: failure disk; SV: relief valve; TT: temperature
transmitter; VC: control pneumatic valve; VG: pneumatic valve; VP: vacuum pump.
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Figure 1.23 shows the Piping and Instrumentation Diagram (P&ID) of the DCLL PbLi loop [50].
The main components of the loop are the tanks devoted to the load and storage of the liquid metal, the
buffer and relief tanks, the pumping system, the Tritium Extraction and Removal system, the heat
exchanger and the purification system. During normal operation, in a first stage the PbLi comes from
the breeding blanket and enters into the corresponding TERS (one per loop), which is placed in the hot
part of the loop in order to minimize tritium losses to the rest of the components. As a preliminary
assumption, the design considers that all the PbLi flow will move through the TERS in order to
maximize the tritium extracted. However, regulation valves could allow the adjustment of PbLi flow
sent to the TERS through the by-pass line or its complete by-pass (if necessary) [50]. The expansion
tank is located just after the TERS to compensate the thermal expansion of PbLi and to allow the
release of helium which could be generated inside the modules due to the neutron capture reaction in
6Li [52]. The rest of the components are placed after the heat exchanger, where the temperature is
decreased down to 300 ℃, to minimize the damage caused by corrosion [53]. Thus, the TERS
operational temperature and the blanket outlet temperature are the same (assuming no heat losses
through the pipes). The pumping system is based on a mechanical pump, which has been selected
because it covers two basic requirements: no cavitation of the pump throughout the broad operational
range and minimum continuous flow maintained during operation. Part of the flow is then sent to the
purification system and the other part is directly sent back to the blanket segments.
The PbLi loop outlet is positioned at such height so that gravitational draining of the whole PbLi
inventory of the breeding blanket and pipes connection is possible. The pipe is inclined with at least a
3% slope towards the connection with storage tank and thus towards the PbLi loop in order to allows
the gravitational full draining.

1.7. STATE OF THE ART IN PbLi LOOPS
During the last years, large R&D activities have been developed in the frame of liquid metal
technologies, specifically in the use of PbLi as breeder material of the fusion power plants. They have
mainly been devoted to the evaluation of the compatibility of materials with this liquid metal
(corrosion); to test components for ITER such as the Test Blanket Modules (TBMs); to study in deep
the behaviour of flowing liquid metals subjected to a magnetic field and the MHD effect; and to validate
tritium extraction techniques. Being the main objective of this Thesis the development of a dedicated
PbLi loop, a brief description of some of the liquid metal loops with relevant importance for the fusion
field is presented in this section.
The monitoring of the lithium content in the PbLi alloy is a special task that has been studied in
Anapurna loop (CEA, France) [54]. A resistivity meter sensor for the continuous monitoring of the PbLi
composition based on the detection of Li2O formation was developed and tested in this facility. The
circuit was made of stainless steel 316L and composed of three parts: a main circuit where the tests
were performed; a secondary circuit containing a cold trap to remove corrosion products; and a small
circuit with two tanks connected to a glove-box to take PbLi samples for analysis. The total inventory
of PbLi was 193 kg and the flow of the liquid was assured by an electromagnetic pump, controlled with
a magnetic flowmeter at 80 l/h (~0.2 kg/s). The operational temperature was 395 ℃ and the results
were very promising, demonstrating the applicability of the sensor to the determination of the lithium
content in flowing PbLi.
A series of loops called DRAGON are in design, development and operation in China [55]. Three of
them are based on thermal convection flow (DRAGON-I, II and III) and five are based on forced
convection (DRAGON -IV to VIII). The first series of loops were devoted to the testing of compatibility
of fusion materials with PbLi at different temperatures. Therefore they are made of CLAM steel
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(DRAGON-I), refractory metal (DRAGON-II) and SiCr/SiC composites (DRAGON-III) to be able to run at
the required operational temperatures. DRAGON-IV is focused on thermal-hydraulics, MHD effects and
the testing of a TBM mock-up. The test section is made of SS310S while the low temperature section is
made of SS316L. In DRAGON -V the objective is to test the dual-coolant principle as TBM and the MHD
in complex ducts using a piping system made of SS316L/310S. Finally, in DRAGON -VI, VII and VIII the
purpose is to study the auxiliary system for the TBM of the Experimental Advanced Superconducting
Tokamak (EAST-TBM), ITER-TBM and DEMO blanket, respectively. Main characteristics of the
different loops in terms of operational temperature or liquid metal velocity are depicted in Table 1.4.
In Korea an Experimental Loop for a Liquid breeder (ELLI) was constructed with the purpose of
validating the design and fabrication of an electromagnetic pump, test MHD effects and investigate the
compatibility of structural materials with PbLi. The operational temperatures range from 300 ℃ to
550 ℃ and the PbLi velocity for corrosion tests was fixed at 0.16 m/s. This forced convection loop was
built on steel SUS 304 pipes of 28 mm diameter and the main components were the electromagnetic
(EM) pump, a 2.2 T magnet, a Coriolis flowmeter and a reservoir tank of 163 l volume. Long-term
operation tests were performed checking the workability of the pump and investigating the corrosion
behaviour of different steel samples under the conditions of the loop [56].
A forced convection PbLi loop was built and operated at Kyoto University (Japan) with the aim of
test the compatibility of the liquid metal with other materials and components of the loop at high
temperatures (up to 900 ℃). The flow of PbLi was driven by two EM pumps at a maximum of 180 l/h
(~0.5 kg/s). To work at those high temperatures the loop owned three test sections which were
individually available for corrosion tests, measurement of thermal characteristics and heating tests.
The rest of the loop, working at lower temperatures (450 – 650 ℃), was composed of stainless steel
316 (piping system, valves and couplings). A special component was an induction heater made of
SiCf/SiC composite, able to reach a heat transfer of 1.3 kW from the liquid metal to a helium gas loop to
cool down the PbLi [57].
A magnetohydrodynamic flow facility (Magnetohydrodynamic PbLi Experiment, MaPLE) using
PbLi as working fluid was installed at the University of California in Los Angeles, USA. The loop
consisted of stainless steel SUS304 pipes connecting the main components: a melting tank inserted
into a glove box connected online with the loop; an EM pump; a custom made EM flowmeter and a test
section in where a 1.8 T magnet provided the magnetic field and conditions to test the MHD behaviour.
The temperature was kept under 350 ℃ for limitations of the pump and the flow rate of the PbLi
reached its maximum at 900 l/h (~2 kg/s) with magnetic field and 3000 l/h (~8 kg/s) without
magnetic field [58] . At the moment the loop is being upgraded to MaPLE-U, in collaboration with
EUROfusion, to install a magnet tiling test section for testing multiple effects on MHD [59].
Several corrosion experiments at temperatures up to 550 ℃ are performed in a loop called
PICOLO, in KIT (Germany). The PbLi flow is achieved with an EM pump reaching a velocity of 0.22 m/s.
It is a non-isothermal loop in where a cold zone, operating at 400 ℃, owns a magnetic trap, a magnetic
flowmeter and the EM pump, being made of DIN 1.4571 pipes. A heat exchanger connects the cold
zone with a hot zone, made of DIN 1.4914, where the test section is installed. Since its construction in
1988, a large sum of experiments has been performed on different steels being now focused on
Eurofer to completely determine the compatibility of the steel with the PbLi [60], [61].
The extraction of hydrogen from PbLi was experimentally tested in a loop called Melodie in CEA
(France). The Gas Liquid Contactor (GLC) technology was investigated at two different temperatures
(400 and 440 ℃) and at relevant conditions for the Water Cooled Lithium Lead blanket concept [62].
PbLi flow rates were 70 – 100 l/h (0.2 – 0.3 kg/s) in a loop constituted by three interconnected vessels
(filling tank, saturator and extractor) with three EM pumps (one pump between each vessel). The
whole loop was made of stainless steel 316L pipes covered with an aluminide layer to decrease the
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hydrogen permeation. The experimental results showed that this technique could reach 30%
efficiency when working under WCLL conditions [63].
Moreover, the same technique was later investigated in ENEA (Italy) in a loop called TRIEX
(Tritium Extraction), but at HCLL relevant conditions [64]. A packed column to test the GLC extraction
technology was installed in TRIEX which was composed of a recirculation tank containing a
mechanical pump; a saturator and the extractor. The piping system made of T91 steel connected the
whole circuit, with an inventory of 50 l. The experiments were conducted at 450 ℃ and varying the
PbLi flow rate between 0.1 and 0.35 kg/s, obtaining efficiencies from 10% to 30% [65]. These results
were in good agreement with those reported in [63]. Currently this loop is under an upgrading phase
to increase its capabilities to validate other extraction technologies.
Other PbLi facility installed in ENEA is IELLLO (Integrated European Lead Lithium Loop). The
activities developed in this circuit are devoted to test and qualify the European TBM to be installed in
ITER and its ancillary systems. For this aim the PbLi loop is connected to HeFus3, a helium circuit at 8
MPa and 300 ℃ of inlet temperature to cool down a 1:1 HCLL-TBM mock-up. IELLLO is composed of a
main tank, a permanent magnet pump giving a flow rate from 0.2 to 2.41 kg/s, a heat exchanger, an
electrical heater and an air cooler. A buffer tank located in the highest part of the loop compensates the
volumetric changes of the liquid metal. The piping is made of stainless steel 316L and two flowmeters
(a vortex and a mini-turbine) cover the whole range of mass flow of the liquid. Research activities are
still ongoing to investigate in-box LOCA accidents and validate simulation codes [66].
CIEMAT (Spain) has been involved in the last years in a thermal convection loop to test
experimentally the Permeation Against Vacuum (PAV) technology for tritium extraction from PbLi. A
small prototype of PAV called Fuskite was developed and integrated in an O-shaped liquid metal loop.
The circuit was connected to a glove box where PbLi ingots (about 200 kg) were melted in a tank and
directly introduced in the loop. The piping system consisted of SS316 pipes in where the permeator
was immersed. The PAV section was located the hot zone (320 ℃) while the cold zone (300 ℃) was in
the opposite leg of the circuit. In this last part of the loop, a cooler was installed in order to reduce the
temperature [67]. Since the materials employed in the PAV were not the most appropriate for this
application, the efficiencies obtained in the experimental validation were below 0.02%. More details of
this experiment are given in Section 4.4.1.
Table 1.4 summarizes the main characteristics of the presented PbLi loops devoted to fusion
technologies. Note that some of the information is not available.
Table 1.4. Summary of PbLi loops devoted to fusion technologies
Name

Objective

Pumping

PbLi
inventory
and velocity

Temp.
range

Status

Anapurna
[54]

Sensor of Li content
in PbLi

EM pump

18 litres

395 ℃

inoperative

Thermal
convection

1 litre
0.01 m/s

420 – 480 ℃

operative

Thermal
convection

-

550 – 700 ℃

operative

Thermal
convection

-

800 – 1000
℃

operative

Forced

<1 m/s

350 – 800 ℃

operative

DRAGON I
[55]
DRAGON-II
[55]
DRAGON-III
[55]
DRAGON-IV

Compatibility of
alloys and
refractory metals at
different
temperatures
MHD, thermal-
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[55]

hydraulics, TBMs

DRAGON-V
[55]
DRAGON-VI
[55]
DRAGON-VII
[55]
DRAGON-VIII
[55]
ELLI [56]
Fuskite [67]
IELLLO [66]
Kyoto [57]
MaPLE
[58][59]
Melodie
[62][63]
PICOLO
[60][61]
TRIEX
[64][65]
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DFLL-TBM

Forced

300 litres
0.1 – 1 m/s

300 – 700 ℃

operative

TBMs in EAST

Forced

-

300 – 700 ℃

in construction

TBMs in ITER

Forced

-

300 – 700 ℃

in construction

DEMO blankets

Forced

-

–

future
construction

300 – 550 ℃

inoperative

300 – 320 ℃

inoperative

Corrosion, validate
EMpump, MHD
Tritium extraction
from PbLi with PAV
Qualify TBM for
ITER
Compatibility of
advanced materials
with PbLi

Thermal
convection

163 litres
0.16 m/s
18 litres
0.001 m/s

PM pump

500 litres

400 – 550 ℃

operative

EM pump

10 litres

450 – 900 ℃

-

MHD

EM pump

18 litres

350 ℃

being upgraded

Tritium extraction
from PbLi with GLC

EM pump

40 litres

400 – 440 ℃

inoperative

Corrosion

EM pump

20 litres
0.22 m/s

350 – 550 ℃

operative

Tritium extraction
from PbLi with GLC

Mechanica
l pump

50 litres

350 – 550 ℃

being upgraded
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2. TRITIUM ASPECTS IN FUSION
In this chapter an overview of the tritium fuel cycle in fusion reactors is presented together
with the basic properties of its interaction with materials. A detailed description of the
different technologies under development for the reactor tritium recovery is introduced
looking for the most feasible technique for the DCLL. Their main advantages and disadvantages
are summarized.

Chapter 2

2 TRITIUM ASPECTS IN FUSION
Since tritium resources are very limited, for an economical conversion of fusion energy to
electricity, the breeding of tritium in the blanket should have enough margins to compensate the
inventory in the systems and the 5%/year decay (due to its β-emission, tritium half-life is 12.323 year
which means that about 5% is disappearing by decay in a year). In addition, to assure safety
conditions of the power plant, the tritium inventory in the reactor systems should be kept as small as
possible [68]. Absorption, desorption and permeation of tritium in materials is unavoidable. This
results in a contamination of handling systems that is connected to the safety of the plant [68]. The
inventory of tritium retained in each of the tritium processing system is usually divided into mobile
and immobile. The difference relays on the retention time: the first one is related to the tritium with a
retention time in the order of days or less while the second is related to the tritium that has quite long
retention time [68].
In the plasma, the burn up fraction of tritium is about 2% of the total amount of tritium injected,
therefore, the unburnt part has to be continuously removed from the torus together with the fusion
products and impurity gasses added for plasma control and cooling. The main steps in this process are
pumping, impurity cleaning, hydrogen extraction and isotope separation [69]. To accomplish with
these tasks, the fuel cycle is divided into the inner fuel cycle which should be able to handle the
amount of tritium required to support the plasma operation; and the outer fuel cycle to replace the
burnt fraction by newly bred tritium [70]. Then, in the inner part are included the fuelling system and
the vacuum pumping systems whereas the outer part covers the breeding blankets, the coolant
purification and tritium extraction and recovery systems as shown in Figure 2.1.

Figure 2.1. Tritium fuel cycle in a fusion reactor. Blue denotes the inner fuel cycle; red
denotes the outer fuel cycle
Within the inner cycle, indicated as the blue path in Figure 2.1, the steps are as follows. The
injection of the fuel to the plasma is assessed by different systems: gas injection system, pellet
injection system, distribution mitigation and neutral beam injection. Once in the torus, the fuel is
heated up to the plasma temperature and, as mentioned previously, only a small fraction of the
injected fuel is burnt. However, there should be a continuous plasma exhaust of the non-burned
fraction due to the non-ideal electromagnetic confinement of the plasma and due to the saturation

Tritium aspects in Fusion 35

Chapter 2
level of helium ashes that would disturb the fusion reaction [70]. Then, this plasma fraction is
processed in the exhaust processing system where, thanks to primary pumping and rough pumping, is
routed to tritium recovery and isotope separation systems. Here, mixtures of the isotopes are split into
high purity deuterium and tritium to be managed in the storage and delivery system. Finally, these
gasses are fed back to the fuelling system to be re-injected into the plasma and the inner fuel cycle is
closed [70].
With regard to the outer cycle, marked in red in Figure 2.1, it is in charge of the tritium bred in the
blanket as required to keep self-sufficiency of the reactor. The tritium produced in the blanket by
neutron irradiation of the lithium compound is either extracted with the helium purge gas in HCPB or
carried in the PbLi in the other blanket concepts, DCLL, HCLL and WCLL. Out of the blanket, tritium is
extracted in a dedicated system from the gas/liquid metal and then is sent to the tritium accountancy.
Since a coolant is used to remove the heat from the first wall and to cool down the blanket, tritium
would permeate into the steam of helium in DCLL, HCLL and HCPB or water in WCLL. Therefore, a
coolant processing system to extract the tritium and send it to the accountancy is also needed. Finally,
gasses are sent to the tritium plant where they are included into the inner fuel cycle to be managed by
the fuelling system.
The main issue in the tritium cycle is the permeation of this fuel element which is enhanced due to
the huge surface areas, the thin walls and the high operation temperatures. The ways to avoid the
permeation are to achieve a good extraction by the breeding blanket, i.e. by increasing the liquid metal
velocity, the permeation is reduced; to develop efficient techniques of extraction both from the coolant
and from the PbLi to minimize the inventory; and, finally, to apply barriers of permeation in the
materials exposed to the tritium. The mechanisms governing the tritium permeation and interaction
with materials are key elements for a proper implementation of these solutions and, in particular, for a
complete understanding and characterization of the tritium extraction techniques.

2.1.TRITIUM TRANSPORT: basic properties of the interaction with
materials
Due to the high chemical activity of hydrogen isotopes they would interact with the surrounding
materials in the fusion power plant.
In general, the behaviour of hydrogen isotopes in contact with materials is governed by two types
of processes: surface processes and volume processes. Surface processes include those taking part in
the surface of the material such as the absorption, dissociation, recombination and desorption. All the
processes involved in the interaction between hydrogen and the material are explained by the analysis
of the different potential energy levels acquired by the hydrogen atom in the immediacy of and within
the material [71]. In Figure 2.2 the energy levels of hydrogen in a metal are presented; first, hydrogen
is in molecular form out of the material and requires an energy E di for its dissociation (dashed line).
Then, adsorption (Ead) is the barrier that it has to overcome to access to the chemisorption site, being
highly influenced by the state of the surface. The chemisorption energy (Ech) refers to the chemical
binding with the atoms of the material surface.
In volume processes, when moving to the inside of the material, hydrogen occupies a position in
the crystal lattice. The solution energy (ES) is the difference between a free atom and a dissolved atom
and, if it is positive, the process is characterized as endothermic, whereas if it is negative, it is
exothermic. As it passes from one solution site to other within the lattice, the diffusing atom has to
overcome the barrier of diffusion energy (ED). There are, however, trapping sites in where the atom
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remains bounded to the metal specific centres known as traps, i.e. inclusions, dislocations, grain
boundaries; this potential well is characterized by the trapping energy (ET). The difference between a
normal solution site and a trapping site is taken as ΔE and the energy difference when comparing
potential barriers between normal solution sites and trapping sites is EC.
Typical bulk parameters for the study of hydrogen transport in lattices that need a careful
evaluation are: solubility, diffusivity and permeability.

Figure 2.2. Potential energy distribution of hydrogen in a metal [72]

2.1.1. Solubility
According to the IUPAC definition [73], solubility is the analytical composition of a saturated
solution expressed as a proportion of a designated solute in a designated solvent. In other words, is the
property of a solid, liquid or gaseous substance (solute) to dissolve in a solid, liquid or gaseous solvent.
It is affected by many factors, forces between particles, temperature and pressure. Henry's Law [74]
states that the solubility of a gas in a liquid is directly proportional to the pressure of that gas above
the surface of the solution. Henry's law is valid for gases that do not undergo speciation on dissolution.
Sieverts' law shows the case when this assumption is not valid and is a rule to predict the solubility of
gases in metals [75]. This law states that the solubility of a diatomic gas in a metal is proportional to
the square root of the partial pressure of the gas in thermodynamic equilibrium, eq. 2.
𝐂 = 𝐊 𝐒 · 𝐏 𝟏/𝟐
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In this equation, C is the concentration of the gas in solution, which is a measure of its solubility;
KS is a proportionality constant that must be experimentally determined; and P is the partial pressure
of the gas above the solution. The proportionality constant needs to be experimentally determined
because the increase in solubility will depend on which kind of gas is being dissolved.
The coefficient of proportionality, KS, is a characteristic parameter of each material and its
Arrhenius dependence with the temperature is shown in eq. 3 as a function of the activation energy
(ES) for solution.

𝐊 𝐒 = 𝐊 𝐒,𝟎 · 𝐞𝐱𝐩 (−

𝐄𝐒
)
𝐑𝐓

eq. 3

Focusing on the interaction of tritium with the PbLi, the relation between the concentration of
tritium in the PbLi and the partial pressure of the gas, given by the Sieverts’ law, requires special
attention. It has been previously reported the existence of a large uncertainty in the value
experimentally obtained for the solubility of hydrogen, deuterium and tritium in eutectic lead-lithium.
The dispersion could be associated to the methodology used for its obtainment and it is highly
dependent on the grade of purity of the alloy [76], [77]. The techniques used for its obtainment are
desorption [78], [79], [80], absorption [80], [81], [82], [83], [84], [85] and permeation [86], [87], [88].
There is a large difference (orders of magnitude) between the results of the experiments carried
out. However, a dependence with the methodology applied to obtain the Sieverts’ constant can be
observed. Figure 2.3 and Figure 2.4 show the solubility of hydrogen and deuterium in lead-lithium
experimentally determined by different techniques. Those studies based on absorption have higher
values than those from permeation which, in turn, are above desorption experiments. In the case of
Feuerstein [86], for deuterium solubility, the parameter has the lowest value due to the fact that it is
the only experiment made in a circulating system.

Figure 2.3. Dependence of the hydrogen solubility in lead-lithium with the temperature for
different experimental results
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Figure 2.4. Variation of the deuterium solubility in lead-lithium with the temperature for
different experimental results
On the other side, it is known the higher solubility of hydrogen in lithium against lead. If the
solubility constant is evaluated based on the eutectic grade of the alloy, or the atomic percentage of
lithium in the alloy, the value of KS should increase with the content of lithium as shown in Figure 2.5left for the deuterium results obtained by Wu [81]. However, in Figure 2.5-right there is a dispersion
on the results which does not follow the expected trend. This behaviour could be explained by the
purity of the material. In most of the works the impurities content in the alloy is not depicted and the
eutectic grade is confirmed only by the melting point (235 ℃). However, some of them present a high
variation in the impurities content, as shown in Table 2.1.

Figure 2.5. Deuterium and hydrogen solubility in PbLi at 450 ℃ vs. lithium atomic fraction
in the alloy for the different experimental measurements
Those studies using a PbLi alloy with high impurity content show higher KS than the expected, as
seen in Figure 2.5-left for deuterium and Figure 2.5-right for hydrogen. As an example, the solubility

Tritium aspects in Fusion 39

Chapter 2
values from Kumar [85] and Aiello [84] are about two orders of magnitude above the expected
considering the lower content of lithium in their alloys.
Table 2.1. Purity of PbLi compositions employed to determine hydrogen/deuterium
solubility
Ref.
P. Fauvet [78]
F.Reiter [79]
G. Alberro [80]
C. H. Wu [81]
Y. C. Chan [82]
H. Katsuta [83]
A. Aiello [84]
S. Kumar [85]

% at. Pb
83.00
82.97
83.03
83.00
83.00
83.00
84.20
83.01

% at. Li
17.00
16.46
16.97
17.00
17.00
17.00
15.80
14.72

H. Feuerstein
[86]

83.24

16.76

Y. Edao [87]
H. Okitsu [88]

83.00
83.03

17.00
16.97

Impurities
not known
<20 ppm (Fe, N, C)
73 ppm (As, Fe, P, S)
not known
not known
not known
< 0.1 % wt. (<1000 ppm)
800 ppm (Fe, Nam Ni, Bi)
64 ppm (Na, As, Ag, Zn, Fe,
Cr, Ni, Mn, Sr, Mo, U, Sn, Se,
Sb, Cd)
not known
not known

It can be concluded that the solubility has a higher dependence on the methodology followed for
its experimental obtainment. Those constants determined by absorption are higher than those from
permeation and these are higher than the obtained with desorption techniques. Furthermore, the
solubility of hydrogen isotopes in PbLi depends on the eutectic grade of the alloy. The solubility in
lithium is higher than in lead, therefore at higher lithium percentages the constant increases. However,
this point has been only confirmed by a dedicated experiment [81] and when comparing the rest there
are some dispersed values that may be explained by the different contents of impurities in the alloy.
An important conclusion is that to perform calculations on tritium transport in PbLi, two limit
values have to be considered in order to assure a range in which the exact value is. The upper limit is
Reiter’s Sieverts coefficient [79] due to the low measured solubility of tritium in PbLi; on the other
side, the lower limit is that from Aiello’s constant [84], where the tritium presents a higher solubility
on the liquid metal. Additional information on the values of KS is summarized in the Annex I.

2.1.2. Diffusivity
The diffusivity (D) is a parameter linked to the mitigation velocity of a gas inside a material.
According to Fick’s first law [89], the flux of a gas through a solution (J) is proportional to the
concentration gradient. The proportionality constant is the diffusivity, eq. 4. The gas will move from
regions of high concentration to regions of low concentration.

J = −D

dC
dx

eq. 4

Taking into account a homogenous material, the diffusivity will be supposed to be uniform and
constant through its volume and only dependent on the temperature by the Arrhenius relationship, eq.
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5, where ED is the activation energy and D0 the maximal diffusion coefficient at extremely high
temperature:

D = D0 · exp (−

ED
)
RT

eq. 5

A characteristic parameter related with the diffusivity is the time lag (τL). It denotes the time
invested to reach the steady state, or the concentration of equilibrium during the diffusion of a gas
through a membrane, and is used to experimentally determine the diffusivity of this membrane of
thickness z, eq. 6.

τL =

z2
6·D

eq. 6

The main aspect of the time lag is that it is a measure of the diffusive dynamic and it is dependent
of the sorption equilibrium.
There is a lack of data for tritium diffusivities. Most of the experimental determinations have been
made on protium or deuterium but just a few measured these properties with tritium or both with
protium and deuterium, which allows an extrapolation to tritium. However, when there is data of only
one isotope, the classical mass dependence can be applied. For diffusivity, the pre-exponential factor
(D0) is proportional to 1/√m, being m the mass of the diffusing atom. In the case of solubility there is
no mass dependence, therefore values measured for protium/deuterium are also valid for tritium [90].

2.1.3. Permeability
The process of permeation involves the diffusion of molecules through a membrane. The
permeability (ϕ) also follows an Arrhenius behaviour like the diffusivity and solubility with an
activation energy (EP) that is the sum of ES and ED, eq. 7.

ϕ = ϕ0 · exp (−

ES + ED
)
RT

eq. 7

In 1879, it was suggested that gas permeability through a membrane could be described as the
product of KS and D [91]. It was later demonstrated that under steady state conditions and assuming
the diffusion coefficient to be independent of the concentration, the gas permeation flux can be
expressed as a function of the permeability and the pressure gradient across a material with thickness
z, eq. 8 [92]:

J=ϕ·

√ΔP
z
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The permeation is influenced at least by four factors: diffusivity, solubility, surface absorption and
desorption, and hydrogen-defect interaction. The experiments to measure the permeability of certain
material are usually attempted to be made in conditions of negligible influence of defects. In this case
the permeation has two limit regimes: the Diffusion Limited Regime (DLR) and the Surface Limited
Regime (SLR) [93].
It is stated that for low partial pressures the permeation is governed by surface limited model
while for high values the diffusion rules the mobility though the membrane [93].
In case of diffusive-limited permeation tritium migration through the membrane is limited
primarily by tritium diffusion in the metal lattice while the surface processes (adsorption, desorption)
are considerably faster. Otherwise, when the regime of surface-limited permeation is assumed, the
diffusion occurs fast enough, so that any concentration gradient is cancelled by diffusion.
Table 2.2. Tritium transport parameters of some materials of interest in nuclear fusion
Material

D0
(m2/s)

ED
(J/mol)

KS,0
(mol/m3Pa0.5)

ES
(J/mol)

ϕ0
(mol/m·s·Pa0.5)

EP
(J/mol)

Temp.
(K)

Niobium [94]

2.89E-8

-1.02E4

1.26E-1

3.52E4

3.64E-9

2.5E4

>600

Vanadium [94]

1.67E-8

-4.15E3

1.38E-1

2.90E4

2.31E-9

2.48E4

>600

Tantalum [94]

2.54E-8

-1.34E4

1.32E-1

3.36E4

3.35E-9

2.02E4

>600

Palladium [95]

1.67E-7

2.22E4

7.60E-1

-6.53E-3

1.27E-7

1.57E4

473-873

Platinum [95]

3.46E-7

2.47E4

1.20E-3

4.61E4

4.15E-10

7.07E4

473-873

Pd/25%Ag [96]

1.77E-7

2.59E4

1.81E-1

1.96E4

3.23E-8

6.30E3

α-Fe [97]

2.56E-8

5.31E3

6.92E-1

2.63E4

1.77E-8

3.16E4

Pd/SiO2/V [98]

-

-

-

-

3.40E-7

3.35E4

Pt/SiO2/V [98]

-

-

-

-

1.21E-8

5.65E4

SS316 [99]

3.41E-9

5.19E4

5.80E-6

1.31E4

1.41E-11

6.35E4

SS304 [99]

-

-

-

-

5.06E-7

7.20E4

Beryllium [90]

5.50E-9

2.84E4

2.05E-2

1.00E5

5.80E-14

2.22E3

Aluminium [90]

2.70E-6

3.70E4

1.25

6.39E5

5.80E-5

1.48E4

Tungsten [90]

5.34E10

1.10E4

2.24E-2

2.78E4

1.20E-11

3.89E4

Nickel [90]

6.23E-7

4.09E4

2.47E-1

7.96E3

1.54E-7

6.50E3

1.50E-7

1.44E3

8.32E-4

2.38E4

1.53E-8

3.82E4

Eurofer

[100]

4731183
8731073
7731073

695-793
8981178
11732023
2731673
473-723

The equations (eq. 9, eq. 10) describing the permeation flux, J, through a membrane of thickness z
for the two limiting models with a high partial pressure Ph and a low partial pressure Pl are [93]:
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DK s
(√Ph − √Pl )
z

eq. 9

σk1
σk 2 K s 2
(ph − pl ) =
(Ph − Pl )
2
2

eq. 10

Jdiff =

Jsurf =

Where D is the tritium diffusivity in the membrane, KS is the Sievert’s constant of tritium inside
the membrane, k1 is the surface adsorption constant of tritium, k2 is the recombination constant of
tritium onto the surface of the membrane and σ is the surface roughness factor, defined as the ratio of
the real area to the geometric area of the surface.
Table 2.2 summarizes the main tritium transport parameters of some materials with application
in fusion technologies, some of them will be used later in the present work.

2.2. TRITIUM CONCENTRATION IN THE BREEDING BLANKET
Tritium partial pressure in the breeding blanket depends on the solubility of this isotope in the
liquid breeder. In order to design a Tritium Extraction System able to recover tritium generated from
the lead-lithium, an evaluation of the tritium concentration is mandatory.
As mentioned before, to guarantee tritium self-sufficiency a value of Tritium Breeding Ratio
higher than 1 is required. The tritium production in the blanket is calculated with neutronic transport
simulations which consider the whole PbLi volume. Each blanket segment is evaluated and tritium
concentration is obtained extrapolating to the whole reactor at the average temperature between the
minimum and maximum value.
The partial pressure of tritium generated could be obtained by knowing the TBR and the neutrons
per second produced in the plasma. The DEMO2015 fusion power (2037 MW) corresponds to a
neutron source of 7.32E20 n/s [101]. Thus, multiplying the TBR by the neutron source, tritium atoms
generated per second is directly obtained.
Lead-lithium mass flow rate estimated for DCLL-DEMO is 29527 kg/s [37] which gives a flux of
3.09 m3/s by applying eq. 11. Then, the atomic concentration of tritium per cubic meter (total T/s
divided by PbLi flux) is 8.76E20 at T/m3 (eq. 12) considering a TBR of 1.196. The tritium molar
concentration is obtained by dividing by Avogadro’s number, eq. 13. Finally, tritium partial pressure
(eq. 14) is given by Sieverts’ law [75], eq. 2.
PbLi mass flow (kg/s)
= PbLi flux (m3 /s)
ρPbLi (kg/m3 )

eq. 11

Tritium flux (atoms/s)
= atomic T concentration (at T/m3 )
PbLi flux (m3 /s)

eq. 12
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atomic T concentration (at T/m3 )
= T concentration (mol T/m3 )
NA
T concentration (mol T/m3 )
T pressure (Pa) = (
)
K S (mol/m3 · Pa0.5 )

2

eq. 13

eq. 14

In order to determine the tritium partial pressure in the blankets the value of tritium solubility in
PbLi is needed. As previously shown in Section 2.1.1, uncertainty of solubility experiments is rather
large. For this reason, two values of solubility, the optimistic case [79] and the unfavorable one [84],
have been used.
The concentration expected in each liquid breeding blanket is presented in Table 2.3. The huge
difference between DCLL and the other two concepts is due to the higher PbLi flow rate which it
requires to extract the reactor power. In the case of HCLL two operation modes are considered. In the
first case, the blanket will operate with 10 circulations of the liquid metal per day requiring a mass
flow of 1040.0 kg/s. If there are 20 circulations/day of the breeder, a PbLi mass flow of 2080.0 kg/s is
needed [35]. A considerable difference between the tritium pressure values considering the two
solubility coefficients, about two orders of magnitude, is shown. The need of further investigations on
tritium solubility is clearly appreciated because a complete knowledge of the hydrogen isotopes
transport parameters is fundamental for the design of the blankets and associated components like the
TERS.
Table 2.3. Tritium concentration in the three liquid breeding blanket concepts
Breeding
Blanket

Temperature
at PbLi loop

Total PbLi
flow rate

Tritium
concentration

Reiter’s
tritium
pressure

Aiello’s
tritium
pressure

DCLL [37]

548.0 ℃

29527 kg/s

4.70 E-4 mol/m3

2.07E-1 Pa

1.70E-4 Pa

WCLL [34]

311.5 ℃

956.3 kg/s

1.41 E-2 mol/m3

2.18E2 Pa

6.97E-1 Pa

1040.0 kg/s

1.32 E-2 mol/m3

1.94E2 Pa

6.84E-1 Pa

2080.0 kg/s

6.61 E-3 mol/m3

4.86E1 Pa

1.71E-1 Pa

HCLL [35]

300.0 ℃

2.3.TRITIUM EXTRACTION TECHNOLOGIES
To ensure the self-sufficiency of the reactor, the tritium generated in the breeding blanket must be
recovered. As said before, tritium is produced by the reaction 6Li (n,α) where lithium is split into one
atom of tritium and one atom of helium. Focusing in the liquid metal based breeding blankets, tritium
can be recovered from the alloy by means of different technologies which are still under development
[102]. The aim of these systems is to extract tritium at the highest rate to minimize the inventory in
the liquid metal and, thus, to reduce possible leakages to other systems.
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The effectiveness of the extraction system can be measured by its efficiency, η. This efficiency is
defined as the ratio between the difference on concentrations at the inlet (Cin) and outlet (Cout) of the
extractor and the concentration at the inlet, eq. 15.

η=

Cin − Cout
Cout
=1−
Cin
Cin

eq. 15

Currently there is no efficiency target defined for any of the blanket concepts considered for
DEMO. Some works have proposed a range between 70% and 90% [103], [104]. Therefore it is
commonly agreed that tritium recovery efficiency shall be as high as reasonably achievable and a
conservative value of 80% has been considered to be enough for a proper operation of the plant. Since
the amount of tritium in future fusion reactors is in the order of various hundreds of grams per day,
and regarding tritium capabilities to permeate through hot metallic walls, it is of major concern to
know accurately where the tritium is located [104].
Apart from reducing as much as possible the inventory of tritium in the breeder, the objectives of
the R&D in this field are to allow reducing the process sizes, the energy consumption, and the tritium
residence time that directly and dramatically impact on the necessary tritium start-up inventory [105].
In the following pages, a detailed description of the technologies that may be applicable to liquid
breeding blankets, especially for the design of the TERS of a DCLL-DEMO reactor, is presented:

2.3.1. Gas-liquid contactors
A gas-liquid contactor (GLC) is a system where a compound is transferred between a liquid and a
gas phase. In particular, the mass transfer mechanism to extract tritium from PbLi follows three steps
[106]:
1. Tritium diffusion through the liquid boundary layer;
2. Recombination reaction of tritium atoms at the liquid-gas interfaces to form T2 molecules and
HT molecules if hydrogen is present in the stripping gas;
3. Diffusion of these molecules from the interface through the gas boundary
The equation that relates the concentration variation of tritium in the liquid metal along the
length of the extractor and the flux of tritium exchanged (eq. 16) is expressed as:
J = K T S(Cliq − Cgas )

eq. 16

In eq. 16, KT denotes the mass transfer coefficient, S the specific surface of exchange and Cliq and
Cgas the concentrations of tritium in the liquid and the gas phases. Variations of this equation are made
in order to be adapted to different techniques.
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There are different technologies for this purpose that can be classified according to whether their
principal action is to disperse the gas or to disperse the liquid. The available methodologies for this
procedure are packed columns; bubble columns and spray towers.

a) Packed column
Packed columns consist of vertical columns filled with a packing that provides a large surface of
contact between the liquid and the gas phase. Gas and liquid phases can move in co-current or
counter-current flow, Figure 2.6. The PbLi carrying tritium is poured into the extraction column by a
distributer. At the same time, the purge gas is injected in tiny bubbles from the bottom with a sparger
made of a porous disk.
There are two kinds of packing: random packing, like rings, and structured packing, like layered
sheets. From a theoretical point of view, the limiting step in the kinetics of tritium mass transfer is the
diffusion of tritium in the liquid [106].

Figure 2.6. Scheme of a gas-liquid contactor based on a packed column where liquid and
gas flow are in counter-current
Starting from eq. 16, the hydrogen flux is also related to the efficiency through the volumetric
liquid metal (Lvol) according to eq. 17:
J = Lvol · η · Cin

eq. 17

Moreover, the tritium balance between continuous and dispersed phases is expressed as a
function of the molar fraction of tritium in the gas phase (y) and the liquid phase (x) according to:
L(xin − xout ) = 2G(yout − yin )
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In eq. 18 L is the liquid phase mass flow rate and G is the gas phase mass flow rate. The factor 2 is
introduced due to the fact that tritium remains in atomic form in the liquid metal phase while it exists
in molecular state when it is in the gas phase.
Solving eq. 16, eq. 17 and eq. 18 it is possible to obtain the efficiency of the packed column system:
η=

1
1
1
Lvol · K S + 2G · M
T

eq. 19
vol

The main characteristics of packed columns are [106]:


large and continuous contact area of liquid and gas



the packing permits passage of large amount of fluid through small tower cross sections
with low pressure drops



reliability of the functional answer because of the kinetics of mass transfer



low cost

Several efforts have been made in different facilities to experimentally validate this technology. In
Melodie loop [62], the behaviour of a packed column was investigated with the aim to develop the
tritium extraction process under WCLL conditions. The extraction column was filled with cylinders of
Sulzer Mellapak 750Y structured packing. Aargon was used as purge gas and by varying the ratio
liquid metal/gas flow, an efficiency when extracting hydrogen up to 30% was obtained. In that work, a
comparison with the bubble column as extraction methodology is made. They report that the packed
column would be at least two times smaller than a bubble column to reach the same hydrogen
extraction performances [63]. More recently, TRIEX (ENEA [64]) tested the same technique but
working under HCLL conditions. Different experiments were carried out to experimentally determine
the efficiency of the extraction system which was in the range between 10 and 30% [65], showing a
good agreement with the previous reported results [63].
Generally, the length of a GLC is especially high when large liquid flow rates have to be processed
and high extraction efficiencies are required. This is the case of DEMO breeding blankets. In addition, it
carries considerable energy consumption in compressing the stripping gas to win the liquid metal
hydrostatic pressure and the pressure drop in the column. Other disadvantage of packed tower is that
they need an additional system in order to remove the tritium extracted from the purge gas.
Experimental results have given efficiencies in the order of 30%. However, this system presents ample
margins for improvements by optimizing the ratio of gas over liquid metal flow rate, by optimizing the
temperature of operation or by doping the stripping gas with hydrogen.

b) Bubble column
In a bubble extractor, the purge gas is dispersed through the liquid alloy, Figure 2.7-left. The
efficiency of the process increases with the increasing purge gas flow rate [106]. However, when the
tritium concentration is low, a high flow rate of the purge gas is required; therefore, the problem is
transferred to the second step: the extraction of tritium from a large quantity of gas.
For this kind of extraction systems, the mass transfer coefficient is obtained through the diffusion
equation in a bubble,
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KT =

2DPbLi
ut DPbLi
+√
d
π·L

eq. 20

where d is the average diameter of the gas bubble, ut is the terminal velocity of the bubble, DPbLi is
the diffusion coefficient of tritium in PbLi and L the depth of the column.

Figure 2.7. Left) Scheme of a gas-liquid contactor based on bubble column. Right) Scheme
of gas-liquid contactor based on spray tower
Tritium desorption rates from PbLi under gas bubbling have been studied by different authors
[107], [108] and [109]. It was found that the rate-determining step in the tritium desorption from the
liquid metal was the diffusion at the boundary layer near the bubble surface [107]. Moreover, it was
observed a surface reaction process that influences the absorption and desorption rates [109].
However, in the published works, there is no information regarding the efficiency achieved with the
system based on a bubble column. The works are focused on the study of mass transfer and the effect
of gas flow rate, temperature and hydrogen content on the purge gas.

c) Spray tower
The spray tower technology consists of an empty cylindrical vessel and nozzles that spray liquid
into the vessel, Figure 2.7-right. This allows a high superficial contact area between the liquid and the
gas phases. The inlet gas stream usually enters at the bottom of the tower and moves upward, while
the liquid is sprayed downward from one or more levels forming droplets [106].
For the design of a spray tower there should be taken into account that the ratio between the
diameter and the length of the vessel must be small enough to enable a good mix of gas and liquid
phases. However, the radius cannot be very small because the spray would reach the walls of the
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column making the process inefficient. Both height and diameter of the extractor depend on the initial
velocity of the droplets [110].
Advantages of this methodology are the low pressure drop for the gas, the lower length and
diameter of the columns when compared with packed and bubble columns and the experience on its
use due to the development at industrial level. Nevertheless, the main disadvantages are related to the
high pressure drop through the spray nozzle, the considerable tendency for entrainment of liquid by
the gas leaving the tower (a filter able to remove the dragging of PbLi in the stripping gas will almost
always be necessary) and the high corrosion/erosion at which the nozzle is subjected due to the high
velocity of PbLi.
A variation of this technique is the Vacuum Sieve Tray (VST) which uses vacuum environment
instead of purge gas to carry out the tritium.

2.3.2. Vacuum Sieve Tray
This technology is based on making small droplets of the liquid metal falling inside a vacuum
chamber, where tritium is released from them and collected with a vacuum pumping system, Figure
2.8.
The efficiency of recovered tritium from a sphere droplet under diffusion limited condition as a
function of time is described in eq. 21 [111]:
∞

6
1
−Dn2 π2 t
η = 1 − 2 ∑ 2 · exp (
)
π
n
r2

eq. 21

n=1

The equation relates the radius of a droplet (r), the diffusion coefficient of tritium in the droplet
(D) and the diffusion time (t). The diameter of the nozzle determines the size of the droplet and it is
also related to the initial velocity of the falling droplet. Thus, the relationship between the droplet
sizing and the radius of the nozzle requires special attention. It has been reported in [112] that the
diameter of the droplet is equal to 1.89 times the diameter of the nozzle. A key point in the design of
the system is the minimum and maximum initial velocities to form a liquid column of droplets.
Advantages of this approach are its implementation as a direct and simple pumping stage to
recover tritium and the high expected efficiency due to the high convection of the droplets. This
facilitates the tritium extraction in a compact system. However, this is a recent proposal with a lack of
maturity, so it is just considered as backup solution. An important disadvantage is the difficulty on the
control of the droplet size. The growing of the droplet via a nozzle entails corrosion which could cause
modifications of the nozzle hole leading to variations in the drop size. In addition, this may cause
shrinking due to the accumulation of particles and the possible plug of the system. Moreover, high
vacuum volumes are required to manage the huge amounts of PbLi mass flow required in DEMO (and
in particular in the DCLL) which enlarges the whole size of the system.
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Figure 2.8. Left) Principle of tritium extraction from liquid falling droplets in vacuum
sieve tray; right) design of VST system for a breeding blanket [112]
Up to now, experiments have been made to characterize the relation between the nozzle and the
droplet radii; to confirm that a liquid column is first made from where the fluctuation produces a
droplet and that the recovery of deuterium is possible. However, it still requires R&D activities to fully
characterize the diffusion mechanism since the predictions differ in one order of magnitude with
respect to experimental tests [112]. It should be noted that the gas solubilisation in the liquid metal
was made by exposing the liquid surface to the gas and letting it a time for its diffusion. Therefore, the
exact amount of gas dissolved is unknown.

2.3.3. Getter System
This technology uses a tritium gettering bed of metal in which the solubility of tritium is higher
than in lead-lithium. The idea to use the getter technology to extract tritium from PbLi arose from the
low tritium Sievert’s constant in the liquid metal.
Tritium transport in a getter material is different from the transport in other kind of materials. In
the getter, tritium is chemisorbed and diffuses inside its volume but, in spite of exiting on the low
pressure side, it is stored and trapped in form of hydrides. In order to release the tritium, the
conditions of pressure and temperature must change to decompose the hydrides.
Large research activities have been performed looking for a proper material for this application
but only few of them combine all the requirements [113]:


The equilibrium pressure at the working temperature must be very low



It must have high pressure of dissociation at moderate temperatures to allow the recovery and
minimize losses due to permeation



The kinetics of absorption and desorption should be fast
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It should have a low rate of trapping



The reactivity with the air and other contaminants present must be low. Moreover, the reaction
products must not contaminate the surface nor reduce the tritium absorption capability

The studied getter metals are: vanadium, yttrium, uranium, titanium, zirconium and SAES®
getters [113], [114], [115], [116]. In this frame, some interesting experiments are reported in
literature, the main results are:
-

the limiting process in the extraction is the diffusion of tritium through the liquid boundary
layer

-

the efficiency of this technique is closely related to the operating temperature. Diffusivity
and solubility parameters of the materials are dependent on the temperature, therefore,
the trapping and the release of tritium are conditioned by the working temperature

Typically, tritium is stored in form of tritiated water or metallic hydrides. The toxicity of the
tritiated water is a big issue due to the fact that the water is 104 times more toxic than molecular
tritium. Instead, tritium as metallic hydride has a lower toxicity and can be recovered in gas phase.
However, many of the materials require a high cooling for a safety operation. An important point is
that the getter bed must be regenerated, it works batch-wise and cyclically. Therefore, at least two
getter systems should be used, one bed being in loading phase while the other one working in
regeneration phase. The use of this technology introduces a high complexity system in spite of its
compactness. Moreover, depending on the cycle time and on the expected lifetime of the system, the
material could suffer embrittlement due to the accumulation of helium in the inside as a consequence
of the tritium decay.
Uranium presents many advantages since dissociation processes are very low at atmosphere
temperature and relatively high at temperatures above 400 ℃, allowing storage, recovery and
recycling in closed loops. But despite its good thermodynamic and kinetic properties, with respect to
the absorption-desorption of hydrogen isotopes, two disadvantages need to be taken into account:
first, pyrophoricity because of the high chemical reactivity of uranium and its hydride with air, and
second, the restrictive use due to its radioactivity [117]. In addition, it multiplies its volume per eight
when hydrides are formed. The ZrCo getter presents similar properties as the uranium but with some
advantages: the phyrophoricity and reactivity against impurities present in the fuel cycle are reduced,
it is a non-radioactive material, its expansion due to the hydride formation is low and the tritium
release temperatures are relatively low [113].

2.3.4. Permeation Against Vacuum
The Permeation Against Vacuum (PAV) technique principle is as follows (Figure 2.9): a permeable
membrane contains the liquid metal and is subjected to vacuum in the outer side promoting tritium
extraction thanks to the pressure gradient existing at both faces of the membrane and the low
solubility of tritium in eutectic lead-lithium [118]. This procedure allows the extraction of the pure
gas in a one-step facilitating its management within the tritium fuel cycle in the reactor.
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Figure 2.9. Permeation against vacuum principle: the liquid metal containing tritium
enters in the channel and due to the gradient of pressure generated by the vacuum pump,
tritium permeates through the membrane to be finally extracted [118]
The principal process which gives the name to this technique is the permeation. A schematic
representation of the different permeation processes through the membrane (adsorption, diffusion
and desorption) is presented in Figure 2.10.

Figure 2.10. Permeation processes taking place in a membrane. Tritium is adsorbed on
the membrane, diffuses through it and then is desorbed in the vacuum side
In addition, in the permeator there are processes related with the tritium transport in the liquid,
such as radial and axial diffusion, as illustrated in Figure 2.11. The tritium radial diffusion in a simple
permeator consisting of a cylindrical tube is governed by the concentration gradient in the radial
direction generated by vacuum extraction. In this manner, the characteristic length, i.e. the radius in
the cylindrical duct, will be the determinant factor of this diffusion. Moreover it can be appreciated the
axial diffusion is referred to that in the direction of the liquid flow being related with the total length of
the permeator and the liquid metal velocity.
For a proper implementation of this technique, a permeation limited by diffusion is desirable
because when the surface processes are fast enough it is possible to take advantage of the pressure
gradient generated by the vacuum in one side of the membrane.
One of the major advantages of PAV is its compactness even for large-scale application. Moreover,
the low required electrical power, the simplicity of operation and easy integration in the ancillary
system makes this technology very attractive for application to DEMO. In addition, extracted tritium
can be sent to the Tritium Plant without any intermediate step or further tritium concentration.
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However, the reliability of this technology under relevant operational conditions is still unproven.
Particularly, a very important point is the selection of the tritium permeable material, which must
have high tritium permeability and strong corrosion resistance to PbLi under relevant operating
conditions.

Figure 2.11. Tritium transport processes in the permeator. The tritium is carried along the
channel with the liquid metal (axial diffusion) and it moves to the extremes of the channel
(up and down; radial diffusion)
This concept has been widely applied to gas systems for purification and separation using Pd/Ag
membranes [119]. However, in PbLi systems the situation is rather different. The transport from the
liquid bulk to the membrane surface becomes a key step in the overall extraction while in the gas
system it does not convey a major issue. This vacuum permeator used for tritium separation from
other gases within the fuel cycle is the starting point for the application to a PbLi context.
The initial PAV conceptual design was developed for the reactor ARIES-CS based on a DCLL
blanket [120], [121]. Following the operational conditions of this blanket a system based on 2060
niobium tubes of 5 m length, 1 cm diameter in where the PbLi flows at 5 m/s was designed. Due to the
possibility of oxidation of niobium at the working temperature of 700 ℃, a more conventional material
was explored which needed to operate at lower temperature (470 ℃) to prevent corrosion. A PAV
made of RAFM steel was later presented by P. W. Humrickhouse [122] in which two configurations
were proposed. A series of 19000 tubes with 37 m length and 1 cm diameter or a group of 80400 tubes
with 17 m length and 0.5 cm diameter were required to manage the total amount of liquid metal of the
ARIES reactor. Nevertheless, these designs remain in a conceptual stage and no experimental
validation has been performed yet.
As mentioned in Section 1.7, a PAV prototype called Fuskite was fabricated in collaboration
between CIEMAT and SENER [67], [123]. Fuskite was made of stainless steel 316 and consisted of a
spirally rolled double permeation membrane with a single vacuum connection. This small prototype
was tested in a small PbLi loop leading efficiencies below 0.02% for hydrogen extraction. The
conclusions were that the material employed was not proper for the application due its low
permeability; the injection of hydrogen in the liquid metal was not properly assured and the PbLi
velocity was too slow to provide a good distribution of the gas within the liquid metal. More details of
this experiment are presented in Chapter 4, Section 4.4.1.
New PAV concepts are being developed within the EUROfusion programme to cover the
specifications of the three liquid breeding blankets. The design and fabrication for the experimental
validation of one of these concepts is the objective of this Thesis.
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2.3.5. Summary and comparison between techniques
After presenting all the techniques which are under discussion for tritium extraction from liquid
metals, a comparison between their capabilities is presented in this section. It takes into account
aspects related to the design and integration (size, complexity); the operation (single step, flexibility)
and safety (tritium inventory, impurities).
Table 2.4. Summary of pros/cons of tritium extraction technologies for liquid breeders
[126], [127]
Technique

Advantages


GLC




Mature/robust technique
Continuous operation mode

Getter




Compactness of the system
High extraction efficiency



High convection to facilitate
tritium extraction
Compact arrangement
Direct and simple pumping
stage to recover pure tritium

VST

PAV









Compactness of the system
High extraction efficiency
Direct and simple pumping
stage to recover pure tritium
Continuous operation mode
Lower operational cost














Disadvantages
Need a 2nd step of tritium
recovery from purge gas
Large systems for DEMO
applications
High energy consumption
Experimental results: η=30%
(may be improved)
Batch mode operation (need of
regeneration)
Regeneration conditions to be
further investigated
Recent proposal, lack of
maturity
Control of the droplet size
Corrosion of the nozzle
Size of the system
High vacuum volume
Corrosion of the membrane
High tritium permeability
required

As explained in the previous section, possible technologies are the gas-liquid contactors and the
getter systems. The former is the most mature technique and can operate in continuous mode.
Nevertheless, the system is complex and the maximum efficiency achieved (30% [65]) is far below the
one required for DEMO (80-90%, [103], [104]). In addition it requires a second step for tritium
recovery from the purge gas which increases the residence times. Even though the getter bed can
provide high extraction efficiency in a compact system, the operation mode has been rejected since it
needs a regeneration step which implies the use of two systems working alternatively. Furthermore,
several experiments were carried out to demonstrate the stability of gettering materials against
corrosion caused by PbLi. It was found that, for most of them, corrosion rates are too high and a strong
embrittlement caused by the Pb dissolved in the metal may limit the operation reducing the tritium
uptake rate [125]. The main advantages of PAV technology are the reduced residence time of tritium in
the TERS and its low inventory. Furthermore, regarding complexity, the permeation against vacuum
can provide high extraction efficiency with low size and less requirements in terms of maintainability
than the other techniques. A compact component allows a better integration in the tokamak building
and facilitates the remote handling operation. It also simplifies the operation equipment and the
control system. In addition, its flexibility allows the system to be able to work at various mass flow
rates and tritium partial pressures. Finally, the VST is still in a recent stage of study and its main
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disadvantages rely on the control of the droplet size and the corrosion of the nozzle. Furthermore, the
ability to process the whole mass flow of a DCLL blanket is a big issue for this kind of approach due to
the high processing velocity required, which could increase the number of VST units per PbLi loop. On
the other hand, the main advantage of the VST is that it can provide high extraction in a direct and
simple pumping stage [112], avoiding the use of membranes.
After a careful study, it was demonstrated that most feasible techniques are the PAV and the VST
[124]. Thus, the continuous operation mode and the high extraction efficiency for a reduced size
component situate the PAV, together with the VST, in the EUROfusion R&D Program on Tritium
Extraction Techniques for DEMO [124]. The PAV has been selected as baseline for those blankets
operating with liquid PbLi (DCLL, HCLL and WCLL), while VST remains as backup solution always
looking for future developments. Focusing on the DCLL breeding blanket, this approach provides the
capacity to operate at high temperatures and high PbLi mass flow rates with no need of a secondary
step to recover the tritium, therefore being sent directly to the tritium plant. As part of this Thesis, the
development of the TERS based on the PAV technology for tritium extraction for a DCLL-DEMO is
described.
In Table 2.4 a summary of the advantages and disadvantages of each technology applicable for the
tritium extraction from PbLi is presented.
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3. THE TRITIUM EXTRACTION AND REMOVAL
SYSTEM FOR A DCLL-DEMO
In this chapter the detailed description of the Tritium Extraction and Removal System for the
DCLL is presented. The design of the whole system is developed including the tritium extraction
unit (PAV) and the vacuum system together with the P&ID diagram and the 3D design.
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3 THE TRITIUM EXTRACTION AND REMOVAL SYSTEM FOR A DCLL-DEMO
As mentioned in the introduction of this Thesis, an intrinsic characteristic of the DCLL blanket,
when compared with the other liquid metal concepts, is the high velocity of the liquid metal. In order
to extract most of the reactor power, it has to manage a huge amount of PbLi which leads to this high
velocity (~ 2 cm/s in the breeder zone [36]). An immediate consequence is that the tritium
concentration in the liquid is rather low meaning that the tritium partial pressure in DCLL is about two
orders of magnitude lower than the expected one in other blanket concepts, see Table 2.3. From the
point of view of safety, it can be an advantage since the permeation of tritium to the secondary coolant
is reduced. However, the low tritium content complicates the recovery process needed to reach the
self-sufficiency of the reactor, which gives special importance to the Tritium Extraction and Removal
System (TERS).
During the last years the extraction of tritium from the carrier has been extensively studied in the
framework of the ITER Test Blanket Modules, the HCLL and HCPB [127]. In the case of the HCLL the
carrier is the breeder itself (PbLi), while for the HCPB a purge gas (He) is used. The main functions of
the Tritium Extraction System for HCPB-TBM are to remove the tritium from the breeder by gas
purging, to extract it from the purge gas and to route it to the Tritium Accountancy System (TAS). First,
helium purge gas doped with a small percentage of hydrogen flows at low pressure to extract tritium
from the lithiated ceramic pebble bed. Then, tritium compounds are removed from the purge gas by
using an adsorption column (Section 2.3.1), for aqueous based compounds and a getter bed (Section
2.3.3) of zirconium/cobalt to retain tritium. The use of a catalytic membrane of palladium/silver alloy,
PERMCAT, allows the recovery of tritium from tritiated water prior to sending the tritium to the TAS
[128]. In the case of the HCLL-TBM, the tritium extraction has been designed as a two-step process in
which, firstly, tritium is extracted from the liquid metal and, secondly, it is concentrated in a stripping
gas (He). Therefore, two systems are required for this purpose: a Tritium Extraction Unit (TEU) in
charge of the first step; and the Tritium Removal System (TRS) in charge of the second step [129].
Tritium is extracted thanks to a gas-liquid contactor (Section 2.3.1), in which a flow of He stripping gas
with a small percentage of hydrogen passes through the liquid metal in a packed column dragging the
tritium. In the TRS, tritium is retained in a getter bed and separated from the purge gas [129].
The common assumption in the DCLL blanket and the HCLL-TBM is the liquid metal connection
with the other systems via a PbLi loop. However, in the case of a DCLL-DEMO the tritium extraction
has to be a one-step procedure being directly pumped to the tritium plant when it is extracted from
the PbLi, since a batch process increases the steady tritium inventory and also the start-up inventory.
For ITER this issue can be dealt with, since the generation of tritium is around 0.11 mg/day (HCLL)
and 0.17 mg/day (HCPB) [130]. Meanwhile, the generation in a DCLL-DEMO is 3 orders of magnitude
higher, around 400 g/day [101], and, therefore, tritium processing in ITER is too far to be considered
as a reliable baseline for the DEMO outer fuel cycle [131]. Another technological step is the PbLi mass
flow to be processed in the loops, between 0.1 and 1 kg/s in the HCLL-TBM and above 2000 kg/s in
DCLL-DEMO. As shown, a scale-up of TBM components to DEMO throughput is not straightforward
due to the huge difference on the tritium and PbLi inventories to be managed [132]. The extrapolation
of the outcomes from ITER to DEMO tritium extraction could not be easy since the requirements are
quite different, compromising the feasibility of the system.
The scope of this chapter is to present a design of the DEMO TERS in the case of a DCLL breeding
blanket, according to input data from the blanket and PbLi loops, including its flow diagram and
operational points. As explained in Section 2.3.5, the permeation against vacuum technique is the
primary option for the DCLL TERS. An exhaustive study on the vacuum auxiliary system and issues
related with the tritium solubility in PbLi are presented. Finally, a consolidated design of the TERS,
integrated in the DCLL PbLi loop, is depicted.
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3.1. OBJECTIVE AND REQUIREMENTS OF THE TERS
The main objective of the TERS is the tritium extraction from the liquid metal to be pumped to the
tritium plant where it is stored or processed to be re-injected into the torus.
The TERS should be compact to facilitate its integration in the reactor, it should reduce the
number of steps and, ideally, it should work under a continuous operation mode in order to simplify
and diminish the processing time. The integration in the reactor is made through the PbLi loop that
connects the breeding blanket to a heat exchanger for power extraction, a purification system and the
TERS [50].
Among the different techniques that can be applied for this purpose (Section 2.3) permeation
against vacuum has been selected. For economic reasons, the tritium recovery efficiency shall be as
high as reasonably achievable [105]. Therefore, due to the high requirements with regard to the selfsufficiency of the reactor and in order to reduce the tritium inventory in the PbLi loop to avoid the
release to the second confinement due to the safety issues related with the management of tritium, in
this work a minimum efficiency of 80% has been established to deal with these recovery
requirements.

3.2. TERS PIPING AND INSTRUMENTATION DIAGRAM AND MAIN
CHARACTERISTICS
The Piping and Instrumentation Diagram (P&ID) of the proposed TERS for the DCLL, including
valves and instrumentation, is shown in Figure 3.1. Coming from the PbLi loop, the liquid metal passes
through the PAV, where tritium is extracted in one-single pass and continues along the PbLi loop. As
the efficiency of this system relies, among other aspects, on the pressure gradient established through
the membrane of the permeator, the needed vacuum level is critical and has to be carefully studied. An
adequate vacuum system has to be selected not only for a high tritium extraction but to properly route
it to the Tritium Plant. As seen in Figure 3.1, this system consists of a two-pump train, a Rough Vacuum
Pump (RVP) and a High Vacuum Pump (HVP), connected in series with the PAV vacuum side. A bypass
line is used to connect the PAV to both pumps due to the working range of each one: while a RVP can
work in a range of 103-10-3 mbar, the range for a HVP is 10-3-10-7 mbar. Thus, in order to proceed with
the vacuum generation, the first stage is to initialize the RVP since HVP are not allowed to work at
atmospheric pressure. When a medium vacuum level is achieved, the HVP is switched on and the
bypass is closed. Then, the RVP is kept working to help the HVP.
As commented in Section 2.3, a Getter System in contact with the liquid metal is not the most
proper technique for this application; however, getter beds for extracting hydrogen/tritium from a
carrier gas have been proved in the past demonstrating high extraction capabilities [133]. Since there
are some important uncertainties in the calculation of the tritium production, and consequently its
concentration in PbLi (the TBR is based on neutronics calculations, cross sections, the concentration
depends on the tritium-PbLi solubility value which has a large dispersion…), a Getter System could be
useful as a supporting component in the TERS. This system could deal with an excess of tritium if it is
produced during the first operational phases of the reactor. Moreover, if any problem occurs in the
Tritium Plant and the PAV is still working, the Getter System would store the extracted tritium until
the stop of the PbLi loop. During normal operation, the extracted tritium will go directly from the
PAV’s vacuum side to the Tritium Plant. Nevertheless, in case of necessity, a by-pass is available to
allow tritium to be stored in the Getter System (valves V06 and V07). As can be seen in Figure 3.1, the
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getters are duplicated in order to have the Getter System available even when a full getter is under
regeneration.

Figure 3.1. TERS P&ID. PAV: Permeator Against Vacuum; G: Getter System; HVP: high
vacuum pump; RVP: rough vacuum pump; TT: temperature sensor; PT: pressure
transducer; TS: tritium sensor in PbLi; AC: tritium sensor in gas phase; V: valve
The TERS has been designed to work under different operational modes which determine the
state of the different components and valves:


Mode 1: start-up. Shut-off valves V01 and V05 isolate the PAV from the vacuum circuit. Valves
V02 and V05 work as a bypass of the RVP connection to the PAV. At the beginning of the
operation, V05 will be opened (while V01 and V02 will be closed) and the RVP starts to work.
In the meantime, the system is heated up and the components outgassed. When a proper
vacuum level is achieved, V01 and V02 are opened followed by the switching-on of the HVP
and the closing of V05. From this moment, V05 will be continuously closed.



Mode 2: normal operation. Valves V01 and V02 are open and V05 is closed. Both pumps, RVP
and HVP are working. V03 works as a by-pass of the Getter System and V04 isolates the
complete TERS from the Tritium Plant. During this phase of operation, these two pumps (HVP
and RVP) work together in series to achieve the required vacuum level to extract the tritium in
the PAV and to produce enough pumping speed to route the tritium to the Tritium Plant or the
Getter System.



Mode 3: emergency operation. When the tritium cannot be routed to the Tritium Plant (e.g.,
due to malfunction or during commissioning periods), valves V03 and V04 are closed followed
by the opening of V06 to store the tritium in the Getter System. In this phase, HVP and RVP are
running, V01 and V02 opened and V05 closed. Since getters are duplicated, firstly the tritium
will be stored in one of them and then, when it reaches its total storage capacity, valves are
switched to route it to the other getter.

The basic parameters of the DCLL PbLi loop which are important for the TERS definition (mass
flow rate, temperature, velocity) are summarized in Table 3.1, [37]. As explained in Section 1.5, the
DCLL has 9 OB loops and 3 IB loops in where the PbLi is distributed. Each OB loop carries 2305.6 kg/s
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whereas each IB loop routes 2925.6 kg/s of PbLi. Hence, being one TERS per loop (Figure 1.23), each
system should manage the total amount of PbLi fixed per loop. The tritium partial pressure is
determined by the tritium concentration via the Sievert’s law. As explained in Section 2, the solubilities
of Reiter [79] and Aiello [84] have been considered as the upper and lower values in order to establish
the operational limits of the TERS.
Table 3.1. Table of input parameters defining the TERS characteristics
Parameter

Value

OB outlet PbLi temperature

547 ℃

OB loop mass flow rate

2305.6 kg/s

IB outlet PbLi temperature

549.6 ℃

IB loop mass flow rate

2925.6 kg/s

Total PbLi mass flow rate

29527 kg/s

PbLi relative pressure

2-3 bar

Tritium concentration

4.70E-4 mol/m3

Tritium partial pressure (Reiter)

2.07E-1 Pa

Tritium partial pressure (Aiello)

1.70E-4 Pa

The importance of the concentration is directly connected with the extraction process since the
driving force is given by the difference between the tritium partial pressures in the liquid metal and in
the vacuum sides. Furthermore, as will be discussed in the following sections, the vacuum system is
highly dependent on the amount of tritium to be pumped and its partial pressure.

3.3. TRITIUM EXTRACTION: PERMEATOR AGAINST VACUUM
As described in Chapter 2, the permeation against vacuum consists of the extraction of tritium by
the difference of pressure generated at both sides of a membrane. One side of the membrane is in
contact with the PbLi and the other side is under vacuum. This is the most important component in the
DCLL-TERS since it is the unit which provides its main function. Consequently, an exhaustive
description of the development of its design is depicted in the following.

3.3.1. Geometry
The key point of this study is to design a structure whose configuration maximizes the contact
area between the membrane and the flowing PbLi to promote tritium transport from the bulk to the
wall. In addition to this, the manufacturing process and mechanical properties of the PAV should be
taken into account. The design must ensure a uniform flow distribution across the permeator and
minimize the pressure drop in the circuit.
Different PAV designs have been studied in the past mostly based on cylindrical configurations
[120], [122], [123] and different shapes. Some of them are still under theoretical research [120], [122]
and their implementation into a power plant must be improved because they are based on a high
number of elements, length and PbLi velocity.
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In the present study a different configuration has been proposed in order to


enhance the actual extraction capability



facilitate the manufacturing process



improve the vacuum performance



minimize the size with regard to the available space

The system consists of a squared multi-channel component where the PbLi flowing channels and
vacuum channels are alternated. This model is the basis from which further complex designs will be
developed. Figure 3.2 shows the basic permeator configuration: one PbLi channel with two vacuum
channels at the top and bottom: on the left a lateral cut showing the whole length of the system; on the
right a front view.

Figure 3.2. Permeator against vacuum squared configuration. Liquid metal channels are
alternated with vacuum channels

3.3.2. Materials
A qualitative study on different membranes which can be used in the present configuration has
been performed. The proposed materials must fulfil the following requirements:


High permeability to tritium



Withstand high temperatures



Corrosion resistance



Mechanical resistance



Malleability

The use of materials such as aluminium, nickel, titanium, zirconium and copper should be avoided
due to their low tritium diffusivity and bad compatibility with PbLi [134], [135]. Table 3.2 summarizes
the list of materials selected for the study and their respective coefficient of permeability (ϕ) to tritium
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at 548 ℃. Some of the proposed materials have not been tested at the required conditions therefore
some approximations have been done. In the case of materials tested at a temperature of 350 ℃
(marked with * in the table) their permeability values have been extrapolated to 548 ℃. There is a lack
of data for tritium and an extrapolation from hydrogen values has been performed in all listed
materials. Thus, the classical mass dependence has been used, that is for diffusivity the preexponential factor is proportional to 1/√m, being m the mass of diffusing atom; for the solubility there
is no classical mass dependence [90].
Table 3.2. Tritium permeability of materials evaluated as membrane for the permeator
against vacuum at 548 ℃

.

Material

ϕ
(mol / m / s / Pa0.5 )

Material

ϕ
(mol / m / s / Pa0.5 )

Niobium [94]

1.51E-7

α-Fe [97]

9.26E-11

Vanadium [94]

9.33E-8

Pd/SiO2/V [98]

2.33E-9

Tantalum [94]

6.78E-8

Pt/SiO2/V [98]

2.70E-12

V90Co10 [94]

6.93E-8

Nb30Ti35Co35 [136]*

1.52E-8

VCr4Ti4 [94]

7.51E-9

Nb40Hf30Co30

2.86E-8

Palladium [95]

1.23E-8

SS316 [99]

6.38E-12

Platinum [95]

1.87E-12

SS304 [99]

1.11E-11

Pd/25%Ag [96]

1.26E-8

[137]*

3.3.3. Model of permeation against vacuum
In order to obtain a relation between the permeator efficiency and the different parameters
involved in the diffusion and permeation it is needed to evaluate the tritium transport processes that
occur in the PbLi. This evaluation is made considering the diffusion over one channel and is dependent
on the channel shape.
To start with, a mathematical analysis of tritium diffusion from the bulk to the wall and through it
is made following the concentration profile shown in Figure 3.3 and assuming a diffusion-limited
regime (eq. 9), where z represents the membrane thickness.
The total amount of tritium (CT) diffuses with a flux (J) that depends on the mass transport
coefficient (KT) according to eq. 22.

J = K T (CT − Cl )
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Figure 3.3. Concentration profile of tritium from the bulk towards the wall
At the stationary, the pressure of tritium in the system is stabilised. Applying eq. 2 at both sides of
the liquid-solid interface and knowing the pressure is equal, the concentration in the liquid-membrane
surface (Cl) is related with that from the solid-membrane interface (Cs) via the solubility coefficients:

Cl
Kl
=
Cs K S

eq. 23

Where Kl and KS are the liquid and solid solubilities, respectively. The concentration in the solid is
given by the solution to the diffusion equation in a plane sheet as seen in [138].

C(x) =

C0 − Cs
· x + Cs
z

eq. 24

Since C0 is the concentration in the vacuum side of the membrane, it is assumed to be near zero.
Applying Fick’s law and assuming a diffusive-limited regime (eq. 4) the permeation flux through
the membrane can be obtained as

J = DS

Cs
z

eq. 25

Where DS is the diffusivity in the solid (Section 2.1.2).
Substituting the concentration in the solid with that from the interface condition (eq. 23),

J = DS

Cl K S
z Kl
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As the fluxes across this direction must be equal, eq. 9 and eq. 23 give:

K T (CT − Cl ) = DS

Cl K S
z Kl

eq. 27

From eq. 27, the tritium concentration in the liquid over the surface can be expressed as:

Cl =

CT
DS · K S
1+z·K
T · Kl

eq. 28

Then, as the permeability ϕ is the product KS·DS (Section 2.1.3) and substituting in eq. 22, the
relation between the permeation flux and the bulk concentration can be written as follows:

J = K T · CT

ζ
1+ζ

eq. 29

Where

ζ=

ϕ
zKT Kl

eq. 30

is a dimensionless number that indicates whether the permeation flux is limited by mass
transport in the liquid or diffusion in the solid. When ζ>>1 the tritium diffusion through the membrane
is faster than the mass transport in the liquid, so the permeation is limited by mass transport; in the
opposite, when ζ<<1, the permeation flux depends largely on the diffusion because mass transport is
relatively fast. In the last case the permeation is limited by membrane processes.
Since the design is based on rectangular ducts, the diffusion of tritium within the PbLi is assumed
to be up and down in the channel because the concentration profile decreases faster due to the
permeation. This gradient will affect to the mass transport coefficient and will be explained in the
following.
For the transport analysis in the axial direction (x) it is needed the evaluation of the flow rate over
a fluid element of length Δx. Figure 3.4 shows the axial diffusion of tritium inside the permeator where
this analysis is represented. For a velocity v, the flow entering the channel is dependent on the channel
cross-section given by the width (a) and height (h):

ṁin = a · h · v · CT (x)

eq. 31

In the same way, the flow rate exiting the channel is

ṁout = a · h · v · CT (x + ∆x)

eq. 32

The difference between these flows is due to tritium permeation through the upper and down
walls, whose surface is given by the width of the channel

ṁper = 2 · a · ∆x · J
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Figure 3.4. Scheme of axial transport of tritium within the liquid lead-lithium
By substituting the permeation flux obtained before (eq. 29)

ṁper

ϕ
zK T K l
= 2 · a · ∆x · K T CT
ϕ
1 + zK K
T l

eq. 34

A balance of the fluxes gives the differential equation of the concentration over the x direction.

f(x + ∆x) − f(x) ∂CT
2 · a · KT ζ
=
=−
C (x)
∆x→0
∆x
∂x
v·a·h 1+ζ T
lim

eq. 35

The homogenous differential equation of the concentration is:
dCT,x
2 · K T · CT,x
ζ
+(
)[
]=0
dx
h·v
1+ζ

eq. 36

Resolving for an inlet concentration CT (0) = Ci, the concentration variation over the length of the
permeator is:

CT (L) = Ci · e

[−

2·KT ·L ζ
]
v·h 1+ζ

eq. 37

With this relation it is possible to obtain the efficiency of the permeator as a function of its
geometrical characteristics and tritium behaviour by substituting eq. 37 in the eq. 15.
By substituting eq. 37 into eq. 29 the flux of hydrogen being extracted is obtained:
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J(x) = K T · [

2·KT ζ
ζ
[−
·x]
] Ci · e v·h 1+ζ
1+ζ

eq. 38

However, to botain the total flux in the permeator it is needed to integrate the flux over its entire
surface considering the total number of channels (Nchannels) and the two surfaces of permeation forming
the channel, eq. 39:
L

a

∫ JdS = 2 · Nchannels ∫ ∫ J · dxdy
0

eq. 39

0

Therefore, the final equation for the flux of tritium extracted is a function of the geometry of the
permeator and the physical characteristics of the membrane, eq. 40:
J = a · N · h · v · Ci · (1 − e

[−

2·KT ζ
L]
v·h 1+ζ )

eq. 40

In parallel, it is needed to evaluate the mass transport coefficient which determines the rate of
mass transfer across a medium in response to a concentration gradient.
There are two main mechanisms of mass transport depending on whether the flow is laminar or
turbulent. In laminar flows the process of mass transfer is mainly due to molecular diffusion, while in
the turbulent case swirls act as a transport mechanism giving rise to transport rates that may be
orders of magnitude higher than those due to molecular effects. The species flux depends on some of
the physical properties of the system and on the degree of turbulence of the phases involved [139].
Thus, the mass transport coefficient is defined as

KT =

Dl · Sh
H

eq. 41

where Dl is the tritium diffusivity in the liquid and H the representative dimension of the flowing
system [140]. Since the transport of tritium to the membrane is assumed to be up and down (Figure
3.4) the concentration gradient over the channel is governed by the separation between plates, h
[138], [141] which gives

KT =

Dl · Sh
h

eq. 42

The Sherwood number (Sh) represents the ratio between the mass transfer by convection and
mass transfer by diffusion. Its dependence with the flow is due to Reynolds and Schmidt dimensionless
numbers in the form

Sh = α · Reβ · Sc γ

eq. 43

Different correlations have been studied for this number in each kind of flow. In this case, the
Linton-Sherwood [142] approximation seems to be the most accepted for this type of fluid [143] and
for the situation of this study where a turbulent regime is obtained

Sh = 0.023 · Re0.83 · Sc 0.33
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This is valid in a range

2000 < 𝑅𝑒 < 70000
0.6 < 𝑆𝑐 < 2500
Where Reynolds and Schmidt numbers are defined as

Re =

v · DH · ρ
μ

eq. 45

μ
ρ · Dl

eq. 46

Sc =

being ρ the density and μ the viscosity of PbLi. It should be noted the relation of Re with the
channel dimensions via the hydraulic diameter (DH), which in rectangular ducts is:

DH = 4rH = 4

Area
2·a·h
=
Perimeter (a + h)

eq. 47

Once the mass transport has been described, it is possible to evaluate the permeator efficiency in
terms of the different parameters governing the permeator shape and transport properties.
The efficiency describes the effectiveness of the system as a relation of the amount of tritium
extracted, as seen in Section 2.3. By replacing eq. 37 on eq. 15 the following expression for efficiency is
proposed:

η= 1−

2·KT ζ
CT
[−
·L]
= 1 − e v·h 1+ζ
Ci

eq. 48

This equation can be explicitly written in terms of the different parameters involved to have a
better overview of the relation between them.

η = 1 − exp

2·ϕ·L
h2 · v 0.17· μ0.5 · ϕ
v · h · Kl · z +
0.073 · rH 0.83 · ρ0.5 · D0.67
[
]
l

eq. 49

Where h is the separation between plates or channel height, L is the permeator length, rH is the
hydraulic radio of the channel, v is the speed flow, z is the membrane thickness, ϕ is the membrane
permeability and μ and ρ are the lead-lithium dynamic viscosity and the density respectively.
Having a quick look to eq. 49, some important conclusions can be extracted:
-

An increase in the PAV length implies an improvement of the PAV efficiency, since the
contact surface with the liquid metal is also increased. Moreover, the efficiency is improved
at lower flow velocities due to the increase of tritium time of diffusion towards the wall to
permeate.

The Tritium Extraction and Removal System for a DCLL-DEMO 69

Chapter 3
-

The separation between membranes plays also an important role. When decreasing its
value, which means a reduction of the tritium diffusion distance, an improvement of the
efficiency is also obtained.

-

The tritium permeability through the membrane, the solubility and diffusivity in the liquid
are key points on the permeation process. As explained in Section 3.3.2 the membrane
should have a high permeability in order to enhance the permeation.

It is important to remark that the efficiency does not depend on the number of permeation
elements, a minimum percentage of the total amount of tritium must be extracted in each channel,
because tritium concentration is the same in each duct.
In the following, the dependence of the PAV efficiency with the different parameters depicted in
eq. 49 will be evaluated.

a) Design optimization
The input parameters used for this study Table 3.1 have been taken from the DCLL concept
proposed in [37]. The maximum allowable velocity in the PAV channels is set at 1 m/s in order to
minimize the pressure drop in the loop and the corrosion rate in the permeator. In addition, low PbLi
velocities imply higher efficiency values, as shown in eq. 49.
The PbLi velocity in each channel is fixed by the PbLi mass flow rate (ṁ), the channel cross section
area, the total number of channels and the liquid metal density, eq. 50.
ṁ = v · a · h · Nchannels · ρ

eq. 50

The role of the permeator length, height of the flowing channels or PbLi velocity in the efficiency
is inferable from eq. 49. If L is quite large the efficiency will approach to 1. The same occurs if the PbLi
is at almost stagnant conditions or the channels are very narrow. However the combination of these
parameters at realistic values, together with the thickness of the membrane, should be studied in
detail. Therefore, a careful analysis of the different geometrical parameters taking part in eq. 49 has
been performed. The main objective is to optimize the PAV efficiency with reasonable dimensions of
the device, maintaining the velocity under 1 m/s, as mentioned before. Moreover, the technique is
highly dependent on the permeability of the employed material (Table 3.2). However, for the
investigation of the geometrical behaviour of the design, an intermediate scenario is considered, which
is the Pd/Ag permeability. The two limit values for Reiter’s and Aiello’s KS have been used.
Figure 3.5 shows the effect of the permeator length on the PAV efficiency for a distance between
membranes ranging from 0.001 to 0.01 m. Therefore, considering the IB loop PbLi mass flow rate,
according to eq. 50, the velocity of the liquid metal inside the PbLi channels varies between 0.45 and
4.57 m/s. It can be deduced that, when the length is decreased, a lower h is needed to achieve a fixed
value of efficiency. This is because the tritium has lower surface to permeate, being compensated by
reducing the distance of diffusion in the bulk. The permeation is limited by mass transport so the
efficiency is improved by reducing the distance between membranes due to its relation with the mass
transport coefficient, eq. 42. Another interesting conclusion is that when the length of the permeator is
large enough, the efficiency is almost independent of the mass flow rate (velocity). However, large
devices implies higher cost, difficulties in manufacturing, problems on finding large membranes
or/and issues with the mechanical stability of the system.
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Figure 3.5. Relation between efficiency, distance between membranes and velocity. (a =
0.75 m, z = 1E-3m, N = 80, Φ = 1.26E-8mol/m·s·Pa0.5)
Figure 3.6-left shows the dependence of the efficiency with the thickness for different channel
heights and number of channels. From eq. 49, when the thickness of the membrane increases, the
permeation through the membrane becomes more difficult and, consequently, the efficiency decreases.
As can be seen at lower values of channel height the variation of z is more accentuated. The
permeation is being more affected by the membrane thickness than by the distance between
membranes, in other words, the permeation is becoming limited by the diffusion through the
membrane. On the other hand, by increasing the value of h and N, the flow velocity for a fixed mass
flow rate is reduced. In this case, the effect of z is less accentuated because the tritium permeation is
limited by the mass transport in the liquid metal due to the large distance of h.
Other factor which affects the PAV efficiency and its manufacturing is the width of the channel.
The permeator effectiveness is improved when the width is increased, as seen in Figure 3.6-right,
because of two factors: the expansion in the channel cross section, which makes the fluid runs slower,
and the increase of the surface area. Although when the number of channels and the distance between
membranes are higher the velocity is also decreased, in this case the efficiency is not enhanced
because the value of h has a great influence through the tritium diffusion from the bulk to the wall.
From eq. 50 the relation between the number of flowing channels and the efficiency is easily
followed, Figure 3.6. When varying the number of flowing channels for a fixed mass flow rate the
velocity is also modified, therefore it changes the permeator efficiency. When the number of channels
is high so that the mass flow is spread in a high number of ducts, the lower velocity leads to a higher
extraction rate. However, the influence of this magnitude in the efficiency is not relevant compared to
other parameters since a reduction of 50 % of channels (and therefore an increase of 100 % in
velocity) only represents a 5% loss of efficiency.
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Figure 3.6. Left) Relation between wall thickness and efficiency. Right) Dependence of
efficiency with the channel width (z = 1E-3 m, L = 7 m, Φ = 1.26E-8 mol/m·s·Pa0.5)
The relative importance of all these parameters on the theoretical efficiency is depicted in Figure
3.7, where the influence of their variation on the percentage of efficiency change is shown. Each of the
parameters has been varied keeping the rest constant and with the values given in the figure. It is clear
that the most critical parameters are the height and the length. As expected, an increase in the distance
between membranes implies a decrease in efficiency, even though when the velocity is being reduced.
For instance, an h increment of 40% leads to an efficiency reduction of 15%. On the other hand, an
increase of 40% in L shows an improvement of 12% in the efficiency. However, an impact of a 10%
variation on L or h on the overall dimensions of the PAV is different for each parameter. Taking into
account that one of the premises was to have a compact device, the length will be maintained as low as
possible and, hence, the driver parameter is the distance between membranes.
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Figure 3.7. Dependence of efficiency with the parameters studied. (h = 5E-3 m, L = 7 m, z =
1E-3 m, a = 0.80 m, N = 60, Φ = 1.26E-8 mol/m·s·Pa0.5)
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Apart from the geometrical characteristics of the system, the physical parameters of the
membrane also play an important role on the efficiency. Thus, feasibility of potential materials to be
used as membrane (Table 3.2) has been studied. Figure 3.8 shows the change in efficiency for a PAV
with fixed geometry and for different permeabilities. Most of the materials provide high efficiencies,
showing a clearly exponential relation which follows eq. 48. A saturation limit is observed at around
1.25E-8 mol/m·s·Pa0.5 from which an increase on permeability does not improve the efficiency of the
system. That point is the transient state between mass transport and membrane process limitation, i.e.
at high values of permeability, membrane processes are so fast that the limiting process is the mass
transport in the liquid bulk.
Compounds with platinum are not viable since its permeability is quite low, presenting
efficiencies lower than 0.01. The same situation is applied to stainless steel (η = 0.03), which
additionally presents high corrosion rate under PbLi flows [144], and to iron with an efficiency of 25%.
Some of the composite materials show high efficiencies (for instance Pd/SiO2/V, Nb30Ti35Co35,
Nb40Hf30Co30; η ≈ 0.90), however they could have many issues in the fabrication process e.g. an exact
control of the Nb-based compounds microstructure is mandatory in order to avoid hydrogen
impermeable alloys [137]. Another issue is that their compatibility with PbLi is still unknown. The
most used compound for hydrogen purification systems is palladium (η = 0.90) [145]. This compound
and its silver alloy (η = 0.90) seem to be adequate to be used as the permeator membrane but they
have not been tested in lead-lithium yet. Finally, it has been repeatedly reported the high capabilities
of the group V metals with regard to their hydrogen permeability. The calculated efficiency for
tantalum, niobium and vanadium fits with the PAV requirements, η = 0.91. In addition, a good
compatibility with the eutectic lead-lithium alloy in static conditions has been reported [114]. For this
reason these materials have been selected as the most suitable membranes for the PAV manufacturing.
However, since the database of corrosion resistance to this alloy is almost limited to static conditions
the compatibility with PbLi is a weak point that needs to be carefully studied in the future.

Figure 3.8. Relation between permeability and efficiency. For a fixed geometry, there is a
saturation limit from which an increase on permeability does not improve the efficiency
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b) Conceptual design of the PAV for a TERS-DCLL
Knowing the behaviour and dependence of each parameter affecting the overall PAV efficiency
and having chosen a set of three elements as potential candidates for the membrane (V, Nb and Ta),
the parametrical analysis of the PAV efficiency leads to a design, Figure 3.9, whose geometrical
characteristics are shown in Table 3.3. They have been fixed aiming at the need of maximizing the
contact area between the liquid metal and the membrane in order to assure the minimum required
efficiency of 80% for DEMO. Moreover, the design keeps the PbLi velocity within a reasonable value
lower than 1 m/s in the channels. As previously mentioned, the upper and lower values of tritium
solubility in PbLi are considered in order to establish the ranges in between the results are. For tritium
extraction, a lower value of solubility is desired (Reiter [79]), since it implies a higher partial pressure
and, therefore, the extraction is enhanced. On the contrary, a high value (Aiello [84]) is considered as
the pessimistic case because it means a stronger tendency of tritium to remain solved inside the liquid
metal. The same design is proposed for both IB and OB TERS even though the PbLi mass flow they
have to manage is slightly different (Table 3.1). The result is that the PbLi velocity in the IB is higher
and the efficiency lower with respect to the OB but within the established limits. In this sense, the
optimization of the design has been made in order to achieve a minimum 80% efficiency in the worst
scenario, which is considering tantalum as membrane material (for having the lower permeability),
Aiello’s solubility and a PAV working in an IB loop (for having higher PbLi mass flow).

Figure 3.9. Left) Overall design of the PAV showing length, width and total height. Right)
Detailed view of the PbLi and vacuum channels
Thus, a value of 7 m length is chosen in order to have a distance between plates of about 5E-3 m
giving a velocity below 1 m/s with an efficiency of 80% (Figure 3.5). Then, a value of 1E-3 m for the
membrane thickness is selected because it gives an acceptable efficiency and lower values could lead
to strength problems. Considering this value and a total length of 7 m, Figure 3.6 shows that more than
80% efficiency is achieved for a distance between membranes of 5E-3 m. The total width is set at 0.90
m because lower values need larger number of ducts to maintain the velocity below 1 m/s. Finally, a
number of 70 PbLi flowing ducts (141 in total considering also the vacuum ducts) is selected in order
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to maintain again a velocity below 1 m/s, leading to a squared structure. All these parameters are
summarized in Table 3.3.
Table 3.3. PAV geometric characteristics
Parameter
Width
Channel height
Length
Membrane thickness
Number of PbLi channels
Total number of channels
Total height
PbLi velocity OB-PAV
PbLi velocity IB-PAV
Total membrane area in contact with PbLi
Volume of PbLi
Vacuum volume

Value
0.90 m
5.00E-3 m
7.00 m
1.00E-3 m
70
141
0.85 m
0.68 m/s
0.87 m/s
882 m2
2.20 m3
2.24 m3

Figure 3.10. Relation between tritium permeability and efficiency of the PAV for the two
limiting cases, Reiter’s (filled circles) and Aiello’s (open circles) solubility constant. Blue:
inboard PbLi loop, black: outboard PbLi loop
For the design parameters referred in Table 3.3, the relation between the efficiency and the
tritium permeability for the chosen materials (Ta, V, Nb) is presented in Figure 3.10. The results have
been obtained for the OB-TERS (black circles) and IB-TERS (blue circles) following mass flow rates in
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Table 3.1. As expected, the higher solubility of tritium in PbLi given by Aiello disfavours the extraction
process and, therefore, the efficiency is lower. In this permeability range, the permeation process is
driven by mass transport (i.e. tritium transport in the PbLi) and the high solubility of tritium in PbLi
has a negative impact on the tritium transport to the membrane, which, as seen in Figure 3.10, is more
accentuated at lower values of permeability. Hence, the presented design of the PAV provides an
efficiency between 80.5% and 89% for the IB-TERS, and from 83% to 90% for the OB-TERS, depending
on the material used as membrane and the solubility constant.

c) Pressure drop
Other important aspect in the PAV design is the integration in the PbLi loop and the impact on the
loop performances. Some calculations of the pressure drop that the PAV causes in both the IB and OB
loops have been made. Pressure drop and friction factor in an individual PbLi channel can be obtained
through Darcy and Haaland equations [146], respectively. The parameters of the designed PAV (Table
3.3) have been considered for this calculation. Darcy equation for pressure drop is presented in eq. 51.
∆p = f ·

L
v2
· ρPbLi ·
DH
2

eq. 51

Since the channel does not have a circular section, DH is the hydraulic diameter of the channel; L is
the length and v and ρPbLi, the velocity and the density of the liquid metal, respectively. The friction
factor, f, is defined as a non-dimensional number dependent on the surface roughness (ε) and
Reynolds number (Re) according to eq. 52.
1.11
ε⁄
6.9
DH
= −1.8 log [(
)
+
]
3.7
Re
√f

1

eq. 52

The calculated pressure drop over one individual channel, considering an absolute roughness of
0.2 µm as the typical value for polished metal surfaces [147], is 0.31 bar in the OB-PAV and 0.47 bar in
the IB-PAV.

Figure 3.11. Schematic of the connection between PAV and PbLi circuit
For the permeator arrangement to the PbLi flowing circuit, a gradual enlargement (PAV PbLi
inlet) consisting of a round to squared connection has been considered (Figure 3.11). In this way the
PbLi can be equally distributed among the flowing channels. The relation between the pressure drop
and the connection dimensions is defined in [148], eq. 53.
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∆p = ϵ · ρPbLi ·

(v1 − v2 )2
2

eq. 53

Where v1 and v2 are the velocities in the pipe and permeator, respectively, and ϵ is obtained with
the relation:
d 2
ϵ = ϵ · [1 − ( ) ]
DH
′

eq. 54

which depends on the pipe diameter (d) and permeator hydraulic diameter (D H) through the
tabulated parameter ϵ´ [148]. For a gradual reduction (the exit of the PAV) the value of ϵ is assumed to
be 0.5, according to [148].
Considering a pipe diameter of 0.4 m [50], the final length of this connection between the PAV and
the PbLi circuit has been fixed to 0.3 m. This provides a pressure drop of 0.14 bar and 0.05 bar for the
OB in the entrance and the outlet connection, respectively. In the case of the IB, 0.22 bar for the
entrance, whereas the pressure loss is 0.08 bar for exit.
Finally, the total pressure drop caused by the OB-PAV is 0.50 bar, while the pressure drop for the
IB-PAV is 0.77 bar, as summarized in Table 3.4.
Table 3.4. Pressure drop caused by the PAV in the PbLi loop
Component
OB-PAV

PbLi channel
0.31 bar

Connections
0.19 bar

Total
0.50 bar

IB-PAV

0.47 bar

0.30 bar

0.77 bar

3.4.VACUUM SYSTEM
As it is depicted in the P&ID of the TERS (Figure 3.1), the vacuum line consists of a two-pump
assembly in where a HVP is connected to a RVP to procure the required vacuum conditions to extract
tritium and send it to the Tritium Plant. The working conditions of the vacuum system largely depend
on the efficiency of the PAV, among other factors. Therefore, a research on the requirements in
pumping which determines the choice of pump employed in each case and the final design is described
in this section.

a) Requirements: pumping speed
In order to estimate the necessary vacuum pressure into the PAV vacuum ducts to assure a proper
tritium extraction, some calculations must be done attending to the tritium flux, the partial pressure of
tritium transported with the PbLi stream, the pressure on the vacuum side, the Sieverts’ constant and
the permeator efficiency.
The basic equation defining a vacuum system is as follows:
Q=P× S
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Where Q represents the gas throughput and is given by the product between the pressure of
equilibrium (P) and the effective pumping speed (S). In the case of this study, Q is given by the tritium
which is permeating from the PbLi to the vacuum side of the PAV membrane (eq. 56) and P is the
equilibrium pressure needed in the vacuum side. Two orders of magnitude have been considered as a
minimum value for the ratio between the tritium partial pressure at both sides of the membrane. This
value was chosen to account for the tritium depletion along the permeator, and thus to ensure
sufficient driving force for the tritium permeation through the membrane.
Q=

CPbLi · ṁ · ηextractor · R · T · VPbLi
2 · A · L · N · ρPbLi

eq. 56

As shown in eq. 56, the total amount of permeating tritium is obtained through the tritium
concentration in the PbLi (CPbLi) taking into account its mass flow (ṁ), the efficiency of the PAV
(ηextractor), as well as its physical parameters: channel cross section area, A; length, L; number of PbLi
flowing channels, N; the PbLi density, ρPbLi, the total PbLi volume inside the PAV, VPbLi, and the
temperature (T). R represents the ideal gases constant.
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Pumping speed values depend on the tritium concentration in the PbLi and on the vacuum
pressure necessary to keep continuous extraction (through the relation between eq. 55 and eq. 56).
Therefore, the Sieverts’ constant plays an important role in the pumping speed due to the pressure
required in the vacuum side. In fact, the scattering on this constant leads to difficulties in defining the
precise pumping speed requirements as it is shown in Figure 3.12. In this figure it is represented the
efficiency achieved for a given pumping speed both for the OB-TERS (black line) and for the IB-TERS
(blue line). As can be seen the required pumping speed increases with the efficiency of the system, i.e.
with the gas load. It is also observed that, for a higher solubility of tritium in PbLi, therefore lower
partial pressure (case of Aiello’s constant), a higher pumping speed is needed. This is due to the fixed
premise of keeping a minimum ratio between the tritium partial pressure in the PbLi and in the
vacuum side.
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Figure 3.12. Tritium extraction efficiency as a function of the pumping speed considering
Reiter’s (left) and Aiello’s (right) Sieverts constants for a fixed tritium concentration in
PbLi of 4.70E-4 mol/m3
In Figure 3.12 the tritium concentration is fixed to 4.70E-4 mol/m3 (Table 3.1) and it can be
observed that for an 80% efficiency it is needed a pumping speed of 113-148 m3/s considering Reiter’s
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KS for the OB-IB, respectively. In contrast, a much higher pumping speed is required (>4E5 m3/s) when
considering Aiello’s KS.
An evaluation of the dependence of the pumping speed with the tritium concentration in the PbLi,
Figure 3.13, shows that as the amount of tritium increases, pump requirements are relaxed. This fact is
a consequence of the ratio between the tritium partial pressure in the PbLi and the vacuum pressure.
When the tritium partial pressure increases, the ultimate vacuum pressure is less demanding. Note
that, for this particular study, the efficiency of a Nb-based PAV has been considered for being more
demanding in terms of pumping speed required, i.e. as the efficiency increases, the gas load to be
pumped is higher, as seen in Figure 3.12.
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Figure 3.13. Pumping speed as a function of the tritium concentration at the PAV
entrance. Efficiency estimated for a Nb-based PAV for Reiter’s and Aiello’s KS

b) Pumps
From the previous results, it can be concluded that the pumping speed required for high vacuum
pumping systems is highly demanding. Based on the work published in [149], an exhaustive literature
review has been made among all the vacuum pumps available or under development following some
requirements such as: large pumping speed, good pumping for light gases, low gases retention, full
compatibility with tritium and possibility to scale up for DEMO applications.
Within the range of HVP, turbomolecular and diffusion pumps present good performances for the
application: simple design, compactness and compatibility with tritium. Nevertheless, there are some
disadvantages on the use of these pumps; turbomolecular pumps (Figure 3.14-left) present difficulties
to be scaled-up and with maintenance requirements. However, recent R&D on pumping concepts for
the European DEMO torus vacuum vessel has shown that diffusion pump (Figure 3.15-left) could be
also useful for PAV purposes due to the absence of moving parts, compatibility with tritium and good
pumping speed for light molecules [149], [150]. Its main disadvantages are the use of mercury as
working fluid and the maximum pumping speed achievable of ~20 m 3/s for a size of 1.6 m x 2 m x 0.4
m (length x height x width) [149]. Cryopumps (Figure 3.14-right) are being taken as backup solution
since they are well developed for the ITER torus [151]. However, their working principle is based in
two steps: gases go into the condensed phase below their saturation temperature (hence, the particles
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leave the gas volume and the gas pressure drops). Then, the pumps need to be regenerated when their
capacity limit or the regulatory limit for maximum allowed tritium/hydrogen inventory is reached.
One regeneration cycle at ITER takes approximately 600 s [151].

Figure 3.14. Cut view of turbomolecular pump by ‘Eurovacuum B.V.’ [152] (left) and
cryogenic pump by ‘Brooks Automation Inc.’ [153] (right) showing the operation
procedure and the possible connections with the PAV system
Within the range of rough vacuum pumps available, liquid-ring pumps may be applicable (Figure
3.15-right). The “LVPM600” pump by Hermetic and KIT has been proposed as suitable for DEMO
requirements but with some modifications such as the replacement of all polymer seals and flanges
modifications, among others. Its dimensions are 2.5 m long, 2 m height, 1 m width and it provides a
pumping speed near to 160 m3/s [150]. In addition, screw pumps and scroll pumps are the two
options considered as back-up for the TERS.

Figure 3.15. Left) Scheme of a linear diffusion pump by ‘Hivatec Laboratory’ [154]. Right)
Scheme of a liquid-ring pump [155]
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c) Vacuum system design
With all these considerations, the final design of the vacuum system considers a linear diffusion
pump directly connected to the PAV for the HVP and a liquid-ring pump in charge of the RVP.
The linear diffusion pump (Figure 3.15-left) should be vertically oriented and its connection to the
RVP is made through a foreline that is much smaller than the duct between the diffusion pump and the
PAV. It is estimated that a pumping speed of 20 m3/s is achieved per each metre of pump; therefore in
order to assure a 150 m3/s pumping speed (if Reiter applies) a 6 m length pump could be proposed
[149]. The final dimensions of this pump would be 6 m x 2 m x 1 m.
The liquid-ring pump (Figure 3.15-right) is connected to the exit of the HVP but also to the PAV
through a bypass. The exit of this pump goes directly to the tritium exhaust processing. In the path, a
bypass to the auxiliary getter system is connected.

3.5.TERS FINAL DESIGN: INTEGRATION IN THE PbLi LOOP
Following the P&ID proposed in Section 3.2, Figure 3.1, a CAD model of the TERS has been
produced for its integration in the PbLi loop design. PAV dimensions (Table 3.3) and pumping sizing
explained in Section 3.4 (6 x 2 x 1 m for the HVP and 2.5 x 2 x 1 m for the RVP) have been considered,
and the result is presented in Figure 3.16. The final TERS design possesses an envelope volume of 15
m x 10 m x 9 m. In this preliminary design, the main components of the TERS are plotted as follows:
Tritium Extraction Unit – permeator against vacuum; High Vacuum Pump – linear diffusion pump;
Rough Vacuum Pump – liquid ring pump; piping for vacuum system and valves for vacuum system.

Figure 3.16. CAD model overview of the Tritium Extraction and Removal System
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Taking as a basis the CAD model of the DCLL PbLi loop developed in [51], the integration of the
TERS is presented in Figure 3.17. It includes the heat exchanger, the storage and expansion tanks,
flowmeters, the pump for circulating the PbLi, the purification system and the PbLi piping system and
valves. See Section 1.6, where a more detailed description of all these components was already given.

Figure 3.17. View of the OB PbLi loop model [51] with the integration of the TERS, the
expansion tank, the heat exchanger, the mechanical pump and the storage tank. Prior to
be sent to the blanket, the PbLi flows through the purification system. Most valves and
flowmeters are also showed.
The integration of the PbLi loop in the DEMO tokamak building accomplishes the following
requirements [51]:


The components should be placed as close as possible to the tokamak (and the breeding
blanket) to reduce tritium and heat losses



There should be the possibility to drain by gravity both the PbLi loops and the breeding
blanket



The pipes should be inclined a minimum angle of 3° in order to allow correct draining by
gravity



Pressure drops should be as low as possible
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The pipe route should compensate thermal expansion



The loop components should be grouped in the minimum number of floors to make easier the
maintenance and to avoid interaction with other systems

A preliminary definition of the instrumentation necessary for the TERS includes the following
components which are also included in the P&ID (Figure 3.1):

a) Temperature sensors (TT)
They are placed close to the PAV, in the PbLi Loop, in order to measure the temperature of the
PbLi upstream and downstream of the PAV. The measurement is made through the use of
thermocouples installed inside a stainless steel tube which is in direct contact with the liquid metal.
The tube thickness together with the diameter of the sensor determines the time resolution of the
measurement. Since no abrupt changes in the bulk temperature are expected, this point should not be
an issue. A thermocouple type-K (NiAl-NiCr) with a diameter between 0.5 and 1.5 mm could be
appropriate for this application. Additionally, type-N (Nicrobell D sheath) thermocouples are installed
inside the vacuum channels to measure the internal temperature of the permeator along its length.

b) Tritium concentration in PbLi (TS)
They are placed before and after the PAV in order to know the tritium concentration in PbLi and
therefore the PAV efficiency. Sensors for measuring the permeation of hydrogen isotopes have been
demonstrated to be a suitable technique for this purpose [156], [157]. This sensor consists of a hollow
capsule with a membrane permeable to hydrogen. The whole capsule is immersed in the PbLi stream
and it is connected to an external vacuum pumping system. The measurement of the hydrogen partial
pressure in the capsule can be correlated with the hydrogen concentration in the liquid metal.

c) Accountancy Systems (AC)
The design includes accountancy systems for the monitoring of the tritium extracted by the PAV in
gas phase, located in different points in the vacuum system and right after each getter bed to know
whether it is full. Taking advantage of the tritium specific activity, ionization chambers can be used for
an indirect/real-time measurement of the tritium flow. The measurement is performed thanks to beta
emission produced by tritium atoms, which interacts with the gas of the chamber producing its
ionization. If a correct voltage is applied between the two electrodes of the chamber the current
produced is directly proportional to the amount of radiation [158].

d) Pressure transducers (PT)
They are located at the vacuum exit of the PAV and between the vacuum pumps to control the
vacuum level. Piezoresistive and capacitive sensors are the reference technologies for the
measurement of the pressure. Pirani/cold cathode full range gauge are used to control the vacuum
level. The sensor placed on the PAV is disposed in the opposite face of the pump connection.
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4. CONCEPTUAL DESIGN OF THE PbLi LOOP FOR
TRITIUM EXTRACTION
This chapter introduces the design of the PbLi loop for the experimental validation of the
permeation against vacuum technology for tritium extraction and recovery. The main required
components are summarized and a detailed justification of the operational parameters
established is presented. Finally, the main aspects and results from the supporting activities
carried out are outlined with the aim to help on the definition of the PbLi loop.

Chapter 4

4 CONCEPTUAL DESIGN OF THE LEAD-LITHIUM LOOP FOR TRITIUM
EXTRACTION
At the beginning of the present work it has been remarked the imperative necessity of a power
plant to be self-sustainable in terms of tritium. According to previous studies, the permeation against
vacuum technique is of special interest for a DCLL blanket, where the temperature of the liquid metal
is higher than in other concepts and therefore the extraction is promoted. However, an adequate
experiment to test the permeation against vacuum as a feasible technique to recover tritium from PbLi
is the pending step. The TERS design for a DCLL (Chapter 3) provides the needed parameters for
reproducing the real conditions of a DCLL reactor at a laboratory scale. With all these inputs, the
conceptual design of a PbLi loop to test experimentally those technologies linked with the extraction of
hydrogen isotopes from PbLi is presented. The loop is firstly aimed to validate the permeation against
vacuum technique and to accomplish with this task there are other subsystems needed, such as a gas
injection system to introduce a certain amount of hydrogen/deuterium in the liquid metal to be
further extracted and a pump to route the PbLi.

4.1.OBJECTIVE
The main objective of the experimental PbLi loop is to perform experiments devoted to validate
the permeation against vacuum as a feasible and efficient system for tritium extraction from PbLi.
Following this task, the detailed objectives are:



Test hydrogen/deuterium permeation in flowing PbLi. The management of tritium is of high risk
and special installations are required, thus the technology would be tested using deuterium and
hydrogen. Since the three gases are isotopes for the same element it is possible to extrapolate the
obtained results to tritium. The extrapolation is made through the mass ratio relation, as seen in
Section 2.1.



Test the extraction under DCLL conditions. The PbLi loop should allow working under conditions
of temperature, velocity and tritium partial pressure following the design of the TERS for a DCLLDEMO to validate the prototype of PAV.



Test different permeator concepts or configurations for efficiency assessment. The PbLi loop
should be designed in that way that it could be adapted to different configurations of PAV. In this
sense, the PbLi mass flow must operate in a wide range; the temperature of operation should be
variable.

4.2. DESCRIPTION OF THE MAIN COMPONENTS
The circuit shall be designed to allow the operation with working parameters (temperature,
velocity of the liquid metal…) relevant for the DCLL. In addition, the components of the circuit shall be
designed to allow the possibility of changing the operational regimes, in order to tests the effect of
different parameters on the PAV efficiency.
A basic scheme of a PbLi loop is presented in Figure 4.1. The main components of the loop are a
pump to circulate the liquid metal and the extraction system, in this case a permeator against vacuum.
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As seen in the Introduction (Chapter 1), tritium is generated in the breeding blanket due to the 6Li
(n,α) reaction. However, at laboratory scale it cannot be generated in situ as it is originated in the
blanket. Thus, for the experimental validation of the extraction technology, a system able to inject
hydrogen isotopes into the liquid metal becomes a key component in the design of the PbLi loop.
In the loop, Figure 4.1, the PbLi circulates by flowing firstly through the injection system to fill the
PbLi with the gas in order to be later recovered in the extractor.

Figure 4.1. Basic scheme of a PbLi loop for testing the permeation against vacuum
technology. The PbLi is filled with hydrogen/deuterium gas prior entering in the extractor
system

4.2.1. Pumping system
There is a large variety of pumping systems developed to work under different conditions.
However, the use of PbLi carries an important constraint; it causes high corrosion in contact with most
steels [44]. Moreover, the presence of plastic pieces in the pump carries several issues since they are
soluble in the liquid metal. An important requirement is that the pressure head of the pump should be
sufficient to overcome the various pressure drops of the PbLi loop. Furthermore, the pump should
provide a wide range of flow rates and be able to work at rather high temperatures, since the liquid
metal melts at 235 ℃.
For this reason mechanical pumps have been omitted from the review as it is desirable to avoid
wear issues, mechanically induced vibrations and sealing difficulties associated with incorporating
reciprocating or rotating machinery into a liquid-metal flow system. In mechanical pumps there is a
propeller submerged into the liquid metal being pumped. This causes two main problems: there could
appear seals in the propeller driving shaft which would stop the circulation; secondly, the hard
operating conditions and the high temperature of the liquid metal can be aggressive for the propeller
material, leading to corrosion/dissolution phenomena.
As an alternative solution Electromagnetic Pumps (EMP) have been considered. The EMP has not
any shaft seals and therefore may be totally sealed; it has no moving parts other than the liquid metal
itself and therefore is free from wear and require no bearing lubrication. This kind of pumps is divided
into direct current (DC) or alternating current (AC) types. Conduction pumps could operate either on
DC or AC current whereas induction pumps only operate on AC.
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a) Conduction pumps
In conduction pumps, current is directly conducted into the fluid through electrodes that are
normally attached to the outer wall of the duct containing the liquid metal. There are two basic
variants of this pump, DC and AC. In both variants the fluid is driven by the same physical processes,
resulting in many common loss mechanisms that can seriously degrade performance, depending upon
the operating regime of the pump. These loss mechanisms include magnetic braking, wall currents,
end currents, armature effects, and ohmic heating [159].
The DC conduction pump is the simplest EMP design employing either permanent magnet of
electromagnets to generate the field within the liquid metal. The magnetic field and current are
perpendicular to the flow and are uniform.
In an AC conduction pump the current conducted into the fluid and the applied magnetic field are
both time varying. Since the current is time varying, transformers can be employed to alter the input
current and voltage levels to those required for pump operation. In addition, a time varying applied
magnetic field must be produced using electromagnets. This does make the AC pump more complex,
larger and generally heavier than its DC counterpart, and active cooling may be required to dissipate
ohmic heating in the transformers and electromagnet coils. On the other hand, the use of AC power
makes easier generating the high-current, low-voltage input that the conduction pump requires for
higher flow rate operation [159].

b) Induction pumps: permanent magnet pump
In Permanent Magnet Pumps (PMP) alternating travelling magnetic field is generated due to the
movement (rotation) of a system of permanent magnets with alternating polarity. In the cylindrical
design concept the poles of the permanent magnets are fixed on a solid ferrous cylindrical base around
which the channel of the pump is located. In the disks type PMP, poles are fixed on solid ferrous disks
mounted on common shaft and the channel of the pump is located between them.
Induction pumps have an advantage at higher flow rates, where their system efficiencies begin to
exceed those of conduction pumps. Induction pumps can also tolerate liquid metals at higher
temperatures since the magnetic field is induced and the polyphase windings are not in direct contact
with the fluid.
For all the benefits it provides in comparison with the alternatives presented, the option selected
as pump for the PbLi circuit is the PMP.

4.2.2. Extraction system
As mentioned, the recovery of tritium is a crucial step in the path to achieve the self-sufficiency of
the reactor and, therefore, to reach the production of energy by fusion power plants.
Following the design performed for a DCLL-DEMO of the tritium extraction and removal system, a
small prototype has to be developed and constructed. In this sense the loop should be able to cover the
specifications of the test section for a proper operation and validation. Furthermore, the prototype
should be positioned in such way that other parameters could not affect the measurement; for
example there should be enough space before and after the test section to allow the PbLi flow to be
completely developed when reaching the permeator; in a first approximation, the permeator would be
horizontally positioned to avoid a gravity effect on the liquid flow. Thus, the results would not be
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conditioned by other than the parameters to be studied (PbLi temperature and velocity; H/D
concentration).

4.2.3. Injection system
The gas injection system is in charge of solubilizing tritium into the PbLi at desired and known
concentration for its further extraction in the test section.
Due to the issues on the management of a radioactive element such as tritium, only the use of
protium and deuterium is envisioned. The results of these two isotopes allow an extrapolation to the
behaviour expected with tritium.
Historically, hydrogen has been injected into lead-lithium by bubbling systems [62], [109]. This
consists of a sparger put in the path of the flowing liquid connected to a gas feed that pushes gas
bubbles in the bulk of the liquid. To achieve a better mixing the gas is injected in counter-current
during several hours to reach a saturation limit. However, this technique does not assure a good
solubilisation of the hydrogen in the PbLi and due to its location it disturbs the liquid flow. Moreover,
it is subjected to a high corrosion and the control of the holes in the sparger is an issue. If those holes
are big, then the bubbles are difficult to dilute for its solubilisation. On the other side, corrosion
products are produced and accumulated in different parts of the loop that may impede a good
performance of the experiment.
An improvement of the injection process is required to enhance the dissolution and diminish the
corrosion that causes impurities and the degradation of the system.

4.3.OPERATIONAL PARAMETERS
The operational range of the loop is defined by the parameters involved in the development of the
experiment. These parameters are PbLi velocity, mass flow and temperature and hydrogen
concentration. They are fixed in order to reproduce the conditions as close as possible to those from a
power plant to obtain relevant and scalable results.
PbLi mass flow rate. The amplitude of mass flow is chosen in order to cover a high range. First,
high velocities are reached, in order to assure a relevant operation for DCLL. Secondly, the variable
range allows working under different PbLi velocities to evaluate the recovery dependence. In this
sense it is possible to obtain results also relevant for the other liquid blanket concepts which work at
lower velocities. Moreover, if there are changes on the test section, the loop should be able to adapt the
operation.
PbLi temperature. The output temperature of PbLi in a DCLL breeding blanket is about 550 ℃
(Section 1.5) thus, the loop should reach those conditions to validate the technology. Taking into
account the dependence of the efficiency of the extractor with the temperature, different
measurements should be performed to confirm the behaviour. Furthermore, for other liquid blanket
concepts, the operational temperature is about 300 ℃ (Table 2.3). A preliminary research on
commercially available pumps has shown that their operation is limited to 500 ℃; therefore, the loop
will operate at this temperature as a maximum. To cover the specifications of the different liquid based
blanket concepts considered in EUROfusion, the operational temperature will be varied between 300
℃ and 500 ℃.
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PbLi velocity. The alloy of PbLi is highly corrosive [44] and this phenomenon is enhanced at high
velocities and temperatures. To cover the specifications of the blankets, the range of temperature has
already been fixed. However, the velocity can be diminished, and thus the corrosion effect, by adjusting
the pipe diameter. To limit the corrosion in the pipes, the maximum velocity is established at 3 m/s.
Hydrogen concentration. To perform experiments of hydrogen extraction, the concentration in the
PbLi is fixed according to the expected values in the breeding blanket. As seen in Table 2.3, the
minimum and maximum values are 4.7E-4 mol/m3 and 1.41E-2 mol/m3 leading to partial pressures
from 1E-4 to 1E2 Pa.
The range of parameters required for performing the experiments, that set the conditions for the
design and purchase of the components, is shown in Table 4.1.
Table 4.1. Loop operational parameters
Parameter
PbLi mass flow rate
PbLi temperature
PbLi pressure
PbLi velocity
Hydrogen pressure in PbLi

Value
2 – 39 kg/s
300 – 500 ℃
1 – 3 bar
< 3 m/s
1E-4 – 1E2 Pa

4.4.SUPPORTING ACTIVITIES FOR THE PbLi LOOP CONCEPTUAL DESIGN
In this section different activities in support of the conceptual design of the loop that were
performed during this Thesis are presented.
The participation on the experimental campaign of the first prototype of permeator against
vacuum (Fuskite) to work in PbLi provided a good background on the operation with PbLi. Basis on
the cautions to be taken on its handling were established thanks to the chemical analysis performed.
Even though the experimental behaviour of the permeator was not satisfactory, the protocol to
perform the tests and the analysis of the results set a guide to improve the aspects needed for a good
performance of future systems.
As mentioned in Section 1.7, TRIEX is an experimental facility located in ENEA (Italy) aimed to
test tritium extraction from PbLi techniques. Currently, it is being upgraded to include components for
the validation of the VST and PAV technologies. For the definition of the new components an important
tool is the development of a model which simulates the hydrogen inventory within the loop. The
participation in this activity provided a solid knowledge on the dimensioning of the loop layout
following the operational conditions. Moreover, it helps to fix the required characteristics of the
injection system and to determine the time invested on saturating the PbLi with gas.
A key aspect on the operation of liquid breeding blankets is the eutectic composition of PbLi and
in the experimental application a careful characterization should be made. As has been mentioned, the
exact content of lithium highly affects its interaction with tritium (see Section 2.1). Using the PbLi
employed in the experimental campaign of Fuskite, the chemical composition of two batches from the
same company has been determined. In addition, samples from a different supplier have been also
analysed. The set of analysis performed compiles a basis for the development of a protocol for the
evaluation and manipulation of this material.
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4.4.1. A PAV prototype: FUSKITE
Fuskite is a small scale demonstrator of permeation against vacuum based on a spiral shape and
developed to test the technique in flowing PbLi [67]. In this section a brief description of the facility is
made paying special attention to the development of the experimental campaign which is of special
interest for this Thesis because it was the first attempt to validate the PAV technology.

a) Design of Fuskite
The concept consists of a spirally rolled double permeation membrane with a single vacuum
enclosure connection (Figure 4.2). The material chosen was stainless steel 316L due to its
compatibility with the manufacturing technique based on selective laser melting. This technique
provides a high range of geometrical designs although limited compatible materials. Its design was
driven with the aim to optimize the effective surface and to validate the tritium transport models.

Figure 4.2. Fuskite configuration. The spiral shaped design is fabricated on stainless steel
316 by laser melting technology [123]
Table 4.2. Fuskite main geometrical characteristics [67]
Parameter
Length
PbLi channel thickness
Membrane thickness
Total diameter
Number of PbLi channels

Value
500 mm
6.5 mm
0.5 mm
170 mm
6

The characteristic parameters of the permeator are shown in Table 4.2 [67]. The eq. 57, relating
its efficiency with its geometrical characteristics, has an exponential dependence in the same way as
the model developed in Chapter 3, eq. 49. The theoretical efficiency of the permeator under a PbLi flow
of 0.1 mm/s is 20% [160].
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b) Loop description
For the experimental campaign with PbLi a loop was built and placed at SENER installations in
Barcelona. It consisted of a thermal-convection flow circuit connected to a glove box where PbLi ingots
were melted in a tank and directly introduced in the loop, Figure 4.3. The loop had a length of 1750
mm, for a total inventory of PbLi about 200 kg.

Figure 4.3. Left) Layout of the PbLi loop for Fuskite [161] and right) scheme of the Fuskite
location in the loop
The system consisted of stainless steel pipes in where the permeator was immersed, Figure 4.3. It
owned two zones with different temperatures in order to promote the PbLi flow due to thermal
convection. The hot zone (320 ℃) was located in the PAV section while the cold zone (300 ℃) was
placed in the opposite leg of the circuit. There, a cooler was installed in order to reduce the
temperature when necessary although it was over-dimensioned and kept inoperative during the
experimental campaign. The movement of the PbLi was checked by the application of thermal pulses
which were measured in different parts of the loop. With this process, the velocity was determined to
be 1.0 mm/s [162].
There were 4 temperature sensors along the loop and just a hydrogen pressure sensor in the gas
analyser. The vacuum was assured by a rotary vacuum pump connected to Fuskite, Figure 4.3.

c) Experiments
Three experiments were carried out to demonstrate the validity of the designed prototype and its
associated loop: gas leakages of the prototype to assure a good isolation between PbLi flowing and
vacuum channels; permeation in gas phase to check the permeability of the material employed as
membrane after the laser melting process; permeation in PbLi phase to investigate the behaviour of
the permeator under PbLi flows.
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i. Gas leakages
The first test consisted of quantifying the leaks due to the manufacturing process. The procedure
involved the pressurization of the PbLi channels with 2 bar of helium followed by the use of a mixture
of argon and hydrogen. A background level of hydrogen in the order of 1E-5 mbar·l/s was measured,
being associated to small leaks and material degasification. Additionally, the vacuum pump was tested
down to a level of 1E-3 mbar [161].
ii. Permeation in gas phase
The second experiment was devoted to check the permeability of hydrogen through the
permeator wall. Different temperatures ranging from 200 ℃ up to 335℃ were tested, applying 2 bar of
a mixture of argon with 1% hydrogen. It was observed that, as expected, the permeation flux increased
with the temperature, Figure 4.4. It was also observed that steady state was reached in all cases, Figure
4.4. Moreover, it was found the permeation was negligible at a temperature of 200 ℃ indicating no
recovery was occurring. Permeation tests without liquid metal showed a good preliminary
approximation. The efficiency achieved at 325 ℃ was 18.7% as reported in [161].

Figure 4.4. Evolution with time of the hydrogen permeation flux at different temperatures
in gas phase experiments of Fuskite [161]
iii. Permeation in PbLi phase
A first attempt to validate Fuskite in flowing PbLi was made. Firstly, the PbLi was melted in the
tank of the glove box and entered by gravity into the circuit. When the loop was completely filled, the
movement of the liquid was checked by the thermal gradient established between two separated
zones.
As a first option, a calibrated leak bottle of hydrogen connected to a middle point in the loop was
proposed as system for hydrogen injection. However, this methodology was not applied for two main
reasons: firstly the injection of the gas would generate bubbles in the liquid instead of being
solubilized, therefore not being representative; secondly, at the moment to be employed, the bottle
was not calibrated due to the time it was stored. Since there was any efficient method to inject the gas,
it was proposed to use the permeator in an inverted way. Thus, the injection of hydrogen into the PbLi
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was made connecting the gas supply to the vacuum output of Fuskite. The hydrogen bottle was
charged at a fixed pressure (from 0.8 to 1.6 bar, Figure 4.5) and, when it was connected to the
permeator, the hydrogen diffused into the liquid. The diffusion was controlled with the pressure of the
bottle of hydrogen, i.e. the change on pressure was taken as the amount of hydrogen introduced in the
circuit. When the pressure decrease was stabilized, it meant that the equilibrium was reached and
enough hydrogen was introduced in the liquid. Then, the vacuum pump was connected to the
permeator to proceed with the extraction. The amount of gas being extracted was measured by a gas
analyser.
Three tests were performed following this procedure and the results are presented in Figure 4.5
and Figure 4.6.
The injection of the hydrogen into the PbLi depends on the pressure applied, i.e. the flux is a
function of the gas pressure gradient, the membrane permeability and its thickness (see Section 2.1 eq.
8). Figure 4.5 shows the evolution of the hydrogen injection for the three tests. A decrease of 0.5 bar
was measured for the first test (blue line) after 36 days of injection (from 0.8 to 0.3 bar). For the
second test (red line), a decrease from 1.45 bar to 0.95 bar was observed in 6 days. Finally, for the
third test (green line) the injection lasted one month and the pressure decreased from 1.6 bar to 0.5
bar.

Figure 4.5. Pressure evolution in the gas feed during the injection of hydrogen into PbLi
using Fuskite as inverted permeator. Three tests were performed with different initial
pressures (0.8 bar, 1.45 bar and 1.6 bar)
The measurement of the extracted hydrogen flux during several days is plotted in Figure 4.6. The
quantification of the hydrogen recovered was made through the integration of the flux over a time
period between the start of the extraction and the moment it reached a level close to the background
(1E-5 mbar·l/s).
In view of the behaviour obtained in Figure 4.6, it could be said that the extraction rate of tests 1
and 2 is similar, being the third faster in the firsts moments of the process. The time of extraction was
6 days for the first test (blue line), 7 days for the second test (red line) and 10 days for the test 3
(green line). It is observed that, independently on the amount of hydrogen injected in the loop, the
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quantity of hydrogen recovered is almost the same for the three tests. This fact could indicate that the
hydrogen measured corresponds to the quantity embedded in the steel structure.

Figure 4.6. Evolution of the hydrogen flux measured in the gas analyser during the
extraction procedure of Fuskite. The extracted amount of hydrogen is similar for the three
tests
Finally, the efficiency of the permeator can be evaluated as the ratio between the amount of
hydrogen extracted (Ci - Cf) and the introduced (Ci), eq. 15. This amount of hydrogen is obtained from
the pressure quantified through the ideal gas law. In addition, due to the fact that it is a closed loop, the
efficiency of the process is affected by the number of circulations of the liquid during the time of the
experiment (n). Then, the efficiency is calculated according to eq. 58 and the main results are
summarized in Table 4.3.
1⁄
n

Cf
η=1−( )
Ci

eq. 58

The number of circulations is obtained through the PbLi velocity, the total length of the loop and
the time spent for each test. Table 4.3 shows that, as seen in Figure 4.6, the extracted mass of hydrogen
was the same for the three assays. With these values, the efficiency obtained is below 0.02% for all
tests.
Table 4.3. Efficiency of Fuskite calculated as a relation between the amount of hydrogen
injected and extracted for the three assays performed
Assay

H2 injected

H2 extracted

n

η

1

84.4 mg

3.7 mg

285

0.016 %

2

77.4 mg

3.9 mg

340

0.015 %

3

205.6 mg

3.6 mg

483

0.004 %
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d) Conclusions
With the results obtained it cannot be concluded the evidence of the validity or not of this
technology. There are two main reasons that can explain this behaviour. Firstly, even though the
design of Fuskite seems to provide a good performance and good efficiency due to the enhanced
surface of permeation, the material employed (limited by the procedure of fabrication) is not the most
adequate for this application since the permeability of steel is too low (Table 2.2). Secondly, the design
of the whole system was not mature enough to cover all the specifications and requirements
appropriate to have an optimal control of the experiment.
The vacuum side of the permeator did not have a dedicated hydrogen sensor; it was just
measured by the gas analyser itself. The detection limit of the employed gas analyser was close to the
background level and this could give rise to errors in the measurement. In the gas phase experiments,
the taken background was that from the lower temperature (200 ℃). For a proper evaluation, a
measurement of the background level of hydrogen should have been done at each of the evaluated
temperatures. For the PbLi experiments, the hydrogen injection should have been forced by applying a
constant pressure of gas. Moreover, a separation between the hydrogen feed and the permeator
vacuum channels is necessary: first, to control in both zones the pressure and hydrogen content;
second, to allow performing the experiment in a continuous mode (injecting and extracting at the
time). A forced convection flow of the liquid metal could assure a better distribution of the hydrogen
within the whole circuit.
Finally, an important task is to measure the amount of gas that could be retained in the PAV
structure because, as mentioned previously, it seems that the quantity of hydrogen recovered
corresponds to the gas embedded in Fuskite.
In spite of this, the experiments performed are of highly importance since they set the basis for
further investigations in this line. It compiles the first attempt reported on the demonstration of the
PAV technology in flowing PbLi and these conclusions will help for future designs and developments
made in the present work.

4.4.2. A PbLi loop for tritium extraction: TRIEX
A brief description of this loop, TRIEX, was made in Section 1.7. After a first campaign on
experimentation with GLC [65], an upgrade is planned (within EUROfusion activities) to improve and
test new components, such as the PAV and VST. This section is devoted to present the simulations
performed of the hydrogen inventory within the loop. For this aim the main aspects of the new design
which are relevant for the simulation activity are also included.

a) Loop description
The P&ID of the PbLi upgraded loop, TRIEX-2, is presented in Figure 4.7. It consists of a pump to
circulate the PbLi, a hydrogen injection system (saturator) based on a packed column with a carrier
gas in counter-flow (S2) and the extraction system (S3). In addition, differential pressure transducers
are located around the pump and the extractor, various flowmeters are positioned along the loop and a
gas line feeds the saturator with helium, hydrogen and deuterium gases. Finally, a vacuum pump is
connected to the extraction system to recover the gas injected.
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Figure 4.7. P&ID of TRIEX-2. MFM: mass flowmeter; PMP: pump; PST: differential pressure
transducer; V: valve; S2: saturator; S3: extractor; V: valve. Courtesy of ENEA
The main change with respect to the previous layout is the introduction of a bypass line with two
proportional valves which allows the regulation of the PbLi mass flow sent to each part of the loop
(Figure 4.7). The two valves are required to compensate the pressure drop generated by the bypass.
The flow will move to zones with lower resistance, therefore if there is no valve in one of the paths the
percentage of flow obtained will not be exactly the fixed.

b) Input parameters for the simulation
A preliminary estimation of hydrogen inventory in the loop was performed considering the input
parameters summarized in Table 4.4. Although the loop is expected to work both with hydrogen and
deuterium, only hydrogen was considered for this activity. The PbLi mass flow sent at each pipe
section through the bypass was 0.4 kg/s to the upper zone and 3.6 kg/s to the lower zone. The loop
consisted of pipes with 25.4 cm of inner diameter with a total length of 12 m leading to a PbLi volume
of 50 l (including the components). The injection of gas in the saturator, which has a surface of 0.19 m2,
is made with a helium flow mixed with hydrogen at 5 Nl/h. Two values of mass transport coefficient
(KT) for this system were investigated: a low limit with a value of 5E-6 m/s and a high limit of 1E-5
m/s. Finally, the extractor efficiency was fixed at 30%.
Table 4.4. TRIEX parameters. Courtesy of ENEA
Parameter
PbLi temperature
Total mass flow rate
Upper zone mass flow rate
Lower zone mass flow rate
PbLi volume
Loop length
Piping diameter
Saturator H2 injection flow

Value
500 ℃
4.0 kg/s
0.4 kg/s
3.6 kg/s
50 l
12 m
25.4 cm
5 Nl/h

Saturator surface

0.19 m

Saturator KT

5.0E-6 – 1.0E-5 m/s

Extractor efficiency

30 %

2
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Two possible configurations of the loop were investigated by changing the position of the bypass.
The first option considered the bypass positioned before the saturator (Figure 4.8) and the second
option located the bypass between the saturator and the extractor (Figure 4.9).
The importance of the bypass position relays on how it affects the operation of the loop in two
aspects: the time required to saturate the PbLi with hydrogen and the time evolution of the hydrogen
inventory within the loop (and this affects the hydrogen concentration). The aim of this study is to
determine if by controlling firstly the mass flow sent to the saturator it is possible to enhance the
injection process (bypass-1) or there is a higher effect on the amount of PbLi managed by the extractor
(bypass-2) regardless the PbLi sent to the saturator.
The concentration of hydrogen was evaluated at different points of the loop to determine the
proper position of the bypass by an iterative simulation which considers each circulation as one step.
They are named from C0 to C6 as seen in Figure 4.8 and Figure 4.9. Some considerations were followed:


The concentration of hydrogen in C2 and C3 is the same in both situations although the
amount of hydrogen is different in the bypass-2 configuration due to the separation of the
PbLi flow. The same situation applies to C0, C1 and C5 in the bypass-1



The concentration in C0 and C6 is the same (the change on the numbering is due to the
iterative simulation)



The concentration after de extractor depends on its efficiency:
C4 = C3 · (1 − ηextractor )



The concentration in C6 is obtained through the sum of the concentrations in C4 and C5
according to the mass flow of each point

Figure 4.8. TRIEX-2 scheme bypass-1. Two valves (green) regulate the PbLi mass flow sent
to each pipe line. SAT: saturator; EXT: extractor
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Figure 4.9. TRIEX-2 scheme bypass-2. Two valves (green) regulate the PbLi mass flow sent
to each pipe line. SAT: saturator; EXT: extractor

c) Model for inventory simulation
To evaluate the hydrogen inventory a discretization of the steps is followed considering one
circulation of the PbLi per step:


In the first step (t=0) the hydrogen content in the loop is zero. Both the saturator and the
extractor are switched off.



In the second step the saturator is switched on. As seen in Section 2.3.1 eq. 16, the entering
flux (J) of hydrogen depends on the mass transfer (KT), the specific surface between the gas
phase and the liquid (S) and, for this case, the concentration in the interface (because the
concentration in the liquid is null):
J1 = S · K T (Cinterface )

eq. 59

The concentration in the interface is given by the entering hydrogen gas flux and is
constant during the whole experiment, Table 4.4 (5 Nl/s).


In the next step the saturator is kept working upon saturation of the PbLi with hydrogen.
The entering flux at this point is a function of the difference of concentrations in the
interface and in the liquid, eq. 60.
J2 = S · K T (Cinterface − CPbLi_1 )

eq. 60

The concentration CPbLi_1 is obtained through the flux injected/solubilized in the previous
step (J1).


When the extractor is switched on the concentration exiting this unit is a fraction of the
entering concentration and depends on its efficiency. However, the hydrogen concentration
in PbLi after the saturator is not affected since it is located before the extractor.
J3 = S · K T (Cinterface − CPbLi_2 )
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The concentration CPbLi_2 is obtained through the flux entered in the previous step (J2) plus
the concentration already existing in the PbLi (CPbLi_1)


Finally, when both saturator and extractor are working
J4 = S · K T (Cinterface − CPbLi_3 )

eq. 62

The concentration in CPbLi_3 is obtained through the flux entered in the previous step (J3)
plus the concentration already existing in the PbLi, which takes into account the amount
extracted: CPbLi_3 → J3 + CPbLi_2 (1 − eff)

d) Results: hydrogen inventory in TRIEX-2
Firstly, the time required to saturate the loop with hydrogen is presented. A comparison of the
two different values of the mass transport coefficient, KT, and considering the two positions of the
bypass line is made. For this evaluation the extractor remains inoperative.
Results for the bypass-1 scheme are presented in Figure 4.10-left where the time evolution of
hydrogen concentration after the saturator is presented. It is observed a strong dependence on the
time to reach the equilibrium (concentration 7.87E-2 mol/m3) with the KT coefficient. When the high
limit is considered (KT = 1.00E-5 m/s, blue line), 84 days are required to saturate the loop whereas for
the lower limit (KT = 5.00E-6 m/s, red line), 353 days are needed. This behaviour is explained by the
fact that when the transport coefficient is higher, the process to inject hydrogen in the PbLi is faster
and, therefore, the time required lower. Hence, for a better effectiveness on the injection process it is
desirable to select a material with high KT for the saturator construction.

Figure 4.10. Evolution of hydrogen concentration in PbLi after the saturator for the two
values of KT: left) scheme of bypass-1; right) scheme of bypass-2
The evolution of hydrogen concentration within the bypass-2 configuration is plotted in Figure
4.10-right. Again, it is observed a big dependence on the KT coefficient to reach equilibrium: when the
high limit is considered (blue line), 74 days are required to saturate the loop whereas for the lower
limit there are needed 295 days. This decrease on the time may be due to the PbLi mass flow that is
managing the saturator in each scheme. In the bypass-2 the whole amount of liquid metal passes
through the system whereas for the other configuration, a small percentage of PbLi is processed. The
PbLi velocity in the scheme-2 is higher and as a consequence it helps on the injection of hydrogen. As
shown in eq. 60, the flux of entering hydrogen is a function of the difference of concentrations in the
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gas phase and in the PbLi phase. As the PbLi flows faster, the concentration in the interface is reduced
rapidly, therefore enhancing the injection.
It is concluded that the procedure to reach the equilibrium when injecting hydrogen in the PbLi is
faster considering the scheme of bypass-2. It should be mentioned that there are other factors that
could improve the operation of the saturator and the loop such as the effective surface of the
packaging of the injector and its length; the flux of hydrogen being introduced into the saturator; the
percentage of mixture of hydrogen and helium; the PbLi mass flow which fixes the PbLi velocity,
among others. However, the rationale of this activity was to determine the proper position of the
bypass connection in the new loop layout.
Finally, it is possible to obtain the profile of hydrogen content over the time in the different points
for the bypass-1 scheme:

Figure 4.11. Evolution of hydrogen concentration in PbLi at different points of the loop in
the bypass-2 scheme. The high limit of mass transport is considered (KT = 1.00E-5 m/s)
In Figure 4.11 the time evoulution of hydrogen concentration in PbLi is presented. At the time
point of 1250 s the operation of the extractor is started and it is observed a fast decrease of the
concentration in C4 which corresponds to the efficiency of the system (30%). However, from this point
it is observed a continuous increase of the hydrogen concentration which indicates that the extraction
rate is lower than the injection one. This means that the input parameters considered for this
simulation have not been optimized for an equilibrated operation of the loop in which the injection
and the extration rates are equal.

e) Conclusions
The evaluation of the inventory of hydrogen in TRIEX-2 was performed for two different
configurations. It was concluded that bypass-2 option is preferable to reach a better operation of the
saturator. The reason was the lower time required to reach a certain concentration of hydrogen in the
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liquid metal. Since for the selected configuration the PbLi velocity inside the injection system is higher,
the concentration at the gas/liquid interface is reduced fast increasing the injection flux.
Furthermore, it is observed that the gas injection is higher than the gas extraction. This means
that the input parameters of the saturator had not been optimized to work at the same rate as the
extractor (efficiency of 30%). Therefore the hydrogen concentration in PbLi would increase
continuously up to saturation even though the extractor remains working.
This activity points out the need of evaluating the capability of the injection system for a given
circuit since the operation would largely depend on the loop characteristics. Although other aspects
affect the behaviour of this system, such as the extractor efficiency, PbLi temperature, PbLi velocity,
etc., this task sets the basis from which further simulations will be performed and applied to the PbLi
loop object of this Thesis.

4.4.3. Analysis of lead-lithium
As introduced in Section 1.4, lead-lithium in eutectic composition has been chosen as breeder
material for the DCLL. Therefore, its characterization from a chemical point of view is of vital
importance. Deviations from the eutectic composition would imply, as already seen in Section 2.1, a
strong discrepancy on its interaction with tritium. Moreover, variations on the lithium content may
affect the neutronic calculations on the TBR. Another important issue is the content of impurities as
they also affect the tritium transport properties. In this section results of the analysis carried on
different batches of PbLi with the aim to learn about the available commercial compositions, to
determine the similarity between them, the content on impurities and behaviour after its melting for
experimental applications are presented. A characterization was performed on two different batches
of lead-lithium as received from “GMH Stachow-Metall GmbH” (used in Fuskite experiments) and other
batch coming from “Institute of Physics of University of Latvia” (IPUL). Moreover, samples from melted
PbLi from “GMH Stachow-Metall GmbH” were taken and characterized as well as the impurities that
remained afloat during the melting process. Table 4.5 summarizes all the analysed samples.
Table 4.5. Summary of PbLi samples analysed
Supplier
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9
Sample 10

GMH Stachow-Metall GmbH

Description
As received
As received
As received
As received
Dross taken during melting

IPUL
IPUL

As received melted
Melted and circulating
As received
As received

Code
GMH-1-S1
GMH-1-S2
GMH-2-S1
GMH-2-S2
ES-1
ES-2
LM-before
LM-after
IPUL-1
IPUL-2

Figure 4.12 shows a PbLi ingot (GMH Stachow-Metall GmbH, GMH-2) from which two samples
have been obtained to analyse the composition and homogeneity of the PbLi. In a first look it can be
appreciated a white deposition on the lower lateral face that can be attributed to the formation of
oxides.
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Figure 4.12. Lead-lithium ingot by GMH Stachow-Metall GmbH. It can be appreciated the
white deposition on the lower lateral face that can be formed by oxides

a) Methodology for the analysis of PbLi composition
To check whether a PbLi sample is in eutectic composition a series of analytical test should be
made. In the following, a short description of the different techniques applied for the analyses is
presented.
-

Differential Thermal Analysis (DTA) is a thermal analysis technique to measure endothermic
and exothermic transitions as a function of temperature. In DTA, the material under study and
an inert reference are made to undergo identical thermal cycles, while recording any
temperature difference between sample and reference [163]. This differential temperature is
then plotted against time or against temperature (DTA curve or thermogram, respectively).
Changes in the sample, either exothermic or endothermic, can be detected relative to the inert
reference. Thus, a DTA curve provides data on the transformations that have occurred, such as
glass transitions, crystallization, melting and sublimation. The area under a DTA peak is the
enthalpy change and is not affected by the heat capacity of the sample.

-

Thermogravimetric analysis (TG) is a method of thermal analysis in which changes in physical
and chemical properties of materials are measured as a function of increasing temperature
(with a constant heating rate), or as a function of time (with constant temperature and/or
constant mass loss) [164]. TG is commonly used to determine selected characteristics of
materials that exhibit either mass loss or gain due to decomposition, oxidation, or loss of
volatiles (such as moisture).

DTA and TG results are usually shown together to have a better overview of the changes in the
compound.
-

Chemical Analysis. This analysis is based on the quantitative determination of each element
present in the sample. For this purpose different techniques will be applied whichever is more
convenient for each evaluation (ICP-MS, flame-AES…). In this way the presence of impurities
and their concentration is obtained.

-

X-Ray diffraction (XRD). This methodology is based on the X-Ray diffraction by the electrons
surrounding the atoms because its wavelength is in the same order of magnitude than the
atomic radius. The emerging beam contains information about the position and kind of atoms
found in its way. Each mineral substance forms crystals with a unit cell and symmetry

104 Conceptual design of the lead-lithium loop for tritium extraction

Chapter 4
determined that results in a diffraction pattern characteristic. The relative proportions of two
or more compounds present in the same sample are obtained comparing the intensities of
their relative lines with those of known composition. This technique is used to determine the
atomic molecular structure of the elements.

b) Results and discussion of the series of analysis of PbLi
Homogeneous samples from different parts of the solid were taken in order to obtain a
representative result. They were taken from the inner part of the solid; the surface was avoided due to
the presence of oxides. A drill was used to punch out the solid and extract the amount of PbLi required
for each test.
i.

Analysis of ingots as received

In this section, results of the characterization performed on the three different batches of PbLi are
summarized.
Figure 4.13 shows the results of the DTA and TG of the samples taken from the ingots of the three
batches of PbLi. The measurements were made in nitrogen atmosphere and in a range of temperatures
from atmospheric to 700 ℃.

Figure 4.13. DTA and TG analysis of PbLi as received from GMH (batch 1: purple and
green lines; batch 2: red and blue lines) and from IPUL (yellow and orange lines)
It can be observed a peak at about 325 ℃ in DTA plot for all batches. This represents an
endothermic transition which corresponds to the fusion of the material and it is higher than the
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melting point of the eutectic PbLi (235 ℃). Usually a change of the melting point is associated to the
presence of impurities (and/or oxides) or a different percentage of the present elements. It is close to
the Pb melting point (327 ℃) which may indicate that there could be a low content on Li. Therefore to
confirm this point a chemical analysis had to be performed.
The TG curve of GMH-1 (green line of Figure 4.13) shows that the sample does not suffer
decomposition with lose of volatile products in the studied range. On the contrary, for GMH-2, TG
analysis shows an increment of weigh with temperature starting at 200 ℃. It can be due to the
reaction of the elements present in the sample indicating that the compound is not just formed by PbLi
but also containing impurities. This same situation appears in the TG analysis of IPUL-1 sample over
600 ℃.
The chemical analysis shows the concentration of each component present in the samples, Figure
4.14. In both GMH-batches, a difference in the composition between the two samples can be observed
as well as the presence of various impurities (aluminium, bismuth, copper, iron). The chemical
analysis of GMH-2-S1 and S2 reveals the presence of a big number of impurities and in a high
concentration compared to GMH-1-S1 and S2: bismuth, copper, iron, tin and zinc. On the contrary,
those samples fror IPUL are highly homogeneous and only silver and bismuth are found as impurity
elements. An important result is that, in all samples, lithium concentration is lower than the expected
for the eutectic alloy (mass ratio 0.68%, see Section 1.4.2) and showing that the GMH ingots present a
high inhomogeneity. The content in the two GMH samples of the first batch (0.15 % and 0.058%) is
rather low than in the second batch (0.36% and 0.50%), in which one has a concentration closer to the
eutectic composition, but still below. In both IPUL samples the concentration is quite similar (0.35%
and 0.34%) but again below the expected in the eutectic. (Note that lithium concentration is expressed
in mg/g for clarity).

Figure 4.14. Chemical analysis of two samples from GMH and IPUL batches. The
concentration of the different elements is represented in ppm except for lithium which is
in mg/g
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Figure 4.15. XRD pattern of both samples from GMH batch 2. The intensity of the peak is
plotted against the characteristic parameter for its obtainment. Each peak is identified
and numbered according to the pattern of the JCPDS: blue for Pb and green for PbO
In the XRD for the GMH-1 samples a different grade of oxidation was obtained. The first sample,
according to the pattern used to the sample identification from the Joint Committee on Powder
Diffraction Standards (JCPDS), was mainly formed by lead and lead oxide (JCPDS pattern codes: Pb 03065-2873 and PbO-00-005-0561). On GMH-2 lithium oxide (Li2O-01-077-2144) was also found. The
ingot was highly inhomogeneous.
The results obtained from XRD of the second GMH-batch are shown in Figure 4.15. The diffraction
pattern of both samples was equal, showing a high homogeneity of the ingot. According to the JCPDS,
Pb (blue marks) and PbO (green marks) were identified in the analysis. The presence of lead oxide
confirms the conclusion made in DTA and TG analysis due to the change on the melting point of PbLi.
ii.

Dross analysis

During the melting of the first batch ingots in Fuskite some impurities remained in the top of the
liquid. This dross, shown in Figure 4.16, was analysed by chemical analysis and XRD.
In the chemical analysis it was found a high concentration of lithium (about 3 mg/g), four times
higher than the present in the ‘as received’ ingot (GMH-1) which means that it was being lost when the
impurities were removed. The concentration of the impurities (silver, iron, antimony, bismuth, tin and
zinc) was also higher compared to the observed in the analysis made from the GMH-1. This increment
in impurities can be due to their lower density compared to that from lead which makes them stay
afloat.
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Figure 4.16. Dross taken during the melting of PbLi from the GMH-1
In Figure 4.17 the XRD pattern obtained for one of the samples is shown (ES-2). In both samples a
high presence of lead and lithium oxides was found (PbO-00-005-0561, Li2O-01-077-2144, LiOH-01085-1064 and LiOH-00-001-1021 from the JPCDS).
The analysis of the impurities remaining in the melting process shows that oxidation of the alloy
occurs in a high grade. It should be taken a special care on controlling the presence of oxygen in the
inert atmosphere. Moreover a lot of lithium is being removed with the impurities which reduce its
content in the bulk of PbLi therefore affecting the eutectic grade of the alloy.

Figure 4.17. XRD pattern of sample 2 from dross analysis (ES2). Each peak is identified
and numbered according to the pattern of the JCPDS: red for Pb, green for PbO, purple for
LiOH and blue for Li2O
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iii.

Liquid mixture samples

Some samples were obtained and analysed when the Fuskite loop was completely filled with the
melted PbLi. After the experiments the circuit was emptied by draining the liquid from the bottom of
the loop and other samples were taken after the experiments to compare the state of the liquid metal.
Figure 4.18 shows DTA analysis in nitrogen atmosphere for the samples taken before (LM-before,
red line) and after (LM-after, purple line) the experiments were carried out. It is observed a peak at
230 ℃ which was not present in the previous analysis. Since some impurities had been removed and
the alloy was melted for a time prior to taking the samples, the mixture may had been homogenised
appearing zones of eutectic composition. However, there is the same transition at 325 ℃ which
indicates the high concentration on Pb.

Figure 4.18. DTA and TG analyses of melted PbLi samples taken from the loop. Blue and
red lines corresponding to samples before experiments; green and purple lines refers to
the samples taken after the experiments
The chemical analysis of all samples is shown in Figure 4.19, samples coming from the ingots as
received (green and red) and the liquid samples before (dark blue) and after experiments (orange).
Results for LM-before reveal the presence of the already seen impurities in a middle concentration
between GMH-1 and GMH-2 batches. Thus, it can be concluded that there had been a mixture of these
two batches. Regarding the sample taken after the experiments (LM-after) it is observed a decrease in
most of the impurities which could indicate that due to the time spent and the circulation of the liquid
metal, they might have been moved to the top of the loop and removed (there is no clue of the high
content of silver). Focusing on the lithium content in the melted PbLi, it is observed in both cases a
middle concentration between the GMH-1 and GMH-2 batches (0.28% and 0.36%). The increase on the
Li concentration may be explained by the reduction of the impurities content in the sample.
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Figure 4.19. Chemical analysis of PbLi from GMH. Comparison of the as received PbLi
samples (GMH-1 and GMH-2) and melted PbLi samples (LM-before and LM-after)
To conclude, XRD analysis, surprisingly, revealed the single presence of non-oxidized lead in the
LM-before sample (Pb-00-004-0686 from the JCPDS). It seems that all the lithium and lead oxides
were removed with the impurities presented previously. The sample obtained after experiments
showed a small quantity of lead oxide (Pb 03-065-2873 and PbO 01-072-0151 from the JCPDS).

c) Conclusions
The two PbLi batches analysed were not formed by eutectic composition presenting high content
of impurities (aluminium, copper, iron and bismuth). The grade of oxidation was different between
zones, being the principal oxide formed that from lead. The two GMH batches had a high difference in
composition which could affect to the mixing and also to the behaviour of the liquid metal during
experiments.
The analysis of dross revealed a high grade of oxidation during the melting process. This should
be avoided by controlling the protective atmosphere. Moreover, some lithium was removed with those
oxides, reducing its content in the bulk PbLi.
Lessons learnt from these analyses can significantly contribute to the development of experiments
with PbLi. As recommendations it should be mentioned:
-

to keep the ingots in vacuum package and in dry environment to avoid oxidation

-

to make an oxygen analysis of the ingot before its use to ensure its purity

-

to make an oxygen analysis after the assay to check whether the composition has changed or
not

-

to take care of the oxygen content in the glove box
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-

keep an inert atmosphere to avoid oxidization of the liquid during melting process

As shown in DTA/TG analysis, the melting point of all ‘as received’ samples corresponds to that of
Pb. The low content in Li may impede its visualization. If the alloy is not in eutectic grade, the phases of
Pb and Li will fuse at their own melting points. Therefore the melting point at 235 ℃ is not observed
since there is not eutectic grade, as it was confirmed.
Finally, special attention should be paid to the decrease on the lithium content in the PbLi after it
was melted. Due to its volatility and the ease oxidation of the element there is a high risk of losing it
while removing the impurities on the top of the liquid. Previous investigations determined that a
higher concentration of lithium in the initial solid is required (up to 25%at.) to reach a eutectic final
composition [165].
Therefore, regarding the operation of the loop, the use of a PbLi with an initial higher content on
Li should be explored.
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5. DEVELOPMENT OF NON-COMMERCIAL
COMPONENTS FOR LEAD-LITHIUM LOOP
In this chapter the design and manufacturing of the main components of the PbLi loop to
experimentally demonstrate the permeation against vacuum technique are presented, a
prototype of permeator against vacuum and a gas injection system.
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5 DEVELOPMENT OF NON-COMMERCIAL COMPONENTS FOR LEADLITHIUM LOOP
In the previous Chapter 4, the main components required for the development of the lead-lithium
loop aimed to test the permeation against vacuum technology were identified. Since there are
commercially available pumps that can be implemented in the loop, several efforts have been focused
on the design and development of the non-commercially available components which are the PAV and
the gas injector. This chapter is devoted to the design and definition of these key elements following
the operational parameters, already fixed in Chapter 4, in order to meet with the conditions of a TERSDCLL.
Firstly, the design of the PAV is presented. Its optimization is based on the model developed for
the TERS of the DCLL (Chapter 3) and takes into account the performed materials selection. Then,
structural calculations are made to validate the mechanical stability upon experimental operation.
Finally, the characterization of the material employed as membrane and the fabrication of the
permeator is depicted.
Secondly, the design of the gas injection system is presented. A novel approach based on forced
permeation is proposed for which a complete development of the model defining the transport
properties is made. To reach the required conditions of hydrogen content in PbLi, it is optimized in
order to work at the same injection rate as the extraction in the PAV and following the operational
conditions of the loop. This leads to a 3D design of the component to be manufactured.

5.1.PERMEATOR AGAINSTS VACUUM PROTOTYPE-TRITON
5.1.1. Characteristics
A Permeator Against Vacuum is proposed as primary option for tritium extraction in liquid metal
based breeder blankets, and in particular for the DCLL. Therefore, the technology must be validated
experimentally by the construction of a prototype able to work under DCLL relevant conditions.
Following the premises stated in the TERS design, Chapter 3, the objective is to develop a small scale
permeator for its implementation in the PbLi loop, Chapter 4. Furthermore, an inherent process within
this development is the establishment of a procedure for the manufacturing and assembly of such kind
of systems as a function of the geometry and materials to be used.
Table 5.1. Input parameters for TRITON
Parameter
Temperature
PbLi mass flow rate
PbLi pressure
Space for test section
PbLi max. velocity in PAV-DCLL

Value
300-500 ℃
2-39 kg/s
1-3 bar
1.5 m
1 m/s

Following the numerical calculation presented in Chapter 3, a small scale prototype of PAV,
TRITON (TRITium permeatiON), has been developed. Its design is conditioned by the PbLi loop
operational conditions (Section 4.3). Although tests will be done at different PbLi velocities inside the
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PbLi channels, the target value relevant for a DCLL DEMO is 1 m/s, as it was stated for the PAV
operating in the TERS (Section 3.3). For this reason, the study of the influence of each parameter to
optimize the design has been performed by fixing that velocity. Table 5.1 summarizes the main
parameters for the design of TRITON.

5.1.2. Conceptual design
a) Basic geometry
As stated in Chapter 3, the key point of this study is to design a structure whose configuration
maximizes the contact area between the membrane and the flowing PbLi to promote tritium transport
from the bulk to the wall. The design must ensure a uniform flow distribution across the permeator
and minimize the pressure drop. A scalable prototype for the TERS-DCLL is necessary, hence, the
geometry of the permeator is based on rectangular channels of PbLi alternated with vacuum channels,
as presented in Figure 3.2.

b) Membrane materials
The materials able to be used as membrane in the PAV must lead the conditions presented in
Section 3.3.
In Table 3.2 the most attractive materials to be used as membrane in the PAV were summarized.
There are various materials offering similar efficiencies for this design (Palladium-Silver, Vanadium,
Tantalum…). However, the high price and the unknown compatibility with PbLi reduce the
possibilities. It was concluded (Section 3.3) that the best materials for the PAV membrane are
vanadium, niobium and tantalum due to the high extraction efficiency that can be achieved and
compatibility with PbLi in static conditions [112]. In order to save costs and considering the
availability of materials, for this first prototype it was established to use α-Fe membranes for the first
prototype. In spite of its low permeability [97], this material can lead to enough extraction capability
in order to demonstrate the permeation technique. Therefore, the optimization of the design would be
made by comparing vanadium (V-PAV) and iron (Fe-PAV) based permeator options.

c) Design optimization
The expression for the PAV efficiency was obtained in Section 3.3, eq. 48 and eq. 49. It is the
result of a study over the tritium behaviour in the liquid metal and through the membrane under a
diffusion limited regime. Since the efficiency of the permeator strongly depends on the PbLi velocity,
the optimization of the system must consider the range of mass flow rate given by the PMP pump.
Although tests will be done at different velocities, the significant value for the permeation study
relevant for a DCLL-DEMO is 1 m/s. For this reason the study of the influence of each parameter to
optimize the design is performed by fixing the velocity to this value. Even though the efficiency will
become disfavoured at higher velocities, the key point of the experiment is to demonstrate the
permeation against vacuum process. Therefore, the dependence of the efficiency with the number of
channels, N, is cancelled since their relation is through the velocity (eq. 49 and eq. 50). The value of N
will be set according to the mass flow rate given by the pump, i.e. since the width and distance
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between membranes, a and h, are obtained through the efficiency evaluation, the total number of
channels is fixed to allow mass flow variation in the velocity ranges desired for the experiments.
Taking into account the available space for the permeator implementation in the experimental
room, namely 1.5 m, the membrane has to be limited to 1 m length, L, saving some space for the
connections to the loop. Another important parameter is the channel height. Its value has been
maintained at 5E-3 m following the design presented for the TERS, Table 3.3. Through eq. 50, it can be
observed that when the mass flow rate is low, the distance between membranes should be reduced in
order to maintain a velocity of 1 m/s. On the other hand, for a fixed value of channel height, when the
width and number of channels are increased, the flux must also be increased. From eq. 49 can be
followed that a decrease in the membrane thickness, z, results in an improvement of efficiency due to
the increase of the permeation flux. Regardless, the mechanical resistance of the membrane should be
taken into account; therefore z is set to 1E-3 m, again following the design of the TERS.
Finally, it is important to mention again the dispersion in measured hydrogen solubility in PbLi
which changes up to two orders of magnitude [76]. For this reason, Sievert's constants from Reiter
[79] and Aiello [84] have been used for the study as the most optimistic and pessimistic cases,
respectively.
Figure 5.1 shows the variation of the efficiency as a function of the channel width where a slight
increase of the efficiency with growing values can be observed. From 0.05 m to 0.15 m (increment of
200%), the efficiency increment is around 1%, almost negligible. Considering the range of mass flow
rate achievable in the loop (Table 5.1) and in order to meet the required velocity, the channel width is
fixed to 8E-2 m and the number of PbLi flowing channels to 7 (therefore 8 vacuum channels).

Figure 5.1. Variation of the efficiency with the PAV width for the two membranes
considered (v = 1 m/s; h = 5E-3 m; L = 1 m; z = 1E-3 m; ϕ Fe= 1.75E-10 mol/m·s·Pa0.5; ϕ V=
1.52E-7 mol/m·s·Pa0.5)
As a summary of this discussion, the geometrical parameters of TRITON are presented in Table
5.2 and a detailed study on the efficiency expected for the operational range of the loop can be
performed.

Development of non-commercial components for Lead-Lithium Loop 117

Chapter 5
Table 5.2. TRITON geometrical characteristics
Parameter
Channel width
Channel height
Membrane length
Membrane thickness
Number of PbLi channels
Total number of channels
Membrane area
PbLi volume

Value
8.00E-2 m
5.00E-3 m
1.00 m
1.00E-3 m
7
15
1.12 m2
3.00 l

Figure 5.2 shows the variation of the efficiency with the PbLi mass flow in the loop according to
eq. 48. By using the two values of hydrogen solubility for the fixed geometry in Table 5.2, the
behaviour of both V-PAV and Fe-PAV is depicted.

Figure 5.2. Variation of the efficiency with the PbLi mass flow rate and velocity (h = 5E-3
m; z = 1E-3 m; a = 8E-2 m; N = 7; T=500 ℃; ϕ Fe= 1.75E-10 mol/m·s·Pa0.5; ϕ V= 1.52E-7
mol/m·s·Pa0.5)
As expected, an increase on the mass flow rate, with the subsequent increase on velocity (eq. 50),
implies a decrease on the efficiency following the exponential relation showed in eq. 48. In the case of
V membranes (higher permeability) the permeation flux is driven by mass transport (i.e. tritium
transport in the PbLi) and a change in the solubility is less accentuated. On the contrary, when using
Fe, the permeation is limited by membrane processes. Here, the effect of the solubility causes a higher
impact on the PAV efficiency due to the liquid/solid interface relation eq. 23.
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An interesting situation arises when the temperature is varied at a fixed mass flow (e.g. 28.4
kg/s). In Figure 5.3 the efficiency of the PAV is plotted against the temperature in a range between 300
and 800 ℃. It should be noted that many parameters are dependent on the temperature such as the
PbLi density; the hydrogen diffusivity both in the liquid and the membrane; the permeability and the
solubility of hydrogen in PbLi. Therefore, there could be different influences which are contrary to
each other. From Figure 5.3 it could be deduced that, although hydrogen solubility in PbLi increases
with temperature, disfavouring the extraction process (faster for Aiello’s KS), the increase of the
diffusivity in the liquid metal is higher and the efficiency is enhanced. However, hydrogen permeability
through V decreases with temperature (contrary to what happens in Fe) and for temperatures higher
than 652 ℃ the huge solubility given by Aiello diminishes the efficiency, as seen in the dashed blue
line.
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Figure 5.3. Efficiency dependence with temperature (m=28.4 kg/s; h = 5E-3 m; z = 1E-3 m;
a = 8E-2 m; N = 7; ϕ Fe= 1.77E-8 exp(-31600/(R·T)) mol/m·s·Pa0.5 ; ϕ V= 4.0E-9
exp(24900/(R·T)) mol/m·s·Pa0.5)
To evaluate the optimization of the design a sensitivity analysis is presented, Figure 5.4,
considering a V-PAV. It is observed the variation in a 40% of each parameter is presented, showing
how the efficiency changes by keeping the rest in the optimized value. As expected, the length and the
channel height have the highest influence on the efficiency, similarly to that occurring in the TERS
(Section 3.3.3). The maximum improvement that could be achieved is by reducing the channel height
in a 40% (this means by using a separation between membranes of about 3 mm) which increases the
efficiency in a 55%. However, the velocity would increase up to 1.7 m/s which is rather high implying
a high corrosion rate. On the other side, a 40% increase in length improves the efficiency in a 30%
approximately. Nevertheless, the premise is to design a small scale prototype being limited to 1 m in
membrane length. Finally, it is observed that the effect on varying other parameters, channel width,
membrane thickness and number of PbLi flowing channels, is less relevant.
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Figure 5.4. Sensitivity analysis of the design of TRTION (h = 5E-3 m, L = 5 m, z = 1E-3 m, a
= 8E-2 m, N = 7, ϕ V= 1.52E-7 mol/m·s·Pa0.5)
For the design parameters presented in Table 5.2, the efficiency range of an Fe-PAV and a V-PAV
operating in the PbLi loop are summarized in Table 5.3.
Table 5.3. TRITON efficiency for Fe and V membranes in the range of PbLi mass flow
operation at 500 ℃
PbLi mass flow
2 kg/s
39 kg/s

Material
iron
vanadium
iron
vanadium

Reiter
21.6%
32.4%
2.0%
21.0%

Aiello
2.8%
32.1%
0.1%
18.7%

The achieved efficiency with vanadium ranges from 32% to 18-21% depending on the hydrogen
solubility in PbLi, see Table 5.3, and is practically the same for Nb and Ta since their transport
properties are very close. On the other side, the efficiency range with an Fe-PAV goes from 21-2.8% to
2.0-0.1%. The low value of Fe permeability leads to an accentuated effect of the solubility coefficient
used in the efficiency provided. Since the extraction expected with an Fe-PAV is too low, it could lead
to difficulties when measuring the amount of hydrogen extracted, which can even be undetected. In
this scenario, the technique cannot be validated nor rejected. To avoid this potential problem, the
material selected for the development of the prototype is within the group of V, Nb and Ta because in
the worst operational scenario (maximum mass flow rate and Aiello’s KS) the efficiency is high enough
to provide relevant information.
The price of these materials is rather high, according to [166] about 4 times higher than Fe. There
is no need on fabricating the whole device in one single element since the most important part is the
membrane. Therefore, in order to reduce the amount of needed material, the most feasible option is to
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use membranes of V/Nb/Ta supported into a structure of stainless steel. Due to the huge melting
temperature of Nb and Ta (higher than 2500 ℃) the welding with stainless steel (melting point at
about 1500 ℃) is not straightforward. This complication is mitigated with the use of V membranes
which have a melting temperature of 1900 ℃, near to that of the steel. The proposed design, hereby,
consists of a supporting structure of stainless steel and membranes of vanadium forming channels for
vacuum and flowing PbLi.

d) Pressure drop
Following the same procedure as in Section 3.3, the pressure drop of TRITON can be obtained.
Applying Darcy (eq. 51) and Haaland (eq. 52) equations, the pressure drop for an absolute roughness
of 0.2 µm for vanadium [147] is obtained. In addition, gradual connections are envisaged (Figure 3.11),
thus the pressure drop causing has been also considered (eq. 53). For the design presented in Table
5.2 the expected pressure drop is 0.41 bar.

5.1.3. Characterization of the vanadium membrane
Once the materials for TRITON fabrication have been chosen, an exhaust investigation was
performed in order to acquire the material needed for the permeator. Membranes of 1 mm thickness, 1
m length and 0.09 m width were required. The only company that was found able to procure the
material was ‘EagleAlloys Corporation S.L’, from the US.
14 sheets of high purity vanadium were purchased, Figure 5.5. Moreover, additional samples were
acquired for its dedicated characterization.

Figure 5.5. Vanadium membranes of 1 mm thick, 1 m length and 0.09 m width

a) Chemical characterization
In the certificate of analysis given by the supplier, Figure 5.6, it is found the content of impurities
of the purchased material.
As it can be observed in Figure 5.6, there is a high quantity of aluminum (300 ppm). The presence
of this element in high concentration can promote the oxidation of the membrane surface. The main
consequence should be a reduction on the permeability due to the oxide layer. For that reason an
additional chemical analysis was conducted in CIEMAT in four samples analyzed with X-ray
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fluorescence to check the purity grade of the vanadium and the concentration of impurities. Results
are plotted in Figure 5.7 (red bars) together with the information provided by the supplier (blue bars).
The concentration of impurities (ppm) is represented on the left whereas the purity of vanadium is
plotted on the right y-axis. It is observed a small amount of Al (12 ppm), one order of magnitude below
the value given by Eagle Alloys, which reduces the risk of oxidation. The rest of elements are in
agreement or below the reference values, except sodium which does not comprise an issue. The
measured purity grade of the material purchased is 99.86%.

Figure 5.6. Certificate of analysis of the vanadium purchased for the manufacturing of the
permeator, from Eagle Alloys Corporation

Figure 5.7. Chemical analysis of vanadium membranes. Comparison between results
obtained at CIEMAT (red bars) and supplier’s data (blue bars). X-ray fluorescence was
employed to determine the amount of impurities and vanadium purity
In addition, Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDX)
were used to analyze the composition of the membrane surface. In Figure 5.8-left the SEM image of
vanadium is shown. A uniform grain size and distribution is observed. The EDX spectrum of the
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sample of vanadium is observed in Figure 5.8-right showing characteristic lines of vanadium emission
with no presence of other components in detectable concentrations.

Figure 5.8. SEM/EDX analysis of vanadium as received

Figure 5.9. a) Vanadium sheet in oxidized state; b) First step to remove the oxide layer in
vanadium: washing with CITRANOX/water 1:1 and ethanol; c) Second step: polish the
surface with 1200-SiC sandpaper and then with 4000-SiC sandpaper and water; d) Final
state of vanadium membrane after the elimination of the oxide layer
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The fabrication of the permeator was delayed due to administrative reasons, making impossible
to continue with the project during 14 months. Thus, the acquired vanadium was stored in CIEMAT
workshop waiting for the assembly of the prototype. During this time, the sheets were not properly
conserved, leading to some oxidation in certain zones of the surface as seen in Figure 5.9-a. As it is
observed, the growth of the stain was from the centre to the outside of the membrane, thus it was
thought that the main cause was not due to the atmospheric oxidation. Therefore, SEM/EDX and XRD
analysis were performed on powder removed from the surface to confirm the origin of the oxides.
In SEM/EDX analysis, Figure 5.10, traces of calcium, silicon and magnesium were found, indicating
the possible presence of residues. In the XRD only vanadium oxides were found (VO 2 corresponding to
the 00-033-1441 code from the Joint Committee on Powder Diffraction Standards). After a careful
investigation it was confirmed by the supplier that a compound was used for a final cleaning of the
material before delivery. Such compound promoted the oxidation and for future purchases this kind of
cleaning should be avoided.

Figure 5.10. SEM/EDX analysis of vanadium oxide powder extracted from the membrane

Figure 5.11. Microscope photographs of the surface of vanadium (a) before and (b) after
the cleaning procedure to remove the layer of oxide
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After this analysis a procedure to clean the surface was applied to all the vanadium membranes in
order to remove the oxide layer and recover the polished surface. As shown in Figure 5.9 they were
firstly cleaned with a mixture 1:1 of CITRANOX® and water. Then, ethanol of 96º was used to remove
the remaining product and avoid the oxidation caused for this strong detergent. SiC sandpaper of 1200
and 4000 grain was used to polish the surface. At the end, 99º ethanol was used to clean the surface
prior to storage all the sheets in vacuum bags.
To check the final polishing of the membranes, a scanning with the confocal microscope was
performed. In Figure 5.11-a the surface profile of the vanadium as received is presented while in
Figure 5.11-b the profile after the cleaning treatment is shown. A change on the roughness of the
surface is observed from 0.25 µm in the as received sample to 0.50 µm after the treatment. This change
does not promote a significant increase in the pressure drop (0.42 bar).

b) Permeability characterization
The main characteristic of vanadium for its application in PAV is its high permeability. A review of
the literature revealed that there exist a large scattering on the values for this property. Figure 5.12
summarizes V-permeability at different temperatures from various authors [95], [167], [168], [90] and
[169]. Two trends can be observed which correspond to experimentally measured permeability
(negative slope, squares) and inferred values (positive slope, diamonds). Calculated values come from
the product between solubility and diffusivity. However, this approach has a problem since in the case
of S. A. Steward [95], the permeability is obtained as an extrapolation of the experimental results of J.
Völkl (1975) [170] for diffusivity and E. Veleckis (1969) [171] for KS. In addition, the temperature
range in where those experiments were carried is different for both authors, being from -150 ℃ to 300
℃ in diffusivity and from 245 ℃ to 554 ℃ for the solubility. The regression presented by F. Reiter [90],
is also an extrapolation of the experimental results of D and KS. In this case, the diffusivity was
measured in a range >250 ℃ by T. Schober (1990) [172] and the solubility is an averaged value in the
range 43-800 ℃ from P. Meuffels (1986) [173] and H. Bleichert (1987) [174].

Figure 5.12. Literature values for deuterium permeability through vanadium
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Due to the variety of results found and in order to check the permeability of the purchased
material, a dedicated experimental campaign was performed. Deuterium permeability in vanadium
was measured by applying the technique based on gas-driven permeation (GDP) in two independent
experimental laboratories, CIEMAT [175] and ASIPP (Institute of Plasma Physics, Chinese Academy of
Sciences).
The general system to perform GDP experiments consists of a two-chamber device in which the
samples are held forming a membrane between the high and the low pressure zones, Figure 5.13. A
certain gas pressure is applied in the high pressure chamber and the permeated flux is detected by
maintaining the needed vacuum conditions in the other chamber. The sample temperature is
controlled by a heating system and thermocouple sensors.

Figure 5.13. General scheme of a gas driven permeation set-up and vanadium sample used
for the experiments (dimensions 39 x 39 x 1 mm)
The permeated flux from the high to the low pressure cell is measured at a fixed temperature and
from Fick’s first law, eq. 8, when steady-state conditions apply, the permeability is obtained. This
process is repeated at different temperatures to obtain an Arrhenius-type temperature dependence of
the permeability.
Two vanadium samples, each one consisting of a square piece of 39 x 39 mm with 1 mm thickness,
Figure 5.13, were used for the experiment. Both sides of samples were firstly mechanically polished
using SiC abrasive paper with water and then mechanically polished with diamond powder to a mirror
finish, ultrasonically cleaned in alcohol and outgassed at 550 ℃ for several hours. Then they were
inserted into the measurement chamber and held with copper gaskets to assure a good isolation. For a
control of the sample temperature, a thermocouple was spot-welded to the surface of the sample,
leaving the entire surface free for the permeation.
The gas was injected in the cell at a fixed pressure upon stabilization. The heating was switched
on up to the temperature to be tested at 10 ℃/min. A fast change in the gas pressure was induced in
order to measure the flux evolution from the transient to the steady state. As an example, Figure 5.14left, shows the flux evolution with time obtained in ASIPP at 494 ℃. Firstly, the pressure was fixed at
50 mbar and the deuterium flux increased. When the stationary was reached, the pressure was
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switched to the next point. With this procedure the permeability was obtained at different
temperatures.

Figure 5.14. Deuterium permeation flux through the vanadium membrane. Left) evolution
with time and increasing pressures. Right) flux dependence with the pressure applied at
different temperatures. Measurements performed in ASIPP
In Figure 5.14-right, the flux is plotted against the pressure to obtain the permeability and to
confirm the diffusive regime (flux proportional to the square root of the pressure). At ASIPP, the
measurements were performed in a range from 50 mbar to 200 mbar while in CIEMAT they were from
100 to 200 mbar pressure.

Figure 5.15. Deuterium permeability through vanadium at different temperatures
measured at CIEMAT and ASIPP: comparison with literature values.
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Figure 5.15 shows the permeability of deuterium obtained at CIEMAT and ASIPP plotted together
with values from literature. Experimental results from the literature present the same behaviour than
those obtained in CIEMAT and ASIPP, the permeability increases with the temperature. For the
calculated values it seems the permeability at high temperatures has different mechanisms that those
driving the process at low temperatures which affects to the slope of the Arrhenius plot. Originally it
was assumed that the permeability decreased with the temperature, however it could be observed
that for experimental determinations this premise is not followed. In the results obtained at CIEMAT
and ASIPP there is agreement with the experimental data from literature.
Following Figure 5.15, from the values obtained in CIEMAT and ASIPP, the Arrhenius equations of
permeability for vanadium are:
ϕ𝐶𝐼𝐸𝑀𝐴𝑇 (mol/s · Pa0.5 ) = 6.00E − 3 · exp (−
ϕ𝐴𝑆𝐼𝑃𝑃 (mol/s · Pa0.5 ) = 7.39 · exp (−

11798
)
T

16190
)
T

eq. 63
eq. 64

c) Mechanical characterization
A critical point in the design of the permeator is the operational temperature. At those high
temperatures (up to 550 ℃) materials are subjected to stresses that may affect the mechanical
properties of the structure. In addition, when two different materials are employed, special attention
should be paid to the similitudes on their properties. In this case, the thermal expansion coefficient
plays an important role since at the working temperature both the vanadium and the supporting
structure will suffer a slight expansion. As the welding of materials with different behaviour at the
operational conditions is a critical issue, knowing the mechanical properties of the materials employed
is of highly importance. They are needed to check the engineering design by performing
thermomechanical simulations to assure the correct and safe functioning of the system.

Figure 5.16. Evolution of the thermal expansion coefficient of vanadium with
temperature. Longitudinal (blue line) and transversal (red line) directions
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The information provided by the supplier on vanadium characteristics was not enough to perform
those simulations since the values were at standard temperature, therefore not knowing how they
change with the temperature. Metals properties change drastically when they are heated at high
temperatures, therefore different mechanical properties (yield strength, tensile strength, fracture
strain, modulus of elasticity and thermal expansion coefficient) were measured in a temperature range
between 400 and 550 ℃.
Dilatometry probes were mechanized with 4 mm width and 10 mm length both in longitudinal
and transversal directions of the material. The thermal expansion coefficient in these two directions
was measured from 50 ℃ up to 600 ℃ at a heating rate of 2 ℃/min. The evolution of the thermal
expansion with the temperature is plotted on Figure 5.16.
Tensile tests were performed following UNE-EN-ISO 6892-2:2011 to obtain the yield strength,
tensile strength and the fracture strain. Proportional probes with an initial reference length of 20 mm
were mechanized. The after test state of the probes is shown in Figure 5.17.
To determine the modulus of elasticity, three probes were employed to perform the experiment
and UNE-EN-ISO 6892-1:2009 was followed. Each one was subjected to five cycles of load-unload and
the modulus of elasticity was determined at each cycle eliminating the highest and the lowest value.

Figure 5.17. Vanadium probes after tensile tests at 400 ℃, 500 ℃ and 550 ℃
Table 5.4 summarizes the results obtained in the mechanical characterization of the purchased
vanadium. The reference value given by the supplier is also included to compare with the
measurements. There are differences between values obtained and the reference value but they are
mainly due to the change of the mechanical properties of the material with the temperature. Thus,
obtained data were used for the structural calculations of TRITON.
Table 5.4. Mechanical properties of vanadium membrane and reference value (at room
temperature) given by the supplier

Modulus of elasticity (GPa)
Yield strength R0.2 (MPa)
Tensile strength (MPa)
Fracture strain (%)
Thermal expansion coeff.
longitudinal (℃ -1)
Thermal expansion coeff.
transversal (℃ -1)

Ref. value,
room Temp.
137.9

450 ℃

500 ℃

550 ℃

143.7

116.9

52.6

124-172
200-241
-

231
294
23

143
264
22

123
205
27

8.3 · 10-6

9.29 · 10-6

9.37 · 10-6

9.49 · 10-6

-

9.58 · 10-6

9.64 · 10-6

9.71 · 10-6
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5.1.4. Detailed design
a) Structural calculations
Before setting the final design of the permeator, some structural calculations have been
performed in order to verify the integrity of the assembly, considering measured parameters from
Section 5.1.3. The design consists of a set of vanadium membranes supported by a structure of
stainless steel. The most feasible option was to stack the plates in the lateral structures to define the
channels. Stiffening elements located inside vacuum channels are assumed in order to avoid
membrane deformations.
It must be underlined that the employ of two materials with different average coefficients of
thermal expansion can cause intolerable thermal stresses when the PAV is heated up to 500℃. As an
example, austenitic steels have a coefficient ~16 µm/m/℃ at room temperature while that from
vanadium is 8.2 µm/m/℃ (Figure 5.16). On the other side, martensitic steels have average coefficients
of thermal expansion of about 10 µm/m/℃ at room temperature. The compatibility of this steel with
vanadium is expected to be better than with austenitic steels. Therefore, the selection of the structural
material is in the range of martensitic steels, specifically stainless steel AISI410 has been selected as
supporting structure.
Figure 5.18 shows the modelled temperature profile of the permeator. It considers the PbLi
flowing at 500 ℃ and small heat losses through the isolation. It can be observed that the temperature
is maintained in all PbLi flowing channels and it decreases in the external faces of the structure.

Figure 5.18. Structural analysis of PAV: temperature profile of half-longitudinal-section
Results for the elastic analysis under the most unfavourable conditions the permeator will be
subjected to (500℃ and PbLi velocity of 1 m/s) show that the maximum von Mises equivalent stress
for the steel structure is below the yield strength of AISI410 (275 MPa), Figure 5.19-a. In the case of V
sheets, Figure 5.19-b, the maximum von Mises equivalent stress is around the highest value obtained
in the characterization of the material (143 MPa, Table 5.4). The maximum deformation along the
horizontal axis is 8 mm and will not affect the PbLi flow.
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Figure 5.19. Structural analysis of PAV showing half-longitudinal-section; a) Steel
structure von Mises stress; b) Vanadium sheets von Mises stress. Maximum stresses are
below the limits for both materials
One longitudinal row of stiffeners with H-shaped profile is located in the vacuum channels, Figure
5.20. The total number of elements per channel is 16 and the dimensions are 68 mm length and 35 mm
width. With this configuration the mechanical properties of the permeator are within the safety
boundary conditions.

Figure 5.20. Stiffening elements located in the vacuum channels of the PAV. There are 16
stiffeners per channel separated each 25 mm, with a width of 35 mm and a length of 68
mm.

b) Final design operational behaviour
The final performance of the PAV is assessed in terms of efficiency and considering the range of
operation of the prototype: variation of temperature and mass flow rate. As the permeability of the
membrane has been determined to be two orders of magnitude lower than that found in the literature,
it is expected a variation on the recovery achievable for the presented design. Therefore, the efficiency
of the prototype has been recalculated considering the measured permeability.
Figure 5.21-a shows the range of efficiencies that could be achieved working at 500 ℃ and varying
the PbLi mass flow between 0.2 and 39 kg/s (Table 4.1). The results for the two limit values of
hydrogen solubility are plotted (Reiter and Aiello) and a considerable difference is observed. As
mentioned previously, as the solubility increases (Aiello’s case), the extraction is impeded. But a
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reduction in the permeability makes the process to be close to a transport limited by membrane where
the dispersion on solubility has higher impact, as seen in Figure 5.2. For this case, the efficiency varies
between 15% and 44% for Reiter’s KS and from 1.5% to 39% for Aiello’s KS.

Figure 5.21. Efficiency ranges of TRITON for the operational parameters of the loop and
the measured V permeability. a) Evolution with mass flow rate limits; b) dependence with
temperature ranges

Figure 5.22. Efficiency of the permeator for the range of PbLi mass flow and temperatures
to be tested in the experimental campaign considering Reiter’s KS

132 Development of non-commercial components for Lead-Lithium Loop

Chapter 5

The effect of the temperature on the efficiency of the permeator when the PbLi mass flow is fixed
to the highest value achievable in the loop, 28.4 kg/s, to have a velocity of 1 m/s inside the channels, is
depicted in Figure 5.21-b. The permeability varies with the temperature according to eq. 59. As
expected, the efficiency increases with the temperature, faster when Reiter’s solubility is considered.
For lower values of mass flow rate the efficiency is higher, as shown in Figure 5.21-a.
Finally, the efficiency of TRITON for the whole range of mass flow and temperatures to be tested is
presented in Figure 5.22. The colour-map shows that the highest recovery is achieved at the highest
temperature and lowest mass flow rate (yellow zone). The maximum efficiency achievable is 44%
when Reiter is applied.

c) CAD-design
TRITON final design is shown in Figure 5.23 and Figure 5.24. A supporting structure of stainless
steel with splines to allocate the 1 mm thick and 1m long V membranes has been designed, Figure 5.23.
14 sheets of 90 mm width are needed to form 7 PbLi flowing ducts and 8 vacuum channels. The
structure has some lateral holes for vacuum extraction and additional space to allocate a heating
element to maintain the temperature of the permeator.

Figure 5.23. TRITON design based on vanadium sheets embedded on a stainless steel
structure in which a heating element is allocated
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To close the structure and integrate the vacuum system a box containing the flange and
feedthroughs for the vacuum pump, thermocouples, gas analyser, pressure sensors and heating
elements has been included (Figure 5.24). The connection to the PbLi circuit is made through a round
to square diffuser to distribute the flow over the PbLi ducts.

Figure 5.24. PAV general view with vacuum circuit connections
With all these integrations the final dimensions of TRITON are: 1.4 m length, 28.4 cm width
(including the vacuum flange connection) and 20 cm height.
In Annex II the planes of all pieces for the manufacturing are presented.

5.1.5. Manufacturing and final assembly
a) Manufacturing of pieces
Figure 5.25 shows the lateral structure of stainless steel. This piece presents a high complexity in
the manufacturing step. It possesses one-meter-longitudinal grooves to allocate the membranes of
vanadium. Moreover, thicker grooves with 10 cm length are disposed along the material to perform
vacuum in the channels. In addition, for the installation of the heater, zig-zag splines are made in
between the vanadium grooves. The distances between these grooves are in the order of 1-2 mm. The
methodology recommended by experts consulted was to employ water-cut for the machining of this
piece.
To close the structure, the upper and bottom items are machined with a small step in both
extremes to close the entrance of the vacuum channels located at the up and down sites, Figure 5.26.
With this approach, there is no need of a closing tap for those channels as seen in Figure 5.23.
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Figure 5.25. Lateral supporting structure and details showing the holes for performing
the vacuum between PbLi channels, the splines to allocate the membranes of vanadium
and the groove for the heating element

Figure 5.26. Upper and bottom supporting structures
To close both lateral sides of the permeator and connect it to the vacuum system, a vacuum box
with the CF connections to pressure sensor, vacuum pump, gas analyser and instrumentation
feedthroughs is fabricated (Figure 5.27).
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Figure 5.27. Vacuum box pieces with CF connections for pressure sensor, thermocouples,
vacuum pump and gas analyser
Finally, the connection of the PAV to the PbLi circuit is presented in Figure 5.28-left and a
stiffening element required in vacuum channels (Figure 5.20) is shown in Figure 5.28-right.

Figure 5.28. Diffuser and stiffener

b) Welding of vanadium and the supporting structure
The membranes of vanadium will be welded to the AISI410 supporting structure. Since there is no
information regarding the welding of these two metals, some preliminary tests and characterization
were performed. The supplier recommended TIG welding and a filler material was employed to assure
a good union between both metals. The filler used was an alloy of vanadium and chromium to be
compatible with the two elements called CRONATRON®.
Two samples were welded, Figure 5.29, and examined with SEM/EDX in order to check the
behaviour of the process. The vanadium consisted of a piece of 1 mm thick, 1 cm width and 10 cm
length which was welded to a piece of 5 mm thick, 5 mm width and 15 cm length of steel. The critical
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point was to check if the welding conditions may cause damage to the membrane such as holes due to
the low thickness of vanadium. Figure 5.29 shows the back side of both samples, which is the opposite
side to the welding, and the front side in where the welding was performed. It can be observed that
typical colour-rings appeared in the vanadium material due to the high temperature of the TIG. After
the welding and prior to be analysed with SEM/EDX, both samples were immersed in a solution of
isopropyl alcohol and left in the ultrasounds for half hour to remove organic compounds that may
interfere in the analysis.

Figure 5.29. Samples of welding test between vanadium and stainless steel AISI410; left)
sample 1; right) sample 2

Figure 5.30. SEM analysis of vanadium side of welding test; sample 1
Results of the SEM/EDX analysis of sample 1 are presented in Figure 5.30, Figure 5.31 and Figure
5.32 (results from sample 2 were equal and, therefore, not shown). The spectra of the back side of both
samples showed vanadium as principal element. It was also observed carbon in the spectra maybe due
to the manipulation of the sample. However, no oxides were found, nor chromium nor iron which
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could indicate that the filler material had not passed through the membrane indicating the presence of
pores.
The analysis of the front side showed a good transition from the steel to the vanadium through the
welding material. In the zone of the filler it is clearly observed the presence of chromium and iron as
principal elements, among other steel components, Figure 5.31.

Figure 5.31. SEM analysis of back side of welding test in the zone of the filler material,
sample 1
In the zone of the edge of the welding, the spectrum shows vanadium and chromium as principal
elements together with other steel components, Figure 5.32. In none of the samples any pore was
found that could indicate the damage of the sample. Therefore, it was concluded that this procedure
can be employed for the final assembly of the permeator.

Figure 5.32. SEM analysis of back side of welding test in the zone of the edge of the
welding, sample 1
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c) Assembly procedure
Vanadium membranes are introduced into the grooves of the lateral supporting structure
generating the channels for the PbLi flow (5 mm height) alternated with vacuum channels (10 mm
height) where stiffening elements are disposed, as seen in Figure 5.33-left.

Figure 5.33. Left) Inner view of vanadium membranes conforming PbLi and vacuum
channels; right) base structure with the stiffening elements
To integrate all parts of the permeator, the steps to follow are described: firstly, a row of stiffeners
are welded to the base support of the PAV (Figure 5.33-right). At both sides of this piece, the two
lateral supporting structures are placed and attached in few welding points, Figure 5.34.

Figure 5.34. View of the lateral supporting structures attached to the base structure of
stainless steel
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Then, all vanadium sheets are introduced from the outer-lateral-side through the groove and a
row of stiffeners in each vacuum channel is disposed. To not damage the V-membrane with much
welding for the stiffeners attachment, all the stiffeners are welded to a common rod keeping the
distance between them and being welded to the lateral structure of steel, Figure 5.35-left. To isolate
vacuum channels from the PbLi flow in the front side (Figure 5.35-right) small steel plates are welded
to vanadium and to the lateral structures.

Figure 5.35. Left) Stiffeners welded to a common rod and to the lateral supporting
structure of stainless steel; right) front view of PbLi channels and vacuum channels closed
with individual plates
The membranes are welded from the outside of the supporting structure. Firstly spot welds are
performed to fix the structure and allow the inclusion of all parts avoiding deformation. Once the
whole structure is assembled, a continuous welding is applied to close the grooves.

Figure 5.36. Welding of vanadium to the supporting structure
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Finally, all the external welding between the supporting structures is polished to assure a perfect
sealing with the gaskets.

Figure 5.37. Lateral view of TRITON with and without the vacuum box

Figure 5.38. Final assembly of TRITON

d) Auxiliaries
Succeed in the experiments can only be achieved thanks to different auxiliary systems
implemented in the PAV and are explained in the following:
i.

Vacuum system

Since hydrogen permeation flux is driven by the pressure gradient generated between the two
sides of the membrane, a good vacuum level is needed in order to accomplish with a high extraction
rate. The necessary vacuum pressure in the PAV vacuum ducts (eq. 55 and eq. 56) is calculated
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attending to the hydrogen flux, the partial pressure of hydrogen transported with the PbLi stream, the
pressure on the vacuum side, the Sieverts’ constant and the permeator efficiency.
The range of hydrogen partial pressure to test experimentally goes from 1E-4 to 1E2 Pa,
therefore, knowing the efficiency of the system at 500 ℃ (Table 5.3) and considering a factor of 2
orders of magnitude of difference at both sides of the membrane (Section 3.4), it is possible to evaluate
the pumping speed requirements for the vacuum pump.
As shown several times, the efficiency depends on the solubility of hydrogen in PbLi, therefore a
higher solubility implies lower partial pressure and the vacuum requirements increase, as in the case
of Aiello’s KS, Figure 5.39 (dotted line). Moreover, it is observed that a higher mass flow rate, the
needed pumping speed increases as consequence of the higher velocity of the PbLi.

Figure 5.39. Pumping speed required as function of the hydrogen partial pressure in the
PbLi. Needed conditions for the vacuum pump to cover the range of pressures to test in the
PAV working at 500 ℃
The vacuum volume in TRITON is about 16 litres. A high vacuum level can be accomplished by the
use of a turbomolecular pump. The HiPace 400®, from Pfeiffer Vacuum GmbH (Figure 5.40), gives a
pumping speed up to 445 l/s (4.4E-1 m3/s) for H2, as seen in Figure 5.39-red dashed line.
As observed in Figure 5.39, the maximum pumping needed is 19 m3/s. This situation only applies
when working under the highest mass flow rate, the lowest pressure of hydrogen in PbLi and
considering Aiello’s KS. Nevertheless, for the rest of the cases, the pumping provided by this pump is
enough for the application since it is higher than the necessities of the operation.
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Figure 5.40. HiPace 400® vacuum pump scheme from Pfeiffer Vacuum GmbH

ii.

Heating system

The experiments will be performed at a range of temperatures from 300 ℃ to 500 ℃. To assure
the temperature of the PAV prototype, avoiding the cooling of the flowing liquid metal due to the heat
loses to the environment, the integration of a heating system is essential. A mineral insulated
electrical resistance, from Thermocoax (Figure 5.41), will be used for that purpose. It is made of an
Inconel alloy sheath with a nickel/chromium core apt for working in a high vacuum environment and
up to 1000℃. As shown in Figure 5.23, it will be installed in the lateral faces of the PAV structure,
where a zig-zag slot will host the cable.

Figure 5.41. Heating element Thermocoax resistance
iii.

Instrumentation

Dedicated instrumentation is needed to control the prototype temperature and vacuum pressure:
-Thermocouples. There will be Type-K (Nickel-Chromium / Nickel-Alumel) sheath thermocouples,
from TCDirect, installed into vacuum channels to measure the internal temperature of the permeator
along its length, Figure 5.42-a. They can withstand a maximum temperature of 1100 ℃ thanks to the
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mineral insulation. Its flexibility allows the installation in holes performed on the stiffening elements,
Figure 5.42-b. The thermocouple is introduced on the lateral hole and fixed with a screw.

Figure 5.42. a) Thermocouple type K from TCDirect; b) stiffener with holes to allocate the
thermocouple
-Pressure sensor. To control the vacuum level a Pirani/cold cathode full range gauge, from
Pfeiffer-Vacuum (Figure 5.43), is disposed in the opposite face of the pump connection, Figure 5.24.
The gauge head IKR060 is connected through a DN 40 CF-F and provides a measurement range from
1E-10 to 5E-3 mbar.

Figure 5.43. Pirani/cold cathode gauge IKR060 from Pfeiffer-Vacuum
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5.2. GAS INJECTION SYSTEM
5.2.1. Characteristics
As mentioned in Chapter 4 the experimental validation of the permeation against vacuum
requires a system to inject hydrogen isotopes into the liquid metal, since hydrogen cannot be
generated in situ in PbLi as it is originated inside the breeding blanket. Some basic requirements must
be followed for an injector to be suitable for this application and to help to experimentally
demonstrate the validity of the associated technologies. In particular, it should:


Solubilize hydrogen into the liquid metal



Procure an uniform distribution of the hydrogen within the liquid

In the present work a completely different approach of hydrogen/deuterium injection into PbLi,
based on forced permeation, is presented. It consists of a permeable membrane in a tube-in-tube
component; the inner tube containing the flowing liquid metal and the outer tube a constant gas
pressure. Therefore, the material of the inner tube, in contact both with the PbLi and the gas, has to be
selected with the aim of facilitate the permeation. The advantages of this kind of system are that the
liquid metal flow is not perturbed since there are no parts in the path of the flow; the gas injected is
distributed uniformly along the surface in contact with the liquid; the possibility of bubbles formation
is reduced and the solubilisation is enhanced because isotopes are injected in atomic form.

5.2.2. Conceptual design
a) Basic geometry
A model of a tube-in-tube injector in where the liquid metal flows across the inner tube which is
connected to the main PbLi loop is proposed (Figure 5.44). An external case contains the pressurized
gas (hydrogen or deuterium, depending on the experiment) at a given pressure. To guarantee a proper
hydrogen flux to the PbLi, the outer tube should avoid any gas leakage to the exterior and materials
with low permeability are preferable.

Figure 5.44. Artistic view of a tube-in-tube injection system

Development of non-commercial components for Lead-Lithium Loop 145

Chapter 5

b) Materials
The material of the inner tube has to follow requirements of high permeability to
hydrogen/deuterium; compatibility with PbLi and withstand high temperatures. There are several
possibilities, as shown in a previous discussion about available and proper materials with application
in this field (Chapter 3) where the use of vanadium, niobium and tantalum was recommended due to
their good permeability and tested compatibility with PbLi [114]. Due to the close permeability of
these three materials, Nb is selected as membrane of the injector for an initial investigation. In
addition, the use of Fe is also assessed, in spite of its low permeability, to have a comparison of both
schemes.
With regard to the outer tube, it constitutes a cover case for the inner injecting tube (Figure 5.44).
This outer tube contains the gas at the required pressure. As mentioned, to avoid a loss of pressure,
the material should have a low hydrogen permeability. Thus, a case of stainless steel 316L has been
selected due to its low permeability (φ (500 ℃) = 1.50E-11 mol/m·s·Pa0.5). A thickness of 2 mm is
enough to withstand the operational pressures of the injection system.

c) Design optimization
A numerical model that correlates all the parameters of the permeation process on the gas
injection has been developed. As in the case of the permeator, the principle is based on the pressure
difference existing between the two sides of a permeable membrane in contact with the liquid metal in
one of the faces. Contrary to the PAV case, the process is driven by the application of gas pressure in
the free side of the membrane and, depending on the properties and the geometry, the injection
becomes more or less favoured.
i.

Model of forced permeation

Figure 5.45. Scheme of radial diffusion of hydrogen from the high pressure side to the PbLi
bulk through the membrane
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In order to obtain a relation between the hydrogen pressure to be applied in the injector and the
desired concentration in the PbLi, a model of transport based on diffusive-limited permeation for this
kind of geometry has been developed. Thus the methodology employed for this model is similar to that
introduced in Section 3.3 for the permeator design.
To start with, a mathematical analysis of hydrogen diffusion from the outer tube to the bulk of the
PbLi has been made, Figure 5.45. A pressure of hydrogen is applied to the outer face of the inner tube
where, according to Sieverts’ law, it is solubilized. Then, hydrogen diffuses from the outside with a flux
(J) that depends on the concentration gradient and the diffusivity of the membrane (DS) according to
Fick’s law, eq. 4.
The concentration in the solid (eq. 65) is given by the solution to the diffusion equation in a
cylinder as seen in [138], where ri and ro are the inner and outer radius of the cylinder, respectively,
and CS and CH are the concentration in the membrane at ri and ro.

C(r) =

Cs · ln

ro
r
+ CH · ln
r
ri
r
ln ro
i

eq. 65

The concentration in the liquid-membrane surface (CL) is related with that from the solidmembrane interface (Cs) via the solubility coefficients, eq. 23, being KL and KS the liquid and solid
solubilities, respectively.
Substituting the concentration in the solid with that from the interface condition, and being the
flux positive in the direction of the radius decrease, the equation for the radial flux variation across the
membrane is obtained, eq. 66:

Jmembrane = D𝑆 ·

Ks
C
KL L
r
ri ln ro
i

CH −

eq. 66

The flux through the membrane, eq. 66, is equal to the flux from the membrane to the bulk (Jliquid)
which depends on the mass transport coefficient (KT) and the concentration in the liquid (CPbLi):
Jliquid = K T · (CL − CPbLi )

eq. 67

where the mass transport coefficient depends on the PbLi diffusivity, the Sherwood number [142]
and the diameter of the tube [143], eq. 41.
To obtain CL, both equations (eq. 66 and eq. 67) are equalled. In eq. 68, the permeability (φ) of the
membrane is introduced as the product between solubility (KS) and diffusivity (DS):
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CL =

D𝑆 · K L · CH
+
r
K T · K L · ri ln ro + ϕ 1 +
i

CPbLi
ϕ
r
K T · K L · ri · ln ro

eq. 68

i

Substituting eq. 68 in eq. 67 the entering hydrogen flux is obtained as a function of the
geometrical and physical parameters of the system:

J′ = K T ·

K L · D𝑆 · CH
1
+ CPbLi ·
−1
ro
ϕ
K T · K L · ri · ln r + ϕ
1
+
r
i
K T · K L · ri · ln ro
[
])
(
i

eq. 69

Figure 5.46. Scheme of axial diffusion of hydrogen within the PbLi bulk
As during the operation of the facility the liquid metal is flowing through the gas injector system,
the hydrogen transport in the axial direction (x) has to be also analysed, Figure 5.46. Thus, the
evaluation of the flow rate over a fluid element of length Δx is performed. The flow entering the
injection system (ṁin) depends on the cross section area, the liquid velocity (v) and the concentration
through the following equation
ṁin = π · ri2 · v · CPbLi (x)
In the same way, the flow rate exiting (ṁout) the system is
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ṁout = π · ri2 · v · CPbLi (x + ∆x)

eq. 71

The difference between these flows is due to hydrogen permeation through the wall (ṁper) which
depends on the surface of permeation and the flux (J’, eq. 69),

ṁper = 2 · π · ri · ∆x · K T ·

K L · D𝑆 · CH
1
+ CPbLi (x) ·
−1
ro
ϕ
K T · K L · ri · ln r + ϕ
1+
r
i
K T · K L · ri · ln ro
[
])
(
i

eq. 72

A balance of the fluxes gives the differential equation of the concentration over the length of the
tube.

dCPbLi (x)
2 · KT · ϕ
2 · K T · K L · D𝑆 · CH
+ CPbLi (x) [
]− [
]=0
r
r
dx
v · ri · (K T · K L · ri · ln o + ϕ)
v · ri · (K T · K L · ri · ln o + ϕ)
ri
ri

eq. 73

Resolving the non-homogenous differential equation, the concentration variation over the length
(L) of the tube is,
K L · D𝑆 · CH
CPbLi (x) = (Co −
)e
ϕ

[−

2·KT ·ϕ
·x]
r
v·ri ·(KT ·KL ·ri ·ln o +ϕ)
ri

+

K L · D𝑆 · CH
ϕ

eq. 74

Substituting into eq. 69 and integrating over the surface of the injector, the entering flux is finally
obtained as a function of the initial concentration in the PbLi, Co, and the concentration in the
membrane, CH, resulting from the applied pressure in the outer tube,

K L · D𝑆 · CH
J = π · ri 2 · v · N · (
− Co ) · 1 − e
ϕ
[

(

[−

2·KT ·ϕ·L
]
r
v·ri ·(KT ·KL ·ri ·ln o +ϕ)
ri

eq. 75
)]

Here, N denotes the number of inner tubes used for the injection, i.e. the number of tubes in where
the PbLi flow is spread. This parameter directly affects the surface of permeation and the velocity
inside each individual tube.
As in the case of the permeator (eq. 40), eq. 75 correlates geometrical parameters of the injector
such as its length, radii, membrane thickness (through the logarithm of the relation ro and ri) and
number of tubes with physical aspects of the material used as membrane (e.g. the permeability). It also
considers the transport process inside the liquid metal; therefore it is dependent on the solubility,
diffusivity and mass transport of the gas injected.
ii.

Conceptual design of the Injection System

The developed model has been used to evaluate the influence of each of the injector parameters
on the design of the injection system: the increase on solubility and diffusivity of the gas in the liquid

Development of non-commercial components for Lead-Lithium Loop 149

Chapter 5
metal may enhance the flux; the radius and number of tubes and velocity of liquid metal may improve
the injection. Nevertheless, opposite effects can appear when these parameters change and must be
carefully analysed. For this aim, the operational limits defined for the PbLi loop has been used (Table
4.1).
As in the case of the permeator, solubility of hydrogen in PbLi is of special concern and again the
two limit values of Reiter [79] and Aiello [84] are considered for the study.
An evaluation of eq. 75 shows the importance of the different parameters on the injection process.
Some of them have an influence on the hydrogen flux which can be directly deduced, for the others a
more careful analysis is required. In the first group of parameters is the length of the tube. According
to eq. 75, as the tube is lengthened, the process is enhanced as a consequence of the increase on the
surface of injection in contact with the liquid metal. In Figure 5.47 is seen that a higher length-tube
requires lower pressure of gas applied to reach certain concentration. In addition, it is observed that,
for an Nb-membrane, the requirements are lower than in the case of a Fe-membrane. The higher
permeability of niobium (ϕ Nb (500 ℃) = 3.08E-7 mol/m·s·Pa0.5) with respect to that from iron (ϕ Fe
(500 ℃) = 1.29E-11 mol/m·s·Pa0.5) favours the process of injection.

Figure 5.47. Pressure of gas applied vs. concentration in PbLi for two configurations
membrane material: effect of the length. (TPbLi = 500℃; ri = 1.27E-2 m; z = 2E-3 m; N = 1;
PbLi mass flow = 28 kg/s; ϕ Nb = 3.08E-7 mol/m·s·Pa0.5; ϕ Fe = 1.29E-11 mol/m·s·Pa0.5)
In parallel, with regard to the thickness of the membrane (z), from Figure 5.48 it is deduced that
as the relation between outer and inner radii is reduced, the permeation through the membrane
becomes more favoured and, consequently, the process is enhanced requiring lower pressure of
hydrogen to reach the desired concentration. This effect is more accentuated in the case of Fe because
the injection process is governed by transport through the membrane, i.e. the permeation is slower
than the diffusion in the liquid. For that reason, a change on its thickness causes a higher impact than
in the case of Nb, where the process is driven by mass transport due to the high permeability of the
material.
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Figure 5.48. Pressure of gas applied as function of the concentration in the PbLi: effect of
the membrane thickness. (TPbLi = 500℃; ri = 1.27E-2 m; L = 0.5 m; N = 1; PbLi mass flow =
28 kg/s; ϕ Nb = 3.08E-7 mol/m·s·Pa0.5; ϕ Fe = 1.29E-11 mol/m·s·Pa0.5)
The behaviour of the injected hydrogen flux as a function of the radius of the tube is presented in
Figure 5.49-left, considering different radii of tubes commercially available. Results have been
obtained for the case of a DCLL (Table 2.3) where the PbLi temperature and mass flow are
considerably high and there is a low hydrogen concentration. In parallel, a first approximation of the
length and number of tubes (L = 0.5 m; N = 1) is chosen considering an easy implementation at
laboratory scale. According to eq. 75, as the radius is increased, the flux would be enhanced.
Nevertheless, there are two opposite factors affecting this behaviour. First of all, the surface becomes
larger; therefore, the PbLi is more exposed to the hydrogen income facilitating the injection. On the
other hand, the increase on ri causes a decrease in the mass transport coefficient requiring a higher
pressure applied on the gas side. Hence, the two consequences of increasing the radius are contrary.
Moreover, the PbLi velocity also depends on the tube radius through the mass flow rate. Hence, for a
fixed flow, the consequent decrease on velocity with the increase on radius causes the mass transport
coefficient to diminish even more.
For a Nb based tube, as can be observed in Figure 5.49-left (solid line), when the radius of the tube
increases the flux of hydrogen entering into the liquid metal to achieve a certain concentration is
lower. The permeability of this material is so high that the process is governed by the transport in the
liquid, from the wall of the membrane to the bulk. At higher radii the distance from the wall to the
centre of the tube is larger and therefore this process becomes difficult, as a consequence of the faster
permeation through the membrane versus the transport in the liquid. When considering an Fe
membrane (dotted line in Figure 5.49-left), the permeation of hydrogen through the membrane is
slower than the transport in the liquid due to the lower permeability of this material. Thus, the
hydrogen flux is higher as the radio increases because the surface of permeation is being enlarged and
this factor has more impact on the injection process than the transport itself.
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Figure 5.49. Left) H flux vs. tube radius; N=1. Right) Influence of the number of tubes on
the hydrogen injection versus the gas pressure applied. (PH2 = 100 Pa; CPbLi = 4.70E-4
mol/m3; TPbLi = 500℃; L = 0.5 m; z = 2E-3 m; ri = 1.27E-2 m; PbLi mass flow = 28 kg/s;
Reiter’s solubility; ϕ Nb = 3.08E-7 mol/m·s·Pa0.5; ϕ Fe = 1.29E-11 mol/m·s·Pa0.5)
Regarding the number of tubes implemented in the injection system, it is straightforward that
with more elements, the hydrogen flux would be higher (Figure 5.49-right) due to the increase of the
surface exposed to the liquid metal. Nevertheless, a similar effect is found here on the velocity as the
caused by the increase on the radius. For a fixed mass flow rate in the loop, the velocity inside each
individual tube diminishes with the increase of their number and therefore the mass transport
coefficient decreases. At the end, as shown in Figure 5.49-right, the global effect is to improve the
process although it is not linear as in principle one could deduct from eq. 75.
Figure 5.50-left shows how the solubility of hydrogen in the liquid metal affects the injection
process. It can be seen that, when comparing the two limiting values, a substantial difference is
observed in the obtained hydrogen flux. The solubility constant for Reiter is lower in comparison with
Aiello’s one. This means that for the same pressure, the concentration of hydrogen solubilized in the
liquid metal is higher when Aiello’s constant is considered. Hence, the flux is higher and therefore the
required pressure to reach a certain concentration in the liquid is lower. The difference between the
two coefficients is more accentuated in the case of Nb due to the higher dependence on liquid
transport processes when compared with Fe, as seen previously.
Finally, the influence of the PbLi temperature on the injected hydrogen flux is presented in Figure
5.50-right. Calculations have been performed both for Nb (solid line) and Fe (dotted line) to see the
impact of the material permeability. As the temperature increases, the flux is enhanced due to the
increase of the different parameters defining the liquid transport processes (mass transport, diffusion,
solubility). Although values reported in literature indicate that Nb permeability decreases with
temperature [94], it does not have a negative impact on the flux, as can be seen in Figure 5.50-right.
This is explained by the fact that the other factors affecting the global process improve faster with
regard to the injection than the decrease on the permeability.
As expected, from all these results it can be concluded that Nb presents a better performance for
its application on the construction of an injector system than Fe. In the range of temperatures and
concentrations evaluated, this material provides better operational conditions in terms of required gas
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pressure and sizing of the system, facilitating the implementation in an experimental facility. As
previously mentioned, the three elements of group 5 metals can be used, but Nb owns a slightly higher
permeability. The system will consist of tubes made from the single element not being attached to a
supporting structure to generate the channels, as it was in the case of TRITON. This approach allows
the use of Nb tubes which does not require a lot of welding and in addition is the less expensive of the
three elements considered [166].

Figure 5.50. Left) Hydrogen flux variation with the solubility of H in PbLi; TPbLi = 500℃.
Right) Influence of PbLi temperature on the entering flux of hydrogen for two different
membrane materials (PH2 = 100 Pa; CPbLi = 4.70E-4 mol/m3; L = 0.5 m; ri = 1.27E-2 m; z =
2E-3 m; N = 1; vPbLi = 1.5 m/s; ϕ Nb = 3.08E-7 mol/m·s·Pa0.5; ϕ Fe = 1.29E-11 mol/m·s·Pa0.5)
Taking into account the operational conditions of the extractor, the conceptual design of an
injection system has been performed. With the objective of optimizing the performance of the injector
in the loop, a condition has been established for injecting hydrogen at the same rate as it is being
extracted in the permeator, i.e. the flux of hydrogen entering into the PbLi should be the same as the
flux exiting the liquid. It is worth noting that the injector could be applied for the validation of other
extraction techniques adjusting the performances of the system (dimensions, number of tubes,
membranes...). Selecting Nb as the membrane material, the rest of geometrical parameters are
summarized in Table 5.5. The result is a multi-tube component, made with 5 Nb tubes of 25.4 mm
inner diameter and 2 mm wall thickness. Each tube is 0.2 m length and the connection with the loop is
made through a stainless steel 316L arrangement that embrace all Nb tubes. Note that, as explained in
Figure 5.50-left, when Reiter’s solubility is considered the requirements of pressure applied in the
injector are more demanding, therefore this scenario has been selected in the optimization procedure
to assure that the established conditions are reached.
If we compare this system with TRITON the difference on the membrane area of each component
may impress. The area of TRITON membrane is 1.12 m2 (Table 5.2) while the area of the injection
system is 0.46 m2. Even though the principle of operation is based on the permeability through a
membrane, the conditions of each system are different. In the PAV, the pressure gradient is stablished
by performing vacuum in the free side of the membrane and the gas concentration is rather low. In
contrast, the injector is based on the application of a high pressure to force the permeation, reaching a
huge gradient of hydrogen. Thanks to this, the membrane area required for the injector system is
much lower than the PAV system.
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Table 5.5. Gas Injector geometrical characteristics
Parameter
Material
Inner radius
Wall thickness
Length
Tubes
Total membrane area

Value
Niobium
1.27E-2 m
2.00E-3 m
0.20 m
5.00
0.46 m2

Finally, it is possible to evaluate the operation of the injector in terms of the concentration
reached in the PbLi as function of the pressure of gas applied. Figure 5.51 shows the evaluation
performed considering both the experimental permeability of vanadium obtained in CIEMAT (dashed
line) and the literature data (straight line) to have an estimation of the effect caused by the low
permeability found.

Figure 5.51. Concentration of hydrogen in the PbLi vs pressure of hydrogen applied in the
injector for the three liquid based breeding blankets: DCLL-red; WCLL-blue; HCLL-green
Following Figure 5.51 it is straightforward to see that as the desired concentration increases, the
required pressure is higher. For example, to work under DCLL conditions (red line), where the
hydrogen concentration is 4.70E-4 mol/m3 the temperature 500 ℃ and the mass flow 28.4 k/s, the
pressure that has to be applied in the injector is 76.5 Pa (dashed line) or 148.3 Pa (straight line). In the
same way it is possible to adjust the operational parameters to the case of WCLL blanket. Here,
following Table 2.3, the mass flow is extrapolated to 5.5 kg/s, and temperature and concentration are
311.5 ℃ and 1.41E-2 mol/m3, respectively. Thus, according to Figure 5.51, the pressure required is
8.03E3 Pa (dashed line) or 1.77E5 (straight line). In parallel, for the HCLL blanket a pressure of 610 Pa
(dashed line) or 4.00E4 Pa (straight line) is needed in the approach which considers 20
circulations/day, thus, the mass flow is higher and the hydrogen concentration lower. Here, the
temperature is set at 300 ℃, the mass flow at 10 kg/s and the concentration to 6.61E-3 mol/m3. Note
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that WCLL and HCLL mass flow rates have been adjusted to the expected velocities in the PbLi loop of
the blanket (see refs. [34] and [35]). It is observed a decrease on the pressure required when the
obtained permeability is employed. This is due to the lower efficiency that is achieved with the PAV
which reduces the requirements of the gas injector to keep the hydrogen concentration in PbLi.

d) Pressure drop
As in the case of the permeator (Section 5.1), the pressure drop is obtained applying equations of
Darcy and Haaland [146], eq. 51 and eq. 52, which relate the velocity of the liquid metal, the diameter
of the tube and the roughness of the material. In this sense, knowing the roughness of niobium is 0.2
µm [147], the total pressure drop caused by the presented design is 7.6E-3 bar.

5.2.3. Detailed design
The 3D final design of the injection system is shown in Figure 5.52 and Figure 5.53. The
connection to the PbLi circuit is made through a round structure of stainless steel to distribute the
flow over the 5 niobium tubes (distributer). The welding of materials with different properties (as in
TRITON) has resulted to be more difficult when the thickness is distinct. Therefore, for a proper
welding of the elements, 5 connections with the same dimensions as the Nb tubes, but shorter, come
out from the cone distributer. Each Nb-tube has 25.4 mm of inner diameter, 29.4 mm of outer diameter
and 200 mm length.

Figure 5.52. 3D design of the gas injector made of 5 niobium tubes (orange) with 1 inch
inner diameter and 200 mm length. The connection with the loop is made through a conic
distributer of stainless steel (purple)
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To close the structure and integrate the gas system a case of 110 mm diameter and 5 mm
thickness is designed. It contains a flange for gas inlet, thermocouples, pressure sensors and heating
elements (Figure 5.53). With all these integrations the final dimensions of the injector are: 690 mm
length and 110 mm width.

Figure 5.53. Overall view of the gas injector. A cylindrical case to cover all niobium tubes
and contain the hydrogen gas owns a flange connection for the gas inlet, pressure and
temperature sensors
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6. CLIPPER: THE CIEMAT LEAD-LITHIUM
PERMEATION EXPERIMENT
The final design of the PbLi loop where the PAV prototype TRITON will be tested is here
depicted. The design of all the required components is presented together with
thermomechanical behaviour of the loop. The operation procedures of the loop are described
and a final simulation on the hydrogen inventory within the circuit is assessed.
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6 CLIPPER: THE CIEMAT LEAD-LITHIUM PERMEATION EXPERIMENT
This chapter is the accomplishment of the primary objective of this Thesis – the design of an
experimental facility for tritium extraction from eutectic lead-lithium. It summarizes the work
performed along this dissertation as an integration of all the required components in a PbLi circuit in
where the experimental validation of the PAV technology for tritium extraction will be performed.
While some of these components are commercially available, the main systems required a careful
investigation and, as seen in Chapter 5, the design and fabrication of the PAV prototype and the design
of the gas injection system have been made.
Thus, the conceptual design of the loop presented in Chapter 4 is upgraded to a final and complete
design of the facility which follows the operational characteristics defined in Table 4.1. This chapter is
also devoted to the definition of all other components and their integration in a PbLi loop called
CLIPPER (CIEMAT Lithium-lead loop for Permeation exPERiments).
Even though the objective of CLIPPER is focused on the validation of the technique based on
permeation against vacuum, other techniques could be also validated in future. The design of the loop
will allow the experiments to be performed at different temperatures, concentrations and PbLi flow
rates, but mainly to test the technology at DCLL relevant conditions (Table 1.3).
CLIPPER consists of a forced circulation circuit designed as an isothermal loop operating up to
500 ℃. The PbLi is heated, melted and cleaned outside the loop, in a tank integrated in a dedicated
glove box under argon atmosphere. The test section includes the TRITON prototype (Section 5.1) and
the gas injection system defined in Section 5.2 is used to introduce the gases in the liquid metal. The
final design of CLIPPER integrates the main components, valves and instrumentation needed for a
correct loop operation. A thermomechanical assessment of the entire loop is performed to determine
the loads and, if needed, the considerations to assure a safety operation. Finally, a simulation code is
used to evaluate the operation of the loop in terms of hydrogen inventory and PAV efficiency under
different conditions of temperature, concentration and PbLi flow rate.

6.1.DESCRIPTION OF THE FACILITY: CLIPPER LAYOUT
The main objectives and operational parameters of the loop were depicted in Chapter 4. Following
those inputs, Figure 6.1 shows a schematic view of the loop design which includes the compilation of
components required for a proper consecution of the experimental campaign. In addition to the three
main components listed in Chapter 4 (the PMP, the PAV and the gas injector (GI)), a flowmeter (FM) to
measure and control the liquid metal flow and a cooler (Co) to reduce the thermal power given by the
PMP, are included. Moreover, tanks for the melting (MT), filling and draining (FT) and expansion (ET)
of the PbLi are required.
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Figure 6.1. CLIPPER simplified scheme. GB: glove box; MT: melting tank; FT:
storage/filling tank; PMP: permanent magnet pump; FM: flowmeter; ET: expansion tank;
Co: cooler; GI: gas injector; PAV: permeator against vacuum
The PbLi is heated and melted in a dedicated tank (MT in Figure 6.1). A glove box (GB) installed at
the top of the melting tank, and operated under argon atmosphere, will allow the access to the liquid
metal to remove impurities during the melting process and other operations. The glove box will be
connected to a vacuum system and to an argon system. Once the PbLi is melted, it will be routed
through a pipe to the storage/filling tank (FT), located at a lower height to facilitate the process, and
from here to the circuit. As seen in Figure 6.2, for construction the inlet and outlet connections of the
PMP are separated a distance of 0.5 m in the vertical direction. In the upper part of the loop, after the
PMP, the flowmeter is installed followed by the expansion tank. The gas injection system is integrated
before the turn down of the pipe-route. Then the PbLi circulates through the PAV and finally it reaches
the cooler before entering into the PMP.

Figure 6.2. 3D design of CLIPPER showing all components

160 CLIPPER: the CIEMAT lead-lithium permeation experiment

Chapter 6
The Piping and Instrumentation Diagram (P&ID) of CLIPPER is presented in Figure 6.3 and will be
used to better describe the components, their connections and the functioning of the loop. All heaters,
thermocouples and pressure sensors are included together with the gas line, valves and components.
There are two tanks in the loop, S101 and S102, named filling and expansion tanks, respectively.
Each one owns various PbLi level indicators (LI-01 to LI-06) and are connected to the gas line in order
to assure an inert atmosphere, absorb volume expansions of the liquid and help to the filling/draining
process. The filling tank is located at a lower height to facilitate the drainage process, being isolated
once the loop is completely filled with the liquid metal. An expansion tank is located on the highest
part of the loop. Both tanks are heated thanks to specific heating elements (HT-01 and HT-02).
There are three valves in the liquid line: two of them (V-02 and V-03) connect the filling tank
(S101) to the melting tank located in the glove box; and the other one (V-01) connects the tank S101 to
the whole loop. This last is an automated valve which assures a safety operation being opened for an
emergency drain of the loop in case of necessity. Furthermore, each valve has its own heating element
(HV-01 to HV-03). The PMP (P-101) is connected to a flowmeter (FIC) to control the velocity of the
liquid metal. Two pressure sensors located before and after the PMP indicate the pressure drop caused
by the circulation through the whole loop (PDI-101). As it is of high importance to avoid freezing of the
PbLi inside the PMP channel, three temperature sensors are installed along the PMP (TI-102 to TI104) and two heaters are positioned in the pipe section out of the magnets zone (H-06 and H-07).
A cooler of blower type is installed before the PMP entrance (BW-101) to cool down and control
the PbLi temperature when necessary. It is connected to a thermocouple located at the exit (TIC-07) to
control the on/off operation. Each component is connected to the piping line through DN-CF40 flanges.
These elements have their own heating element to avoid cold zones within the circuit (HF-01 to HF10). The piping sections consist of stainless steel 316L pipes of 38.1 mm diameter (LMP-01 to LMP13). A slope of 5% in the horizontal sections facilitates the draining of the PbLi. As seen in the P&ID,
the LMP-09, LMP-10 and LMP-03 connection is a Z-shaped zone to absorb possible expansions of the
system. All pipes are heated with a series of heating elements (H-01 to H-26) which possess their own
control thermocouples (TIC-103 to TIC-125) to assure they are within the operation limits.
The corrosion caused by the PbLi alloy is enhanced at high velocities and temperatures [44]. Thus,
although the velocity in the test section is fixed, it has to be diminished as much as possible in the rest
of the circuit. By adjusting the pipe diameter it is possible to limit the corrosion effect. The maximum
velocity in the pipes is established at 3 m/s. Note that 3 m/s and 500 ℃ in the pipes are the most
extreme conditions and will be only reached in certain experimental campaigns. The rest of the time
the loop will operate at lower velocities and temperatures to minimize corrosion and the risk of
failure.
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Figure 6.3. Piping and Instrumentation Diagram (P&ID) of CLIPPER. Black lines indicate
the liquid metal piping, green lines are used for argon line and blue lines show the air line
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The main parameters of the loop are summarized in the Table 6.1. A length of 8 meters of piping
connects all the components of the loop, Figure 6.4. The volume of PbLi is in the order of 25 litres.
Table 6.1. Dimensional parameters of the PbLi loop CLIPPER
Parameter

Value

Pipes inner diameter

38.1 mm

Total length of pipes

8145 m

Pipe sections

9

Elbows

4

Flanges

10

Bellows

4

PbLi volume

25.5 l

Expansion tank volume

2.3 l

Figure 6.4. Dimensions of CLIPPER: lateral view and top view

6.2. COMPONENTS OF THE LOOP
A detailed description of the different components needed for the loop operation is depicted
hereafter, including selected instrumentation and heating systems:
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a) Glove box
A glove box completely independent of the loop is used to manipulate the PbLi ingots and to
remove impurities during the melting process under an inert and controlled atmosphere. It has a
vacuum pre-chamber for the introduction of the material and it is connected to a vacuum system and
an argon gas line. The glove box is a GP Concept-T2, manufactured by Jacomex (Figure 6.5), made on
stainless steel and with a front panel made of polycarbonate which allows operating at high
temperatures. It counts with a gas purification system to keep oxygen and water levels inside below 1
ppm to not contaminate the PbLi. Although the main structure is a commercial component, the
manipulation of the liquid metal inside implies the introduction of some modifications such as a big
hole in the lower part for connecting the melting tank, see Figure 6.5. In addition, due to the high
melting temperature of the liquid metal, air conditioner is included in the upper part of the chamber to
keep a constant and safe temperature inside the box.
The dimensions of the glove box are: 2080 mm length and 1050 mm height. A custom made
supporting structure has to be fabricated in order to give an extra support for the tank and adjust the
height of the whole component. This is because the tank has to be located at higher position with
respect to the filling tank of the loop (S101) to allow the PbLi transport by gravity.

Figure 6.5. 3D design of glove box GP Concept-T2 by Jacomex with the melting tank
integrated in the lower part

b) Lead-lithium tanks
i.

Melting tank

The melting tank is the container where the PbLi ingots will be melted. It will be installed at the
bottom of the glove box, as seen in Figure 6.6, and will be built of stainless steel 316L.
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Figure 6.6. Scheme of melting tank and fabrication plan
Its capacity has to be enough to contain all the ingots to fill the loop and at the same time, to
compensate the thermal changes of the liquid metal volume. It is estimated the PbLi volume in the
whole loop will be around 25 litres; therefore the dimensions of the tank are 28 cm inner diameter
with 5 mm wall thickness and a total length of 50 cm (Figure 6.6). The installation in the glove box is
made with a series of Viton-gaskets to assure a proper sealing of the chamber. It incorporates a cover
used to close when the PbLi is being melted in order to avoid heat loses.
i.

Filling/draining tank

This tank will be located at a lower height with respect to the melting tank. It is devoted to
fill/drain the loop, therefore its design takes into account the total amount of PbLi estimated inside the
circuit. The dimensions are 30 cm diameter and 50 cm length, with 5 mm wall thickness, providing a
volume of 35 litres (with a wide margin of capacity), Figure 6.7.

Figure 6.7. Scheme of filling/draining tank and plan
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Two piping lines of 12.7 mm diameter and 1 mm thickness, with their own valves, make the
connection to the melting tank (LMP-12 and LMP-13). One line is immersed at a deeper location for
sending the liquid metal back to the melting tank when necessary, with the help of pressurized argon.
The tank is connected to the loop through a pipe line (LMP-01) of 25.4 mm diameter and 2 mm
thickness with an automated valve. The end of the pipe is located at the bottom of the tank to allow the
filling of the loop by the application of argon pressure. A 10 mm diameter pipe inlet of argon gas is
included in order to pressurize the liquid metal for filling the loop. Four level indicators (LI-01 to LI04) are located at different depths to measure the PbLi level.
ii.

Expansion tank

This tank is located in the highest part of the loop to compensate thermal expansions of the fluid
for which it will own a pressure release valve in the gas line. The main dimensions of the tank are 14
cm diameter and 17.9 cm length, for a volume of 2 litres. There are two level indicators (LI-05 and LI06), Figure 6.8. It is connected to the filling tank through the gas line to facilitate the draining of the
loop and has a free space filled with argon.

Figure 6.8. Scheme of expansion tank and plan

c) PbLi Pump
The pump should provide enough pressure jump to overcome all the pressure losses in the circuit
(which are primarily dependent on the flow rate) as well as the hydrostatic pressure equivalent to the
maximum height of the circuit. As stated in Chapter 4, electromagnetic pumps based on rotating
permanent magnets offer several advantages for this application such as the absence of problems
related to the reliability of propellers and seals and a simple construction for a high efficiency system.
Taking into account these facts, the chosen solution is a permanent magnets electromagnetic
pump, manufactured by SAAS GmbH (Figure 6.9 and Figure 6.10). It is a rotor-type pump with
separate supporting for the bearing and flexible coupling to the motor, which develops an electrical
power of 18 kW. The diameter of the rotor is 350 mm. The magnets are made of SmCo, whereas the
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flowing channel is manufactured in steel 1.4571. The pump includes a data control unit with a
frequency converter and type K thermocouples are used for temperature measurements.

Figure 6.9. Sketch of the permanent magnets electromagnetic pump designed by SAAS
GmbH and detail of the interior showing the PbLi channel (blue) and magnets (black)

Figure 6.10. Pictures of the permanent magnets electromagnetic pump, by SAAS GmbH:
left) assembly procedure of the magnets; right) final view of pump
The main characteristics of the PMP are reflected in Table 6.2 where it is highlighted the
operational temperature limits and the volumetric flow. Figure 6.11 shows the pressure-volumetric
flow (P-Q) characteristic diagram of the SAAS PMP according to supplier information. Note that Q is
given in l/s, therefore the mass flow range corresponding to 1.9 kg/s minimum and 40 kg/s maximum,
approx.
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Table 6.2. Main characteristics of the PMP by SAAS
Parameter

Range

Nominal value

Pump flow range

0.2 – 4.0 l/s

1.2 l/s

Process temperature

250 – 500 ℃

350 ℃

Ambient temperature

15 – 30 ℃

20 ℃

Density

9542 – 9898 kg/m3

9779 kg/m3

Viscosity

2.719E-3 – 1.025E-3 Pa·s

1.769E-3 Pa·s

Resistivity

1246 – 1374 nΩ·m

1288 nΩ·m

Pressure drop

1 – 4 bar

1.5 bar

Figure 6.11. Pressure drop-volumetric flow curves of the pump.

d) Flowmeter
An electromagnetic flowmeter of flywheel type would be implemented in the loop to control the
PbLi mass flow rate and give the input to the PMP. It is also provided by SAAS GmbH, Figure 6.12. The
magnets are made of SmCo alloy and it owns a support of high precision lubricated with air. The
required pressure of compressed air is 3 bar. This component is located near a custom-made flat pipe,
Figure 6.12-right. As the liquid metal flows, the magnet system rotates, being the rotation speed
proportional to the flow rate. The diameter of the disk is 120 mm providing a measurement range up
to 2 m/s in the flowmeter channel. Therefore, the supplier has to adjust the dimensions to the
maximum flow rate expected in the circuit.
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Figure 6.12. Flywheel flowmeter from SAAS GmbH and scheme of installation

e) Cooling system
A forced cooling system will be located prior to the PMP to assure a PbLi temperature low enough
to enter the pump. Its design is based on a centrifugal fan that increases the speed and volume of the
air steam with the rotating impellers. The cooler is a controllable heat exchanger that can manage up
to 1.25 kW to adjust the thermal balance of the loop by the rotation speed of the fan. The electrical
equipment contents a motion control unit for the specified fan. The main dimensions of this
component can be seen in Figure 6.13.

Figure 6.13. Scheme of air cooler and plan

f) Valves
As specified in the previous section, there are three valves in the circuit. The chosen option is
Swagelok ball valves T60 series made of stainless steel 316 with no plastic parts that would solve in
the liquid metal. Seats are one of the critical parts in the valve since they are in contact with the fluid
and their damage will compromise the safety operation of the valve. In the selected one, seats are
made of Inconel X750. The connection to the piping system is made through Swagelok tube fitting end
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connections. This kind of valve can withstand operational pressures up to 68.9 bar and temperatures
of 454 ℃. Since their location is outside the main circulation of the loop, where temperatures will not
go above 350 ℃, the operation of these valves will not be affected. The dimensions of the valves are
related to the pipes dimensions, i.e. the pipe line from the melting tank to the filling tank is half inch
diameter (V-02 and V-03) while the line from the filling tank to the loop is one inch diameter (V-01).
Figure 6.14 shows a cross section view and a detailed dimensioning of the valve for the half inch pipe
line, 102.6 mm length and 45.5 mm height. To assure a safety operation mode, e.g. in case of
emergency draining, the valve V-01 will be automated.

Figure 6.14. Ball valve T60 series by Swagelok and cross section view. Main dimensions for
½ inch diameter pipe

g) Flanges and Gaskets
Each component in the loop is connected to the piping line through DN-CF40 flanges. Therefore,
there are 10 flange-connections in the circuit (Figure 6.3). The connection with the piping system
should take into account possible leakages of the liquid for its bad compatibility with most of the
materials. The flanges should be closed with gaskets compatible with the liquid metal and its
operational temperature. In this way plastic joints are discarded since their maximum temperature is
about 350 ℃ and they are not compatible with PbLi. Thus, metallic gaskets are preferred and following
the good behaviour they presented in Fuskite loop [159], gold-coated metallic joints will be employed
in all connections, Figure 6.15. The Helicoflex seal from Garlock is the selected option. It is based on
viscoplastic deformation of a metallic lining. Such deformation is obtained by compressing a helicoidal
spring (Figure 6.15-right). Each coil of the helical spring acts independently so the seal can be adjusted
to surface irregularities on the flange surface. Their operational temperature goes from -253 ℃ to 800
℃ and the sealing withstands pressures from 1E-10 mbar to 3000 bar.

Figure 6.15. Gold-coated metallic gasket and detailed inner view by Garlock
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h) Heating system
The heating system is devoted to increase the PbLi temperature up to the operational conditions
in a controlled manner. It will be based on electrical trace heating around all the pipes and equipment.
The heating process will be controlled by the Control and Acquisition System. Heating cables from
Horst, Figure 6.16, are employed for the pipes. They are insulated with quartz yarn and have high
power rates per meter. They have 2.1 m length and a diameter of 4 mm providing a power up to 370
W. Their flexibility allows the use for small winding radii. Dedicated temperature sensors are required
for each cable in order to assure they not overcome the maximum operational temperature.
For those elements with complex geometry (flanges, valves) heating mats have been selected,
again from Horst, Figure 6.17-left. They are also flexible and for, temperature regulation, each heating
mat is equipped with a NiCr-Ni temperature sensor. The dimensions are 500 mm long and 235 mm
width providing a power up to 500W.

Figure 6.16. Heating cable insulated with quartz yarn HSQ by Horst

Figure 6.17. Left) Heating mat made of quartz fiber fabric by Horst; right) Mineral
insulated band barrel by Watlow
Finally, for the tanks heating system, band heaters will be used. The mineral insulated band heater
from Watlow, Figure 6.17-right, offers much higher thermal conductivity than mica and hard ceramic
insulators. A thin layer of high thermal conductive material electrically insulates the element wire
from the inside diameter of the heater sheath. A thicker, low thermal conductivity layer backs up the
element wire directing the heat inward toward the part being heated.
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Table 6.3 summarizes all the heating elements that have been chosen for CLIPPER, including their
main characteristics.
Table 6.3. Summary of heating elements for CLIPPER
Location

Heating element

Supplier – Code

Max. operational
characteristics

Piping

H-01 to H-26

Horst – HSQ

900 ℃, 370W

Flanges
Valves
Melting tank
Filling tank

HF-01 to HF-10
HV-01 to HV-03
HT-01

Horst – HMSQ

900 ℃, 1000 W

760 ℃, 700W

Expansion tank

HT-02

Watlow – Band
barrels

i) Insulation
The insulation must avoid temperature and power loses in the loop. Additionally, it will help to
keep an adequate temperature in the different components. It should avoid risks for the user by
keeping the outer temperature of the loop at a safety level. For this aim, Superwool PLUS fibre by
Morgan Advanced Materials will be applied for the insulation. This material, with 128 kg/m3 density
and 50 mm thickness, withstands temperatures up to 1200 ℃. In Europe, Superwool fibres meet the
requirements specified under NOTA Q of European Directive 67/548. All Superwool fibre products are
therefore exempt from the classification and labelling regulation in Europe, not requiring Individual
Protection Equipment for its manipulation.

j) Gas system
The loop will be connected to different gases lines which will supply the filling tank (argon will be
used for helping the pumping of the liquid metal during the filling process), the expansion tank (argon)
and the gas injector (hydrogen, deuterium). It protects the liquid metal against oxygen (oxidation) and
helps the filling and draining of the loop. This system will supply argon gas to the glove box, at the
required quality. It will be based on several argon bottles and the related equipment (manometers,
valves, etc...).
For pressure control of argon gas a proportional pressure regulator by AirCom, type “AirTronic” D
(Figure 6.18) is specified to control the pressure in both (S101 and S102) tanks. This pneumatic
proportional valve controls the outlet pressure in proportion to an electrical command input signal. It
comprises a complete closed loop servo system in a compact monoblock assembly with proportional
solenoid valve, electronic regulator and internal pressure transducer. In the process, the outlet
pressure is transformed into a proportional electrical signal and compared with the input signal. If the
outlet pressure exceeds the preset set point, the valve exhausts down to the pressure desired.
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Figure 6.18. Scheme of AirTronic pressure regulator control valve by AirCom for argon
gas line of filling and expansion tanks

k) Instrumentation and Control System
According to the P&ID presented in Figure 6.3 different sensors will be installed in various points
of the loop. They are described in the following:
- Thermocouples. Temperature measurements will be performed through Type K (NiCrNi)
thermocouples located at different points in the system. All thermocouples are inserted in the pipe
through a vain in order to prevent direct contact with PbLi, as seen in Figure 6.19. The process is based
on a redundant system to make the measurement more accurate. It consists of a three point
measurement inside the pipe at different depths to obtain the average value. Furthermore, each
heating cable would have its own thermocouple in order to control that its temperature is within the
working limits.

Figure 6.19. 3D scheme of the thermocouple installation into the pipes of the PbLi loop
- Electric contact liquid level meter. A critical measurement is the content of PbLi inside all the
tanks of the circuit, since the interior is not accessible or visible and has to be well controlled.
Therefore, each tank will have various level sensors for the monitoring of the liquid metal level (see
Figure 6.7 and Figure 6.8). This sensor will be based on commercial spark plugs connected to
conducting probes that will be inserted at different depths indicating the level. It is a yes/no sensor
which determines if there is PbLi in contact with the sensing part or not because the electrical circuit is
closed/open taking advantage of the PbLi property as an electrical conductor liquid (Figure 6.20-a).
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Figure 6.20. a) Basic scheme of a level sensor based on a conductive probe. b) Pressure
transducer Cerabar T by Endress+Hauser
- Pressure transducer. For pressure control of the liquid metal the Cerabar T pressure
transducer by Endress+Hauser will be used, Figure 6.20-b. This kind of sensor is based on a
piezoresistive measuring cell and metallic process isolating diaphragm for absolute and gauge
pressure applications. The measuring ranges go from 0 to 400 bar. The pressure of the system is
detected by a diaphragm of the sensor and is then transmitted to a resistance bridge via a fluid. A
differential amplifier creates a standard signal from the pressure-proportional change in output
voltage of the bridge. A comparator with an adjustable hysteresis compares this signal with the pre-set
switch point and then activates the transistor output.
- Hydrogen concentration sensor. One of the most important elements of the loop is a sensor to
measure the hydrogen content in the liquid metal to determine the efficiency of the gas injector and
the PAV. There is no availability of commercial sensors that could work under the PbLi environment.
However, some R&D efforts have been focused on the development of this kind of sensor. In [156],
[157] and [176] sensors based on permeation are presented. They report experimental validation of
the sensors up to 550 ℃. These sensors, consisting of small cylindrical capsules, can work either on
dynamic or equilibrium mode, although the response time in equilibrium mode is quite high and more
investigations are needed. The materials proposed are iron, palladium and niobium to make a capsule
of dimensions between 9 and 20 mm diameter and thicknesses below 0.5 mm to increase the response
time. Following these results, hydrogen sensors for CLIPPER will be developed.

6.3. STRUCTURAL CALCULATIONS OF CLIPPER
A preliminary thermomechanical analysis using the finite element method (FEM) has been
performed to assess the behaviour of the loop structure under the highest operational temperature
foreseen for the experiments (500 ℃). Since the interest of the analysis is focused on the thermal
stresses produced on the piping elements, the geometries of some loop components have been
simplified. Gravity supports for the heaviest components of the loop (pump, PAV, filling tank and
cooler) have been included in the analysis, whereas beam-type body-ground connections have been
used to withstand the expansion tank and to limit the vertical deformation in several pipe segments.
Nevertheless, these beams are slender enough (ϕ2 mm) to allow the pipes thermal expansion.
The thermal problem considers the surfaces contacting PbLi PbLi subjected to forced convection
(5000 W/m2K, 500 ℃), whereas the storage tank is maintained at 300 ℃. An almost ideal thermal
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insulation of the circuit elements from the gravity supports keeps the last at room temperature.
Besides, convective boundary conditions have been imposed at the walls of the cooler fins and shell
(10 W/m2K, 22 ℃). The whole model is shown in Figure 6.21.

Figure 6.21. Structural analysis of CLIPPER: temperature profile
With respect to the mechanical model, apart from the loads resulting from the thermal analysis,
gravity loads have also been taken into account. The PbLi weight has been introduced as hydrostatic
pressure, with the free surface located at the level of the expansion tank lid. The filling tank is
considered empty when the loop is under operation.
Regarding displacement restrictions, the bases of the gravity supports have been fully
constrained. Furthermore, ‘no separation’-type contacts have been considered between the loop
components and their respective gravity supports in order to allow the structure nearly freely expand
and slide along the X and Y axes. With respect to materials, temperature-dependent properties of
stainless steel 316 have been assigned for the whole circuit elements.

Figure 6.22. Structural analysis of CLIPPER: total deformation
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The results of the thermomechanical analysis show that the maximum deformation of the loop
exceeds 4.3 cm (Figure 6.22), which is fundamentally produced along the positive Y-axis (~4.2 cm).
This is due to the configuration of the loop and the large stiffness of the pump assembly, most of which
is subjected to room temperature. Thanks to the wide freedom of the circuit to expand, the resulting
average stress level in the pipes is quite low (<30 MPa). The most troublesome zone is the located
between the PAV and the cooler, since the thermal expansion of the storage tank and its auxiliary pipe
moves the circuit main pipe up to 5.4 mm towards +Z, whereas the end connected with the PAV
diffusor barely moves up 1 mm (Figure 6.23). This situation involves the apparition of high stresses in
small regions around the connections between the auxiliary and main pipes and between the main
pipe and the PAV diffusor (maximum values of 541 and 427 MPa, respectively). These values are
higher than the limit (312 MPa for 316L(N)-IG at 500 ℃ ‘3Sm’ rule, IC 3311.1 [177]) according to SDCIC. This issue can be solved by substituting the straight auxiliary pipe by another one which includes a
helical section (just one revolution) in order to reduce the deformation along the Z-axis.

Figure 6.23. Structural analysis of CLIPPER: deformation (x3 scale) along the Z-axis (m).
The non-deformed model is shown in translucence

6.4.PROCEDURES FOR CLIPPER OPERATION
The protocols to operate the loop at the cleaning, melting of PbLi, filling and draining the circuit
stages, are described as follows:

a) Cleaning of the circuit
Prior to the filling of the loop with the liquid metal, the circuit will be cleaned and prepared
following the high vacuum standards: the whole circuit will be subjected to a baking process with
simultaneous pumping down to remove the outgassing products. The loop will be subjected to vacuum
at a temperature of about 130 ℃ for, at least, 12 hours. At the same time, the PMP is switched on at low
speed to heat the channel and help the outgassing.
Once the desired value of vacuum is reached, the loop is filled with argon gas at atmospheric
pressure and after a minimum of 4 hours, the loop will be again subjected to vacuum. This procedure
is repeated twice to assure a complete cleaning of the circuit.
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Finally, prior the filling with PbLi, the whole loop is pre-heated for several hours (at least 48 h at
110-120 ℃ or 12 h at 300 ℃), procedure followed in [66]. A controlled increase of the electrical
heaters power is necessary in order to avoid excessive thermal stresses in pipes and components. It is
important to assure that all points, valves and connections in the loop are above the melting point of
the PbLi, otherwise it would freeze impeding the filling of the loop.

b) Melting of PbLi
As mentioned, the melting of the PbLi will be performed in the glove box. The PbLi ingots are
introduced in the melting tank which is closed to the circuit and with an argon atmosphere.
The power of the melting tank electric heaters is increased progressively. First the set point is
fixed at 240 ℃ because the melting point of PbLi is 235 ℃. Of course, following the recommendations
from Section 4.4.3, a dedicated analysis of the PbLi will be performed prior to this operation
confirming the correct melting point. During the melting, the temperature will remain constant and
the heater would try to follow the fixed temperature by applying more power which stresses the
component. When the ingots are completely melted the valve which connects with the filling tank (V03) is opened and the PbLi is transferred by gravity.
During the heating and melting processes the gases contained in the ingots are released
(fundamentally oxygen). They are extracted by continuous pumping of the glove box, which contains
its own purification system (Section 6.2).
An agitator, placed inside the glove box, stirred the melted PbLi in the tank. Thus the gas release
and extraction are improved. A spoon (placed inside the glove box) is periodically used to remove the
impurities floating on the liquid metal surface. This procedure has already been satisfactory used in
MaPLE [58]. If gases are still being released and new impurities layers are made in the surface, the
previous steps are repeated.

c) Filling of the circuit with PbLi
To initiate the filling of the circuit, the PMP should be switched-off and the valve V-01 opened.
Then the valve of the gas line connected to the tank (V-103) is opened to pressurize the tank (S101)
and the PbLi is routed upwards. It should be paid attention to the pressure of the expansion tank
(S102) and control it with its valve (SV-101). The process is made by increasing 1-1.5 bar the pressure
in the tank (S101) at the time up to the complete filling of the loop. The level of PbLi is controlled by
the thermocouples (when the PbLi reaches a certain point in the pipes, there is an abrupt change on
the temperature), the PbLi level sensors (LI01, 02, 03, 04) in the tank and the sensor in the expansion
vessel (LI05, 06).
When the PbLi has reached the set point, the valve of the melting tank (V-01) is closed and the
pressure discharged. The pump is switched on as fast as possible to avoid the freezing of PbLi inside
the channel.

d) Draining of PbLi
The liquid metal is drained back into the filling tank by opening the valve (V-01). To help the
draining, a small argon gas pressure can be applied from the Ar connection in the expansion tank. In
order to facilitate the PbLi draining, pipes will have an inclination of 5 %.
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Remains of the solidified liquid metal in pipes, valves, etc. are re-melted by heating different
sections of the circuit. Oxide particles and intermetallic compounds can be cumulated in several parts
of the loop. They usually have higher melting temperature than eutectic PbLi alloy. For a complete
cleaning of the whole circuit, to remove all residues, a mixture of equal quantities of acetic acid,
hydrogen peroxide and ethyl alcohol is applied, as done in [58]. This solution reacts with the PbLi alloy
and oxides. Since the reactions are all exothermic with generation of vapours, the release is controlled
with the pressure release valve located in the expansion tank gas-exhaust. If the amount of solid
residuals is large, the cleaning solution needs to be applied several times repeatedly until no reaction
(indicated by no generation of bubbles and heat) happens anymore. After applying the cleaning
solution, hot water is used to flush out the reaction products. For this procedure, the expansion tank
will be removed leaving the connection available for introducing the mixture that will circulate down
to the filling tank.

6.5. INVENTORY OF HYDROGEN/DEUTERIUM IN THE LOOP
Once the complete design of the loop is finished, a simulation of the inventory of hydrogen
solubilized in the PbLi and circulating in the loop can be performed. This simulation can be seen as a
final operational confirmation for the experiments and will also serve the loop users to define the text
matrix of each campaign. For these simulations some inputs are needed: geometrical characteristics of
the loop and main components (PAV and gas injector); hydrogen transport properties of the employed
materials (permeability, solubility and diffusivity); operational conditions of PbLi (temperature, PbLi
velocity and hydrogen concentration). Following the preliminary experiments presented in Chapter 5,
the permeability of vanadium is about two orders of magnitude lower than expected. Being materials
of the same group of elements, a similar behaviour could be expected for niobium, although
experimental confirmation is needed. Therefore, the simulations here presented, considering
literature data, can only be seen as an exercise to confirm the operational principle of CLIPPER
operation. Dedicated experimental campaigns are needed to confirm the behaviour of vanadium in
terms of solubility and diffusivity and to measure all three hydrogen interacting parameters for
niobium (φ, KS and D).
Even though the loop and its components have been designed to validate the permeation against
vacuum technology under DCLL conditions, due to their flexibility in operation, other scenarios can be
assessed. In this aspect, a summary of the expected behaviour of CLIPPER under relevant conditions of
the three liquid based breeding blankets considered in EUROfusion (DCLL, WCLL and HCLL) is
presented.
Each of the three blankets requires a different pressure in the injection system to reach their
characteristic hydrogen concentration in PbLi. Following Figure 5.51, in where the pressure of gas
required to keep the equilibrium between entering and exiting fluxes in the loop is depicted, it is
observed that 148.3 Pa are needed to reproduce conditions of DCLL; 1.77E5 Pa for WCLL and 4.00E4
Pa for HCLL (considering the operation mode in where the liquid metal makes 20 circulations per day,
therefore being the three more separated cases). The experimental conditions for the simulations are
summarized in Table 6.4.
Applying equations of the extracted and injected fluxes for the permeator against vacuum and the
gas injection system (eq. 40 and eq. 75, respectively) and fixing the operational conditions of
temperature and mass flow, the time evolution of the hydrogen concentration in the liquid metal can
be followed. For this aim, a numerical tool has been developed that takes into account all the features
of the two systems. In addition, the parameters of the loop are also included, i.e. length of the pipes and
PbLi total volume. The procedure is similar to that used in Section 4.4.2. In Figure 6.24 a basic scheme
of CLIPPER is presented. It shows the two key elements and the direction of the liquid metal flow.
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Figure 6.24. Simplified scheme of CLIPPER
Table 6.4. Experimental parameters of CLIPPER to reproduce conditions of the three
breeding blankets
Breeding
Blanket

Temperature
of PbLi loop

PbLi flow
rate

PbLi velocity
at PAV

Hydrogen
concentration

Pressure
needed in
Gas Injector

DCLL

500.0 ℃

28.4 kg/s

1.00 m/s

4.70E-4 mol/m3

148.30 Pa

WCLL

311.5 ℃

5.5 kg/s

0.20 m/s

1.41 E-2 mol/m3

1.77E5 Pa

HCLL

300.0 ℃

10.0 kg/s

0.36 m/s

6.61 E-3 mol/m3

4.00E4 Pa

Figure 6.25-a shows a simulation of the variation of the inventory of hydrogen with time along the
loop when the target concentration is 4.70E-4 mol/m3 (DCLL case). Initially, the extraction system is
switched off, then, concentrations at the exit both of the injector and the extractor (C PbLi and Co, see
Figure 6.24) are equal and increase with time according to eq. 75. After 2.5 hours of operation at the
nominal operational conditions of the loop (500 ℃, 28.4 kg/s) a stationary state is reached, with a
hydrogen concentration in PbLi of 1.24E-2 mol/m3. At this moment the hydrogen pressure in the
entire loop and the injector are equal and the extraction system is switched on. As can be seen, both
concentrations drop to reach the equilibrium established by the design. An amplification of the scale is
presented in Figure 6.25-b to see in detail the difference between the concentrations CPbLi (4.70E-4
mol/m3) and Co (3.67E-4 mol/m3). As it has been fixed, the injected flux of hydrogen is the same as the
extracted because concentrations remain stable and the difference between them is the efficiency of
the extractor (22% in this case).
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a)

b)

Figure 6.25. Variation of hydrogen concentration in the liquid metal with time under
DCLL conditions: a) 5 hours of operation showing the stationary and the beginning of the
PAV operation; b) detailed view of the difference of concentrations after the start of the
extraction
The time evolution of the flux, both for the injection and the extraction systems in CLIPPER, is
presented in Figure 6.26 in the same conditions and time scale than Figure 6.25. As the concentration
in the PbLi increases, the inlet flux (JINY) decreases according to eq. 75, until the stationary state is
reached, while the outlet flux (JEXT) is zero since the permeator remains inoperative. Then, after 2.5
hours of operation, the concentration of hydrogen in the liquid metal reaches the bullet point and the
extractor starts to operate. It is seen that injection and extraction fluxes increase to the point where
both are equal, being the rate of hydrogen injected the same as the extracted and equal to 3.56E-7
mol/s. It is worth noting that, to keep these conditions of operation, the pressure in the outer tube of
the injection system has to remain constant in order to assure a continuous injection of gas into the
PbLi. Otherwise the pressure would decrease with the subsequent reduction on the gradient across
the membrane, diminishing the injection efficiency.

Figure 6.26. Variation of injected flux of hydrogen with time under DCLL conditions
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As mentioned, the same exercise has been performed for the other two blankets operating with
the liquid breeder. Thus, the evolution of hydrogen concentration over the loop considering WCLL
conditions is depicted in Figure 6.27. As in the DCLL case, the PAV is switched off at the beginning and
when the stationary state is reached, it starts working. The time required to lead those conditions is 35
hours, working at 311.5 ℃ and 5.5 kg/s. Under these parameters, the efficiency of TRITON drops to
9.56%, as seen in the relation between CPbLi (1.41E-2 mol/m3) and Co (1.28E-2 mol/m3), eq. 15.

a)

b)

Figure 6.27. Variation of hydrogen concentration in the liquid metal with time under
WCLL conditions: a) 55 hours of operation showing the stationary and the beginning of
the PAV operation; b) detailed view of the difference on concentrations after the start of
the extraction
In Figure 6.28, the flux variation with time is presented. The inlet flux (JINY) decreases according to
eq. 75, until the stationary state is reached. After 35 hours of operation, the concentration of hydrogen
reaches the stationary condition and the extractor starts to operate. It is seen that injection and
extraction fluxes increase to the point where both are equal, being the rate of hydrogen injected the
same as the extracted and equal to 7.52E-7 mol/s.

Figure 6.28. Variation of injected flux of hydrogen with time under WCLL conditions
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Finally, the expected performance of the facility when working under HCLL conditions of high
flow rate is presented in Figure 6.29. In this case the time required to reach the steady state is about
25 hours. Once the equilibrium is achieved and the permeator functioning, the hydrogen concentration
in the liquid metal after the injector (CPbLi) is 6.61E-3 mol/m3 while after the extractor (Co) is 6.08E-3
mol/m3, showing the efficiency of the PAV under HCLL conditions is 7.9%. In this case, the equilibrium
on the entering and exiting fluxes is reached at 5.30E-7 mol/s, Figure 6.30.

a)

b)

Figure 6.29. Variation of hydrogen concentration in the liquid metal with time under
HCLL conditions: a) 50 hours of operation showing the stationary and the beginning of
the PAV operation; b) detailed view of the difference on concentrations after the start of
the extraction

Figure 6.30. Variation of injected flux of hydrogen with time under HCLL conditions
As a summary of this exercise it is observed that under DCLL conditions, less time is required to
reach the stationary state and a higher extraction efficiency is obtained. However, this result is affected
by different parameters: the higher temperature favours both the injection and extraction processes
while the higher PbLi mass flow effect is to reduce the efficiency of the PAV and enhance the injection,
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as it was shown in Chapter 5. Of course the concentration is a factor that affects the result, but the
effect is less accentuated, Figure 5.51.
Attending to the injection process, the PbLi velocity is the parameter causing the highest impact.
As an example, if the target concentration is changed to 1.61E-2 mol/m3 (WCLL) and the other
parameters remain constant at DCLL conditions (500 ℃ and 28.4 kg/s), the time required to reach the
steady state is still low (2.6 h with a pressure applied of 1.34E5 Pa). On the contrary, 10.5 h (24%
higher) are needed to reach the stationary state when the mass flow is varied to 5.5 kg/s but the
temperature is still 500 ℃. On the other side, by keeping the temperature to 311.5 ℃, the
concentration to 1.61E-2 mol/m3 and varying the mass flow to 28.4 kg/s, the time invested in the
WCLL case would be lowered from 35 h to 11 h (31% reduction). The change on the temperature in a
60% affects the time required in a 23% while a change of 19% in the PbLi flow varies the time in a
31%.
If we look to the extraction of hydrogen, the temperature is the key parameter. From Figure 6.27
is extracted that TRITON efficiency under WCLL conditions is 9.56%. If the mass flow is increased from
5.5 kg/s to 28.4 kg/s the efficiency would be reduced to 7.30%. Under DCLL conditions, the efficiency
is 22% and would be increased to 27.9% if the mass flow is reduced to 5.5 kg/s. Under the same
conditions, a change on 200 ℃ (60%) in the operational temperature causes an efficiency change of
34% while a change of 19% on the mass flow affects the efficiency in a 7.6%.
A summary of the efficiencies expected under the different blanket conditions is presented in
Table 6.5.
Table 6.5. Summary of experimental extraction efficiencies to be achieved in CLIPPER
under different conditions
Breeding
Blanket

Pressure needed
in Gas Injector

Time to
stationary state

PAV efficiency

DCLL

148.30 Pa

2.5 h

22.00%

WCLL

1.77E5 Pa

35 h

9.56%

HCLL

4.00E4 Pa

25 h

7.90%

A final exercise has been performed considering the experimental permeability obtained in
CIEMAT for vanadium (eq. 63) to have a preliminary estimation of the behaviour of the loop under
DCLL conditions. For that, the required applied pressure in the gas injector is 76.47 Pa, Figure 5.51.
The simulation shows that the time required to reach the stationary state does not vary (because
niobium properties are the same used in Figure 6.25), remaining at 2.5 h but the reached
concentration does decrease to 8.9E-3 mol/m3. At the moment the PAV starts its operation, the
concentration at the inlet is that expected (4.70E-4 mol/m3) and the concentration at the exit is
slightly higher than the expected, 3.97E-4 mol/m3 giving an efficiency of 15.5%. This reduction in the
efficiency is a consequence of the decrease of the permeability of vanadium. Nevertheless, as
mentioned previously, an experimental confirmation of the hydrogen transport properties of niobium
is needed for a proper assessment of the inventory in the PbLi loop.
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a)

b)

Figure 6.31. Variation of hydrogen concentration in the liquid metal with time under
DCLL conditions with experimental V-permeability obtained in CIEMAT: a) 5 hours of
operation showing the stationary and the beginning of the PAV operation; b) detailed
view of the difference of concentrations after the start of the extraction
This simulation code becomes a key element for the development of the experimental campaign
for the validation of the designed systems. It will be applied to simulate different scenarios to
completely characterize the behaviour of the PAV, the gas injector and the PbLi loop itself by
comparing with the experimental results. As it has been shown, this final exercise includes all the
developments made in this work, from the whole design of CLIPPER (pipes, operational conditions…)
to the specific equations of the non-commercial components (injection system, permeator). It
summarizes the operational functioning expected in the experimental validation of the presented
technologies.
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7 CONCLUSIONS
This Thesis is focused on the problem associated with the tritium recovery looking for the
operation of fusion reactors in a self-sustainable mode. As a basis, a DEMO reactor operated with a
DCLL blanket which uses the PbLi alloy as tritium breeder, neutron multiplier and main coolant has
been selected. One of the main systems in the reactor is the Tritium Extraction and Removal System,
being in charge of extracting the bred tritium to route it to the Tritium Plant. The baseline option as
tritium extraction technology for liquid based blankets is the Permeation Against Vacuum (PAV). Since
there are none experimental results validating the applicability of this technique, the final objective of
this work is to develop an experimental facility in where tritium extraction experiments can be
performed to demonstrate the PAV technology. In this section, the most important conclusions derived
from this Thesis are highlighted:
The complete development of the Tritium Extraction and Removal System for a DCLL-DEMO has
been performed to fix the basis and requirements of the experimental facility to reproduce conditions
of a power plant.
-

A conceptual design of the TERS has been made being composed of an extraction unit based on
the PAV technique; a vacuum system to extract and route the tritium to the tritium plant and
an auxiliary system based on getters to store the tritium in case of need.

-

The geometry of the PAV is based on a squared component formed of rectangular channels.
This approach simplifies previous designs proposed in the literature looking for an enhanced
surface of permeation and facilitating the fabrication procedure.

-

A theoretical model that relates the efficiency of the extraction with the physical and
geometrical parameters of the design has been developed. It takes into account the transport of
tritium within the PbLi and the interaction with the membrane material under a diffusive
limited regime. After a careful evaluation it has been concluded that the parameters with a
higher influence are the membrane length and the channel height. A critical aspect is that a
high dispersion is obtained in the calculated efficiency due to the uncertainty of KS. Finally, a
PAV able to recover tritium with an 80% efficiency when operating under DCLL conditions has
been presented.

-

A dedicated study of the vacuum system needed for the PAV has been performed. It takes the
efficiency as input data to define the pumping speed requirements. A high dependence with the
tritium output and its solubility in PbLi has been found. Due to the high deviation on the
solubility there is a huge range of pumping speed which makes difficult defining a closed
design of the needed pump and could condition the operation of the technique. At the moment,
and after a deep investigation on high vacuum pumps, as main conclusion it is shown that a
commercial linear diffusion pump could be employed up to a limit of 20 m3 of pumping speed.
Thus, a development of tritium compatible pumps is needed.

The second point has been devoted to the conceptual design of a preliminary PbLi loop in which
the permeation against vacuum technique can be investigated. Working with tritium is difficult due to
its radioactive nature, therefore the experiments will be performed with hydrogen and deuterium.
Thanks to the mass relation between different isotopes of the same element the results can be
extrapolated.
-

The definition of the main objectives of the circuit and its operational parameters (PbLi
temperature, velocity, mass flow and hydrogen concentration) has been performed. It takes
into account the main characteristics of the TERS-DCLL in order to obtain experimental results
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relevant and scalable to those expected in a reactor. In addition, the parameters cover a wide
range, allowing the characterization of the PAV behaviour at different conditions.
-

The main components of the loop have been identified. They consist of a permanent magnets
pump to circulate the PbLi, a gas injection system required to solubilize the
hydrogen/deuterium in the PbLi bulk and a PAV to perform extraction experiments.

-

Different activities in support of the loop definition have been performed: operation of PbLi
loops (Fuskite), simulation of hydrogen inventory (TRIEX) and chemical characterization of
the eutectic PbLi alloy. One important conclusion for this last activity is that due to the
volatility of lithium, it may be lost during the PbLi melting. In addition, there are impurities and
oxides that should be removed. Therefore the tank for the melting process should be
accessible. Thus, a glove box with controlled atmosphere is proposed. Moreover, it has been
found that none of the analysed batches are in eutectic grade having a low content on lithium.
Therefore, a proper characterization the eutectic composition of the alloy is required before
and after the melting process.

Due to the non-commercial availability of the two main components of the PbLi loop, the main
activity of this Thesis has included the design and development of a Permeator Against Vacuum and a
gas injection system.
-

Following the fixed operational parameters of the conceptual loop and the simulation model of
PAV developed for the TERS-DCLL, a small permeator prototype has been designed. After a
review, vanadium has been selected as membrane material due to its high permeability and
compatibility with PbLi. Vanadium plates are supported in a structure of stainless steel. The
final design provides a range of efficiencies between 21% and 39%.

-

A complete characterization of the vanadium membrane has been performed. A chemical
analysis leads to 99.86% purity while a mechanical characterization gave different parameters
needed for thermomechanical simulations. The permeability was also measured in two
different laboratories obtaining a good agreement but different from the literature. Additional
experiments are needed to confirm this change. TIG welding between stainless steel and
vanadium can be performed showing good compatibility. A final 3D design of the prototype
was produced and the fabrication of the PAV was accomplished.

-

With regard to the gas injection system, a novel approach based on forced permeation is
presented. Its main advantages are the enhanced solubilisation of hydrogen in the liquid metal
and the uniform distribution of the gas within the liquid. The injector is based on a set of
niobium tubes used as permeable membrane in a tube-in-tube design. A theoretical model has
been developed to simulate its behaviour showing that the injection is mainly improved by the
tube length and the number of tubes. Other important outcome is that for membranes with
high permeability, the increase on the tube radius difficult the process whereas for low
permeable membranes, an increase on this parameter enhance the injection. Finally, a design
of gas injector which can operate in the PbLi loop, according to its fixed operational
parameters, is presented.

-

A clear difference is observed when comparing the membrane area of the gas injection system
(0.46 m2) with the PAV prototype (1.12 m2). The operation principle of each system is the
same, however in the PAV, the pressure gradient is established by performing vacuum in the
free side of the membrane and the gas concentration is rather low. The injector is based on the
application of a high pressure to force the permeation, reaching a huge gradient of hydrogen.
Thanks to this, the membrane area required for the injector system is much lower than the
PAV system to obtain the same injected/extracted flux.
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All the work developed during the Thesis is integrated in a final design of an experimental facility
in where the PAV technology for tritium extraction from PbLi can be demonstrated: CLIPPER.
-

A 3D design and its corresponding P&ID have been produced.

-

As it has been shown the PbLi can be rapidly oxidized and there is a high presence of
impurities which need to be removed. In addition, the variation on the eutectic title of the PbLi
commercially available is questioned. Therefore, the melting tank is an external component of
the loop being implemented into a glove box with inert atmosphere. This approach allows
taking samples to analyse and eliminate impurities prior to filling the loop.

-

A thermomechanical evaluation of CLIPPER has been performed. It was demonstrated that
most of the pipes are subjected to a relatively low stress level (1-30 MPa) and the maximum
deformation along the loop is around 4 cm.

-

A preliminary simulation on the operation of the gas injector and the PAV has been performed.
The key parameter is the evolution of the hydrogen concentration with time. Considering the
DCLL operational scenario, 2.5 h are needed to reach the desired concentration in the loop
prior to switching on the PAV. After that, an extraction efficiency of 22% is obtained.
Additionally, WCLL and HCLL scenarios have been evaluated. In the case of WCLL, 35 h are
required to reach stationary state with a 9.56% of efficiency. For the HCLL, the time invested is
25 h and the efficiency drops to 7.9%. It is concluded that the injection process is more affected
by the hydrogen concentration and the PbLi mass flow rate whereas the extraction is more
dependent on the temperature.

Finally, several important outcomes that affect the operation of the loop can be extracted from the
activities developed within this Thesis and should be highlighted:
-

The solubility of tritium in PbLi is a point that needs to be clarified. There is a high deviation
in the values found in the literature due to the composition of the employed PbLi for its
determination (impurities and eutectic grade) or/and the applied methodology. This leads to a
high inaccuracy on the design of the systems devoted to the tritium extraction both on the
efficiency they provide and their vacuum requirements.

-

The eutectic composition of PbLi should be carefully determined. Variations on the lithium
percentage seriously affect its physical properties (e.g. melting point) and its interaction with
tritium (e.g. solubility). Both aspects have a high impact on the operation of the PbLi loop (and
the reactor) needing a well-established protocol of fabrication. Moreover, special attention
should be paid on the fabrication procedure to avoid volatilization of lithium, which will
change the eutectic composition, to allow the removal of impurities and to control the easy
generation of oxides.

-

Dedicated experimental campaigns are needed to confirm the behaviour of vanadium and
niobium in terms of hydrogen permeability, solubility and diffusivity. The optimization
design and operation of permeation based components are primarily affected by these three
parameters. The permeability of vanadium has been measured resulting in a deviation of 2
orders of magnitude with respect to literature data. Therefore, additional experiments are
needed to confirm this important change.

Conclusions 189

8. FUTURE WORK AND OPEN LINES

8 FUTURE WORKS
The first step of future works consists of testing the PAV prototype in gas phase. Prior to the
installation in the PbLi loop, the permeator will be subjected to different gas flows and temperatures
with the aim of characterising and qualifying the behaviour of the membrane at different regimes. The
income will be composed of pure and mixtures of hydrogen and deuterium to evaluate the permeation
of the system thanks to a mass spectrometer connected to the vacuum output of the PAV. The use of H
or D will help to determine the isotopic effect for extrapolating the results to tritium.
Once the whole characterization in gas phase has been satisfactorily completed, the
commissioning and preliminary experiments in CLIPPER will be assessed. In this phase, different
conditions will be tested. Due to the flexibility of the permeator and the PbLi loop, different ranges of
mass flow rate, temperature and H/D concentration in PbLi can be investigated. Therefore, the most
relevant conditions for the WCLL/HCLL/DCLL will be assessed. Once again, working with H and D the
isotopic effect could be investigated in order to extrapolate the results to those of a tritium context.
Results will be compared with the outputs of the models developed during the last years for their
validation and/or adjustment for further design optimizations and simulations.
In parallel, since the technique is highly dependent on the material used for the membrane, other
optimized designs will be explored. The main parameter in the permeation against vacuum is the
membrane permeability and therefore its measurement is of high concern. Firstly, an intensive search
of possible new membranes will be performed. Once a complete set of materials is selected, their
characterization in terms of permeability, diffusivity and solubility will be assessed. A microstructural
characterization will allow knowing the nature and the diffusion of H/D inside the membrane and to
confirm the possible crystalline phases formed which may affect the physical and mechanical
properties of the material. Secondly, with the aim to facilitate the fabrication procedure and improve
the efficiency, new geometrical configurations will be evaluated. The availability of high-permeable
materials such as vanadium, niobium or tantalum is limited. Even though better geometries could be
theoretically assessed, there is the difficulty on the manufacturing step. Devices requiring huge lengths
or curved shapes may have many issues to be implemented. Moreover, during TRITON assembly in
CIEMAT it was observed that the welding is a critical point needing a careful investigation due to the
compatibility between materials.
A critical point on tritium transport modelling is its solubility in PbLi. The Sieverts’ constant (KS)
relates the concentration of the gas solubilized into the PbLi with the partial pressure, i.e. for a fixed
amount of tritium, a large solubility implies a lower pressure of non-solubilised gas. It has been found
a large degree of discordance between the measured Sieverts’ constants, with a dispersion up to three
orders of magnitude. As a consequence two limit values have been stablished for tritium related
calculations, Reiter’s KS and Aiello’s KS. This huge difference causes a high impact not only on the
design of the extraction system but also on other aspects of the reactor, e.g. safety. The value of KS
affects the calculations of tritium inventory in PbLi and, therefore, the requirements of the extraction
system. In addition, possible tritium leakages (e.g. to the coolant or the environment) may be
underestimated. The scattering on KS values could be related to the chemical composition of the PbLi
employed. During these years, the candidate has investigated the composition of different batches of
eutectic PbLi founding a large dispersion on the lithium content, which highly affects the hydrogen
solubility. Hence, a complete evaluation of the methodology followed for the KS obtainment will be
performed in order to develop an experimental procedure to measure the constant in proper and well
controlled conditions. The objective is to diminish this huge dispersion allowing an accurate
development of the TERS, which in parallel will be useful to other tritium related systems.
Summarizing, the next step on this research project is focused on experiments to characterise the
efficiency of the permeator under different representative working conditions. In addition, related key
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aspects of tritium transport in liquids and solids will be assessed, such as permeability and Sieverts’
constant. The experimental data will be also valuable for the development of predictive tools that
would imply a high step in the achievement of fusion energy.

194 Future works

REFERENCES

REFERENCES
[1]

Hannah Ritchie and Max Roser (2018) - "Fossil Fuels". Published
OurWorldInData.org. Retrieved from: https://ourworldindata.org/fossil-fuels

online

at

[2]

Ethan Siegel (2017) – “The future of energy isn’t fossil fuels or renewables, it’s nuclear fusion”.
Published
online
at
Forbes.com.
Retrieved
from
https://www.forbes.com/sites/startswithabang/2017/04/12/the-future-of-energy-isnt-fossil-fuelsor-renewables-its-nuclear-fusion/#660c36d83bee

[3]

ITER. https://www.iter.org/

[4]

EUROfusion. https://www.euro-fusion.org/

[5]

W. M. Stacey, “Fusion Plasma Physics”, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim (2005)

[6]

G. McCracken and P. Stott, “Fusion. The Energy of the Universe”. Elsevier Inc. (2005)

[7]

Proton-proton
cycle,
Encyclopaedia
https://www.britannica.com/science/proton-proton-cycle

[8]

Britannica,

inc.

2018.

P. C. Souers, “Hydrogen properties for fusion energy”, University of California Press, Ltd.

(1986)

[9]

M. Ni et al., “Tritium supply assessment for ITER and DEMOnstration power plant”, Fusion Eng.
Des. 88 (2013) 2422-2426

[10]

M. Kovari et al., “Tritium resources available for fusion reactors”, Nucl. Fusion 58 (2018) 02610

[11]

G. H. Neilson, “Magnetic Fusion Energy. From experiments to Power Plants”, Woodhead
Publishing Series in Energy: number 99 (2016)

[12]

Lawrence Livermore National Laboratory. https://lasers.llnl.gov/

[13]

Max-Plank Institut für Plamaphysik. http://www.ipp.mpg.de/14869/tokamak

[14]

I.Y. Tamm et al., “Theory of a magnetic thermonuclear reactor”. Pergamon, Oxford (1961)

[15]

D. Rapisarda, “Estudio de la dinámica de iones por métodos espectroscópicos en el TJ-II”, PhD
Thesis, Universidad Complutense de Madrid, Madrid 2006

[16]

F. Romanelli et al., “Fusion Electricity, a roadmap to the realisation of fusion energy”,
European Fusion Development Agreement (EFDA) 2012

[17]

A. Ibarra, “”, CROATIA-SPAIN Joint Workshop on Fusion, Zagreb, Croatia. May 23rd 2018

[18]

International Fusion Materials Facility. http://www.ifmif.org

[19]

K. Lackner et al., “Long-term fusion strategy in Europe,” J. Nucl. Mater. 307–311 (2002) 10–20

[20]

C. Bachmann et al., “Plant Definition Document”, EFDA_D_2M8H88, v1.0 January 2015

References 197

[21]

B. Meszaros, “DEMO_Tokamak_Complex (CAD Baseline)”, EFDA_D_ 2MMNFT, 2015

[22]

I. Fernández et al., “DCLL Design Report 2016”, EFDA_D_2MMM6Q, v1.0 June 2017

[23]

I. Maione, “BB System Requirements Document (SRD) – Release 2017”, EFDA_D_2NASBT, v1.0
May 2018

[24]

U. Fischer et al., “Neutronics requirements for a DEMO fusion power plant”. Fusion Eng. Des.
98–99 (2015) 2134–21

[25]

L. V. Boccaccini et al., “Objectives and status of EUROfusion DEMO blanket studies”, Fusion Eng.
Des. 109-111 (2016) 1199-1206

[26]

S. J. Zinkle et al., “Prospects for accelerated development of high performance structural
materials,” J. Nucl. Mater. 417 1–3 (2011) 2–8

[27]

F. Hernández et al., “Overview of the HCPB Research Activities in EUROfusion”, IEEE Trans.
Plas. Sci. 46 (2018) 2247-2261

[28]

F. Hernández et al., “A new HCPB breeding blanket for the EU DEMO: evolution, rationale and
preliminary performances”, Fusion Eng. Des. 124 (2017) 882-886

[29]

J. Reimann et al., “Thermal conductivity of compressed ceramic breeder pebble beds”, Fusion
Eng. Des. 61-62 (2002) 345-351

[30]

L. Pascual et al., “Production of different eutectic Pb–Li alloys in Spain”. Fusion Eng. Des. 89
(2014) 1269–1273

[31]

P. Hubberstey et al., “Is Pb-17Li really the eutectic alloy? A redetermination of the lead-rich
section of the Pb-Li phase diagram (0.0 < xLi(at%) < 22.1)”, J. Nucl. Mater. 191-194 (1992) 283-287

[32]

E. Mas de les Valls et al., “Lead–lithium eutectic material database for nuclear fusion
technology”, J. Nucl. Mater. 376 (2008) 353-357

[33]

Mª. I. Barrena, et al., “Production of Pb-Li eutectic: cover gases or molten salts during melting?”
International Workshop on Liquid Metal Breeder Blankets, 23-24 September 2010, CIEMAT, Madrid
(Spain)

[34]

A. del Nevo et al., “WCLL breeding blanket design and integration for DEMO 2015: status and
perspectives”, Fusion Eng. Des. 124 (2017) 682-686

[35]

J. Aubert et al., “Status of the EU DEMO HCLL breeding blanket design development” Fusion.
Eng. Des. In press, https://doi.org/10.1016/j.fusengdes.2018.04.133

[36]

D. Rapisarda et al., “Conceptual Design of the EU-DEMO Dual Coolant Lithium Lead Equatorial
Module”, IEEE Trans. Plasma Sci. 44 (2016) 1603-1612

[37]

D. Rapisarda et al., “System requirements for DCLL in 2016-Executive summary of design
progress 2016” EFDA_D_2NFAT3, v1.0 August 2017

[38]

I. P. Serrano et al., “Enhanced arrangement for recuperators in supercritical CO2 Brayton
power cycle for energy conversion in fusion reactors,” Fusion Eng. Des. 89 (2014) 1909–1912

198 References

[39]

J. Riemann et al., “MHD pressure drop in ferritic pipes of fusion blankets”, Fusion Eng. Des. 69
(2003) 309-313

[40]

F. R. Urgorri et al., “Magnetohydrodynamic and thermal analysis of PbLi flows in poloidal
channels with flow channel insert for the EU-DCLL blanket”, Nucl. Fusion 58 (2018) 106001

[41]

L. Bühler et al., “Theoretical studies of MHD flows to support HCLL design activities”, Fusion
Eng. Des. 109-111 (2016) 1609-1613

[42]

L. Bühler et al., “MHD flow and heat transfer in model geometries for WCLL blankets”, Fusion
Eng. Des. 124 (2017) 919-923

[43]

I. Fernández-Berceruelo et al., “Large-scale behavior of sandwich-like FCI components within
the
EU-DCLL
operational
conditions”,
Fusion
Eng.
Des.
https://doi.org/10.1016/j.fusengdes.2018.03.044

[44]

J. Konys et al., “Compatibility behaviour of EUROFER steel in flowing Pb-17Li”, J. Nucl. Mater.
386-388 (2009) 678-681

[45]

I. Bucenieks et al., “Investigation of corrosion phenomena in EUROFER steel in Pb-17Li
stationary flow exposed to a magnetic field”, Magnetohydrodynamics 42 (2006) 237-351

[46]

M. Carmona Gazquez et al., “Al2O3 coating as barrier against corrosion in Pb-17Li”, Fusion Eng.
Des. 124 (2017) 837-840

[47]

S. Malang et al., “Dual coolant blanket concept”, Kernofrschungszentrum Karlsruhe GmbH,
Karlsruhe, Germany, Tech. Rep. KFK-524, 1994

[48]

P. Norajitra et al., “Conceptual design of the dual-coolant blanket in the frame of the EU power
plant conceptual study”, Fusion Eng. Des. 69 (2003) 669-673

[49]

S. Smolentsev et al., “Dual coolant lead-lithium (DCLL) blanket status and R&D needs”, Fusion
Eng. Des. 100 (2015) 44-54

[50]

M. Utili et al., “Implementation of preliminary design of DCLL LiPb loop- status 2016”,
EFDA_D_2ND2PX v1.1 June 2017

[51]

2016

M. Reungoat, “Preliminary 3D CAD modelling of DCLL PbLi loop” EFDA_D_2MW4UA, v1.1 July

[52]

M. Kordac et al., “Helium bubble formation in Pb-16Li within the breeding blanket”, Fusion Eng.
Des. 124 (2017) 700-704

[53]

J. Konys et al., “Flow rate dependent corrosion behavior of Eurofer steel in Pb–15.7Li,” J. Nucl.
Mater. 417 (2011) 1191–1194

[54]

F. Barbier, “Continuous monitoring and adjustment of the lithium content in liquid Pb-Li alloys:
assessment of an electrical resistivity meter in a loop system”, Fusion Eng. Des. 36 (1997) 229-308

[55]

Y. Wu et al., “R&D of DRAGON series lithium-lead loops for material and blanket technology
testing”, Fusion Sci. Technol. 62 (2012) 272-275

References 199

[56]

J. S. Yoon et al., “Development of an experimental facility for a liquid breeder in Korea”, Fusion
Eng. Des. 86 (2011) 2212-2215

[57]
302

K. Noborio et al., “High temperature operation LiPb loop ”, Fusion Sci. Technol. 60 (2011) 298-

[58]

C. Courtessole et al., “MHD PbLi experiments in MaPLE loop at UCLA”, Fusion Eng. Des. 109-111
(2016) 1016-1021

[59]

S. Smolentsev et al., “MHD thermohydraulics analysis and supporting R&D for DCLL blanket in
the FNSF”, Fusion Eng. Des. https://doi.org/10.1016/j.fusengdes.2017.06.017

[60]

W. Krauss et al., “Long-term corrosion behaviour of ODS-Eurofer in flowing Pb-15.7Li at 550
℃”, Fusion Eng. Des. 9 (2016) 512-518

[61]

J. Konys et al., “Comparison between corrosion behaviour of EUROFER and CLAM steels in
flowing Pb-15.7Li”, Fusion Eng. Des. 455 (2014) 491-495

[62] N. Alpy et al., Hydrogen extraction from Pb-17Li: tests with a packed column, Fusion Eng.
Des. 39-40 (1998) 787-792
[63]

N. Alpy et al., “Hydrogen extraction from Pb-17Li: results with a 800mm high packed column”,
Fusion Eng. Des. 49-50 (2000) 775-780

[64]

A. Aiello et al., “TRIEX facility: an experimental loop to test tritium extraction systems from
lead lithium”, Fusion Eng. Des. 82 (2007) 2294-2302

[65]

M. Utili et al., “Investigation on efficiency of gas liquid contactor used as tritium extraction unit
for HCLL-TBM Pb-16Li loop”, Fusion Eng. Des. 109-111 (2016) 1-6

[66]

A. Venturini et al., “Experimental and RELAP5-3D results on IELLLO (Integrated European Lead
Lithium Loop) operation”, Fusion Eng. Des. 123 (2017) 143-147

[67]

P. Martínez et al., “Optimizing tritium extraction from a Permeator Against Vacuum (PAV) by
dimensional design using different tritium transport modelling tools”, Fusion Eng. Des. 87 (2012)
1466-1470

[68]

T. Tanabe, “Tritium fuel cycle in ITER and DEMO: Issues in handling large amount of fuel”, J.
Nucl. Mater. 438 (2013) S19-S26

[69]

C. Day et al., “WP12-SYS01-T02, D03: New Fuel Cycle Model”, EFDA_D_2D5PQW v1.0, February

[70]

R. Gröβle et al., “Fuel cycle simulator”, EFDA_D_2MKGSX, v1.0, December 2013

2013

[71]

G. A. Esteban et al., “Hydrogen transport parameters and trapping effects in the martensitic
steel Optifer-IVb”, Report EUR 18995 EN (1999)

[72]

W. Möller, “Physics of Plasma-Wall interaction in controlled fusion”, NATO AISI series, 1994

[73]

IUPAC. “Compendium of Chemical Terminology”, 2nd ed. (the "Gold Book"). Compiled by A. D.
McNaught and A. Wilkinson. Blackwell Scientific Publications, Oxford (1997)

200 References

[74]

W. Henry, "Experiments on the quantity of gases absorbed by water, at different temperatures,
and under different pressures". Philos. Trans. R. Soc. London 93 (1803) 29–274

[75]

A. Sieverts, "The Absorption of Gases by Metals". Z. Metallkd. 21 (1929) 37–46

[76]

M. Caorlin et al., “The impact of tritium solubility and diffusivity on inventory and permeation
in liquid breeder blanket”, Fusion Technol. 14 (1988) 663-674

[77]

A. Pozio et al., “Behaviour of hydrogenated lead-lithium alloy”, Int. J. Hydr. Energy 42 (2017)
1053-1062

[78]

P. Fauvet et al., “Hydrogen behavior in liquid 17Li 83Pb alloy”, J. Nucl. Mater. 155-157 (1988)
516-519

[79]

F. Reiter, “Solubility and diffusivity of hydrogen isotopes in liquid PbLi”, Fusion Eng. Des. 14
(1991) 207-211

[80]

G. Alberro et al., “Experimental determination of solubility values for hydrogen isotopes in
eutectic PbLi” Fusion Eng. Des. 98-99 (2015) 1919-1923

[81]

C. H. Wu, “The solubility of deuterium in lithium-lead alloys”, J. . Nucl. Mater. 114 (1983) 30-33

[82]

Y. C. Chan et al., “A thermodynamic investigation of dilute solutions of hydrogen in liquid Li-Pb
alloys”, J. Nucl. Mater. 122 (1984) 935-940

[83]

H. Katsuta et al., “Hydrogen solubility in liquid Li17Pb83”, J. Nucl. Mater. 133 (1985) 167-170

[84]

A. Aiello et al., “Determination of hydrogen solubility in lead lithium using sole device”, Fusion
Eng. Des. 81 (2006) 639-64

[85]

S. Kumar et al., “Studies on the solubility of hydrogen in molten Pb82Li17 eutectic alloy”, Int. J.
Hydr. Energy 38 (2013) 6002-6007

[86]

H. Feuerstein et al., “Behaviour of deuterium and rare gases in thermal convection loops with
molten Pb-17Li” Fusion Eng. Des. 14 (1991) 261-271

[87]

Y. Edao et al., “Experiments of hydrogen isotope permeation, diffusion and dissolution in LiPb”, J. Nucl. Mater. 417 (2011) 723-726

[88]

H. Okitsu et al., “Analysis of diffusion and dissolution of two-component hydrogen (H+D) in
lead lithium”, Fusion Eng. Des. 87 (2012) 1324-1328

[89]

A. Fick, “Ueber Diffusion”, Ann. Phys. (1855) Wiley Online Library

[90]

F. Reiter et al., “A compilation of Tritium-Material interaction parameters in fusion reactor
materials”, EUR 15217 EN, Joint Research Centre, Commission of the European Communities (1993)

[91]
52

S. von Wroblewski, “Uber die Natur der Absorption del Gase”, Ann. Phys. Chem. 244 (1879) 29-

[92]

J.E. Lundstrom, “Sorption, desorption and diffusion processes in membrane permeation”, J.
Memb. Sci. 486 (2015) 138-150

References 201

[93]

A. Pisarev et al., “Hydrogen gas driven permeation through asymmetric membranes in
diffusion limited and surface limited regimes: interplay between analytical and numerical
calculations”, Phys. Scr. T108 (2004) 124-128

[94]

A. Basile, “Handbook of membrane reactors”. Woodhead Publishing (2013)

[95]

S.A. Steward, “Review of hydrogen isotope permeability through materials”. Lawrence
Livermore National Laboratory. University of California, Livermore, California (1983)

[96]

E. Serra et al., “Hydrogen and Deuterium in Pd-25% Ag Alloy: Permeation, Diffusion,
Solubilization, and Surface Reaction”. Metall. Mater. Trans. A 29A (1998) 1023

[97]

A. Tahara et al., “Measurements of permeation of hydrogen isotopes through α-iron by
pressure modulation and ion bombarding”, Trans. Jap. Inst. Met. 26 (1985) 869

[98]

D. Edlund et al., “Hydrogen-permeable metal membranes for high-temperature gas
separations”. Gas Sep. Purif. 8(3) (1994) 131

[99]

H. Katsuta et al., “Hydrogen and Deuterium Transport through Type 304 Stainless Steel at
Elevated Temperatures”. J. Nucl. Sci.Technol., 18 (2) (1981) 143-151

[100] A. Aiello et al., “Hydrogen isotopes permeability in EUROFER 97 martensitic steel”, Fusion Sci.
Technol. 41 (2002) 872-876

[101] I. Palermo et al., “Optimization process for the design of the DCLL blanket for the European
DEMOnstration fusion reactor according to its nuclear performances”, Nucl. Fusion 57 (2017) 076011

[102] M. Moriyama et al., “Tritium recovery from liquid metals”, Fusion Eng. Des. 28 (1995) 226-239
[103] B.J. Merrill, et al., “Normal operation and maintenance safety lessons from the ITER US PbLi
test blanket module program for a US FNSF and DEMO”, Fusion Eng. Des. 89 (2014) 1989–1994

[104] O. Gastaldi, et al., “Tritium transfers and main operating parameters impact for demo lithium
lead breeding blanket (HCLL)”, Fusion Eng. Des. 83 (2008)1340–1347

[105] D. Demange et al., “Tritium management and anti-permeation strategies for three different
blanket options foreseen for the European Power Plant Physics and Technology Demonstration
reactor study”, Fusion Eng. Des. 89 (2014) 1219-1222

[106] M. Utili, “Final Report. Preliminary conceptual design of HCLL & WCLL TES”, EFDA_D_2N4A24
v1.1, March 2016

[107] S. Tanaka et al., “Hydrogen transport through gas/Li17Pb83 interface and effect of isotopic
swamping”, Fusion Technol. (1992) 1513

[108] T. Terai et al., “Mass transfer coefficient of tritium from molten lithium-lead alloy (Li17Pb83) to
environmental gas under neutron irradiation”, Fusion Eng. Design 17 (1991) 237-241

[109] M. Kinjo et al., “Recovery of hydrogen isotopes from Li17Pb83 blanket”, Fusion. Sci. Technol. 71
(2017) 520-526

[110] C. Malara et al., “Analysis of tritium behaviour and recovery from a water-cooled Pb-17Li
blanket”, Fusion Eng. Des. 28 (1995) 299-312

202 References

[111] Y. Yamamoto et al., “Design of tritium collecting system from LiPb and LiPb dropping
experiment”, Fusion Sci. Technol. 60 (2011) 558-562

[112] F. Okino et al., “Vacuum sieve tray for tritium extraction from liquid Pb–17Li”. Fusion Eng. Des.
87 (2012) 1014-1018

[113] R.D. Penzhorn et al., “Evaluation of ZrCo and other Getters for tritium handling storage”, J. Nucl.
Mater. 170 (1990) 217-231

[114] H. Feuerstein et al., “Compatibility of refractory metals and beryllium with molten Pb-17Li”, J.
Nucl. Mater. 233-237 (1996) 1383

[115] H. Feuerstein et al., “Extraction of tritium from molten Pb-17Li by use of solid getters”, Fusion
Technol. (1990) 646-649

[116] J. Reimann et al., “Tritium removal from Pb-17Li by vanadium getters,”, IATF – Nr 3/96, 1996
[117] C. Moreno et al., “Experimental activities in support of the design of HCLL and HCPB TBSs: Q2
getters, PTSA and reducing beds”, F4E_D_2745DH, 2014

[118] D. Rapisarda et al., “Conceptual design of a new experimental PbLi loop and PAV”,
EFDA_D_2D33SQ v.1.2, June 2015

[119] R. S. Willms et al., “Fuel cleanup systems for fusion fuel processing”, Fusion Eng. Des. 18 (1991)
53-60

[120] B. Merril et al., “Tritium permeation and extraction issues for the ARIES-CS”. ARIES Meeting.
University of Wisconsin, June 15th 2005

[121] B. Merril et al., “Safety assessment of the Aries Compact Stellarator design”, Fusion Sci. Technol.
54 (2008) 838-863

[122] P.W. Humrickhouse et al., “Vacuum Permeator Analysis for Extraction of Tritium from DCLL
Blankets”. EU-US DCLL Workshop. UCLA November 2014

[123] G. Veredas et al., “Design and qualification of an on-line permeator for the recovery of tritium
from lead–lithium eutectic breeding alloy”. Fusion Eng. Des. 86 (2011) 2365–2369

[124] D. Demange et al., “Tritium extraction technologies and DEMO requirements”, Fusion Eng. Des.
109-111 (2016) 912-916

[125] H. Gräbner et al., “Compatibility of metals and alloys in liquid Pb-17Li”, J. Nucl. Mater. 155-157
(1988) 702-704

[126] J. Castellanos et al., “Preliminary conceptual design DCLL TES; Intermediate Report”,
EFDA_D_2MKXJ7 v.1.2, October 2015

[127] D. Demange, “T extraction and permeation analysis”, EFDA_D_2M6DY3 v.1.1, January 2014 I.
Ricapito et al., “Tritium extraction systems for the European HCLL/HCPB TBMs”, Fusion Sci. Technol.
54 (2008) 107-112

[128] A. Ciampichetti et al., “Conceptual design of Tritium Extraction System for the European HCPB
Test Blanket Module”, Fusion Eng. Des. 87 (2012) 620-624

References 203

[129] A. Aiello et al., “Finalization of the conceptual design of the auxiliary circuits for the European
test blanket systems”, Fusion Eng. Des. 96-97 (2015) 56-63

[130] I. Ricapito et al., “Technologies and modelling issues for tritium processing in the European
Test Blanket Systems and perspectives for DEMO”, Fusion Eng. Des. 89 (2014) 1469-1475

[131] D. Demange et al., “Zeolite membranes and palladium membrane reactor for tritium extraction
from the breeder blankets of ITER and DEMO”, Fusion Eng. Des. 88 (2013) 2396-2399

[132] B. Bornschein et al., “Tritium management and safety issues in ITER and DEMO breeding
blankets”, Fusion Eng. Des. 88 (2013) 466-471

[133] M. Nishikawa et al., “Titanium sponge bed to scavenge tritium from inert gases”, J. Nucl. Mater.
115 (1983) 101-109

[134] T. Gnanasekaran et al., “Liquid metal corrosion in nuclear reactor and accelerator driven
systems”, Nucl. Corros. Sci. Eng. (2012) 301-328

[135] H. Glasbrenner et al., “Corrosion behaviour of Al based tritium permeation barriers in flowing
Pb–17Li”, J. Nucl. Mater. 307–311 (2002) 1360–1363

[136] K. Hashi et al., “Microstructure and hydrogen permeability in Nb–Ti–Co multiphase alloys”. J.
Alloys Compd. 425 (2006) 284–290

[137] E. Yan et al., “Nb-Hf-Co alloys with pronounced high hydrogen permeability: A new family of
metallic hydrogen permeation membranes”. Int. J. Hydrogen Energy 39 (2014) 8385-8389

[138] J. Crank, “The mathematics of diffusion”. Oxford Science Publications (1975)
[139] A. H. P. Skelland, “Diffusional Mass Transfer”. John Wiley (1974)
[140] G. F. Hewitt et al., “Process Heat Transfer”. CRC Press (1994)
[141] Y. Zeng et al., “Numerical study of mass transfer coefficient in a 3D flat-plate rectangular
microchannel bioreactor”. Int. Commun. Heat Mass Transfer 34 (2007) 217–224

[142] W. H. Linton and T. K. Sherwood, “Mass transfer from solid shapes to water in streamline and
turbulent flow”. Chem. Eng. Prog. 46 (1950) 258

[143] I. Tosun, “Modelling in Transport Phenomena”. Elsevier B.V. (2007)
[144] N. Simon, et al., “The compatibility of austenitic materials with liquid Pb-17Li”, Corros. Sci. 43
(2001) 1041–1052.

[145] S. Tosti, “Overview of Pd-based membranes for producing pure hydrogen andstate of art at
ENEA laboratorios”, Int. J. Hydrogen Energy 35 (2010)12650–12659

[146] E. Shashi Menon P.E. “Piping Calculations Manual”. New York: McGraw-Hill (2005)
[147] E. Oberg et al., “27th Edition Machinery’s Handbook”. New York: Industrial Press Inc. (2004)
[148] Z.K. Morvay, “Applied industrial energy and environmental management”. New York: Willey
(2008)

204 References

[149] C. Day et al., “Development of Advanced Exhaust Pumping Technology for a DT Fusion Power
Plant”, IEEE Trans. Plasma Sci. 42 (2014)

[150] T. Giegerich, “Novel vacuum pumping concepts for fusion power plants” (PhD Thesis),
Karlsruhe, 2016

[151] C. Day, et al. “Design progress for the ITER torus and neutral beam cryopumps”, Fusion Eng.
Des. 86 (2011) 2188-2191

[152] https://eurovacuum.eu/
[153] http://www.brooks.com/
[154] http://hivatec.ca/
[155] https://www.enggcyclopedia.com/
[156] A. Ciampichetti et al., Performance of a hydrogen sensor in Pb-16Li, J. Nucl. Mater. 367-370
(2007) 1090-1095

[157] L. Candido et al., “Development of advanced hydrogen permeation sensors to measure Q2
concentration in lead-lithium eutectic alloy”, Fusion Eng. Des. 124 (2017) 735-739

[158] B.M. Tolbert, “Tritium Measurement Using Ionization Chambers”. In: Rothchild S. (eds)
Advances in Tracer Methodology. Springer, Boston, MA, (1963)

[159] K. A. Polzin, “Liquid-metal pump technologies for nuclear surface power”, NASA/TM-2007214851, Marshall Space Flight Center, Alabama

[160] R. Sacristán, “Fuskite. Demostrador tecnológico de extractor de tritio para los sistemas de lazo
de Pb(15.7)Li de los TBM de ITER mediante permeación contra vacío”, SENER, CIEMAT, CDTI

[161] R. Sacristán et al. “Fuskite preliminary experimental tests based on permeation against vacuum

for hydrogen recovery as a potential application in Pb15.7Li loos systems”. Fusion Eng. Des. 89 (2014)
1151-1556

[162] M. Canchado et al., “Fuskite. Demostrador tecnológico de extractor de tritio para los sistemas
de lazo de Pb(15.7)Li de los TBM de ITER mediante permeación contra vacío”, Informe de resultados,
SENER D227188-SRLM-IN-0006, March 2003

[163] Bhadeshia H.K.D.H., “Thermal analyses techniques. Differential thermal analysis”. University of
Cambridge, Material Science and Metallurgy

[164] A. W. Coats et al., "Thermogravimetric Analysis: A Review", Analyst 88 (1963) 906–924
[165] M. I. Barrena et al., “Obtención de aleaciones eutécticas PbLi mediante procesos de fusion”, Rev.
Metal. 48-6 (2012) 437-444

[166] Chemicool Periodic Table. Chemicool.com. 18 Oct. 2012. Web. 12/1/2016
[167] R. R. Henrich et al., “Hydrogen permeation studies”, J. Electrochem. Soc. 112 (1965) 1071-1073

References 205

[168] E. H. Van Deventer et al., “Effects of surface impurity layer on the hydrogen permeability of
vanadium”, J. Nucl. Mater. 64 (1977) 241-248

[169] T. Namba et al., “Hydrogen permeation through vanadium and the effect of surface impurity
layer on it”, J. Nucl. Mater. 105 (1982) 318-325

[170] J. Völkl et al., “Diffusion of hydrogen in metals”, Diffusion in Solid: Recent Developments, A.S.
Nowick and J. J Burton, Eds. (Academic Press, New York, 1975) 232-302

[171] E. Veleckis et al., “Thermodynamic properties in the systems Vanadium-hydrogen, niobiumhydrogen and tantalum-hydrogen”, J. Phys. Chem. 73-3 (1969) 683-692

[172] J. Schober, “Vanadium, Niobium, Tantalum”, KFA Jülich Report, Jül. 2347 (1990)
[173] P. Meuffels et al., “Wasserstoff und Deuterium in Vanadium als wechselwirkende Gittergase”,
KFA Jülich Report, Jül. 2081 (1986)

[174] T. Bleichert et al., “Löslichkeit der Wasserstoffisotope Protiurn, Deuterium und Tritium in
Vanadium”, Phys. Stat. Sol. B 144 (1987) 361-373

[175] M. Malo et al., “Experimental refutation of the deuterium permeability in V, Nb and Ta”, 30 th
Symposium Of Fusion Technologies (SOFT), Oral presentation. Sicily, Sept 2018

[176] L. Livina et al., “Development of a hydrogen permeation sensor for future tritium applications”,
Fusion Eng. Des. 89 (2014) 1209-1212

[177] ITER Structural Design Criteria for In-vessel Components (SDC-IC), ITER IDM G 74 MA 8
R0.1, 2004

[178] B. Schulz, “Thermophysical properties of Li(17)Pb(83) alloy”, Fusion Eng. Des. 14 (1991) 199205

[179] T. Terai et al., “Diffusion coefficient of tritium in molten lithium-lead alloy (Li17Pb83) under
neutron irradiation at elevated temperatures”, J. Nucl. Mater. 187 (1992) 247-253

206 References

ANNEX

ANNEX I. LEAD-LITHIUM PROPERTIES
A summary of the different solubility constants for hydrogen isotopes in PbLi is presented in
Table 8.1:
Table 8.1. Summary of experimental coefficients of hydrogen isotopes solubility in PbLi

Solubility

Equation

Temperature
range

Pressure
range

H (at.fr)

KS = √Po · 2.7E-8

723 K

10 – 10 Pa

H (at.fr)

KS = √Po·2.44E-8·exp(-1350/RT)

508-700 K

10 – 10 Pa

H (mol m )

KS = √Po ·8.64E-3·exp(-900/RT)

523 – 922 K

1 – 10 Pa

H (at.fr)

KS = √Po· 4.7E-7·exp(-9000/RT)

573 - 773 K

up to 10 Pa

H (at.fr)

KS = √Po · 10.8E-7

573 – 773 K

10 – 10 Pa

-3

KS = √Po ·0.237·exp(-12844/RT)

600-900 K

10 – 10 Pa

H (mol m )

-3

KS = √Po ·5E-5·exp(-10650/RT)

573 – 773 K

H (at.fr)

KS = √Po ·2.73E-7·exp(-4180/RT)

573 – 873 K

H(at fr)

KS = √Po 8.6E5·exp(-53800/RT)

773-973 K

D (at.fr)

KS = √Po·2.36E-8·exp(-1350/RT)

508-700 K

10 – 10 Pa

[79]

D (at.fr)

KS = √Po ·6.3E-7

850-1040 K

1-10 Pa

[81]

D (appm)

KS = √Po ·0.1961·exp(-30115/RT)

523-823 K

D (at.fr)

KS = √Po ·4.21E-7·exp(-3100/RT)

573 – 873 K

D (at fr)

KS = √Po ·1.1E-4·exp(-55200/RT)

773-973 K

T (at.fr)

KS = √Po·2.32E-8·exp(-1350/RT)

508-700 K

-3

H (mol m )

ref

3

4

[78]

3

5

[79]

5

[80]

4

[82]

4

5

[83]

3

5

[84]

[85]
3

5

10 – 10 Pa

[87]

[88]
3

5

[86]
3

5

10 – 10 Pa

[87]
[88]

3

5

10 – 10 Pa

Annex 209

[79]

KS = √Po ·5.4E-7

T (at.fr)

515 K

20 Pa

[81]

The equation defining PbLi density, viscosity and hydrogen diffusivity through PbLi are
summarized in Table 8.2:
Table 8.2. PbLi properties
Parameter

Units

Expression

Temperature
range

Ref.

Density

kg/m3

ρ = 10520·(1-(1.13E-4·T))

508-880 K

[178]

Viscosity

Pa·s

µ = 1.87E-4·exp(11640/RT)

508-623 K

[31]

Diffusivity

m2/s

D = 2.50E-7·exp(-27000/RT)

573-973 K

[179]
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ANNEX II. MANUFACTURING PLANS OF TRITON
In the following, the plans of the fabrication of the PAV TRITON are presented:
-

Plan of the whole device including connections to PbLi loop and vacuum system

-

Plan of the lateral supporting structure

-

Plan of the top and bottom supporting structures

-

Plan of the lateral vacuum box with

-

Plan of the stiffening elements

-

Plan of the diffuser-connection to the PbLi loop
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