Assessment of robot operations for transportation and
manipulation in nuclear facilities

Rafael Batista
rafael.c.batista@tecnico.ulisboa.pt

Instituto Superior Técnico, Lisboa, Portugal

November 2023

Abstract

Casks are storage units for all equipment used in maintenance operations of a nuclear reactor, de-
signed 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 paper addresses all the systems involved in handling Casks inside the reactor room of the Divertor
Tokamak Test, which were divided into five sub-tasks: Cask Design, Support Structures, Transportation
System, Sliding Doors and Inner Railings. For each sub-task, this document presents all development
stages from defining 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 different Multiple Criteria Decision methodology, depending on which better fits 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.
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1. Introduction

In today’s energy-hungry world, the increasing de-
mand for reliable and abundant energy sources
has never been higher, a requirement that tra-
ditional sources from previous centuries cannot
meet. Fossil fuels not only are running out, but are
no longer environmentally viable and their impact
is a concern. Nuclear fusion presents a promising
solution [1].

Nuclear Fusion is the process of combining two
light atomic nuclei to release immense amounts of
energy. Achieving this requires extreme conditions,
mainly super heated plasma, heated to around 100
million degrees Celsius. Deuterium and Tritium,
two hydrogen isotopes, are the ideal fuel resources
for fusion [2], given they produce energy at lower
temperatures than other particles and are widely
available.

In order to achieve ignition, which is the point
where the reaction becomes self-sustainable, the
plasma must be confined to ensure that particles
collide with each other. There are two primary
ways to achieve fusion confinement: inertial fu-
sion, through the use of powerful lasers, and mag-

netically confined fusion, which relies on magnetic
fields to contain the plasma. Finally, to convert fu-
sion energy into electricity, escaping neutrons col-
lide with the vessel interior walls and heat them,
which through a cooling water circulating system
generates steam. Fusion offers many advantages,
including abundant clean energy, minimal environ-
mental impact and inherent safety, making it a com-
pelling energy source for the future.

The reactor discussed in this document is the Di-
vertor Tokamak Test (DTT), a nuclear test facility
currently under construction in Frascati, Italy, under
the supervision of the ltalian National Agency for
New Technologies, Energy, and Sustainable Eco-
nomic Development (ENEA). It plays a pivotal role
in EUROfusion’s roadmap [3], the leading entity
for the development of Fusion Energy in Europe
that acts as the collaborative hub for Europe’s fu-
sion research laboratories. The DTT primary ob-
jective is to address the plasma exhaust challenge
at the divertor level, a key concern in the construc-
tion of DEMO [4], a demonstration power plant that
represents the transition of fusion from a scientific
endeavor to an economically viable power gener-



ation process and the end goal of EUROfusion’s
roadmap.

The DTT is a Tokamak type device, a torus-
shaped Vacuum Vessel equipped with large mag-
netic coils that create a powerful magnetic field
to confine the plasma. In a Tokamak device, the
divertor collects energy and dust particles trans-
ported out of the burning plasma as residues of the
fusion reaction. Other reactors, such as ITER [5],
have employed different divertor configurations, but
currently it is not guaranteed that these will be com-
patible with the DEMO requirements [6]. There-
fore, the DTT aims to test alternative divertor con-
figurations in different scenarios.

From an exterior view, the outer layer of this re-
actor is an external single-wall cylindrical structure
with stiffness ribs and multiple holes, called the
Cryostat. All the Cryostat holes, or Ports, provide
access to the inside of the Tokamak via pathways
known as Ducts for maintenance operations and
more. That said, the DTT has five different levels
of ports: Vertical (Port 1), Upper (Port 2), Equato-
rial (Port 3), Lower (Port 4), and Bottom (Port 5),
as shown in Figure 1. From a top view the reactor
is divided into 18 sectors, each identified by one
of each of the five Ports vertically aligned. These
ports are sealed by door hatches, known as Port
Flanges, and are secured by the Port Plug, a struc-
ture extending into the Ducts.

Figure 1: CAD model of the exterior of the DTT reactor, com-
paring to an average human in size. Source: [7].

On the other hand, the interior surface of the
Tokamak reactor that is exposed to heat, referred
to as the First Wall (FW) or blanket modules, is
composed of three types of modules: Top First
Wall (TFW), Inboard First Wall (IFW), and Out-
board First Wall (OFW). Figure 2 illustrates the rel-
ative position of each one inside the Vacuum Ves-
sel, with the TFW as the top blanket, IFW the left
blanket and the OFW the joint modules on the right.
The divertor system is located at the bottom of the
vessel and is composed of 54 removable cassettes
designed to collect dust particles. Each sector con-

tains three divertor cassettes, and due to the harsh
conditions they are exposed to, these components
require planned maintenance and handling by spe-
cific tools.
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Figure 2: Vessel Interior Concept, lateral view. Source: [6].

Remote handling systems (RHS) are essential
for handling operations within the high-radiation
environment of the Tokamak Hall (reactor room).
These RHS include a collection of robots, tools,
and auxiliary systems that can perform both in-
vessel and ex-vessel operations. Two primary
robotic manipulators are used:

* Hyper Redundant Manipulator (HyRMan, Fig-
ure 3): This robotic platform is equipped with
a long, dexterous arm with five Degrees of
Freedom (DOF) and an end-effector capable
of connecting to various tools. It is responsible
for handling the TFW and OFW components,
as well as tasks such as screwing/unscrewing
bolts that hold the blanket parts in place.
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Figure 3: Preliminary CAD model of the HyRMan dexterous
arm and Case. Source: [7].

+ Cassette Multifunctional Mover' (CMM): This
robot is designed to transport, install, and re-
move the divertor cassettes. It has two arm ex-
tensions and end-effectors, with the upper arm
acting as a general manipulator and the lower
one serving as a cassette positioner. The Cas-
sette Toroidal Mover (CTM) works in conjunc-
tion with the CMM, moving the divertor cas-
settes along a toroidal railing for easier han-
dling.

These RHS are designed to operate within spe-
cific sectors of the Vessel, with different ports serv-
ing various purposes, from component removal to
cooling and diagnostics. The development of this

"Figure not provided, as robot is still in development and no
design document has officially been released.



equipment and its integration into the machine de-
sign process is crucial to ensure the safety and
functionality of fusion power plants. As such, this
document targets the design and concepts assess-
ment of Remote Handling Systems for handling
Casks, which are containers for components in-
volved in remote operations, including vessel mod-
ules, operating tools, and robotic manipulators.
Casks play a critical role in safely transporting and
isolating components, preventing exposure to acti-
vated materials due to ionized particles. The de-
sign work includes considerations for shape, di-
mensions, transportation methods, and the devel-
opment of structures to support Casks during op-
erations. Additionally, sub-systems like remote-
controlled sliding doors and inner railings are in-
corporated into the design, and recovery and res-
cue strategies are considered in the event of RHS
failure.

The purpose of this document is to fully describe
and analyse most of the remote systems involved
in the Cask environment and present reliable and
feasible solutions, whilst focusing on Port #3 and
Port #4 operations. Due to the size of the pro-
posed task, this project shall be divided into five
sub tasks, each addressing a different 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

This work has been carried out within the frame-
work of the EUROfusion Consortium, under the
task agreement DIV-IDTT.S.04-T014-D002 "Con-
ceptual design of the RH Casks and related inter-
face and requirements management”, in coopera-
tion with the ENEA team. In addition to the five sub
tasks presented, this work also includes the deliv-
erable of a report that consists of developing the
necessary Cask design for out-vessel operations,
including all related interface systems.

2. Problem Statement
Casks are movable storage units with an external
structure and geometry that resembles the one of
a cargo ship container, but internally can differ de-
pending 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. All Casks have two access points to
the interior in the form of vertical Sliding Doors, one
on each side, one in front, another in rear.

In general there are three different types of
Casks: 1%t Cask or Port Interface, 2" Cask or In-
termediate Cask and 3" Cask. As the name sug-
gests, the 1t Cask is used for connecting the Port
Entrance to the other Casks and therefore provide
access to the inside of the Vessel. Next, the In-
termediate Casks are dedicated to accommodate
the various end-effector Tools to be used by the
robots or, in case of FW maintenance operations,
these may also store new or used modules. Finally,
39 Casks accommodate the robotic manipulators:
CMM and HyRMan. Certain specific operation pro-
cedures might require the usage of more Casks, as
described in the full document.

In every remote operation, Casks are trans-
ported from a Storage room, where the loads are
equipped, to the target operation area inside the
Tokamak Hall through an overhead Transportation
System. During the operation, they are held in
the correct position with a platform based Support
Structure, as illustrated in the Port # 3 depicted op-
eration of Figure 4.

Conversely, after the operation is finished, they
are taken to a Hot Cell room, where the activated
material is cleaned or refurbished. Between the
given path and the maintenance necessities during
remote operations, the task surrounding Casks is
complex. It relies on multiple systems which are
technically independent, however they cannot be
tackled as isolated topics.

Figure 4: Concept illustration of a remote operation at Equa-
torial level. Source: Image provided by the work partners at
ENEA.

Regarding the transportation of equipment from
the designated Cask to the Port Duct, this move-
ment is enabled by the passage formed by the train
of connected Casks, with starting point in the 3™
Cask. When all Casks are connected, the Inner
Railings installed in the lateral walls of each one
form a continuous path that acts as s suitable robot
guides in order to accomplish an accurate maneu-
ver of all equipment. Figure 5 illustrates a lateral
view on the HyRMan Cask, showcasing the robot
supported in two set of Railing tracks.
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Figure 5: Conceptual lateral view of the cask containing the
HyRMan in a resting position.

For organization and structural purposes, the
main task is divided into five sub-tasks, each one
involving a different system that directly interacts
with the others. The following points summarize
the five defined sub-tasks.

+ Cask Design - The challenge involves the pre-
conceptual design of each cask, in terms of an
external docking interface between some Sup-
port Structures and each Cask, as well as in-
terface 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 disposi-
tion and organization of some specific compo-
nents, such as electrical wire connections or
air ventilation systems inside the Casks, are
not considered in this sub-task.

+ Transportation System - Focuses on selecting
the best performing overhead transportation
method in terms of fulfilling payload, space,
flexibility and precision requirements (among
others). Based on this choice, the goal is to
also present a feasible handling interface for
all Casks used in RHO.

» Support Structure - 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 op-
erations).

+ Sliding Doors - 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 opera-
tion.

* Inner Railings - The purpose of this task is
to focus on two critical aspects regarding the
Railing system. The first is to propose a suit-
able railing mechanism that is able to provided
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 ad-
dressing the Port #4 Duct curvature and how
to compensate for it. In this document, the
type of railing track and robot wheel fitting shall
not be included.

Based on the goals and work to be developed on
each sub-task, a basic set of parameters were de-
fined for guidance and clear exposition of the over-
all objectives. This consists on a descriptive list of
57 Requirements and 49 Assumptions taken in or-
der to reach a desired solution. Requirements de-
fine the necessary conditions and boundaries that
must be fulfilled in each respective sub-task. As-
sumptions define the principles that will be used
as a starting point in reaching a solution that both
satisfies the requirements and maximizes perfor-
mance. Both were discussed and agreed upon un-
til this stage during meetings with the ENEA team
and are fully described in the Thesis document with
identification and support Figures.

3. State of Art

In order to provide an appropriate methodical anal-
ysis to reach a solution on each sub-task, research
was made on available industry options used in
similar applications.

However, to explore these options it is neces-
sary to have a more extensive Cask description.
As such, some inference based Assumptions were
made regarding specific measurements and val-
ues. Tables 1 and 2 include the preliminary val-
ues proposed in [8] for concept Cask dimensions,
which were used as reference.

Equatorial level - Port #3 (mm)
Name Length | Width | Height
Port Interface 300 1600 1600
Toolbox 1100 1600 1600
C&W Toolbox 1100 1600 1600
OFW 1100 1600 1600
TFW 1100 1600 1600
HyRMan 5100 2200 1600

Table 1: Preliminary Cask Dimensions (mm) for Port #3.

Divertor level - Port #4 (mm)
Name Length | Width | Height
Port Interface 550 1400 1500
Toolbox 1100 1600 1600
C&W Toolbox 850 1400 1500
Cassette 1450 1400 1500
CMM 2500 1100 1100
CTM 1450 1400 1500

Table 2: Preliminary Cask Dimensions (mm) for Port #4.

In order to evaluate handling systems depending
on maximum payload capabilities, the weight of the



heaviest Cask scenario must be considered. In this
case this refers to the HyRMan 3" Cask as it is the
largest and equipped with the heaviest equipment.
Based on the weight of a shipping container, ma-
terials used, wall thickness and the weight of the
heaviest robot (HyRMan), a Cask is considered to
have a maximum payload of:

4700kg(4.7t) < HeavierCask < 5300kg(5.3t) (1)

Taking into consideration the previous values
and also general information in shared documents
with the ENEA team, the following subsections
identify the appropriate options that were explored
for the respective sub-task.

3.1. Cask Design

According to the previous task description, Cask
Design shall include the assessment of overall
docking/locking solutions. In terms of vertical dock-
ing/locking mechanisms, which ensure the correct
positioning of the Casks on top of the Support
Structures, the following options were considered:

» Manual Twist Locks;

+ Semi-Automatic Twist Locks;

+ Fully-Automatic Twist Locks (FATL);

» Remotely Controlled Twist Locks(RCTL);
Cask Fitting Extensions;

For horizontal docking/locking between joint
Casks, to maintain a connected access path, the
following options were considered:

+ Bridge Fittings;

* Horizontal Twist Locks;

» Magnetic Contact Locks;
« Electrical Actuators;

3.2. Transportation System
Starting with the Overhead Crane concept ap-
proach, the following options were considered:

+ Ground Cranes;

* Ceiling Conveyors;

+ Bridge Cranes (Cartesian and Polar configu-
rations);

Regarding the Cask-to-Crane interface
search, the following options were considered:

re-

» Corner Hooks (CH);
+ Lifting Beams (LB);

» Spreaders

* Grippers;

» Grapples;

+ Magnetic Lifters (ML);
» Vacuum Lifters (VL);

3.3. Support Structures

For this sub-task, the goal is to propose a Support
system capable of handling Casks during opera-
tions and compatible with the target environment
and available space. Among the multiple alterna-
tives, the following were considered:

Straddle Carriers (SC);

Boom Lifts (BL);

Column Lifts (CL);

» Three Mast Lifts (TML);
Vertical Conveyor Lifts (VRC);
 Scissor Platform Lifts (SP);

3.4. Sliding Doors
According to the previous task description, this
sub-task was focused on the opening/close mech-
anism for remote vertical Sliding Doors. Explored
applications include:

°

« Torsion Spring System;
* Chain Belt System;
 Hydraulic Cylinders;

3.5. Inner Railings

The industry options research for the Railings sub-
task was focused on methods to compensate for
the inter-Cask gaps and Duct-Port Interface con-
nection. Available options include:

» Foldable Railings (FR);
» Telescopic Railing (TR);
« Liftable Bridge Railing (LR);

4. Decision Analysis
To select the most suitable solution, choosing the
right analytical approach is crucial. In engineering
and business decision-making, Optioneering is a
widely used process that covers option generation,
criteria development, and quantitative/qualitative
analysis [9]. It offers transparency and adaptability,
allowing for various evaluation methods at differ-
ent stages. In the document, this Chapter focuses
on finding quantitative/qualitative models for each
sub-task and applies Multi-Criteria Decision Analy-
sis (MCDA) to develop criteria and ranking models.

MCDA is defined as a systematic and theory-
based approach to perform a comparative anal-
ysis of several competing options based on their
performance on multiple and often conflicting cri-
teria [10]. In other words, it describes quantita-
tive/qualitative decision-making when multiple cri-
teria need to be considered together in order to
choose between solutions. For this study, the fol-
lowing methods were considered: Analytic Hierar-
chy Process (AHP), Sifting, Point System and Per-
formance Matrix.

Among these methods, the choice is based on
a balance between the number of required criteria



and the number of available options for each sub-
task. Given that this balance is different in each
sub-task, then the choice also differs.

Nonetheless, the steps followed in each analy-
sis were generally similar. First, the relevant crite-
ria are defined and grouped based on major top-
ics. Secondly, the MCDA method is chosen. Fi-
nally, the qualitative/quantitative evaluation is per-
formed, which leads to the option classification re-
sults. However, there are two exceptions: the In-
ner Railings, which includes additional procedures,
and the Sliding Doors sub-task (described in the
Proposed Solutions Chapter).

4.1. Cask Design

The Cask Design analysis consists on choosing
the best docking/locking option from the ones pre-
sented in the State of the Art list. For this purpose,
the relevant evaluation criteria was organized in
Basic Features (Payload, Dimensions, Human In-
tervention, Adaptation Level and Operational Com-
plexity), Robustness (Physical Robustness and
Radiation Impact), Technological Features (Tech-
nology Maturity and Communication) and Risk As-
sessment (Risk of failure, Maintenance, Replace-
ability and Failure Management).

With the criteria defined, the next step in MCDA
is to choose the analysis method, which will be di-
vided in two parts. The first part consists on apply-
ing the sifting principles on the Human Intervention
criterion. Given that it is a key requirement in a
nuclear environment, options that require manual
operation must be discarded and deeper evalua-
tion is not necessary. The second part consists of
a Point system with the remaining alternatives.

From the Sifting procedure, Manual Twist Locks,
Semi-Automatic Twist Locks, Bridge Fittings and
Horizontal Twist Locks were discarded, as all these
mechanisms required direct manual intervention in
the locking operation.

For the Point System evaluation, each of the pre-
vious criterion was attributed a relative weight and
evaluated in the scale of Table 3.

Points Description
Not Feasible
Hardly Adaptable
Feasible
Adaptable
Easily Adaptable
Compatible

Extremely Compatible

NOoO O~ WN =

Table 3: Point system attribution.

Following the Point attribution system and each
criterion weight assigned, each option i is evalu-
ated in a criterion C; and attributed the points K,
after which the final score is determined by:

FinalScore; = Z Ki Cjpeigne 2)
J

The obtained results showed that the best per-
forming option are the Remotely Controlled Twist
Locks for vertical locking/docking and Electrical Ac-
tuators for horizontal docking/locking.

4.2. Support Structures
The Support Structure analysis consists on choos-
ing the best placeholder for Casks during remote
operations. For this purpose, the relevant evalua-
tion criteria was organized in Basic Features (Pay-
load, Dimensions, Height, Transportation System
Access, Cask Docking Compatibility and Maneu-
verability), Robustness (Physical Robustness, Ra-
diation Impact, Stability, Fixation and Seismic Oc-
currences), Flexibility (Size Versatility, Placeability,
Mobility, Installation/Removal and Additional Op-
erations), Technological Features (Accuracy, Sys-
tem Complexity, Communication and Power Sup-
ply) and Risk Assessment (Risk of failure, Main-
tenance, Replaceability and Failure Management).
These major groups are identified by, SS-1 to SS-5
in the same order (identification used in Figure 6).

In this case, the MCDA methodology chosen
was the AHP method. AHP is based on pairwise
comparisons to form Comparison Matrices. The
value attribution is based on the relative scale de-
fined in Table 4.

Evaluation Description

Worse than
Equally Preferred
Equally to Moderately Preferred
Moderately Preferred
Moderately to Strongly Preferred
Strongly Preferred
Strongly to Very Strongly Preferred
Very Strongly Preferred
Very Strongly to Extremely Preferred
Extremely Preferred

Co~Noaswn A

Table 4: Level of qualitative preference in pairwise compar-
isons.

The Comparison matrices, or Reciprocal Matri-
ces, are built based on a direct comparison be-
tween the criterion/option on the given row and the
criterion/option on the given column, with the at-
tributed value being one in the scale of Table 4. As
a result, a total of 5 criteria-criteria and 24 option-
criteria Tables were developed. The final column
on each one represents the calculated weight W,
determined from the Priority Vector W of the Ma-
trix. A Priority Vector is a normalized version of the
Eigenvector that corresponds to the largest Eigen-
value, A\az-



An advantage of this method is that it allows to
measure the consistency of the evaluation, Con-
sistency Ratio (CR). It is an important factor to en-
sure the classification is valid given the choices
come from a human-based decision and subjec-
tive judgement. If the CR is greater than 10%, the
evaluation needs to be revised. This ratio is a nor-
malized version of a Consistency Index (Cl) when
compared with previously established and appro-
priate values - Random Consistency Index. The CI
is based on \,,.., also called Principal Eigenvalue,
and is calculated as follows:

A7naau —n

CI = (3)

n—1
o
~ RI

The final classification for all options in each ma-
jor criteria group is calculated by applying the pre-
vious criterion weights to these values, such as:

CR (4)

Neriterion

Z Wcriterioni : SSoptioni (5)

7

SSoption =

Note that SS,pton, represents the rating
achieved for the given option in criterion i. Hence,
the final evaluation results for each option are dis-
played in Figure 6.
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Figure 6: Graphical representation of the performance of each
analysed option in all five major criteria groups.

4.3. Transportation System
In this Section, the analysis was focused on the
Cask interface method, a connection mechanism
between each Cask and the Overhead Crane used
for transportation inside the Tokamak Hall.

For this purpose, the relevant evaluation cri-
teria was organized in Basic Features (Payload,
Dimensions, System Height, Crane Connection,

and Load Handling), Robustness (Physical Ro-
bustness, Radiation Impact, Stability and Vibra-
tion Resistance), Flexibility (Size Versatility, Cask
Adaptation and Additional Operations), Technolog-
ical Features (Accuracy, Technology Maturity, Au-
tomation Level Energy Consumption and Obstacle
Detection) and Risk Assessment (Risk of failure,
Maintenance, Replaceability and Failure Manage-
ment). These major groups are identified by, TS-1
to TS-5 in the same order (identification used in
Figure 7).

In this sub-task, the MCDA methodology cho-
sen was again the AHP method due to the similar-
ities with the Support Structures sub-task in terms
of criteria to number of options balance. Hence,
the Transportation System analysis is very similar
to the process described in the previous Section.
That said, the evaluation results for each option are
displayed in Figure 7.

4.4. Inner Railings

Railings represent the internal connections be-
tween the line of Casks and provide path continuity
for the mobile robotic manipulators. This sub-task
is divided into three parts: the inclination problem,
bridge methods assessment and curvature analy-
sis, the last one being a result of the first.

The Port #4 Duct has an inclination of approxi-
mately 10°, making Divertor level operations more
complex than those in Equatorial level (regarding
external access, not the in-vessel procedure). The
railings installed inside the Port #4 Duct also have
the same inclination, whilst Casks are positioned
horizontally in the reserved operation area. As a
result, there is a significant orientation difference
that needs to be compensated to ensure the path
continuity. During meeting discussions with the
ENEA work partners two solutions were proposed:

» Option A (Figure 8): The Casks position
and orientation are adapted according to the
required inclination. This would require a
change in the Cask overall structure to an
inclined bottom, so the interior components
have the necessary space to tilt. Neverthe-
less, both railings would be installed in the
same axis line and be directly aligned, with no
alterations required.

Figure 8: Option A concept illustration.



Performance

0N O

CH 1] Spreaders

Grippers
Options

Grapple ML L

Figure 7: Graphical representation of the performance of each analysed option in all five major criteria groups.

» Option B (Figure 9): The Casks would be po-
sitioned in the same horizontal orientation as
in operations in Port #3, and the Duct incli-
nation is compensated by tilting the Cask rail-
ings. For this, any change would only involve
adapting the railing structure and ensuring the
proclivity is compatible with the CMM locomo-
tion (wheels and actuators).

Figure 9: Option B concept illustration.

In order to facilitate the decision process, a Ta-
ble was created listing all relevant advantages-
disadvantages of both options. After comparing all
the information, it was established that from a pre-
liminary view, Option B was more advantageous.

Next, the Bridging Method is essential to connect
individual Casks when the Sliding Doors are open.
Similar to prior sections, an optioneering approach
is employed for proposing a solution. However,
due to the simplicity of the analysis and the equal
importance of general criteria, a Performance Ma-
trix method was used. This matrix involves a rela-
tive comparison of options through feature checks
rather than quantitative scoring. The testing fea-
tures include: Load Capacity, Space Occupation,
Extension Level, Stability, Fixation Points, among
others.

Based on the results, it became evident that the
most promising option is a Liftable Railing section
for connecting Cask-to-Cask or Cask-to-Duct rail-
ings. Besides numerous positive results, a key ad-
vantage is its adjustability to the required curva-

ture, particularly pertinent to Option B in address-
ing the Port #4 tilt problem.

Finally, taking into consideration the choice of
Option B (Figure 9) and a Liftable Railing segment
to close the Railing path gaps, the curvature fea-
sibility was analysed. For this, two solutions were
take into consideration based on the known Cask
dimensions of Figure 10.

Port Duct Railings

Port I/F 2n Cask

Cask Railings
s

160cm
95cm

68cm

—
Port Duct & Entrance 55cm 150cm

Figure 10: The image represents a conceptual lateral view of
the connection between the Port #4 entrance and the 15t and
2nd Casks.

In the first option, the curvature starting point
is installed inside the 2" Cask, with the ending
point being near the entrance of the adjacent 1
Cask. The gap between the given ending point and
the Duct Railings is compensated through a linear
liftable railing section, which covers the length of
the 15t Cask and additional margins. Such mar-
gins refer to Sliding Doors thickness, including both
doors of the Cask, Port Flange thickness and small
safety distances between the permanent railing
sets and the doors.

In the second option, the curvature starting point
is installed inside the 2"¢ Cask, with the ending
point being near the entrance of Port Duct. As
such, the liftable railing section covers the entire
gap length, which includes the distance between
the starting point and the Port I/F, the Port I/F
length and additional margins.

The feasibility of both options was evaluated
based on predicting the estimated length of each of
the required railing segments and testing it with the
available Cask space. The prediction was deter-



mined with geometric calculations and measure-
ments inference from Figure 10. Results showed
that the only feasible solution from a preliminary
view is the first option.

Regarding the actual simulation of the decided
curvature segment shape, it can be built from an
interpolation of a few control points. For this, three
basic requirements were defined:

+ Include the starting and ending points, with the
ending point having the same inclination as
the Port Duct railings to ensure alignment;

» Ensure continuous first order derivatives,
avoids discontinuities in the path;

» Ensure (continuous) second order derivatives
- a discontinuity in the second derivative im-
plies a discontinuity in the acceleration and in
the reaction force of the CMM during its mo-
tion [11];

Whilst there are multiple mathematical functions
that can generate a curvature that compensates
the required inclination, after comparing different
approaches, two were elected as candidates that
fulfilled the previous three requirements: Cubic
Spline and a Modified Akima Interpolation [12].

To find the best applicable curvature, both func-
tions were used to simulate a preliminary shape.
This analysis was executed using Matlab soft-
ware [13] for calculation and representation of the
curves, as it already has built in spline (Cubic
Spline) and makima (Modified Akima) functions. To
allow a more analytical comparison, the first and
second order derivatives were also determined and
analysed.

Overall, both curvatures presented very similar
curvatures, with the changes more evident in the
derivatives graphs. Nevertheless, the Akima Inter-
polation presented a slightly smoother and more
stable path, by maintaining a linear increase in
force necessary to move up towards the railing
Ducts, starting closer to zero.

5. Proposals & Conclusion

This Chapter finalizes the document and is divided
in two main Sections: Proposed Solutions and
Conclusion.

5.1. Proposed Solutions

For the Casks-to-Support Structure connection,
it was determined that the most suitable locking
system are the Remotely Controlled Twist Locks
(RCTL) due to its numerous advantages. As such,
it is proposed the usage of this type of locks, in-
stalled on top of the target Support Structure, to
be fitted inside each of the four lower corners of
a Cask when lowered, through customized corner
castings.

Concerning inter-Cask locking, the proposal is
to use a turning lock mechanism controlled by ac-
tuators in a male-female configuration, as depicted
in Figure 11. Utilizing the aforementioned corner
castings, the last placed Cask would employ actu-
ator extensions to engage with target holes in the
previously positioned Casks.

»

Cask #2

Cask #2

Figure 11: Concept illustration of a turning lock principle to join
adjacent Casks.

Regarding the Support Structure choice, the
most promising option would be a customized VRC
capable of slight and accurate horizontal move-
ments, which can be implemented with a carte-
sian railing or separate sliding surface actuating
system. Figure 12 displays the given concept,
mounted on a Platform hole and next to the DTT
entrance Ports.

-—
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Figure 12: Preliminary concept illustration of a VRC solution for
SS.

For the Transportation System sub-task it was
established the usage of Cartesian Bridge Cranes.
In terms of Crane-to-Cask interface the proposed
solution results form the best performing alterna-
tive in Figure 7, a Gripper. A Gripper would ensure
all the requirements in Cask overhead transporta-
tion and could even be adapted to fit the lifting arms
inside the previously mentioned corner castings.

Next, for the Inner Railings sub-task it is pro-
posed the Option B (Figure 9) configuration, with
a Liftable Railing to compensate for inter-Cask and
Cask-Duct gaps. In terms of curvature feasibil-
ity, it was concluded that the best solution is to
compensate for the full 10° inclination with a fixed
curved railing installed in intermediate Casks, so



that the path inside the Port I/F (1! Cask) is al-
ready aligned.

Finally, the Sliding Doors sub-task was the least
developed, as it was not included in the analy-
sis. This was due to the lack of options to be ex-
plored and information to be based on. At the mo-
ment of the writing of this document, there is no
information available regarding their dimensions,
thickness, design, Cask connection and even lock-
ing components, such as screws or latches. This
made the proposal of an opening/closing control
system not achievable.

5.2. Conclusion

In essence, this document’s main objective was
to provide a preliminary assessment of key ex-
vessel procedures in Remote Handling Operations
(RHO). To achieve this, the topic was divided into
five main objectives corresponding to the five pri-
mary systems for handling Casks and their con-
tents, including Tools and Robotic Manipulators.
While these objectives were examined separately,
their cooperation is vital for safe and successful
DTT operations. Therefore, proposed solutions
had to be compatible and efficient.

Each sub-task followed the same structure:
problem description, extensive research-based
State of the Art, suitable analysis, and solution pro-
posal. Most objectives were met, with clear con-
text, explanation and references. An exception was
the Sliding Doors sub-task due to a lack of content.
As described in the Objectives of this document,
the next step includes developing the deliverable
report for ENEA, which shall include additional in-
formation and extensions that were not included
here due to limitations and outside of the scope of
the academic context.
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