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Abstract

Casks are storage units for all equipment used in maintenance operations of a nuclear reactor, designed
to facilitate their handling and prevent exposure to ionized particles. Due to the radiation levels, human
access is not allowed inside the reactor room. Therefore, the transportation and operation of these
containers is achieved through Remote Handling operations.

This thesis addresses all the systems involved in handling Casks inside the reactor room of the Divertor
Tokamak Test, which were divided into ve sub-tasks: Cask Design, Support Structures, Transportation
System, Sliding Doors and Inner Railings. For each sub-task, this document presents all development
stages from de ning the problem, to extensive research on existing options and solution proposal based
of a criteria method analysis.

The analysis of each sub-task is based on a compiled list of 57 Requirements and 49 Assumptions, and
di erent Multiple Criteria Decision methodology, depending on which better ts the evaluation context. A
curvature feasibility assessment and simulation is also included in the topic of Inner Railings, responsible
for allowing inter-Cask connection. Finally, the elected system solutions represent a preliminary concept

proposal in the context of ex-vessel operations involving Casks for the Divertor Tokamak Test facility.

Keywords

Casks, Remote Handling, Operations, Tokamak Hall, Interface, Ports, Reserved Area, Support Structures,

Transportation System, Railings.



Resumo

Os Casks sao unidades de armazenamento de todo o equipamento utilizado nas operacees de manutencao
de um reator nuclear, concebidas para para facilitar o seu manuseamento e evitar a exposicao a part culas
ionizadas. Devido aos n veis de radiacao, o acesso humano nao e permitido no interior da sala do reator.
Assim, o transporte e controlo destes contentores e efectuado atraves de operacees de controlo remoto.

Este documento aborda todos os sistemas envolvidos no manuseamento de Casks dentro da sala do
reator do projeto Divertor Tokamak Test, os quais foram divididos em cinco subtarefas: desenho do
Cask, Estruturas de Suporte, Sistema de Transporte, Portas Deslizantes e Railings internos. Para cada
subtarefa, este documento apresenta todas as fases de desenvolvimento, desde a de nicao do problema,
pesquisa exaustiva de opcees existentes ate a fase nal de proposta de solucao, baseada num metodo de
analise.

A analise de cada subtarefa baseia-se numa lista compilada de 57 requisitos e 49 pressupostos, e
diferentes metodologias de Decisao por Criterios Multiplos, consoante a que melhor se adequa ao contexto
de avaliacao. A avaliacao e simulacao da viabilidade de uma curvatura tambem esta inclu da no topico
dos Railings interiores, responsaveis por permitir a ligacao entre os Casks. Finalmente, as conclusees

nais representam uma proposta de conceito preliminar no contexto das operacees exteriores ao reactor,

envolvendo Casks para a instalacao do Divertor Tokamak Test.

Palavras Chave

Casks, Operacees Remotas, Controlo, Sala do Reactor, Interface, Portos, Area Reservada, Estruturas de

Suporte, Sistemas de Transporte, Railings;
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1.1 Motivation

Nowadays, as energy drives economies and sustains societies, clean and reliable access to it has never been
more critical. By the end of the century, the demand for energy will have tripled under the combined
pressure of population growth, increased urbanization and expanding access to electricity in developing
countries [1]. Nevertheless, the current energy production levels cannot ful ll this increasing demand.
The fossil fuels reserves that shaped the previous centuries, not only are rapidly running out, but are no
longer environmentally viable, due to the greenhouse gases and pollution levels that are emitted. On top

of that, according to the International Energy Agency (IEA) [2], for the rst time in decades, the number

of people without access to electricity was set to increase in 2022. As such, a new large-scale, sustainable
and clean form of energy is urgently needed. A promising solution: Nuclear Fusion [3].

Nuclear Fusion is the process by which two light atomic nuclei combine to form a single heavier one
while releasing massive amounts of energy. The reason behind such energy release reverts to Einstein's
Equation E = mc?, as the total mass of the single nucleus is less than the sum of the two original ones,
converting the resultant mass into energy [4]. However, the fusion process is not easily achievable as it
requires extreme conditions to be ignited. In this case, ignition refers to the point where the reaction
becomes self-sustainable.

For starters, it takes place in a state of plasma, a super heated ionized gas in which the electrons
are ripped from their atoms. In order to reach such state, the fuel components need to be heated
to a temperature of around 100 million degrees Celsius [5], which requires a special type of Vessel.
Furthermore, in order to increase the probability of collisions and ensure a continuous reaction, it needs
su cient con nement and particle density. All these conditions occur naturally on stars, hence why
nuclear fusion is described as "harnessing the power of the Sun", according to physicist Arthur Turrel [6].

As mentioned in [7], the most convenient fusion process uses two hydrogen isotopes as fuel, Deuterium
and Tritium. Combined they produce a neutron and a helium nucleus. Researchers use these elements as
they produce large amounts of energy and they occur at lower temperatures than other elements. Also
they are widely available and easily obtainable. According to [8], Deuterium can be distilled from all
forms of water. It is a widely available, harmless, and virtually inexhaustible resource. On the other hand,
Tritium is a fast-decaying radio-element of hydrogen which occurs only in trace quantities in nature. It
can be produced during the fusion reaction through contact with lithium (easily extractable land-based
resource). Even so, it is relevant that only small amounts of both Deuterium and Tritium are required
for long periods of energy production.

As previously mentioned, the containment of the fuel in a plasma state is a key aspect to achieve
ignition in fusion. Overall, there are two main ways to ensure this con nement [9]. The rst option
is through inertial fusion, in which the fuel is heated and compressed in a quick process through the

use of powerful laser beams, as used in the National Ignition Facility (NIF) [10]. The second option,



and the one of interest in the scope of this project, is through magnetically con ned fusion, in which
powerful magnetic elds are used to contain the plasma, preventing the charged particles from hitting
the surrounding vessel walls.

But how do we convert this power into electricity? Most of the reaction power is transported outside
of the contained plasma through the escaping neutrons (it has no charge so therefore is not a ected by
magnetic containment). The neutrons are absorbed by the surrounding walls of the vessel, where their
kinetic energy will be transferred to the walls as heat [11]. This heat will be captured by cooling water
circulating systems in the vessel walls and eventually dispersed through cooling towers. From that, steam
can be produced, and through the use of turbines and alternators it is possible to obtain electricity.

Even considering the extreme conditions required, nuclear fusion presents many advantages and ben-
e ts that make it worth pursuing. In addiction to the abundant amounts of energy that can be harnessed
from this reaction, it does not emit harmful toxins like carbon-dioxide or other greenhouse gases. When
compared to ssion, it produces lower levels of long-lived radioactive waste. The reason, as mentioned
in [12], is the activation of components is low enough for the materials to be recycled or reused within
100 years. Furthermore, there is no risk of a runaway chain reaction that could culminate in a reactor
meltdown, making it intrinsically safe. Finally, it o ers sustainability, as Deuterium can be obtained
with a relative level of e ort and investment, as previously described (Tritium production technologies

are still in development and in a testing stage).

1.2 Experimental Nuclear Fusion Reactors

As described in [13], the European Consortium for the Development of Fusion Energy, in short EURO-
fusion, was born in 2014 through an agreement signed by fusion research bodies from multiple European
Union member states and Switzerland. It o cially cemented European collaboration on fusion and serves
as the umbrella organisation of Europe's fusion research laboratories. EUROfusion's programme [14] fol-
lows a roadmap for the realization of fusion energy, which can be summed up in two main objectives:
preparing for the International Thermonuclear Experimental Reactor (ITER) experiments and the de-
velopment of DEMO.

ITER is one of the most ambitious fusion projects in the world [15], as it aims to be the largest magnetic
fusion device ever built so far. The Vacuum Vessel (VV) (hermetically sealed steel container that houses
the fusion reactions) is set to be 1t across and 1in high, and weigh more than 5000 (tonnes) [16]. It's
stated purpose is scienti ¢ research and technological demonstration of a large fusion reactor, without
electricity generation. As mentioned in [17], ITER will test the availability and integration of technologies
essential for a fusion reactor (such as superconducting magnets, remote maintenance, and systems to
exhaust power from the plasma), as well as demonstration of burning plasmas. Such feat would eliminate

the need for external heating, as the reaction is indeed self-su cient, as anticipated. Even though



construction began in 2013 in Cadarache, south of France, experiments with the magnets are due to 2025

and D-T (Deuterium-Tritium) plasma generation later in the decade.

Figure 1.1: Top image of the interior of ITER under construction. Source: [18].

Once nished, ITER will be the largest fusion device of the Tokamak type. However, it is not the rst
of its kind. A Tokamak is a torus-shaped VV equipped with large magnetic coils that create a powerful
magnetic eld to con ne the plasma [19].

Previous Tokamak devices have been built to assess fusion conditions, which are milestones in prepa-
ration for the ITER experiments. Currently, the largest operating one is the Joint European Torus (JET),
located in the United Kingdom and in operations since 1983. According to [20], it serves as a test bed
for ITER technologies and plasma operating scenarios (denominated as "Little ITER"). In recent years,
it has been upgraded in regards to inner components in order to provide scenarios as similar as possible
to ITER. The contribution of the JET experiments remains a key aspect given the simulations and data
collected, as brie y shown in the results of [21]. Also in Princeton, USA, a previous Tokamak, named
the TFTR, was able to achieve the largest plasma temperatures so far (around 500 million degrees centi-
grade) and was the rst magnetic fusion device to perform extensive experiments with plasmas composed
of D-T [22]. Even though the TFTR did not achieve ignition, not only met its physics objectives, but it
also made substantial contributions in many areas of fusion technology development. Other reactors also
made valuable contributions to the industry such as the EAST (China), KSTAR (South Korea), ASDEX
(Germany) and MAST (United Kingdom), the last one being a co-joint project with JET.

Nevertheless, additional con nement solutions are also being evaluated according to their concept
suitability for a power plant. A possible alternative are the Stellerator type devices, which also rely on a
magnetic eld con nement, but with a di erent vessel and magnet con guration (helical-torus shaped).
The Wendelstein 7-X, located in Germany, is currently the largest constructed Stellarator device. As
described in [4], in terms of overall concept, the Tokamak is better at keeping the plasma hot, while the
Stellarator is inherently stable and able to operate the plasma in a steady state. In the same report, it

is stated that the Tokamak has been the most performing con nement concept to date. However, this



might change, as from February of 2023, the Weldenstein 7-X surpassed its target and achieved an energy
output of over 1:3GJ (GigaJoules) while maintaining the plasma hot for a longer duration [23].

Finally, the entire EUROfusion Road Map leads to the development of DEMO, a DEMOnstra-
tion power plant, which will be ITER's successor. As described in the EUROfusion programme [24],
DEMO de nes the transition of fusion from a science-driven, lab-based exercise to an industry-driven
and technology-driven programme. In other words, it represents the nal step in establishing fusion as
an economically viable process for generating power. As such, it is presented as long a term objective in

the roadmap, given that construction is expected to start in the later stages of the next decade [16].

Figure 1.2: EUROfusion roadmap. Source: [24].

1.3 Divertor Tokamak Test

The Divertor Tokamak Test (DTT) is a nuclear test facility currently being constructed in Frascati Italy,
under the supervision of the Italian National Agency for New Technologies, Energy and Sustainable Eco-
nomic Development (ENEA) and a key step in EUROfusion's roadmap. It's aim is to explore alternative
solutions to the plasma exhaust issue at the divertor level, which is one of the main challenges in view
of the construction of DEMO. In a Tokamak device, the divertor is the system where energy and dust
particles, transported out of the burning plasma, are collected as residues of the reaction. The current
standard baseline approach implemented in ITER consists of a metal divertor in a plasma fully detached
condition (not in contact with the plasma). However, as stated in the DTT interim report [25], this
solution could be unsuitable for the operating conditions of DEMO or other future reactors. The main
reason is the upper limit in regards of heat ux within the materials and construction, which can lead to
irreversible damage. Therefore, the DTT will be testing alternative divertor con gurations in di erent
scenarios to provide the whole set of information needed to reach a reliable solution. Such alternatives
are based on di erent advanced con gurations or another approach, like the use of liquid metals for the
divertor system [26].

The DTT is a torus shaped VV surrounded by multiple Toroidal Field Coils which constitute the

superconducting magnet system. The outer layer is an external single-wall cylindrical vessel with sti ness



ribs and multiple holes, called the Cryostat. The entire structure is held by a basement made of welded
plates and a tori-spherical top lid. Dimension wise, it reaches a maximum height of around Ih (basement
is 2m), major Tokamak radius of 2:11m, overall major diameter of 11:2m and estimated mass of more than
30Q. All of the Cryostat holes, or ports, are access windows to the inside of the Tokamak via pathways
known as Ducts, which exist in order to perform maintenance operations (among others). Figures 1.3a
and 1.3b illustrate the relative external dimensions and structure of the reactor when comparing to an

average person and a lateral pro le of the vessel interior, respectively.

(@) CAD model of the exterior of the DTT reactor, (b) Depiction of the entire reactor with open section,
comparing to an average human in size. Source: lateral view. Source: [25].
[27].

Figure 1.3: In-vessel and ex-vessel views of the DTT reactor.

The ports are distributed along ve di erent levels (from top to bottom): Vertical (Port 1), Upper
(Port 2), Equatorial (Port 3), Lower (Port 4) and Bottom (Port 5). All ports can be observed in Figure
1.3a, except the Bottom ports, which are vertical entry points underneath the Vessel. From a top view
the DTT is divided into 18 sectors, each identi ed by one of each of the ve Ports vertically aligned. All
Ports are sealed by a door hatch, the Port Flange, bolted and xated with the help of the Port Plug,
which is a structure that extends inside the given Duct.

The interior surface of the Tokamak reactor that is closer to the plasma, and therefore exposed to the
heat, is called the First Wall (FW) or blanket modules. It is composed of three types of modules: Top
First Wall (TFW), Inboard First Wall (IFW) and Outboard First Wall (OFW). Figure 1.4b illustrates
the relative position of each one inside the VV, with the TFW as the top blanket, IFW the left blanket
and the OFW the joint modules on the right. Finally, the divertor system is located at the bottom part
of the vessel and is composed of 54 removable cassettes, responsible for collecting the dust particles. Each
sector contains 3 divertor cassettes, as shown in the outer circle of Figure 1.4a. Due to the conditions they
are exposed to, these inner components require planned maintenance, either by being replaced, cleaned

or refurbished, and must be handled by speci c tools.



(a) Sector division with numbered divertor cassettes. (b) Vessel Interior Concept, lateral view. Source: [25].
Source: [27].

Figure 1.4: DTT disposition and interior.

Similar to other nuclear test facilities, such as ITER, fusion power plants require regular maintenance
to operate safely and e ectively. But due to the high levels of radiation in the Tokamak Hall', such
operations are not accomplished with human presence.

The need for reliable Remote Handling System (RHS) that can perform transportation and manipu-
lation tasks in this environment is mandatory. These remote operators are a collection of robots, tools
and auxiliary exible systems capable of both in-vessel and ex-vessel operations. As mentioned in [28],
in-vessel operations can include di erent procedures such as inspection, cleaning, pipe cutting/welding
and inner modules (blankets) replacement/maintenance. On the other hand, ex-vessel operations mainly
tackle positioning and transportation of containers between the reactor and a maintenance/storage room.

In terms of multipurpose handling capabilities, there are two main robotic manipulators. One is the
Hyper Redundant Manipulator (HyRMan) [27], a robotic platform equipped with a long dexterous arm
with 5 Degrees Of Freedom (DOF) and an end-e ector capable of connecting to various tools depending
on the operation's purpose. As it entrance point is always through an Equatorial Port (or Port #3), due
to its design it can access almost all points of the VV (it does not have enough length to complete a full
circle). In terms of module transportation, the HyRMan is responsible for handling the TFW and OFW
components. In addiction, even though it does not transport the IFW modules due to their larger size,
it is still responsible for screwing/unscrewing the bolts that hold the blanket part in place, by using a
speci ¢ tool. Figure 1.5 shows a preliminary CAD model for the HyRMan dexterous arm and case, the
latter consisting of a box containing the needed actuators (light grey container displayed on Figure 1.5).

The second robot is the Cassette Multifunctional Mover (CMM), whose goal is to transport/instal-
I/'remove the divertor cassettes. Given the lower position of each cassette, this operator enters the reactor

through the Lower port level, also known as the Divertor level (or Port #4). It has two arm extensions

1Tokamak Hall is the designation for the reactor room inside the facility.
2Short term for the interior of the Vessel.
3Short term for the exterior of the Vessel.



Figure 1.5: Preliminary CAD model of the HyRMan dexterous arm and Case. Source: [27].

and end-e ectors, the upper being a general manipulator (similar to the dexterous arm of the HyRMan
but smaller) and the lower one being a cassette positioner. For every operation, it uses a secondary
system, the Cassette Toroidal Mover (CTM), which is responsible for moving the divertor cassettes along
the toroidal railing, where they are xed. This way, it does not require a lengthy extension as the CTM
brings each component to the entrance port of the CMM. It is important to note that at this time, the
CMM is still in a design and development stage, as in the future it might su er some changes (unlike the

HyRMan, it does not have an o cial structural report released yet).

Remote Handling (RH) operations with robots are designated to maneuver around four speci ¢ sectors
of the Vessel, which are highlighted with red lines in Figure 1.4a. Moreover, each Port has a di erent
purpose. Operations through Port #1 are primarily dedicated to the removal of IFW modules vertically,
through the lifting capabilities of a winch system (given the length of these blankets, they cannot be
handled through other ports [29]). It also contains cooling pipes. Port #2 access is only reserved to
cooling/heating systems or eventual diagnostics. As previously mentioned, Port #3 handles the removal
of both TFW and OFW modules with the HyRMan, including possible diagnostics or maintenance with
di erent tools. Port #4 is reserved to handling divertors with CMM/CTM, however it also contains

heating pipes. Finally, Port #5 only has cooling purposes.

Following these maintenance needs, it is important to consider all remote necessities from the be-
ginning of the machine design process, since it drives (among other factors) the design of the in-vessel
components, VV ports and layout of the building. Seeing to that, ENEA is collaborating with Instituto
Superior Tecnico (IST) in the development of these systems, due to their vast experience in the area of

remote manipulation.

In the scope of this project, the focus will be on the assessment of preliminary designs/concepts of
RHS to handle Casks, which are containers for all components directly involved in remote operations, such
as vessel modules (blankets), operating tools and robotic manipulators. Casks are critical for a safe and
functional power plant environment as they facilitate the transportation of the mentioned components
and isolate them, preventing the exposure of activated material (contaminated material that was in
contact with the plasma). Additionally, they must also provide an interface with the vessel entrance
Ports in order to allow remote manipulators to operate inside it. Just as each port has di erent purposes,
Casks can vary in shape and dimensions depending on the cargo involved, thus a ecting their structure

and dimensions. Following these needs, the current task includes their design assessment, transportation



method and development of structures to support them during operations. Additional key sub-systems
are also included in their design, such as remote control of isolating Sliding Doors (Cask doors) and Inner
Railings that provide mobility to the robotic arm manipulators. Recovery and rescue strategies must also

be included in the work in case of a failure in any of the RHS.

1.4 Objectives

The main objective of the Thesis is to tackle most remote systems involved in the Cask environment and
present reliable and feasible solutions. As brie y mentioned in the previous section, this project shall be

divided into ve sub tasks, each addressing a di erent system:

Preliminary Design of Casks

Preliminary Design of Transportation System
Preliminary Design of Support Structures
Preliminary Design of Sliding Doors

Preliminary Design of Inner Railings

To this point, the work carried out by ENEA regarding these tasks only involved a compilation of
basic information and a brief description of systems that could be used.

The purpose of this document is to fully describe and analyse the task at hands, extending the
previous work regarding the development of RHS to handle Casks in the DTT facility, with the focus on
Port #3 and Port #4 activities. As such, the following chapters will address in detail all the problems
surrounding this assignment as well as a list of requirements and assumptions that de ne the baseline for
the possible solutions. From there, the work developed shall be presented, starting with a full exposure of
the researched options in the form of a State of the Art and and an assessment based on Optioneering to
analyse them. The nal chapters will contain the proposed preliminary solutions based on the previous
assessments, in order to reach a conclusion.

This work has been carried out within the framework of the EUROfusion Consortium, under the
task agreement DIV-IDTT.S.04-T014-D002 "Conceptual design of the RH Casks and related interface
and requirements management", in cooperation with the ENEA team. In addition to the ve sub tasks
presented, this work also includes the deliverable of a report that consists of developing the necessary

Cask design for out-vessel operations, including all related interface systems.
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2.1 Task Environment

In a nuclear power plant environment, in this case the DTT facility, operations in the interior and
exterior of the Tokamak chamber require special equipment. As mentioned in Chapter 1, for maintenance
operations this equipment includes robotic manipulators, specialized tools and vessel components, all
of which are stored in the special containers called Casks. These movable storage units possess an
external structure and geometry that resembles the one of a cargo ship container, but internally can
di er depending on what is being stored. Likewise, overall dimensions also vary in regards to their
function. Apart from the mobility aspect, Casks are mainly responsible for shielding the carried load
from the radiation levels in the Tokamak Hall, which makes them heavy structures due to their robust
and dense body. The internal containment is also dependant on the materials chosen and wall thickness.

For reference, Figure 2.1 displays the Cask concept to be used in ITER, equipped on a sliding pallet.

Figure 2.1: Concept Cask to be used in ITER. Source: [28].

Casks are loaded with the required parts for the designated operation inside a Storage room [30].
From there, the equipped Casks are transported to the entrance of the Tokamak Hall by means of ground
vehicles, such as autonomous trolleys that follow a prede ned path. In terms of the building layout, the
Tokamak Hall, or Torus Hall, is the room where the reactor and all the support systems connected to it
are located. Most of these systems are not directly involved in the research presented on this document,
except the Negative Neutral Beam Injector (NNBI) module, whose relevance will be addressed in following
sections. In short, the NNBI, composed of two Neutral Beam Injectors (NBIs), provides central plasma
heating through the injection of particles with high energy values. Figure 2.2 shows a CAD model of a
lateral view of how this system is connected to the Vessel, through the Cryostat.

Once the ground trolley mounted with a Cask enters the Tokamak Hall, it is directed to a prede ned
terminal, or a target zone, that acts as a connection point between rooms and where the method of
transportation changes. From this point on, Cask transportation inside the Tokamak Hall is handled

by an overhead Transportation System (TS), with the primary objective * of placing them in a reserved

1The overhead Transportation system will have other purposes, which will be addressed in the following sections.
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Figure 2.2: CAD model representation of the DTT reactor with the NNBI module extension. Source: [30].

Remote Handling Operation (RHO) area, by the designated operating sector. In order for Casks to have
access to the in-vessel, they need to be directly docked to the target Port entranéewhich also requires
additional systems to ensure the correct positioning during the maintenance period.

After every RHO, Casks are mounted again on the same trolleys and taken to the Hot Cell Room in
a straight line path, as mentioned in [30]. The Hot Cell Room is critical towards a safe environment as it
handles the activated material/modules and prevents particle leakage once the components leave the Cask.
Similarly to the Torus Hall, human presence is not allowed in this room due to the possible contamination
exposure, therefore tasks are handled by a remotely controlled dexterous arm - robotic manipulator with
certain degrees of freedom (just like the HyRMan). In terms of connectivity, all the remotely controlled
systems are guided from a Control Room, where all remote operations are supervised. Overall, the route
connecting each room describes the Cask path through the facility and can be summarized in the concept

plant schematic illustrated in Figure 2.3.

Figure 2.3:  Preliminary schematic of a Cask Path inside the facility. Source: [30].

Between the given path and the maintenance necessities during remote operations, the task surround-

ing Casks is complex. It relies on multiple systems which are technically independent, however they

2More speci cally, Ports #1, #3 and #4, as described in Chapter 1 through each Port purpose.
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cannot be tackled as isolated topics. In fact, the Cask environment as a general functionality requires
perfect cooperation between these systems. For organization and structural purposes, the main task is
divided into ve sub-tasks, each one involving a di erent system that directly interacts with the others.

As previously mentioned in Chapter 1, in the scope of this project the general task can be divided into

Cask Design, Transportation System (or Overhead Transportation System), Support Structures, Sliding

Doors and Inner Railings.

2.2 Task De nition

In this section, the goal is to describe each of the ve tasks in detail, exposing all problems and variables

to be considered in reaching a solution.

2.2.1 Cask Design

Casks are movable storage containers for all equipment required during RHO, all built with two access
points in the form of Sliding Doors, one on each sidg one in front, another in rear. However, their

purpose is not a basic drop on/o procedure in which they are unloaded and removed from the target
operation zone. During operations Casks form a gateway starting point to the inside of the Vessel. In
other words, they remain in a xed position, precisely locked together with the other necessary Casks
for the given Port operation. Figure 2.4 illustrates this positioning in regards to Port #3 operations

(Equatorial level). Note that the Casks are supported by structures, which will be addressed in the next

subsection.

Figure 2.4: Concept illustration of a remote operation at Equatorial level. Source: Image provided by the work
partners at ENEA.

Even though their overall structure is similar, there are di erent types of Casks depending on the cargo
or the speci c purpose. In general, there are three di erent types of Casks, in regards to the required

dimensions and internal disposition for each assigned function. Moreover, the Cask linkage is positioned

3Check Figure 2.1 for visual reference, as the brown section represents one of the Sliding Doors.
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following a LIFO (Last-In-First-Out) organization, and the respective position in this line functions as a

tag or identi er when addressing each type of Cask.

The 15t Cask also designated by Port Interface, is a special set of Casks that are responsible for
connecting the Port Entrance to the other Casks and therefore provide access to the inside of the Vessel.
This type of Casks are not used as storage units as they neither hold or transport any modules, tools or
manipulators, making them the smaller type of Cask. Nevertheless, it still requires minimum dimensions
to allow the passage of all the maintenance equipment (blankets, tools, robotic manipulators). In addic-
tion, these structures maintain con nement when the Port is opened and the Duct is exposed, which can

be achieved by closing the opposing Sliding Door.

Next in the order is the 2"¢ Cask or Intermediate Cask. With bigger dimensions than the Port
Interface, the Intermediate Casks are dedicated to accommodate the various end-e ector Tools to be
used by the robots. In case of FW maintenance operations, these may also store new or used modules. A
key aspect is to ensure that the equipment is displayed in a way that allows for their safe transportation

(with locking mechanism) and also facilitate their handling.

The nal type, following Figure 2.4, is the 3 Cask which accommodates the robotic manipulators:
CMM and HyRMan, with the latter displayed in the image. Due to the dimensions of these machines,
these are the larger Casks by a signi cant margin. In addition, these structures also provide electrical
and mechanical support during operations inside the reactor. All three types of Casks are required in
order to perform RH operations, however some may require the usage of more than three Casks. The

correct position of these structures is the rst step for a successful RHO.

Despite having the same organization, each type of Cask is not universal to all Ports. In fact, Casks
have di erent dimensions when considering their usage at Equatorial or Divertor level. However, they all
have in common the need for external features that ensure connection and allow their handling, which shall
be the focus of this sub-task. These include a docking/locking mechanism with the Support Structures
and an interface that allows inter-Cask connection. Other external features, such as an interface with the
TS, involve the input and development of other systems, so these shall be addressed in parallel with the

other sub-tasks.

Task: In sum, the challenge involves the preconceptual design of each cask, in terms of an external
docking interface between some Support Structures and each Cask, as well as interface between each joint
Cask. This shall be based on a list of the compiled Requirements and a previous assessment on Cask
structure and dimensions. Note that that the disposition and organization of some speci c components,
such as electrical wire connections or air ventilation systems inside the Casks, are not considered in this

sub-task.
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2.2.2 Transportation System

In RH operations, the Transportation system is responsible for any Cask maneuver inside the Tokamak
Hall. It is a key structure that de nes the logistics and control of each operation as well as directly
a ecting the room layout. Hence, it is the system responsible for the correct Cask placement in the
reactor room, from the entrance to the operation zone (and vice-versa), which means precision and
robustness are fundamental in all stages of operation.

There are multiple methods of transportation that can be considered. However, in the scope of this
project the research shall only be focused on exploring Overhead Transportation System concepts. This
is because it was the chosen approach for the Tokamak Hall and presented as pre-requirement for this
sub-task. Figure 2.5 shows a general overhead concept, by displaying the transportation of a Cask from

the entrance of the room to the their position by the cryostat.

Figure 2.5: lllustration of an overhead transportation process in the Tokamak Hall. Image is merely illustrative
as it does not represent the real relative dimensions of the components neither the correct handling
of the casks by the transportation systems.

As mentioned in Subsection 2.2.1, the TS requires an interface in order to handle Casks. Even though
it relates to the structure of each Cask, the choice is dependant on the the type of transportation method
considered inside the Tokamak Hall. Additionally, this interface needs to be universal for all Casks in
terms of the same handling method, despite of the di erent Cask sizes.

Also, a critical point is clearly de ning the space that is reserved to perform this transport operations,
in order to prevent any collision accidents, either vertically or horizontally with any possible obstacles
whilst carrying a load. However, in case of failure or accident, this system can be used as a primary agent
in rescue operations. For reference, the analysis around the reserved area for each purpose of the TS is
based on the preliminary study included in [28].

Task: In sum, the Transportation System task is focused on selecting the best performing overhead

transportation method in terms of ful lling payload, space, exibility and precision requirements (among
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others). Based on this choice, the goal is to also present a feasible handling interface for all Casks used

in RHO.

2.2.3 Support Structures

During every RH operation that requires access to the interior of the vessel, by means of an Equatorial or
Lower (Divertor Level) Port, Casks need to be maintained at the given Port height to ensure alignment.
This condition can be observed through the concept of Figure 2.4, in this case for the Equatorial Level.
As a result, it is required to develop what is called by Support Structure (SS).

These structures are meant to provide stability and ensure the correct positioning of the Casks. They
are to be installed at the beginning of each operation near the designated Port, and removed once all
Casks have also been removed. Along with the Casks positioned on top of these, the SS dictate the
reserved area required for RHO, which given their additional size must also include additional feasible
safety margins. Therefore, when assessing the space requirements, it is necessary to con rm that it has a
minimum distance separation to any other component present inside the Tokamak Hall (this is the case

with the NNBI, which will be addressed in future chapters).

Figure 2.6: lllustration of RH operations overall concept disposition.

Task: In sum, the focus of this task consists on proposing a structure that can support casks on both
Equatorial and Lower Ports, as well as a feasible interface on which the casks shall be able to dock (and

remain locked during operations).

2.2.4 Sliding Doors

The Sliding Doors system is a structural component of all Casks, as it de nes the two access points to
their interior. For each Cask, there is always a pair of Sliding Doors in order to allow connection with

adjacent Casks on both sides and facilitate the transfer of Tools or manipulators inside the vessel. In
terms of Cask Design, each Sliding Door consists of a liftable door displayed along the width of a Cask.

These components are responsible for isolating the interior of the Cask as well as serving as an interface
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for other joint casks (during RH operations). Moreover, they prevent particle leakage when transporting
contaminated loads by avoiding their exposure with a radiation shield. As a result, parameters such as
wall thickness and the materials used are critical. Nevertheless, in the scope of this project the focus is
on the lifting concept and mechanism.

When addressing a Sliding Door, there are two distinct sides. The side that is in permanent contact
with the Cask interior is the contaminated side and the opposite one is the clean side In this task, an
additional criteria is to guarantee that, when two cask are joined (docked and locked), the clean sides
are always in contact until their separation once the doors are closed. By ensuring permanent contact, it
avoids potential contamination of the clean sides due to an exposure or particle leakage. In Figure 2.7 it
is possible to observe a Cask connection concept, with the Sliding Doors clean side contact area marked
in green. Note that in the image the Casks are only separated for visualization purposes, as they must

be precisely joined before the Sliding Doors can be opened.

Figure 2.7: lllustration of Cask connection with the Sliding Doors depiction.

Task: In sum, the main goal is to assess available options and develop a preliminary concept for the
Sliding door, in regards to the mechanism that controls the opening and closing functions and overall
structure. The mechanism must guarantee isolation when the doors are closed and be robust to prevent

failures that could compromise the RH operation.

2.2.5 Inner Railings

In every RH operation, the equipment is transported from the designated Cask to the Port Duct and
from there it has direct access to the inside of the vessel. As described in the Cask Design, this movement
is enabled by the passage formed by the train of connected Casks, with starting point in the'$ Cask
as it stores the robotic manipulators. However, these mechanisms require some means to provide them
with mobility along their path. As such, Casks and Port Ducts must be equipped with internal Railing
tracks, all connected to allow for their passage.

Railings are installed in the interior walls of each Cask, placed as suitable robot guides in order to

accomplish an accurate maneuver of all equipment. Depending on the robot structure two sets of railings

41n this context, "clean” is used to describe the side that is not exposed to radiation.
5This only applies to Port #3 and Port #4.
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may be required on each side. Nevertheless, they must be able to withstand the weight of the robot
and any additional load being carried by it. Figure 2.8 illustrates a lateral view on the HyRMan Cask,

showcasing the robot supported in two set of Railing tracks.

Figure 2.8: Conceptual lateral view of the cask containing the HyRMan in a resting position.

When designing a functional Railing system for RH operations, a key feature is to ensure continuity
through all stages of the path. Casks are transported as individual storage units, however during opera-
tions they are connected. As a result, whilst these are connected the Railings on each Cask must also be
connected, when the Sliding Doors are closed the Railings must also be separated. This leads to the need
of having an/a attach/detach type mechanism for these components. As such, part of the analysis on this
task shall focus on developing a feasible solution for this problem. In addition, unlike at operations at
Equatorial level, the Port #4 Duct has a 10 that must be compensated in order to ensure the continuity
condition. As such, the second part of the work will focus on exploring options to maintain a direct line
path also at the Divertor level.

Task: In sum, the purpose of this task is to focus on two critical aspects regarding the Railing
system. The rstis to propose a suitable railing mechanism that is able to provide a connection between
each Cask and the Port Duct (in-vessel). The goal is to accomplish a direct line path that provides
mobility to the HyRMan and CMM. The second aspect is addressing the Port #4 Duct curvature and
how to compensate for it. In this document, the type of railing track and robot wheel tting shall not

be included.

2.3 Requirements

After describing the goals and work to be developed on each sub-task, it is important to de ne a basic
set of parameters for guidance and clear exposition of the overall objectives. This represents a key step
in order to reach a feasible solution.

In this Subsection, the purpose is to list all the task requirements agreed upon until this stage during
meetings with the ENEA team. Requirements de ne the necessary conditions and boundaries that must
be ful lled in each respective sub-task. Note that the following listing might be changed during future
work (after the presentation of this document), depending on future progress and implementation. Also

the order presented is not related to importance, but as a matter of organization.
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R.TS - Transportation System

{ R.TS.1 - Casks shall be transported from the Storage Room to the Tokamak Hall;

{ R.TS.2 - Casks shall be placed in a Target area (terminal) at the entrance of the Tokamak

Hall;
{ R.TS.3 - A transportation system shall handle Cask movement inside the Tokamak Hall;
{ R.TS.4 - Casks shall be placed on the assigned SS, by the target operating Port;

{ RTS.5 - The Transportation system shall provide access to all Ports and Sections of the

Vessel;
{ R.TS.6 - Casks shall be transported with vertical and lateral safety margins of at least 50hm;

{ R.TS.7 - The Transportation system shall withstand a minimum payload © of 500&kg [30];

R.SS - Support Structures

{ R.SS.1 - Casks shall be placed in a SS;

{ R.SS.2 - SS shall be installed before the RH operation in the target sections;

{ R.SS.3 - SS shall provide stability to the Cask during RH operations;

{ R.SS.4 - SS shall provide stability in the event of seismic conditions;

{ R.SS.5 - SS shall ensure the correct alignment of Casks during RHS operations;
{ R.SS.6 - SS shall provide support in operations at Equatorial and Divertor level,
{ R.SS.7 - SS shall accommodate Casks with di erent dimensions;

{ R.SS.8 - SS shall withstand a minimum payload of 500@g;

{ R.SS.9 - SS shall reach an Equatorial Level height of at least B [25] [28];

{ R.SS.10 - SS shall guarantee the correct position of the Cask for docking;

{ R.SS.11 - SS shall provide an interface system for locking the Cask to the structure during

RH operations (to prevent Cask displacement/oscillation);
{ R.SS.12 - Support Structures shall have a Bu er zone’;
{ R.SS.13 - Buer zones shall be used in every operating Port;

" R.CD - Cask Design

{ R.CD.1 - Casks shall accommodate di erent FW Modules (except IFW), divertors and end-

e ector Tools;

6Note that the minimum payload must be de ned based on the weight of the cask + the weight of the heaviest module/tool
+ a margin.
7 Area reserved around each Cask and Support Structure for human access and manual operations.
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{ R.CD.2 - Tools/Modules shall be locked to the Cask when not in use (to prevent movement

during Cask transportation);

{ R.CD.3 - The Tool/End-E ector Locking system shall not block the HyRMan/CMM passage
through the Cask;

{ R.CD.4 - Casks shall have two sliding doors (front and rear);

{ R.CD.5 - Casks shall have an interface to allow docking with the overhead transportation for

lifting maneuvers;
{ R.CD.6 - Casks shall be placed in a speci ¢ order during RH operations (% - 2" - 39 Cask);

* R.CD.6.1 - The 15t Cask shall provide interface between the reactor and other Casks;
* R.CD.6.2 - The 2" Cask shall store the Tools/End-e ector to be used;

* R.CD.6.2 - The 3 Cask shall accommodate the HyRMan and CMM manipulators;

{ R.CD.7 - Port Interface shall allow for the passage of the HyRMan (Port #3)/CMM (Port
#4);

{ R.CD.8 - A 4™ Cask shall be positioned between the st and 2"¢ Casks in FW Module

replacement operations;

* R.CD.8.1 - The 4™ Cask shall accommodate F\W Module replacement;

(a) Cask order concept in RH operations. Source: [27]. (b) Cask order concept including 4 " cask operations.
Source: [27].

Figure 2.9: Cask order in two di erent operation scenarios.

{ R.CD.9 - Casks shall be connected by a docking system;
{ R.CD.10 - The docking system shall be supported by a guidance system;

{ R.CD.11 - After being docked, the Casks shall be xed by a locking system (prevents dis-
placement of the Cask during RH operation);

{ R.CD.12 - After the operation, Casks shall be removed,;
{ R.CD.13 - Casks shall release the locking system before removal,
{ R.CD.14 - Casks shall be undocked before removal;

{ R.CD.15 - Intermediate and 3 Casks shall be separated by a margin of 10cm before removal

(prevents friction);
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{ R.CD.16 - An intermediate Cask shall be able to be removed,;

{ R.CD.17 - The 2" and 3¢ Casks shall be integrated with an interface (hole/gap) to provide

wiring connection access to an external control room;

{ R.CD.18 - The 2" and 39 Casks shall be integrated with an interface (hole/gap) to provide

wiring connections between both Casks;
{ R.CD.19 - Casks shall provide shielding from radiation;
{ R.CD.20 - A 5" Cask shall be used for electrical and mechanical support when needed,;

{ R.CD.21 - The 5" Cask shall be positioned after the HyRMan/CMM Cask (3 Cask);
" R.SD - Sliding Doors

{ R.SD.1 - Sliding Doors shall isolate the Cask interior;
{ R.SD.2 - Sliding Doors shall act as an interface between Casks;
{ R.SD.3 - Sliding Doors shall be controlled by an opening/close mechanism;

{ R.SD.4 - Once they are open, Sliding Doors shall have a locking mechanism to maintain

position during the RH operation;
{ R.SD.5 - Once they are closed, Sliding Doors shall be sealed (prevents leakages);
{ R.SD.6 - Sliding Doors shall provide shielding from radiation;

{ R.SD.7 - During operations, the docked Casks shall always have the clean sideof the Sliding

Doors in contact;
" R.R - Railings

{ R.R.1 - Railings shall be used to transport the HyRMan/CMM along the Casks;
{ R.R.2 - Railings shall withstand the payload of all the transported systems;

{ R.R.3 - Railings shall be installed inside the Port Duct to allow for the HyRMan/CMM to
be conveyed into the VV;

{ R.R.4 - Railing continuity between Casks and Port Duct shall be assured regarding the
mobility of the HyRMan/CMM;

{ R.R.5 - The Port Duct Railings shall be permanently installed and xed;

{ R.R.6 - Railings shall be equipped with a positional locking feature to prevent any eventual

slippage during the robots movement;

8Not contaminated or not exposed

9Note that this payload is dependant on the weight of the robots + the weight of the tools/blankets + an additional
margin.
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{ R.R.7 - Permanently xed Railing shall be bolted to the respective Cask to prevent displace-

ments during operations;

{ R.R.8 - Railings installed in 2"4 Casks shall be positioned with a minimum distance margin

to the stored equipment (avoid any collisions during transportation);

{ R.R.9 - Railings installed inside the Port Duct shall not overlap with any cooling pipes present;

2.4 Assumptions

The next key step towards a solution is listing all the Assumptions de ned to this point. Assumptions
de ne the principles that will be used as a starting point in reaching a solution that both satis es the
requirements and maximizes performance. It also de nes the baseline for the research developed in the

next Chapter.

" A.TS - Transportation System
{ ATS.1 - The transportation of Casks outside of the Tokamak Hall relies on ground trans-
portation vehicles (Trolleys);

{ ATS.2 - The Cask Path outside of the Tokamak Hall is rectilinear to the Hot Cell Room

(direct access to the Storage Room);
{ A-TS.3 - Trolleys do not transport Casks inside the Tokamak Hall;
{ A-TS.4 - A Trolley docking Terminal is considered at the entrance of the Hall;

{ A-TS.5 - The transportation of Casks in the Tokamak Hall relies on overhead transportation

systems;
{ ATS.6 - A space around the reactor is reserved for RH operations;
{ A-TS.7 - A space around the reactor is reserved for rescue operations;
{ A.TS.8 - Rescue operations are handled by grounds and overhead transportation methods;

{ A.TS.9 - The docking terminal acts as a target interface between Trolleys and Cranes;
" A.SS - Support Structures

{ A.SS.1 - In RH operations each Cask is positioned in a SS;
{ A.SS.2 - A Platform is mounted at the Tokamak Base Level for manual access to the Vessel,

{ A.SS.3 - The Platform can temporarily support a Cask but not during RH operations;

{ A.SS.4 - SS are installed through holes in the Platform (Anchor Points);
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Figure 2.10: CAD Model representation of the Platform and the reactor. Source: Image provided by the work
partners at ENEA.
{ A.SS.5 - SS provide support during RH operations at Equatorial and Divertor Level;
{ A.SS.6 - SS, once installed, are static in terms of the base placement/ xing;

{ A.SS.7 - SS are installed in the target operation section before every RH operation and

removed once all Casks have been removed;

{ A.SS.8 - There is a walkway structure on top of the Vessel for manual access during Port #1

operations;
{ A.SS.9 - SS provide interface between Casks and the Platform;

{ A.SS.10 - Simultaneous operations at Equatorial and Divertor level are not possible in the
same sector due to the positioning of the respective SS (and possibly due to the opening of

the respective sliding doors on each Cask);

Figure 2.11: Concept illustration of restricted access to Port #4 during operations at Port #3. Image is merely
a visual aid, as relative sizes are not realistic.

{ A.SS.13 - SS provide the correct positioning and alignment of Casks as well as Cask separation

before removal;

{ A.SS.14 - SS can be used to hold equipment during RHS operations (Tools);
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" A.CD - Cask Design
{ A.CD.1 - Casks are used to store Modules/Replacement Parts, Tools/End-E ector and Ma-
nipulators (include CMM and HyRMan);
{ A.CD.2 - There is only one Tool stored in each Cask;
{ A.CD.3 - Activated and Clean components are stored in di erent Casks;

{ A.CD.4 - The HyRMan Cask has a larger width to store the dexterous arm in the respective

resting position;
{ A.CD.5 - The Cask positioning in RH operations is Ft - 2"d - 3 or 15t - 4th - 2nd -39,
{ A.CD.6 - The 1%t Cask (Port Interface) has dimensions of TBD ]*°;
{ ACD.7 - The 2" Cask (Tools/Modules) has dimensions of TBD J;
{ ACD.8 - The 34 Cask (HyRMan/CMM) has dimensions of [TBD ];
{ ACD.9 - The 4" Cask (HyRMan/CMM) has dimensions of [TBD ];

{ A.CD.10 - A support Cask, or 5th Cask, is placed after the 3 Cask (HyRMan/CMM Cask)
for maintenance and management access to speci ¢ tools that may require servicing. Among
other components for this special services, this Cask contains electronics and a winch for

management of cables and hoses;
{ ACD.11 - The 5" Cask (HyRMan/CMM) has dimensions of [TBD [;
" A.SD - Sliding Doors
{ A.SD.1 - Casks have two Sliding Doors for purposes of isolation and interface. The respective
doors are positioned on the front and rear of the Cask;
{ A.SD.2 - The Sliding Doors in each Cask are opened in an upward vertical movement;
{ A.SD.3 - The clean sides in the Sliding Doors are always in contact to prevent contamination;
{ A.SD.4 - Once closed, the Sliding Doors are sealed with an in atable seal mechanism;
{ A.SD.5 - Sliding Doors on the 3¢ Cask are only closed when the HyRMan/CMM is inside in
a resting position;
" AR - Railings
{ AAR.1 - The mobility of the HyRMan/CMM inside the Casks and Port Duct is achieved
through the use of Railings;

{ A.R.2 - The HyRMan provides its own locomotion along the Rails;

10Tp be de ned, Cask dimensions will be addressed in Chapter 3.
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{ AR.3 - The CMM provides its own locomotion along the Rails;

{ A.R.4 - At Equatorial and Divertor level, the Port Duct has permanently installed Railings

to provide continuity from the Casks;

{ A.R.5 - PortInterface (1%t Cask) provides interface between Casks Railings and the Port Duct

Railings;

{ A.R.6 - A Railing curvature is necessary in certain Casks during Divertor level operations
due to the Port #4 inclination, in order to allow the CMM to reach the required orientation

when entering the Port Duct;
{ AR.7 - Railings are installed in the lateral walls of the Cask;
{ A.R.8 - Port #3 and Port #4 are equipped with two sets of Railings in each lateral wall;

{ AR.9 - The Equatorial 3" Cask is equipped with moveable Railings to accommodate the

HyRMan in the resting position (dynamic positioning);

{ A.R.10 - No Railings shall be installed in the Port Duct Bellows;

Figure 2.12:  Port Duct Design, including reference to Port Bellows.
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Following the baseline Requirements and Assumptions presented in Chapter 2, the work developed
so far focused on de ning what is expected to be achieved in each of the sub-tasks. In this Chapter, the
goal is to present the research made on available industry options, based on the previously listed ground

rules and documents.

3.1 Cask Design

In Chapter 2, Casks were split into three main categories, each with di erent characteristics depending
on their purpose and in which Port they operate (see Section 2.2.1). Before exploring available market
solutions for systems that directly interact with these structures, it is necessary to have a more extensive
Cask description in regards to speci ¢ measures and values. Therefore, some assumptions need to be
taken until o cial documentation is released.

Starting with overall Cask dimensions, these are presented in both sets of Table 3.1, divided into
Port #3 and Port #4 speci cations. The given values were presented in a previous report, with the title
"Remote Handling System Interface Control Document" [30], as a rst proposal and shall be used as
reference in this document. Again, these are not nalized values and depending on the development of

the parallel sub-tasks might require adaptation.

Table 3.1: Preliminary Cask Dimensions (mm) for both operating Ports.

Equatorial level - Port #3 (mm) Divertor level - Port #4 (mm)
Name Length | Width Height Name Length | Width Height
Port Interface 300 1600 1600 Port Interface 550 1400 1500
Toolbox 1100 1600 1600 Toolbox 1100 1600 1600
C&W Toolbox 1100 1600 1600 C&W Toolbox 850 1400 1500
OFW 1100 1600 1600 Cassette 1450 1400 1500
TFW 1100 1600 1600 CMM 2500 1100 1100
HyRMan 5100 2200 1600 CT™M 1450 1400 1500

From the values presented in Table 3.1, it is now possible to estimate parameters such as reserved
operation area as well researching the most adequate methods to handle containers of this scale. Note
that the 5" Cask mentioned in Section 2.4 was not included as its existence was only proposed recently.
Nevertheless, assuming its purpose as a nal storage/support Cask, it is estimated to have similar di-
mensions to the Equatorial (Port #3) Toolbox Cask, with an increased length of at least 1500nm as it
might contain large utilities such as a cable winch or other tool management components.

Following with the weight of each Cask, there is no speci ¢ information available yet as it depends
on the materials used, wall thickness, weight of the systems and equipment transported inside, among
others factors. Nevertheless, for research and analysis purposes, it is possible to make a prediction for the
heaviest unit - HyRMan Cask. According to the container logistics companyBison [31], a regular 20t

(6m) shipping container weighs approximately 22t. Considering that Casks are built with substantial
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heavier materials due to the radiation shielding, a minimum value of 35t shall be considered. Next, when

it comes to the HyRMan it is complicated to make a reliable prediction, as one must consider the long
dexterous arm and the Case that contains wheel actuators and electrical support (the structure is brie y
described in [27]). However, based on existing similar sized arms an interval weight of 70 130g
(1t) shall be considered. Again, these reference values are extremely dependant on the materials and
complexity of the system. Finally, an additional margin of 500kg shall be considered for other equipment
such as Railings, wiring and cables, Sliding Doors mechanisms or even air ventilation system. By gathering

all these reference values, the estimated weight of the heaviest Cask shall be,

470kg(4:7t) 6 HeavierCask 6 530(kg(5:3t) (3.2)

In the same report that contained the values of Table 3.1, it is stated that the Overhead Transportation
System requires at least a load capacity of SN, which corresponds to approximately 5 metric tonnes
(500kg). Therefore, the considered value in Equation 3.1 matches the previous analysis. With references
for both payload and dimensions, the rest of this Section shall address explored docking/locking methods.

Twist Locks (TLs) are the most commonly used mechanism in large shipping containers and heavy
loads. They can be used to secure these structures to various transportation systems, such as ships, trucks
and trains as it prevents the cargo from shifting, sliding or falling o. It has a simple design, a metal
piece with a turning head cone that is used to lock into position. The twisting motion can be actuated
manually, semi-automatically or be fully automatic. Manual TLs, or Locking pins, are equipped with a
handle that is manually pushed to tighten in place, observable in Figure 3.1a. Semi-automatic TLs are
very similar to the manual ones, the only di erence is that instead of pulling a lever for rotation, it uses a

spring to de ne positions, as shown in Figure 3.1b. Both require a direct intervention to enable locking.

(@) Manual Twist Lock. Source: [32]. (b) Semi-Automatic Twist Lock. Source: [32].

Figure 3.1: Manual and Semi-Automatic examples of TLs.

On the other hand, Fully-Automatic Twist Locks (FATLs) (Figure 3.2a) do not require human inter-
vention as they are based on a tting principle when lowering the container. Through a precise maneuver
of the Overhead TS, it only requires correct turning and positioning to couple/decouple the mechanism.

Figure 3.2b displays the locking concept with a lowering approach to t the bottom unit.
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(a) Fully-Automatic Twist Lock. Source: [33]. (b) llustration of Fully-Automatic Twist Lock locking
principle.

Figure 3.2: FATL structure and concept display.

The main advantage of this method is the purely mechanical aspect of the approach. It does not
require regular inspection or auxiliary electrical systems and over time the only concerns should only be
possible contact damage or rust. Also, these are designed for heavy duty applications, such as containers,
which makes them extremely robust.

An additional and more recent type of TLs are the Remotely Controlled Twist Lock (RCTL) (Figure
3.3a). Developed by Lox Container Technology [34], these can be controlled from a distance, providing a
more promising solution for the DTT environment where no human presence is allowed. Apart from the
remote capabilities, what di erentiates them from the previous FATLs is that it allows for communication
between each individual lock and the system stores data related to their state. Moreover, each lock can
easily be checked, by computer and/or by a controller, to ensure that they are all in the correct state
and tted with an emergency release. Figure 3.3b illustrates the system application with two stacked

containers.

(@) RoRo RCTL. Source: [34]. (b) RCTL application with two stacked containers.
Source: [34]

Figure 3.3: RCTLs design and application example.

All types of TL methods require one common aspect: Casks must be equipped with a form of corner
ttings. The most commonly used ttings are the Corner Castings, three-holed salient blocks of steel

at each corner of a shipping container. The holes are made in each direction that a container can be
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docked/locked, either to a transportation method or other containers so that each TL is mounted inside
the required orientation hole. Note that with this options Casks would likely require customized Corner
Castings, as the standard unit measurement might not be compatible with smaller Casks.

An alternative approach to the problem is to invert the connection and rely on holes on the surface of
the SS to t Cask extensions. It represents a more customized solution and in this case, the TS mounts
the Cask on the target structure following the principle of mounting blocks, as shown in the concept of

Figure 3.4.

Figure 3.4: Cask Fitting concept with customized cylindrical extensions.

Once the Cask is inserted, an electric locking pin or clamp lock can be used to prevent the slightest
displacement. This feature can also be achieved by reducing the holes diameter (considering cylindrical
extensions), as long as the TS has the accuracy to correctly position the Cask. The biggest disadvantage
of this option is the resultant increase of constraints in the SS sub-task, as the holes might not be
compatible with the elected option.

In terms of inter-Cask docking/locking, the previous options do not apply as they are mostly designed
for vertical connections. When it comes to this type of horizontal docking, most industry solutions rely
on two options: Bridge Fittings or Horizontal TLs. Bridge Fittings are metal clamps mounted in a screw
bar, that is manually bolted by a large nut used in heavy loads to tighten adjacent containers (Figure
3.5a). On the other hand, Horizontal TLs share the same principle as the previous Semi-Automatic
vertical ones, but in an horizontal placement, as shown in Figure 3.5b. If applied in Cask connections,

both options would require adaptation as neither are fully-automatic and require human intervention.

(a) Equipped Bridge Fittings. Source: [35]. (b) Horizontal Twist Lock. Source: [36].

Figure 3.5: Horizontal docking/locking options, used in container applications.
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Magnetic connections are also a possibility given their exibility and easy implementation. Often used
in large doors, this technology consists on two armature plates facing each other [37], as shown in Figure
3.6a. When current is applied, a magnetic eld is created with enough force to attract a conductor and
prevent it from moving. Apart from the remote operation capabilities and easy installation, Magnetic
locks are also robust and do not require a lot of space. However, not only are they "fail-safe", meaning if
there is a power shortage they disconnect, but the magnetic eld could pose a serious problem involving
other magnetic tools/components inside the Cask. Furthermore, these systems are not commonly used
for horizontal locking of heavy loads, as most commercially available options o er holding strengths up
to 1ton in the best case scenario.

Finally, some applications resort to the usage of electrical actuators. These use the same twisting
motion as the previous vertical options, however in this case it is electrically actuated, resembling a key
locking principle in a door. Even though it is used in smaller applications, there are available actuators
that could be equipped in the lower corners of the Casks [38], providing enough extension and force to
hold Casks by controlling end-e ector mechanical components. A Cask equipped with one module in
each corner, in theory, would gather enough force to ensure a safe connection, making it an option worth

exploring. Still, this system o ers disadvantages, mainly due to Cask compatibility and space occupation.

(@) Magnetic Contact Lock. Source: [37]. (b) Industrial linear actuator. Source: [38].

Figure 3.6: Magnetic and Actuator type horizontal locking concepts.

3.2 Transportation System

The Transportation system used inside the Tokamak Hall to handle Casks shall be an Overhead Crane, as
previously de ned in Section 2.3. This allows the usage of the overhead space to facilitate the positioning
of Casks on top of the SS. Meanwhile, ground occupancy remains vacant for possible rescue operations
with ground vehicles. There are many types of overhead transportation cranes, from Conveyors, to Bridge
cranes or Ground cranes.

Ground cranes, such as Tower or Crawl cranes, are commonly used in construction sectors due to
their versatility, mobility and ease of use. However, given their dimensions and ground occupancy, they
are not very appropriate to operate in the reactor hall. Overhead Conveyors were also explored as a

possible option considering their vast use in automotive industries. These xed path structures are often
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used in the transportation of car bodies during the assembling process, as shown in Figure 3.7a. When
comparing with Ground cranes, this method of transportation presents advantages such as increased
e ciency, organization and versatility in the shape of a trajectory [39]. It also o ers an improvement

in the volume occupied as it is only de ned by the rail and the height of the crane. Even so, conveyors
are not ideal in terms of payload capacity and stability during lifting and transportation. And when
considering the possibility of multiple cranes operating simultaneously, to overcome an obstacle on the

conveyor rall, it requires a second rail and a more complex system of logistics management.

(a) Conveyor System. Source: [39]. (b) Double-Girder Bridge Crane. Source: [40].

Figure 3.7: Two examples of common Overhead Cranes used in di erent industries.

On the other hand, Bridge Cranes are currently the most promising solution as they are the foremost
type of crane system used for transporting heavy loads inside industrial facilities. The intervention and
space reserved in the building are larger when compared with the overhead conveyors, but much less
when compared with the ground crane options, as showed in Figure 3.7b. In terms of advantages, these
equipment can withstand larger payloads and can easily access all port locations surrounding the reactor
without a pre-de ned path (unlike overhead conveyors). In addition, they possess enhanced controls that
allow operators to precisely position the load and make ne adjustments to the speed and direction of
movement, which is a critical point to ensure the correct and safe positioning of Casks on SS.

Overhead Bridge cranes can be installed in two con gurations: Cartesian (Figure 3.8a) or Polar
(Figure 3.8b) depending on the application. In this case, a polar con guration could be a logical choice,
as it approximately follows the same shape as the top view of the DTT. However, transporting a Cask
from the entrance of the Hall involves a more complex movement. Alternatively, a cartesian con guration
is more simple, as the vertical and horizontal axis are in general better suited to address distances and

areas, and can more easily incorporate the logistics of more than one crane operating simultaneously.

Apart from the con guration, the choice of crane is dependant on vertical space reserved and maximum
o ered payload. Additional features like precision levels, height control, sway control, among others, must
also be taken into consideration. The most widely used cranes are manufactured by Konecranes [41], as
they o er solutions for all types of industries, including the nuclear sector (incorporated mechanisms

designed to handle the hazardous levels of a power plant).
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(a) Bridge Crane Cartesian Con guration. Source: [28]. (b) Bridge Crane Polar Con guration. Source: [28].

Figure 3.8: Bridge Crane Con gurations.

The most critical aspect in the TS sub-task is the choice of interface between the crane and each
Cask. As mentioned in Section 3.1, that choice will also a ect the Cask structure and design. According
to the research developed, the following options were considered: Hooks and Eye Bolts, Spreader Beams,
Grippers, Grapples, Magnetic and Vacuum Lifters.

Hooks are the most commonly used lifting interfaces for cranes. In most cases, the load is equipped
with a compatible eye bolt or anchor point in which the hook is connected. They are a versatile option
as there are multiple designs, each tted to a specic size or type of load. Even the eye bolts can have
di erent designs and features, like providing more DOF. One of the main advantages of hooks is their
simplicity, as the principle is purely mechanical and does not require regular maintenance. The lifting
principle is depicted in Figure 3.9, considering a four corner connection (with corner castings) to maintain
a stable Center Of Gravity (COG).

Figure 3.9: Container Lifting Concept with a Hook connected to the four corners of a container.

Nowadays, some warehouse applications are using remotely controlled Hooks, which also favours the
given operation environment. These hooks not only are operated at a distance, but provide alignment
systems, like laser sensors, and have more reliable locking mechanisms. Even so, given that there is only
one or possibly two operating cranes (synchronized in the same ceiling installation), the four corners

of a Cask must be connected in one point (or two maximum), that the hook must have easy access
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to. Ensuring the hook lifting point within the cable/chain connecting the corners is not an easy task
without human intervention. In order to solve this problem, some container handling applications use the
support of Lifting Beams. These are metal structures that are used to centralize the lifting point of the
load and maintain balance. Among the multiple existent architectures, Figure 3.10a displays a central

beam connected to the lower corners and Figure 3.10b displays a four corner upper structure.

(a) Container Lifting Lug concept. Source: [42]. (b) Four point Lifting Beam structure. Source: [43].

Figure 3.10: Lifting Beams Approach.

The second option considered were Spreaders Beams. Spreaders are metal structures used to connect
the crane directly to the load using its full dimensions. In order to grab the Cask, they do not require
hooks or ropes/chains but rather a locking mechanism in each corner of the container, normally by
tting into corner castings. An example can be observed in Figure 3.11a. Even though xed Spreaders
come in multiple sizes, they are normally designed to t International Organization for Standardization
(ISO) container measurements, which are universal and pre-de ned. Instead, an adaptable Spreader
might be more indicated given the di erent Casks dimensions, such as the one shown in Figure 3.11b.
These structures can extend/retract inside some variable limits (depends on the size and capacity of the

Spreader) and therefore o er more exibility.

(a) Spreader usage on container. Source: [44]. (b) Adaptable Spreader. Source: [45].

Figure 3.11: Spreader Transport Approach.

Overall, when compared to the previous option, Spreaders usually have enhanced stability and balance,
distributing the load more evenly across multiple points, reducing the risk of tipping or uneven weight

distribution. Versatility aside, they are also intrinsically safe considering features such as twist locks
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