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Euroopassa on kehitteilla tapoja fuusioenergian kayttéonottamiseksi energiantuotannossa.
Vuonna 2014 aloitettu kehitysprojekti nimeltd EU-DEMO on osa tata suunnitelmaa. EU-DEMO-
kehitysprojektin tavoitteena on demonstroida fuusiovoiman kaupallinen toteuttamiskelpoisuus.
EU-DEMO-kehitysprojekti on talla hetkellda ideointivaiheen loppuvaiheessa. Talldin kaikki
reaktorin eri osa-alueisiin liittyvat esitetyt konseptit arvioidaan. N&istd konsepteista valitaan
muutama lupaavin jatkokehitysta varten. Reaktorin huolto on yksi ndistd osa-alueista. Huollon
kesto vaikuttaa merkittavasti fuusiovoimalan kannattavuuteen. Diverttori on yksi tarkeimmista
huollon kohteista. Diverttorin tehtdvana on poistaa lamp6a ja epapuhtauksia tyhjickammiosta.
Reaktorin ollessa toiminnassa siihen kohdistuu voimakas lampd- ja neutronikuorma.
Neutronikuorma heikentdd diverttorin materiaaleja, ja lampokuorma aiheuttaa jannityksia
diverttorin rakenteisiin. Tasta syysta diverttori taytyy vaihtaa noin kahden kayttévuoden jalkeen.
Diverttori on jaettu pienempiin osiin nimelta kasetti, jotta diverttorin vaihto olisi helpompaa.
Diverttorin kasetteja kuljetetaan reaktorin tyhjiokammion ja kasettien kuljetuskontin valilla
kuljettimella. Tassa opinndytetydssa arvioidaan ja verrataan kolmea esitettyd diverttorin kuljetin
konseptia. Tuloksen on tarkoitus avustaa lupaavimpien konseptien loytdmisessa. Konseptien
arviointikriteerit pohjautuvat EU-DEMO-projektin suunnittelukriteereihin. Tarkeimmat reaktorin
sisdlla tehtavien huoltotdiden kriteerit ovat tyhjickammiossa tehtdvan tyén, huollon keston,
tilankéayton ja teknisten riskien minimointi. Opinnaytetydn tutkimuskysymykset ovat: millaisia
konsepteja on esitetty, ja kuinka hyvin ty6hdn valitut konseptit tayttavat EU-DEMO projektin
suunnittelun  kriteerit.  Kehitysehdotuksia on myds esitetty arvioitaville konsepteille.
Opinnaytetydssa on arvioitu kolmea kuljetin konseptia: yksinkertaisesti tuettu palkki -, ulokepalkki
- ja kuljetusalusta -lahestymistapa. Tulokseksi saatiin, etté ulokepalkki -konseptissa huollon kesto
on lyhin ja kuljetin on lyhimman ajan tyhjiokammiossa. Yksinkertaisesti tuettu palkki -konseptissa
huollon kesto on pisin, ja kuljetin on pisimman aikaa tyhjiokammiossa. Ulokepalkki -konseptissa
kuljetin tarvitsee korotetun kuljetuskontin ja ylimaaraista tilaa diverttorin huoltotunnelissa
varoetaisyyksia varten. Muuten sen tilan tarve on minimaalinen. Yksinkertaisesti tuettu palkki - ja
kuljetusalusta -konsepteissa kuljetin tarvitsee tilaa kasetin alapuolelta. Naissd konsepteissa
liikkeet ovat hyvin tuettuja, joten varoetédisyydet voidaan pitda pienind. Yksinkertaisesti tuettu
palkki -konseptissa tekniset riskit ovat pienet, koska kuljettimen liikkeet ovat hyvin tuettuja,
teknologia on hyvin kaytannodssa testattua ja kayttdjavirheen riskit ovat pienet. Ulokepalkki -
konseptissa tekniset riskit ovat arvioiduista konsepteista suurimmat, koska kayttajavirheen riskit
ovat suuret vahemman tuettujen liikkeiden aikana. Kuljetusalusta -konseptissa tekniset riskit ovat
toisiin arvioituihin konsepteihin nahden keskimaaraiset, koska kuljettimen liikkeet ovat hyvin
tuettuja, mutta likesuunnan vaihdot lisdévat riskeja. Yksinkertaisesti tuettu palkki -konseptiin
esitettiin kehitysehdotuksia tdydentdmaan kuljettimen vield suunnittelemattomat osa-alueet.
Ulokepalkki -konseptiin esitettiin kehitysehdotus teknisten riskien pienentamiseksi. Kuljetusalusta
-konseptiin esitettiin kehitysehdotuksia yksinkertaistamaan huollon vaiheita. Laéhdetiedon vahyys
ja taman tutkimuksen laajuus rajoittivat tyon tulosten hyodyllisyyttd, mutta tydn paamaara
saavutettiin. Tata opinnaytety6té voidaan kayttaa konseptien valintaprosessien tukena.

Avainsanat: DEMO, diverttori, etédhuolto, huolto, arviointi, konsepti, cantilever approach, simply
supported beam approach, mobile platform approach
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As part of the European plan to realize feasible fusion power, the development of a fusion power
reactor, the so-called European DEMOnstration fusion power reactor (EU-DEMO), has been
started in 2014. The purpose of the EU-DEMO project is to demonstrate commercial feasibility of
fusion power plants. The development of the EU-DEMO reactor is now in the end of the pre-
conceptual design phase where proposed concepts for all areas of reactor are narrowed down to
the few promising concepts for further development. One sector is reactor maintenance, the du-
ration of which affects greatly the power plant viability. One maintained part is a divertor that
extracts heat and impurities from the plasma. Intense heat and neutronic loads in the vacuum
vessel during reactor operation stresses and weakens the divertor materials so that they have to
be replaced after two years of operation. The divertor is divided into the cassettes in order to
make replacement process easier. Cassettes are transported in between the vacuum vessel and
the transport cask with a manipulator. In this study, three proposed cassette manipulator concepts
are evaluated in order to support concept selection process. The evaluation criteria of the con-
cepts are based on the EU-DEMO development drivers. The development drivers are a minimi-
zation of in-vessel operation, maintenance duration, space requirements and of technical risks.
The research questions are, how the divertor manipulator follows the development drivers for the
fusion power plant maintenance and what kind of divertor manipulator concepts are presented.
Possible concept improvements are also proposed. The evaluated concepts are a simply sup-
ported beam, a cantilever and a mobile platform approach Based on the results, the manipulator
in the cantilever approach requires the least amount in-vessel and overall operations. The simply
supported beam approach require the largest amount of the in-vessel and overall operations. In
the cantilever approach, the manipulator requires additional space from the transport cask, addi-
tional clearances in the divertor maintenance port. Otherwise, it requires minimal additional space
around the cassette. In the simply supported beam and mobile platform approaches, the manip-
ulator requires additional space under the cassette. Movements are well supported and guided,
so clearances in the maintenance port can be minimal. Technical risks in the simply supported
beam approach are low due to the good support, the use of proven technologies and the low risk
of human error. In the cantilever approach, the technical risks are relatively high due to the higher
possibility of human error during non-guided movements. In the mobile platform approach, the
technical risks are moderate. The movements are well supported and guided, but the rotation
between linear and toroidal directions may introduce additional technical risks. In the simply sup-
ported beam approach, improvements were found to compensate for the missing parts of the
design. In the cantilever approach, only a minor improvement was found to mitigate the technical
risks. In the mobile platform approach, possible improvements were found to decrease the com-
plexity of the design. The amount of source material and the scope of the study limited the use-
fulness of the results, but the goals of the study are satisfied. This study can be used as one of
many evaluations in order to find the most promising concepts.

Keywords: DEMO, divertor, remote handling, maintenance, evaluation, concept, cantilever
approach, simply supported beam approach, mobile platform approach.
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1. INTRODUCTION

Nuclear power is a relatively new way of producing energy and it has many advantages compared
to fossil fuels. It is clean and a reliable source of energy with a great energy producing potential.
Nuclear energy can be obtained in two ways: The first way is fission where energy is released by
splitting large nuclei into smaller ones. The second method is fusion where energy is released by
combining two small nuclei into a larger one. The fusion power is safer, and it produces signifi-
cantly less radioactive waste than fission power. Fusion is therefore the more promising method
of energy production. The problem is that fusion technology is not yet mature enough for energy
production purposes. (Song et al. 2014. pp. 1-2)

As part of an international plan to realize feasible fusion power, the development of an Interna-
tional Thermonuclear Experimental Reactor (ITER) has been started in the year 2005 (ITER
2019a). Key goals of the ITER project are to demonstrate the technical feasibility of fusion reac-
tors and to serve as a test platform for key functional fusion reactor components. The experience
from the ITER project will be used for future fusion reactor designs. The European EUROfusion
organization is coordinating the research and design (R&D) of the reactor called European
DEMOnstration fusion power reactor (EU-DEMO). The EU-DEMO reactor project is one of the
many projects utilizing the experience from the ITER research. The EU-DEMO is supposed to be
the last experimental reactor before the building of commercial reactors in Europa. The develop-
ment of the EU-DEMO has been started in 2014. (Donné et al. 2018, p. 3) The development of
the EU-DEMO is going to be in the pre-conceptual phase until 2020 (Donné et al. 2018, p. 21).

One part of the EU-DEMO design process is the development of a feasible maintenance system
for the fusion reactor part called divertor (see chapter 3). One part of the divertor maintenance
systems is the manipulator that transports divertor parts called divertor cassettes into the reactor
core called vacuum vessel (see chapters 3 and 4). The development of the manipulator is in the
end of the pre-conceptual phase which means that there are several preliminary manipulator con-
cepts proposed (Donné et al. 2018, p. 21). After the pre-conceptual phase, only two to three
concepts will be developed further. At the moment, those two to three concepts must be selected
(Donné et al. 2018, p. 32). In this thesis three proposed concepts are evaluated and compared in
order to support the selection of the most promising.



1.1 Structure of the thesis and researc h questions

In this thesis, three divertor manipulator concepts are evaluated. There are more than three pro-
posed concepts, but due to the scope of the study, the number of concepts has been restricted
to three. The concepts are selected based on their level of development. Three concepts with
adequate and approximately the same level of development are selected. The research questions
of this thesis are:

1 What kind of divertor manipulator concepts have been proposed?
1 How do divertor manipulator concepts follow the development drivers for fusion power
plant maintenance? These development drivers are the minimization of
0 in-vessel operation,
0 maintenance duration,
0 space requirements,
o critical failures and failure criticality.
1 How can the presented concepts be improved?

The main focus of the thesis is to evaluate the three presented concepts by using development
drivers. The concept improvement research has less focus in this thesis.

In order to understand the situation during the EU-DEMO divertor maintenance, the fundamentals
of the tokamak type reactor are introduced in chapter 2. In chapter 2.1 the EU-DEMO develop-
ment principles and goals are introduced. That chapter explains why these particular evaluation
criteria have been chosen. In chapter 2.2, the timeline of the EU-DEMO project is introduced in
order to explain why this evaluation is relevant.

Understanding the divertor and the environment during operation and maintenance, are crucial
parts of the evaluation. In chapter 3, the function of the divertor and of all the main parts of the
divertor are presented. In the beginning of chapter 4, reasons are shown why frequent mainte-
nance for the divertor is needed. Maintenance frequency and maintenance duration operations
are also presented. In chapter 4.1, the main divertor maintenance steps are introduced. The vac-
uum vessel environment during the power plant operation and maintenance are presented in
chapter 4.2. The divertor manipulator concepts are presented in chapter 4.3. Chapter 4.4 explains
the maintenance drivers and how they are implemented into the evaluation process. In chapter
5, the evaluation process of the divertor manipulator concepts are presented with results. In chap-
ter 5.5, improvement proposals for the concepts are presented. In chapter 6, all results are con-
cluded, and study success and usefulness are evaluated.



2. FUNDAMENTALS OF THE TOKAMAK TYPE
REACTOR AND THE EU-DEMO PROJECT

The successful usage of fusion power requires the fusion process to produce more energy than
it consumes. In the fusion reactors, the potential fuel is a combination of two hydrogen isotopes,
deuterium and tritium (D-T). They are used because they are widely accessible on earth, they
ignite in relatively low temperature, and they have the highest energy production potential com-
pared to other fusion fuels. (Max Planck Institute for Plasma Physics 2019a; Schneider. 2001)
The plasma ignition requires a sufficient plasma density, temperature and confinement time. The
confinement time is the period the thermal energy of the plasma stays inside of the plasma. In
fusion reactors with D-T reaction, the requirements are:
1 plasma temperature of at least 100 million degrees,
1 energy confinement time of around two seconds and
1 plasma density of around p 1t particles per cubic centimeter. For comparison purposes,
theear t hds dangity isdH00Cktimes higher. (Max Planck Institute for Plasma
Physics 2019b)
In order to achieve such a high temperature and such a long confinement time, the plasma is
confined in a vacuum to avoid contact with other materials. No material can withstand such a high
temperature without melting. The contact in between the plasma and the wall material would also
cool thin plasma drastically. In the Tokamak type fusion reactor, the plasma is confined using
magnetic fields. Magnetic fields keep the plasma away from the vacuum vessel walls. (Max
Planck Institute for Plasma Physics 2019c)

The plasma confinement with magnetic fields is based on the physical property of the charged
particles that allows charged particles to be forced to move with magnetic fields in one direction.
The plasma consists of charged particles. Charged particles have a tendency to orbit helically
around magnetic field lines (figure 1). In a straight magnetic field, like in figure 1, charged particles
move into one direction. Therefore, the fusion particles would eventually leave the confinement
within such a magnetic field. (Max Planck Institute for Plasma Physics 2019c)

Figure 1. Charged particles moving helical path around the magnet lines. (Max Planck Institute
for Plasma Physics 2019c)



In the Tokamak type reactor, this problem is solved by producing a circular magnetic field where
the charged particles can indefinitely move in one direction without colliding with the vacuum
vessel walls. The circular magnetic field is created using several toroidal field (TF) coils (figure 2).
However, TF coils alone are not sufficient to keep the plasma confined. Charged particles would
still move towards the vacuum vessel walls. The solution for this problem is the magnetic field line
twisting with transformer and vertical field coils (figure 2). This configuration forces the charged
particles into the torus shaped form. (figure 2) (Max Planck Institute for Plasma Physics 2019c;
Song et al. 2014. pp. 3-4)

Transformer coils

Plsama current

Plasma Toroidal field coil
Magnetic field line

Figure 2. Magnet system in the Tokamak type fusion reactor. (Max Planck Institute for Plasma
Physics 2019c)

Plasma also has to be heated. The first means of plasma heating are transformer coils. Alongside
the confinement, transformer coils produce a large amount of heat in plasma by accelerating
charged particles. This heating method is called current heating. (Max Planck Institute for Plasma
Physics 2019d) Heating plasma with transformer coils has one technical disadvantage: It causes
instabilities in the plasma. Therefore, the Tokamak type reactors are not able to generate a con-
tinuous flow of plasma. (Song et al. 2014. pp. 4) Current heating alone is not sufficient to heat up
plasma to over 100 million degrees. Other means to heat up the plasma are the high-frequency
heating principle and the neutral particle heating. High-frequency heating is produced by beaming
electromagnetic waves with the harmonic frequency of the plasma into the plasma. The charged
particles in the plasma resonate with the beamed electromagnetic waves and absorb energy from
the waves. The neutral particle heating is produced by injecting neutral particles with high kinetic
energy into the plasma. Neutral particles transfer their energy into the charged particles by means
of collision. (Max Planck Institute for Plasma Physics 2019d)
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Figure 3. Overview of the Tokamak type reactor. (Crofts et al. 2016, p. 1396)

Plasma requires a near vacuum environment to burn because even a small amount of air could
extinguish burning plasma. For that reason, the plasma is inside the vacuum vessel (figure 3).
The vacuum vessel does not only keep air away from the plasma but also stops the plasma from
escaping the vessel. Vacuum vessel in fusion reactors has to be capable of holding down to a
p 1t millibar absolute pressure. (Max Planck Institute for Plasma Physics 2019e) The vacuum
vessel itself cannot withstand thermal and neutronic loads caused by burning plasma. The vac-
uum vessel is covered from inside with blankets and with a divertor (figure 3). (Song et al. 2014.
p. 7) The Blankets and the divertor protect the vacuum vessel and other reactor core parts from
heat- and radiative fluxes. The divertor removes impurities from the plasma and works as a pas-
sageway to pump vacuum into the vacuum vessel. For this reason, the divertor receives the high-
est amount of heat and radiative fluxes. The EU-DEMO blankets also have a second function;
The blankets produce tritium out of the escaping neutrons and the lithium. This process is called
tritium breeding. (Donné et al. 2018, pp. 8-9, 28)

The magnets are located outside the vacuum vessel close to the vessel walls (figure 3). In some
Tokamak type reactors, including ITER and EU-DEMO, the magnets are superconducting in order
to achieve extremely low resistance. Magnets with lower resistance consume less power. Super-
conductive magnets have one downside: They must be cooled down to 4 Kelvin in order to work.
Due to superconductivity, the magnets are surrounded by a vessel called cryostat (figure 3). The
main functions of the cryostat are to create a vacuum environment, to reduce the heat transfer in
between the magnets and the environment, and to interconnect the magnet system and the vac-
uum vessel with the cryoplant, the power supplies and the data processing system. (Song et al.
2014. Pp. 5-6, 11)

2.1 EU-DEMO development principles and goals

European fusion research institutions have founded the consortium European Fusion Develop-
ment Agreement (EFDA) that coordinates the European fusion research. EFDA has published
the paper Fusion Roadmap: Fusion Electricity i A roadmap to the realization of fusion energy
(Romanelli et al. 2012). In this paper, the European fusion research and the development (R&D)
strategy is published. It functions as a guide to R&D prioritizing for most of the European fusion
projects. The key principles of the EU-DEMO R&D are the emphasis on system thinking, the
requirements driven development, which takes design feasibility and risks in consideration, the
strong use of ITER experiences and industrial resources, and the emphasis on studying and eval-
uating the multiple parallel design options and technologies during R&D. Already proven and eas-
ily licensable technologies and design options are also favored. These principles aim to mitigate
the development risks. (Federici et al. 2018, pp. 729-730)



In the paper Fusion Roadmap, the EU-DEMO project goals are also presented. The EU-DEMO
project goals are:

to make reactor that produce hundreds of megawatts of electricity to the grid,

to develop a functioning closed fuel-cycle,

to minimize the amount of activated waste,

to function as a component test facility for future fusion power plants and

to achieve a reasonable power plant availability. (Federici et al. 2018, pp. 729-730)

=4 =4 —a —a

The closed fuel-cycle reactor produces sufficient amount of tritium for its own deuterium-tritium
burning process. Tritium is produced through a breeding process where escaping high energy
neutrons from plasma react with lithium atoms, splitting lithium into helium and tritium atoms.
(Romanelli et al. 2012, pp. 23-24; Antunes. 2017)

2.2 Timeline of the EU -DEMO project

According to the current plan of the EUROfusion organization, the EU-DEMO project was started
in 2014 and the power plant should start its operation around the year 2050. This schedule (figure
4) relies strongly on the schedule of the ITER project due to the strong reliance on the ITER
experience. The EU-DEMO project plan consists of four main stages:

1 pre-conceptual design stage,

1 concept design stage,

1 engineering design and site selection stage, and
1 procurement and construction stage. (figure 4)

After these four stages the commissioning and operation of the power plant will start. (Donné et
al. 2018, p. 21)
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Figure 4. The EU-DEMO and ITER schedules and ITER experience exploitation plan. (Donné et
al. 2018, p. 21)



The pre-conceptual design stage started in 2014 and it is planned to last until 2020. During this
stage, many different designs are developed and assessed. During the pre-conceptual design
stage, there is lesser emphasis on the exploitation of the ITER experience. At the end of the
stage, the count of designs is reduced to the few most promising designs. This process is called
gate review. The EU-DEMO gate review process focuses on design feasibility, on risks, on key
design decisions and integration progress, and on status characteristics. (Donné et al. 2018, pp.
41-42) This thesis concentrates on supporting this gate review process for divertor manipulator
by evaluating three proposed manipulator designs.

The concept design stage will start after the pre-conceptual stage and it is planned to last until
2030. During the concept design stage, selected designs from the pre-conceptual stage will be
further investigated and compared to each other. The remote maintenance strategy will be con-
firmed by testing concepts with test-rig. During the concept design stage, the requirements of the
initial designs and the analysis are finalized in order to avoid later concept changing costs. During
this stage, the exploitation of the ITER experiences will start. (Donné et al. 2018, pp. 41-42)

The engineering design and site selection stage will start after the concept design stage. It is
planned to last until 2040. During this stage, the final demonstrations regarding the designs and
technologies will be carried out by creating prototypes and by testing. All the technologies used
in the EU-DEMO will be validated and the quality and part manufacturing costs will be confirmed
during this stage. Licensing of the technologies will also be discussed, and safety analysis will be
executed. The power plant life cycle will also be planned. The exploitation of the ITER experience
will continue during this stage. (Donné et al. 2018, pp. 43)

After the engineering design and site selection stage, the construction of the EU-DEMO power
plant will start. According to plans, the construction will be ready around the 2050s. After the
construction, the EU-DEMO power plant will be commissioned and operated. (Donné et al. 2018,
p. 43)



3. INTRODUCTION TO THE DIVERTOR

According to the European Research Roadmap to the Realization of Fusion Energy, the divertor
is a magnetic field configuration with which impurities are diverted to a target chamber. In fusion
literature, this target chamber is often called a divertor. (Donné et al. 2018, p. 67) In this thesis,
the target chamber is also called divertor.

Fusion reaction produces heat, high speed neutrons and impurities like helium ash. Heat causes
extreme thermal loads and neutrons neutronic loads to the in-vessel components (IVC) and to
the vacuum vessel. Impurities contaminate the plasma and can cause the plasma to extinguish.
The divertor shields components behind the divertor from thermal and neutronic loads and ex-
tracts impurities and heat from the plasma. (ITER 2019b; Song et al. 2014. pp. 122-124)

3.1 Divertor components

The currently planned EU-DEMO divertor is segmented into 48 individual cassettes (figure 5) that
are toroidally positioned (Marzullo et al. 2019, p. 2). The segmentation of the divertor reduces the
size and weight of the individual parts. The reduced part size and weight allows divertor mainte-
nance through divertor maintenance ports by using a manipulator system. (Song et al. 2014. p.
10) The divertor cassette subcomponents are a cassette body, a shielding liner, cooling pipes
and a cassette-to-vacuum vessel fixation system (Marzullo et al. 2019).

The cassette body (figure 5) works as a supporting structure for the cassette. All other subcom-
ponents are attached to the cassette body. The cassette body is designed to withstand thermal
and neutronic loads from plasma, magnetic loads from magnets and pressure loads from the
hydraulic system inside the cassette. In the middle part of the cassette body is a vacuum pumping
hole (figure 6). (Frosi et al. 2019) The cassette materials alone are not capable of withstanding
the heat load, so the cassette body is cooled with flowing water inside of the cassette body. Hot
cooling water coming from the cassette is used for energy production. The heat load is affecting
the plasma facing components (PFC) the most. Therefore, the PFCs are cooled with extra cooling
pipes outside the cassette body. (figure 5). (You et al. 2017, pp. 367-369)

Cooling pipes for plasma
facing components

Cassette body

(c)
Figure 5. Divertor cassette (Marzullo et al. 2019, p. 2).



Inner attachments

Vacuum pumping hole

Outer attachments

Figure 6. Divertor shielding liner attachments (Marzullo et al. 2019, p. 3)

During the vacuum pumping, heat and impurities are pumped through the vacuum pumping hole.
Heat and radiation irradiate the vacuum pumping hole and vacuum vessel. In order to protect the
vacuum vessel and the vacuum pumping hole, a cooled shielding liner is placed in front of the
vacuum pumping hole (figure 7). One shielding liner concept can be seen in figure 7. (Marzullo et
al. 2019, p. 3)

Figure 7. Divertor shielding liner (Marzullo et al. 2019, p. 3)

The divertor cassette has to be fixed into the vacuum vessel firmly and accurately but, at the
same time the fixation has to be flexible. Thermal expansions and electromagnetic forces from
the usage of the magnets deform the cassette. The flexibility of the fixation system mitigates
secondary stresses caused by thermal expansion. In addition, flexible fixation ensures the needed
electrical connection in between the vacuum vessel and the cassette. The fixation system has to
be compatible with remote handling equipment (RHE). The fixation system is called cassette-to-
vacuum vessel fixation system. One of the fixation concepts is presented in figure 8. (Marzullo et
al. 2019, p. 3)

Figure 8. One cassette-to-vacuum vessel fixation system concept (Frosi et al. 2019, p. 120)
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4. DIVERTOR MAINTENANCE

During the operation, the divertor is exposed to extreme neutronic, electromagnetic and heat
loads. These loads slowly degrade the divertor materials and can eventually break the divertor
(see chapter 4.2). In order to avoid malfunctions, the divertor requires frequent maintenance.
(Crofts & Harman 2014, p. 2383) It is estimated that the divertor must be replaced after 2 years
of operation and the replacement of the divertor alone takes maximum four months. The replace-
ment time is based on the assumption that the power plan availability has to be at least 75%. The
planned combined replacement of the divertor and of the blanket modules takes estimated six
months and it will be executed after 4 years of operation. The planned maintenance cycle can be
seen in figure 9. (Crofts & Harman 2014, p. 2387)

Six month divertor
Four month divertor and MMS blanket
replacement replacement

2 year operation 2 year operation \

\/

Cooling or pump - down periods

Figure 9. Planned maintenance cycle where 75% power plant availability is reached for EU-
DEMO. (Crofts & Harman 2014, p. 2387)

Before the maintenance operation can start, the vacuum vessel has to cool down for one month
and the cooling water must be drained from the divertor cassettes. After the maintenance opera-
tion, the vacuum is pumped into the vacuum vessel, the divertor pipes are filled up with coolant
and the vacuum vessel is conditioned for operation. This process requires one month. These
operations are the white areas in figure 9. (Crofts & Harman 2014, p. 2387) Even the cooled
vacuum vessel environment is not suitable for humans during the maintenance operation (see
chapter 4.2). Therefore, all maintenance operations will be executed with RHE. (Crofts et al. 2016,
p. 1393)

4.1 Main steps of the divertor cassette maintenance

After the cooling down period, begins the maintenance operations that consists of few major
steps. The remote maintenance operations start with the maintenance port preparation. Then,
only the divertor or the divertor and the blankets are replaced. And finally, the port is sealed, and
transport casks leave the reactor area. The divertor cassette replacement is executed through
the divertor maintenance ports. Three cassettes are replaced through one maintenance port.
(Crofts & Harman 2014)

The maintenance port preparation and removal of all three cassettes is executed so:

1 The transporter cask attaches to the divertor maintenance  port
(Crofts et al. 2016, pp. 1392).

1 The divertor cooling pipe cutter cuts the divertor cassette cooling pipes inside the vacuum
vessel (Keogh et al. 2018, pp. 461-466).

1 The divertor cassette manipulator goes into the vacuum vessel, detaches the cassette
from the vacuum vessel supports and transports the cassette to the transporter cask.
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1 Thisis done to all three cassettes. (Mozzillo et al. 2017; Cafora et al. 2015; Li et al. 2019)

Figure 10. One transport cask system maintenance port attachment concept. (Thomas et al.
2013, p. 2125)

1 The transporter cask detaches from the divertor maintenance port and transports the di-
vertor cassettes to the hot cell (figures 10 and 11). The hot cell is used for cooling down
and maintenance of the cassette (Thomas et al. 2013, p. 2125).

Figure 11. Hot cell facilities concept. (Thomas et al. 2013, p. 2126)

After the removal operations, the new divertor cassettes are installed. The blanket modules are
replaced in between the divertor removal and installation. The blanket module replacement re-
quires access to the blankets from the divertor maintenance port. Therefore, the blanket replace-
ment is only possible when the divertor cassettes are removed. (Crofts & Harman 2014, p. 2387)
The installation of the divertor cassettes is executed so:

1 The transporter cask transports new cassettes from the hot cell and the cask attaches to
the divertor maintenance port (Thomas et al. 2013, p. 2125).

1 The divertor cassette manipulator installs cassettes onto the vacuum vessel supports
(Mozzillo et al. 2017; Carfora et al. 2015; Li et al. 2019).

1 The divertor cooling pipe welding tool welds cassette cooling pipes and pipes located
inside the vacuum vessel together (Keogh et al. 2018, pp. 461-466).

1 The maintenance port is sealed, and the transporter cask detaches from the divertor
maintenance port.

1 The transporter cask leaves the reactor area. (Crofts et al. 2016, pp. 1392)








































































