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Abstract

Climate change is a recurring topic in the news and goes side by side with the energy transition. The
energy transition focuses on using clean energy generated by resources like wind and water. Due to
the increasing demand for technology that focuses on generating and storing clean energy, the demand
for metals grows. These metals are currently extracted from land-based locations but are also found on
the bottom of the ocean. Three types of resources are found on the ocean floor: hydrothermal vents,
cobalt crusts, and polymetallic nodules. To extract these resources from the ocean floor, a project
called "Blue Nodules was launched in 2020. This project addresses the challenge of creating a viable
and sustainable value chain to retrieve the polymetallic nodules from the ocean floor. Royal IHC is
one of the partners on this project and designed the seafloor nodule collector. The total mining system
consists of a surface vessel, a vertical transport system, a flexible hose (jumper hose) and a seafloor
nodule collector. In combination with a hose developing company, IHC designed the flexible hose. This
design was projected on a prior design of the seafloor module collector. Since then, the seafloor module
collector design has advanced, but the flexible hose design did not. Therefore the main objective of this
master thesis is to design and analyse the flexible hose with its main focus on the dynamic behaviour.

The methodology for this thesis is addressed in the following manner. The old design of the flexible
hose was investigated, and all relevant parameters were addressed. A static model was built to verify
the parameters that modelled the hose with these parameters. The parameters of interest were: the
length of the hose, the distance between crawler and vertical transport system in height and width,
number of buoyancy modules, number of buoyancy modules per hose section, starting position of
buoyancy nodules. This static model was used to perform a parameter study, resulting in an optimal
set of parameters tested against design criteria.

The next stage was implementing the static design in a dynamic software packet called "OrcaFlex”.
Orcaflex is a software program for static and dynamic analysis of offshore systems. The static model
is implemented end tested with this software. This resulted in a failure of the set of parameters and
adjustment to the static model. After a re-do of the parameter study, a new set of parameters was
extracted. This set is tested for an inline motion of the crawler compared to the vertical transport
system and for a perpendicular motion. These motions expand in size until the flexible hose reaches
its critical values. These tests resulted in a range around the VTS where the crawler could move in.

Results show that the crawler can move in this range for a selected set of parameters. Throughout
the research, it is shown that the parameter set needs further development to complete the flexible
connection design. It is recommended that some disregarded motions, parameters and environmental
forces are further investigated and that the failure criteria that test the hose need to be expanded.
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Introduction

Climate change is a hot topic globally, with the Paris agreement treaty legally binding international
countries to limit global warming to well below 2 degrees Celsius compared to pre-industrial levels.
Due to human activity and the extra amount of greenhouse gases released into the atmosphere, the
average temperature on Earth is rising fast. A very rapid transition is needed to sustainable energy
generation and consumption to reduce these emissions.

With a growing population, technology developments, and a clean energy future, the demand for
the metal incorporated in smartphones, electric cars, solar panels, batteries, and other power storage is
increasing rapidly. A famous quote is that "if it is not grown, it's mined”. These metals are currently ex-
tracted from land-based locations. But the extractable amount is limited, and some of these resources
might soon be exhausted. However, there is another source of these precious minerals. They can be
found in certain areas, deep down on the ocean floor. There are three main types of deposits on the
seafloor, polymetallic nodules, hydrothermal vents and a rich cobalt crust on seamounts.

Deep-sea mining is still in its experimental stage, but scientists are already worried about its im-
pacts on deep-sea marine life and ecosystems. Scientists have mapped more of the surface area of
Mars than of the ocean floors on Earth. And in the past 20 years, marine biologists have discovered
thousands of new species and vast ecosystems. It's an uncomfortable choice between the potential
negative impact or benefit of extracting the metals needed for a more sustainable future. The impacts
of deep-sea mining is yet unknown and could be potentially huge. "So the question remains, can we
do a better job in the ocean than we do on land?” [31]

1.1. Background

1.1.1. History of mining

For centuries, people mined raw materials from the Earth, but since the industrial revolution, the focus of
survival shifted from primarily producing food to extracting certain materials for automated processes.
The industrial revolution was all about using different forms of energy to automate production. For
example, the steam engine was invented and optimised. This machine was used for production pro-
cesses, transportation and automating processes. The steam engine ran on coal, so the demand for
coal increased rapidly, resulting in society’s industrialisation. The second and third industrial revolution
brought the world to our current way of living and, in particular, fossil fuels.

Mining is dangerous and destructive work with risks of explosions, floor collapse, floating and other
hazards. Rules end regulations came in order, mostly after major accidents. Society depends greatly
on natural resources like metals and precious materials like diamonds. Unfortunately, mining goes hand
in hand with exploitation, destroying ecosystems and child labour. Mining takes up a large surface area
that leaves a depleted and polluted area after a mine is abandoned. It leaves a scar on the land and a
huge impact on the area. Examples are groundwater contamination and worn-out ecosystems, which
drive the native inhabitants away.

1.1.2. The need for an energy transition

Burning fossil fuels for power generation releases greenhouse gases into the atmosphere. This con-
tributed to the reinforcement of the greenhouse effect, which then added up to global warming. The
extraction of fossil fuels harms the environment, and also, the stock of these raw materials is finite, so
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it gets harder to extract them. In 2015 a climate agreement was reached to slow down global warming.
This agreement is between 55 countries responsible for about 55 % of the production of greenhouse
gases. The agreement states that the increase in the global average temperature to well below 2 °C
above pre-industrial levels and pursuing efforts to limit the temperature increase to 1.5 °C above pre-
industrial levels, recognising that this would significantly reduce the risks and impacts of climate change

(1.

An energy transition is needed to live up to the Paris agreement made in 2015. The energy supply
has to be changed drastically by replacing fossil fuels with sustainable resources in this transition.
But there is also attention on energy saving, storage and decentralized organisation. For the energy
transition, a lot of different raw materials are needed. The demand rises because the global population
keeps growing. Many of these materials lie deep beneath the Earth’s crust and are hard to reach.
These raw materials can also be founded on the ocean floor. For example, in the Pacific Ocean is an
area located called the Clarion Clipperton Zone. Here billions of potato-sized rocks called polymetallic
nodules lie on the ocean floor at around 5 kilometres. These nodules contain metals like cobalt, nickel,
iron and manganese, needed for a clean energy future.

1.1.3. Overall design Blue Nodules project

On 1 February, a European consortium launched a new Horizon 2020 project: Blue Nodules. This
project addresses the challenge of creating a viable and sustainable value chain to retrieve polymetal-
lic nodules from the ocean floor” [10]. This project is a unique combination of leading academics and
the industry to further develop the technology to mine nodules from the seafloor with minimal envi-
ronmental impact. IHC is one of the partners on this project and has designed the seafloor nodule
collector. The project’'s focus has been on developing a nodule collector and its flow process while
considering the impact of sediment plumes, compaction of the seabed, noise and loss of biodiversity.
This collector is connected to a vertical transport system with a hose and an umbilical. The nodules
are collected with a crawler and flushed through a hose to the vertical transport system. The vertical
transport system transports the nodules to the ship. The total operation system for the Blue nodules
projects consists of the following items, and these are shown in figure 1.1.

The main components of the mining operation are:
» The Surface operation vessel
» The vertical transport system (VTS)
* The Jumper hose (JH), also referred to as the flexible connection

» The Crawler, also referred to as the Seafloor Mining Tool (SMT)

The design structure is as follows: The subsea harvesting equipment is a seafloor mining tool con-
nected to the offshore production vessel. This connection consists of a flexible and rigid vertical trans-
port system with booster pumps and an umbilical cable for the electrical power supply.

3
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Figure 1.1: Schematic overview of the main components of the system [28]

1.2. Problem definition

The Blue nodules project was finished in 2020, delivered a prototype vehicle, and tested many compo-
nents. Much progress has been made but more remains to be done. Royal IHC continues to develop
this deep-sea mining system. One of the topics of interest for further development is the manoeuvrabil-
ity of the seafloor mining tool in combination with the dynamic behaviour of the flexible connection. In
this research study, the dynamical behaviour of the flexible connection is analysed. The study includes
the interaction between the flexible connection with a moving seafloor mining tool during different pro-
duction rates and scenarios.

1.2.1. Objectives

This research is focused on the flexible connection between the seafloor mining tool and the vertical
transport system of the Blue nodules project. It aims to get more insight into the dynamic behaviour of
the flexible connection and its interaction with the seafloor mining tool during production operation.

The first main objective of the research is: to construct a static model of a geometrically non-
linear system with large axial deformations. This model examines the current parameters of the flexible
connections and determines if a new set of parameters is required. The second objective is the dynamic
analysis of the flexible connection. The parameters of the static analyses are implemented into the
dynamic software package called "Orcaflex”. With this software, the dynamic behaviour of production
operations is investigated. Therefore the purpose of this study is to answer the following research
questions:

Determine the dynamical behaviour of flexible hose in three dimensions and its interaction with
the moving seafloor mining tool during different scenario’s.

]
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This research has two parts. The first part focuses on the static case, examining and designing
the parameters and dimensions of the flexible connection. The second part is focused on the dynamic
behaviour of the flexible connection in the operation phase and the interaction with the seafloor mining
tool. For the first part, the following sub-questions have been answered:

» What is the preliminary base design of the flexible connection from the Blue nodules project?
— What are the design parameters?
— What are the requirements and limitations of the project?

» How is the static model constructed, and which methodology is used?
— Which simplifications and adaptions are necessary for the formulation of the static model?

* How is the new/optimal set of parameters identified?

And for the second part, the following sub-questions have been answered:

* What is the theory behind the dynamic software used, and does it connect with static analysis?

» What are the results of the static analysis using OrcaFlex?

* Which simulations are performed for the dynamic analysis?

* How manoeuvrable is the seafloor mining tool?

1.2.2. Scope of the thesis

To ensure a feasible study, some limitations are imposed on the scope. This research is conducted
under the supervision of Royal IHC. Royal IHC has distributed the preliminary design of the flexible
connection and the other components of the deep-sea mining system.

The following scope limits the research:

* Royal IHC distributes most of the data used.

* Royal IHC has set some requirements on the design parameters and wants to investigate specific
parameter options. These assumptions are clearly stated in the thesis.

 This research is limited to a static and dynamic study on the flexible connection. Design param-
eters like the diameter of the flexible hose and type of material are outside the scope.

It could be that there are more limitations encountered. They are explicitly clarified in a sub-chapter of
the respective chapter.

1.3. Approach

To answer the research questions, the following approach is taken. First, the preliminary design of the
flexible connection is investigated, and possible new requirements are set up. Also, the environmental
data are analysed. This information is all needed to build a simplified static case to determine feasible
sets of parameters. With a Multicriteria analysis, the final optimal set of parameters is determined.
These parameters are the output of the first part of the thesis. This output is used in the second part.
The theory used for the static calculation is compared to the software for the dynamic analysis to see if
the optimal parameter set is the starting point for the dynamic design. With the dynamical software, the
dynamical behaviour of the flexible connection is determined relative to the movements of the seafloor
mining tool. With the dynamic study results, conclusions and recommendations are drawn.

3
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1.3.1. Denomination of the components of the subsea harvesting equip-
ment and other components

Different denominations of the subsea harvesting equipment components in prior research are used.
Throughout this thesis, it is attempted to keep the terminology consistent; however, different terms may
appear. These components can be referred to with different terminology. In table 1.1, the terminology
for the mining operation is displayed. The abbreviations are also found in the Nomenclature chapter.

Introduced component term The most commonly used component | Other terminology
term

Seafloor Mining Tool (SMT) Seafloor nodule collector Crawler

Flexible connection Jumper hose (JH)

Vertical Transport System (VTS) Riser system

Surface operation vessel Ship

Polymetallic nodules Nodules Manganese nodules

Subsea harvesting equipment Total operation system

Table 1.1: Terminology of components and other terms [16], [28], [15], [2]

]
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The ocean and It resources

This chapter consists of a brief introduction to the deep sea, focussing on the resources found on the
seabed. First, the ocean’s depths classification is documented with the bathymetry and influence of
plate tectonics. Next, the different resources of the ocean floor are presented like hydrothermal vents,
cobalt crust and polymetallic nodules. This chapter gives the background of the working environment
of the Blue nodules project.

2.1. Classifying the ocean depths

As mentioned in the introduction, the metal needed to transition to a fossil-free future is currently ex-
tracted from the land. These resources are slowly getting exhausted, and the US geological survey
has shown that the deep sea contains more of these metals than all land-based reserves combined. In
figure 2.1, the hypsographic curve of the earth is shown. This hypsographic curve shows the relation-
ship between the height of the land surface and the depth of the oceans. This cumulative curve shows
that around 29 % of the surface is above sea level. The rest of the earth’s surface is below sea level,
and only around 15% of this area is mapped.
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Figure 2.1: Hypsographic curve of the surface of the Earth.[11]

The hypsographic curve shows that the ocean’s depth varies from 0 to 11 km below the sea surface.
The ocean depths can be classified based on depth ranges and geological bathymetry. There are
two classification systems based on depth range. The first applies to organisms floating in the pelagic
zone’s water column, and these pelagic zones are expressed in ocean depth. The second classification
applies to organisms living on the ground, the Benthic zone. This classification is not described in
water depth but with ranges over the seafloor. A schematic picture is displayed in figure 2.2. Table 2.1
describes the classification of the benthic zone and table 2.2 describes the classification of the pelagic
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zone
;‘llagt';r I( —————————————————————————— Pelagic - - - --------——---———————— - > Benthic zone
T\ Koo Nertie- -7 oS Oceanic - - ---c-mmeeo ) Zone Classification
:\M | Epipelagic Photic
DoiLow ' 200m Supralittoral zone Above high tide line
:<__>:<--Sub"ttorialorshelﬂ--—) e Littoral zone Between high and low tide
| Littoral /Xg 10c 700 to 1000 m line
E3 FRLRLE Sublittoral zone Between low tide line and
N 4 2000 to 4000 m shelf break
g%% \ PR Bathyal zone From shelf break up to 4000
meters depth, describing the
continental slope and rise
Abyssal zone Describes most of the
abyssal plains
Hadal zone Deeper than 6000 meters,
describing the deep ocean
trenches
Fi 2.2: O ic division Pelagi d Benthi
'gure ceanic clvision + e 8gic and Benthic zone Table 2.1: Classification Benthic zone
Earth.[34]
Pelagic zone
Province Description ‘ Zone Depth [m] Characteristics
Neritic All water above the low 0-200 The shelf break varies from 20 meters depth
tide line to the shelf to 550 meters. 200 meters it the average
break depth.

Epipelagic zone 0-200 The Epipelagic zone of the oceanic province
is thoroughly penetrated by light, and so pho-
tosynthesis is possible

Oceanic  All water in the open 0-11000

ocean region

Mesopelagic zone/ 200 — 1000 The Mesopelagic zone of the oceanic
Twilight zone province is party penetrated by light, not
enough for photosynthesis

Bathypelagic zone/ 1000 -4000 In the Bathypelagic zone depth range of the
Midnight zone oceanic province is no light

Abyssopelagic zone 4000 - 6000 The Abyssopelagic zone of the oceanic
province exists primarily of abyssal plains

Hadopelagic zone Below 6000 The Hadopelagic zone of the oceanic
province describes the water in the deep
ocean trenches

Table 2.2: Classification Pelagic zone

2.1.1. The ocean bathymetry and plate tectonics

Bathymetry is the depth of the landforms below sea level, and it ties very closely to plate tectonics.
“The theory of plate tectonics states that the earth’s solid outer crust, the lithosphere, is separated
into plates that move over the asthenosphere, the molten upper portion of the mantle. Oceanic and
continental plates come together, spread apart, and interact at boundaries all over the planet. Each
type of plate boundary generates distinct geologic processes and landforms. At divergent boundaries,
plates separate, forming a narrow rift valley. Here, geysers spurt super-heated water, and magma, or
molten rock, rises from the mantle and solidifies into basalt, forming a new crust. Thus, at divergent
boundaries, oceanic crust is created. At convergent boundaries, plates collide with one another. The
collision buckles the edge of one or both plates, creating a mountain range or subducting one of the
plates under the other, creating a deep seafloor trench. At convergent boundaries, continental crust is
created, and oceanic crust is destroyed as it subducts, melts, and becomes magma” [4].

]
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Considering the seafloor, the region that describes the transition from land to the deep seafloor
depends on the continental margin’s tectonic plate movement. It can be distinguished into two types,
active continental margin and passive continental margin. Figure 2.3 depicts these two margins. An
active continental margin occurs at a tectonic plate boundary where the ocean tectonic plate and con-
tinental tectonic plate move towards each other. The oceanic plate moves underneath the continental
plate. The seafloor close to the surface above the water level is characterised by a narrow offshore
shelf transitioning from a steep sloop into a deep trench. These are the deepest parts of the oceans.
The trench marking the boundary of the plate and the deep ocean floor starts at the seaward side of
the trench. “A passive continental margin occurs where the transition from land to sea is not associ-
ated with a plate boundary” [33]. This margin is divided into three regions, the continental shelf, the
shelf break and the continental slope. The bottom of the continental slope is called the continental
rise, where the transition from continental crust to oceanic crust meets, eventually becoming the deep
ocean floor.

Volcanoes and
volcanic islands

Trench
Oceanic ridge

Figure 2.3: Diverging plate tectonics and convergent plate tectonics[32]

The deep ocean floor covers about 42 per cent of the earth’s surface, with average depths ranging
from 4500 to 6000 meters. This deep ocean floor is covered with large regions covered by abyssal
plains. Abyssal plains are large flat regions covered by a thick layer of sediment called marine snow.
At a diverging boundary, where the tectonic plates move away from each other. This creates a new
oceanic crust due to volcanic activity, a ridge system. There are other particular bathymetric features
in the ocean like seamounts, abyssal hills or geodes. Due to individual volcanic activity, they rise off
the seafloor and are formed over millions of years. These are classified by height. If an undersea
volcano is less than a thousand meters high, measured for the seafloor, it's called an abyssal hill. If
they rise over a thousand meters from the seafloor, it's called a seamount. These seamounts can have
a flattened top due to erosion by waves at some point in time, and then it's called a geode.

2.2. Resources in the Ocean

It's been known that metals are present on the deep-sea ocean floor. In 1874 the first polymetallic
nodules were found during the Challenger expedition. “The US Geological Survey stated that the deep
sea contains more nickel, cobalt and other rare earth metals than all land-based reserves combined”
[23]. There are three main resources on the seafloor: hydrothermal vents at plate boundaries, a cobalt-
rich ferromanganese crust on seamounts and polymetallic nodules in nodule fields on abyssal plains.

]
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2.2.1. Hydrothermal vents systems

When two tectonic plates diverge from each other, they create underwater ridges (figure 2.4 and 2.5).
This new oceanic floor has faults like cracks and porous sediment, allowing seawater to seep into the
crust deep into the earth. When the seawater is underground, it leaches metals from the surrounding
ground, full of vast amounts of sulphur. When this water comes close to the magma chambers, it gets
heated and rises quickly, under tremendous pressure, towards the ocean floor, bursting out through
the gaps called vents. So if the hot seawater bursts out of the vents and interacts with the cold wa-
ter, the minerals will precipitate and form tiny particles around the vents. These form chimney-like
structures and are called hydrothermal vents. Chimneys are also called massive sulphide deposits
due to that the vent fluid mainly exists of sulphide, which is a combination of sulphur with a metal.

.16

HVOZ, CrO,Z. HASO,2), REE. Trace Metals

e, Mn?", H,SIO,, FeQOH, MnO,, AT, CH, Fe?,

MAGMA

Figure 2.4: Hydrothermal vent or black smoker.[25] Figure 2.5: Cross section ridge system.[5]

Hydrothermal vents can spit out sulphides for thousands of years. When a vent system spits out dense
vent fluid, it's called an active system. When a system is no longer spitting out fluids, it's called an
inactive system. They are primarily found at the plate boundaries up to 5800 meters of water depth but
can also be found at volcanoes or seamounts of subduction zones. They rarely appear in the middle
of a plate. If they do, they are called hotspots.

Hydrothermal vents are also one of seawater’s original iron and manganese resources. These
minerals are the base for forming the other two resources found on the ocean floor.

2.2.2. Cobalt crust

Another type of deposit is the cobalt-rich ferromanganese crust. This is found at seamounts, ridges, sea
knolls, and plateaus left by extinct volcanoes, at depths ranging from 600 to 6000 meters. The name
cobalt crust is a little misleading because the crust composition is mainly manganese and iron. In some
areas, the crust contains around 2% cobalt, making them economically relevant. These compositions
are found at 800 to 2500 meters.

The cobalt crusts are primarily found in high turbidity areas, which occur at the peaks of seamounts
and other elevations of the ocean floor. These eddies can trap nutrients and metals and eventually
are deposited on the rock. The manganese and iron oxide attach to the rock’s surface and, due to
chemical processes, form compounds, which form a sponge-like network. The nutrient and metals
deposited from the eddies fall on the sponge-like surface and are trapped in the pores. Most of the
elements found in the crust are eroded initially material from the continents, washed out by rivers and
transported to the ocean(figure 2.6 and 2.7).

The economically relevant crust is primarily found in the western Pacific. This area is called the
prime crusts zone. The growth rate of the crust is extremely slow and is about one to five millimetres
in a million years. This growth also depends on the strength and direction of the ocean currents.

]
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Formation of Fe-Mn crusts
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Figure 2.6: Picture of the cobalt-rich ferromanganese Figure 2.7: Cross section seamount formation cobalt-rich
crust in the northern pacific ocean [13] ferromanganese crust [8]

2.2.3. Polymetallic nodules

Polymetallic nodules or manganese nodules are lump rocks that are mostly found on the seafloor at
depths of 3500 to 6000 meters below sea level. These accumulations contain smaller amounts of
manganese, iron, cobalt, and other metals like titanium and barium. The nodules vary in size from
macroscopically small to up to 20 cm in diameters, and their shapes are quite irregular. However, on
average, the shape looks like a potato with a size between 3 to 8 centimetres.

The formation of polymetallic nodules is one of the slowest geological phenomena. They grow
around a small particle, like a shark tooth, shell or a small rock fragment. Then as time passes, man-
ganese and iron oxides are attached to the particle and form concentric layers around it. This growth
process is prolonged, around a centimetre over several million years (figure 2.8 and 2.9).

These nodules are found in concentrated locations on the deep seafloor worldwide. They lie
loosely on the seabed, partly or entirely buried in a sediment layer called marine snow. These nod-
ule fields can cover up to over 70% of the seafloor. Primarily found in the north-eastern pacific ex-
tending from the west coast of Mexico to Hawaii. This place is called the manganese nodules belt.

Formation envi for dul
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Figure 2.8: Nodule field in the Pacific ocean [26] Figure 2.9: Formation environment for manganese nodules [7]
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Blue Nodules project
characteristics

This chapter aims to collect and schematise all information relevant to the Blue Nodule project and the
jumper hose. Subchapter 3.1 specifies the environmental parameters and subchapter 3.2 focuses on
the Blue nodule’s preliminary design. Subchapter 3.3 reflects the follow-up on the preliminary jumper
hose design, which also describes the outline of the thesis. The first subsection describes the recom-
mendations for the design of the jumper hose that could be examined for a prospective design and
the design adjustment during the project. The second subsection focuses on the requirements for this
research, and the third subsection describes the parameters of the base design of the jumper hose.
Subchapter 3.4 an answer and overview is given of the first research question, 'What is the preliminary
base design of the flexible connection from the Blue nodules project?’ with sub-questions 'What are
the design parameters?’ and’What are the requirements and limitations of the project?’.

3.1. Environmental parameters and location

The Blue Nodules project is focused on mining polymetallic nodules in the Clarion Clipperton Zone,
CCZ, for short. The CCZ is located in the central Pacific Ocean, between Hawaii and Central America,
and it is a geological submarine fracture zone with abyssal plains. This area lies in international waters,
and all mineral resources related activities are controlled by the International Seabed Authority (ISA).
The ISA has expended 30 licences for exploration in the CCZ to explore their critical raw materials. In
table 3.1 the date of a licence area is shown, and figure 3.1 shows the area of the CCZ with all the
licence areas.

{’ﬁ@i} Polymetallic Nodules Exploration Areas in the Clarion-Clipperton Fracture Zone

1500w 5000w usoTw worgow oUW 1000w 2500w

ltem | value unit

License area 75000 [km?] 7

Minimum 3000 [m] "

water depth

Maximum 6000 [m]

water depth

Design working | 5500  [m]

water depth Lol

Table 3.1: Licence area parameters Figure 3.1: Clarion Clipperton zone
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3. Blue Nodules project characteristics

3.1.1. Soil and nodule parameters

The polymetallic nodules are situated in nod-
ules fields found on the abyssal plains of the
CCZ. These polymetallic nodules consist of
various rare earth minerals. The chemical
composition of the minerals present in a nod-
ule is shown in table 3.2. The geotechni-
cal and geological data of the blue nodules
project, specified on the nodules and soil com-
position, are displayed in table 3.3 and 3.4, re-
spectively.

The jumper hose and VTS transport a mix-
ture of nodules, sediment not derived at the
seabed, nodule fragments and water. This
mixture is then transported and referred to as
slurry or wed bulk density.

Mineral Percentage
Manganese 29 %
Iron 6 %
Silicon 5%
Aluminium 3%
Nickel 1,4 %
Copper 1,3 %
Cobalt 0,25 %
Oxygen 1.5%
Hydrogen 1,5%
Sodium 1,5 %
Calcium 1,5%
Magnesium 0,5 %
Potassium 0,5%
Titanium 0,2%
Barium 0,2%

Table 3.2: Average mineral composition polymetallic

nodule
ltem Value Unit ltem Value Unit
Grain size D50 8-16 [um] Abundancy 15-20 [kg/m?]
Classification Clay/ ] (wet density)
siliceous ooze Abundancy 18 [kg/m?]

Water content 200 [%-by mass] (wet density) average
Wet bulk density 1250 - 1350  [kg/m?] Diameter 0-15 [cm]
Top layer 0-10 [cm  below Burial depth 0-10 [cm]

seafloor] Wet bulk density 2030 [kg/m3]
Undrained shear | 0-1,5 [kPa] Dry bulk density 1500 [kg/m3]
strength top layer Moisture content 37 [%-by mass]
Lower layer 10 - 30 [cm  below Adhesion with sail 100 - 2000 [Pa]

seafloor]
Undrained shear | 2-4 [kPa] Table 3.4: Nodules parameters, [28]

strength lower layer

Table 3.3: Soil parameters, [28]

3.1.2. Metocean data

The primary sources for collecting metocean data are ARGOSS, NOAA, IHC, research data, and pub-
licly available sources. The collected data is described in the “Blue Nodules Deliverable Report” [28].
The required data of the metocean data are summarised in table 3.5 and 3.6.
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ltem Value Unit Item Value  Unit
Bottom mean current 0,1 [m/s] Air temperature 10-35 [°C]
Bottom water salinity 34,6 -34,7  [%o] Sea surface 26 [°C]
Bottom water density | 1025 - 1045 [kg/m?] temperature average
Average bottom 1035 [kg/m?3] Surface current 03 [m/s]
water density average
Bottom water 1-4 [°C] Surface current 0,7 [m/s]
temperature extreme
Working depth 3000 - 5500 [m] Regular wave maximal | 5,73 [m]
Depth rating 6000 [m] height
Regular wave maximal | 7,34 [s]
Table 3.5: Seawater, bottom parameters, [28] period
Wave return period 1 [year]
Current return period 10 [year]
Wind speed average 8 [m/s]
Wind speed extreme 17 [m/s]

Table 3.6: Sea surface parameters, [28]

3.2. Preliminary design of the Blue nodules project

"The blue nodules project has designed the layout of the entire logistics chain while tackling the complex
problem of environmental protection up to technology readiness level 6 (TRL 6)” [3]. TRL is a level
scale for innovative technologies divided into 9 levels and indicates how close the innovation is to the
commercial market. The Blue Nodules project is at a level 6, indicating the end of the development
phase and entering the demonstration phase.

The structure of the Blue Nodules project is divided into six work packages, with a work package
being an element of the project that focuses on a specified task. The following work packages are part
of the blue nodules project’:

» WP1 Value chain requirement for industrial viability

+ WP2: Subsea harvesting equipment and control technology
* WP3: In situ seafloor processing of polymetallic nodules

* WP4: Sea surface and land operations/processes

+ WP5: Environmental impact assessment

» WP6: Dissemination and exploitation

The preliminary design of the mining operation is part of WP2. The total system is called the seafloor
harvesting equipment and consists of the following components (figure 1.1):

+ Seafloor Mining Tool

* Jumper Hose

* Vertical transport system

» Umbilical (provides the seafloor mining tool off power)
 Surface operation vessel

» The process and handling of unwanted liquid and solid products, which is a byproduct of the
nodules offshore mining and mineral processing. The byproduct is called the 'Sediment, Wastes
and Other Effluents’ (SWOE).

"Most of this information is classified and does not contribute to the Jumper hose design

]
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16 3. Blue Nodules project characteristics

3.2.1. Subsea Harvesting equipment

The subsea harvesting equipment is a seafloor mining tool that is connected to the offshore production
vessel. This connection consists of the jumper hose (flexible connection) and a rigid vertical transport
system with booster pumps and an umbilical cable for the electrical power supply. 2.

3.2.1.1. Seafloor Mining Tool

The first vehicle developed was the Apollo 1 to
test the functioning of the propulsion system. lIts
successor, the Apollo 2, was developed to test
the collection system’s general functioning. The
Seafloor nodule collector is designed to minimise
the environmental impact (figure 3.2). For ex-
ample, it has 4 tracks instead of 2 to reduce the
sediment plume created while driving. Also, a new
method for separating the nodules from SWOE
was designgd. It separates th.e nodgle§ from the Figure 3.2: Concept design, Apollo 1, Apollo 2,
segment inside the collector with an inclined tube. and full scale

This process separates a major part of the SWOE

from the nodules and happens inside the collector.

With computational models and simulations of the
collector’s plume, noise generated by the vehicle
and the seafloor substrate alteration is reduced
to a minimum. The full-scale vehicle will have all
the basic features of the Apollo 2, including being
all-electric.

The SMT is designed by royal IHC and is fully
electrical, powered by the umbilical. This SMT
removes the nodules from the seafloor by blasting
them free and sucking them into the mining tool. A
new method is designed to separate the sediment
and the small aquatic species (attached to the nod-
ules) from the nodules inside the collector itself.
The sediment is deposited behind the collector,
and the nodules plus some sediment not removed
are flushed inside the jumper hose.

3.2.1.2. Jumper hose

The hose supplier’has developed the jumper hose.
The jumper hose forms a flexible link between the
seafloor nodule collector and the vertical transport
system, allowing the vehicle to move on a prede-
termined track. Various tests were conducted on
bending, bending stiffness, axial pulling and full
scale wear to validate operational parameters. In

appendix B, the results of these tests are presented. Figure 3.3: Preliminary design subsea harvesting
equipment

3.2.1.3. Vertical transport system, Umbilical and SWOE return

The vertical transport systems contain pumps that transport the nodules, water and sediment to the
surface. These pumps are located on every kilometre of the riser (figure 3.3). A small fraction of
abrasion and fragmentation of the nodules is lost during the transport. An electrical cable supplier*
has developed the umbilical system that connects the ship to the mining vehicle and delivers power,
communications and lifting ability.

2For more information visit www.blue-nodules.eu
3Confidential
4Confidential
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3.2.1.4. Surface operation vessel

The material that arrives at the surface operation vessel consists of water derived near the seabed,
nodules, a small number of nodule fragments and sediment not removed at the seabed. The nodules
are offloaded to a bulk carrier. This material needs to be dewatered to store the nodules in a dry state.
The SWOE is returned to the ocean and can form a sediment plume. It is released close to the seabed
because it is estimated to have the least impact.

3.2.2. Initial design parameters of the subsea harvesting equipment

The subsea harvesting equipment’s initial design requirements and parameters are shown in the tables
below (table 3.7 and in the appendix table B.1, B.2, B.3). The parameters apply to the design of the
jumper hose or to components that affect the jumper hose. These components include the SMT and
the VTS because the jumper hose connects these components. Another component is the umbilical
because it is secured to the jumper hose.

Parameter Value Unit
Jumper hose length [m]
Height clump weight above seafloor [m]
Full scale mining vehicle mass [tonne]
Full scale mining vehicle submerged weight [kN]
Full scale mining vehicle height [m]
Vessel trailing velocity [m/s]
Harvesting system velocity [m/s]

Table 3.7: Initial design parameters components

3.2.3. Preliminary jumper hose design

The hose supplier® designed a prototype jumper hose which is a component of the subsea harvesting
equipment of the blue nodules project. A preliminary hose design was created as a base for the con-
figuration analysis, where the critical parameters of the design were determined. Multiple models with
altered hose parameters were created with specialist software, and the bending stiffness of the hose
has been added to the design parameters besides the initial requirements.

The jumper hose comprises 22,86 meters (75 feet) long hose segments. The initial design param-
eters of these hose segments and the coupling are displayed in appendix table B.4. At the end of the
segments, there is a coupling piece with a neck reinforcement, as shown in figure 3.4. The coupling
part of the segment doesn’t influence the shape of the jumper hose.

Coupling

/

=

Figure 3.4: Schematic concept overview coupling hose segment

5Confidential
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18 3. Blue Nodules project characteristics

After optimisations on the bending stiffness and the weight of the hose segments, a final parameter
setis presented in table 3.8. It was also concluded that bending stiffness is the most sensitive parameter
of the jumper hose assembly. It has significant structural effects on diameter, weight, and construction
cost.

Parameter Value Unit
Total length Jumper hose [m]
Segment length hose [m]
Height Clump weight from seafloor [m]
Minimum Bending radius [m]

Table 3.8: Parameters and Requirements Jumper hose design

3.2.3.1. Buoyancy modules
One of the jumper hose design requirements is that the hose should not hit or rest on the seafloor.
Buoyancy modules are attached to the hose to prevent a confrontation between the jumper hose and
the seafloor while the crawler is manoeuvring on a predetermined track. The parameters of these
modules are displayed below:

Parameter Value Unit
Design water depth [m]
Uplift per buoyancy module [kq]
Approx. module length [mm]
Approx. OD [mm]

Table 3.9: Parameters buoyancy modules by the buoyancy supplier

3.2.3.2. Umbilical
The seafloor harvesting equipment is clamped to the jumper hose. The estimations of the umbilical are
displayed in Appendix table B.2.

3.2.3.3. Final design of the Jumper Hose

The jumper hose comprises 13 hose segments, with a segment length of 22,86 meters. All the seg-
ments have the same construction, and on 7 segments, 8 buoyancy modules are attached. Figure
3.5 shows a sketch of a buoyant segment, and figure 3.6 shows the main dimensions of a buoyant
segment. The parameters of a hose segment are displayed in appendix table B.5.

Figure 3.5: buoyant hose segment with 8 buoyancy nodules connected

3
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Figure 3.6: Sketch hose segment, with a buoyancy module

3.2.3.4. Prototypes and material

To determine the actual behaviour of the jumper hose and verify design calculations, three prototype
hoses were manufactured for a series of tests. The main goal for the hose design is to be more
resistant to mechanical abrasion, which is the focus of the development. The hoses are designed and
manufactured with steel or textile as reinforcement material available at the hose supplier. The hose
segments are composed of three parts, the coupling, the neck reinforcement and the hose itself, see
figure 3.4. These parts all have a different steel or textile composition.

3.3. Follow-up of the Blue Nodules project - The out-
line of the thesis

3.3.1. Premeditation, boundaries and requirements of the thesis research

The Blue nodules project is finished, and in the recommendations of the Blue nodules deliverable report,
‘Detailed design of the jumper hose’, the following recommendations are made to cover all aspects of
the dynamical behaviour:

» The surface vessel moving towards the crawler

» The surface vessel moving away from the crawler

» The surface vessel and crawler are moving forward

» The surface vessel and crawler are moving forward with a different hose shape
» The crawler makes a perpendicular motion relative to the surface vessel

During the design of the jumper hose, some parameters changed, for example, the length of the jumper
hose and the total seafloor harvesting equipment. Royal IHC wants further to investigate the jumper
hose dimensions and its dynamic behaviour. The research focuses on:

» The optimisation of the dimensions and the parameters of the jumper hose
« Static analysis of the jumper hose with the new set of parameters

* A dynamic analysis of the jumper hose with the new set of parameters, for the scenario where
the connection with the VTS is kept still and the crawler moves away in plain

» A dynamic analysis of other mining scenarios

This research uses some requirements and parameters from previously executed Blue nodules project
studies and is provided by and consulted with Royal IHC.

]
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20 3. Blue Nodules project characteristics

3.3.2. Delimited requirements of the design

There are three types of requirements for the design of the jumper hose. The first is about the design
of the jumper hose and failure

» The jumper hose is not allowed to touch or recline on the seafloor.
» The jumper hose cannot lift the crawler from the seafloor or pull over the crawler.

— Safety factor of 2 between maximal pulling tension and the weight of the SMT.
* The jumper hose should never exceed the minimum bending radius.

The following requirements are to delimit the dimensions of the jumper hose and the new set of param-
eters, and these are also part of the scope of the thesis:

» For the Blue nodules project research is done by the hose supplier on the construction and ma-
terial of the jumper hose. These material parameters are used for the design of the jumper hose.
The structures assembly and material selection are outside the scope of this thesis.

» The environmental parameters collected during the Blue nodules project are used for the base
design.

» The connection of the jumper hose with the SMT and the VTS is evaluated globally. Later in the
document, the assumptions for the design of the parameters are described.

» The design of the SMT is disregarded. The parameters of the full-scale design of the crawler are
used.

* The design of the VTS is disregarded and the parameters supplied by IHC are used.
» The hose parameters of table 3.9 are used for the dimensions of the hose.
» The buoyancy modules parameters of the buoyancy supplier are used.

» The construction, launch and recovery of the total seafloor harvesting system and the jumper
hose are disregarded.

* The umbilical and its attachment to the jumper hose are disregarded.
« If a parameter is not addressed explicitly in the research, the estimated parameters of the initial
design are used.
3.3.3. Parameters, dimensions and limitations

The following parameters, dimensions and limitations are used for the optimisation and dynamical
design, table 3.10. If parameters change, it is described and specified in the relevant chapters. These
changes are then summarised at the end of the chapters.
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Parameter Value Unit
ID hose [m]
OD hose [mm]
Weight hose in air [kg/m]
Weight slurry in air [kg/m]
MBR [m]
Axial load ability [kN]
Bending stiffness [KN/m?]
Working depth [m]
Bottom mean current [m/s]
Sea water density [kg/m]
Submerged weight crawler [kN]
Velocity surface operation vessel [m/s]
Maximum velocity crawler [m/s]
Lift force buoyancy module [ka]
Full scale mining vehicle height [m]

Table 3.10: Environment en design parameters

In consultation with Royal IHC, the following parameters are used as a starting point for the Jumper
hose design, table 3.11.

Parameter Value Unit

Length element jumper hose [m]

Total length jumper hose [m]

Number of elements jumper hose [pieces]

Height clump weight above seafloor [m]

Number of buoyancy modules [pieces]
Modules clamped per hose segment [pieces]
Starting point modules [hose segment]

Table 3.11: Base set of parameter jumper hose by the hose supplier

3.4. Research question1and therelated sub-questions

This chapter provides a clear answer to the first research question: What is the preliminary base design
of the flexible connection from the Blue nodules project? The preliminary base design parameters are
described in subchapter 3.2. These parameters are used for the static model and are shown in table
3.10 and 3.11.

The main design parameters which are varied for the jumper hose design exist of:
» Length of the jumper hose

+ Total number of buoyancy modules

* Number of buoyancy modules per hose section

« Starting section of the buoyancy modules

» Height VTS above the seafloor

* Range of the crawler

» Content flow in the jumper hose

These parameters arise from the requirements and limitations that are described and set in sub-
section 3.3.1.
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Static analysis method - MatLab
model

The starting point for the dynamic model starts with the construction of the static base model and
is presented in this chapter. This chapter concerns the underlying theory to construct the first static
model of the jumper hose, which is interpreted as a catenary cable subjected to its weight. The basic
calculations like the total weight of the jumper hose and the number of buoyancy modules are carried
out. Subsection 4.2.4 elaborates the implementation of buoyancy in the first static model. The final
static model is constructed in chapter 6, which is the foundation of the parameter study for the jumper
hose design. Finally, an answer is given to research question 2, “How is the static model constructed,
and which methodology is used?”. Also, the sub-question “Which simplifications and adaptions are
necessary for the contemplation of the static model?” is answered. The execution of the model is
presented in chapter 6

4.1. Base model and description

As a visualisation of the jumper hose model, a schematic overview is drawn to appoint: the layout of
the jumper hose, the boundary conditions at the connection points and other model input. The design
parameters as stated in table 3.10 and 3.11. The global coordinate system is placed on top of the
crawler, which has a height of 7.5 meters (figure 4.1 and table 4.1).

For the static analysis, the hose model is simplified to a simple known system. Then the model
is extended by adding complex elements to approach and represent the behaviour of the hose. The
connection points are modelled as nodes fixed to the global coordinate axis for the first simple known
model. The hose is modelled as a limp cord without properties. The buoyancy modules are clamped
on the jumper hose and are modelled as a point force in the positive z-direction. The environmental
conditions are disregarded for the static analysis. These are the characteristics of the first static model
of the jumper hose.

| VIS | Crawler
- X[100m [0m
Z|625m|0m

Table 4.1: Coordinates VTS and Crawler for
Figure 4.1: Schematic drawing subsea harvesting system model
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4.2. Modelling approach base model jumper hose

The preliminary design of the jumper hose is complicated. The hose is simplified into basic elements to
assess the static behaviour and shape of the jumper hose. The static characteristics of these elements
are known. A cable model does this first approach of the shape of the hose. The shape of the cable
results from the mass of the cable, and one of the conceivable options is a catenary shape. This shape
represents the lazy s-shape of the hose and includes the weight of the hose.

Another similar structure is a mooring line. A mooring line takes a particular shape due to the
weight of the mooring line, and this shape is only influenced by connection points and parameters of
the mooring line. This type of behaviour is called a catenary system. A catenary is both a physical and
mathematical phenomenon.

4.2.1. Cable element

A cable is a structure type in mechanical engineering. Cables are flexible, and if they are compressed,
they do not stay in their shape. A cable is always under tension and keeps its shape due to internal
forces. The internal forces act in the direction of the cable. The tension in the cable is composed of an
x and a y component. A property of a cable structure is that the horizontal x component of the tension
is always constant in each element. The vertical component depends on the steepness of the cable.
The steeper the cable, the higher the tension.

The following four situations are described for the model approach to model a simplified version of
the jumper hose. The four cable types are:

» Cables under concentrated load

» Cables under non-uniformly distributed load

» Cables under uniformly distributed loads

» Catenary cables

4.2.1.1. Cables under concentrated loads

An example of cable under concentrated loads is shown in figure 4.2. It's considered that the cable is
homogeneous, flexible, non-extendible and of negligible weight. The shape is not parabolic but formed
due to the concentrated loads. The cable is divided into segments that are connected by the connection
points. These points are located at the concentrated loads. It's considered that the segment is straight.

From Newton’s law, if the system is in equilibrium, the sum of the external forces vanishes, and
the sum of their moments about any point also vanishes [30], (equation 4.1).

Zpy:o 4.1)

x=1
Figure 4.2: Overview example cable under concentrated load

The reaction forces are carried by the attached points and are calculated with Newton’s law (equa-

tion 4.2). Each segmentis under tension and varies due to the angle of the segment. If an s is evaluated,

the direction of the tension is in the next cable segment. The tension in a segment is constant over the
length of the segment (figure 4.3).
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ZFx=0—>

Zsz—Ax+Tx=0—>Ax=Tx

ZFyZO—)

ZFy:Ay—Ty—F1:0—>Ax:Tx

ZMl:O_)

X,
ZM1=Ax*Y1—Ay*X1=0 : ¢F

Figure 4.3: Part of the overview example cable
under concentrated load

(4.2)

4.2.2. Cables under non-uniformly distributed load

Under a non-uniformly distributed load, a cable has forces that vary along the cable, figure 4.4. An
important point is the lowest point of the cable because the horizontal component of the tension is the
same throughout the cable and corresponds to the horizontal reaction forces at the attached points. A
segment is evaluated (C to D, figure 4.5). The forcing on the segment varies and can be evaluated
due to these forces. At point D, the angle between the horizontal line and the direction of the cable
determines the tension (figure 4.6, equation 4.3).

Figure 4.5: Section of the overview example cable under

Figure 4.4: Overview example cable under non-uniform load .
9 P non-uniform load

The following relations are derived:

T= /T02+W2

tanf = K (4.3) J

To )
To =T * cos@ v, W
W =T *sinf T

Figure 4.6: Force vectors segment of cable under non-uniform
load

4.2.2.1. Cable under uniformly distributed load

A cable under a uniformly disturbed load is similar to a non-uniformly distributed load, figure 4.7. The
only difference is in the loading, and the load is equally distributed over the cable. The same approach
is applied, and a segment is evaluated (figure 4.8). The resultant load is exactly in the middle of the
segment. The same relations and force triangle hold for this cable (figure 4.9).
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X/2 ’ X/2 ’

Figure 4.8: Section of the overview example cable under
Figure 4.7: Overview example cable under uniform load uniform load

The length of the cable can also be evaluated with a segment by taking a small part. The relations
and moment around point D are evaluated (equation 4.4):

T = /TOZ +w?

tanf = w
and = To
To =T *cost
W =T *sinf T
(4.4)
v,
Z My =0- - w
x T
ZMd:_To*yl'i‘(W*x)*E:O o
y = ( w ) * 2 Figure 4.9: Force vectors segment of cable under
2xT, non-uniform load

4.2.2.2. Catenary cable mathematic approach

The catenary is a plane curve whose shape corresponds to a hanging homogeneous flexible chain sup-
ported at its ends and sagging under the force of gravity [29]. The mathematical equation for a catenary
is well-defined, equation 4.5. Where a is the wideness of the curve. The catenary passes through P1
and P2 and has a horizontal width of H. When P1 and P2 are on the same level, the vertical distance
between P1 and P2 is the sag (figure 4.10). The height difference is expressed by the parameter p,
equation 4.6 and the length of the curve between P1 and P2 is expressed by parameter s, equation 4.7.

y =a*cosh (2) (4.5)

X1

X2 R
U= a*cosh(—)—a*cosh <;) (4.6) *~ [

a SAG /Frﬂ
. X2 . (*1 '
s =a=x*sinh (—) — a*sm(—) 4.7) ¥
a a

Figure 4.10: Mathematical approach catenary shape
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An equation for the uniform scaling parameter ‘a’ can be derived with these additional parame-
ters. This value is extracted by equating the left and the right-hand side of equation 4.8, plotting and
calculating the intersection.

Xy — X
52—v2=2a2(cosh< Za 1)—1)

= 4a’sinh? (—) (4.8)
Vs§2 —v2Z =2a=*sinh <—>

sl= =

4.2.2.3. Catenary cable

In figure 4.11 the first overview shows a cable under tension. The sag is neglectable small. The weight
of the cable is the weight per unit length times the length over the cable. Overview 2 represents a cable
with a small sag. The cable length is approximately the same as the horizontal length, and the force
is still equally distributed in the horizontal direction. The total weight is the weight per unit length times
the length over the cable. With much sag, the weight per unit length gets closer in the x-direction. This
shift happens because the distance of the arc is not the same as the distance in x. The total weight is
not at the cable’s centre but somewhere to the right. The line of action is unknown.

AHH}HHA HH‘:“““ s|,

F=w%
F=w"s

:

Figure 4.11: Cable evaluations

The global coordinate system is shifted to match the lowest point of the cable (figure 4.12 and
4.13). The vertical distance between the coordinate system and the lowest point is called ‘c’.

y

A\C o -

Y.

Figure 4.12: Overview example catenary Figure 4.13: Section of the overview example catenary

]
TUDelft & A Van Bergen W3 Mining



30 4. Static analysis method - MatLab model

Analysing a segment of the cable results in the following relations (figure 4.14 with equation 4.9
and figure 4.15 with equation 4.10):

T = /T02+(W*S)2
T? T
T=w,—02+52<——0=c
w w

T = w+c2 + 52 T i -
(4.9) W=w"s
52
T=wxc |1+
c
T,
s2 -
T=T, |1+ —
c Figure 4.14: Force vectors segment of catenary

dx = ds * cos6 7%.,.4 |( % |ds
T ds ds\ ds)
0
dx =ds *x —
T
Cc*WwW
dx =ds ¥+ ———
s2
dx = ds—0 w10 @
’ 52 |
TO 1 + C_Z 'Il'”r'
dS ds
dx =
1+ s? Figure 4.15: Equilibrium of an infinitesimal element of the
c2 inextensible cable under gravitational load [27]

‘In general, the static equilibrium shape of a loaded cable differs significantly from that of a straight
line, and the problem of determining the shape of a loaded cable is a geometrically non-linear problem’
[27].

4.2.3. Weight of the Jumper hose

In physics, a catenary is the shape of a chain in an equilibrium formed due to the least potential energy.
The first model evaluates the shape of a chain under its weight. The structure is a catenary chain with
two pinned connections located at the same height (y-direction). This model is used to calculate the
weight of the jumper hose and the reaction force on the connection points.

The weight of the jumper hose is calculated with the following properties of the hose (table 4.2):
* Inner diameter (ID)
» Outer diameter (OD)
+ Total length of the jumper hose

» Mass of the hose substance (slurry)

The weight of the jumper hose is modelled as the gravitational force per meter hose. If there is no
vertical difference between the connection points, the reaction forces are equal and half of the total
weight of the hose. The following situations are evaluated. First, the catenary hose is situated in air,
with water and slurry as its substance (figure 4.16 and table 4.3) . Next, the catenary hose is situated
in water, with water and slurry as its substance (figure 4.17 and table 4.4).
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Force, material hose
Force, slurry

Force, water

ltem Value

Unit

Length hose

Mass hose material
Mass slurry

Mass water

ID

oD

Table 4.2: Parameters

=mass hose *g*L

=kN

=mass slurry *areaID *g * L
=kN

=mass water *arealD*g* L
=kN

Result Value Unit
Total weight hose [kN]
material in air

Total weight hose [kN]
filled with water in air

Total weight hose [kN]
filled with slurry in air

Table 4.3: Result own weight jupmer hose in air

[kg/m]
[kg/m3]
[kg/m3]

(m]

Figure 4.16: Catenary hose in air, filled with slurry
or water

The physical law of buoyancy states that anybody, completely or partially submerged in fluid at rest, is
acted upon by an upward or buoyant force, [6]. Putting the jumper hose in water results in a buoyancy
force due to water displacement, the Archimedes principle. The buoyancy force is calculated below.

Displacement force = area OD * density water* g * L

=kN

Weight hose (water) in air - displacement force
=kN - kN

Weight hose (slurry) in air - displacement force
=kN - kN

Result | Value  Unit

Buoyancy force [kN]

/ Displacement force

Total weight hose [kN]

filled with water in water

Total weight hose [kN]

filled with slurry in water

Table 4.4: Result weight jumper hose in water

Delft
e t University of
Technology

A. Van Bergen

Figure 4.17: Catenary hose in water, filled with
slurry or water

L3 Mining
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If the connection points are not at the same height, the force distribution is not equal but depends
on the lowest point of the chain. The difference in reaction force can be calculated using the formulas
of the mathematical catenary, equation 4.5 up to 4.15.

4.2.4. Adding buoyancy to the model

Buoyancy modules are clamped on the jumper hose to get the desired S-shape. The hose is connected
tothe VTS and hangs freely, so the VTS supports a part of the weight. One buoyancy nodule can lift 429
kg of weight, so to lift the total weight of the hose in the water, there are at least 32 buoyancy modules
needed. The number of buoyancy modules differs from the number presented in the preliminary design.
In consultation with IHC and calculating the buoyancy force designed in the preliminary design, it is
decided that the parameter 'number of buoyancy modules’ is detained to 32 buoyancy modules. This
adjustment influences other parameters and the result of the preliminary design.

4.3. Geometrically nonlinear system

As stated in subsection 4.2.2.3, determining the shape of a loaded cable is a geometrically non-linear
problem. Modelling the jumper hose by one limp cord fails to capture specific effects specified on the
local mechanics. The first schematization is to simulate the jumper hose as a catenary chain. This
obtains the global parameters and include the axial stiffness. The node’s local internal forces and
location are calculated by implementing a Finite Element Method to determine the structure’s shape.

4.3.1. Finite element method and geometrically nonlinear elements

The finite element method (FE) is a numerical method to solve differential equations. The basic idea
is that the structure is divided into smaller and simpler elements with boundary conditions at the end.
This method allows for obtaining a set of algebraic equations to be solved for specific quantities per
element, which can be combined/connected to get the solution for the whole system. The basic steps
for a FE method are displaced below .

Discretize the system into smaller elements with boundary conditions

Assume a deformed shape for the total system

Approximate the solution by a piece-wise polynomial, defined in each element, the shape function
Define the elemental weak form at each element to satisfy the problem in a weak sense

Assemble the global system and construct the global algebraic equation

S

Apply the boundary conditions on the system

4.3.2. Large deformations, static solution for a catenary model, axial ex-
tensible

For the calculation of the large deformations of the axial-extensible catenary model, a FEM approach
is used. The model is divided into smaller elements. These elements have an axial stiffness, unit
mass and a tensionless length. The deformation happens only axial so that the element can rotate and
extend, but no shear or bending is included. These conditions for deformation correspond to a string
element. A string is an idealization of a long flexible structure, which is tensioned by external forces
so that the restoring force associated with this tension is much greater than that associated with the
bending stiffness [24]. The string elements are connected and can rotate freely. Figure 4.18 shows an
overview of a discretised string.

Lecture 5, Geometrically non-linear systems (axially deforming strings), Introductions to computational dynamics, OE44090,
2019
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L
— To—eoo—2,¢ T o— < ol
L

Figure 4.18: Discretizing of the system by dividing into smaller elements [14]

Assume a deformed reasonable shape that satisfies the boundary conditions, as shown in figure
4.19, the red line does not represent an axial-extensible catenary shape very well. Based on the
deformed shape the extension, tension, orientation angle and internal forces can be calculated per
element, using equation 4.11 to 4.15. Where ¢ is the deformation in terms of the global coordinates,
6 is the orientation angle in terms of the global coordinates, T is the tension and F;,; are the internal
forces at the nodes.

reasonable

unreasonable

Figure 4.19: A reasonable shape [14]

\/(xo,r + Uyr — Xo,1 — ux,l)2 + (YO,T + uy,r —Yo1 — uy,l)z - L
€ =

4.11
L (4.11)
+ Uy — —u
0 = tan-?! Yo,r yr — Yol y,l (412)
Xo,r + Uy — Xo,1 — Uyl

T'=EAe (4.13)
Fy; = —Tcos@ F,, = Tcos6 (4.14)
F,; = —Tsin6 F,, = Tsind (4.15)

After integration, the contribution of the internal and external forces needs to balance at the nodes.
For each node, a force balance is constructed. In equation 4.16 a force balance is composed of the
node that connects element 1 to element 2 and also the node that connects element 2 to element 3
(figure 4.20). External force P needs to be equal to the sum of the tensions of both elements.
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2 P2
P [ [
> pl / —x
70

Tl cosotl — T2lcpsl2

1)2
P pla] =
PLYZ = T sing M — T12l5ing2] 16)
TRlcosel2l — TBlcoseB3l '

78
2|3
e P =
Pl = 7l215ingl2] — T315ing3l
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Figure 4.20: Balancing of forces in 2 nodes [14]

The force balances from equation 4.16 are written in vectorial form (equation 4.17) where P is the
external force, T the tension and t the rotation vector. This results in the system of equations that need
to satisfy the initial conditions. And results in the formulation of the weak form of the system. The weak

form is presented in equation 4.18, and this is a non-linear dependency.

: : : plil} "
s oo Do L ) . gli
P | = |r10d | | riagt? PU = il gt (4.17)
. . . [i1] sin6
: : : Py,ext
le,Lft = [rg| = |pugd | o |PE - |04 | 4 [ 7| = 0 5 Py, — (ko + ) = 0
(4.18)

The residual of the non-linear system is linearized with a Taylor Series Expansion (TSE) to solve
(4.19)

the system (equation 4.19).
Pext — fine(Xo +u) =R

Apply TSE so the residual can be approximated in a given linearized point u* plus the derivative

of the residual time u — u* (equation 4 20)
( D) "
(u—u")=F. —F (4.20)

= R(u") — K(u")du

int (X +U*) — K(u")éu

R(u) = R(u*) +

Where:
» Ku* is derivative of F;,,;:(xo, + u) concerning the FEM coefficients u

* u is the vector of coefficients vector of DOFS

» Ku* is the linearized stiffness matrix

Delft
A. Van Bergen
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To make the residual equal to 0, the Newton-Raphson method is employed to take an initial guess
u” that satisfies the boundary conditions and iterate it until the residuals are below a certain tolerance.

The Newton Raphson method is implemented, a numerical iteration method that determines the
roots or zeros (the residual to be 0). The mathematical implementation of the Newton Raphson method
is presented below from equation 4.21 to 4.27. The iteration exits of the following two steps:

+ Starting by selecting an initial guess that satisfies the boundary conditions

« lterate until the residual force is less than a certain tolerance

Residual approximation R(u) = R(u*) — K(u*)éu (4.21)

K@i -Hsul = R@ui™1) (4.22)

sui = KR (4.23)
Compute the increment : Sul = Kui=H~IR(ui™h) (4.24)
Update nodal position ul = ui! 4+ 9ut (4.25)
Compute new residual : R(u) = Foyr — Fine(Xo + ub) (4.26)
Check tolerance : R(ub) > toll (4.27)

4.3.2.1. Linearized stiffness matrix

As stated in subsection 4.3.2, it's assumed that each string can only extend and rotate, the shear and
bending forces disregarded. Thus the local stiffness matrix of each string element corresponds to the
coupled matrix of a rod plus a string®. The linearized local stiffness matrix of an element is displayed
in equation 4.29 where K is the local stiffness matrix of a rod plus string element and T is the rotation
matrix (equation 4.28).

EA 0 —-EA O cosf —sin6 0 0
1] 0 T 0 -T sin@ cosO 0 0
K=7l-Ea o0 EaA o T=1 0 cos® —sinf (4.28)
0 -T 0 T 0 0 sinf@ cos@
K=TKT' (4.29)

The global linearized stiffness matrix of the total system can be composed of the element’s local
linearised stiffens matrices (equation 4.30). By respecting the boundary conditions the global linearized
stiffness matrix is assembled as shown in figure 4.21 and 4.22.

(4.30)

2| ecture 6.1, Geometrically non-linear systems (axial deforming strings), Introduction to computational dynamics, OE44090,
2020
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: . N f Bl
. - . < T
T,0KT T.0KT r
K=TKT = K=TKT = . .
Ll
t, L
Figure 4.21: Implementing local stiffness element in global Figure 4.22: Implementing local stiffness element in global
stiffness system [14] stiffness system for all elements [14]

4.4. Research question 2 and the related sub-question

This chapter clarifies the second research question: How is the static model constructed, and which
methodology is used?. The base static model is a hose model subjected to its weight and composed
of geometrically non linear elements. The construction of the base model is developed in chapter 6.

The sub-question, Which simplifications and adaptions are necessary for the contemplation of the
static model? is partially answered in this chapter. The following parameters are disregarded:

» Bending stiffness
» Bending deformation
+ Shear deformation
* A continuous hose
* Resistance against rotation at the connection points
The static model is simplified by:
* The structure is divided into smaller and simpler elements with boundary conditions
» The elements have an axial stiffness, unit mass and tensionless length
» Deformation of the elements only happens axial (rotation and extension)
* The elements behave as string elements
» The string elements are connected and can rotate freely around the connection points

In chapter 6, a full answer is given to this sub-question.
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Mathematical software model -
OrcaFlex

The aim of this thesis is a dynamic analysis of the jumper hose. The Numerical Matlab model is
static. The current chapter links the numerical Matlab model and the upcoming OrcaFlex model. It also
provides the OrcaFlex software’s theoretical background, specifying the objects used, environmental
data, static analysis and dynamic analysis. Finally, an answer is given to research question 4, What is
the theory behind the dynamic software used and does it connect with static analysis?.

5.1. The software to enhance the static MatLab model

In subchapter 7.5 the parameters for the concept design are selected by simulating the jumper hose
design in MatLab. This analytical hose design is created with geometrically non-linear elements and
iterates to a static equilibrium for given parameters. This model is a simplified representation of real-
ity and it disregards some of the initial design parameters like bending stiffness. These parameters
contribute to the overall performance of the hose. The aim of this thesis is a dynamic analysis of the
jumper hose. The is a trade-off made between extending the analytical MatLab model and building a
new model in a software program called OrcaFlex.

OrcaFlex is a software program for static and dynamic analysis for offshore systems like risers,
vessels, buoys and other structures. It is a fully 3D non-linear time or frequency domain software
package that uses finite element and lumped mass element methods to analyze implemented systems’
performance and physical behaviour. OrcaFlex, developed by Orcina, displays its result in a user-
friendly graphic environment that meets industry standards. It models desired objects like vessels,
hoses, mooring lines, risers, wind turbines, etc. It can also perform given scenarios or simulations like
system towing, installation operations, disconnections, etc. The software can also implement different
loading cases like environmental conditions and external forces.

The decision was made to model the next phase of the jumper hose in OrcaFlex because it has a
wide range of static and dynamic analysis implementations. It is continuously verified and tested by a
team of specialists. Using this software, an extension of the static model is built and used as a starting
configuration for dynamic analysis. The numerical MatLab model lacks a lot of design and environ-
mental parameters and simplifies the design parameters. The analytical Matlab model is used for the
concept parameter design and the OrcaFlex model is used to elaborate and evaluate the conceptual
parameters of the design. This twofold is that the jumper hose is a complicated design, making the
exact calculation complex. With the analytical Matlab model, a range of design parameters is tested
and graded, resulting in graded parameter combinations, where the best combination can be selected.
The simplified calculations are a lot faster than the complex ones, which results in a faster selection
process.

5.1.1. Orcaflex program approach

OrcaFlex builds a mathematical model built up from a series of interconnected objects. It can’t exactly
represent every aspect of a real-world system because that would require infinite data and computa-
tional time. By choosing which important system features, the system is simplified and still gives insight
into the mathematical model’s static and dynamic behaviour. “OrcaFlex offers a variety of analysis” [18]:
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+ Static analysis, in which OrcaFlex calculates the static equilibrium position of the model; current
and wind loads are included, but not wave loads.

* Modal analysis, in which OrcaFlex calculates and reports the undamped natural modes of the
model, or of an individual line in the model.

» Time-domain dynamic analysis, in which OrcaFlex carries out a time simulation of the response of
the system to waves, current and a range of user-defined inputs. A choice of implicit and explicit
integration scheme is offered.

» Frequency-domain dynamic analysis, in which OrcaFlex carries out linear frequency domain anal-
ysis of the response of the system to waves, current and a range of user-defined inputs..

» Restart analysis, in which OrcaFlex restarts an from an existing analysis after modifying its data.

» Fatigue analysis, in which OrcaFlex calculates and collates fatigue damage.

5.2. Orcaflex theoretical background, objects and data
The theoretical background, object information and calculation methods are obtained on OrcaFlex man-
ual, [18].

An Orcaflex system consists of two main components. The first components are the objects which
represent the mathematical model of the desired system. These are built with objects like lines, shapes,
winches, etc. and the second component is the environmental data that the system is subjected to, like
waves, currents, seabed etc.

The objects of OrcaFlex are:
* Vessel
* Line
* Buoy
* Winch
* Link
* Shape
» Constrained

The following subsections discuss the governing model objects.

5.2.1. Line object and theory

“Lines are catenary elements used to represent pipes, flexible hoses, cables, mooring lines, etc. Lines
are represented in OrcaFlex by a lumped mass model. That is, the line is modelled as a series of
‘lumps’ of mass joined together by massless springs, rather like beads on a necklace. The lumps of
mass are called nodes and the springs joining them are called segments. Each segment represents a
short piece of the line, whose properties (mass, buoyancy, drag etc.) have been lumped, for modelling
purposes, at the nodes at its ends” [21].
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Figure 5.1: Line object model OrcaFlex, discretised model Figure 5.2: Line object model OrcaFlex, structural model
[21] [21]

5.2.11. Line structural model

Figure 5.1 gives a global overview of the nodes and segments. It shows which part of a segment is
lumped into a node to get the discretized model. Figure 5.2 gives a more detailed overview of the
modelling of the segments. “These include various spring-dampers to model the structural properties
of the line” [21].

» The axial spring-damper models the axial stiffness and damping of the line. This spring-damper
results in an equal and opposite effective tension force to the nodes. These forces are located at
the end of the segment.

» The rotational spring-damper models the bending properties of the line.

» The torsional spring-damper models the torsional stiffness and damping. This spring-damper
results in an equal and opposite torque moment to the nodes. These moments are located at the
end of the segment. Torsion is optional to include in the line properties.

"For the forces and moments on the mid-node, OrcaFlex calculates in five stages” [21].
+ Tension forces
+ Bend moment
+ Shear forces
» Torsion moment

The in-depth explanation of these forces and moments is described in Appendix D.1. “The total force
and moment on each node combine the calculation stages and other non-structural loads like weight,
drag, added mass etc.” [21].

5.2.1.2. Line content flow

It's possible to specify the content flow for pipes. “If contents flow effects are not significant and may be
neglected, the flow rate is zero. Flow effects can be significant for pipes carrying high-density contents
at rapid flow rates and can’t be ignored” [21]. Three forces contribute to contents flow:

* Centrifugal
 Coriolis
* Flow friction

The in-depth explanation of these forces are described in Appendix D.2
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The content can be modelled as:
» Uniform content, the entire line is filled with contents of uniform density
» Free-flooding, line filled with seawater
+ Slug flow, spatial and temporal variation of content
The in-depth explanation of modelling of the content is described in Appendix D.2.
5.2.1.3. Hydrodynamic and aerodynamic loads, Drag
"Hydrodynamic and aerodynamic drag forces are applied to the line, represented by the drag term
in Morison’s equation. The same drag formulation is used for hydrodynamic and aerodynamic drag

forces” [21]. The Morison equation and the extended form used by OrcaFlex is described in Appendix
D.3.

Drag force formula:

1

fox = EppdnlCvaxlvnl
1

foy = EppdnlCDyvylvnl (6.1)
1

foz = EppﬂdalCDzvzlvzl

Where,
p = fluid density
p = proportion wet or dry
D,, = diameter normal to line
D, = diameter line
Cpx» Cpy, Cp, = drag coefficients
v = velocity in direction

The drag forces applied to a line are calculated using the cross-flow principle. Hoerner refers to the
cross-flow principle, “At an angle of attack, a flow pattern and fluid-dynamic pressure forces of such
bodies only correspond to the velocity component (and the dynamic pressure) in the direction normal
to their axis” [9]. “The fluid velocity is relative to the line v,. is split into its components v,, and v, normal
and parallel to the line axis. The drag force normal to the line axis is then determined by v,, and its x-
and y-components v,,v,; the drag force parallel to the line axis is determined by v,.

OrcaFlex offers a choice of formulations for the drag force f;,. These differ in how the drag force
components vary with the incidence angle ¢ between the flow and the line axial direction. Some meth-
ods are more suited to particular configurations than others: they are reviewed in Casarella and Par-
sons. That the drag force can vary with the incident angle is also taken into adopted in OrcaFlex”
[21].

5.2.1.4. Hydrodynamic and aerodynamic loads, Lift
Hydrodynamic lift is formulated as:

1
fi = plun X 0, |5 pdylC v 0y (5.2)
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Where,
u,, = unit vector in seabed outward normal direction
u, = unit vector in z-direction of node
u; = unit vector in lift force direction
u; = unit vector in flow direction of lift purposes
C, = lift coefficient

v; = component of v,. in transverse direction u;

5.2.2. Line Attachment buoyancy modules

In the line object, it's possible to model attachments connected to a line—examples like a clump weight
or a buoyancy module. Orcaflex has the following attachment type: clump types, drag chain types, flex
joint types and stiffener types.

5.2.2.1. Attachment, Clump types

“Clumps are concentrated attachments connected to a node on a line object. It represents a small
body that experiences forces like weight, buoyancy, drag, etc., as a 3D buoy. A 3D buoy object is a
simplified point element with 3 DOF (degrees of freedom), X, Y and Z. The clump is constrained to
move with the attached node and applies a buoyancy and hydrodynamic force on the connected node.
The clump applies no moment to the node” [21].

The drag force of the clump is calculated in the three translations:

1
fox = _pwzpCDxAxvxlvl
1
ny = _pwzpCDyAyvylvl (53)

foe = ~PugPCohsv, IV
Where,
P,, = clumps proportion wet
p = water density
C, = drag coefficient component
A = drag area component
v = clump velocity relative to fluid velocity

The added mass force of each clump is calculated by:

fa = PwpCaV (5.4)
Where,
C, = corresponding component of the given added mass coefficient

V' = Volume of clump

5.2.2.2. Attachment, drag chain

“A drag chain is a straight-chain that hangs down from the line. These chains apply a weight, buoyancy
and drag force to the node to which they are attached, but no does not include added mass effects”
[21].

5.2.2.3. Attachment, flex joint

“A flex joint attachment allows for additional bending stiffness to a particular node. It can add stiffness
to the node. But it can also remove the stiffness from a node, creating a pin-joint” [21].
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5.2.2.4. Attachment, stiffeners
"A stiffener is an attachment that could be spread over more than one node. It usually models a bend
stiffener or restrictor. The stiffener matches the line properties, unlike a flex joint” [21].

5.2.3. Constraint object

A constraint object provides an enhanced, versatile means of connecting objects. It has no physical
properties. They can fix individual DOFs, introduce individual DOFs or impose displacements on indi-
vidual DOFs. It has an in-frame reference and an out-frame reference. The in-frame is rigidly connected
to a parent object and translates and rotates with this object. The out frame represents the child object,
so the child object translates and rotates with the constraint.

5.2.4. Environmental data

The second component of the OrcaFlex model is the environmental data of the system. OrcaFlex
incorporates waves, currents, seabed interaction etc., in its dynamic calculations. Environmental data
is implemented under the Environment tab of the OrcaFlex model. For example, the sea tab sets the
surface height, kinematic viscosity, temperature and the type of Reynolds number calculation. Figure
5.3 shows the schematic overview of the environment.

Z Datum Current  yyaye Direction

. Direction
Still water
surface ™ '“‘“w.\

T

Surface
Z-level Y
L Water
----------- L) X Depth
G| Global Axes o
Seabed Direction
of Slope

Seabed Origin

___________________________

Figure 5.3: Overview environment in OrcaFlex [20]

5.2.5. Sea data

Reynolds number

The sea data is specified under the environmental data of OrcaFlex. There are three options for the
Reynolds number calculations: nominal, cross flow and flow direction. These options are based on the
relative flow velocity and the characteristic length (table 5.1).

The Reynolds number is defined as,

Re =2 5.5
e=— (5.5)
Where,
v = velocity characteristic
[ = length characteristic
v = the kinematic viscosity
| Nominal | Cross-flow | Flow direction
Velocity characteristic v = v, v = |v,| v = v,
Length characteristic l=d l=d l=d/cosa
rld rld rld
Reynolds number Repom = 12 | Regypss = Lr19c05@ f}os(“) Refiow = —vl';s'(a)

Table 5.1: Velocity and length characteristics for Reynolds number
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Sea density

It's possible to vary the sea density with the depth. There are three options in OrcaFlex for this cal-
culation. The first option is a constant sea density. The second option is to vary the sea density with
the bulk modules due to the compressibility of water. The last option is too linear to interpolate the sea
density over the depth.

5.2.5.1. Seabed

The seabed is a boundary condition of the model. It must withstand an object from passing through
or act as an anchorage. This boundary condition is modelled as a “reaction force composed of the
resistance force of the seabed in the normal direction and a friction force direction tangential to the
seabed plane and towards the friction target position” [20].

There are two seabed models available in OrcaFlex, elastic and non-linear soil models. “The
elastic model behaves as a simple elastic spring in the direction of the normal and the tangential to the
seabed plane. The non-linear soil model includes the non-linear hysteric behaviour of the seabed soil
in the normal direction” [20].

5252 Current
The current can vary vertical and is specified by one of two methods.

Interpolated method

The horizontal current for a discrete depth is set in the environmental data part of the OrcaFlex model.
“The values for intermediate depths are obtained by linear interpolation. The profile should be specified
from the still water surface to the seabed; if the data do not cover the full depth, then extrapolation is
applied” [20].

Vertical stretching is applied, which calculate the current speed and direction at the origin,

Zs=17,+AMZ-Zp) (5.6)
Where,
Z, = z coordinate seabed origin

D, = water depth at seabed origin, still water level
D, = water depth at (X,Y), measured from the still water level
Z, = z-coordinate of seabed below (X,Y)
The current speed and direction are evaluated from the interpolation data.

Power law method
The current direction is fixed and does not vary with depth.

Z-Z, 1
Z

S =5+ (5-S)l7 71" (5.7)

Where,
S¢, Sp = current speed at surface and seabed
p = the power law exponent
Zy = z coordinate still water level

Z, = z coordinate of seabed
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5.2.5.3. Buoyancy variation with depth
"The buoyancy of an object is normally assumed to be constant and not vary significantly with position”
[20].

Fpuoy = PVg (5.8)

Where,
p = water density
V' = Volume of the object
g = acceleration due to gravity
”In reality, buoyancy does vary due to the following effects:” [20]
« If the object is compressible, its volume V reduces with depth due to the increasing pressure.

» The water density p can vary with position, due to the compressibility of the water or from temper-
ature or salinity variations. Normally the density increases with depth since otherwise, the water
column would be unstable (the lower density water below would rise through the higher density
water above).

This buoyancy can be implemented in OrcaFlex by setting the bulk modules on for object or attachment
(option in OrcaFlex). The bulk modules govern how the object’s volume changes with pressure.

V=V P
=Vo(1-3) (5.9)

Where,
P = pressure excess over atmospheric pressure
V, = Uncompressed volume atmospheric pressure

B = Bulk modules

5.3. Orcaflex theoretical background, Statics

Subsection 5.1.1 says that once the mathematical model is built, a variety of analyses can be performed.
The solver moves through an order of states starting at calculating statics, statics complete, calculating
dynamics, dynamics complete as shown in figure 5.4.

Calculate
Static

Position
Calculating Reset
Statics
Editor
| Reset

‘ STATICS COMPLETE |

Reset

Pause

DYNAMICS Calculating DYNAMICS | Reset
UNSTABLE Dynamics PAUSED
Run
Extend
Simulation
DYNAMICS

COMPLETE Reset

Figure 5.4: Overview calculation stages OrcaFlex [22]
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The goal of the first state is to perform the static calculation of the model and is to find positions
and orientations for each element in the model such that all forces and moments are in equilibrium
[22]. The static calculation is used as a starting configuration for the dynamic simulation. “If the system
were linear, then the equilibrium configuration could be calculated directly with a single matrix solve;
in practice, however, OrcaFlex models are invariably non-linear and so calculating statics requires an
iterative approach using the multi-dimensional form of Newton’s method. The iterative stages OrcaFlex
goes through are” [22].

1. Fix the degrees of freedom (DOFs) of all objects (e.g. buoys, vessels, constraints etc.) other than
lines

2. Calculate the line statics to determine the equilibrium configuration for all the lines (itself a two-
step iterative process)

3. Release all DOFs and perform a whole system statics analysis for the entire system using New-
ton’s method, with the initial guess for the iteration coming from the previous two stages

5.3.1. Line Statics

The line statics is the second stage of the overall static calculation, after fixing all the DOF of the objects.
This stage aims to provide a good starting position for the whole system statics calculation. It provides
an equilibrium configuration for all lines while other objects are fixed in space and time. “Line statics is
itself a two-step process, for much the same reasons: step 1 of line statics is aimed largely at providing
a good starting position for the iterative step 2 calculation” [22].

5.3.1.1. Line statics, step 1 methods
The first step of the line statics aims to provide a good starting position for the iterative calculation step.
It's possible to select between 5 methods,

+ quick

+ analytic

+ catenary
* spline

*+ prescribed

The selection of the method depends on the system’s requirements and which effects are important.
The methods are described below from simplest to more complex. “The quick method provides a
simple approximation that leaves the line in an approximate catenary shape but neglects many effects
that may be important, such as seabed contact and buoyancy” [22]. It's a fast and robust method and
results in a crude catenary shape.

“The analytic catenary method representation is primarily designed to facilitate quasi-dynamic
mooring analysis in OrcaFlex, in which the mooring line loads are calculated from analytic catenary
equations” [22]. These equations take the weight, buoyancy, contents and axial stiffness into account,
but the inertia, drag, added mass, torsional stiffness and bend stiffness of the line is neglected. It also
has limitations on the type of attachments of the line, attachments other than clumps are not available

“The analytic catenary representation works by solving a set of simple equations to calculate the
force applied by the top end of the line to whatever object it is connected to. These equations consider
the line a single continuous object; no discretization into constituent nodes is required. The analytic
catenary representation does not account for dynamic effects: for a given set of input parameters, the
equations predict a purely static configuration of the line” [22].

The catenary method finds the line’s equilibrium catenary position, including weight, buoyancy,
axial elasticity and drag. It does not include bend stiffness or interaction with shapes. “The catenary
algorithm is robust and efficient for most realistic cases, but it cannot handle cases where the line is in
compression” [22].
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The spline method is used when the catenary does not find an equilibrium position and this is
mostly for lines with slack or neutrally buoyant. “The spline method gives the line an initial shape that
is based on a user-defined smooth Bezier spline curve” [22]. The true equilibrium is then calculated in
the second step of the line statics.

“The prescribed method is most suitable for pull-in analysis: you define the starting position of the
line as a sequence of straight line or curved sections on the seabed” [22].

5.3.1.2. Line statics, step 2

The second step of the line statics takes the first step’s results as starting position for the line. “The full
statics calculation is a line statics calculation that includes all forces modelled in OrcaFlex. In particular,
it includes the effects of bend stiffness and interaction with shapes” [22].

5.3.2. Whole system statics

The last step of the static calculation releases all the DOFs of the remaining objects and performs a
static analysis for the entire system using Newton’s method.

5.4. OrcaFlex theoretical background, dynamic anal-
ysIs

When the static analysis is completed, the dynamic analysis is executed. The dynamic analysis consists

of implementing and executing the environmental and operational loads over a specified period and

analyzing the system’s dynamic response. These loads influence the motions of the objects. “Orcaflex
offers two approaches for the dynamic analysis: frequency domain and time domain analysis” [19].

5.4.1. Dynamic approaches

5.4.1.1. Frequency-domain analysis

The frequency-domain analysis is a linear analysis that aims to solve the dynamic response of a lin-
earized system at either wave frequency, system subjected to first-order dynamic loads, or low fre-
quency, system subjected to both second-order wave drift dynamic loading. “Because of the stochas-
tic nature of frequency domain analysis, the primary results outputs are statistics and spectral density,
which makes it not appropriate for analysing time-varying operations” [19].

“The response process is calculated in OrcaFlex by deriving, in stages, a set of linear transfer
functions that map the wave elevation process through to the response process” [19].

x(fn) = X(F)AFIN () (5.10)
Where,
X(f,)= complex matrix-valued linear transfer function
A(f) = complex vector-valued linear transfer function

n(f,) = discretised scalar-valued wave elevation process, calculated from the wave elevation
spectrum

With,
X(f) = (-(27f)*M + i2nf,C + K)~! (5.11)

Where,
M is the system inertia matrix
C is the system damping matrix
K is the system stiffness matrix.
5.4.1.2. Time-domain analysis

The time-domain analysis is a fully non-linear analysis that aims to solve the system’s dynamic response
at each defined time step. An implicit or explicit integration scheme can solve the dynamic response.

3
TUDelft &y A. Van Bergen W3 Mining



5.4. OrcaFlex theoretical background, dynamic analysis 47

“Both integration schemes use numerical time-stepping algorithms to solve the equations of motion in
the time domain. For time-domain analysis, the primary results output is time histories of response
variables” [19]. The time-domain analysis is split into two stages: the build-up and the main stages,
figure 5.5. The build up stage is used to ramp the motions of the objects smoothly from zero to the
defined value, giving a gentle start to the simulation.

Static Starting End of
Position Simulation
l Build-up Stage 1 Stage 2 l Simulation
| | | | Time t
-10 0 15 30

| Wave Train Time

| Time-history Time

TTU Global Time T
f 1 1 1
Global ~ Simulation Time-history Wave Train
Time Time Time Time
Origin Origin Origin Origin

Figure 5.5: Overview time-domain analysis [20]

“The equation of motion which OrcaFlex solves for the time domain is” [19].
M(p,a) + C(p,v) + K(p) = F(p,v, 1) (5.12)
Where,
M(p,a) is the system inertia load
C(p,v) is the system damping load
K(p) is the system stiffness load
F(p,v,t) is the external load
p, v and a are the position, velocity and acceleration vectors, respectively
tis the simulation time.
5.4.1.3. Time-domain Explicit solver
“The explicit scheme is semi-implicit Euler with a constant time step. At the start of the time simulation,
the initial positions and orientations of all objects in the model, including all nodes in all lines, are
known from the static analysis.” [19]. The condition for a stable system is that the time step should
be smaller than the shortest natural nodal period. The equation of motion (Newton’s law) for each free

body (equation 5.13) is solved for the acceleration vector at the beginning of each time-step, resulting
in equation 5.14 and then integrated.

M(p)a=F(p,v,t) — C(p,v) — K(p) (5.13)

Vprar = Ve +dt * a;

(5.14)
Pt+dar = Pe + At * Veyqr

“At the end of each time step, the positions and orientations of all nodes and free bodies are again
known and the process is repeated” [19].
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5.4.1.4. Time-domain Implicit solver

“For implicit integration, OrcaFlex uses the generalised-a integration scheme as described by Chung
and Hulbert. The forces, moments, damping, mass etc., are calculated in the same way as for the
explicit scheme. Then the system equation of motion is solved at the end of the time step” [19]. This
scheme is unconditional stable for a linear system (backward Euler method). Still, the position, velocity
and acceleration are unknown, so an iterative solution method requires more calculation time. On the
other hand, it is possible to take much longer time steps than the explicit solver.

5.4.2. Selected approach

The time-domain solver is chosen because the implementation of the motion of the crawler is time
domain-based. There are 2 options for the time-domain solver and the implicit solver is chosen. This
choice is made due to the number of segments that evaluate the jumper hose, which results in a lot
of EOM for each free body. Due to the many segments, an explicit method would require small time
steps.

5.5. Research question 4

This chapter clarifies the fourth research question: What is the theory behind the dynamic software
used and does it connect with static analysis?. The theory behind the OrcaFlex model is divided into
three sections. Subchapter 5.2 describes the theory behind the objects and environmental data d,
which are used to construct the model. Subchapter 5.3 elaborates the statics and subchapter 5.4
elaborates the dynamics and explains the choice for an implicit time-domain solver.

The link between the static numerical Matlab model and static OrcaFlex model is elaborated in
subchapter 5.1.

3
TUDelft &y A. Van Bergen W3 Mining



Results and Analysis

49






Static analysis - MatlLab model

This chapter focuses on the static analysis and the corresponding MatLab model to analyse the varying
parameters. Subchapter 6.1 describes the construction of the static jumper hose model. Starting with
an axial-extensible catenary model, which is then enhanced with one buoyant node, then implementing
a schematic overview of the buoyancy. Also, the segment size of the hoses is evaluated. Subchapter
6.2 takes a closer look into the implementation of the buoyancy and the trade-off between a realistic
implementation and the suitability or variability of the parameter. Subchapter 6.3 displays the final static
model that is used to vary the parameters for the parameter study, which is a follow up of the model
of chapter 4. Also, the full answer is given to the sub research question 2, "Which simplifications and
adaptions are necessary for the contemplation of the static model?”

6.0.0.1. Calculation structure for static analysis

This research aims to predict the dynamic behaviour of the jumper hose. Before this dynamical analysis
is implemented, a static analysis is conducted. The construction of the first static model (cable only
subjected to its own weight) consists of the following steps:

» The schematisation of the hose design and the limitations and boundaries of the model
* A basic catenary system, a string connected to two rigid points
* Analytical hand calculations to gain an understanding of the parameters and the system

* An expansion of the axial extensible catenary system, a rod connected to rigid points with simu-
lated buoyancy

» The final axial extensible catenary system that is used as the first approximation of the jumper
hose

» The extension and continuation of the axial extensible catenary system with geometrically non-
linear elements and

» The resulting static model

After the first static model is completed, the next step is the implementation of the buoyancy. These
steps are described in subsection 6.1.2.

6.1. The shape simulation of the jumper hose model

With the method explained and clarified in subchapter 4.3 a model to approximate the shape of the
jumper hose is created. The jumper hose is evaluated with a FEM with non-linear elements built up
in a sequence. The first step is to create the catenary cable and evaluate it with global calculations.
Next, buoyancy is implemented. This buoyancy implementation is done in two steps. First, one node
of the catenary cable is buoyant, the second step is to spread the buoyancy out over the jumper hose
as designed in the preliminary design.

For the shape approximation model, the jumper hose is constructed with the following parameters
defined in subchapter 3.2 and displayed below in table 6.1 and 6.2. The shape approximation model
is built with Matlab. It is based on an existing script from the course ’Introduction to Computational
Dynamics for offshore structures’ (OE044090) of the Tu Delft, written by Chris Keijdener and Joao Bar-
bosa. The script approximates the shape of a mooring line with geometrically non-linear elements with
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the FEMish approach as described above.

Parameters Value Unit
Length approximated [m]
Length hose section [m]

Total length [m]
Number of sections [sections]
P1(x1,y1) ; [m;m]
P2(x2,y2) ; [m; m]
Density slurry [kg/m3]
Density water [kg/m3]
Dry weight of hose material [kg/m]

Table 6.1: Preliminary design parameters

Design parameters:

Parameters Value Unit

Length hose [m]

Number of buoyancy modules [modules]

Modules per section [modules per section]
Buoyant hoses [hoses]

Buoyancy starts at [section]

Height VTS system from the seafloor [m]

Width between crawler and VTS [m]

Hose substance [-]

Table 6.2: Preliminary design parameters

6.1.0.1. Assumptions for the shape simulation model

The script generates a model that consists of many elements connected by nodes and the end nodes
fixed on a coordinate. The elements are modelled by a rod that can only rotate and extend. These
rods are connected and the angle between these elements is not restricted. The bending stiffness is
not modelled in this design. It is assumed that the bending stiffness is not a critical parameter for this
particular model for the shape simulation model. In the following chapter on validating the static shape
model, the influence of the bending stiffness is evaluated.

The simulated elements are evaluated with geometrical non-linear elements throughout building
of the shape simulation model. These elements can not be evaluated with small deformations and the
associated assumptions because the elements show large deformations.

The shape simulation model is a static model where environmental forces are neglected for this
particular model. In the following chapter on the validation of the static shape model, the influence of
the environmental forces is evaluated.

6.1.1. Catenary model, axial extensible

The first step in constructing the shape simulation model is to calculate and plot the shape of the hose
due to its weight, supported by two connection points. This shape is a catenary shape and the first
step of the shape simulation is the axial-extensible catenary model. The calculation of the axial exten-
sible catenary model follows the same approach as described in subsection 4.3.2. The jumper hose is
constructed of 14 hose sections of 22.86 m. These sections are divided into smaller segments repre-
senting the non-linear elements of subsection 4.3. The more segments used to evaluate a section, the
more accurate the results are, but the number of iterations to reach the equilibrium positions increase
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6.1. The shape simulation of the jumper hose model 53

the calculation time. For the first estimation with an axial-extensible catenary, the segment length is
equated to the section length. In subsection 6.1.4, the optimal segment length is engineered and the
calculations are computed again.

The sections are evaluated by one segment and
connected by nodes, resulting in a model of 14 seg-
ments and 15 nodes. The nodes can only move in
x and z-direction, resulting in 2 degrees of freedom
per node, a total of 30 DOFs. Figure 6.1 shows
an example overview of the model evaluated with
14 sections and each section approximated with 3
segments. This section deviation results in a less
angular design and the section can create a radius.
The circles represent the nodes of the model and
these nodes are hinges. The red nodes represent
the end or begin node of a section and the section
numbers are coloured red. The black numbers rep-
resent the node numbers of the model evaluated by
three segments per section. The connection points
of the hose are the end nodes and represent the
connection with the crawler and the VTS. For this
model, the global coordinate system is placed on
the connection of the crawler. Figure 6.1: Sections and segments

6.1.1.1. Formulas to approach catenary shapes

A simplified parabolic function approximates the initial guess for the deformed shape because a cate-
nary shape is close to the shape of a parabola (equation 6.1). The parabola went through the connection
points (A and C) and guessed the third point between the connection points(B). For each connection
point a algebraic equation is written (equation 6.2) and this results in a system of equations (6.3). By
taking the inverse of the components matrix, the constants can be calculated (equation 6.4). The results
are displayed in table 6.3.

y=a*xx’+bxx+c (6.1)

Ya@) = a* xi(l) +b* x40y + ¢
yB(Z) =a*x* xlz-’y(l) + b * xB(l) +c (62)
Ye@) = ax xg(n +b*xcyte

Connection points A =[0;0]
a; by ci| [a]  [Ya B =[30; -50]
a, Zz c|*|b| = YB(2) (6.3) C =[100; 75]
43 P3Gl 1l Ve Constants a=0,062
D+[abc] =Y b=-545
c=0
D lxY= [abc] (6.4) Table 6.3: Results constants initial guess parabola

The external forcing arises from the weight of the hose and is uniformly divided over the elements.
Then the force balances at the nodes are calculated, implemented in a system of equations and the
residual is calculated. The tolerance of the system is set on 1e~*. Three iteration steps are displayed
in figure 6.2 to 6.4. The whole iteration set is displayed in Appendix A.1. In figure 6.5 the initial parabola
is plotted vs the equilibrium of the axial-extensible catenary.
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system

-120

20

80

100

Figure 6.5: Initial parabola guess vs iterated catenary shape

The external force is modelled by taking half of the weight on the left segment and half of the weight
of the right segment. Table 6.4 shows the external forcing on the nodes. The sum of the external load
vector is 130,20 kN. This value corresponds to the weight calculations of subsection 4.2.3, table 4.4.
In chapter 5, these values are compared to software calculations.

Node number | P,,, Unit
1 [N]
2 IN]
3 IN]
13 IN]
14 IN]
15 IN]

Table 6.4: P, due to weigh jumper hose filled with slurry

6.1.2. Adding buoyancy to the static model concentrated on 1 node

The axial-extensible catenary model is the base for the jumper hose model. The next step is analysing
the forces of the buoyancy modules and the shape of the jumper hose by making one node buoyant.
The total buoyancy force is 139,99 kN due to 32 modules. This force is more than the total weight of
the jumper hose filled with slurry, so it does not hit the ground. The buoyancy is placed on one specific
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6.1. The shape simulation of the jumper hose model 55

node. The buoyancy modules start at the fourth section, with four buoyant sections in the preliminary
design. The nodes corresponding to the buoyant section are node 4 up to node 8. For the static model
with the buoyancy force concentrated on one node, node 6 is selected as the buoyant node. This
location is in the middle of the buoyant sections.

The new assembled external load vector is created, see table 6.5, which is a combination of the
weight of the hose per node and the external force. The same procedure is executed. For each ele-
ment, an internal force, stiffness matrix of the element and the tension are calculated, which result in a
new node position. The residual forces are calculated and evaluated with the tolerance of the system.
Three iteration steps are displayed in figure 6.2 to 6.4. The whole iteration set is displayed in Appendix
A.2. In figure 6.9 the equilibrium of the one node buoyant model is shown.

Iteration 1 Iteration 5 Iteration 10

80 60 /’v
¢‘ 60
40 40 //'
20 2 /) 40
| {
" l 0 ¥ \ 20
1 . } e <
83 | \ 0 s—\ﬁ;;ﬂ
60 & 40 ! P
-60 > 20
w R \ , \ i
100 ) N 80 . W - a0 \\e/ _ 2
50 0 50 100 150 -50 0 50 100 150 0 20 40 ¢ 60 80 100 120
Figure 6.6: 1st iteration 1 node Figure 6.7: 5th iteration 1 node Figure 6.8: 10th iteration 1 node
buoyant buoyant buoyant

Converged solution

100 |
.l Node number | P, Unit
1 [N]
60| 2 [N]
3 [N]
sl : : :
6 [N]
201 —&— Shape hose il :
v SZgﬁ\lehnd point 1 3 [N]
‘ ,* Buoyé‘mcy , 14 [N]
® 20 80 100 120 15 [N]
Table 6.5: P, due to weigh jumper hose filled with
Figure 6.9: Equilibrium 1 node buoyant slurry and buoyant node 6
Parameters Value Unit
Number of nodes [
Number of DOFs [-]
Number of sections [-]
Number of segments [-]
Total weight of the hoses with slurry [kN]
Total buoyancy force [kN]
Location of buoyancy [node]

Table 6.6: Number of Nodes, DOFs and other data
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6.1.3. Spreading out the buoyancy in the static model

With the one node buoyant, the model shows it can go from an initial shape to an abstract desired s-
shape due to the addition of buoyancy. To approach the preliminary design better, the buoyancy is
modelled as described in subsection 6.2.1. After the buoyancy calculation, it is stated that there are 32
buoyancy modules needed and they are clamped with 8 modules per hose section, starting after the
third section.

The nodes that represent the buoyant elements are nodes 4 to 8. The buoyancy modules are
distributed evenly along the section. The dimensions are displayed in figure 6.10. For this model, the
exact location of the buoyancy modules is not important because it is the first approximation of the
s-shape. In subsection 6.2.1, considerations of the different possibilities to implement the buoyancy
force are traded off. The total buoyancy force is distributed evenly along with the buoyant segments
and the corresponding nodes, resulting in the following external load vector.

2286 m

143m 286m

Figure 6.10: Buoyancy distribution over a section

The same procedure, as explained in subchapter 4.3, is applied to calculate the new node positions
and the corresponding residual forces. The iteration steps are displayed in figure 6.11 t0 6.13. Appendix
A.3 shows the whole iteration set.

The new assembled external load vector is displayed in table 6.7 and figure 6.14 shows the equi-
librium of the spread buoyancy model.

Iteration 1 Iteration 5 Iteration 10

50 0 50 100 150 20 0 20 40 60 80 100 120 140 160

Figure 6.11: 1st iteration Figure 6.12: 5th iteration Figure 6.13: 10th iteration
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Converged solution Node number ‘ Pt Unit

120 - J 1 [N]
100 |- 2 [N]
3 [N]
80t 4 [N]
60f 8 [N]
10 IN]

401 : : :
13 IN]
20 - . +Shape hose 11 14 [N]
L By 15 IN]

*2‘0 8‘0 160 1;0

Table 6.7: P,,; due to weigh jumper hose filled with
slurry and buoyant nodes 4 to 8

Figure 6.14: Equilibrium buoyancy spread out over 4 segments

6.1.4. Segment size of the static model

In subchapter 4.3, the size of the structure element is an important aspect to capture certain local
abnormalities. The smaller the size of the elements, the better the representation of the shape is. A
downside of increasing the number of elements is the high amount of processed data and computational
time.

The convergence study increases the number of segments per hose section and keeps the other
parameters constant. For each number of segments per section, the highest point of the s-shape is
calculated and plotted in graph 6.15. The graph shows the course of the heights y coordinate. In
appendix A.4, the equilibrium situation of the weight vs the buoyancy of the number of segments per
section is plotted, and a table with corresponding information. The convergence limit is reached when
a maximum variation of 1% is relative to the length of the sections. The convergence limit is reached
when the difference in the y coordinate of two segments is lower than 0.2286 m. In figure 6.16 the
difference between two consecutive numbers is plotted. The limit is reached when the segments are
updated from five segments per hose to six segments per hose. Five segments per hose section are
selected.

In the convergence graph, a trap like behaviour is witnessed. This is because the highest node of
the s-shape does not occur on the same arc length of the hose per increment of segment per section.
The arclength describes the path over the jumper hose. Table 6.8 shows the heights node number and
the corresponding arc length.

Number of segments | Highest node Unit | Corresponding Unit
per section arclength

1 122,03 [m] | 137,16 [m]
2 122,60 [m] | 125,73 [m]
3 121,67 [m] | 129,54 [m]
4 121,81 [m] | 125,73 [m]
5 121,54 [m] | 128,02 [m]
6 121,56 [m] | 125,73 [m]
7 121,46 [m] | 127,36 [m]
8 121,45 [m] | 125,73 [m]
9 121,41 [m] | 127,00 [m]
10 121,38 [m] | 125,73 [m]

Table 6.8: Highest node vs corresponding arclength
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6.2. Model design for parameter variation 59

6.2. Model design for parameter variation

With the parameters of table 6.15, the static model is calculated, following the literature of subchapter
4.2,4.3 and 6.1. The code is written in Appendix C and constructed in the following sequence.

The definition of all the parameters applied to the model.
Connecting the elements and their properties to get a straight line.

An initial guess of the deformation is made.

A 0D~

With that basic deformation, the resulting shape is calculated with the catenary theory of sub-
chapter 4.2.

5. The load vector is assembled, in subsection 6.2.1 the implementation and construction of the load
vector are appointed.

6. The new deformation is calculated starting with the outcome of the catenary solution.

6.2.1. Implementing buoyancy

A section is divided into 5 segments, which are 4.572 meters long each. Figure 6.17 shows an overview
of the dimensions of the clamping system for the specific parameters of the initial design of the static
model.

& 3

22.86 m

143 m 286m

Figure 6.17: Buoyancy distribution

The implementation of the buoyancy is done with different levels of accuracy. There are several
options to model the buoyancy, enumerated from modelling the real situation to making simplifications.

1. Trying to implement the design parameters to the model

(a) Implement the buoyancy force of a buoyancy module exactly on the module location as
displayed in figure 6.17.

(b) Rearranging and scaling the buoyancy force to the number of segments. Implementing a
calculated buoyancy force to the nodes as shown in figure 6.14.

(c) Rearranging the number of segments to have a length corresponding to spacing between
the buoyancy modules.

2. Simplifying the buoyancy by taking an average force per segment due to the number of modules
per section

(a) Implement the average buoyancy force per segment due to the total number of buoyancy
modules and modules per section. This force is translated to the corresponding nodes over
the exact length of the buoyancy sections.

(b) Implement the force due to the number of modules per section. Full sections have an aver-
age force per segment, and the end section has a different force per segment depending on
the number of modules over that section.

(c) Implementing the average buoyancy force over a rounded number of buoyant segments.

3. Simplifying the buoyancy by distributing the buoyancy force over the sections
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60 6. Static analysis - MatLab model

(a) Implementing the buoyancy force by dividing the total force by the number of buoyant seg-
ments. Distributing the calculated force per segment over the corresponding segment nodes.

(b) Implementing the buoyancy force by dividing the total force by the number of buoyant sec-
tions. Distributing the calculated force over the corresponding sections and all the nodes
representing the section. The number of sections is rounded upward.

Note that the initial design parameters of the static model are based on 32 modules with 8 modules
clamped per section. The parameters are varied and combined for the parameter study, resulting in
different outcomes on calculated values.

Option 1 a to ¢ are very hard to implement in the model due to the buoyancy’s exact location, which
does not always match the nodes and element length. The Matlab model used for the static analysis
has the limitation that the buoyancy force can only be implemented on the nodes of the model.

Another downside is that multiple variations of different parameters like the number of modules
per section affect the spacing and the hose’s implementation location. The design and environmental
parameters are already simplified and the goal of this Matlab is a parameter variation study. Reducing
the segment length results in an exponentially increasing calculation time and engages an overkill. The
segment length is a fixed number in the parameter variation study, so it can’t be adapted per variation
of modules per section.

Option 2 a to c is simplifying the design, ranked from most realistic to abstract (a to ¢). These
options are implementable in the Matlab model. Option 2c is the biggest simplification of option 2 and
is implemented to review the preliminary parameters in subchapter 4.2. The results show that it doesn’t
represent the desired shape.

The choice has been made to implement Option 2a, implementing an average buoyancy force per
node over the length of buoyancy modules. This option is selected because Option 1 is unrealistic
to implement. The only option for implementing the force is on the nodes, depending on the chosen
segment length. Also, varying the parameters result in switching between buoyant nodes all the time,
which leads to a different difference between the designed location and the implemented location.
The second reason is that there is no bending stiffness in the model, so if the buoyant nodes are
discontinuous, the node that does not have a buoyancy force on them moves into an axial-extensible
catenary shape until a node with buoyancy implemented.

Option 3 a to ¢ are an bigger simplification than option 2. So these are not chosen because they
deviate further from reality.

6.2.2. Buoyancy implementation of the initial design

The total number of buoyant nodes depends directly on the total number of modules, the number of
modules clamped per section, the distribution of the forces and the segment length. Table 6.9 and 6.10
show that the number of buoyant sections varies when the total number of modules is varied or when
the number of clamped modules per section varies.

Fixed, number | Modules Number buoyantNumber Fixed, modules | Number buoyant
of modules per section sections of modules per section section
32 8 4 25 8 3,125
32 7 4,5714 26 8 3,25
32 6 5,3333 27 8 3,375
32 5 6,4 28 8 3,5
32 4 8 29 8 3,625
32 3 10,6667 30 8 3,75
32 2 16 31 8 3,875
32 1 32 32 8 4
Table 6.9: Variation parameters, influence buoyant Table 6.10: Variation parameters, influence buoyant
sections sections
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The buoyancy modules start at the beginning of a section and spacing between track centres is kept
constant. This design choice of the initial design results in the following parameters and measurements
when the number of clamped modules is varied, see table 6.11 and figure 6.18. 6.18.

Modules per section Spacing between 1/2 spacing between Distance begin section
centres of modules track centres of modules| to centre module
8 2,8575 1,4284 1,4284
7 3,2657 1,6329 1,6329
6 3,8100 1,9050 1,9050
5 4,5720 2,2860 2,2860
4 5,7150 2,8575 2,8575
3 7,6200 3,8100 3,8100

Table 6.11: Dimensions spacing between buoyancy modules

The slurry’s weight distribution and the hose material are evenly distributed over the hose. The
hose model is built up of sections. Sections are divided into segments that are connected by nodes.
The force vector is applied to the nodes and constructed by force per meter multiplied by the segment
length. The modelling of the force vector on a node exists of half the weight of the left segment and
half of the weight of the right segment. The buoyancy is also equally distributed over the buoyant hose
length and the number of buoyant nodes depends on the relative occupation of the last hose section.
For the design model of eight modules per section, one buoyancy module occupies 1/8 of the section
length, which includes % of the left and %z of the right area of the buoyancy module.

The last factor of influence on the number of buoyant nodes is the segment length of the hose. The
sections are divided into five segments, each 4,572 m wide for the initial static design. The number of
segments is evaluated at subsection 6.1.4. The node numbers segment length does not correspond
to the buoyancy modules centre locations and force load carrying range.

Centre Location [m]
Buoyancy module 1 1,4284
Middle module 1-2 | 2,8575
Buoyancy module 2 4,2862
Middle module 2-3 | 5,7150
Buoyancy module 3 7,1437
Middle module 3-4 | 85725
Node Location [m] \ Node Location [m] Buoyancy module 4 10,0012
Node 1 | 4,57 Node 9 | 41,14 Middle module 4-5 | 11,4300
Node 2 | 9,14 Node 10 | 45,72 Buoyancy module 5 12,8587
Node 3 | 13,71 Node 11 | 50,29 Middle module 5-6 | 14,2875
Node 4 | 18,28 Node 12 | 54,86 Buoyancy module 6 15,7162
Node 5 | 22,86 Node 13 | 59,43 Middle module 6-7 | 17,1450
Node 6 | 27,43 Node 14 | 64,00 Buoyancy module 7 18,5737
Node 7 | 32,00 Node 15 | 68,58 Middle module 7-8 | 20,0025
Node 8 | 36,58 Buoyancy module 8 21,4312
Table 6.12: Node locations of the segment Table 6.13: Locations centre buoyancy modules
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Figure 6.18: Segment length with varying buoyancy per section

As an approximation, the last buoyant segment is rounded to a whole segment and then the cor-
responding node is calculated. This approximation is done to model the total implemented buoyancy
length close to the exact (start module to module) buoyancy module length. An example calculation is
shown in table 6.14 where the total number of buoyancy modules is varied and this shows a varying
number of buoyant sections. Figure 6.19 is a visual overview of table 6.14.

Total number | Modules Number of Number of Rounding off Number of
of modules per section buoyant sections | segments number of segments| buoyant nodes
24 8 3 15 15 16

25 8 3,125 15,625 16 17

26 8 3,25 16,25 16 17

27 8 3,375 16,875 17 18

28 8 3,5 17,5 17 18

29 8 3,625 18,125 18 19

30 8 3,75 18,75 19 20

31 8 3,875 19,375 19 20

32 8 4 20 20 21

Delft
e t University of
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Table 6.14: Results calculation of buoyant nodes
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Node 1 2 3 4 5 6
numbers (& + =+ o+ =+ )
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Figure 6.19: Schematization 8 modules per section and 5 segments per section
The corresponding number of segments is calculated by calculating the relative number of buoyant
sections. This number is rounded to the nearest integer.
Number of buoyant sections = Total number of modules / Modules per section
(6.5)
Number of buoyant segments = Number segments per section * Number buoyant sections
(6.6)
Relative number of buoyant segments =round(Number of buoyant segments) (6.7)

With the updated number of segments, the number of nodes is calculated. Each segment has two
connecting nodes. One segment results in two nodes, two segments result in three nodes, and so on.
The number of buoyant nodes is the updated number of segments plus one.

Number of buoyant nodes = Relative number of buoyant segments = 2 +1 (6.8)

There is one special case for the number of segments. Suppose the number of segments is exactly
a half, then the number of segments is rounded downward. This results from the force distribution of
the nodes, 1/2 segment left and 1/2 segment right. Figure 6.20 shows a section of the last buoyant
hose section with parameters, 25 modules and eight modules clamped per section. Here 3.5 sections
of hoses are buoyant and 17.5 segments (equation 6.9 t0 6.13 ).

28 modules, 8 per hose, (6.9)
Number of buoyant sections =3,5 (6.10)
Number of buoyant segments =17,5 (6.11)
Relative number of buoyant segments =17 (6.12)
Number of buoyant nodes =18 (6.13)

Heose with modules |25 27 28 1

| | buoyancy | |
Buoyancy force T | | |
distribution —+ — .+_ — .+_ 44—
|
Node numbers 17 18 | 19

17

Segment numbers

Buoyancy force
distribution ‘ ’ ‘

over segments

ary ary
| |
| |

Figure 6.20: Zoom of schematization 8 modules per section and 5 segments per section
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6.3. Continuation on sub research question 2 and the
final static MatLab model
The subquestion, "Which simplifications and adaptions are necessary for the contemplation of the static

model?” is answered in this chapter. As stated in subchapter 4.4, the following parameters are disre-
garded:

» Bending stiffness
» Bending deformation
+ Shear deformation
* A continuous hose
* Resistance against rotation at the connection points
The static model is simplified by:
+ Dividing the structure into smaller and simpler elements with boundary conditions
» The elements have an axial stiffness, unit mass and tensionless length
» Deformation of the elements only happens axial (rotation and extension)
* The elements behave as rod elements
» The rod elements are connected and can freely rotate around the connection point

The simplification of the buoyancy is elaborated in subchapter 6.2.1. It has been chosen to spread
the buoyancy force over the buoyant nodes. The number of buoyant nodes depends on the relative
location of the last buoyancy model.

The following parameters are used to construct the Static MatLab model. This model is used
in chapter 7 to vary the parameters and find a new set of parameters. Figure 6.21 shows the axial-
extensible catenary shape of the hose, and figure 6.22 shows the same model with buoyant nodes. In
figure 6.23 the tension of both models is plotted, and it's shown that three locations are important. The
starting point, the node before the buoyant nodes and the end node. These locations are explained in
subsection 9.2.4.

Preliminary parameters are implemented and updated, and the base model is constructed. The
summarised parameters of the base model are displayed in table 6.15.

Iteration 47 g Converged solution
T 120 T P ®
o

60 - —©6— lterated solution

40 -

—6— Shape hose
v Begin/end point
#  Buoyancy

100

20
80 -

20t 60r
40t
40t
-60 |
80| 20r

-100 -

-50 150 -20 0 20 40 60 80 100 120

Figure 6.21: Catenary model of weight Jumper hose Figure 6.22: S-shape Jumper hose
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Parameters Value  Unit

EA hose [N]

ID [m]

oD [m]
Area ID [m?]
Area OD [m?]
Length hose [m]
Section length hose [m]
Segment length hose [m]
Height VTS [m]
Width crawler [m]
Number of sections [-]
Number of segments [-]
Number of nodes []
Number of DOFs [-]
Number of buoyancy modules [modules]
Number of buoyancy modules per section [modules per section]
Starting section buoyancy 4th [section]
Number of buoyant nodes 21 [-]

Start node buoyancy 36 []

End node buoyancy 74 [-]

Total weight of the hose with slurry 130,20 [kN]
Weight per node 1,860  [kN]
Total buoyancy force 133,99 [kN]
Buoyancy per node 6,38 [kN]

Table 6.15: Results static model summarized

<10 Tension Catenary and Buoyant System

—#— Tension Catenary System
an ——#f—— Tension Buoyant System | |
O Buoyant Nodes

Tension [N]

0 10 20 30 40 50 60 70
Node number

Figure 6.23: Tension per node catenary shape and s-shape
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Parameter study

The research is split into two parts, where the first part focuses on identifying a new set of parameters
for the jumper hose design. In chapter 6 the static analysis of the preliminary design of the blue nodules
document is performed. Chapter 7 presents the corresponding parameter study and the optimisation
of the selected set of parameters from the multicriteria analysis. Subchapter 7.1 documents the se-
lected parameters, restrictions of the design and the failure criteria. This subchapter also evaluates the
influence of the parameters on the design and presents a ranking of the impact per parameter on the
design.

Subchapter 7.2 elaborates the combination of parameters to a design set. The multicriteria analysis
is clarified and established in subchapter 7.3. The multicriteria analysis results in an optimal set of
parameters. Subchapter 7.4 performs a sensitivity study on this set, and subchapter 7.5 shows the
optimal set of parameters.

This chapter builds up to and answers the third research question, “How is the new/optimal set op
parameters identified?” and is summarised in subchapter 7.5.

The design parameters have changed during the research and updates are described in subsection
8.2.4, table 8.15

7.1. Parameters selection

In chapter 4 the static analysis of the initial design is performed. The implemented parameters are the
hose’s length, the number of modules, the number of modules per section, the height of the connection
point of the VTS, the section where the buoyancy starts, the width between the crawler and the VTS
and the mass of the slurry. The first goal of the thesis is to perform a new parameter study and find the
optimal combination.

Some parameters were changed during the initial design study of the jumper hose. In the past
years, the subsea harvesting system has been updated. So this stimulates the interest in examining
the parameters of the jumper hose. In the scope of the project characteristic, the following parameters
are mentioned, table 7.1. They are kept constant and are not included in the variation of the parameters.

In this part of the parameter study, only the static equilibrium is considered, the Matlab model of
chapter 6. In part I, the dynamic analysis, the dynamic behaviour of the optimal set of parameters is
examined, and if unexpected behaviour appears, the set of parameters is evaluated and updated.
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Parameter Varied or fixed
Total length hose Varied
Length segment Fixed
Element length Fixed
Diameter hose Fixed
Wall thickness Fixed
Material/design hose Fixed
Slurry density Varied
Height VTS connection Varied
Distance crawler to VTS Varied
Height connection point Crawler Fixed
Number of buoyancy modules Varied
Type of buoyancy modules Fixed
Distance between buoyancy modules | Varied
Location buoyancy modules Limited
Starting point buoyancy modules Varied

Table 7.1: All parameters of the jumper hose design

The following design elements are neglected for the parameter study because the hose’s bending
stiffness is not implemented in the Matlab.

» Bending restrictor at the connection of the crawler
» Bending restrictor at the connection of the VTS

» Bending stiffness of the segments and section

» Minimum bending radius of the section

These design elements are evaluated and implemented in the dynamic analysis part of the document.

7.1.1. Restrictions of the design

The current set of parameters consists of: the length of the hose, the number of modules, the number
of modules per section, the height of the connection point of the VTS, the section where the buoyancy
starts, the width between the crawler and the VTS and the mass of the slurry. Some of these parameters
contribute to the operating limitations of the jumper hose. It is stated that:

» The jumper hose may not fail in the operational radius (distance between crawler and VTS)
* The jumper hose should operate when water is transported through the hose
» The jumper hose should operate when the slurry is transported through the hose

There are also failure scenarios described and the following demands are stated, so the hose does not
fail:

» The jumper hose should never capsize the crawler. The maximum bending moment induced by
the hose on the crawler is 120 kNm.

» The Jumper hose should never lift the crawler from the seafloor. The maximum pulling force
induced by the hose on the crawler is 200 kN.

» The lazy s-shape of the jumper hose should never hit the seafloor
* The maximum tension in the hose should never pass 1600 kN

» The first meter of the hose, evaluated from crawler to hose, should stay between an angle of 45
degrees

» The first meter of the hose, evaluated from VTS to the hose, should stay between an angle of 45
degrees
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7.1.2. Failure criteria

With the design, model segments and restrictions of the jumper hose, the fail criteria are determined
and calculated.

Parameter Value Unit
Bending moment [KNm]
Lifting force [kN]
Update weight crawler for lift force [kN]
Height lowest point lazy-s [m above seafloor]
Angle between hose and crawler [degree]
Angle between VTS and crawler [degree]
Operation radius [m]
Density water [kg/m3]
Maximum density slurry [kg/m3]
Maximum tension in the hose [kN]

Table 7.2: Maximum workability values of the failure criteria

The values described in table 7.2 are the ultimate values of the workability of the jumper hose.
These values are not desired, so the following workability values are updated and handled to consider
safety and safety factors from the initial jumper hose design (table 7.3).

In the 'Detailed design of the Jumper hose’, some recommendations regarding the further analysis
of the jumper hose are stated. As an example, ‘the generated uplift force of the assembly line a safety
factor of 2 should be applied between T,,,, and the HV weight for further analysis’ [15].

The fail criteria of the height of the lowest point of the lazy S is located at the ocean floor, but for
workability, this is still very risky because the crawler could hit it. The new workability criteria are set
on the crawler’s height plus an additional 2.5 meters for safety.

Parameters Value Unit
Lift force crawler [kN]
Height lowest point lazy-s [m]

Maximum tension in the hose [kN]

Table 7.3: Workability criteria

7.1.3. iariation and influence per parameter

The goal is to get an optimal set of parameters. This set is determined with a multicriteria analysis,
but first, the maximum number of parameters set is constructed. This choice is an important decision
because it influences the outcome of the multicriteria analysis. Evaluating the possible parameter
combinations is a step before the multicriteria analysis. The combinations are limited by the parameters
selected because, for example, a hose of 300 meters with buoyancy starting at the 4th section and 28
modules, three clamped per section, is not feasible. The combinations are not limitless, so the design’s
influence is elaborated below.

The current set of parameters consists of the length of the hose, the number of modules, the
number of modules per section, the height of the connection point of the VTS, the section where the
buoyancy starts, the width between the crawler and the VTS and the mass of the slurry. Some of these
parameters contribute to the operating limitations of the jumper hose, the width between the crawler
and the mass of slurry transported. The influence of the other parameters are looked at separately.

The parameter variation and influence are based on the initial design parameters of table 6.15
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Length hose

The hose length is an important variable be- Viration, Total Hose Lenglh
cause of the request of IHC to investigate if
the hose can be longer than in the preliminary
design. Figure 7.1 shows that the influence
of the length has an impact on the shape of
the hose. This height difference is because of
the extra weight of scaling the hose from 250
to 450 meters. A longer hose also influences N
the distance between the crawler and the VTS. S e
With a longer hose, the crawler could move )
further away from the VTS, limiting the min-

imum distance between the crawler and the = ™ - sonecn
VTS. IHC stated that the crawler should stay ; G w B W ow - s‘o 0 ;n g‘n w
within a 200 meter radius with the VTS. In fig-

ure 7.1 the hose goes below the seabed, this Figure 7.1: Length Variation

would result in failure due to the set criteria.

The consequences of the shape are taken into

account in the establishment of the parameter

sets in subchapter 7.5.

Height [m]

- Hose, Total length hose 250m
——Hose, Total length hose 300m
——Hose, Total length hose 350m
Hose, Total length hose 400m
——Hose, Total length hose 450m
Oceanfloor g B

Height connection point with VTS : : Variation, Height VTS System

180 H—— Hose, Location VTS 75m above seafloor
+ Hose, Location VTS 100m above seafloor

+ Hose, Location VTS 125m above seafloor
160 | |~ Hose, Location VTS 150m above seafloor

Varying the height of the connection point of Ot
the VTS is displayed in figure 7.2. This height fao| L= ueymerpons
difference has a relatively small influence

on the shape of the hose. The higher the
connection point, the better for this hose, but
it influences the working range of the crawler.

0 10 20 30 40 50 60 70 80 %0 100
Width [m]

Figure 7.2: Height variation

Variation, Total Number Of Buoyancy Modules
Total number of modules ‘ ‘ : ‘
——Hose, 18 buoyancy modules —— Hose, 27 buoyancy modules.
~ Hose, 19 buoyancy modules Hose, 28 buoyancy modules
180 “ Hose, 20 buoyancy modules Hose, 29 buoyancy modules.
|——Hose, 21 buoyancy modules Hose, 30 buoyancy modules
V 1 th t t I b f d I 1 + Hose, 22 buoyancy modules Hose, 31 buoyancy modules
arying € 1otal number O moaules IS 1601 ——Hose, 23 buoyancy modules ——Hose, 32 buoyancy mocues |
. . . . ——Hose, 24 buoyancy modules Oceanfloor
displaved in f 3. The f f L ~ lom 25 buoyaey mods_* Bagiond o |
ISp aye n Ig ure 7 b e IrSt g uess ior 10 ——Hose, 26 buoyancy modules @ Buoyanct points

the variation of the modules is based on a =
300 meters hose with three modules per hose
and a maximum number of loaded sections of
eleven sections. The option of two modules
per hose is not feasible because that would
result in a maximum of 28 modules if all hoses
were buoyant.

The fewer modules used, the lesser weight

Height [m]

can be lifted. From figure 7.4, it can also 0 = w 0 m e 0 - =
be seen that the location and the number of
modules per section play a huge influence on Figure 7.3: Number of modules variation

the shape of the hose in combination with the
total number of modules.
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Number of modules per section

Varying the number of modules per sec-
tion is displayed in figure 7.4. The modules
per hose vary from three per hose to eight
per section. Eight per section is the maximum
number of modules that can be clamped to
the section, three per hose is the minimum
value because 28 modules starting at the
fourth section are designed for the preliminary
design. 28 Modules with two per hose does
not fit in the preliminary design. The modules
per section have a big influence on the shape
of the hose due to the spreading of the buoy-
ancy force. It's also shown why the loading of
the last section is not desirable for the shape
of the hose.

Starting segment of buoyancy

Varying the starting section of the buoy-
ancy is displayed in figure 7.5. This variation
influences the shape of the hose, just like the
number of modules and number per section.
The later the buoyancy starts, the more force
the first part of the buoyancy needs to lift. It
results in a reverse s-shape and a hanging
first part of the hose. Also, if the buoyancy is
not spread over the hose, it could result in a
lower location of the lowest point of the VTS.

Range of the crawler

The range of the crawler is an important
requirement of the model. The range is
selected from 50 meters up to 200 meters
distance from the connection point with the
VTS. The shape of the hose is influenced a
lot. The further the crawler is away from the
VTS, the bigger the momentum induced by
the hose on the crawler, figure 7.6.

Delft
University of
Technology

%
TUDelft

Height [m]

Height [m]

Height [m]

Variation, Number Of Modules Per Hose Section
T T T

T
[——Hose, 3 modules per section
+—Hose, 4 modules per section
——Hose, 5 modules per section
—— Hose, 6 modules per section
Hose, 7 modules per section

——

T
——Hose, 8 modules per huse‘
Oceanfloor
= Beginlend point
7 Buoyanct points

50
Width [m]

Figure 7.4: Modules per segment variation

Variation, Location Starting Section Buoyancy
| I I L

- Hose, Start at 2th hose
——Hose, Start at 3th hose
——Hose, Start at 4th hose
——Hose, Start at 5th hose

Hose, Start at 6th hose

L i
Hose, Start at 7th hose
Hose, Start at 8th hose
Oceanfioor

= Begin/end point
v Buoyanct points

50
Width [m]

Figure 7.5: Starting segment variation
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Hose substance ‘ VariaticmT Hose Filled With Slurr¥ VS Water ‘

Varying the transported density of the = ;?\

fluid is displayed in figure 7.7. This influences ; N

the weight of the hose and so the height = / / 1

and shape of the hose. The submitted work-
ing range is from transporting water (1025 ] N
kg/mm3) up to a slurry of 1200 kg/m3. The ~= |/ \\
design needs to operate in this range. 7

Height [m]
SN

0 10 20 30 40 50 60 70 80 90 100
Width [m]

Figure 7.7: Hose substance variation

Conclusion

The impact of variation of the parameters depends per parameter. The impact of the parameters also
depends on the combinations between the parameters. This is investigated in subchapter 7.5

7.1.4. The ranking of the parameters

The workability parameters, the horizontal distance between the crawler and VTS and the transported
density are operational parameters. The design of the jumper hose needs to operate within the given
failure criteria; otherwise, the parameter sets are disregarded in the multicriteria design.

The other parameters are ranked from:
1. Number of modules per hose section
2. The starting point of the buoyant section
3. Length of the hose
4. Total number of modules
5. Height VTS

The number of modules per hose section is chosen as the most important design parameter. Figure
7.4 shows that this variation has the biggest difference in shape. It is shown that spreading out the
buoyancy is beneficial for the height of the second part of the s- shape and shows some unrealistic
options. Also, the starting point of the buoyancy is an important parameter due to the shapes shown
in figure 7.5. This parameter also influences the moment induced by the hose on the crawler and
the pulling force on the crawler or which part of the hose the buoyancy carries. Scaling the number
of buoyancy increases the pulling force on the hose and the number of buoyant sections. But the
influence per step size is quite small compared to the number of modules clamped per hose and the
starting point of the buoyant section. The length of the hose has a direct influence on the range of the
crawler and so on the moment induced by the hose. A large hose can reach further than a smaller
hose but vice versa for the minimum distance. Also, the height of the VTS has the same influence, but
the step size is chosen to be smaller due to the preliminary design of the VTS. Both are restricted by
the diagonal length between the crawler and the connection with the VTS.

7.2. Combinations of parameters

The variations and combinations of parameters are not limitless. The range of the variation of the
parameters is determined by the ranking of the parameters, the restrictions of IHC and the feasibility
of combinations. For the parameters, the variation is reasoned by the preliminary design parameters.
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The number of clamped modules could reach a maximum of eight and is set at a minimum of 3.
This minimum is because two modules clamped per hose would result, for the minimum length of 300
m and 14 sections, in 12 section buoyant and 24 modules in total. This maximum does not reach the
calculated number of the preliminary design. The starting point of the buoyancy is limited by the number
of modules clamped, the total length and the total number of modules. This parameter is restricted by
the maximum number of modules implemented and the minimum modules per section.

The hose length is set at 300 to 450 meters. The variation of the height of the VTS is set at 75 to
125 meters above the seafloor. These parameters are selected in consultation with IHC. The number
of modules depends on the minimum number of clamped modules, starting section and the minimum
length of the hose. The dependence is balanced between the starting point and the total number of
modules. Figure 7.5 shows that the later the buoyancy starts, the higher the chance that the first part of
the hose is not in tension. Another trade-off is the loss of modules if the starting section goes up three
modules per section. For 28 modules, three per hose results in 9 1/3 section buoyant. The largest
starting section is three and a maximum of 30 modules in total.

Subsection 4.2.4 states that 32 modules are needed to lift the full weight of the 300 meter long
hose filled with slurry. When the length of the hose is varied, the weight increases. This extra weight
results in an extra update for the total number of buoyancy modules parameter because by elongating
the hose, the total weight of the hose increases. For the parameter study, this parameter is varied from
300 to 450 meters. Table 7.4 shows the minimum and the maximum number of buoyancy modules per
hose length.

Hose length [m] | Total weightin kN | 66% of the weight | 100% of the weight
carried by modules | carried by modules

300
350
400
450

Table 7.4: Weigh of the hose per length and number of buoyancy modules

This analysis concludes in the following parameters variations and their range:

Parameter Range Unit
Number of clamped modules per segment | 3 to 8 [pieces per segment]
Starting segment (after) first to third [segment]
Length of the hose 300t0 450 [meters]
Number of modules (300 m hose) [modules]
Number of modules (350 m hose) [modules]
Number of modules (400 m hose) [modules]
Number of modules (450 m hose) [modules]
Height VTS connection above seafloor [meters]
Range crawler [meters]
Mass of the slurry [kg/m?]

Table 7.5: Range width per parameter

7.2.1. Parameter sets

The parameter variation range is presented in table 7.5. The parameters are combined and varied in
the following manner (Table 7.6):
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Length | Height | Modules | Clamped After segment | Hose substance, density | Range
[m] [m] [pieces] | [pieces per segment] | [after segment] | [kg/m?3] [m]
300 75 18 3 1st 1025 50
300 75 18 3 1st 1025 100
300 75 18 3 1st 1025 150
300 75 18 3 1st 1025 200
300 75 18 3 1st 1200 50
300 75 18 3 1st 1200 100
300 75 18 3 1st 1200 150
300 75 18 3 1st 1200 200
300 75 18 3 2st 1025 50
300 75 18 3 2st 1025 100

Table 7.6: Parameter set, composed of parameter combinations

A parameter set exists of a combination of the first five parameters presented in table 7.6 and the
parameters for which the hose should operate. A parameter set exists of eight combinations due to the
range of the crawler and the slurry or water operating scenario.

For these parameter sets, the following results are extracted from the static Matlab model:

» Tension at specific locations
» Coordinates of specific nodes

There are 26928 combinations presented, which result in 3366 sets of parameters. Some parameter
combinations fail, based on the fail criteria represented in table 7.2. If a parameter combination fails,
the whole parameter set fails, so the new number of feasible parameter combinations is 12322. The
next selection is based on the workability parameters presented in table 7.3 this reduces the number of
combinations to 10066. If one combination of the set fails, the total parameter set fails. This selection
reduces the number of combinations to 4472, resulting in 559 parameter sets.

7.3. Multi-criteria analysis

Subsection 7.2.1 calculates the feasible parameters sets. A multicriteria analysis (MCA) is found suit-
able for further assessment of the parameter sets. ‘A Multi-Criteria Analysis (MCA) can be used to
identify and compare different policy options by assessing their effects, performance, impacts, and
trade-offs’ [12]. The design leans on three parameters: the tension at certain locations, the coordinate
of certain locations, and the connection point’s bending. All three are important, but there is no optimal
solution for these parameters. A trade-off can be made using an MCA to find certain parameters that
balance these criteria.

7.3.1. The criteria for the MCA

There are four criteria selected for the MCA. The criteria are described following the structure of the
hose. The first criterion is the coupling between the crawler and the hose, the angle may not exceed 45
degrees. The parameter combinations that exceed this value are filtered out by the approach of sub-
section 7.2.1. An angle of 90 degrees is an optimum situation. The score evaluation is from 1 to 10,
with 1 being 45 degrees and 10 being 90 degrees. The score of the angle per parameter combination
is calculated with the following formula:

(optimal angle - minimal angle) — (angle evaluated-minimal angle)
*

Score = 10 (7.1)

angle evaluated-minimal angle

The second criterion is the tension in the first part of the hose until the buoyancy starts. The tension
is calculated with the static Matlab model. The tension may not exceed 60 kN due to the safety criteria
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on the weight of the crawler. A Tension of 0 kN is not optimal, so a minimum tension in the hose is
selected in consultation with IHC. 15 kN scores a 10 and 60 kN scores a 1. The score of the maximum
tension per parameter combination is calculated with the following formula:

(maximum tension-minimum tension) — (tension evaluated-minimum tension) 10
*

(7.2)

Score = - — -
tension evaluated-minimal tension

The third criterion is the lowest point of the lazy s-shape. The location of the lowest point is also
calculated with the static Matlab model and may not exceed 10 meters above the seafloor. There is
no optimal height of the lazy s-shape, so the maximum value is 30 meters. When the location is 30
meters or higher, the score is always 10. The minimum height of 10 meters gets a score of 1, and
everything above 30 meters gets a 10. The score of the height of the lazy s per parameter combination
is calculated with the following formula:

(maximum height-minimum height) — (height evaluated-minimum height)
Score = - — - *10 (7.3)
height evaluated-minimal height

The last criterion is the maximum tension in the hose. This tension can be located anywhere on
the hose. It has the same approach as the tension in the first part of the hose until the buoyancy starts,
equation 7.2. Only the maximum tension in the hose is stated at 100 kN instead of 60.

7.3.2. Weighting method

For each parameter combination, the score is calculated per criterion. In case this score is just added,
all the criteria are of the same importance, the equal weighting method. A weight factor is applied to
incorporate the ranking of the criteria.

The weight factors are displayed in table 7.7.

Criteria Weight factor
Angle crawler hose 2
Tension first part hose 3
Lowest location lazy s shape | 1
Maximum tension hose 2

Table 7.7: Weight factors of MCA

The factors are chosen by the initial design criteria of chapter 3.2. An important limitation of the
design is the bending moment and shear force exceeded by the hose on the crawler. The shear force
is the biggest failure criteria because all parameter sets that exceed the minimum height of the lowest
location on the lazy s-shape are already filtered out in subsection 7.2.1. Suppose the maximum tension
is an extension of the crawler tension parameter and so is less important but still important. There is no
bending or bend restrictor modelled in the static Matlab design, so the hose angle is not represented
accurately. Still, a small angel is not desirable.

7.3.3. Performance of the MCA

The criteria grades are multiplied with the weight factors and added per parameter combination, creating
a score per parameter combination. The scores of the eight parameter combinations are also added
to get a score for the parameter set. There are multiple ways to select and rank these scores of the
MCA:

+ Selecting the best score of all the parameter combinations
+ Selecting the best score of all the parameter sets

+ Selecting the worst score of a parameter combination within a parameter set. Ranking them from
best to worst
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+ Selecting the worst score of a parameter combination within a parameter set. Rankin them based
on the best score of the total parameter set.

These four options have been discussed with IHC, and the third option is selected because the best
parameter combinations do not result in a good operating parameter set. Selecting the best parameter
set is a good start but could contain bad performing parameter combinations.

The worst-performing parameter combinations are selected by filtering out the worst operating param-
eter combinations of parameter sets. By ranking the filtered set from best to worst the best of the least
favourable parameter combination of a set is selected. Meaning that the rest of the set is performing
better.

The 25 best presenting worst combinations are rearranged on the total score of the parameter
set. This ranking results in the order shown in Table 7.8. The selected parameter set is a hose of
300 meters, VTS located at 100 m above the seafloor, 24 modules, 3 clamped per hose starting after
section 1.

Rank | Length | Height | Modules | Clamped | Starting Hose Distance | Score Score
[m] [m] [pieces] | [per after substance | to VTS | combination | set
segment] | [segment] | [kg/m3] [m]

1 300 100 24 3 1 200 61,29 531,51
2 300 125 23 3 1 200 60,94 532,49
3 350 100 25 3 1 200 59,96 537,58
4 300 125 26 3 1 200 59,75 510,65
5 300 125 24 3 1 200 59,64 532,49
6 300 75 26 3 1 200 59,33 519,82
7 300 100 23 3 1 200 59,24 515,88
8 300 125 22 3 1 200 59,17 532,79
9 350 125 25 3 1 200 58,63 501,69
1 350 100 28 3 1 200 58,49 504,53

Table 7.8: Ranking parameter sets based on lowest score of a parameter set

After discussion with IHC, a second ranking was made. The 25 best presenting worst combinations
are rearranged on the total score of the parameter set. This ranking is shown in Table 7.9.

Rank | Length | Height | Modules | Clamped | Starting Hose Distance | Score Score
[m] [m] [pieces] | [per after substance | to VTS combination | set
segment] | [segment] | [kg/m3] [m]

1 300 100 25 3 1 200 59,96 537,58
2 300 75 28 3 1 200 56,55 534,21
3 300 125 22 3 1 200 59,17 532,79
4 300 125 23 3 1 200 60,94 532,49
5 300 125 24 3 1 200 59,64 532,49
6 300 75 27 3 1 200 57,94 532,27
7 300 100 24 3 1 200 61,29 531,51
8 300 125 25 3 1 200 58,30 531,00
9 300 100 26 3 1 200 57,75 530,90
1 300 100 27 3 1 200 56,35 528,25

Table 7.9: Reranking 25 parameter set, first 10 presented

The selected parameter set is a hose of 300 meters, VTS located at 100 m above the seafloor, 25
modules, 3 clamped per hose starting after section 1. This set does not differ very much from the first
selected set. The maximum score of a parameter set is 537,58.
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7.4. Sensitivity study parameters

The optimal parameter set is presented below, in figure 7.8. This set consists of a hose length of 320.04
meters; the connection with the VTS is 100 meters above the seafloor. There are 25 modules present,
starting after section one with three modules clamped per section.

Optimal paramters

200 - Hose, Start location Buoyancy Modules, Optimal water )
vV Buoyant node
180 - —— Hose, Variation Start location Buoyancy Modules, Optimal slurry |
v Buoyant node
Oceanfloor
160 - § = Begin/end point ]
140 b
120 b
E
=100 i
E=
T
80 b
60 - b
40 - b
20 - b
oF i
I I I I 1 I I I I I I

0 20 40 60 80 100 120 140 160 180 200
Width [m]

Figure 7.8: Optimal parameter set
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7.4.1. Sensitivity of length parameter

The sensitivity of the parameters is evaluated per parameter. The first parameter evaluated is the
length of the hose. In figure 7.9 and 7.10, the visual plots of the static equilibrium are displayed. Table
7.10 shows the MCA scoring. If the hose is scaled up in size, the height of the lazy s drops significantly.

Width | Hose substance | Score MCA: combinations | Score MCA: sets
300 meter | 350 meter 300 meter | 350 meter
50 Slurry 76,22 NaN 537,58 NaN
100 Slurry 75,16 NaN 537,58 NaN
150 slurry 72,29 NaN 537,58 NaN
200 Slurry 66,39 NaN 537,58 NaN
50 Water 62,87 NaN 537,58 NaN
100 Water 62,70 NaN 537,58 NaN
150 Water 61,99 NaN 537,58 NaN
200 Water 59,96 NaN 537,58 NaN

Table 7.10: MCA results for sensitivity study length

Sensitivity Study, Total Length hose, Water

Sensitivity Study, Total Length hose, Slurry
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= Begin/end point

Height [m]

T T
~— Hose, Total Length, optimal
v Buoyant node
—— Hose, Variation Total Length, step right|
v Buoyant node
Oceanfloor

= Begin/end point

| 1 r
0 20 40

|
60

| i
80 100

| | 1 1
120 140 160 180

Width [m]

Figure 7.9: Sensitivity length hose (water)
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7.4.2. Sensitivity of height VTS parameter

In figure 7.11 and 7.12, the visual plots of the static equilibrium of the height variation are displayed.
Table 7.11 shows the MCA scoring. A lower connection point performs better with water, while a higher
connection point performs better with the slurry substance. The overall set scores are lower than
optimal. The visual difference shows a height difference corresponding to the connection difference.

Width | Hose substance | Score MCA: combinations | Score MCA: set
75 100 | 125 75 | 100 125

50 Slurry NaN | 76,22 | 75,75 NaN | 537,58 | 531,00
100 Slurry NaN | 75,16 | 74,85 NaN | 537,58 | 531,00
150 Slurry NaN | 72,29 | 72,29 NaN | 537,58 | 531,00
200 Slurry NaN | 66,39 | 66,74 NaN | 537,58 | 531,00
50 Water NaN | 62,87 | 61,38 NaN | 537,58 | 531,00
100 Water NaN | 62,70 | 61,20 NaN | 537,58 | 531,00
150 Water NaN | 61,99 | 60,48 NaN | 537,58 | 531,00
200 Water NaN | 59,96 | 58,30 NaN | 537,58 | 531,00

Table 7.11: MCA results for sensitivity study connection point VTS

Sensitivity Study, Height Connectionpoint VTS, Water Sensitivity Study, Height Connectionpoint VTS, Slurry
T T T T T T T T T T T T T T T T T T T T T T
200 - Hose, Height Connectionpoint VTS, step left ) 200 Hose, Height Connectionpoint VTS, step left
v Buoyant node v Buoyant node
180 F Hose, Variation Height Connectionpoint VTS, Optimal || 180 F Hose, Variation Height Connectionpoint VTS, optimal ||
v Buoyant node v Buoyant node
Hose, Variation Height Connectionpint VTS, step right Hose, Variation Height Connectionpoint VTS, step right
160 [~ v Buoyant node B 160 v Buoyant node 1
Oceanfloor Oceanfloor
140 - = Begin/end point 140 = Begin/end point
120 - B 120 [
E
100 [~ - =100
<]
g
80 - 80
60 - - 60
40 1 4
20 F - 20
o ‘ 1 o 1
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 8 100 120 140 160 180 200
Width [m] Width [m]
Figure 7.11: Sensitivity height connection VTS (water) Figure 7.12: Sensitivity height connection VTS (slurry)
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7.4.3. Sensitivity of modules parameter

In figure 7.13 and 7.14, the visual plots of the static equilibrium of the module variation are displayed.
Table 7.12 shows the MCA scoring. A lower number of modules performs better when the hose is
filled with water. The same applies to a hose filled with slurry and a higher number of modules. The
overall set scores are a little bit lower than the optimal. The visual difference shows a height difference

corresponding to the connection difference.

Width | Hose substance | Score MCA: combinations | Score MCA: set
24 |25 |26 24 25 26

50 Slurry 72,01 | 76,22 | 76,23 531,51 | 547,04 | 530,91
100 Slurry 71,94 | 75,16 | 75,39 531,51 | 547,04 | 530,91
150 Slurry 70,11 | 72,29 | 73,03 531,51 | 547,04 | 530,91
200 Slurry 64,15 | 66,39 | 67,91 531,51 | 547,04 | 530,91
50 Water 64,39 | 62,87 | 60,52 531,51 | 547,04 | 530,91
100 Water 64,19 | 62,70 | 60,37 531,51 | 547,04 | 530,91
150 Water 63,43 | 61,99 | 59,71 531,51 | 547,04 | 530,91
200 Water 61,29 | 59,96 | 57,75 531,51 | 547,04 | 530,91

Table 7.12: MCA results for sensitivity study total number of modules

Sensitivity Study, Total number of Buoyancy Modules, Water

o Sensitivity Study, Total number of Buoyancy Modules, Slurry

Hose, Variation Total number of Buoyancy Modules, step left Hose, Variation Total number of Buoyancy Modules, step left
v Buoyant node v Buoyant node
r Hose, Total number of Buoyancy Modules, optimal 7 180 - Hose, Total number of Buoyancy Modules, optimal
v Buoyant node v Buoyant node
~— Hose, Variation Total number of Buoyancy Modules, step right 160 Hose, Variation Total number of Buoyancy Modules, step right
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Figure 7.13: Sensitivity modules (water)
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7.4.4. Sensitivity of distribution modules parameter

In figure 7.15 and 7.16 the visual plots of the static equilibrium of the module clamped per section and
the variation are displayed. Table 7.13 shows the MCA scoring. Scaling up this parameter results in a
failure based on the failure criteria. The substance slurry options result in a lazy s-shape that reaches
the range of the 10 meter distance between the seafloor and the lazy s.

Width | Hose substance | Score MCA: combinations Score MCA: sets
3 modules per hose | 4 modules per hose | 3 modules per hose | 4 modules per hose

50 Slurry 76,22 NaN 537,58 NaN
100 Slurry 75,16 NaN 537,58 NaN
150 Slurry 72,29 NaN 537,58 NaN
200 Slurry 66,39 NaN 537,58 NaN
50 Water 62,87 NaN 537,58 NaN
100 Water 62,70 NaN 537,58 NaN
150 Water 61,99 NaN 537,58 NaN
200 Water 59,96 NaN 537,58 NaN

Table 7.13: MCA results for sensitivity study clamped modules per segment

Senzso%tivity Study, Number of Buoyancy Modules per Hose segment, Water Seng)igivity Study, Number of Buoyancy Modules per Hose segment, Slurry

~— Hose, Number of Buoyancy Modules per Hose segment, optimal —— Hose, Number of Buoyancy Modules per Hose segment, optimal
180 - v Buoyant node e 180 - v Buoyant node 4
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Figure 7.15: Sensitivity modules clamped per hose Figure 7.16: Sensitivity modules clamped per hose
segment (water) segment (slurry)
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7. Parameter study

7.4.5. Sensitivity of starting parameter

In figure 7.17 and 7.18 the visual plots of the static equilibrium module clamped per section and the
variation are displayed. Table 7.14 shows the MCA scoring. Scaling up this parameter results in a
failure based on the failure criteria. The substance slurry options result in a starting section with an

angle that oversteps the fail criteria on this angle.

Width | Hose substance | Score MCA: combinations Score MCA: sets
Start at the Start at the Start at the Start at the
second segment | third segment | second segment | third segment

50 Slurry 76,22 NaN 537,58 NaN

100 Slurry 75,16 NaN 537,58 NaN

150 Slurry 72,29 NaN 537,58 NaN

200 Slurry 66,39 NaN 537,58 NaN

50 Water 62,87 NaN 537,58 NaN

100 Water 62,70 NaN 537,58 NaN

150 Water 61,99 NaN 537,58 NaN

200 Water 59,96 NaN 537,58 NaN

Table 7.14: MCA results for sensitivity study segment buoyancy modules

Sensitivity Study, Start location Buoyancy Modules, Water

Sensitivity Study, Start location Buoyancy Modules, Slurry

Hose, Start location Buoyancy Modules, optimal
v Buoyant node
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7.5. New design parameter set for dynamic analysis

The optimal parameter set arises from the MCA, and this concluded in
» 300 meter long hose
* VTS connection 100 meter above the seafloor
» 25 buoyancy modules
» 3 buoyancy modules clamped per hose section
» Buoyancy modules starting after first hose section

Figure 7.19 shows the shape of the hose for the selected parameters. This chapter builds up to and
answers the third research question, “How is the new/optimal set op parameters identified?” and is
summarised in the next subsection.

Optimal paramters

200 1 Hose, Start location Buoyancy Modules, Optimal water b

vV Buoyant node

180 —— Hose, Variation Start location Buoyancy Modules, Optimal slurry |

v Buoyant node
Oceanfloor

= Begin/end point

Height [m]
)
o

60

40 -

20 -

0 20 40 60 80 100 120 140 160 180 200
Width [m]

Figure 7.19: Optimal parameter set

7.5.1. Research question 3 and summary of the parameter study

TTo answer the research question, “How is the new/optimal set op parameters identified?” the following
approach is detained.

The parameter study is based on the 7 selected parameters presented in subsection 7.1.3. These
parameters are combined and evaluated with the failure criteria that determine the performance of the
parameter combination and the corresponding set.

» The bending moment is limited to 120 kNm but is not evaluated in the static analysis due to that
the bending stiffness is not implemented in the static model

* The lift force at the crawler end is 200 kN, so the crawler can not be lifted from the seafloor
» The height of the lowest point of the s-shape should not hit the seafloor in any situation

» Angle between hose and crawler can not be lower than 45 degrees due to breakage and the
pullover of the crawler

3
TUDelft &y A. Van Bergen W3 Mining



84 7. Parameter study

The parameters are also separately evaluated to investigate the influence and the combination of
parameters. The influence of combinations is not included in the separate evaluation.

» The length has a major influence on the weight of the hose. This mainly influences the number
of modules and modules per section parameter because these carry the weight

» The connection point of the VTS has a small influence on the shape of the hose, and the criteria
lowest point s-shape and angle of the connection points

+ The total number of modules influences the shape but also depends on the length of the hose
and modules per section.

» The starting segment determines the shape, the tension in the hose and collision with the seafloor.
This parameter heavily influences if a parameter combination complies or fails

» Every parameter combination must always operate for the given range of the crawler and hose
substance.

With the separated parameter analysis, the parameters are ranked to determine which parameter mat-
ters the most and guides the parameter combinations because of the limits and collaboration between
certain parameters. For example, for a 300 meter long hose with 3 modules per segment, it is impos-
sible to have more than 36 modules due to the space available for modules. For this combination, the
variation of starting segment is not possible. These combinations of are determined in table 7.4 and
result in a parameter coverage per parameter (table 7.5).

This range of variation per parameter results in 26928 combinations and these combinations are
tested on the failure criteria. If a combination fails, a whole set fails. These are also filtered out and
result in 59 sets of parameters evaluated with the multicriteria analysis.

The MCA is based on a weighted method, giving more weight to the critical requirements of the
model. At last, the selection of a parameter set is determined. There are four options given for selecting
the optimal parameter set. The worst score of a parameter combination within a set and then ranking
these from high to low is chosen. This choice resulted in table 7.8. In elaboration with IHC, this table
is then rearranged based on the score of the parameter set from high to low, resulting in the optimal
parameter set.

This optimal parameter set is then evaluated with a visual sensitivity study to ensure that the closely
related parameters set performs worse than the optimal set.
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Transition from Matlab to
OrcaFlex

The static MatLab model is a starting point to elaborate the design with its new set of parameters.
This chapter gives the background of implementing the MatLab model in OrcaFlex software. The
implementation in Orcaflex is the base model and is improved by implementing design parameters
that were omitted. This results in a better approximation of the design.

Subchapter 8.1 focuses on the implementation of the MatLab model in OrcaFlex, with the same
approximations and design features. This model is then compared to the initial MatLab results. In
subchapter 8.2 the omitted and simplified parameters are inserted step by step. Their influence is
evaluated, resulting in possible alterations to the design parameters. Subchapter 8.3 presents the new
design parameters and summarises the decisions and issues. Finally, an answer is given to research
question 5, “What are the results of the static analysis using the dynamic software?”

8.1. Matlab Model implemented in OrcaFlex

In this chapter, the Matlab model set-up is replicated in OrcaFlex. The Matlab model is used to estimate
and select the concept parameters of the jumper hose design. The Orcaflex model implements the pa-
rameters left out of the Matlab model. Orcaflex expands to more complex design parameters simplified
in the Matlab model and conducts the dynamic analysis of the model. Therefore it is interesting how
these models relate to each other and if it is valid to adopt the concept parameters to the OrcaFlex
model.

Chapter 7 elaborates the theory and method used to create the parameter study, composed of the
parameter selection, parameter combinations and the multi-criteria analysis. This parameter study re-
sulted in a set of parameters for the concept design of the jumper hose. The concept design parameters
are presented in table 8.1 and 8.2.

Parameter Value Unit
Total length of the hose 320,04 [m]
Segment hose length 22,86 [m]
Number of elements to evaluate segment 5 []
Element length 4,572 [m]
Height of VTS connection above seafloor 100 [m]
Range of crawler 200 [m]
Number of buoyancy modules 25 []
Buoyancy modules per hose segment 3 [
Starting point buoyancy After 1st hose
Content hose/Slurry density 1200 [kg/m3]

Table 8.1: Concept design parameters, subchapter 7.5
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86 8. Transition from Matlab to OrcaFlex

With material hose parameters:

Parameter \ Value Unit
ID 300 [mm]
oD 473,3 [mm]
Material hose (Weight) 137  [kg/m]

Axial stiffness hose 20,408 e3 [kN]

Table 8.2: Design parameters jumper hose

8.1.1. Objects Orcaflex model

The OrcaFlex model is built with the line object and constraints objects. The line object represents
a massless linear element with lumped masses on each end (figure 5.1 and subsection 5.2.1). This
element only has axial and torsional properties and these masses carry other properties (mass, weight,
buoyancy, etc.). This structure of the line matches the structure of the MatLab model.

The OrcaFlex line is constructed of 14 sections of 22,86 meter long hose. These sections are split
up into five segments of 4,572 meters. This line has a force of 406,83 N per meter:

Fweight = Fhosematerial + Fcontenthose_Fbuoyancy

= MasSSpose * g + massslurry * AIDhose * g-MasSyqater * AODhose
1343,5 N/m + 831,8 N/m — 1768,5 N/m
= 406,8 N/m

(8.1)

The line also has the axial stiffness of table 8.3 implemented, the bending and torsional stiffness set to
zero. At the end of each segment, a pinned joint is placed with zero bending stiffness, constructing a
node with no resistance against rotation.

Pin Joint | z-position
1 4,57 m
2 9,14 m

68 310,90 m
69 315,47 m

Table 8.3: Pinned joint locations

25 modules with three modules per section result in 8,33 buoyant sections. This number of sections
is converted to segments, and they are then converted to nodes:

25
Number of section =? = 8,33 sections

25

= 8.2
Number of segment =3 =41,66 segments = 42 segments (82)

5
Number of nodes =42 + 1 = 43 nodes

Each module lifts 427 kg (4187,4 N), resulting in a total buoyancy force of 104,67 kN. In subsection
6.2.2, it is stated that this buoyancy force is equally divided over the buoyant nodes. Resulting in 2,435
kN per buoyant node. This value is implemented in the line object as an applied load, table 8.4.
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Node number | Buoyant node | Z-position | Applied force

6 1 22,86 m 2,435 kN
7 2 27,43 m 2,435 kN
47 42 210,31 m 2,435 kN
48 43 214,88 m 2,435 kN

Table 8.4: Buoyant nodes

The ends of the line object are connected to constraints which are fixed in all the DOF directions.For
the two-step static calculation, the first step is done by the catenary analysis. The second step is a full
statics calculation. This calculation is the same principle as used in the MatLab model.

8.1.2. Results OrcaFlex model

Pressing the run statics button results in the following shape of the hose. Reviewing figure 8.1, the
shape of the OrcaFlex and MatLab calculation match. The node locations are compared in Appendix
E.

Figure 8.1: Design of subchapter 7.5 implemented in OrcaFlex

Another verification parameter is the tension in the elements. The MatLab tension is calculated
with formulas 4.9, 4.10, 4.11 and 4.15 and the OrcaFlex axial tension is calculated with formula D.1.
The difference per element is displayed in Appendix E and the maximal difference is 1,256 kN in node 5
(relative from the left connection point). This difference is relatively small compared to the axial tension
of the element (15,6472 kN).

Comparing the OrcaFlex (figure 8.1) and MatLab (figure7.19, blue line, width 200 m) model visually,
on node locations (Appendix E) and in tension calculation (Appendix E) it can be concluded that both
models appear to be similar. This confirms that the concept parameter study of subchapter 4.3 can be
used a basic assumption for the static and dynamic calculations.

8.2. The enlargement of the design parameters

The model presented in subchapter 4.3 is a simplified version of the real-world system. With OrcaFlex,
it's possible to improve the engineering of the object. The following objects can gain much improvement:
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88 8. Transition from Matlab to OrcaFlex

» The buoyancy modules

» The segment length

» Implementation of parameters like bending stiffness
* The hose structure

Each option is elaborated and evaluated in the next subchapters with the MatLab base model as the
starting point.

8.2.1. The buoyancy modules

In the simplified base model, figure 8.1, buoyancy is implemented on nodes by dividing the buoyancy
force over the buoyant segments. In that model, many design parameters are not taken into consider-
ation.

The design parameters of the buoyancy are displayed in table 3.9 and resulted in a buoyancy
module design in OrcaFlex of the following parameters , see table 8.5.

Parameter Value Unit
Mass 427  [kg]
Volume 1 [m3]
Drag area x & y 1 [m?]
Drag area z 1 [m?]
Drag coefficient x & y 1,1 []
Drag coefficient z 1,1 []
Added mass coefficient x & y 1 [
Added mass coefficient z 1 [

Table 8.5: Design parameters buoyancy modules in OrcaFlex

These modules were implemented on the hose base design and evaluated, resulting in the follow-
ing model. The red model is the base design of MatLab.

Figure 8.2: Implementing buoyancy modules in stead of applied forcing on the nodes

Figure 8.2 clearly shows that the initial design parameter of the buoyancy modules (table 8.5)
does not correspond with the implemented buoyancy force of the MatLab base model. This difference
is attributed to the fact that the volume of the module does not correspond to the lift force per module.
The ratio volume weight is approximately 2:1. A detailed design of the buoyancy modules is absent
in the provided preliminary design documents of the jumper hose, document [15]. In consultation with
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Royal IHC, the following design parameters are adopted for the buoyancy modules, table 8.6.

F=Vxpxg
mxa=Vx*pxg
m:V*p (8.3)
_om 427 3
V—;—M—O,4166m

Resulting in the following design parameters,

Parameter Value Unit
Mass 427  [kq]
Volume 0,8332 [m3]
Drag areax & y 1 [m?]
Drag area z 1 [m?]
Drag coefficient x & y 1,1 []
Drag coefficient z 1,1 [
Added mass coefficient x & y 1 [
Added mass coefficient z 1 []

Table 8.6: Updated design parameters buoyancy modules in OrcaFlex

Figure 8.3: Implementing buoyancy modules in stead of applied forcing on the nodes

Figure 8.3 shows that the shape of the hose comes close to the base design of the hose. The next
design update is to implement the drag area and update the volume parameter to the dimensions of

table 3.9:

5 1,41, 3
Vop=m*r“«H=mx( > )**1,2=1,874m

0,3
Vip=m*r?«H =1 % (7)2 x1,2=0,212m3
Vpuoy = 1,662 m3 (8.4)
Fyotume = Vouoy * P * § = 1,662 * 1025 9,81 = 16706 N
Fiipe = 4187,44 N
Fyeigne = 16706-4187,44 = 12518,6 N = 1276,54 kg
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90 8. Transition from Matlab to OrcaFlex

The shape of the buoyancy model is a cylinder so the drag area becomes:
Ay = Acircie op — Acircie i

Ax:n*rgD—n*rIZD:r[*— —R*T = 1,385 m? (8.5)

1,41
A, =H*Qu*1op) =1,2 %2+ * 5 = 5,315 m?

Resulting in the following design parameters (table 8.7)

Parameter | Value Unit
Mass 427  [kg]
Volume 0,8332 [m3]
Drag areax & y 1,385 [m?]
Drag area z 5,315 [m?]
Drag coefficient x & y 1.1 [
Drag coefficient z 1,1 [
Added mass coefficient x & y 1 [
Added mass coefficient z 1 [

Table 8.7: Parameters

The Drag area in x and y are the same due to the symmetry of the cylinder. In consultation with
Royal IHC, the Drag coefficients C,, C, and C, are set to 1,1 and added mass coefficients D,, D,, and
D, are setto 1.

Figure 8.4: Implementing buoyancy modules in stead of applied forcing on the nodes

The modelling of the buoyancy modules results in a localised force on the hose, which influences
the shape. There is a difference in node position between the MatLab model (red line, figure 8.4) and
the implemented buoyancy model (yellow line, figure 8.4). This difference arises from the different
methods of force implementation. The MatLab model implements force over the buoyant sections on
all these nodes, and the implemented buoyancy model has buoyancy modules which are a localised
force.

8.2.2. The segment length

The segment length is determined in subsection 6.1.4. However, this value is applied to the MatLab
base model. The same principle also applies to the OrcaFlex models. The more segments used
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8.2. The enlargement of the design parameters 91

to evaluate a section, the better the accuracy, but it needs a longer calculation time. This needs to
be balanced, keeping in mind that a dynamic calculation needs way more calculations than a static
analysis. The following scenarios are investigated

» The original five segments per section
» Doubling the number of segments per section
+ Setting the segment length to one meter

» Reducing the original number of segments

20m

Figure 8.5: Base model, 3 segments per section vs 5 Figure 8.6: Base model, 10 segments per section vs 5

20m

Figure 8.7: Base model, 23 segments per section vs 5

The 23 segment option gives a warning over foldbacks in the lines, resulting from an unstable
equilibrium position of the nodes. This foldback is linked to the calculation method and the composition
of the model. This warning is addressed in a later section. For the models with a smaller segment
length, the shape is more fluid than for the wider segments. Also, the calculation time increases with
adding more segments to a section.

Model | Simulation time

3 seg 1,54 sec
5 seg 2,03 sec
10 seg 3,54 sec
23 seg 7,56 sec

Table 8.8: Simulation time

]
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92 8. Transition from Matlab to OrcaFlex

The segment length also depends on the construction/structure of the hose and the added stiffen-
ers. Figure 8.5 shows that a large segment length results in an angular shape with kinks at the end of

the segments.

8.2.3. Bending stiffness

The base model is built with segments and nodes. These nodes can rotate freely with their segments,
but this does not represent the real-world system. The next models represent the steps to evaluate
the influence of the bending stiffness of the hose, starting with the removal of the pinned nodes. It's
important to evaluate the system over the full range: 50 m to 200 m horizontal distance between VTS

and crawler (see Figures 8.8-8.20, Table 8.9).

Horizontal distance crawler to VTS, 200 m

Figure 8.8: Hose with pinned nodes vs without pinned

Figure 8.9: Continuous hose structure vs Matlab model

nodes
Line colour | Representation Figures
Red MatLab model figure 8.8 to 8.20
Pink no pinned nodes | figure 8.8, 8.11,
8.14 and 8.17
Orange Structure hose figure 8.9, 8.12,
1 section ipv 14 8.15and 8.18
Yellow Bending Stiffness | figure 8.10, 8.13,
8.16, 8.19 and 8.20

Figure 8.10: Bending stiffness incorporated vs MatLab
model

A. Van Bergen

Delft
e t University of
Technology

Table 8.9: Colour labels, with corresponding figures
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Horizontal distance crawler to VTS, 150 m

Figure 8.11: Hose with pinned nodes vs  Figure 8.12: Continuous hose structure Figure 8.13: Bending stiffness
without pinned nodes vs Matlab model incorporated vs MatLab model

Horizontal distance crawler to VTS, 100 m

20m

Figure 8.14: Hose with pinned nodes vs  Figure 8.15: Continuous hose structure Figure 8.16: Bending stiffness
without pinned nodes vs Matlab model incorporated vs MatLab model

Horizontal distance crawler to VTS, 50 m

Figure 8.17: Hose with pinned Figure 8.18: Continuous hose Figure 8.19: Bending stiffness Figure 8.20: Bending stiffness
nodes vs without pinned structure vs Matlab model incorporated vs MatLab model incorporated vs MatLab
nodes model, spline method
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94 8. Transition from Matlab to OrcaFlex

Looking at the series of OrcaFlex plots, the removal of the pinned joints does not influence the
shape of the hose. The same goes for the change in the number of sections. As described in subsection
5.2.1, OrcaFlex evaluates a line object by segments constructing a line with segments and nodes.
These nodes are not drawn in the model, but clear kinks are visible. Adding the bending stiffness
to the model influences the shape. The closer the crawler is to the VTS, the more the MatLab (red)
and OrcaFlex bending stiffness model (yellow), diverge in shape (Fig 8.19). The 50-meter shape even
wraps the s-shape the other way around. This shape forms because of the distributed applied force,
starting at an arc length of 22,86 meters to 214,88 meters viewed from the left x-z axis. This force
distribution occupies more than § of the total hose length, and the segment nodes now have a bending
stiffness, so the segments can’t rotate freely around the connecting nodes. The segments can’t cross
the node and hang in a gravity balance. Figure 8.20 shows another first step for the static analysis.
This first step is the spline method, giving the hose an initial shape and then performing the static
calculation. This approach gives an s-shape that is similar to the expected shape.

From this study, a few extra restrictions are added to the model, which is evaluated in the full static
analysis presented in subsection 5.3.1. The parameter combinations influence the s-shape, especially
the unsupported freely hanging part. The horizontal distance between the crawler and the VTS should
not be at the end of the range.

8.2.4. The hose body

In the MatLab model, the hose is homogeneous. In the preliminary design, the structure of the hose is
described, resulting in the following components of a section:

Hose components \ Arclength  Unit
Coupling piece (ASME) 0,635 [m]
Neck reinforcement 1 [m]
Stiffener over hose 0,08 [m]
Hose (KI 1019-1001) 19,43 [m]
Stiffener over hose 0,08 [m]
Neck reinforcement 1 [m]
Coupling piece (ASME) 0,635 [m]

Table 8.10: Hose structure

These hose components all have a different mass, outer diameter, bending stiffness, axial stiffness
etc. These values are presented in appendix B. The stiffeners are not described in the pre-laminar
design, so in consultation with Royal IHC, it is assumed that these stiffeners are triangle connection
pieces that connect the gap in OD variation. The weight of these stiffeners is:

1 1
Astiffener = E * bstiff * hop variation = EO' 08+ 0,016 = 0,00064 m?

v 4 _ 0,3 _ 5 (8.6)
stif fener — {stif fener * ODhose =0,00064 * 2 * 1 * T =0,0098m

Weightsiiffener = Vstiffener * material weight = 0,0098 = 1898 = 1,866 kg per stif fener
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Resulting in a total weight per section, table 8.11.

Hose component Weight  Unit
Coupling 256,54 [kq]
Neck reinforcement 163 [kg]
Stiffener 10,96 +1,87 [kq]
Hose 2661,91  [kg]
Stiffener 10,96 +1,87 [kg]
Neck reinforcement 163 [kg]
Coupling 256,54 [kq]
Total 3526,54 [kg]

Table 8.11: Hose section, structure weight

When implemented in OrcaFlex:

Figure 8.21: Hose sections composition vs MatLab model

Figure 8.21 shows the initial Matlab design vs the OrcaFlex, new hose structure. This new hose
structure is heavier than in the Matlab design and resulted in the failure of the hose.

| MatLab design | OrcaFlex hose structure | Difference

3131,82 kg 3526,64 kg 394,82 kg
154,27 kg/m 137 kg/m 17,27 kg/m

Weight per section
Weight per meter

Table 8.12: Weight distribution jumper hose

Due to the failure of the design, a new examination of the parameter study is executed. The
implementation and steps are executed in the same manner as described in chapter 7. Only the dis-
tributed weight of the hose material and design parameters are changed. The first design parameter
that needed an update was the number of buoyancy modules. The range of this parameter is based
on the total weight of the hose, resulting in the following calculation:
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Total length hose | 100 % of total | 100 % of weight | 66 % of total | 66 % of weight
weight hose lifted by modules | weight hose | lifted by modules
300 m 17345,66 kg 40,6 11448,14 kg 26,8
350 m 19823,61 kg 46,4 13083,58 kg 30,6
400 m 22301,56 kg 52,2 14719,03 kg 34,5
450 m 24779,51 kg 58,0 16354,48 kg 38,3

Table 8.13: Weight of the hose and buoyancy modules

The second design parameter is the number of modules per section. The maximum number of
buoyancy modules and starting section influences the parameter, the number of modules per section.
It's no longer feasible to have three modules per section because, for the combination, a total length of
300 m, three modules per hose and 41 modules in total results in that all hose sections have buoyancy
modules. This number exceeds the boundary conditions of the design.

The new design parameters are:

%
TUDelft

Design parameter \ Range | Unit | Stepsize
Total length hose 300 to 450 | [meters] 50 meters
Number of clamped modules per section 4 to 8 | [pieces per section] | 1 module
Number of modules (300 m hose) 27 to 41 | [modules] 1 module
Number of modules (350 m hose) 31to 47 | [modules] 1 module
Number of modules (400 m hose) 3510 53 | [modules] 1 module
Number of modules (450 m hose) 38 to 58 | [modules] 1 module
Height VTS connection above seafloor 75to 125 | [meters] 25 meter
Range crawler 50 to 200 | [meters] 50 meter
Mass of the slurry 1025 and 1200 | [kg/m3] -

Table 8.14: Range design parameters for parameter study

After performing the parameter study, the parameters selected are shown in Table 8.15. The results
are shown in Figure 8.22.

Design parameter Value Unit

Total length hose 300 [meters]

Buoyancy modules 32 [pieces]

Number of clamped modules per section 4 [pieces per section]
Height VTS connection above seafloor 100 [meters]

Range crawler 50t0 200 [meters]

Mass of the slurry 1025 and 1200 [kg/m3]

Table 8.15: Best parameter combination after multicriteria analysis
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2a: 6) model update Hose structure 5 seg dat (modified 14:03 on 15-3-2022 by OrcaFlex 10.2a)
0; Elevation=0

Figure 8.22: Shape of parameter set of table 8.15, applied forcing

8.3. Design Parameters, Static analysis

The static analysis model is built with the buoyancy modules extensions, bending stiffness and the
hose structure. This results in the following OrcaFlex model,

Figure 8.23: Overview OrcaFlex calculations, applied forcing

]
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98 8. Transition from Matlab to OrcaFlex

The segment length is not varied compared to the MatLab model and results in the buoyancy
models being drawn at the segment nodes. The segment length is important for the force distribution,
so the more segments, the closer the buoyancy force corresponds to the actual design location. The
following segment lengths are considered:

* 4 segments per section
» 10 segments per section

* 19 segments per section

Segment | Location on line, Diff Location on line, Diff
length arclength arclength
Buoyancy location 25,72 m 31,43 m
4 segments 4,858 m | 24,575 m 1,143 m | 29,433 m 2,001 m
10 segments 1,943 m | 26,518 m 0,800 m | 32,347 m 0,914 m
19 segments 1,023 m | 25,598 m 0,120 m | 31,733 m 0,300 m
39 segments 0,499 m | 25571 m 0,147 m | 31,550 m 0,117 m

Table 8.16: Difference in node locations

Segment | Location on line, Diff Location on line, Diff
length arclength arclength
Buoyancy location 37,15m 42,86 m
4 segments 4,858 m | 39,1475 m 1,999 m | 44,005 m 1,142 m
10 segments 1,943 m | 36,233 m 0,915 m | 42,062 m 0,801 m
19 segments 1,023 m | 36,847 m 0,301 m | 42,982 m 0,119 m
39 segments 0,499 m | 37,030 m 0,118 m | 43,009 m 0,146 m

Table 8.17: Difference in node locations

When evaluating the number of segments against the distance between the designed buoyancy
location and the nearest node, the calculation time is evaluated against the difference (difference results
in table 8.16 and 8.17). When the segment length is cut in half, the difference goes down, but as shown
in subsection 8.2.2, the calculation time increases. If the segment length is reduced from 1 meterto 0.5
meters, the difference between some buoyancy locations barely changes. 19 segments are chosen.
The calculation time of all these segments is within 5 seconds, which is not a big difference.

8.3.1. Static Analysis

Static analysis examines the quantitative research data provided below. It gives data on the behaviour
and equilibrium of the whole structure and the individual elements. It is used as a starting point of the
dynamic design. The results are displayed over the full length of the hose in figure 8.26 and 8.25 and
the main values in table 8.18. This table also compares the main values against the selected failure
criteria.

3
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OrcaFlex Design

Failure Criteria

Parameter Value | Unit Value ‘ Unit

Lift force Crawler 13,10 | [kN] 60 [kN]
Tipping moment due to lift force 183,4 | [kNm] 840 [kNm]
End moment connection point 0 [KNm] 120 [kNm]
Angle hose 53,9 [degree] || 45 [degree]
Max tension Crawler to buoyancy | 25,63 | [kN] 60 [kN]
Height lowest point lazy s-shape | 37,88 | [m] 10 [m]
Maximum tension hose 45,53 | [kN] 200 [kN]

Table 8.18: MatLab OrcaFlex model vs failure criteria

‘eck up.dat (modified 15:55

Figure 8.24: Static OrcaFlex model

fied 1721 on 25-4-2022 by OrcaFlex 10 22)
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e buoyancy Effective Tension (kN), Staic State

/‘\/ A )

Figure 8.26: Static OrcaFlex model, effective tension

8.4. Research question 5and summary of design choices

The answer to the research question, “What are the results of the static analysis using the dynamic
software?” is presented in table 8.19 and visualised in figure 8.24. The improvement of the design
parameters resulted in a new set of redesigned parameters. The implementation of the hose structure
resulted in the greatest difference in design, which resulted in a renewed parameter study. The starting
point for the dynamic analysis is the static OrcaFlex model and consists of the parameters shown in
Table 8.19.

Parameter Value | Unit

Hose length 320,088 | [m]

VTS connection 100 [height above seafloor]
Total number of buoyancy modules | 32 [modules]

Modules per hose section 4 [per section]

Starting after section 1st [section]

Table 8.19: Design parameters for starting point dynamic analysis

3
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Dynhamic analysis

The dynamic analysis is a sequel to subchapter 8.3, the static analysis. This chapter also reviews the
implementation of the parameter set, which is derived from the static MatLab model in OrcaFlex. This
review failed in the design and an update for the parameter set, followed by static analysis. The static
analysis is used as a starting point for the dynamic analysis.

The first dynamic simulations are developed in this chapter and partially answer research question
6, Which simulations are performed for the dynamic analysis?. Chapter 11 gives enhanced models,
which include movements and motions of the VTS connection and the crawler connection.

Subchapter 9.1 reviews the static base model and subchapter 9.2 reviews the requirements and
criteria. This latter subchapter describes the system dynamics, explaining the motions and forces re-
lated to the system, which are included in this chapter’s dynamic simulations. The criteria and the
corresponding maximum and minimum values used to evaluate the models are elaborated and veri-
fied. These are summarized in subsection 9.2.5. Also, the terminology of the tension is interpreted in
subsection 9.2.4.

The dynamic simulations start with a displacement in line with the model (2D, subchapter 9.3. This
model is used to test the implementation of the displacement. It starts with a relatively small motion
of 50 meters, and it then expands to the full range of the crawler parameter. Next, the perpendicular
motion of the crawler is simulated (3D, subchapter 9.4). Combining the inline and perpendicular motion
results in a range for the crawler relative to the VTS. This range also answers the last research question,
How manoeuvrable is the seafloor mining tool?, subchapter 9.5.

9.1. Static model - base

From subsection 8.2.4 , table 8.15 the static analysis and parameter study resulted in the new de-
sign:subsection

Parameter Value Unit

Length jumper hose 320,04 [m]

Height VTS 100 [m]

Buoyancy modules 32 [

Modules per hose section | 4 [-]

Starting after 1st [hose section]

Table 9.1: Static design parameters

As shown in figure 1.1, the system consists of:
+ Surface vessel
* Vertical transport system (VTS)
* Clump weight

* Jumper hose
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102 9. Dynamic analysis

e Crawler

The static analysis is used as the starting point for the dynamic analysis of two basic motions. First,
the crawler is displayed in the x-direction and second, in the y-direction. These motions are analysed
and evaluated against the failure criteria and requirements.

The focus of these motions is on the interaction between the jumper hose and the crawler. A swivel
connects the jumper hose and crawler so the crawler can freely rotate around its vertical axis. A bend
stiffener also reinforces this connection to prevent overbending at this point. The current demands on
the design are displayed in table 9.2.

Parameter Value Unit
Bending moment at crawler 840 [kNm]
Lift force at crawler 200 [kN]
Update lift force due to weight crawler | 60 [kN]
Height above seafloor lazy s 10 [m]
Angle between hose crawler 45 [degree]
Maximum tension hose 200 [kN]
Minimum bending radius 3 [m]

Table 9.2: Failure criteria jumper hose

9.2. Requirements and criteria

9.2.1. System dynamics

The system is subjected to several environmental dynamic effects and deep-sea mining operations.
The system is described from the sea surface to the seafloor. The wind and wave’s motions govern
the motions of the surface vessel. These motions are transferred on the VTS and result in motions of
the riser system and the clump weight. In this research, the main focus is the movement of the crawler
and the interaction between the jumper hose and the crawler. The clump weight is modelled as a fixed
point as a boundary condition. The motions of the clump weight are therefore disregarded for these
simulations.

As discussed in subchapter 3.1.2, a current is present on the seafloor. This velocity is very low in
the deep sea, and its effect on the jumper hose is therefore not considered.

The inertia of the jumper hose is simulated and influences the drag force when the crawler moves
in a direction. These parameters significantly influence the shape of the hose and the forces on the
crawler. The internal slurry dynamics are beyond this thesis’s scope, so only a constant density inside
the hose is used for the hose mass.

The design, dynamics and limitations of the crawler are adopted from the crawler design of the
Blue Nodules project.

9.2.2. Crawler stability

In subsection 3.3.2 the requirements of the design are described to which the design fails. An important
requirement is for the crawler to be kept upright during the operations and not tip over by the forces
resulting from the movement of the jumper hose. The criteria are analysed by evaluating the bending
moment and shear force exerted by the jumper hose on the crawler.

The maximum velocity of the crawler is set at 0,5 meters per second. ‘In Blue Nodules report D2.4
“Initial Design of Vehicle Propulsion and Propulsion Test Performance”, the drag forces of both ocean
current and relative current due to the driving speed are taken into account for the propulsion design. A
drag force of 13kN is calculated and, assuming it is equally divided over the clump weight and crawler,
a drag force of 6.5kN remains for the crawler.’ [17]
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9.2. Requirements and criteria 103

The crawler can topple sideways under the load of the jumper hose. The tipping moment is x-
direction is calculated by taking the lever arm from the middle of the vehicle to the middle of the track.
The crawler has a width of 16 meters, with 2 m wide tracks and an underwater weight of 200 kN, see
subchapter 3.2.1.

M = weight * arm

16 —
M, =200 * = 1400kNm (9.1)

16
M, =200 * — = 1600kNm
2
This value is checked with OrcaFlex result: bend moment, x-bend moment, y-bend moment.

9.2.3. Jumper hose stability

In subsection 3.3.2 the requirements of the design are described to which the design fails. There are
three main requirements for the jumper hose:

» The jumper hose is not allowed to touch or recline on the seafloor

» The jumper hose is not allowed to lift the crawler from the seafloor or make it tip over
» The jumper hose should never exceed the minimum bending radius

» The material of the jumper hose has a maximum effective tension force

The hose should never touch the seafloor and has a safety margin of 10 m above the seafloor. The
lowest point in the S-shape is not a constant node number, so it is impossible to appoint a specific node
in OrcaFlex. It is possible to plot to extract the z coordinate of all the nodes and then evaluate that with
the set margin.

The criteria for the lift force on the crawler depend on the tension force located at the connection
between the crawler and jumper hose and the top of the s-shape. These values are extracted with the
Effective tension. The explanation of this term is described in subsection 9.2.4. Another option is to
extract the shear force at the connection or end force.

The minimum bending radius is maintained in the design and implementation of the hose parame-
ters of OrcaFlex. Itis set such that the hose has a minimum bending radius which can not be exceeded.
The minimum bending radius is also checked with the MBR results of OrcaFlex.

This benchmark result is four locations/segments/sections on the jumper hose that are important
for analyses in the dynamic analysis. The first section is the connection point between the jumper
hose and the crawler, with a maximum tipping moment, shear force and tension. Next is the node
with the maximum force for the lift force in the first part of the s-shape and the maximum tension. The
next section is the second bend of the s-shape to examine the lowest node. The last location is the
connection point between the VTS and the JH. Here the maximum tension in the hose is reached. The
minimum bending radius is considered over the full length of the hose.

9.2.4. Location maximum tension and effective tension

OrcaFlex reports two different types of tension, the effective tension and the wall tension. The tension
in the axial spring-damper at the centre of the segment is the effective tension. This force vector points
in the direction of the segment, s + n and is given by:

Te =Ty + (Poao-pi %) (9.2)

]
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Where:

T,, = wall tension

p; = internal pressure, calculated form the contents pressure.

p, = eternal pressure. Calculated by allowing the static pressure head due to the instantaneous
height difference between the point and mean water level.

. . T
a; = internal cross section areas of stress annulus, = ZIDSZWSS

a, = external cross sectional areas of stress annulus = %ODSZWSS

Figure 9.1 illustrates the tension and pressure forces acting at the mid-point of a segment.

TW é

noden

segment mid-point

Te Te
== VWV —<<pa
epUaU puan 9 |

node n+1

Figure 9.1: OrcaFlex, effective tension [22]

The effective tension is checked for the static model (table 9.3 and 9.4). Figure 9.2 shows the
gradient of the effective tension.

Midsegment | Arclength | Internal Internal Force Internal External Force
node pressure | cross section pressure cross section

[m] [kPa] [m?] [kN] [kPa] [m?] [kN]

bi ai pi*a; Po o pi*a;
5-6 3,249 2345,702 | 0,0707 165,808 | 60208,948 | 0,176 10579,696
6-7 4,272 2335,757 | 0,0707 165,105 | 60200,453 | 0,176 10578,204
7-8 5,294 2325,721 | 0,0707 164,396 | 60191,881 | 0,176 10576,697
8-9 6,317 2315,597 | 0,0707 163,680 | 60183,233 | 0,176 10575,178
9-10 7,339 2305,387 | 0,0707 162,958 | 60174,512 | 0,176 10573,645
10 -11 8,362 2295,095 | 0,0707 162,231 | 60165,721 | 0,176 10572,101
Table 9.3: Effective tension check
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Midsegment | Wall Tension | Internal | External Effective | Orcaflex
node Force Force Tension

[kN] [kN] [kN] [kN] [kN]

Ty pi*a pi*a; Te Te
5-6 -10398,676 165,808 | 10579,696 | 15,213 15,213
6-7 -10397,541 165,105 | 10578,204 | 15,558 15,558
7-8 -10396,395 164,396 | 10576,697 | 15,906 15,906
8-9 -10395,240 163,680 | 10575,178 | 16,258 16,258
9-10 -10394,074 162,958 | 10573,645 | 16,613 16,613
10 -1 -10392,899 162,231 | 10572,101 | 16,971 16,971

Table 9.4: Effective tension check

OrcaFlex 10 2a: 8) Orcaflexmodel 32 modules 4 per hose sim (modfied 17-21 on 25-4-2022 by OrcaFlex 10.2a)
R: se hose structure buoyancy Ef sion, Static State

ange Graph: Jumper Hose hos fective Ten:

sion (kN), Static State

V\/A

Jumper Hose hose structure buoyancy Effective T

A

150
Arc Length (m)

Figure 9.2: Effective tension over the acrlegnth, parameters table 9.1 [22]

The effective tension is the tension as described in subchapter 4.3 and the term effective tension

is used from here on.

Figure 9.2 shows the effective tension, which has the same shape as the effective tension of the
static analysis. Important tension locations are before the start segment of the buoyancy location, the
segment after the end of the buoyancy locations, and the jumper hose’s connection point. The sawtooth
pattern arises from the segments with buoyancy modules. These reduce the tension.

9.2.5. Summary specified requirements and limitations

The specified requirements and limitations of the dynamic design are summarised in Table 9.5.

Location | Requirement Value Unit

at connection crawler to jumper hose Bend moment/Shear force | 960 [KNm]
Effective tension below 60 [kN]

First section hose Angle 45 [degree]

at node maximum tension first part of the s shape Effective tension below 60 [kN]

at the lowest point of the second part of the s shape | Z-location -5990 [m]

at node maximum tension Effective tension below 100 [kN]

Table 9.5: Limitations dynamic design
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106 9. Dynamic analysis

9.3. OrcaFlex simulations - In-line motion

This subchapter tests and updates the implementation of motions into OrcaFlex software. Starting at 50
meters and scaling up to the full range of the crawler. It also evaluates the set locations of subchapter
9.2 and the corresponding maximum indicators for certain criteria.

9.3.1. 50 meters in x direction

In simulation (Appendix E.5), the VTS node is fixed in place, and the crawler is modelled by a con-
straint, of which the motion is prescribed. The velocity of the crawler is set at 0,5 meters per second;
50 meters takes 100 seconds. Resulting in the following prescribed motion for the constraint table 9.6
and begin and end position on the motion illustrated in figure 9.3, 9.4 and 9.5.

Time [s] | X-coordinate [m] | Y-coordinate [m] | Z-coordinate [m]

-8 200 0 -5992,5
0 200 0 -5992,5
20 190 0 -56992,5
40 180 0 -56992,5
60 170 0 -5992,5
80 160 0 -5992,5
100 150 0 -5992,5
120 150 0 -56992,5
200 150 0 -5992,5

Table 9.6: Movement of the crawler node

Figure 9.3: OrcaFlex model at 0 seconds

Figure 9.5: OrcaFlex model at 200 seconds
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Crawler motion in x direction
T T

160
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Height [m]
=
3
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T
Static position

Crawler at 20 sec
Crawler at 40 sec
Crawler at 60 sec
Crawler at 80 sec
Crawler at 100 sec

Crawler at 120 sec
Crawler at 140 sec
Crawler at 160 sec
Crawler at 180 sec
Crawler at 200 sec
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Width [m]
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Figure 9.6: Timelapse OrcaFlex results

OrcaFlex Design

Failure Criteria

Parameter Value Unit Value Unit

Lift force Crawler 16,208 [kN] 60 [kN]
Tipping moment due to lift force 226,9 [kNm] 840 [kKNm]
End moment connection point 30,36 [kNm] 120 [kNm]
Angle 1st hose section 64,6 [degree] | 45 [degree]
Max tension Crawler to buoyancy | 28,536 [kN] 60 [kN]
Height lowest point lazy s-shape | -5967,59 [m] -5990 [m]
Maximum tension hose 4478 [kN] 200 [kN]

Table 9.7: Results OrcaFlex model 50 meters in x direction

The results of the connection between the jumper hose and the crawler are plotted in figures 9.7 to
9.12 for the period described in table 9.6. The maximum lift force on the connection point is extracted
from these graphs. The effective tension and z-coordinate are evaluated for the hose length, and then
the maximum, minimum, mean and allowable tension is plotted for the whole period.

<
%rcaFlex 10.2a: 1) Orcaflexmodel 32_4, 50 m in x direction.dat (modified 13:46 on 26-4-2022 by QrcaFlex 10.2a) BrcaFlex 10.2a: 1) Orcaflexmodel 32_4, 50 m in x direction.dat (medified 13:46 on 26-4-2022 by OrcaFlex 10.2a)
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Figure 9.7: Results OrcaFlex model, position node A, End Figure 9.8: Results OrcaFlex model, position node A,
Force Moment in y
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<
BreaFlex 10 2a: 1) Orcaflexmodel 32_4, 50 m in x direction dat (modified 13:46 on 26-4-2022 by OrcaFlex 10 2a)

Tme History: Jumper Hose hose structure buoyancy Effective Tension at end A

=

BrcaFlex 10 2a- 1) Orcaflexmodel 32_4. 50 m in  direction dat (modified 13:46 on 26-4-2022 by OrcaFlex 10.2a)
&ime History: Jumper Hose hose structure buoyancy End Moment at end A
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Figure 9.9: Results OrcaFlex model, position node A,
effective tension

OrcaFlex 10.2a: 1) Orcaflexmodel 32_4, 50 m in x direction.dat (modified 13:46 on 26-4-2022 by OrcaFlex 10.23)
Range Graph: Jumper Hose hose structure buoyancy Effective Tension, over Whole Simulation
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Figure 9.10: Results OrcaFlex model, position node A, end
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Figure 9.11: Results OrcaFlex model, position node A, end moment

OrcaFlex 10.2a: 1) Orcaflexmodel 32_4, 50 m in x direction dat (modified 13:46 on 264-2022 by OrcaFlex 10.2a)
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Figure 9.12: Results OrcaFlex model, position node A, end moment
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BreaFlex 10.2a- 1) Orcaflexmodel 32_4, 50 m in x direction dat (modified 13:46 on 26-4-2022 by OrcaFlex 10.2a)
Tme History: Jumper Hose hose structure buoyancy Effective Tension at end A
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The effective tension has the same shape as described in subsection 9.2.4 and the effective tension
is also plotted for the connection point. It shows a fluctuation in the start-up period of the hose (-8 to
10 seconds). This fluctuation is because of the displacement induced on the end node of the jumper
hose. The tension settles when the whole hose is in motion and only varies when the crawler is slowed
down.

OrcaFlex 10.2a- 1) Orcaflexmodel 32_4, 50 m in x direction dat (modified 1346 on 264-2022 by OrcaFlex 10.2a)
Time History: Jumper Hose hose structure buoyancy X at end A

IS

S

imper Hose hose structure buoyancy Effective Tension (kN)

Jumper Hose hose strusture buoyancy X {m) at end A

50 100 150 200 0 50 100 150
Time (s) Time (s)

Figure 9.13: Results OrcaFlex model, position node A, Figure 9.14: Results OrcaFlex model, position node A, x
effective tension displacement

The end force and end moments are the total force and moment acting between the line end and the
connected object. It exists as a summation of all the components present in the model. There are two
types of moments considered in the model. The first is the tipping moment caused by the lifting force
on the crawler, and the second is the bending moment induced by the line on the crawler.

9.3.2. 100 meters in x direction

In simulation (Appendix E.5), The VTS node is fixed in place, and the crawler is modelled by a con-
straint, of which the motion is prescribed. The velocity of the crawler is set at 0,5 meters per second;
100 meters takes 200 seconds. Resulting in the following prescribed motion for the constraint table 9.8
and begin and end position on the motion illustrated in figure 9.15, 9.16 9.17.

Time [s] | X-coordinate [m] | Y-coordinate [m] | Z-coordinate [m]

-8 0 0 -56992,5
0 0 0 -5992,5
20 10 0 -5992,5
40 20 0 -5992,5
80 40 0 -56992,5
120 60 0 -56992,5
160 80 0 -5992,5
200 100 0 -5992,5
220 100 0 -5992,5
320 100 0 -56992,5

Table 9.8: Movement of the crawler node
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Figure 9.15: OrcaFlex model at 0 seconds

20m

Figure 9.17: OrcaFlex model at 320 seconds

Crawler motion in x direction
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Figure 9.18: Timelapse OrcaFlex results
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9.3. OrcaFlex simulations - In-line motion

OrcaFlex Design Failure Criteria
Parameter Value Unit Value Unit

Lift force Crawler 15,16 [kN] 60 [kN]
Tipping moment due to lift force 212,24 [kNm] 840 [kNm]
End moment connection point 29,33 [KNm] 120 [KNm]
Angle 1st hose section 64,4 [degree] | 45 [degree]
Max tension Crawler to buoyancy | 27,35 [kN] 60 [kN]
Height lowest point lazy s-shape | -5970,79 [m] -5982,5 [m]
Maximum tension hose 44,78 [kN] 200 [kN]

Table 9.9: Results OrcaFlex model 100 meters in x direction

The results of the connection between the jumper hose and the crawler are plotted in figures 9.19
to 9.24 for the period described in table 9.8. The same values as in subsection 9.3.1 are extracted from
the model. The end moment is the absolute value of all the components that induce moment on the
crawler.

Figure 9.19: Results OrcaFlex model, position node A, End Figure 9.20: Results OrcaFlex model, position node A,
Force Moment iny

Figure 9.21: Results OrcaFlex model, position node A,
effective tension

Figure 9.22: Results OrcaFlex model, position node A, end
moment
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112 9. Dynamic analysis

OrcaFlex 10 2a: 2) Orcaflexmodel 32_4, 100 m in x direction sim (modified 14:08 on 22-3-2022 by OrcaFlex 10.2a)
Range Graph: Jumper Hose hose structure buoyancy Effective Tension, over Whole Simulation
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Figure 9.23: Results OrcaFlex model, Effective tension over arclength
OrcaFlex 10.2a: 2) Orcaflexmodel 32_4, 100 m in x direction.sim (modified 14:08 on 22-3-2022 by OrcaFlex 10.2a)
Range Graph: Jumper Hose hose structure buoyancy Z, over Whole Simulation
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Figure 9.24: Results OrcaFlex model, z-position over arclength

9.3.3. 150 meters in x direction

In simulation (Appendix E.5), The VTS node is fixed in place, and the crawler is modelled by a constraint,
of which the motion is prescribed. The velocity of the crawler is set at 0,5 meters per second; 150 meters
takes 300 seconds. Resulting in the following prescribed motion for the constraint table 9.10 and begin
and end position on the motion illustrated in figure 9.25, 9.4 and 9.26.
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Time [s] | X-coordinate [m] | Y-coordinate [m] | Z-coordinate [m]

-8 0 0 0

0 0 0 0
20 10 0 0
40 20 0 0
80 40 0 0
120 60 0 0
160 80 0 0
200 100 0 0
240 120 0 0
280 140 0 0
300 150 0 0
320 150 0 0
420 150 0 0

Table 9.10: Movement of the crawler node

Figure 9.25: OrcaFlex model at O seconds

Figure 9.27: OrcaFlex model at 420 seconds
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Crawler motion in x direction
140 — I I T T T T
Stati position Crawler at 220 sec
Crawler at 20 sec Crawler at 240 sec
Crawer at 40 sec Crawer at 260 sec
Crawler at 60 sec Crawler at 280 sec
120 Crawler at 80 sec Crawler at 300 sec
Crawler at 100 sec Crawer at 320 sec
Crawler at 120 sec Crawer at 340 sec
Crawer at 140 sec Crawer at 360 sec
- Crawler at 160 sec Crawer at 380 sec
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OrcaFlex Design

Failure Criteria

Parameter Value Unit Value Unit

Lift force Crawler 15,16 [kN] 60 [kN]
Tipping moment due to lift force 212,24 [KNm] 840 [kNm]
End moment connection point 29,34 [kNm] 120 [kNm]
Angle 1st hose section 64,4 [degree] | 45 [degree]
Max tension Crawler to buoyancy | 27,53 [kN] 60 [kN]
Height lowest point lazy s-shape | -5972,80 [m] -5982,5 [m]
Maximum tension hose 4477 [kN] 200 [kN]

Table 9.11: Results OrcaFlex model 150 meters in x direction

The results of the connection between the jumper hose and the crawler are plotted in figures 9.29
to 9.34 for the period described in table 9.10. The same values as in subsection 9.3.1 are extracted
from the model. The end moment is the absolute value of all the components that induce moment on

the crawler.
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Figure 9.29: Results OrcaFlex model, position node A, End
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Figure 9.31: Results OrcaFlex model, position node A,
effective tension

Figure 9.32: Results OrcaFlex model, position

moment
OrcaFlex 10.2a: 2) Orcaflexmodel 32_4, 150 m in x direction sim (modified 18:57 on 19-3-2022 by OrcaFlex 10.2a)
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Figure 9.33: Results OrcaFlex model, Effective tension over arclength

Range Graph: Jumper Hose hose structure buoyancy Z, aver Whole Simulation

OrcaFlex 10.2a: 2) Orcaflexmodel 32_4, 150 m in x direction.sim (modified 18:57 on 19-3-2022 by OrcaFlex 10.23)
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116 9. Dynamic analysis

9.3.4. Analysis conclusion

The critical evaluated values for the movement in the x-direction don’t vary compared to each other.
The only value that changes significantly is the height above the seafloor, which gets smaller if the
displacement increases. Another observation was made during this analysis. The smoothness of the
acceleration of the displacement influences all forcing parameters. These parameters decrease if the
acceleration and deceleration of the system are smoother than the displacement shown in figures 9.35
to 9.38. Here the start-up of the system is left out. The results for the 50-meter case are developed in
the following figures, 9.35 to 9.39.

— /"/ //
\\ / . /,f'
N\ o - \\ /
Figure 9.35: Results OrcaFlex model, position node A, End Figure 9.36: Results OrcaFlex model, position node A,
Force Moment iny

rrrrrr

Figure 9.37: Results OrcaFlex model, position node A, Figure 9.38: Results OrcaFlex model, position node A, end
effective tension moment

Figure 9.39: Results OrcaFlex model, position node A, x displacement
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9.4. OrcaFlex simulations — Perpendicular motion

The second basic motion is the displacement of the crawler in y direction. The choice has been made
to implement the y displacement on three different x distances. This is done because the distance
between the crawler and the VTS has a major influence on the range of y displacement, due to the
length of the hose. The range is determined in the following manner, where :

Where ,

Xaistance = the distance between the crawler and the VTS
Yiistance = the range of the crawler motion

Lyose = the length of the jumper hose

S = distance between crawler and VTS

Hyrs = distance between VTS and crawler

Xéistance + HIETS =$?
(502 + 1002) =S?
111,80 =S

Xcziistance + deistance = S]glat
YZ
316,1 = Yrange flat

S + Hjrg = Sjglat
522 = S;glat_HI;TS

S2 = 304,2

Delft
e t University of
Technology

— Q2
range flat — Sflat_Xdisplacement

(9.3)

sIpy

£00}fD3s S1A 22UDISIT

X distance
Distance crawler VTS

Figure 9.40: Schematic side view range

(9.4)

Shat

Figure 9.41: Schematic side view range

(9.5)

Hyvrs

Sz

diagonal distance in y direction

Figure 9.42: Schematic side view range
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118 9. Dynamic analysis

Updated flat
X;istance + YTZange = S% (9.6)
erange = SZZ_X(%istance .
Yrange updated = 287,1
Ratio length hose to Spyse 9.7)
320,04 : 11,80
Figure 9.43: Schematic overview range
Distance between | 50 meters 100 meters | 150 meters
crawler and VTS
HVTS 100 meters | 100 meters | 100 meters
Shose 111,80 141,42 180,28
Lpose 320,04 320,04 320,04
Yrangesiat 316,11 304,02 282,71
S, 304,012 304,02 304,02
Yrangeup 299,88 287,10 264,43
RATIO 2,86 2,26 1,78
New range 85,8 m 65 m 47 m
Test = 150 m 144 m 132m
Test " 225m 215m 198 m

Table 9.12: Range calculations for evaluated distances

The 200-meter option is disregarded because its range in y direction is relatively small. The range
Y 1 from table 9.12 is used as a starting point. The limit range is investigated per model.

9.4.1. Y displacement at 50 meters

In simulation (Appendix E.6), The VTS node is fixed in place, and the crawler is modelled by a constraint,
of which the motion is prescribed. The velocity of the crawler is set at 0,5 meters per second. The motion
is implemented in the following manner. The approach is different from the implementation of the X-
direction. OrcaFlex can calculate the acceleration and the deceleration of the motion. This approach
results in less shaky plots. The rapidly varying amplitudes of the figures presented in subchapter 9.3
arise from the rapid varying accelerations or decelerations.

Time [s] | X-coordinate [m] | Y-coordinate [m] | Z-coordinate [m]

-8 50 -86 -5992,5

0 50 0 -5992,5
344 50 86 -5992,5
375 50 86 -5992,5
400 50 86 -56992,5
425 50 86 -56992,5
450 50 86 -5992,5
475 50 86 -5992,5
500 50 86 -5992,5

Table 9.13: Movement of the crawler node
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Figure 9.46: OrcaFlex model at 340 seconds Figure 9.47: OrcaFlex model at 500 seconds
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The overview figures illustrate that the crawler
drags the hose through the water and the s shape
follows with a delay. When the crawler stops, the B View Crawier matiar iny dircenan
hose needs about 160 seconds to form its final

shape, and this shape is equivalent to the static

equilibrium. Ll 1
The model is evaluated on the same criteria and 70+ B
locations as the x displacement models, subsection 60 L g

9.2.5. The outcome is presented in table 9.14. o

40 |

OrcaFlex Design Failure Criteria 30 e
Parameter Value Unit Value Unit 20F -
Lift force Crawler 15,86 [kN] [ 60 [kN] E o} .
Tipping moment due 221,9,24 [kNm] | 840 [kNm] 2 ol 4
to lift force 2 ol i
End moment 41,29 [KNm] | 120 [KNm] £ il |
connection point

Max tension Crawler 26,54 [kN] | 60 [kN] el \ L ]
to buoyancy -40 - Wl
Height lowest point -5974,82 [m] -5982,5 [m] -50 A e
lazy s-shape 6oL \ 5
Maximum tension hose | 45,18 [kN] 200 [kN] s \.\ B
Table 9.14: Results OrcaFlex model 50 meters in x direction, -80 - \\\ n

50 m in y-direction

0 10 20 30 40 50
X direction [m]

Figure 9.48: Time laps, x 50 m range 86 m, pan
view

9.4.1.1. Y displacement at 50 meters, limit range

The displacement vector of simulation (Appendix E.6) is expanded to the 150-meter range and the
225-meter range. The range value is increased further. It is concluded that these ranges are feasible
and that the forcing values do not reach the critical values.

OrcaFlex Design, 150 range Range, 225 Failure Criteria
Parameter Value Unit Value Unit Value Unit
Lift force Crawler 16,92 [kN] 18,25 [kN] 60 [kN]

Tipping moment due to lift force 236,88 [kNm] | 2555 [kNm] | 840 [kNm]
End moment connection point 46,20 [KNm] | 49,71 [kNm] | 120 [KNm]
Max tension Crawler to buoyancy | 26,78 [kN] 27,96 [kN] 60 [kN]
Height lowest point lazy s-shape | -5975,1 [m] -5975,21  [m] -5990 [m]
Maximum tension hose 45,37 [kN] 45,46 [kN] 200 [kN]

Table 9.15: Range test, critical values, model 9.48

The range is elevated with steps of 25 meters. Table 9.16 shows that the values increase slowly
until the last step, from 275 meters to 300 meters. The 300-meter range model fails. All the evaluated
values exceed the failure criteria. The high results are because the hose length is equal to the distance
between the connection points of the crawler and the VTS. The range is scaled back with steps of 5
meters per step and the first step that stayed beneath the failure criteria is 285 meters, the values are
shown in table 9.17.
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OrcaFlex Design 250 range Range, 275 Range, 300 Failure Criteria
Parameter Value Unit Value Unit Value Unit Value Unit
Lift force Crawler 22,74 [kN] 33,60 [kN] 189,55 [kN] 60 [kN]

Tipping moment due to lift force 314,58 [kNm] | 470,4 [kKNm] | 2653,7 [kNm] | 840 [kNm]
End moment connection point 51,22 [kNm] | 75,21 [kKNm] | 252,26 [kNm] | 120 [kNm]
Max tension Crawler to buoyancy | 31,69 [kN] 41,50 [kN] 192,81 [kN] 60 [kN]
Height lowest point lazy s-shape | -5975,24 [m] -5975,25 [m] -5974,75 [m] -5990 [m]
Maximum tension hose 46,29 [kN] 55,25 [kN] 197,01 [kN] 200 [kN]

Table 9.16: Range test, critical values, model 9.48

OrcaFlex Design, 285 m Failure Criteria
Parameter Value Unit Value Unit
Lift force Crawler 48,68 [kN] 60 [kN]
Tipping moment due to lift force 639,52 [kNm] | 840 [kNm]
End moment connection point 95,66 [kNm] | 120 [KNm]
Max tension Crawler to buoyancy | 50,34 [kN] 60 [kN]
Height lowest point lazy s-shape | -5974,85 [m] -5982,5 [m]
Maximum tension hose 64,32 [kN] 200 [kN]

Table 9.17: Results OrcaFlex model 50 meters in x direction, range y direction

The 295 and 290-meter range fail on the effective tension in the hose section between the crawler
and the buoyancy. This failure happens because the hose is already under tension through its axial
deformable catenary shape.

For the calculation of the dynamic model, the OrcaFlex model passes through three stages, of
which two are static stages. The static stage is composed of a stage that calculates the line’s shape
without external forces and one end. The stage without external forces is set on a catenary calculation
method. It shows a very small sag, leading to a relatively high horizontal component on the connection
points. When external forces are added, the vertical and horizontal components grow and so the
resultant force is in line with the hose (effective tension).

9.4.2. Ydisplacement at 100 meters

In simulation (Appendix E.6), The VTS node is fixed in place, and the crawler is modelled by a con-
straint, of which the motion is prescribed. The velocity of the crawler is set at 0,5 meters per second.
The motion is implemented in the following manner. The approach is different from the implementation
of the X-direction. OrcaFlex can calculate the acceleration and the deceleration of the motion. This
approach results in less shaky plots. The rapidly varying amplitudes of the figures presented in sub-
chapter 9.3 arise from the rapid varying accelerations or decelerations.

Time [s] | X-coordinate [m] | Y-coordinate [m] | Z-coordinate [m]

-8 100 -65 -5992,5

0 100 0 -5992,5
130 100 65 -5992,5
260 100 65 -56992,5
285 100 65 -56992,5
310 100 65 -5992,5
335 100 65 -5992,5
360 100 65 -5992,5

Table 9.18: Movement of the crawler node
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Figure 9.51: OrcaFlex model at 260 seconds Figure 9.52: OrcaFlex model at 360 seconds

The overview figures illustrate that the crawler drags the hose through the water and the s shape
follows with a delay. The hose needs about 130 seconds to form its final shape when the crawler stops.
This shape is equivalent to the static equilibrium.

The model is evaluated on the same criteria and locations as the x displacement models, subsec-
tion 9.2.5. The outcome is presented in table 9.19.
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4 Pan View Crawler motion in y direction
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Figure 9.53: Time laps, x 100 m range 65 m, pan view

OrcaFlex Design Failure Criteria
Parameter Value Unit Value Unit
Lift force Crawler 15,15 [kN] 60 [kN]
Tipping moment due to lift force 212,10 [kNm] | 840 [KNm]
End moment connection point 38,34 [kNm] | 120 [kNm]
Max tension Crawler to buoyancy | 26,29 [kN] 60 [kN]
Height lowest point lazy s-shape | -5971,76 [m] -5982,5 [m]
Maximum tension hose 44,76 [kN] 200 [kN]

Table 9.19: Results OrcaFlex model 100 meters in x direction, 65 m in y-direction

9.4.2.1. Y displacement at 100 meters, limit range

The displacement vector of simulation (Appendix E.6) is expanded to the 144-meter range and the 215-
meter range. It is concluded that these ranges are feasible and that the forcing values do not reach the
critical values. The range value is increased further.

OrcaFlex Design, 144 range Range, 215 Failure Criteria
Parameter Value Unit Value Unit Value Unit
Lift force Crawler 16,95 [kN] 18,48 [kN] 60 [kN]

Tipping moment due to lift force 237,30 [KNm] | 258,72 [kNm] | 840 [kNm]
End moment connection point 46,03 [kNm] | 50,08 [kNm] | 120 [kNm]
Max tension Crawler to buoyancy | 26,76 [kN] 28,71 [kN] 60 [kN]
Height lowest point lazy s-shape | -5971,99 [m] -5972,09 [m] -5990 [m]
Maximum tension hose 45,13 [kN] 45,51 [kN] 200 [kN]

Table 9.20: Range test, critical values, model 9.53

The range is elevated with steps of 25 meters to a maximum of 285 meters. The length of a
straight line can not be higher than the total length of the jumper hose. Table 9.21 shows that the
values increase slowly until the last step, from 265 meters to 285 meters. From the 285 meter model,
the range is scaled back with steps of 5 meters per step, and the first step that stayed beneath the
failure criteria is 270 meters, and the values are placed in table 9.22.
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OrcaFlex Design 240 range Range, 265 Range, 285 Failure Criteria
Parameter Value Unit Value Unit Value Unit Value Unit
Lift force Crawler 23,31 [kN] 37,14 [kN] 118,77 [kN] 60 [kN]
Tipping moment due to lift force 326,34 [kNm] | 519,96 [kNm] | 1662,8 [kNm] | 840 [KNm]
End moment connection point 54,92 [kNm] | 81,36 [kKNm] | 188,35 [kNm] | 120 [KNm]
Max tension Crawler to buoyancy | 32,93 [kN] 44,89 [kN] 124,41 [kN] 60 [kN]
Height lowest point lazy s-shape | -5972,11 [m] -5972,13 [m] -5972,15 [m] -5982,5 [m]
Maximum tension hose 48,22 [kN] 57,94 [kN] 132,76 [kN] 200 [kN]

Table 9.21: Range test, critical values, model 9.53

OrcaFlex Design, 270 m Failure Criteria
Parameter Value Unit Value Unit
Lift force Crawler 43,00 [kN] 60 [kN]
Tipping moment due to lift force 602,00 [kKNm] | 840 [kNm]
End moment connection point 91,47 [kNm] | 120 [kNm]
Max tension Crawler to buoyancy | 50,50 [kN] 60 [kN]
Height lowest point lazy s-shape | -5972,13 [m] -5982,5 [m]
Maximum tension hose 62,81 [kN] 200 [kN]

Table 9.22: Results OrcaFlex model 10 meters in x direction, range y direction, model 9.53

9.4.3. Y displacement at 150 meters

In simulation (Appendix E.6), The VTS node is fixed in place, and the crawler is modelled by a constraint,
of which the motion is prescribed. The velocity of the crawler is set at 0,5 meters per second. The motion
is implemented in the following manner. The approach is different from the implementation of the X-
direction. OrcaFlex can calculate the acceleration and the deceleration of the motion. This approach
results in less shaky plots. The rapidly varying amplitudes of the figures presented in subchapter 9.3
arise from the rapid varying accelerations or decelerations.

Time [s] | X-coordinate [m] | Y-coordinate [m] | Z-coordinate [m]

-8 150 -47 -5992,5

0 150 -47 -5992,5
130 150 0 -5992,5
260 150 47 -5992,5
285 150 47 -5992,5
310 150 47 -5992,5
335 150 47 -5992,5
360 150 47 -5992,5

Table 9.23: Movement of the crawler node
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Figure 9.56: OrcaFlex model at 188 seconds Figure 9.57: OrcaFlex model at 290 seconds

The overview figures illustrate that
the crawler drags the hose through
the water and the s shape follows
with a delay. The hose needs about
100 seconds to form its final shape
when the crawler stops. This shape
is equivalent to the static equilib- =
rium. SRanee o AR
The model is evaluated on the S sEREpEa R :
same criteria and locations as the
x displacement models, subsection
9.2.5. The outcome is presented in
table 9.24. ]

Pan View Crawler motion in y direction
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Figure 9.58: Time laps, pan view
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OrcaFlex Design Failure Criteria
Parameter Value Unit Value Unit
Lift force Crawler 14,99 [kN] 60 [kN]
Tipping moment due to lift force 209,86 [kNm] | 840 [kNm]
End moment connection point 36,59 [kNm] | 120 [KNm]
Max tension Crawler to buoyancy | 26,18 [kN] 60 [kN]
Height lowest point lazy s-shape | -5967,62 [m] -5982,5 [m]
Maximum tension hose 44,79 [kN] 200 [kN]

Table 9.24: Results OrcaFlex model 150 meters in x direction, 47 m in y-direction

9.4.3.1. Y displacement at 150 meters, limit range
The displacement vector of simulation (Appendix E.6) is expanded to the 132-meter and 198-meter
ranges. It is concluded that these ranges are feasible and that the forcing values do not reach the
critical values. The range value is increased further.

OrcaFlex Design, 132 range Range, 198 Failure Criteria
Parameter Value Unit Value Unit Value Unit
Lift force Crawler 17,75 [kN] 20,04 [kN] 60 [kN]
Tipping moment due to lift force 248,50 [kNm] | 280,56 [kNm] | 840 [kNm]
End moment connection point 47,34 [kNm] | 51,69 [kNm] | 120 [KNm]
Max tension Crawler to buoyancy | 27,04 [kN] 30,38 [kN] 60 [kN]
Height lowest point lazy s-shape | -5967,29 [m] -5967,38 [m] -5982,50 [m]
Maximum tension hose 45,13 [kN] 46,40 [kN] 200 [kN]

Table 9.25: Range test, critical values, model 9.58

The range is elevated with steps of 25 meters to a maximum of 260 meters. The length of a
straight line can not be higher than the total length of the jumper hose. Table 9.26 shows that the
values increase slowly until the last step, from 248 meters to 260 meters. From the 260 meter model,
the range is scaled back with steps of 5 meters per step, and the first step that stayed beneath the
failure criteria is 250 meters, and the values are placed in table 9.27.

OrcaFlex Design 223 range Range, 248 Range, 260 Failure Criteria
Parameter Value Unit Value Unit Value Unit Value Unit
Lift force Crawler 26,83 [kN] 46,55 [kN] 92,06 [kN] 60 [kN]
Tipping moment due to lift force 375,62 [kNm] | 651,70 [kKNm] | 1288,84 [kNm] | 840 [kNm]
End moment connection point 62,42 [kNm] | 97,02 [kKNm] | 158,67 [kNm] | 120 [KNm]
Max tension Crawler to buoyancy | 35,83 [kN] 53,61 [kN] 97,58 [kN] 60 [kN]
Height lowest point lazy s-shape | -5967,40 [m] -5967,42 [m] -5967,43 [m] -5982,5 [m]
Maximum tension hose 50,54 [kN] 65,56 [kN] 107,61 [kN] 200 [kN]
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Table 9.26: Range test, critical values, model 9.58
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OrcaFlex Design, 250 m Failure Criteria
Parameter Value Unit Value Unit
Lift force Crawler 50,15 [kN] 60 [kN]
Tipping moment due to lift force 702,10 [kNm] | 840 [kNm]
End moment connection point 91,47 [kNm] | 120 [KNm]
Max tension Crawler to buoyancy | 56,88 [kN] 60 [kN]
Height lowest point lazy s-shape | -5967,42 [m] -5982,5 [m]
Maximum tension hose 68,61 [kN] 200 [kN]

Table 9.27: Results OrcaFlex model 10 meters in x direction, range y direction

9.4.4. Analysis conclusion

The displacement in the y-direction is analysed and results in a wider range than predicted. The as-
sumption made for an x-position of 200 meters is no longer valid and is analysed below. The lift force
at the connection point with the crawler is the governing parameter for the design. It reaches its critical
value if the hose experiences stress because the distance between the connection points is close to
the actual hose length. These disclosures are further elaborated in chapter 11

9.5. Range Crawler and research question 6 and 7

As stated in subsection 9.4.4, the connection point between the jumper hose and crawler is elaborated
to find the full range of motion of the crawler if the VTS is kept in place. This calculation resulted in the
following ranges for different offsets. The same procedure and criteria are maintained as in subchapter
9.3 and 9.4. The results are plotted in figure 9.59 and corresponding table 9.28

This
Distance between | Perpendicular range . FangeCiawlsrmotion
crawler and VTS syl e E?g: S
Value Unit Value Unit \ Value unit ol Crawler B sk g akene
0 [m] 290 [m] [290 [m] |
25 [m] 290 [m] | 290 [m] |
50 [m] 285 [m] | 285  [m]
100  [m] 270 [m] |270 [m] _ | /
150  [m] 250 [m] | 250 [m] £ * Exs :
200 [m] 210 [m] [210 [m] 3 ° 3 3
225  [m] 185 [m] | 185 [m] I =r | e
250 [m] -150 [m] | 150 [m] -100 - Y /
275  [m] 100 [m] | 100 [m] -t
200  [m] 30 [m] |30 M ool

Table 9.28: Range Crawler to VTS = REERREREEEa R Ry :

-300

.350 . . . . . . . . . . . .
-350 -300 -250 -200 -150 -100 -50 0 50 100 150 200 250 300 350
X direction [m]

Figure 9.59: Floor plan, range crawler
subchapter concludes the answer to the last research question: How manoeuvrable is the seafloor
mining tool? The range of the crawler is presented in figure 9.59 and shows the combination between
an inline and perpendicular motion. To make an optimal choice for the range and path of the crawler
need to be compared to other parameters. Chapter 11 includes a constant motion of the clump weight,
which influences the range of the crawler.

There are 2 models made that give a good starting point for the jumper hose dynamic analysis.
These 2 models partly answer the 6th research question Which simulations are performed for the
dynamic analysis?. In chapter 11 extensions of this model are evaluated, and a critical evaluation of
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parameters which were approximated and excluded.
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Conclusion

The main objective of this thesis was to investigate the jumper hose design of the blue nodule project
and develop a model for the dynamic analysis. The objective is linked to the research question:

Determine the dynamical behaviour of flexible hose in three dimensions and its interaction with
the moving seafloor mining tool during different scenario’s.

The conclusion of this thesis is formulated based on the research questions and the sub research ques-
tions. The sub research questions are answered at the end of a related chapter and are listed in the
contents and subchapter title. The research is divided into two main objectives to get an insight into
the jumper hose’s dynamical behaviour. First, a static model is developed to analyse the governing pa-
rameters. This analytical model aims to perform a parameter study to obtain an improved set of design
parameters for the jumper hose. IHC requested to vary the length of the hose. Second, the analytical
model is implemented in the OrcaFlex software. OrcaFlex is a software program for static and dynamic
analysis for offshore systems. It resulted in three models to create the final dynamic model. The first
model was the implementation of the analytical model and the verification. The second model was to
update the simplified parameters to the real design parameters and elements. The last model was the
implementation of the possible movements of the crawler. Finally, the dynamic model was analysed
and the design assumptions were critically appraised.

Analytical model

» The Matlab model is composed of geometrically non-linear elements and is approached as an
axial deformable catenary model.

* Resulted in the first parameter design set, table 10.1 and figure 10.1

Parameter Value Optimal paramters
Total length of the hose 320,04 e St xtonSuyarey Nods Ot vt
Segment hose Iength 22,86 180 - - ngsa;/la:séfn Start location Buoyancy Modules, Optimal slurry |
Number of elements to evaluate segment 5 6o - Bagniend poi
Element length 4,572 1o} ;
Height of VTS connection above seafloor 100 ,, . %%:%%w
Range of crawler 200 E L .
Number of buoyancy modules 25 % - %“m% /; /1
Buoyancy modules per hose segment 3 7 JAAY e //
Starting point buoyancy After 1st ®] - /\%&&/ R}J\ /
Content hose/Slurry density 1200 <o \/ S
Table 10.1: Concept design parameters, subchapter 7.5 *

ol
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Width [m]

Figure 10.1: Optimal parameter set, static analysis
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Orcaflex model
» The first model verified the analytical MatLab model and its design parameters

» The second model implemented design parameters: the buoyancy modules, bending stiffness,
segment length, and jumper hose assembly and its material parameters. This implementation
resulted in a collapse of the design parameters of the analytical model, mainly due to the material
parameters and the weight.

» The second model caused a do-over of the parameter study and produced a new set of param-
eters, which did comply with the set criteria, table 10.2.

* The implementation of the possible movements of the crawler is split up into detached displace-
ments to create the displacement scenarios. Starting with the conduction of a 2D inline motion
and the extracting of significant results.

» The conduction of the 2D motion was successful and a perpendicular motion was implemented
and analysed. From the combination of the inline and perpendicular motion a range arises, figure

10.2.

Parameter Value Ur =0 Fange Erayler moten
———-Maximum range

Total length of the hose 32004 [m [ emem™| T

Segment hose length 2286 [m |

Number of elements to evaluate segment 5 [ !l

Element length 4572 [m roor

Height of VTS connection above seafloor 100 [m E o

Range of crawler 200 [m: ° /

Number of buoyancy modules 32 [~ 1ZZ

Buoyancy modules per hose segment 4 [1 .l

Starting point buoyancy After 1st hot !

Content hose/Slurry density 1200 [k¢ 2ot i

Table 10.2: Final design parameters, subchapter 8.2 :

_350 . . . . . . . . . . L .
-350 -300 -250 -200 -150 -100 -50 0 50 100 150 200 250 300 350
X direction [m]

Figure 10.2: Floor plan, range crawler

The last model is an approximate version of the actual design of the Blue nodule project. The assump-
tions and simplifications are assessed and judged in chapter 11. This chapter also included some extra
scenarios and gave concept plans for further developments/extensions for this research.

10.1. Conclusion to the research question

The new design parameters for the jumper hose are displayed in table 10.2 and comply with the set
failure design criteria. The dynamical behaviour and movements of the jumper hose are manageable
(comply with the failure criteria) for the impost displacement of the crawler in the X-Y-plane if the dis-
placement stays in the predetermined range. Other scenarios like displacement of the clump weight
and influence of environmental sea surface motions are discussed in chapter 11.
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Recommendations and Review

In this chapter, the simplifications and assumptions are reviewed and criticized.Subchapter 9.2 de-
scribes the system dynamic and the dynamic motions that affect the jumper hose design. The move-
ments of the clump weight due to the wind, waves and currents are disregarded. In this chapter, a few
of the approximated or disregarded motions are developed to investigate the effect on the jumper hose
design.

Starting with the review of the parameter study and the design criteria in subchapter 11.1. During
the dynamic study, it is discovered that the tension stays roughly constant until the distance between the
crawler and the clump weight gets close to a straight line. The following subchapters evaluate some
simplifications and extend the dynamic analysis. Subchapter 11.2 develops the heave motions and
their effect on the jumper hose. The summarized conclusion is written in subchapter 11.6. Subchapter
11.3 implements a 3D motion of the crawler and analysis its results. The motions are visually plotted
and the production is calculated. The set speed for the crawler is evaluated and the value is elaborated.
The summarized conclusion is written in subchapter 11.6. Subchapter 11.4 analyses the Displacement
of the clump weight and the crawler in the same direction. The summarized conclusion is written in
subchapter 11.6. And the last subchapter that contributes to the dynamic design is subchapter 11.4,
which combines the 3D motion of the crawler and the Displacement of the clump weight. This results
in a new working area of the crawler. The summarized conclusion is written in subchapter 11.6.

The last section provides a more complete answer to the last to research questions.

11.1. Review of the parameter study

The parameter study is performed with a set of design criteria from the blue nodule design. But minimum
values for the tension are not taken into account. This could lead to a new set of design parameters.
The three main parameters that influence the tension in the hose are:

+ total number of modules
* modules per section
« start section buoyancy modules

The total number of modules results in the hose’s total uplift force and directly influences the crawler’s
range because the tension is higher for the same static parameters. To a lesser extent, they influence
the shape of the hose, which results in a greater distance between the hose and the seabed.

The number of modules per section influences the steepness of the s-shape curve and the number
of modules that directly lift the crawler, which again influences the range of the crawler.

At last, the starting section of the buoyancy models parameter. This parameter influences the
shape of the hose and the lift force on the crawler. Suppose the buoyancy modules start a section later
than in the initial design. In that case, the modules (located until the s-shapes top) need to lift more
material, resulting in a lesser tension. This parameter depends heavily on the other two.

It is recommended to revaluate the failure criteria and the importance of the criteria
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11.2. Heave motion on clump weight

A neglected motion on the jumper hose is the environmental movement of the sea surface. The mining
system is subjected to several environmental dynamic effects. Document "Blue nodules 2.10” stated
the metocean data for the sea surface, table 3.6. It described that the VTS is not heave compensated
and the surface vessel motions are transferred through the VTS to the clump weight. The harvesting
vehicle is steady on the seafloor. No motions from the sea surface were considered on the harvesting
vehicle. This means that the clump weight and the jumper hose absorb these motions. The surface
vessel is subjected to waves, wind and current and experiences motions in all 6 DOF. For this model,
only the heave motion is analysed.

The maximum regular wave height is 5.73 meters from crest to trough. This wave height is directly
transferred to the clump weight due to the lack of heave compensation in the VTS. From the clump
weight’s neutral position, this results in a displacement of 2,865 meters in the positive and negative
z-direction. The crawler is kept in place.

Figure 11.1 and 11.2 is shown that at the connection point of the clump weight and the jumper hose,
the imposed heave motion creates a fluctuating tension force due to the pulling and pushing of the clump
weight. The results of table 11.1 show that the imposed motion does not affect the maximum values
of the evaluated parameters. Still, figure 11.3 and 11.4 show the same oscillating movement in node
29 (maximum tension) and at the connection point between the crawler and the jumper hose. These
results support the recommendation of implementing the full mining system and the environmental
parameters.

nnnnnn

Figure 11.1: OrcaFlex model Motion connection point Figure 11.2: OrcaFlex model Tension connection point
clump weight

OrcaFlex Design Failure Criteria
Parameter Value Unit | Value Unit
Max tension Crawler to buoyancy | 27,096 [kN] | 60 [kN]
Height lowest point lazy s-shape | -563,52 [m] | -5982,5 [m]

Maximum tension hose 58,11 [kN] | 200 [kN]

Table 11.1: Results OrcaFlex model heave motion at connection clump weight
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Figure 11.3: OrcaFlex model Tension node 29 connection Figure 11.4: OrcaFlex model End force connection point
point clump weight

11.2.1. Heave motion and crawler motion

The same crawler motion as described in subchapter 9.3 is implemented at the end node of the jumper
hose model. Combined with the heave motion on the connection point with the clump weight, this
movement results in the following effective tension graph over the arc length.

It still shows the oscillations as described above. The overall maximum and minimum at the con-
nection point with the clump weight show the same values as figure 11.4. Another remarkable result
is shown in figure 11.5, the minimum tension in the hose goes towards and comes close to 0 kN. This
could lead to a switch from tension to compression in the hose and could have consequences for the
material parameters of the hose. This thesis’s minimum tension and value are not clearly established
or investigated. Its recommended to evaluate and perhaps update the failure criteria.

O m 10222 Oroslemodn 2.4 Heae
e Graph: Jumper Hose hose st

sim (modified 12:20 on 2.6-2022 by OrcaFlex 10.23)
sion, over Whole Simulation

‘7 Minimum — Maximum — Mean — Allowable Tension \

fon (kN), t = -8,000 to 420,000

IS

Jumper Hose hose structure buoyancy Effective Tensi

//\/
20} / \’4,/ A
// /\ﬂ%/' Y . \\f SRR /
| P, et
P

| L e \y

N

150
Arc Length (m)

Figure 11.5: OrcaFlex model Effective tension over arce length

11.2.2. Heave motion and crawler motion, perpendicular

To analyse a perpendicular motion in combination with a heave motion the model form subchapter
9.4.2 is chosen and the same crawler motion is implemented at the end node of the jumper hose
model. Combined with the heave motion on the connection point with the clump weight, this movement
results in the following effective tension graph over the arc length.

This model is created to evaluate the influence of the heave motion on the range of the crawler.
Table 11.4 presents the values of this model. Suppose the values are compared to the values of table
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9.19. In that case, it is concluded that implementing the heave motion results in a higher maximum
tension for both evaluated locations. It concluded that a heave force results in a smaller range of the
crawler, and it is recommended to investigate the following elements of the model:

» The connection point between the crawler and the jumper hose. Can it handle the fluctuating
forces?

* The minimum tensions in the hose

OrcaFlex Design Failure Criteria
Parameter Value Unit | Value Unit
Liftforce at crawler 27,61 [kN] | 60 [kN]
Max tension Crawler to buoyancy | 40,013 [kN] | 60 [kN]
Maximum tension hose 63,94 [kN] | 200 [kN]

Table 11.2: Results OrcaFlex model, heave motion and perpendicular motion

11.3. Pattern crawler for collection nodules

In subchapter 9.3 and 9.4, the inline and perpendicular movements of the crawler are analysed. This
resulted in a range of motion for the crawler. The "Blue Nodules Deliverable report D2.7 Detailed design
of jumper hose” developed a path for the crawler to collect nodules. The initial design parameters are:

Parameter Value Unit
Width of the crawler 16 [m]
Maximum speed of the crawler 0,5 [m/s]
Average nodule collection for maximum speed | 145 [ka/s]
Minimum radius to turn crawler 30 [m]
Set range crawler 80 [m]

Table 11.3: Design parameters path of the crawler

These parameters resulted in the following pattern for the crawler, keeping the initial parameters
in mind.
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Figure 11.6: Path crawler with minimum rotation radius

One rotation means that the crawler travels two turns and ends up on the same coordinates beside
its x-position. The length of the path is 388.50 meters long and is completed in 778 seconds if the

LE Mining

Delft
University of
Technology

%
TUDelft

A. Van Bergen



11.3. Pattern crawler for collection nodules 135

crawler has a constant speed. This motion is implemented in OrcaFlex and results in the following
results if the connection with the clump weight is kept in place (starting location crawler (200 m, 0 m).

OrcaFlex Design Failure Criteria
Parameter Value Unit | Value Unit
Liftforce at crawler 18,52 [kN] | 60 [kN]
Max tension Crawler to buoyancy | 29,33 [kN] | 60 [kN]
Maximum tension hose 45,15 [kN] | 200 [kN]

Table 11.4: Results OrcaFlex model, heave motion and perpendicular motion

It is assumed that the crawler can handle the maximum set speed and does not tip over in the
curves. This is also not part of the scope of the thesis.

Mined area Crawler, minimum radius

Path crawler
100} Scope crawler
// 18
= T
f/ 7/ ,/'/ = B
_. 507 (
=
2
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X direction [m]

Figure 11.7: Path crawler with minimum rotation radius, scope crawler

One rotation results in approximately 112810 kg nodules (wet density) and covers 6216 m? of the
seabed.

11.3.1. Crawler speed

The maximum speed of the crawler is set to 0,5 m/s. The results of the enhanced speed of the crawler
to 1 m/s are displayed below and compared to the 0,5 m/s option. The Force and moment on the
connection between the crawler and the jumper hose are higher than the recommended maximum
velocity. This is because the crawler pulls faster and more on the jumper hose than the hose moves
through the water, resulting in a larger pulling force. It is also derived from figure 11.8 showing the
shape of the hose at 75 seconds in the simulation and the crawler has travelled 75 meters. The hose is
situated behind the crawler. Figure 11.9 shows the shape of the hose at 150 seconds and 150 meters
travelled. Concluding that the speed of the crawler influences the forcing on the connection point.
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Figure 11.8: OrcaFlex model crawler speed 1 m/s, 75 sec Figure 11.9: OrcaFlex model crawler speed 1 m/s, 150 sec

11.4. Displacement of clump weight

As designed by the blue nodules project, the subsea harvesting equipment collects nodules by driving
the crawler over a predetermined path on the seafloor and sailing with the vessel to displace the VTS
and the clump weight and the jumper hose. The displacement of the clump weight is not incorporated
in chapter 9. But it influences the jumper hose and specific the connection between the clump weight
and the jumper hose and the next hose sections.

The clump weight displacement arises from the vessel’s sailing and the vessel dragging the VTS
through the water. In this model, the VTS and vessel are disregarded. It is decided that the proper-
ties of the clump weight are also disregarded. The clump weight is modelled as a constraint with a
predetermined constant motion.

The crawler has a maximum velocity of 0,5 m/s, so the velocity of the clump weight can hold up
to 0,5 m/s for an inline motion. If the clump weight moves faster, the spacing between the crawler and
the clump weight grows and as shown in subchapter 9.4, there is a maximum distance feasible before
the model fails due to the set criteria.

Figure 11.12 shows the shape of the hose at time intervals of 250 seconds. The results from
OrfaFlex are approximately the same as for the inline motions of subchapter 9.3. After 250 seconds,
the hose constantly moves through the water. Effects like vortex-induced vibrations are not incorporated
into the model.

of crawler and clump weight
5880 T

5900
s | | | | WY | 4
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Figure 11.10: OrcaFlex model time steps VTS and crawler same speed in x-direction

3
TUDelft &y A. Van Bergen W3 Mining



11.5. Displacement of clump weight and crawler 137

11.5. Displacement of clump weight and crawler

To complete the design, the constant velocity of the clump weight and the pattern of the crawler are
combined. First, a model based on the crawler motions of the blue nodule project, as presented in
subchapter 11.3 is implemented. The crawler travels 778 seconds to complete 1 rotation. In x-direction,
a distance of 120 meters is crossed. This results in a constant clump weight speed of 0,154 m/s.

OrcaFlex Design Failure Criteria
Parameter Value Unit | Value Unit
Liftforce at crawler 21,25 [kN] | 60 [kN]
Max tension Crawler to buoyancy | 31,50 [kN] | 60 [kN]
Maximum tension hose 49,97 [kN] | 200 [kN]

Table 11.5: Results orcaflex model

Motion Crawler and Clumpweight
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Figure 11.11: OrcaFlex model, crawler pattern and clump weight pattern

The determination of the limit range of the combined motions is approached with the same strategy
as for subchapter 9.3 and 9.4. The displacement vector of the zigzag pattern is expended based on
the straight part of the pattern. The displacement vector of the clump weight is matched to the new
length of the path and the time needed to complete one rotation. The length of the straight part is the
starting point of the calculation and is reflected as the path’s starting point just before the radius kicks
in.
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Length straight | Width 1 | Total length | Expired | Clump weight
part rotation | path time speed
[m] [m] [m] [s] [m/s]
50 120 388,50 776,99 | 0,16
60 120 428,50 830,80 | 0,144
70 120 468,50 910,8 0,132
80 120 508,50 1016,99 | 0,121
90 120 548,50 1070,8 | 0,112
100 120 588,50 1176,99 | 0,104
120 120 668,5 1310,8 | 0,092
140 120 748,50 1496,99 | 0,082
160 120 828,5 1630,8 | 0,074
180 120 908,5 1816,99 | 0,067
200 120 988,50 1950,8 | 0,062
220 120 1068,50 2110,8 0,057
240 120 1148,5 2270,8 | 0,053
250 120 1188,50 2350,8 | 0,051

Table 11.6: Length path with corresponding clump weight speeds

Table 11.6 shows the associated clump weight speeds to the length of the zigzag pattern of one
rotation. The expired time is calculated based on the implemented locations in OrcaFlex, so the imple-
mented pattern is not a perfect circle. The range is calculated from a set distance between the crawler
and the clump weight. Starting at 200 meters distance and then taking step sizes of 20 meters results
in the following range plot, which compares the range of subchapter 9.5 to the new range. It shows
that the combination of the two motion decreases the maximum range of the crawler.

Range Crawler motion
T I T T
ge with clump motion
\ge without clump motion -

¥ direction [m]
o

Figure 11.12: OrcaFlex model, crawler pattern and clump weight pattern

This new scope area will reduce when the additional heave motion from the environmental condi-
tions is implemented because subchapter 11.2 shows that the tension fluctuates around the set mean.
The mean is equal to the tension from the same crawler motions of subchapter 9.3. It shows that the
combination of the two motions decreases the maximum range of the crawler.

It is recommended to investigate the minimum velocity of the sea surface vessel and the delay
between the motion of the sea surface vessel and the clump weight. Because for the longest path of
table 11.6 the vessel would sail with a 0,1 knot. It is also discouraged to aim for the largest path of one
rotation because the jumper hose would go close to the maximum set values for tension and moment
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for every rotation. For further design, an assessment could be made to balance out the length of the
path, desired area to work in for the crawler and the minimum speed of the sea surface vessel.

11.6. Summarized conclusions of investigated param-
eters

Chapter 11 investigated some of the simplifications and assumptions. It also evaluated motions which
were outside of the scope. Starting with the elaboration of implementation of environmental forces.
Waves, wind and current were disregarded in the initial design. These mainly influence the surface
vessel and the upper part of the VTS. It states that the VTS is not heave compensated and this motion
is implemented in a model where the crawler was kept in place and the clump weight experiences the
heave motion. The results show that the disregarded environmental forces influence the set failure
criteria. It shows that the forces oscillate around a mean value. A question that arises from these
results is on: the influence of negative tension, compression in the hose and if there should be a minim
tension in the hose. Its recommended that this is further investigated and analysed.

In chapter 9.5, the range of the crawler is determined, and the working conditions of the blue
nodule project show a zigzag pattern for the crawler to scope up the nodules. It was stated that if the
crawler travels in a straight line behind the VTS, it experiences many environmental forces that arise
from the movement of the VTS. Also, the case where the crawler travels and the VTS follow resulted
in failure. This is because the crawler would drag a larger part of the hose forward due to the delay of
the clump weight motion through the VTS. This zigzag pattern is incorporated in chapter 11.3 which is
a combination of the inline motions and the perpendicular motions.

First, the speed of the crawler was analysed. In "Blue Nodules Deliverable report D 2.7 Detailed
design of jumper hose”, the maximum velocity of the crawler was set at 0,5 m/s. The influence of a
velocity increasement is presented, and it is concluded that a higher speed results in a larger pulling
force from the crawler and a lagging shape of the hose. These are unwanted effects.

Next, the speed of the VTS was examined by implementing a simple constant motion which has
the same speed as the crawler if the crawler and VTS move in the same direction. The environmental
effects from the VTS travelling through the water are disregarded. It is concluded that if the clump
weight and crawler move in the same direction with the same speed, the hose reaches a constant
shape.

To incorporate the movement of the clump weight and the zigzag pattern of the crawler, an average
speed is calculated over the travelled distance in the x-direction and the time needed to travel one
rotation with the crawler. This approach is selected because if the clump weight moves slower than
the crawler, the hose could potentially hit itself when the distance between the crawler and the clump
weight decreases. The same goes for if the clump weight moves faster than the crawler, this leads to
an increase in distance and a growing tension force, as investigated in the perpendicular motion.

The zigzag pattern and movement of the clump weight are implemented and verified with the failure
criteria. Subsequently, the range of this model is tested and results in a new range plot. The next step
would be to implement the heave motion because that motion resulted in a higher tension value than
for a stationary point.

11.6.1. Other disregarded effects

Some effects were disregarded at the start of the set-up of the design models. An example is that
the hose transports slurry from the crawler to the vertical transport system. In the models created in
chapter 9, the slurry is assumed to be stationary and has a constant density per meter. This is not
realistic, so a hypothetical outcome is presented. Transporting the fluid through the s-shape hose
leads to a centrifugal force in the bending parts of the hose. This force influences the shape of the
hose. It probably also influences the tension force in the hose because of the speed of the slurry and
its direction. This motion and effect should not be disregarded for the next design model.

The connection/endpoints of the jumper hose are modelled as swivel connections, meaning they
can rotate freely around their axis. In the initial design documents of IHC, is nothing presented over
these connection points, so it was assumed to swivel connections to minimize the effect of torsion on
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the hose. Suppose the connections were modelled not to be able to rotate around their axis and resit
the resulting forces. Then the effect of torsion should be analysed. When the crawler makes a turn, the
hose rotates around its axis and these motion / resultant forces are transported through the hose to the
connection point at the clump weight. The clump weight can offer resistance to this motion because it
is assumed that the connection between the VTS and the clump weight is stronger than the connection
between the clump weight and the jumper hose. This results in a resistance force.

11.7. Research question 6 and 7

In subchapter 9.5, a layout of the range of the crawler was presented. This displayed the range of the
crawler but not its manoeuvrability. Subchapter 11.3 makes a start with the elaboration of the zigzag
pattern of the Blue nodules design. The crawler has a minimum rotation radius of 30 meters, resulting
in an intermediary distance of 48 meters. For a further design, an efficient study could be done to see
which radius and total track result in the most efficient collection of nodules. This thesis answers the
last research question: How manoeuvrable is the seafloor mining tool? It is expressed in the range of
the crawler.

Chapter 11 elaborated some extra models which contributed to the dynamic analysis of the jumper
hose. It also stated that a lot more scenarios are of interest to the design. Appendix E shows a list of
Orcaflex models and their goals. This answers the research question, Which simulations are performed
for the dynamic analysis?

3
TUDelft &y A. Van Bergen W3 Mining



Appendix






Matlab iteration plots

A.l. Matlab iteration steps, catenary
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A. Matlab iteration plots
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A.2. Matlab iteration steps, catenary 1 node buoyant
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A.2. Matlab iteration steps, catenary 1 node buoyant
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146 A. Matlab iteration plots
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A.2. Matlab iteration steps, catenary 1 node buoyant 147
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A. Matlab iteration plots

A.3. Matlab iteration steps, S-shape
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A.3. Matlab iteration steps, S-shape 149
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A.4. Matlab element variation plots 151

A.4. Matlab element variation plots
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152 A. Matlab iteration plots
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Jumper hose data

The following table summarizes the initial design parameters specified on the crawler and the umbilical:

Parameter Value Unit Parameter Value Unit

Maximum forward velocity [m/s] Estimated umbilical [N/m]

Estimated nodule production [kg/s] submerged mass

(wet density) Estimated minimum [m]
bending radius

Table B.1: Specific collector initial design parameters Estimated diameter [mm]

Table B.2: Specific Umbilical Design Parameters

Parameter Value Unit
Estimated internal diameter [mm]
Estimated slurry velocity [m/s]
Estimated slurry density [kg/m3]
Estimated maximum internal over-pressure [bar]
Estimated maximum internal under-pressure [bar]
Estimated hose length [m]
Estimated Single hose length [m]
Axial tension with crawler in air [kN]
Axial tension with crawler in water [kN]
Table B.3: Specific Jumper Assembly Design Parameters
Line part ID' | OD? | Length Weight Weight in MBR* | Axial | Bending
[m] | [m] [m] in air [kg/m] seawater [m] load | stiffness
filled with ability | [kNm]
seawater [kg/m] [kN]
Hose body
standard

Hose body neck
Reinforcement

Coupling
incl. rubber

Table B.4: Hose parameters in initial design
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154 B. Jumper hose data

Parameter Value Unit
ID (Inner Diameter) [mm]
OD (Outer Diameter) [mm]
Weight in air, hose empty [kg/m]
Weight in air, hose full of seawater [kg/m]
Weight in seawater, hose empty [kg/m]
Weight in seawater, hose full of seawater kg/m]
Water pressure [MPa]
Operational MBR (Minimum Bending Radius) [m]
Bending stiffness [KNm?]
Axial load ability [kN]

Table B.5: Parameters Jumper hose design

3
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MatlLab code

C.1. Base model Matlab Static solution

statische iteratie voor parameters deel 1

segments hose

clear; clc; close all; dbstop if error

TENSION ONLY = 1;

%in this document the segements of the hose has x amount of points
%$--> example: on hosesegment of 22.86 m, 3 iteration points

--> for now used 48 modules from document 2.7

o

o

%% 1. Define parameters hose given
g = 9.80665; %$[m/s"2]

lElement = 22.86 ; % [m] Blue nodules
mass_slurry kg = 1200; $[kg/m"3]

mass_water kg = 1025; % [kg/m”3]

mass_hose kg = 137; % [kg/m]

mass_hose water kg = 28.9; $[kg/m]

ID = 300; 5 [mm]

OD = 473.3; $ [mm]

lift buoyancy = 427; %$[kg] max 8 per hose of 22.86 m
EA = 2.0408e7; $[N] uit tabel 6.1

area hose = pi* ((ID*107-3)/2)"2; %$[m"2]

%mass = mass_hose kgt (mass_slurry kg-mass_water kg)*area hose; %[kg/m] Blue nodules mass h
mass water

$E = EA/ (area_hose*1076); % [MPa=N/mm2] --> *107~6 for N/m"2

% 1.1 Define parameters hose choosen

L 1 = 300; %[m] GUESSED

H = 75; $[m] GUESSED

number of modules = 32; $[st]

number of modules per hose = 8; %[st]

start segment = 3;

W = 100;

pieces = L 1/1Element; $[st]

nElement = ceil (pieces); $[st] amount of elements needed to construct hose
L = lElement*nElement; % [m]

Q

% 1.2 Create hosesegments, discribed by x points

point hosesegment = 1;

nElem = nElement*point hosesegment; %every hose piese is described with 3 points
1Elem = L/nElem; % Actual tensionless element size
%m_length = mass*1lElem; % [kglweight hose from point to point

%m = mass; %[kg/m] from point to point
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156 C. MatLab code

nNode = nElem + 1; % Number of nodes...
NodeCoord = zeros (nNode, 2) ; % Array that will receive initial position of nodes (tel
Element = zeros (nElem, 5); % Array with element properties [NodeLeft NodeRight m EZ

% 10 is the tensionless length of the element
% 1.3 Berekening krachten voor massa
volume hose OD = 1lElem*pi ()* ((0D/1000)/2)"2; %$[m3]
volume hose ID = lElem*pi()* ((ID/1000)/2)"2; %$[m3]
buoyancy force node = mass water kg*volume hose OD*g; %[N]
gravity force hose = mass_hose kg*lElem*g; $%[N]
gravity force slurry = mass_slurry kg*volume hose ID*g;
force per node = gravity force hose + gravity force slurry - buoyancy force node; %[N]
m = force per node/lElem/g;
mass = m;

%% 2. Loop on elements to create them (and nodes as well)
NodeRow = zeros(l,nElem);
for iElem = 1: 1: nElem

NodeLeft = iElem;

NodeRight = NodelLeft + 1;

NodeCoord (NodeRight, :) = NodeCoord (NodeLeft,:) + [1Elem 0]; $ make it horizontal
Element (iElem, :) = [NodeLeft NodeRight m EA 1Elem]; % assing properties to ele
NodeRow (1,iElem) = iElem;
end
NodeCoord(:,2) = 1; % Move the nodes horizontally

% (this is just for plotting, not necessary otherwise)
% Plot undeformed wire and position of supports
fig 1 = figure; hold on
f = zeros(2,1);
for iElem = 1: 1: nElem
Nodes = Element (iElem, [1 2]);
f(1l)= plot (NodeCoord(Nodes,1l),NodeCoord(Nodes,2),’ -+");

hold on
end
% Plot also the supports
£(2) = plot ([0 W], [0 H], "vb');
hold off

axis equal
legend ([f(1),f(2)]1,{’construction of string with small string’,’Begin/end point’})

filename 1= strcat ('FIGl_SSP1 OVERVIEW ’,num2str (number of modules),’ BM ’',num2str (nu
saveas (fig 1,filename 1, png’)
close

o\

% 3. Guess initial deformation

nDof = 2*nNode; % Each node can move horizontally and vertically
FreeDof = 1:1:nDof;
FixedDof = [1 2 nDof-1 nDof]; First node and last node are fixed

o° oe

FreeDof (FixedDof) = []; Free dofs (those that are not fixed)

For the initial configuration, let us assume a parabola of type:
[s is the cooridnate along the undeformed position of the wire]
SAG = 50; % Let us assume a big sag - this will assure that all elements

Q

% are under tension, which may be necesary for the convergence of

[

% the solver

%
%

]
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% Determine the shape of the parabola

A = [0 0]; B = [H/2 -SAG]; C = [W H]; % Bx was chosen ’random’
Matrix = [A(l) A(2) 1; B(l) B(2) 1; C(l) C(2) 11;
Vector = [A(1)"2; B(l)"2; C(1)"2];

par = Matrix\Vector;

p =par(l); g = par(2); r = pgr(3);
a 1/9; b = -p*a; ¢ = -r*a;

s = NodeCoord(:,1);
X W* (s/L) ;
y = a.*x.”"2 + b.*x + c;

u = zeros (nDof,1); % displacement
u(l:2:end) = x-NodeCoord(:,1); % The displacement of the node corresponds to
u(2:2:end) = y-NodeCoord(:,2); % the actual position minus the initial position

% Safe original guess displacement
u_org = zeros(nDof,1);

u org(l:2:end) = x-NodeCoord(:,1);
u_org(2:2:end) y-NodeCoord (:,2) ;

o)

% Plot initial guess
fig 2 = figure;
for iElem = 1: 1: nElem
Nodes = Element (iElem, [1 21):;
DofsX = 2*Nodes-1;
DofsY = 2*Nodes;
hold on
plot (NodeCoord (Nodes, 1) +u (DofsX) ,NodeCoord (Nodes, 2) tu(DofsY), ’'-ok’);
hold off
legend (' Initial guess’,’Location’,’northwest’)
end
filename 2= strcat ('FIG2 SSP1 INITIAL GUESS ’,numZ2str (number of modules), ' BM ’,num2str (n
saveas (fig 2,filename 2, 'png’)
close

%% 4. Iteration until convergence
% 4.1. Assemble external load vector - self weight

Pext g = zeros(nDof,1);
% k soil = k soil*lElem;

for iElem 1: 1: nElem
Nodes = Element (iElem, [1 2]);
DofsY = 2*Nodes; % only vertical degrees of freedom matter for weight
10 = Element (iElem, 5);
m = Element (iElem, 3);
Pext g(DofsY) = Pext g(DofsY) - g*m*10/2; % Half wight to each node

end

% 4.2. Iterate

CONV = 0;

kIter = 0;

nMaxIter = 100;

fig 3 = figure;

while CONV ==
kIter = kIter + 1; % update the iteration counter
fprintf (1, ’'Iteration %d ...\n’, kIter);

[}

% Check stabilty - define a number maximum of iterations. If solution

]
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% hasen’t converged, check what is going wrong (if something).
if kIter > nMaxIter, break; end

% 4.2.1. Assemble vector with internal foces and stiffness matrix
K = zeros (nDof,nDof) ;
Fi = zeros(nDof,1);
Pext = zeros (nDof,1);
for iElem = 1: 1: nElem
Nodes = Element (iElem, [1 2]); % Nodes of the element
NodePos = NodeCoord (Nodes, :) + [u(2*Nodes-1) u(2*Nodes)]; % Position of nodes
Dofs = [2*Nodes (l)-1; 2*Nodes(l); 2*Nodes (2)-1; 2*Nodes(2)];
[Fi elem,K elem,Tension (iElem),WARN] = StringForcesAndStiffness (NodePos,EA, lElem
if NodePos(1l,2) < O

K elem(2,2) = K elem(2,2);% + k_soil/2;
end
if NodePos(2,2) < O
K elem(4,4) = K elem(4,4);% + k soil/2;
Pext (Dofs (4)) = Pext g(Dofs(4));% - k soil*NodePos(2,2);
else
Pext (Dofs (4)) = Pext g(Dofs(4));
end
Fi(Dofs) = Fi(Dofs) + Fi elem;
K(Dofs,Dofs) = K(Dofs,Dofs) + K elem;

%$ 4.2.2. Calculate "residual forces”
R = Pext - Fi;

% 4.2.3. Check for convergence

if norm (R (FreeDof)) /norm(Pext (FreeDof)) < le-4
CONV = 1;

end

% 4.2.4. Calculate increment of displacements

du = zeros (nDof,1);

du (FreeDof) = K(FreeDof, FreeDof) \R (FreeDof) ;
if isnan (norm(du))
du = rand(size(du))/1lElem/100;

end
% 4.2.5. Apply archlength to help with convergence
Scale = min([1 1lElem/max (abs(du))]);

du = du*Scale; Enforce that each node does not displace
more (at each iteration) than the lenght

of the elements

o° o° oo

% 4.2.6. Update displacement of nodes
u = u + du;

% 4.2.7. Plot updated configuration
if 1 %kIter/10 == round(kIter/10)

plot (NodeCoord(:,1) + u(l:2:end-1), NodeCoord(:,2) + u(2:2:end), ’'-
ok’)
hold on

plot ([A(1) C(1)], [A(2) C(2)], 'vr');
axis equal

title([’Iteration ' num2str(kIter)]);
drawnow;

hold off;

]
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Q

% Display convergence

Rmax = max (abs (R (FreeDof)));

disp (Rmax)

disp (norm (R (FreeDof)) /norm (Pext (FreeDof)))
drawnow;

hold off;

legend (’ Iterated solution’,’Location’,’northwest’)
% % save iterations

filename 2= strcat(’'FIG _CAT IT’,numZstr (kIter));
saveas (gcf, filename 2,’jpeg’)

end
end
if CONV
title (' Converged solution’);
else
title (' Solution did not converge.’);
end

filename 3= strcat ('FIG3_SSP1 CATENARY ’,num2str (number of modules), ' BM ’',num2str (number
saveas (fig 3, filename_3,’png’)

close

% 4.3 Table formulation, table bij figure
coordinate org = zeros (nDof,1);
coordinate org(l:2:end)= NodeCoord(:,1)
coordinate org(2:2:end)= NodeCoord(:,2)
Pext eigengewicht = Pext g;

+

u org(l:2:end-1);
u_org(2:2:end);

+

coordinate cat = zeros(nDof,1);
coordinate cat(l:2:end)= NodeCoord(:,1) + u(l:2:end-1);
coordinate cat(2:2:end)= NodeCoord(:,2) + u(2:2:end);

%% 5. plot 1st and second iteration
fig 4 = figure;
for iElem = 1: 1: nElem
Nodes = Element (iElem, [1 21);
DofsX = 2*Nodes-1;
DofsY = 2*Nodes;
hold on
plot (NodeCoord (Nodes, 1) +tu_org (DofsX) ,NodeCoord (Nodes, 2) +u_org (DofsY), ’-
.b");
hold on
plot (NodeCoord(:,1) + u(l:2:end-1), NodeCoord(:,2) + u(2:2:end), '-.k’)
hold off
legend ({"Initial guess’,’Iterated solution’},’Location’,’northwest’)
end
filename 4= strcat ('FIG4_SSP1 GUESS VS CATENARY ’,numZ2str (number of modules), ' BM ’,num2s
saveas (fig 4,filename 4, 'png’)
close
% Plot Tension parabol
fig 7 = figure;
plot (Tension, "-*7)
grid on
grid minor

]
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title([’Tension Catenary System’]);

xlabel (' Node number’)

ylabel (' Tension [N]')

filename 7= strcat ('FIGl _TENSION max it Parabol ’,num2str (point hosesegment),’ points
%$saveas (fig 7,filename_7,'png’)

Tension catenary = Tension;
R catenary = R;

tnew u
u it = u;
close

%% 6. Loads on system
% 6.1 Assemble external load vector
% self weight & buoyancy, overschrijf de Pext g
Pext g = zeros (nDof,1);
for iElem = 1: 1: nElem

Nodes = Element (iElem, [1 21):

DofsY = 2*Nodes; % only vertical degrees of freedom matter for weight

10 = Element (iElem, 5);

m = Element (iElem, 3);

Pext g(DofsY) = Pext g(DofsY) - g*10*m/2; % Half weight to each node m/s2*m*kg/m= N

end
% Buoyancy modules
number of buoyant hoses = (number of modules/number of modules per hose); $[st]
number of buoyant hoses element = number of buoyant hoses*point hosesegment; %number c

% Force due to buoyancy

buoyancy force per module = 1lift buoyancy*g; %[N]

buoyancy force total = (lift buoyancy*g) *number of modules; %[N]
% location buoyancy on even number (y coordinate)

buoyancy coordinate begin = 2 + start segment*point hosesegment*2; %$round even (nDof/6)
buoyancy plot begin = buoyancy coordinate begin/2; $plot location of plot node y

if mod(point hosesegment,2) == %odd
if mod(number of buoyant hoses,1)==0.5
buoyancy nodes_element = floor (number of buoyant hoses element)+1;

buoyancy nodes element add = floor (number of buoyant hoses element) *2; %y coordinat

buoyancy nodes element end = buoyancy coordinate begin + buoyancy nodes element add
else

buoyancy nodes element = round (number of buoyant hoses element)+1l; % +1 voor nodes ij

buoyancy nodes element add = round(number of buoyant hoses element)*2; %y coordinat

buoyancy nodes element end = buoyancy coordinate begin + buoyancy nodes element add

end
elseif mod(point hosesegment,2) == % even segmenten per hose
if mod(number of buoyant hoses,1)==0.5
buoyancy nodes element = floor (number of buoyant hoses element)+1;

buoyancy nodes element add = floor (number of buoyant hoses element) *2; %y coordinat

buoyancy nodes element end = buoyancy coordinate begin + buoyancy nodes element add
else

buoyancy nodes element = round (number of buoyant hoses element)+l; % +1 voor nodes ij

buoyancy nodes element add = round(number of buoyant hoses element)*2; %y coordinat

buoyancy nodes element end = buoyancy coordinate begin + buoyancy nodes_element add
end

]
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end

buoyancy plot end = buoyancy nodes element end/2; $plot location of plot node y
buoyancy nodes midden = (round(buoyancy nodes element/2) + start segment) *2;

% buoyancy force - selfweight hose

$distributed buoyancy force = buoyancy force total/buoyancy nodes element;

Pext g(buoyancy nodes midden) = buoyancy force total - g*1l0*m; % maximaal belade gedeelte inc
Pext g buoy = zeros(nDof,1);

Pext g buoy(buoyancy nodes midden) = buoyancy force total; % maximaal belade gedeelte exclus

%% 7. Iteration until convergence buoyancy

CONV = 0;
kIter = 0;
nMaxIter = 100000;

fig 5 = figure;
while CONV ==

kIter = kIter + 1; % update the iteration counter
fprintf (1, ’Iteration %d ...\n’, kIter);
Check stabilty - define a number maximum of iterations. If solution

o° o

hasen’t converged, check what is going wrong (if something).
if kIter > nMaxIter, break; end

% 7.1.1. Assemble vector with internal foces and stiffness matrix

K = zeros (nDof,nDof);
Fi = zeros(nDof,1);
Pext = zeros (nDof,1);

for iElem = 1: 1: nElem
Nodes = Element (iElem, [1 2]); % Nodes of the element
NodePos = NodeCoord (Nodes, :) + [u it (2*Nodes-1) u it (2*Nodes)]; % Position of nodes
Dofs = [2*Nodes (1l)-1; 2*Nodes (l); 2*Nodes (2)-1; 2*Nodes (2)1]1;
[Fi elem,K elem,Tension(iElem),WARN] = StringForcesAndStiffness (NodePos,EA,1Elem, TENS
if NodePos(1l,2) < O

K elem(2,2) = K elem(2,2);% + k soil/2;
end
if NodePos(2,2) < 0
K elem(4,4) = K elem(4,4);% + k_soil/2;
Pext (Dofs(4)) = Pext g(Dofs(4));% - k _soil*NodePos(2,2);
else
Pext (Dofs (4)) = Pext g(Dofs(4));
end
Fi(Dofs) = Fi(Dofs) + Fi elem;
K(Dofs,Dofs) = K(Dofs,Dofs) + K elem;
end
% 7.1.2. Calculate "residual forces”
R = Pext - Fi;

o\

7.1.3. Check for convergence
if norm (R (FreeDof)) /norm(Pext (FreeDof)) < le-4
CONV = 1;
end
% 7.1.4. Calculate increment of displacements
du = zeros (nDof,1);
du (FreeDof) = K(FreeDof,FreeDof) \R(FreeDof) ;
if isnan (norm(du))
du = rand(size(du))/1Elem/100;
end

]
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% 7.1.5. Apply archlength to help with convergence

Scale = min([1 1lElem/max (abs(du))]);

du = du*Scale; Enforce that each node does not displace
more (at each iteration) than the lenght
of the elements

o° o° oe

% 7.1.6. Update displacement of nodes
u it = u it + du;
plot node x = (NodeCoord(:,1l) + u it(l:2:end-1));
plot node y (NodeCoord(:,2) + u it(2:2:end));
% 7.1.7. Plot updated configuration
if 1 %$kIter/10 == round(kIter/10)
plot (NodeCoord(:,1) + u it(l:2:end-1), NodeCoord(:,2) +u it(2:2:end), ’'-

ok’)
hold on
plot ([A(1) C(1)], [A(2) C(2)], "vb");
% plot buoyancy locations
plot (plot node x(buoyancy nodes midden/2), plot node y(buoyancy nodes midden/2),
axis equal
title([’Iteration ' num2str(kIter)]);
drawnow;
hold off;
legend ({’ Shape hose’,’Begin/end point’,’Buoyancy’},’Location’,’southeast’)
% % save iterations
filename 2a= strcat(’FIG _SSHAPE 1NODE IT’,numZstr (kIter));
saveas (gcf, filename 2a,’jpeg’)
% Display convergence
Rmax = max (abs (R (FreeDof)));
disp (Rmax) ;
disp (norm (R (FreeDof)) /norm(Pext (FreeDof)))
drawnow;
hold off;
end
end
if CONV
title (' Converged solution’);
else
title (' Solution did not converge.’);
end

filename 5= strcat ('FIG5 SSP1 BUOYANCY S SHAPE ’,numZstr (number of modules), ' BM ’,nj
saveas (fig 5, filename 5, ’png’)
close

%% Plot Tension parabol
Tension sshape = Tension;

fig 8 = figure;

plot (Tension catenary,’-*')

hold on

plot (Tension sshape,’-*")

hold on
plot(NodeRow(buoyancy_nodes_midden/2),Tension_sshape(buoyancy_nodes_midden/Z), "ok");

]
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hold off

grid on

grid minor

title (' Tension Catenary and Buoyant System’)

xlabel (" Node number’)

ylabel (' Tension [N]')

legend (' Tension Catenary System’, ’'Tension Buoyant System’,’Buoyant Nodes’)

filename 8= strcat ('FIG3 _TENSION max it SSHAPE ’,numZstr(point hosesegment), ’ points per |
saveas (fig 8, filename_ 8, 'png’)

% 7.2. Table formulation, table bij figure

coordinate sshape = zeros(nDof,1);

coordinate sshape(l:2:end)= NodeCoord(:,1) + u it(l:2:end-1);
coordinate sshape(2:2:end)= NodeCoord(:,2) + u it(2:2:end);

%% 8. Calculation angle between points
%plot node x and plot node y are coordinates points

position vector = [plot node x,plot node y];
position x = zeros(nNode,1l);

position y = zeros(nNode,1);

alpha e = zeros(nNode,1);

alpha e 1 = zeros (nNode,1);

alpha ee = zeros(nNode,1);

alpha ee 1 = zeros(nNode,1);

alpha check = zeros(nNode, 1) ;
% 8.1 Calculate angles between hose piece and earth

for i= 2:1:nNode

position x(i)= plot node x(i)-plot node x(i-1); % same as coordinate_ sshape
position y(i)= plot node y(i)-plot node y(i-1); % same as coordinate_ sshape
end

for i=1:1:nNode-1

alpha e 1(i) = position y(i+l)/position x(i+1l);
alpha e(i) = atand(alpha e 1(i));

alpha ee 1(i) = position x(i+l)/position y(i+l);
alpha ee(i) = atand(alpha ee 1(1i));

alpha check(i) = alpha e(i)+alpha ee(i);

end

o)

% 8.2 Calculate angle between hose i1 and i+l, sign iff statement

beta under = zeros(nNode,1);
for i = 2:1:nNode
beta under (1) = alpha e(l) +90 ;
if alpha ee(i-1)>=0& alpha e (i)>=0;
beta under(i)= alpha ee(i-1) + 90 + alpha e(i);
elseif alpha ee(i-1)>=0& alpha e (1i)<0;

beta under (i)= alpha ee(i-1) + 90 + alpha e(i);
elseif alpha ee(i-1)<0& alpha e (i)<0;

beta under(i)= alpha ee(i-1) - 90 + alpha e(i);
elseif alpha ee(i-1)<0& alpha e (i)>0;

beta under (i)=360+(alpha ee(i-1)-90 + alpha e(i));
end

beta under (nNode) = alpha ee(nNode-1);
end

]
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beta upside = zeros (nNode,1);
for i = 2:1:nNode
beta upside(l) = alpha ee(1l);
if alpha e(i-1)>=0 & alpha ee(i)>=0;
beta upside (i) = alpha e(i-1) + 90 + alpha ee(1i);
elseif alpha e(i-1)>=0 & alpha ee(i)<0;
beta upside(i) = alpha e(i-1) + 180 + (90 + alpha ee(i));
elseif alpha e(i-1)<0 & alpha ee(i)<0;
beta upside(i) = alpha e(i-1) - 90 + alpha ee(i);
elseif alpha e(i-1)<0 & alpha ee(i)>0;
beta upside (i) = alpha e(i-1) +90 + alpha ee(i);
end
beta upside (nNode) = alpha e (nNode-1)+90;
end
beta = beta under + beta upside;

close all

C.2. Matlab code parameter study

% statische iteratie voor parameters deel 2

clear; clc; close all; dbstop if error

TENSION ONLY = 1;

%in this document the segements of the hose has x amount of points
%$—-—-> example: on hosesegment of 22.86 m, 3 iteration points

%--> for now used 48 modules from document 2.7

tic

% 1. Define parameters hose given

g = 9.80665; % [m/s”2]

lElement = 22.86 ; % [m] SEGMENT
mass_slurry kg = 1200; % [kg/m]
mass_water kg = 1025; % [kg/m]
mass_hose kg = 137; % [kg/m]

mass_hose water kg = 28.9; $[kg/m]

ID = 300; % [mm]

OD = 473.3; % [mm]

lift buoyancy = 427; %[kg] max 8 per hose of 22.86 m
EA = 2.0408e7; $[N] uit tabel 6.1

point hosesegment = 5;

area hose = pi* ((ID*107-3)/2)"2; %$[m"2]

area hose out = pi* ((OD*107-3)/2)"2; $[m"2]

E = EA/ (area_hose*10"6); % [MPa=N/mm2] --> *107"6 for N/m"2
% 1.4 Force in air

lElem = lElement/point hosesegment;

volume hose OD = 1lElem*pi ()* ((0D/1000)/2)"2; %$[m3]

volume hose ID 1Elem*pi () * ((ID/1000)/2)"2; %$[m3]

buoyancy force node = mass water kg*volume hose OD*g; %[N]

gravity force hose = mass _hose kg*lElem*g; %[N]

gravity force slurry = mass_slurry kg*volume hose ID*g;

gravity force water = mass water kg*volume hose ID*g;

force slurry per node = gravity force hose + gravity force slurry - buoyancy force node
force water per node = gravity force hose + gravity force water - buoyancy force node;
mass_slurry = force slurry per node/lElem/g;

mass water = force water per node/lElem/g;

]
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1.0.1 Variation matrix
11 = 300; L 12 = 350; L 13 = 400; L 14 = 450;
1

L
L 1var = [L 11; L 12; L 13; L 14];
H var = [75; 100; 125];
num mod 300 = [20:1:31]; num mod 350 = [23:1:36];
num mod 400 = [26:1:40]; num mod 450 = [29:1:44];
number of modules per hose var = [3; 4; 5; 6; 7; 8];
start seg 300 = [1:1:3]; start seg 350 = [1:1:3];
start seg 400 = [1:1:3]; start _seg 450 = [1:1:4];
W var = [50; 100; 150; 200];
mass_var = [mass slurry ;mass_water];
for n = 1:1:1length(L 1 var)
save pieces = L 1 var( n)/lElement; $[st]
save nElement (n) = ceil(save _pieces); $[st] amount of elements needed to construct hose
save L(n) = lElement*save nElement (n); % [m]
save nElem(n) = save nElement (n)*point hosesegment;
save_ L node (n) = lElement/point_hosesegment;

end

% Opbouwen combinatie vector
l[aa, ab, ac, ad,

comb matrixl =

[ba, bb, bc, bd,

comb matrix2 =

[ca, cb, cc, cd,

comb matrix3 =

[da, db, dc, dd,

comb matrix4 =
comb matrix =

o)

table 0(1, )
table 0(2,
table 0(3 l
table 0(4,1
table 0(5,1
table 0(6,1
table 0(7,1
table 0(8,1
table 0(9,1
table 0(9,3
table 0(10,
table 0(11,

I—‘O

[o)

ae, af, ag] = ndgrid(W var, mass_var, start seg 300, number of modules per h

laa(:), ab(:), ac(:), ad(:), ae(:), af(:), ag(:)];

be, bf, bg] = ndgrid (W _var, mass_var, start seg 350, number of modules per h

[ba(:), bb(:), bc(:), bd(:), be(:), bf(:), bg(:)];
)
)

ce, cf, cqg] ndgrid (W _var, mass var, start seg 400, number of modules per h

[ca(:), cb(:), cc(:), cd(:), ce(:), cf(:), cg(:)];
de, df, dg] ndgrid (W var, mass_var, start seg 450, number of modules per h
[da(:), db(: de(:), dd(:), de(:), df(:), dg(:)];

[comb_matrlxl, comb matrix2; comb matrix3; comb matrix4];

% opslaan basis info
= g; %[m/s2]
=mass_slurry kg; table 0(2,2) = mass water kg; table 0(2,3)= mass hose kg;

l1Element; %[m]

ID; table 0(4,2) = OD; %[mm]

area hose; table 0(5,2) = area hose out; %[m"2]

volume hose ID; table 0(6,2) = volumeihoseioD;

1lift buoyancy;%[kg]

EA; table 0(8,2) = E; %[N] & [MPa=N/mm2]

buoyancy force node; table 0(9,2) = gravity force hose;
gravity force slurry ; table 0(9,4) = gravity force water;

= force slurry per node; table 0(10,2) = force water per node;
= mass_slurry; table 0(11,1) = mass water;

% opslaan parameter variaties

table 00(1, 'length(L_l_var)) = L 1 var; % [m] gekozen lengte

table 00(2,1:1length(save L)) = save L; %[m] afgeronde lengte

table 00(3,1:1length(H var)) = H var; %[m] hoogte VTS aansluiting

table 00(4,1:1length(num mod 300)) = num mod 300; %[st] total number modules

table 00(5,1:1ength(num mod 350)) = num mod 350; $[st] total number modules

table 00(6,1:1length(num mod 400)) = num mod 400; %[st] total number modules

table 00(7,1:1length(num mod 450)) = num mod 450; %[st] total number modules

table 00(8,1:1length(number of modules per hose var)) = number of modules per hose var; %[s
table 00(9,1:1length(start seg 300)) = start seg 300; $%[No] start hose buoyancy

table 00(10,1:1length(start seg 350)) = start seg 350; %[No] start hose buoyancy

]
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table 00(11,1:length(start seg 400)) = start seg 400; %[No] start hose buoyancy
table 00(12,1:1length(start seg 450)) = start seg 450; %[No] start hose buoyancy
table 00(13,1:1length(W _var)) = W _var; $[m] crawler tot VTS

table 00(14,1:1length(mass_var)) = mass_var; %[kg/m] slurry of water

table 000(1,1:length(L 1 var)) = L 1 var; % [m] gekozen length

table 000(2,1:1length(save nElement)) = save nElement; % number of hoses per length
table 000(3,1:1length(save nElem)) = save nElem; % number of elements total
table 000(4,1:1length(save L node)) = save L node; % length element

% Combinatie matrix
table 0000 = comb matrix;

%% 1.1 Varing parameters
for k = 1l:1:1length(comb matrix)

o)

% variabele

L 1 = comb matrix(k,7);

H = comb matrix(k,6);

number of modules = comb matrix(k,5);

number of modules per hose = comb matrix(k,4);
start segment = comb matrix(k,3);

mass = comb matrix(k,2);

W = comb matrix(k,1);

if mass == mass water
mass_name = mass_water kg;
else
mass name = mass_slurry kg;
end

o\

% 1.2 Define parameters hose, for choosen variables

pieces = L 1/1Element; $[st]

nElement = ceil (pieces); %[st] amount of elements needed to construct hose

L = lElement*nElement; % [m]

% 1.3 Opbouw hose

nElem = nElement*point hosesegment; % every hose piese is described with 3 points
1Elem = L/nElem; % ELEMENT % Actual tensionless element size -

-> not 22.86 m

% m_length = mass*1lElem; % [kg] from point to point

m = mass; % [kg/m]

nNode = nElem + 1; % Number of nodes...

NodeCoord = zeros (nNode, 2) ; % Array that will receive initial position of nodes
Element = zeros (nkElem, 5); % Array with element properties [NodelLeft NodeRight n

% 10 is the tensionless length of the element

%% 2. Loop on elements to create them (and nodes as well)
NodeRow = zeros(l,nElem);
for iElem = 1: 1: nElem

NodeLeft = iElem;

NodeRight = NodelLeft + 1;

NodeCoord (NodeRight, :) = NodeCoord (NodeLeft,:) + [1Elem 0]; % make it horizontal
Element (iElem, :) = [NodeLeft NodeRight m EA 1Elem]; % assing properties to ele
NodeRow (1, iElem) = iElem;
end

]
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NodeCoord(:,2) = 1; % Move the nodes horizontally
% (this is just for plotting, not necessary otherwise)

%% 3. Guess initial deformation

nDof = 2*nNode; % Each node can move horizontally and vertically
FreeDof = 1:1:nDof;

FixedDof = [1 2 nDof-1 nDof]; % First node and last node are fixed
FreeDof (FixedDof) = []; % Free dofs (those that are not fixed)

% check what happens if free, check if R can be used as force on crawler

For the initial configuration, let us assume a parabola of type:

[s is the cooridnate along the undeformed position of the wire]

SAG = 75; % Let us assume a big sag - this will assure that all elements
% are under tension, which may be necesary for the convergence of
% the solver

% Determine the shape of the parabola

%
%

A = [0 0]; B = [30 -SAG]; C = [W H]; % Bx was chosen ’random’
Matrix = [A(l) A(2) 1; B(l) B(2) 1; C(l) C(2) 1];
Vector = [A(1)"2; B(1l)"2; C(1)"2];

pgr = Matrix\Vector;

p =par(l); g = par(2); r = pgr(3);
a=1/gq; b = -p*a; ¢ = -r*a;

s = NodeCoord(:,1);
x = Wx(s/L);
y = a.*x."2 + b.*x + c;

u = zeros (nDof,1); % displacement
u(l:2:end) = x-NodeCoord(:,1); % The displacement of the node corresponds to
u(2:2:end) = y-NodeCoord(:,2); % the actual position minus the initial position

% 4. Iteration until convergence

4.1. Assemble external load vector - self weight

Pext g = zeros(nDof,1);

% k soil = k soil*lElem;

for iElem 1: 1: nElem

Nodes = Element (iElem, [1 21);

DofsY = 2*Nodes; % only vertical degrees of freedom matter for weight
10 = Element (iElem, 5);

m = Element (iElem, 3);

Pext g(DofsY) = Pext g(DofsY) - g*10*m/2; % Half wight to each node

%
%

end

% 4.2. Iterate
CONV = 0;

kIter = 0;
nMaxIter = 1000;
fig 1 = figure;

while CONV ==
kIter = kIter + 1; % update the iteration counter
fprintf(l, ’"Iteration %d ...\n’, kIter);

Check stabilty - define a number maximum of iterations. If solution
hasen’t converged, check what is going wrong (if something).
if kIter > nMaxIter, break; end

o° o

% 4.2.1. Assemble vector with internal foces and stiffness matrix
K = zeros (nDof,nDof);

]
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Fi = zeros(nDof,1);
Pext = zeros (nDof,1);
for iElem = 1: 1: nElem
Nodes = Element (iElem, [1 2]); % Nodes of the element
NodePos = NodeCoord (Nodes, :) + [u(2*Nodes-1) u(2*Nodes)]; % Position of nodes
Dofs = [2*Nodes (l)-1; 2*Nodes(l); 2*Nodes (2)-1; 2*Nodes(2)];
[Fi elem,K elem,Tension (iElem),WARN] = StringForcesAndStiffness (NodePos,EA, lElem
if NodePos(1l,2) < O

K elem(2,2) = K elem(2,2);% + k_soil/Z;
end
if NodePos(2,2) < O
K elem(4,4) = K elem(4,4);% + k soil/2;
Pext (Dofs (4)) = Pext g(Dofs(4));% - k soil*NodePos(2,2);
else
Pext (Dofs (4)) = Pext g(Dofs(4));
end
Fi(Dofs) = Fi(Dofs) + Fi elem;
K(Dofs,Dofs) = K(Dofs,Dofs) + K elem;
end
% 4.2.2. Calculate "residual forces”
R = Pext - Fi;

oe

4.2.3. Check for convergence
if norm(R(FreeDof)) /norm(Pext (FreeDof)) < le-4
CONV = 1;
end
% 4.2.4. Calculate increment of displacements
du = zeros (nDof,1);
du (FreeDof) = K(FreeDof, FreeDof) \R (FreeDof) ;
if isnan (norm(du))
du = rand(size(du))/1lElem/100;
end
% 4.2.5. Apply archlength to help with convergence
Scale = min([1 1lElem/max (abs(du))]);
du = du*Scale; Enforce that each node does not displace
more (at each iteration) than the lenght
of the elements

o® oo oo

$ 4.2.6. Update displacement of nodes
u = u + du;
plot node x cat = (NodeCoord(:,1) + u(l:2:end-1));
plot node y cat (NodeCoord(:,2) + u(2:2:end));
% 4.2.7. Plot updated configuration
if 1 %kIter/10 == round(kIter/10)
plot (NodeCoord(:,1) + u(l:2:end-1), NodeCoord(:,2) + u(2:2:end), ’'-

o° oo

@]
b

hold on

plot ([A(1) C(1)], [A(2) C(2)], 'vr');
axis equal

title([’Iteration ’ num2str(kIter)]);
drawnow;

hold off;

% Display convergence

Rmax = max (abs (R (FreeDof)));

d° d° 0 0 @ o o o° o° o°

]
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disp (Rmax)

disp (norm (R (FreeDof)) /norm (Pext (FreeDof)))

drawnow;

hold off;

legend (' Iterated solution’,’Location’,’northwest’)
end

o0 o° o° o o° o°

nd

(0]

if CONV

title (' Converged solution’);
else

title ('’ Solution did not converge.’);
end

o° o° o o° oP

o

5. Plot Tension parabol, catenary system
fig 2 = figure;

plot (Tension, '-*7)

grid on

grid minor

o° o o o° oe

title ([’ Tension Catenary System’]);
xlabel (" Node number’)
ylabel (' Tension [N]')

o° oo oo

o)

% save eigengewicht

Pext eigengewicht = Pext g;
Tension catenary = Tension;
R catenary = R;

% save coordinates catenary

coordinate cat 1 = [plot_node_x_cat(l:l:nNode/Z),plot_node_y_cat(l:l:nNode/Z)];
coordinate cat min y 1 = min(coordinate cat 1(:,2));

coordinate cat y 1lb = find(plot node y cat == coordinate cat min y 1);
coordinate cat x 1lb = plot node x cat(coordinate cat y 1b);

o

6. Loads on system
6.1 Assemble external load vector
self weight & buoyancy, overschrijf de Pext g
Pext g = zeros(nDof,1);
for iElem = 1: 1: nElem
Nodes Element (iElem, [1 2]);
DofsY = 2*Nodes; % only vertical degrees of freedom matter for weight
10 = Element (iElem, 5);
m = Element (iElem, 3);
Pext g(DofsY) = Pext g(DofsY) - g*10*m/2; % Half wight to each node
end

o o° oP

Q

% Buoyancy modules

number of buoyant hoses = (number of modules/number of modules per hose); $[st]

number of buoyant hoses element = number of buoyant hoses*point hosesegment; %number of moc
% Force due to buoyancy

buoyancy force per module = 1lift buoyancy*g; %[N]

buoyancy force total = (lift buoyancy*qg) *number of modules; %[N]

]
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o)

% location buoyancy on even number (y coordinate)
buoyancy coordinate begin = 2 + start segment*point hosesegment*2; %round even (nDof/6)
buoyancy plot begin = buoyancy coordinate begin/2; %plot location of plot node y

if mod(point hosesegment,2) == %odd
if mod(number of buoyant hoses,1)==0.5
buoyancy nodes element = floor (number of buoyant hoses element)+1;

buoyancy nodes element add = floor (number of buoyant hoses element) *2; %y coordinat

buoyancy end node element = buoyancy coordinate begin + buoyancy nodes element add;
else

buoyancy nodes element = round(number of buoyant hoses element)+l; % +1 voor nodes ij

buoyancy nodes element add = round(number of buoyant hoses element) *2; %y coordinat

buoyancy end node element = buoyancy coordinate begin + buoyancy nodes element add;

end
elseif mod(point hosesegment,2) == % even segmenten per hose
if mod (number of buoyant hoses,1)==0.5
buoyancy nodes element = floor (number of buoyant hoses element)+1;

buoyancy nodes element add = floor (number of buoyant hoses element)*2; %y coordinat

buoyancy end node element = buoyancy coordinate begin + buoyancy nodes element add;
else

buoyancy nodes_ element = round(number of buoyant hoses element)+1l; % +1 voor nodes ij

buoyancy nodes element add = round(number of buoyant hoses element) *2; %y coordinat

buoyancy end node element = buoyancy coordinate begin + buoyancy nodes element add;

end
end
buoyancy plot end = buoyancy_ end node element/2; $plot location of plot node y
% buoyancy force - selfweight hose
distributed buoyancy force = buoyancy force total/buoyancy nodes element;
Pext g((buoyancy coordinate begin) :2: (buoyancy end node element)) = distributed buoya

g*10*m; % maximaal belade gedeelte inclusief eigen gewicht, in iteratie r284 r 286
Pext g buoy = zeros(nbDof,1);
Pext g buoy ((buoyancy coordinate begin) :2: (buoyancy end node element)) = distributed ]

o\°
oo

7 Iteration until convergence

CONV = 0;

kIter = 0;

nMaxIter = 1000;

fig 3 = figure;

while CONV ==
kIter = kIter + 1; % update the iteration counter
fprintf (1, ’'Iteration %d ...\n’, kIter);

Check stabilty - define a number maximum of iterations. If solution
hasen’t converged, check what is going wrong (if something).
if kIter > nMaxIter, break; end

o° oo

% 7.1.1. Assemble vector with internal foces and stiffness matrix

K = zeros (nDof,nDof) ;
Fi = zeros(nDof,1);
Pext = zeros (nDof,1);
for iElem = 1: 1: nElem
Nodes = Element (iElem, [1 2]); % Nodes of the element
NodePos = NodeCoord (Nodes, :) + [u it (2*Nodes-1) u it (2*Nodes)]; % Position of node:
Dofs = [2*Nodes (1l)-1; 2*Nodes(l); 2*Nodes (2)-1; 2*Nodes(2)];

[Fi elem,K elem,Tension(iElem),WARN] = StringForcesAndStiffness (NodePos,EA,lElem

]
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if NodePos(1l,2) < 0 %x coordinaat?
K elem(2,2) K elem(2,2);% + kfsoil/2;

end
if NodePos(2,2) < 0 %y coordinaat?
K elem(4,4) = K elem(4,4);% + k _soil/2;
Pext (Dofs(4)) = Pext g(Dofs(4));% - k soil*NodePos(2,2);
else
Pext (Dofs (4)) = Pext g(Dofs(4));
end
Fi(Dofs) = Fi(Dofs) + Fi _elem;
K(Dofs,Dofs) = K(Dofs,Dofs) + K elem;
end
% 7.1.2. Calculate ”"residual forces”

o)
Il

Pext - Fi;

% 7.1.3. Check for convergence
if norm (R (FreeDof)) /norm(Pext (FreeDof)) < le-4
CONV = 1;
end
% 7.1.4. Calculate increment of displacements
du = zeros (nbof,1);
du (FreeDof) = K(FreeDof, FreeDof) \R(FreeDof) ;
if isnan(norm(du))
du = rand(size(du))/1Elem/100;

end
% 7.1.5. Apply archlength to help with convergence
Scale = min([1 1lElem/max (abs(du))]);

du = du*Scale; Enforce that each node does not displace
more (at each iteration) than the lenght

of the elements

o o° oP

o

7.1.6. Update displacement of nodes

u it = u it + du;

plot node x = (NodeCoord(:,1) + u it(l:2:end-1));
plot node y = (NodeCoord(:,2) + u it(2:2:end));

% 7.1.7. Plot updated configuration

if 1 %$kIter/10 == round(kIter/10)
plot (NodeCoord(:,1) + u it (l:2:end-1), NodeCoord(:,2) + u it(2:2:end), '-

o° o°

o
et

hold on

plot ([A(1) C(1)], [A(2) C(2)], "vb");

% plot buoyancy locations
plot (plot node x(buoyancy plot begin:l:buoyancy plot end), plot node y(buoyancy plo

axis equal
title([’Iteration ’ num2str(kIter)]);
drawnow;
hold off;
legend ({’ Shape hose’,’Begin/end point’,’Buoyancy’},’Location’,’southeast’)
% Display convergence
Rmax = max (abs (R (FreeDof)));
disp (Rmax) ;
disp (norm (R (FreeDof)) /norm(Pext (FreeDof)))

o° 0 0 A0 © A A A A O A A O A A o° o°

]
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o° o° oP

nd

0]

o° oo

O
pa

° A° AC A A O A A A AN A A A A A A A A A A A A o° o° o°

o° o o° oP

o o° oe

o)

drawnow;
hold off;
end

if CONV %eindplot
plot (NodeCoord(:,1) + u it(l:2:end-1), NodeCoord(:,2) + u it(2:2:end), '-

hold on

plot ([A(1) C(1)], [A(2) C(2)], '"vb");
% plot buoyancy locations
plot (plot node x(buoyancy plot begin:l:buoyancy plot end), plot node y(buoyancy

axis equal
title([’Iteration ’ num2str(kIter)]);
drawnow;
hold off;
legend ({’Shape hose’,’Begin/end point’,’Buoyancy’},’Location’,’southeast’)
% Display convergence
Rmax = max (abs (R (FreeDof)));
disp (Rmax) ;
disp (norm (R (FreeDof)) /norm (Pext (FreeDof)))
drawnow;
hold off;
title (' Converged solution’);

else

title (' Solution did not converge.’);

end
filename 3= strcat (’FIGl SSHAPE L’,num2str(L 1),’ W' ,num2str(W),’ H’',num2str(H),’ M
saveas (fig_ 3, filename_3,'png’)

fig 4 = figure;
plot (Tension, ’'—-*')
grid on

grid minor

title (' Tension Buoyant System’)
xlabel (' Node number’)

ylabel (' Tension [N]')

% save eigengewicht and tension

Pext sshape = Pext g;
Tension sshape = Tension;

o° o0 0 © ° o° O° OO O d° o°

fig 5 = figure;

plot (Tension catenary,’'-*")

hold on

plot (Tension sshape,’-*")

hold on

plot (NodeRow (buoyancy plot begin:1l:buoyancy plot end),Tension sshape (buoyancy plot
hold off

grid on
grid minor
title (' Tension Catenary and Buoyant System’)

]
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xlabel (' Node number’)
ylabel (' Tension [N]')
legend (' Tension Catenary System’, ’'Tension Buoyant System’,’Buoyant Nodes’)

o o° oP

filename 5= strcat (’FIG2 TENSION SSHAPE L’,num2str(L 1),’ W’ ,num2str(W),’ H’,num2str(H),
saveas (fig 5,filename 5, 'png’)

o° o

%% 8 Convergentie check

% first half of hose for max

coordinate sshape 1 = [plot node x(1l:1:nNode/2),plot node y(l:1:nNode/2)];
coordinate max y 1 = max(coordinate sshape 1(:,2));

coordinate y 1 = find(plot node y == coordinate max y 1);

coordinate x 1 = plot node x(coordinate y 1);

coordinate min y 1 = min(coordinate sshape 1(:,2));

coordinate y 1lb = find(plot node y == coordinate min y 1);

coordinate x 1lb = plot node x(coordinate y 1b);

o)

% seoond part of hose for minimum

coordinate sshape 2 = [plot node x(coordinate y 1l:1:nNode),plot node y(coordinate y 1:1:nN
coordinate min y 2 = min(coordinate sshape 2(:,2));
coordinate y 2 = find(plot node y == coordinate min y 2);

coordinate x 2 = plot node x(coordinate y 2);
% coordinate check bend restrictor

coordinate bendrestrictor = [plot node x(2:1:point hosesegment),plot node y(2:1:point hose
coordinate br x = coordinate bendrestrictor((l:1l:end),1);

coordinate br y = coordinate bendrestrictor((l:1l:end),2);

o)

% Tension Catenary gegevens

plot tension cat = Tension catenary’;

Tension cat begin = Tension catenary(l,1); %[N]

Tension cat min = min(Tension catenary); 3%I[N]

Tension cat min node = find( plot tension cat == Tension cat min);
Tension cat max = max(Tension catenary); $%I[N]

Tension cat max node = find( plot tension cat == Tension cat max);

Tension cat end = Tension catenary(l,nElem); $%[N]

Q

% Tension Buoyancy gegevens

plot tension = Tension’;

Tension buoy begin = Tension(1l,1); $%[N]

Tension buoy max = max (Tension); %[N]

Tension buoy max elem = find( plot tension == Tension buoy max) ;

Tension buoy max start = Tension(l, ((point hosesegment*start segment)-1));

Tension buoy max start elem = point hosesegment*start segment; % element voor buoyancy force
Tension buoy min = min(Tension); $%[N]

Tension buoy min node = find( plot tension == Tension buoy min);

o)

Tension buoy end = Tension(l,nElem); %[N]

% Table information saving
% Matrix Nodes max en min

table 1(k,1) =L 1; % [m]
table 1(k,2) = H; % [m]
table 1(k,3) = number of modules; $ [st]
table 1(k,4) = number of modules per hose; % [st]
table 1(k,5) = start segment; % [No]
table 1(k,6) = mass; % [kg/m]
table 1(k,7) = W; s [m]
table 1(k,8) = coordinate x 1b; % [m]
table 1(k,9) = coordinate min y 1; % [m]
table 1(k,10) = coordinate x 1; % [m]
table 1(k,11) = coordinate max y 1; S [m]

]
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table 1(k,12)
table 1(k,13)

% Matrix Nodes,

table 11(11+(1l:numel (plot node y))
table 11(11+(l:numel (plot node x))

kk = k*2; kkk =
table 11(1,kk)
table 11(2, k)
table 11(3,kk)
table 11 (4, kk)
table 11(5,kk) =
table 11(6,kk)
table 11(7,kk)
table 11(8,kk)
table 11(9,kk)
table 11(10,kk)
table 11(11,kk)

(

(

o\

% Matrix Nodes max en min

, kkk) = plot

= coordinate x 2; % [m]
coordinate min y 2; % [m]
save sshape for figure plot
round odd_down (kKk) ;

=L 1; % [m]

= H; 5 [m]
number of modules; % [st]
number of modules per hose; % [st]
start segment; % [No]
mass; % [kg/m]

= W; 5 [m]
buoyancy plot begin; % [No]
buoyancy plot end; % [No]

= nDof;

= nNode;

,kk) = plot node y; % [m]

_node_x; % [m]

[N] Force Buoyant node

load vector

$ table 111(k,1) = L 1; % [m]

$ table 111 (k,2) = H; % [m]

% table 111 (k,3) = number of modules; s [st]

% table 111 (k,4) = number of modules per hose; % [st]

% table 111 (k,5) = start segment; % [No]

% table 111 (k,6) = mass; % [kg/m]

$ table 111(k,7) = W; % [m]

% table 111(k,8) = coordinate cat x 1b; % [m]

% table 111(k,9) = coordinate cat min y 1; % [m]

% table 111(k,10) = coordinate cat y 1b; % [no vyl

% Matrix Force per iteration

table 2(k,1) =L 1; % [m]

table 2(k,2) = H; % [m]

table 2(k,3) = number of modules; % [st]

table 2(k,4) = number of modules per hose; % [st]

table 2(k,5) = start segment; $ [No]

table 2(k,6) = mass; % [kg/m]

table 2(k,7) = W; % [m]

table 2(k,8) = buoyancy force total; % [N]

table 2(k,9) = sum(Pext_g_buoy); % [N] check up above

table 2(k,10) = % [m] wat misschien het verschil veroorzaakt
table 2(k,11) = (g*lO*m) % [N] eigengewicht per node

table 2(k,12) = (g*10*m) * (nNode-1) ; % [N] begin en end node maar halve hose aan gewi
table 2(k,13) = sum(Pext eigengewicht) ; % [N] check up Verdeling eigengewicht
table 2(k,14) = (distributed buoyancy force-g*10*m); %

table 2(k,15) = sum(Pext q); % [N] Total force on hose,
table 2(k,16) = (sum(Pext g buoy)+sum(Pext eigengewicht)); %

Q

table 22(1,k) =
table 22(2,k) =
table 22(3,k) =
table 22(4,k) =
table 22(5,k) =
table 22(6,k) =
table 22(7,k) =

Delft
e t University of
Technology

H;

% Matrix Force 2 Pext g total
=L 1;

number of modules;

number of modules per hose;

start segment;

mas
W;

Sy

o° oo

o° oo oo

o° oo
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table 22(8,k) = sum(Pext g buoy); % [N] total force
table 22(9,k) = distributed buoyancy force; % [N] force per node
table 22(10,k) = number of buoyant hoses element; % [st] exact nodes buoyant
table 22(11,k) = buoyancy nodes element; % [st] afgerond ploted nodes buoyant
table 22(12,k) = buoyancy coordinate begin; % [No]

table 22(13,k) = buoyancy nodes_ element add; % [st] afgerond
table 22(14,k) = buoyancy end node element; % [No]
table 22 ((14+(l:numel (Pext g))),k) = Pext g/1000; % [kN]

% Matrix Tension cat info

table 3(k,1) =L 1; % [m]

table 3(k,2) = H; % [m]

table 3(k,3) = number of modules; % [st]

table 3(k,4) = number of modules per hose; % [st]

table 3(k,5) = start segment; $ [No]

table 3(k,6) = mass; % [kg/m]

table 3(k,7) = W; % [m]

table 3(k,8) = Tension cat begin; % [N]

table 3(k,9) = Tension cat min; $ [N]

table 3(k,10) = Tension cat min node(1,1); % [No]

table 3(k,11) = Tension_ cat max; $ [N]

table 3(k,12) = Tension cat max node; % [No]

table 3(k,13) = Tension cat end; % [N]

table 3(k,14) =R catenary(1l,1); % [N] Resudual force fixed node X Crawler
table 3(k,15) =R catenary(2,1); % [N] Resudual force fixed node Y Crawler
table 3(k,16) = R _catenary(nDof-1,1); % [N] Resudual force fixed node X
table 3(k,17) = R _catenary(nDof,1); $ [N] Resudual force fixed node X
% Martix Tension sshape info

table 33(k,1) =L 1; S [m]

table_33(k,2) = H; % [m]

table 33(k,3) = number of modules; $ [st]

table 33(k,4) = number of modules per hose; % [st]

table 33(k,5) = start segment; % [No]

table 33(k,6) = mass; % [kg/m]

table 33(k,7) = W; % [m]

table 33(k,8) = Tension buoy begin; $ [N]

table 33(k,9) = Tension buoy max ; $ [N]

table 33(k,10) = Tension buoy max elem; % [No]

table 33(k,11) = Tension buoy max start; % [N]

table 33(k,12) = Tension buoy max start elem; % [No]

table 33(k,13) = Tension buoy min; $ [N]

table 33(k,14) = Tension buoy min node(1l,1); % [No]

table 33(k,15) = Tension buoy end; % [N]

table 33(k,16) R(1,1); % [N] Resudual force fixed node X Crawler
table 33(k,17) =R(2,1); % [N] Resudual force fixed node Y Crawler
table 33(k,18) = R(nDof-1,1); % [N] Resudual force fixed node X
table 33(k,19) = R(nDof,1); % [N] Resudual force fixed node X
table 333(1,k) =L 1; % [m]

table 333(2,k) = H; % [m]

table 333(3,k) = number of modules; $ [st]

table 333(4,k) = number of modules per hose; % [st]

table 333(5,k) = start segment; % [No]

table 333(6,k) = mass; % [kg/m]

table 333(7,k) = W; % [m]

table 333 ((7+(l:numel(Tension’))),k) = Tension’; $ [kN]
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%$Tabel parameters fail or not to fail

table 4 all comb(k,1) =L 1; $ [m]
table 4 all comb(k,2) = L; $ [m]
table_4_all_comb(k,3) = H; $ [m]
table 4 all comb(k,4) = number of modules; $ [st]
table 4 all comb(k,5) = number of modules per hose; % [st]
table 4 all comb(k,6) = start segment; % [No]
table 4 all comb(k,7) = mass; % [kg/m]
table 4 all comb(k,8) = W; $ [m]
table 4 all comb(k,9) = Tension buoy begin/1000; % [kN]
table 4 all comb(k,10) = Tension buoy max/1000; % [kN]
table 4 all comb(k,11) = coordinate min y 1; % [m]
table 4 all comb(k,12) = coordinate min y 2; % [m]
table 4 all comb(k,12+(1:numel (coordinate br y))) = coordinate br y; % [m]

close all

end

%% Opslaan Totale Tabellen

% ssp2 = static solution parameters

% pv = parameter variation

save ((strcat ("Matrix SSP2 PV Basisinfo 1 ’,num2str (point hosesegment),’.mat’)),’table
save ((strcat ("Matrix SSP2 PV Basisinfo 2 ’,num2str (point hosesegment),’.mat’)),’table
save ((strcat ('Matrix SSP2 PV Basisinfo 3 ',num2str (point hosesegment),’.mat’)),’table
save ((strcat ("Matrix SSP2 PV Basisinfo 4 ' ,num2str (point hosesegment),’.mat’)),’table
save ((strcat ("Matrix SSP2 PV Nodes 1 ’',num2str (point hosesegment),’.mat’)),’table 1')
save ((strcat ("Matrix SSP2 PV Nodes 2 ’',num2str (point hosesegment),’.mat’)),’table 11’

% save ((strcat ('Matrix SSP2 PV Nodes 3 ' ,num2str(point hosesegment),’.mat’)),’table 1

save ((strcat ("Matrix SSP2 PV Force 1 ’,numZstr(point hosesegment),’.mat’)),’table 2’)
save ((strcat ('Matrix SSP2 PV Force 2 ',num2str (point hosesegment),’.mat’)),’table 22’
save ((strcat ("Matrix SSP2 PV Tension Cat ’,num2str (point hosesegment),’.mat’)),’table
save ((strcat ("Matrix SSP2 PV Tension Sshape ’,num2str(point hosesegment),’.mat’)),’ts
save ((strcat ("Matrix SSP2 PV Tension Sshape full ’,num2str (point hosesegment),’.mat’)
save ((strcat ('Matrix SSP2 PV Matrix all combinations ’,num2str (point hosesegment),’ .n
%% CSV

o)

% Construeren CSV files
format bank $ bepaalde afronding voor dollars officieel --> afronding naar 1 cent

writematrix(table O, strcat (' SSP2 PV Basisinfo 1 csv_’,num2str(point hosesegmen
writematrix(table 00, strcat (' SSP2_PV Basisinfo 2 csv_’,num2str(point hosesegmer
writematrix (table 0000, strcat (' SSP2_ PV Basisinfo 3 csv_’,numZstr(point hosesegme
writematrix (table 000, strcat (" SSP2 PV Basisinfo 4 csv ' ,num2str (point hosesegme
writematrix (table 1, strcat (" SSP2 PV Nodes 1 csv_’,numZstr(point hosesegment),’
writematrix (table 11, strcat (" SSP2 PV Nodes 2 csv ' ,numZ2str (point hosesegment),’
% writematrix(table 111, strcat ('SSP2 PV Nodes 3 csv_’',num2str(point hosesegment)
writematrix (table 2, strcat (' SSP2 PV _Force 1 csv_’,numZ2str(point hosesegment),’
writematrix (table 22, strcat ('SSP2_PV Force 2 csv_’',num2str (point hosesegment),’
writematrix (table 3, strcat (' SSP2 PV Tensioncat csv ’',num2Zstr (point hosesegment
writematrix (table 33, strcat (' SSP2 PV Tensionsshape csv_’,numZstr (point hosesegn
writematrix(table 333, strcat (' SSP2 PV Tensionsshape full csv_’,num2str(point ho
writematrix(table 4 all comb, strcat(’SSP2 PV Matrix all combinations csv_',num2str (p

Q

format short % terugzetten naar normale afronding

toc

]
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Theoretical background
OrcaFlex

D.1. Calculation stages

5 calculation stages of the forces and moment of the segments of a line. For this chapter, the docu-
mentation for OcraFlex is used, [18].
D.1.1. Tension force
The tension in the axial spring-damper at the centre of the segment is the effective tension. This force
vector points in the direction of the segment, s + n and given by:
T, =Ty + (PoGo-D:i %) (D.1)

Where:

T,, = wall tension

p; = internal pressure, calculated form the contents pressure.

p, = eternal pressure. Calculated by allowing the static pressure head due to the instantaneous
height difference between the point and mean water level.

a; = internal cross section areas of stress annulus, = %IDSZWSS

. T
a, = external cross sectional areas of stress annulus = ZODSZWSS

The axial stiffness can be linear of non linear. For linear axial stiffness the wall tension is defined as:

T dl 1
T = EAe — 2v(pya,-p;a;) + kttg + EACEE (D.2)

Where,
E A = axial stiffness of the line
€ = total mean axial strain
| = instantaneous length of segment
A = expansion factor of segment
lo = unstretched length of segment
v = Poisson ratio
k¢ = tension/torque coupling
T = segment twist angle

¢ = damping coefficient
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178 D. Theoretical background OrcaFlex

dl .
pri rate of increase of length

For nonlinear stiffness, axial stiffness is calculated by T (¢) and is represented by a variable data
source.

D.1.1.1. Damping coefficient
The damping coefficient represents the numerical damping of the line calculated by:

A
c= Faoccrit (D.3)

Where,
Aq = target tension damping, specified as a % of the critical damping level

_ |2mly
Cerit = EA

m = segment mass

This numerical damping term is only included when using the explicit integration scheme. The implicit
integration scheme includes in-built numerical damping.

D.1.2. Bend moments

The rotational spring-dampers induce a bending moment to the node. There is a linear bending stiffness
and nonlinear bending stiffness. The linear bending stiffness can be isotropic or non-isotropic. Isotropic
means that the bending stiffness is the same in the x and y-direction. Resulting in a bending moment

of magnitude:
= Elje| + a2 (D.4)
my| = Ellc| +d— :
Where,

El = Bending stiffness

d = bending damping value = %dcm
1, = target bending damping
d.ri¢ = bending critical damping value for segment = lo\/mEIl,
m = segments mass
Bend moment is generated in the binormal direction b,
b, = unit vector of direction (s, x n,)

For linear non-isotropic bending stiffness the components of the bend moment are given separately as:

dc
m, component for S,, direction = El,c, + dxd—;
' . de, (D.5)
m, component for S, direction = El, ¢, + dyE

Where,
Ely, EL, = bending stiffness of segment in specified direction

¢x, ¢y = components of the curvature vector c in the S,, and S,,, direction
2
dy =$lo,/mEleo
—_ M e
dx —Elo mEIylo

In case of nonlinear isotropic bending stiffness, the magnitude of the bending moment is given by:

dlc]
jmg| = BM(lc) + &' —~ (0-6)

3
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D.1. Calculation stages 179

Where,
BM(|c]) = the function of relating curvature to bend moment
L J— Z’ ’
d = Fbod crit

d’.rir = bending critical damping value for a segment = ly\/mE I, om0
El,,m» = nominal bending stiffness, defined to be the bending stiffness at zero curvature

A hysteretically or non-hysterically interpreted curvature-moment data can be selected for nonlinear
bend stiffness. Non-hysteretic means that the data are applied using a simple elastic model. For a
hysteretic model, hysteresis effects are applied depending on the curvature’s history.

D.1.3. Shear Forces

The shear forces follows from the bend moment calculations. Each line segment is a straight stiff rod
in which the bend moment vector varies from m, at the end closed to end A of the line and m, at the
other end of the segment. Because the segment is stiff in bending, the bending moment varies linearly
along with it; the shear force in the segment is then the constant vector representing the rate of change
of bend moment along the length. The shear force f; is therefore given by:

1
f.=5s,X% T(mz —m,) (D.7)

D.1.4. Torsion moments

If torsion is included the torque moment is calculated. First for each segment the directions s,q, s,,
s,, and s,; are determined, see figure 5.2. These directions are needed to calculate the twist angle ,
the angle between directions s,; and s,,.

In case of linear torsional stiffness, the torque generated by the torsion spring damper is a moment
vector m about the segment axial direction s,, with magnitude

T dt

Where,

k = torsional stiffness

T = segment twist angle

lo = unstretched length of segment

2% = rate of twist

dt

k¢ = tension/torque coupling

€ = total mean axial strain

¢ = torsional damping coefficient of the line
D.1.4.1. Damping coefficient
The damping coefficient represents the numerical damping of the line calculated by:

At

= mccn’t (D.9)

Cc

Where,
A¢ = target torsion damping, specified as a % of the critical damping level

21,k

lo

Cerit =
I, = rotational moment of inertia of the segment

This numerical damping term is only included when using the explicit integration scheme. The implicit
integration scheme includes in-built numerical damping.

]
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D.2. Content flow types

For uniform content, each section of the line is assumed to be full of contents of the given density. The
flow rate and velocity are calculated by the following simple formula’s:
Volume flow rate = Mass flow rate / p

D.10
Flow velocity = Volume flow rate / A ( )

Where,
p = the specified content density
A = internal cross-sectional area

For slug flows, the content density varies along the arc length of the line and can vary over time. It
results in a variation of mass, weight and centrifugal and Coriolis forces.

D.2.1. Content flow effects

For the contents flow effect, the centrifugal and Coriolis force are used. The centrifugal force is seen
as a force on a node due to the flow through a node. The contents flow into a node has a velocity of
syu;, resulting in input of momentum of pa;s?u;. With a corresponding output momentum of pa,s2u,.
The force on the contents that are required to achieve the change in the flow direction, from u; to u,,
must therefore be the net change in the rate of momentum:

paoSguo _paisizui (D11)
Resulting in a centrifugal force, f., on the node, must be equal and opposite to
fee = p(aisizui — a,55u,) = pas®(u; —u,) (D-12)

The Coriolis force due to movement of a segment.

The Coriolis force causes objects to deflect to the right on their intended path in the northern hemisphere
and to the left in the southern hemisphere, affecting the direction. The strength of the deflection is
proportionate to the speed. Considering a segment between two nodes n; and n;, ;, with a fixed global
frame and a local moving frame. The moving frame has an origin which moves with node n;, and its
z-axis always points in direction u from n; to n;, ;. Consider the contents of a segment. Its velocity
relative to the local moving axes is,

r
p = @u (D.13)
Velocity relative to the global axis is,
dp
vi+a=vi+p’+wxp (D.14)

The acceleration relative to global axis is,

d
a(vi+p’+w><p)=(vl-+p’+w><p)’+a)><(vl-+p’+a)><p)

=0+0+w Xp+wXp +twXv;,+twXp +wX (0 XPp) (D.15)
=w' Xp+20Xp +wXV;+wX(wXp)
Resulting in a Coriolis force on the segment of
feo = 2lr(w X u) (D.16)
With,
w = lu X Viy1 = V1) (D.17)

l
The Coriolis force becomes,

foo =2rfu(;y;-vy)] xu
=2r[(ww)(viy1 —v)-(@.(vi41-vi))u] (D.18)
= 2r[(viz1-Vvi)-(a direction component of (v; + 1-v;))]
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D.3. Morison equation 181

We then apportion this total Coriolis force on the segment into two equal parts, a force of
r(component of (v; + 1-v;) normal to u) (D.19)

on each of the two nodes at the ends of the segment.
Where,

p = contents density

A = internal cross-sectional area

s = contents flow speed

r = mass flow rate = pas

[ = segment length

p = position of the node relative to global axes
v = velocity of the node relative to global axes
u = unit vector in the contents flow direction

o = angular velocity of the local (moving) frame relative to global frame GXYZ
% = rate of change of any quantity x relative to global axes

x' = rate of change of any quantity x relative to local axes

D.3. Morison equation

The Morison equation was originally for calculating wave loads on a fixed vertical cylinder, and the
force has two components. The water particle acceleration (fluid inertia) and the particle velocity (drag
force).

f = Cplar + %pCdA|vf|vf (D.20)

Where,

f = the fluid force (per unit length) on the body

C,, = the inertia coefficient for the body

A = the mass of fluid displaced by the body

Ay = the fluid acceleration relative to the earth

p = the density of water

C, = the drag coefficient for the body

A = the drag area

vy = the fluid velocity relative to earth.

Orcaflex uses an extended form of the Morison equation, which incorporates a moving body’s
force.

f = (Cnlay + Cihay) + %pCdA|vr|vr (D.21)
where,
C, = the added mass coefficient for the body
A, = the body acceleration relative to the earth
v, = the fluid velocity relative to the body.

The inertia force consists of two parts, one proportional to fluid acceleration relative to earth (Froude-
Krylov component) and one proportional to fluid acceleration relative to the body (Added mass compo-
nent).
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OrcaFlex models

E.l. Catenary check

* Model 1 test above water catenary same height

— To verify the MatLab catenary calculations and learn to work with OrcaFlex
* Model 1 test underwater catenary same height

— To verify the MatLab catenary calculations and learn to work with OrcaFlex
* Model 1 test underwater catenary height difference

— To verify the MatLab catenary calculations and learn to work with OrcaFlex

E.2. Old models

» Catenary 1

— Learning to work with OrcaFlex
* Jumper hose

— Learning to work with OrcaFlex
* Line object

— Learning to work with OrcaFlex
* Vessel object

— Learning to work with OrcaFlex

E.3. Matlab check-up

* Model 1 buoyancy 5 segments per section forcing by hand
— The MatLab model build in Orcaflex

E.4. Parameter update check-up

* Model 5 segments

— Starting point for updating OrcaFlex parameter
* Model 5 segments buoyancy

— Implementing buoyancy in Matlab model by modules instead of hand forcing
* Model update 5 segments

— Implementing a different number of segments

* Model update hose type 5 segments a

183



184 E. OrcaFlex models

— Implementing parameters like bending stiffness, material parameters for 200 m distance
between crawler and clump weight

* Model update hose type 5 segments b

— Implementing parameters like bending stiffness, material parameters for 150 m distance
between crawler and clump weight

» Model update hose type 5 segments c

— Implementing parameters like bending stiffness, material parameters for 100 m distance
between crawler and clump weight

» Model update hose type 5 segments d

— Implementing parameters like bending stiffness, material parameters for 50 m distance be-
tween crawler and clump weight

* Model update hose structure 5 segments
— Implementing hose structure of blue nodules design, coupling and reinforcement
» Model update hose structure new parameters 5 segments

— New parameters due to failure of initial design parameters, forcing by hand to compare to
MatLab.

* Model update hose structure buoyancy check
— Implementing buoyancy in the new parameter model
» OrcaFlex model 32 modules 4 per hose

— The final design for static analysis

E.5. The dynamic study, x motion

These Orcaflex models study the dynamic motion of the jumper hose induced by the crawler in in line
direction. The models were a built op fase to implement displacements in OrcaFlex. It also established
the range of the crawler.

* OrcaFlex model 32 modules 4 per hose, 50 meters in the x-direction
* OrcaFlex model 32 modules 4 per hose, 100 meters in the x-direction
* OrcaFlex model 32 modules 4 per hose, 150 meters in the x-direction

» OrcaFlex model 32 modules 4 per hose, 50 meters in the x-direction, accelerating and deceler-
ating

E.6. The dynamic study, y-motion

These Orcaflex models study the dynamic motion of the jumper hose induced by the crawler in a per-
pendicular direction. It also established the range of the crawler.

* OrcaFlex model 32 modules 4 per hose, 50 meters in x-direction, range 150 meter in y-direction
— Update for y-direction to 225 meter, 250 meter, 275 meter 300 meter, 280 meter

» OrcaFlex model 32 modules 4 per hose, 100 meters in x-direction, range 65 meter in y-direction
— Update for y-direction to 144 meter, 215 meter, 240 meter 265 meter, 270 meter

* OrcaFlex model 32 modules 4 per hose, 150 meters in x-direction, range 47 meter in y-direction

— Update for y-direction to 132 meter, 198 meter, 223 meter 248 meter, 250 meter, 260 meter
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OrcaFlex model 32 modules 4 per hose, 200 meters in x-direction, range 150 meter in y-direction
— Update for y-direction to 200 meter, 210 meter, 225 meter

OrcaFlex model 32 modules 4 per hose, 225 meters in x-direction, range 150 meter in y-direction
— Update for y-direction to 175 meter, 185 meter

OrcaFlex model 32 modules 4 per hose, 250 meters in x-direction, range 150 meter in y-direction
— Update for y-direction to 155 meter

OrcaFlex model 32 modules 4 per hose, 275 meters in x-direction, range 100 meter in y-direction
— Update for y-direction to 75 meter

OrcaFlex model 32 modules 4 per hose, 280 meters in x-direction, range 50 meter in y-direction

OrcaFlex model 32 modules 4 per hose, 290 meters in x-direction, range 25 meter in y-direction
— Update for y-direction to 30 meter

OrcaFlex model 32 modules 4 per hose, 300 meters in x-direction, range 10 meter in y-direction

— Update for y-direction to 25 meter

E.7. VTS motions

These Orcaflex models study the dynamic motion of the jumper hose.

OrcaFlex model 32 modules 4 per hose, heave motion
OrcaFlex model 32 modules 4 per hose, heave motion, x-direction 150 meter

OrcaFlex model 32 modules 4 per hose, heave motion, 100 m in x-direction, limit range in y 240
meter

OrcaFlex model 32 modules 4 per hose, bocht, distance 200 meter
OrcaFlex model 32 modules 4 per hose, increase the speed of crawler

OrcaFlex model 32 modules 4 per hose, speed crawler and VTS same

E.8. Range study zigzag pattern crawler and VTS mo-

tion

labelapp:orca mat range vts These Orcaflex models study the dynamic motion of the jumper hose and
establish the range of the zigzag pattern with a constant VTS motion

OrcaFlex model 32 modules 4 per hose, range crawler perpendicular 50 meters, range start
location x-direction

— Range update, 200, 250, 275 meters

OrcaFlex model 32 modules 4 per hose, range crawler perpendicular 60 meters, range start
location x-direction

— Range update, 200, 250, 260 meters

OrcaFlex model 32 modules 4 per hose, range crawler perpendicular 70 meters, range start
location x-direction

— Range update, 200, 225, 250, 255

OrcaFlex model 32 modules 4 per hose, range crawler perpendicular 80 meters, range start
location x-direction
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— Range update 200, 240, 250, 255

OrcaFlex model 32 modules 4 per hose,

location x-direction
— Range update 200, 250

OrcaFlex model 32 modules 4 per hose,
location x-direction

— Range update 200, 240, 245

OrcaFlex model 32 modules 4 per hose,
location x-direction

— Range update 200, 240, 235

OrcaFlex model 32 modules 4 per hose,
location x-direction

— Range update 200, 220

OrcaFlex model 32 modules 4 per hose,
location x-direction

— Range update 200, 205

OrcaFlex model 32 modules 4 per hose,
location x-direction

— Range update 180, 185

OrcaFlex model 32 modules 4 per hose,
location x-direction

— Range update 150, 165

OrcaFlex model 32 modules 4 per hose,
location x-direction

— Range update 125, 135

OrcaFlex model 32 modules 4 per hose,
location x-direction

— Range update 100

OrcaFlex model 32 modules 4 per hose,
location x-direction

— Range update 50, 55
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range crawler perpendicular 90 meters,

range crawler perpendicular 100 meters,

range crawler perpendicular 120 meters,

range crawler perpendicular 140 meters,

range crawler perpendicular 160 meters,

range crawler perpendicular 180 meters,

range crawler perpendicular 200 meters,

range crawler perpendicular 220 meters,

range crawler perpendicular 240 meters,

range crawler perpendicular 250 meters,

range

range

range

range

range

range

range

range

range

range

start

start

start

start

start

start

start

start

start

start
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