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Background
In order to be able to design, install and operate floating wind turbines and, in the future, large

floating wind parks, cost-effective and safe marine operations are crucial. Capital expenditure
of the marine operations for a floating wind park is large part of the total investment cost. An
important building block for a floating wind turbine is the mooring system and installation of
the anchors.

A key activity to successful subsea installation operations is the planning process. Lifting of
subsea equipment, especially through the wave zone, is a weather critical activity. It is crucial
that such operations are planned and understood properly and that effective equipment is
used. This thesis shall specifically consider installation of anchor concepts for the, mooring
system of floating wind turbines. Numerical simulations are an important part of the decision
basis. The thesis shall use the tools available in the SIMA/SIMO program suite.

The main challenge of installation of the mooring system is the crane operation of the
anchors. The state-of-art concept is the suction anchor. An alternative anchor concept is the
Deep Penetrating Anchor (DPA) or the “torpedo” anchor. The thesis shall have a special focus
on comparison of these anchor types.

Scope of Work

1) Review relevant literature and describe the main steps in the planning process of a marine
operation in general. Describe briefly state-of-art subsea installation methods by use of crane
vessels. For weather restricted operations, an overview of the planning process shall be
described; the “alpha factor”-concept and how operability and weather windows can be
optimized shall be described in detail.

2) Describe possible mooring systems for floating wind turbines. Focus on station keeping
principles and main hardware components. Include an overview of the different anchor
concepts available for the industry. A special comparison shall be given for the suction anchor
and the DPA anchor concepts.

3) Familiarize with the numerical simulation suite SIMA/SIMO and describe the theory that is
relevant for subsea lifting and installation of anchors.

4) Establish numerical simulation models in SIMA for a suction anchor and a DPA anchor. In
particular, describe how important parameters like added mass, drag forces and slamming
forces are defined in the simulation models. Propose parameters that may determine the
design operational limit and estimate limits based on simulation results. The variability of the
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design responses shall be assessed. Information on anchor concepts and simulation cases to be
defined and discussed together with the supervisor.

5) Operability investigation. Based on simulation results from task 4) and weather data for the
Barents Sea, typical operability figures shall be calculated. Cases to be discussed and agreed
with supervisor.

6) Conclusions and recommendations for further work.

General information

The work scope may change or prove to be larger than initially anticipated. Subject to approval
from the supervisor, topics may be changed or reduced in extent.

In the project the candidate shall present his personal contribution to the resolution of problems
within the scope of work.

Theories and conclusions should be based on mathematical derivations and/or logic reasoning
identifying the various steps in the deduction.

The candidates should utilise the existing possibilities for obtaining relevant literature.

Report/Delivery

The thesis report should be organised in a rational manner to give a clear exposition of results,
assessments, and conclusions. The text should be brief and to the point, with a clear language.
Telegraphic language should be avoided.

The report shall be written in English and edited as a research report including literature survey,
description of relevant mathematical models together with numerical simulation results, discussion,
conclusions and proposal for further work. List of symbols and acronyms, references and (optional)
appendices shall also be included. All figures, tables and equations shall be numerated.

The original contribution of the candidate and material taken from other sources shall be clearly
defined. Work from other sources shall be properly referenced using an acknowledged
referencing system.

The report shall be submitted in Inspera, as specified by the department of Marine Technology.
In addition, an electronic copy (pdf) to be sent to the supervisors.
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Summary

Recovering energy from offshore wind is more expensive than inshore and thereby can cost-
effective and safe marine operations be crucial to make Floating Offshore Wind Turbines (FOWT)
competitive. The purpose of this thesis is to look at the marine operation of installing anchors
used for FOWT by comparing a suction anchor and a deep penetration anchor. Relevant the-
ory within mooring systems, lifting operations, hydrodynamics and operability is presented.
Numerical simulation models of the anchors are made in SIMA, and numerical simulations and
time domain analysis is performed. The lifting operation is done by use of a crane vessel, and the
tension in the lifting line is primarily assessed. Weather data is taken from the Johan Castberg
Field located in the Barents Sea, and the simulations are run with irregular waves and varying
peak periods, significant wave height and directions.

From a marine operation view, the results show that the deep penetration anchor is rec-
ommended. This is because the tension in the wire is lower due to less influence from hydro-
dynamic forces compared to the suction anchor. This leads to a higher design criterion and
operational limit. In addition, the reference time is shorter and thereby the required weather
window is reduced.

For the suction anchor, the splash zone is a critical phase as the added mass is large com-
pared to the structural mass due to entrapped water. Slamming forces appear typically for
smaller peak periods and larger accelerations and gives large dynamics in the wire. A com-
bined effect of the crane tip motion and wave kinematics will induce the overall largest vertical
hydrodynamic force. The results show that lower peak periods gives a higher maximum tension
in the wire. It is, therefore, important to assess the slamming and Morison’s forces. Opposed
to the deep penetration anchor, resonance in the wire is a risk. When assessing the operability,
it can be seasonal challenges for the installation of a suction anchor when comparing July with

October, and especially when installing several anchors in a row to avoid waiting on weather.
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Sammendrag

Utvinning av havvind er dyrere enn vindkraft fra land, og dermed kan kostnadseffektiv og trygge
marine operasjoner veere avgjorende for 4 gjere havvind konkurransedyktig. Hensikten med
denne oppgaven er & se pa den marine operasjonen 4 installere ankre som brukes til flytende
vindturbiner ved & sammenligne et sugeanker og et droppanker. Relevant teori innen forankringssys-
temer, lofteoperasjoner, hydrodynamikk og operabilitet er presentert. Numeriske simuleringsmod-
eller av ankrene er laget i SIMA, og numeriske simuleringer og tidsdomeneanalyse er utfort. Lof-
teoperasjonen er utfort ved hjelp av et kranfartay, og spenningen i loftelinen er forst og fremst
vurdert. Veerdata er hentet fra Johan Castberg feltet i Barentshavet, og simuleringene er kjort
med uregulaere belger og varierende topperioder, signifikant bolgehoyde og retning.

Med tanke pa den marine operasjonen, viser resultatene at droppankeret kan anbefales. Det
skyldes at spenningen i loftewiren er lavere pa grunn av mindre pavirkning fra hydrodynamiske
krefter sammenlignet med sugeanker. Dette forer til et hoyere designkriterium og operasjons
grense. I tillegg er referansetiden kortere og dermed reduseres det nodvendige vaervinduet.

For sugeanker er plaskesonen en kritisk fase siden tilleggsmassen er stor sammenlignet med
den strukturelle massen pd grunn av innesluttet vann. Slamming kreftene forekommer typisk
for mindre topperioder og storre akselerasjoner og gir mye dynamikk i loftewiren. En kombin-
ert effekt av kranstipp bevegelsen og belgekinematikk vil indusere den starste vertikale hydro-
dynamiske kraften. Resultatene viser at lavere topperioder gir en hgyere maksimal spenning i
ledningen. Det er derfor viktig & vurdere slamming og Morisons krefter. I motsetning til drop-
pankeret vil resonans i ledningen veere en risiko. Nar man vurderer tilgjengeligheten for instal-
lasjon, kan sesongvariasjoner vere utfordrende for installasjon av sugeankeret og spesielt om

man installerer flere ankre pé rad for 4 unngd & vente pd veer.
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Chapter 1

Introduction

1.1 Background

In recent years, the floating offshore wind turbine (FOWT) marked has gotten a bigger focus
and has increased significantly. The demand for electricity is increasing steadily, and at the
same time, the intention is to reduce global emission(Cruz and Atcheson, 2016). To support
the drive towards a reduction in carbon emission, FOWT can play an important role with its
renewable energy technology. According to IRENA| (2016)’s analysis, wind power will have to
become the leading power generation technology by 2030 to ensure a decarbonisation of the
global economy. Fixed wind turbines cannot reach this goal alone. Fixed wind turbines have a
limited water depth of about 40-50 m, while most of the world’s oceans are deeper. Therefore,
FOWTs are essential to utilize the offshore wind when reaching deeper water. Some of the main
advantages of floating wind turbines are the high mean wind speed with more variations in time
and space than onshore. Also, the large available areas offshore at a low price, and consequently
large potentials to build larger turbines and wind farms is advantageous (Cruz and Atcheson,
2016). Although recovering energy from offshore wind is slightly more expensive, the resource
provides up to 50% more energy than nearby onshore winds (PrinciplePower, 2018). Another
important advantage of the floating structure is the possibility for greater standardisation in
manufacturing since water depth and soil type have no impact on foundation design, leading to
cost savings(IRENA, 2016).

In order to design, install and operate floating wind turbines and, in the future, large floating
wind parks, cost-effective and safe marine operations are crucial. Capital expenditure (CAPEX)
of the marine operations for a floating wind park is a large part of the total investment cost, and
it is therefore important to optimize it to reduce the cost. An important building block for a
floating wind turbine is the mooring system and installation of the anchors. Due to econom-
ical reasons, it is necessary to minimize mooring system costs, while not exceeding mooring

line breaking strength and platform drift constraints. Factors like cheaper anchors with a cost-
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effective design and production as well as decreased installation time are central.

A key activity to successful subsea installation is the planning process. Lifting of subsea
equipment, especially through the splash zone, is a weather critical activity. The main challenge
of installation of the mooring system is the crane operation of the anchors. It is crucial that
such operations are planned and understood properly, and that effective equipment is used.
The state-of-art concept is the suction anchor, and an alternative anchor concept is the deep
penetration anchor (DPA).

1.2 Objectives

This thesis will look at the marine operation when installing anchors used for FOWT. Two pos-
sible concepts will be compared. This is a deep penetration anchor formed as an arrow with
four fins at the top and a hollow suction anchor with a hatch on the top. The objective of this
thesis is to compare the anchors and find the concept with the most cost-effective as well as the
safest marine operation. This shall be done by looking at the lifting operations performed by a
crane vessel. The tension in the lifting lines is to be assessed with a special focus on the splash
zone. Numerical simulations and time domain analysis is to be utilized. The design criterion
shall be found and discussed together with operational limits, reference time and operational
availability.
The main objectives of this master’s thesis are summarized by the bullet points below

* Presentrelevant literature and describe the main steps in the planning process of a marine
operation in general. For weather restricted operations, an overview of the planning pro-
cess shall be described; the a-factor concept and how operability and weather windows
can be optimized.

* Give an overview of possible mooring systems for floating wind turbines. The focus to be
on station keeping principles and main hardware components. Include an overview of the
different anchor concepts available for the industry. A special comparison to be given for

the suction anchor and the DPA anchor concepts.

e Familiarize with the numerical simulation software SIMA/SIMO and describe the theory

that is relevant for subsea lifting and installation of anchors.
¢ Establish numerical simulation models in SIMA for a suction anchor and a DPA anchor.

* Perform operability investigations based on simulation results and weather data for the
Barents Sea.
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1.3 Structure of The Paper

* Chapter 2 presents the main mooring lines, different anchor concepts and mooring sys-
tems. Special comparison is given for the suction anchor and the deep penetration an-
chor.

* Chapter 3 presents the typical lift categories, different lifting phases, crane tip motion,
and slack and snap loads. In the end, one alternative installation procedure of a deep
penetration anchor and a suction anchor is presented.

e Chapter 4 focuses on the hydrodynamic theory. Linear wave theory and irregular waves
are explained. Equation of motion and hydrodynamic parameters as added mass and drag
are also described.

e Chapter 5 gives general information about marine operations, the planning process, the
difference between weather restricted and unrestricted, operational criteria and weather

window. In the end a description of the three-parameter Weibull distribution is given.

* Chapter 6 describes the domain analysis together with the software used during the simu-
lations. The simulation model is presented with input data and environmental condition,

lifting equipment and the installation vessel used during the simulations.

e Chapter 7 presents and discusses the simulation results and the anchor concepts are com-

pared.

* Chapter 8 focuses on the operability for the two lifting operations. Comparing installation

during summer with autumn. Operation availability is assessed.

e Chapter 9 presents the conclusions of this master thesis in addition to recommendations

for further work






Chapter 2
Mooring Systems

Mooring systems gives position for a floating structure by use of mooring lines, and the aim
is to control the horizontal offset to an acceptable limit. By this, station keeping is an impor-
tant safety-critical system. A mooring system consists of several important parts. This chapter
presents the main mooring lines, different anchor concepts and mooring systems with a focus
on floating wind turbines. A special comparison is given for the suction anchor and the deep

penetration anchor concepts.

2.1 Mooring Lines

2.1.1 Chain

Chain has relatively large weight and high stiffness and is a popular option for permanent moor-
ing due to its high breaking strength. In addition, it has good abrasion characteristics to resist
bottom dragged objects. On the other hand, chain is an expensive solution. There are two main
types of chains, stud-link and studless chain (Chakrabarti, 2005). Studless is the simplest type
and is made from straight metal bars that are bent to an oval shape, looped together, and welded
shut. Stud-link has, in addition, a bar or stud across its inside width, see Figure These studs
add weight and help prevent deformation, making the stud-link chains stronger compared to

the studless chain, however, the cost increases (Chakrabarti, 2005).
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(a) Stud-Link (b) Studless Chain

Figure 2.1.1: Stud-Link and Studless chain (Chakrabarti, 2005)

2.1.2 Steel Wire Ropes

Steel wire ropes in mooring systems consist of individual wires in a helical pattern called a strand

(Chakrabarti, 2005). The configuration of the strands defines characteristics such as strength,

fatigue life, etc. The pitch of the wires defines the elasticity and axial stiffness. Mooring line
ropes typically consist of 12, 24, 37 or more wires per strand, and can be multi-strand or single-
strand construction (Chakrabarti,2005), see Figure[2.1.2|for different types of wire ropes. Mobile
units with temporary wire rope moorings invariably use the more robust six-strand, while spiral

strand which is more fatigue resistant is preferred for long-term permanent systems. The steel
wire has a lower weight than chain for the same breaking load, and a higher elasticity, and is

generally more prone to damage and corrosion than chain (Vryhof Anchors,|2010). In addition,

it is cheaper and easier to handle with respect to installation.

b44¢d

Six Strand Spiral Strand  Sheathed

Cables Cables Spiral Strand
9-10years 10-15years Cables
20 years +

Figure 2.1.2: Steel wire rope construction (Chakrabarti, 2005)
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2.1.3 Synthetic Fibre Ropes

Synthetic fibre ropes have lighter weight and are more elastic compared to chain and steel wire,
which makes fibre ropes easier to handle. Especially in deep water it can be beneficial due to the
weight and flexibility and it can absorb imposed dynamic motions through extension without
causing an excessive dynamic tension (Chakrabarti, 2005). Moreover, the reduced line length
will give a smaller footprint on the seabed and a reduced cost. The synthetic fibre ropes are
built up by several layers with braided jacket, filter layer, rope cores, core strand and basic yarn
as can be seen in Figure[2.1.3]

o

)
- I = —
71N, ———
;//2%, //\{/ (///Y s 1 — Basic Yarn
NN NNY /
.\\\\\\ \\ N\ [/ 2 — Core Strand
NN NN
DD N | 3 — Rope Cores (sub-ropes)
Y .
AN é\:\g\ 4 — Filter Layer
'\\;Q;'§‘\\\\j\§<g§~§§\ \__ 5 _ Braided Jacket

Figure 2.1.3: Synthetic fibre rope which is built up by braided jacket, filter layer, rope cores, core
strand and basic yarn (Chakrabarti, 2005)

2.2 Anchors

This Section will give an overview of some available anchor concepts, including drag anchor,

plate anchor, suction anchor and dynamically penetrating anchors.

2.2.1 DragAnchor

The drag anchor is designed to penetrate partly or fully into the seabed (American Bureau of
Shipping, 2018).They are installed by dragging the anchor through the ground. After installa-
tion, the anchor is capable of resisting loads equal to the installation load without further pen-
etration. The drag anchor is more suitable of resisting large horizontal loads than large vertical
loads (Vryhotf Anchors, 2010). A drag anchor with the main components fluke, shanke, shackle
and chain can be seen in Figure Drag anchors are used for the WindFloat Atlantic project
to be installed outside Portugal during 2019 (Froese, 2018).
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Figure 2.2.1: Main components like shank, fluke and shackle of a drag anchor, from (American
Bureau of Shipping, 2018)

2.2.2 Plate Anchor

Plate anchors can be divided into two categories: drag-in plate anchor and push-in plate anchor
(American Bureau of Shipping, 2018). For the drag-in plate anchor, the anchor is dragged into
the soil during installation. Gravity, hydraulic, propellant, impact hammer or suction is used to
install the push-in plate anchor. The plate anchor has a high holding capacity and high vertical
capacity and is mostly used in cohesive soil. To achieve the maximum resistance, the anchor
is rotated to a position perpendicular to the loading direction after penetration. The suction
embedded plate anchor (SEPLA) is a type of push-in plate anchor, and the installation of this
is illustrated in Figure[2.2.2] First, the anchor self-weight penetrates before the suction anchor
gives a further penetration by pumping out water. The suction anchor is then retrieved and the

SEPLA is rotated to develop its full capacity by pulling the mooring line.

{ scabed

P>
® @ ® @

Figure 2.2.2: Installation Process of a suction embadded plate anchor (American Bureau of Ship-
ping, 2018)
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2.2.3 Suction Anchor

A typical suction anchor is a hollow steel cylinder with closed top (Vryhof Anchors, 2010), see

Figure[2.2.3] In order to evacuate air during water entry and to provide ventilation during low-
ering and soil penetration, one or more hatches are placed on top of the anchor
2017). After completed self-penetration, the top hatch covers are closed and the pres-
sure inside gets lower than outside (Vryhof Anchors,2010). The anchor is sucked into the seabed

with help from the valves for its final penetration and levelling. In most cases the vertical side-
walls are without perforation, however, in some cases, the lower part of the walls may be with
holes to reduce the risk for soil fracture when landing and during the initial part of the soil pene-
tration. The friction of the soil along the suction anchor and lateral soil resistance constitute the
holding capacity, and the anchor is capable of withstanding both horizontal and vertical loads

(Solaas and Sandvik,[2017). The diameter to height ratio for a suction anchor can vary consider-

ably, depending on usage and soil conditions. Suction anchors are used at the Hywind Scotland

Pilot Park 2017).

Figure 2.2.3: Suction anchors (American Bureau of Shipping, 2018)
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2.2.4 Dynamically Penetrating Anchors

Over the last few decades, numerous mooring concepts have been developed, one of these be-
ing dynamically penetrating anchors. Several companies have designed such anchors, and the

designs vary from company to company. Dynamically penetration anchor can be divided into

three depending on the shape (Gao et al.,|2015): torpedo anchor, deep penetrating anchor(DPA)

and OMNI-Max anchor. DPA and the torpedo anchor are quite a similar concept with an arrow-
shaped body and fins located at the upper part. Also, the installation procedure is the same
for these concepts. The DPA has shorter and wider fins attached on the cylindrical pile. Figure
shows a typical torpedo anchor with four fins and Figure [2.2.4b|shows a DPA.

- - S = = 1Y
== - —

(b) Deep penetration anchor (Deep Sea Anchors,
2019a)

Figure 2.2.4: Dynamically penetrating anchor concepts

(a) Torpedo anchor (Ide Aguiar et al.l, |2009I)

For the OMNI-Max anchor, both the geometry, size and weight are somewhat different. Here,
adouble set of fins are placed on the anchor, the large fins on the top and the smaller at the bot-
tom. Further, the anchor features an arm that transmits the loading point closer to the anchor
tip (Randolph et al.,[2011), see Figure

Figure 2.2.5: The OMNI-Max anchor (Randolph et al., 2011)

This thesis focuses on DPA, and a more detailed description of this anchor concepts follows.
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Deep Penetration Anchor

DPAs are familiarized as cone-tipped, cylindrical steel pipes filled with concrete and scrap metal,
and can be used for anchoring both mobile drilling units as well as permanent facilities
22008). DPA works best in soft to medium clay soil conditions 2009). They are
equipped with tail fins to provide good directional and non-rotational stability. This gives a pre-

cise horizontal landing and a vertical configuration of the anchor in the soil. The anchors are

installed as projectiles penetrating the sea floor under velocity (Gilbert et al., 2008), relying on

the kinetic energy they acquire while free falling from heights of between 30 and 150 meters
above the seabed. The size and weight of a DPA affect the height that ensures the right terminal
velocity before penetrating the sea floor, and the amount of kinetic energy increases propor-
tionally to the velocity squared. For the anchor to achieve the necessary seabed penetration
and holding capacity, a certain amount of kinetic energy is required at the time instant it hits
the seabed. The penetration depth, measured between the mudline and top of the anchor, is
typically 9 to 15 meters. No external forces are acting on the anchor during the installation.
Figure illustrates a DPA.

Figure 2.2.6: Deep penetration anchor (Deep Sea Anchors,2019b)

Comparing Deep Penetration Anchor and Suction anchor

The main reason for using DPA is its simplicity and speed of installation. Installation can be
executed by nearly any offshore vessel by either using the moonpool, stern roller or a crane. In
general, the installation procedure is less time consuming than a suction anchor installation.

The anchor concept can be used for a wide range of water depths, and the installation is not
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dependent on the water depth considering the equipment needed for the installation. For the
suction anchor, challenges regarding positioning will increase with the water depth. Due to the
simple design of the DPA, the fabrication is easy and economic. Likewise, the compact design
allows several anchors to be transported at one offshore vessel compared to suction anchors,
and fast installation is possible using one or two vessels and limited use of ROVs.

The no need for external energy is also an advantage during the installation of DPA. The an-
chor is fully driven by its own weight. The requirement for extra equipment and manpower is
therefore reduced. The only external equipment required is an remotely operated underwater
vehicle (ROV) used for line observation and initiation of anchor drop. On the contrary, when
installing suction anchors external energy and umbilicals are needed to run the pump skid (Ha-
gen et al., 1998). Also, drag embedded anchors require external energy during installation where
the anchors are dragged into the soil by an anchor handling vessel (AHV). These factors make
DPA a cost-effective anchor concept throughout fabrication, transportation and installation.

A critical phase of a subsea installation is when lowering equipment and constructions through
the splash zone. In this phase, a structure is exposed to large hydrodynamic forces such as added
mass, drag and slamming forces. Regarding the DPA, the small cross-section area ensures a low
drag force which is an advantage during splash zone crossing (Lieng et al., [2000). Suction an-
chors have, on the other hand, a much larger cross-section area and entrapped water. Therefore,
the dynamic motions in the splash zone are limited and installation in more harsh weather is
feasible for DPAs compared to suction anchors. In addition, the increased acceptable weather
window reduces downtime of the DPA installation, a positive effect on the operational costs.

DPA has a much smaller footprint compared to other concepts like a suction anchor, which
requires a relatively large diameter to obtain the embedment pressure under control. Drag-
embedded plate anchors may be used for the same purpose but only if the location and depth
are not critical. Since the drag-embedded plate anchors are dragged into the soil, which leaves
a large footprint, they are not suitable for fields with large amounts of subsea infrastructure
(WILDE, 2009).

For DPAs there are challenges associated with the prediction of the embedment depth and
set-up after installation (Gao et al., 2015). The anchor cannot be tilted in the soil since it will
lead to reduced loading capacity. These factors are connected to the soil properties as well as
the characteristics and geometry of the anchor and will reduce the capacity of the anchor. To
prevent unacceptable vertical tilt angles after penetration in the soil, it is necessary to insert
heavier material or ballast at the bottom of the pile to keep the centre of gravity (COG) low
(WILDE, 2009). This is generally achieved by the use of lead ballast near the tip, a section of
cast iron above the lead, and possibly concrete above the iron. It is, however, easier to predict
the holding capacity and control the penetration into the soil for a suction anchor. In addition,
there are more data available since there are several suction anchors installed.
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2.3 Mooring Systems

2.3.1 Catenary Mooring System

Catenary lines are considered the traditional mooring lines and are the most common mooring
system in shallow water. Due to the gravity, the mooring lines are installed as a hanging line
from the floating structure and down to the anchor. The catenary mooring is compiled of chain
and steel wire where the geometric stiffness is of major importance. Geometric stiffness can be

obtained by adding weight or buoyancy from line weights or buoys.

2.3.2 Taut Leg Mooring System

The taut leg system or taut system has pre-tensioned mooring lines that keep the lines in a lin-
ear shape from the anchor to the floating structure and is dominated by elastic stiffness. This
is because the modulus of elasticity of polyester is much lower compared to steel and reduces
wave and drift frequency forces (Chakrabarti,[2005). An other advantage of the low weight is the
easy handling during installation. The stiffness of synthetic line ropes is not constant but varies
with the load range and the mean load. One drawback with taut mooring is the use in shallow
water due to challenges regarding scaling down. This means that the line length must be long
independent of the water depth. This is because the elasticity is provided by cable length, the
cross section and its elastic modulus, and the system stiffness needed does not change signifi-
cantly from deep to shallow water (Larsen, 2018a). To avoid that the taut mooring line touches
the ground due to low tension, a buoyancy element can lift it from the seabed.

For taut leg mooring, the lines reach the anchor at the seabed with an angle, while in a cate-
nary system the lines arrive the seabed horizontally. Consequently, for taut leg mooring, the
anchor must be able to withstand both horizontal and vertical forces, while it must only re-
sist horizontal forces in a catenary system. Figure illustrates a typical arrangement of the
mooring system, where 1 shows the taut-leg mooring. Nr 2 and 3 show the catenary mooring
system, however, 3 has additional buoyancy elements.

It is also possible to use a mooring system with a combination of chain and synthetic fibre
rope. This system will be lighter than full chain and steel wire systems, and less expensive due
to the cost of fibre ropes. Since the stiffness of a taut mooring rope system is only dependent
on the axial stiffness, the lines need to be long enough to provide the required elasticity to get
the system to be able to absorb the environmental loads. By inserting fibre rope to the cate-
nary system, as shown in Figure the geometric stiffness will decrease as well as the total
stiffness. With a chain-polyester line configuration, the pre-tension of the mooring line will be
lower and due to the weight of the suspended chain, and the polyester section will always satisfy

the criterion to be in tension. This can also be accomplished by clump weights and buoys.
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Figure 2.3.1: Typical arrangement of mooring system. 1 shows the taut-leg mooring, 2 the cate-
nary mooring and 3 shows the catenary mooring with buoyancy elements
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Figure 2.3.2: Example on how to insert fibre rope in a catenary system, illustration based on

2016d



Chapter 3
Subsea Lift and Crane Operations

There are several ways to perform an offshore lift, and dependent on the lifted object and its
geometry an appropriate method and suitable equipment are needed. During a subsea oper-
ation, it is important that the lifted object always shall be handled in a safe way. Likewise, to
wait on weather can be costly and should, therefore, be avoided without affecting the safety of
personnel or equipment. This chapter describes the difference between heavy and light lifts,
lifting phases and their respective challenges, slack and snap loads and how to establish limits
for the lift. In addition, a description of the static and dynamic equilibrium of the lifting system
and the crane tip motion is described. In the end, examples of installation procedures of a DPA

and a suction anchor are presented.

3.1 Heavy- and Light lifts

The weight of the object is an important factor when planning the operation. Based on the
weight ratio between lifted object and the vessel/DNV GL| (2011b) classes a lift as light or heavy.
A light lift is when the weight of the object is typically less than 1-2% of the vessel displacement,
and thus the weight of the object will not affect the motion of the vessel. Heave compensation,
which is a system that can compensate for an object’s vertical motion, can be used during a
light lift operation. When the weight of the object is above 1-2% of the vessels weight, the lift is
classified as a heavy lift. In this case, there will be dynamic coupling between the lifted object
and the vessel together with hydrodynamic coupling from the environment. This leads to a

more complex operation and heave compensation cannot be used.

15
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3.2 Lifting Phases

A lifting operation does usually involve a vessel, a crane and the lifted object. DNV GL (2011b)
divides a typical subsea operation into the following phases; lift off from deck and manoeuvring
object, lowering through the wave zone, further lowering down to seabed and positioning and
landing. These phases should be assessed during the planning. In the following subsections, the
different phases will be described in detail and the challenges that one can be exposed to during
each phase will be highlighted. Table[3.1]sums up the lifting phases with associated issues, and
Figure illustrates the different lifting phases.

Table 3.1: The lifting phases with associated issues

Lifting phases Issues
Lift-off and in air Snap loads, pendulum motions, impact
Splash zone Large dynamic loads, snap loads, large rotations due to instability
In water column  Vertical resonance in deep water
Landing Position accuracy, soil disturbance, snap loads
1 2 3 4

Figure 3.2.1: Lifting phases: 1. In air, 2: Through splash zone, 3. Fully submerged, 4. Landing

3.2.1 Lift Off and Manoeuvring of Object

The lift-off phase starts with cutting the sea fastening. The duration of this depends on the sea
fastening used, whether it is strapped or welded. The object is then lifted off from a nearby ves-
sel, from a deck or from shore. Dynamic motions become important as the object is lifted off
deck, and to control this motion is essential. The vertical and horizontal motion in the crane tip

might introduce an unacceptable slack in lifting line and subsequent snap loads, and therefore
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the tension in the lifting wire shall be controlled. To move the object over the side of the ves-
sel presents challenges regarding the stability of the vessel and extended crane capacity, where
the centre of gravity will increase. To counteract heeling moment due to crane slewing, ballast
operations are executed 2018b). During this phase, parameters like hoisting speed of
the crane, the stiffness of the wire and mass of the object are important. To attach several tug-
ger lines to provide horizontal stiffness can be a risk mitigating measure to prevent pendulum
motion in the air. To ensure safe deck handling is important during the operation to protect
structures and people. Also, the weather condition can determine whether the lifting operation
is possible (DNV GL, 2011b). Figure shows a suction anchor when lifted from deck and
Figure[3.2.2blwhen the anchor is manoeuvred and ready for the lowering into the water.

(a) Lift-off from deck .
(b) Manoeuvring anchor

Figure 3.2.2: Suction anchor in air and during manoeuvring. Pictures from (2018b)

3.2.2 Splash Zone

An object lowered into or lifted out of water will be exposed to a number of forces (DNV GL,
2011b), and this phase is usually the most critical. Forces like the weight of the object in the
air, buoyancy, inertia, wave damping, drag, wave excitation, slamming and water exit forces are
central. Also, lowering through the splash zone can lead to snap loads due to slack in lifting lines,
so tension in lifting line and slings are important. By using special handling systems(SHS), the
motion of the lifted object can be improved through the splash zone. During this phase, both
sea elevation and crane tip motion are important parameters 2018b). Asymmetrical
submergence or filling of the object can cause instability and critical forces in lifting wire. Figure
B.2.3]illustrates the splash zone.
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Figure 3.2.3: Splash zone

3.2.3 Lowering

The lowering phase is when the object submerges and there is variation in water depth. This
phase is mainly driven by current forces in the horizontal plane and added mass, drag, inertia
and crane tip forces in the vertical plane. The cable weight and the weight of the lifted object
can lead to cable stretch. The static weight at the crane tip will increase as the water depth and
cable length increases 22018b). Wave-induced motion of the vessel crane tip can lead
to vertical oscillations of the lifted object. The mass-spring system has a natural period, if the
crane tip oscillates with the same period, dynamic resonance can appear. This can be critical for
the lifting operation. The stiffness of the cable will decrease with cable length, which increases
the vertical resonance period of the lifting system. Heave compensation can be used to control
the vertical motion of the object and tension in the lifting line during a light lift operation, and
thereby reduce the chance of resonance. For deep water or strong current, ocean current can
cause large horizontal offset.

3.2.4 Landingon Seabed

The final step is to place the object in the correct position and retrieve the lifting cable. As
mentioned, for large water depths placing the object correctly can be difficult due to current
loads. The ocean current is time-dependent and its magnitude and direction can vary with
water depth. This can lead to difficulties with manoeuvring and accurate positioning on the
seabed. Figure shows how the offset will increase with water depth.
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Figure 3.2.4: How the offset varies with water depth. Picture from (2018b)

The lifting phase determines the hydrodynamic forces acting on the system. Table[3.2|shows
the phases when the object is in air, in the splash zone and fully submerged with the associated

forces connected to the phase.

Table 3.2: Overview of significant forces acting during different lifting phases

Drag Slamming Inertia Buoyancy VaryingBuoyancy Mg

In air
Slash zone x x X X X
Fully submerged  x

As can be seen from Table[3.2} the inertia force and the weight are present during all phases.
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When a object passes the splash zone, the hydrodynamic force will be a combination of the
drag force Fp, slamming force Fs, inertia force F; and varying buoyancy Fp. This is presented in
Equation[3.1]based on the simplified method from DNV GL (2011b).

Fitya =/ (Fp + Fy)? + (F; - Fp)? 3.1)

The resulting force in the lifting line can be calculated from Equation3.2]

FRes:Mg+FHyd_Fbuoy (3.2)

3.3 Static and Dynamic Equilibrium

The static load in the hoisting line Fj; ¢ s74¢ 1S given from Equation and is expressed through
the total weight, M g, the time-dependent mass due to water filling, m(#)g, and the buoyancy

fOI‘CE, FB,mean .

Flinestar= Mg+ m(t)g — FB mean (3.3)

The total weight of the lifting system includes the lifted object, the hoisting line and rigging
equipment. The buoyancy force is acting in the opposite direction. Equation shows the
definition of the total line force Fj;e 0, which is the sum of static and dynamic forces acting
on the line. The dynamic line force Fj;,e,qyn is determined by the stiffness of the line and the
relative vertical movement between the crane tip and the object. Figure shows the relative
vertical motion between the crane tip and a subsea structure for a dynamic system with stiffness
K

Fline,tot = Fline,stat + Fline,dyn = Mg+ m(t)g— FB,mean + K(nct - 77) (3.4)

By summing the dynamic line force and the hydrodynamic forces (inertia, drag, slamming
and varying buoyancy), the dynamic equilibrium can be found. This is set out in Equation 3.5]
from Larsen (2018b) assuming water entry.

1
Mij = =pCaVij+ pV(1+Ca) v + zpCDS(v—i’/)|v—f7|

Inertia D}gg
(3.5)

1 -
+=pCsAp((—m*+ pgAW( +KMer—m)
? —— ——

Slarr:;ling Varying Buoyancy  Fiine,dyn
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Figure 3.3.1: The relative vertical motion between the crane tip and a subsea structure for a
dynamic system with stiffness K.

By reformulating Equation 3.5} the vertical motion 7 can be found for dynamic equilibrium
in Equation[3.6| Here added mass A can be written as pC4 V.

1
(M + A)ij+ Kn = pVR(1+CA)1'/+EpCDS(v—h)|U—1'7|

1 .
+§pCsAp((—n)2 +pgAw( + Kne;

M = mass of lifted object

p = sea water density

C 4 = added mass coefficient

Vg = added mass reference volume

K = Stiffness of hoisting cable

Cp = drag coefficient in oscillatory flow

S = projected area normal to force direction
Cs = slamming coefficient

Aj = horizontal projected area of object

(3.6)

A, =waterplane area of object

{ = wave elevation

{ = wave velocity

7¢r = crane tip vertical motion

1 = dynamic vertical motion of object

7) = dynamic vertical velocity of object

) = dynamic vertical acceleration of object
v = fluid particle vertical velocity

v = fluid particle vertical acceleration
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3.4 Crane Tip Motion

The vessel motions consist of translatory displacements in the x—, y— and z-direction with re-
spect to the origin and angular displacements of the rotational motion about the x-, y- and
z-axis. The translatory displacements in the x—, y— and z-direction are called surge, sway and
heave, denoted 71;, 72 and n3. The rotational motion about the x-, y- and z-axis are called roll,
pitch and yaw, denoted 14, 175 and 1. The vessel motions are shown in Figure[3.4.1] Equation[3.7]
shows the motions of any point on the ship when the position relative to the Centre of Gravity is

known (Faltinsen,|1993). 7, j and k are unit vectors along the x—, y— and z-axis, respectively.

z
r' Y y
Heave, n3 Sway, 1,
Yaw, s @ Pitch, 75
/>, Sureem
. Ro[l, Na
- > X

Figure 3.4.1: Vessel motion in six degree, translation and rotation about centre of gravity

s=M1+2zns5—yne)i+ (N2 —zng+ xne) j+ M3+ yns—xns)k 3.7)

In this thesis the motion characteristics of the vessel are not affected by the lifted object since
the weight difference between the anchor and the installation vessel is categorized as a light lift.
Hence, the motion of the crane tip can be determined directly from the wave-induced rigid body
motion of the crane vessel. To control the rope tension, the vertical motion of the crane tip (.;)
is of high interest. 7.; can be found from Equation[3.7} and is a function of the vessel motions in

heave, roll and pitch.



CHAPTER 3. SUBSEA LIFT AND CRANE OPERATIONS 23

3.5 Slack and Snap Loads

Marine lifting operations are usually performed with a crane wire and lifting slings. Lifting wire
and slings do not allow compression and do only have capacity in tension. When there is no
tension in lifting lines, the lifting system will be exposed to slack. Slack will take place when
the hydrodynamic forces exceed the submerged static weight of the lifted object. The combina-
tion of the vessel and crane tip motion and vertical velocity can lead to slack. This takes typi-
cally place during lowing through the splash zone or when the object is fully submerged. This
shock load can have a magnitude many times greater than the dynamic forces resulting from
the steady-state response of the system (Thurston et al., 2011). Because of the large magnitude
of the snap load, it can be very critical for the lifting operation if slack in the lifting wire or slings
occurs. Among other things can the snap loads exceed the sling’s or wire’s yield strength and
break the material. Another critical situation is that the sling can be deformed and bent causing
damage to the fibres and defect the sling.

From DNV GL| (2011b)’s Recommended Practice of Modelling and Analysis of Marine Oper-
ations, it states that snap forces as a consequence of slack shall be avoided and that the weather
criteria should be adjusted to ensure this. The recommendation is that the tension force in the
lifting slings shall not become less than 10% of the static submerged weight of the lifted struc-
ture. A 10% margin is assumed to be an adequate safety level with respect to the load factors and

load combinations stated in the Ultimate limit state (ULS) criteria. This is illustrated in Figure

B.5.1

1 Weight
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Figure 3.5.1: Illustration of slack criterion



CHAPTER 3. SUBSEA LIFT AND CRANE OPERATIONS 24

In addition to the slack criterion, the lifting equipment needs to go through a capacity check
before an operation can be executed (DNV GL, 2014). The maximum dynamic load in a single
sling shall be adjusted for skew loads and sling capacity is checked against a certified Minimum
Breaking Load (MBL). The maximum dynamic sling load F;;,¢ should fulfil Equation This
equation will be used for the weakest link in the lifting system, either the slings or the hoisting
line.

Filing < MBLsting (3.8)
Ysf

Y5y is the nominal safety factor. The safety factor consists of a number of factors (load, ma-

terial, consequence etc.) and is often set to 3.0 (Larsen, |2018b).

3.6 Installation of Anchors

Before the installation can take place, the operation has to be planned in details. Essential infor-
mation must be gathered, analyses carried out and different installation scenarios considered. It
is important to investigate the soil for the specific site before deciding the design of the anchor.
Together with the anchor geometry and kinetic energy, the penetration depth of the DPA can be
estimated. This is important for the holding capacity of the system. The drop height and anchor
velocity during the drop phase must also be determined. In this section, alternative installation
procedures for a DPA and a suction anchor are described. These are used as a basis further in
the thesis.

3.6.1 Installation of Deep Penetration Anchor

Depending on the installation procedure, either one or two anchor-handling vessels (AHV) can
be used to lower the DPA to a determined height above the seabed. The deep penetration anchor
can be linked directly to the floating unit or be pre-laid with or without permanent mooring
lines. There are several ways to install the anchor; lowered into the water through the vessel’s
moonpool (Figure 3.6.1a), deployed over the stern roller by use of an A-frame (Figure [3.6.1b),
lowered by a winch along the ship’s side or by use of a crane.
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citing[Deep Sea Anchors and Equinor| (2009) and skidding winches(Deep Sea Anchors,[2019a)

Figure 3.6.1: Alternative ways of installing deep penetration anchor.

The anchor is installed by releasing the anchor from an installation wire at a calculated
height above the seafloor. A release unit is connected to the lower end of the installation wire
and receives an acoustic signal from the ROV that detaches the wire from the mooring line.
Then, the anchor is free to fall towards the seabed. This is illustrated in Figurewhere the
anchor is released at t=0 and reaches the sea floor after x seconds.
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Anchor release att=0

Anchor reaches seabed at

t=Xsec

Figure 3.6.2: Configuration of a DPA before anchor drop(]Deep Sea Anchorsl, |2019a[)

One can then either install only bottom chain (pre-lay) or most of the mooring lines before
it later will be connected to the floating structure. For FOWT, pre-lay is most common prac-
tice. If anchor installation is performed without the permanent mooring line, only one vessel
is required for the operation. Two vessels are normally preferred when laying down permanent
mooring lines. This will especially be the case if the installation is done in deep water due to the
weight of the mooring line. Accordingly, the anchor is lowered using an installation wire from
the first AHV while the second AHV holds the permanent mooring line that is attached to the
anchor and forms a loop. Figure 3.6.3|shows the installation of DPA using two AHVs.
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Figure 3.6.3: The configuration with two AHVs just before shooting operation(de Araujo et al.,

2004

In the following, one method is described. The installation procedure used further in this

thesis is based on using a crane and one crane vessel.

1. Pick up the DPA by use of a vessel crane.

2. Connect one end of mooring chain to the top of the anchor and the other end to a release
unit which is again connected to crane wire.

3. Lift the anchor from vessel deck.

4. Rotate crane over vessel side.

5. Lower anchor to the desired drop height.

6. Inspect mooring line and anchor with ROV.

7. When the configuration is approved, the ROV sends out an acoustic signal that opens the
release unit. The anchor is free to fall and will penetrate into the seabed.

8. The ROV checks that everything is fine, and if so, the installation is complete.

9. The bottom chain is then connected to a buoy for later pick up and connection to the

permanent mooring line and the floating wind turbine.
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3.6.2 Installation of Suction Anchor

Below is one alternative installation procedure of a suction anchor presented.

1. Pick up the suction anchor and install a suction pump on the top, see Figure
2. Lift the anchor from the deck and into the water.

3. Lower to the seabed, position and orientate with ROV.

4. Lower suction pile to self-weight penetration.

5. Close vent valve in suction pump and perform suction operation, see Figure[3.6.5]
6. Open vent valve and remotely recover suction pump to deck.

Figure 3.6.5: Suction Anchor during suction operation, (SPT Offshore, 2019)




Chapter 4
Hydrodynamic Theory

This chapter focuses on the hydrodynamic theory that is of importance in the context of this
thesis. Linear wave theory with a focus on fluid particle motions is presented as well as irregular
waves and wave spectrum which will give a more realistic description of a sea state during the
simulation. Equation of motion is used to evaluate the dynamic and natural periods of the lifting
system, and the Morison’s equation for calculating wave loads with drag and inertia forces and

their related coefficients are described.

4.1 Linear Wave Theory

The linear theory represents a first order approximation in satisfying the free surface conditions
(Faltinsen, |1993). For linear wave theory, propagating waves are assumed with a horizontal sea
bottom and a free-surface of infinite horizontal extent.

Regular waves can be described by a single circular frequency w = 27” and a single wavelength
A= 27” where T is the wave period and k is the wave number. The steepness, H/A, of a linear
wave is small. This means that linear waves do not exhibit second order behaviour, such as
breaking. The wave profile for a regular sinusoidal incident wave is given by Equation 4.1

(=({zsin(wt—kx) 4.1)

where x is the distance from the origin to the point of interest in the X direction, and ¢ is
time.

The velocity potential ¢ for a regular wave under the assumptions of incompressible and
inviscid sea water, irrational fluid motion, infinite water depth and that the pressure follows the
Bernoulli equation can be found from Equation[4.2] {, is the wave amplitude and z the vertical
coordinate positive upwards z.

29
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¢= %(aekzcos(wt — kx) (4.2)

Further, the vertical particle velocity and acceleration can be expressed from Equation
and [4.4]respectively.

w=wlze"coswt—kx) (4.3)

as = —w*{ g sin(wt - kx) (4.4)

with wave amplitude {,, time variable ¢, the wave number k, direction of wave propagation

x, wave frequency w and the vertical coordinate positive upwards z. The wave number can be
found by Equation 4.5

_Zn

1 (4.5)

where A is the wavelength, and for infinite water, it can be expressed using wave period T
demonstrated in Equation 4.6

k

1= 72 (4.6)
27

The wave energy makes the water particles move in an orbital motion, and Figure shows
water particle movement in deep water. Near the surface, the diameter of the movement of the

orbits will be approximately equal to the wave height, and the diameter and the wave energy will

decrease with depth. In deep water, for a depth below half the wavelength, water is unaffected

by the wave energy (TSI, 2019).

Figure 4.1.1: Water particles paths in deep water varying with water depth (TSI, 2019)
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4.2 Irregular Waves

The sea state cannot be described with such a simple model as regular or periodic waves since
ocean waves are irregular with random shape, height, length and propagation on the surface of
the sea. The waves have several frequencies and amplitudes and can be described as a sum of
sine- and/or cosine functions. By use of linear wave theory, the superposition principle is valid
and the random wave elevation can be split into several regular wave components (Faltinsen,
1993). In other words, it is possible to study the response of irregular waves as the sum of the
response of regular waves.

As the waves are random in reality, the wave spectrum is introduced to capture the random-
ness by assuming stationary sea state for a few hours, typically 3 hours. Stationary means the
statistical properties of the sea state such as mean, variance are constant (Pettersen, 2007). If the
wave components are long-crested, it is sufficient to represent the waves in a wave spectrum.

However, if the waves are short crested, a directional spectrum is needed.

4.2.1 JONSWAP Spectrum

In design, one usually does not have access to the real wave spectrum for that area and the
weather to calculate the desired response for a ship or a construction. Therefore, one uses stan-
dardized wave spectrum for which there are several. The standardized spectrum becomes a
form of the average spectrum, and will thus not be valid for all frequencies (Pettersen, 2007).
This is important to take into account when considering the results.

The JONSWAP (’Joint North Sea Wave Project’) spectra came as a result of a multinational
project in the south-eastern parts of the North Sea in 1968 and 1969 (Pettersen, 2007), and is a
modification of the Pierson-Moskowitz(PM) Spectrum. In the area where it was measured, one
found that the spectrum had a very sharp peak. The JONSWAP spectrum is a five parameter
spectra with @, y, 04,0, )., and the structure of the spectrum is as follows:

1. With the PM spectrum as a basis, a top frequency, w, is introduced instead of the wind
velocity, V.
A=ag? 4.7)

where «a is 0.0081 for PM spectra and describes the shape on the spectra in the high fre-

quency part. This gives the following relation between w, and V

wp =087 (4.8)

and the PM spectrum gets the following shape

S(w) = ai—iexp[ - g(%f] (4.9)
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2. The spectrum from Equation[4.9]is then multiplied with

_197%py2
Yexp[ 5( vaop )7l (4.10)

where y is the peakedness parameter, and o is equal to o, for w < w, and is equal to oy,
for w > w,. The peakedness parameter is proportional to the relation between the maximum
energy in JONSWAP spectrum and maximum energy in the PM spectrum, ie.
Y= M -constant (4.11)
SPM,max
Y varies between 1 and 7, and for y equal to 1 the JONSWAP spectrum is identical to the PM
spectrum. If a PM spectrum and JONSWAP spectrum is used to describe the same sea state,
the total energy for the sea state will be equal, meaning that the area under the graph is the
same. However, the main difference is how the energy is distributed on the frequencies. In
the JONSWAP spectrum, more energy will appear around the peak frequency and less energy
on frequencies away from the peak frequency compared to the PM spectrum. A modified PM
spectrum and a JONSWAP spectrum are shown in Figure m

00w i
003s | li 4

Siw)
Hys Ty |

0020 |-

I
[

0025 ,1 E
A
i

Qo015 | -

0010 - ] \ 1

0005 . \ -

0 ] 1 i i
0 0s 10 15 20 ¢

Ts= 2% . $ I I
w T 20 10 50
(T,=10s) s s Us

Figure 4.2.1: Examples of wave spectrum. H) 3 is the significant wave height, T, the mean wave
period. Modified Pierson Moskowitz spectrum, __, JONSWAP spectrum, _._.(Faltinsen, 1993)
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4.3 Equation of Motion

The equation of motion describes the behaviour of a system in terms of its motion as a function
of time, and a general expression can be found in Equation[4.12]

Mi+Cx+ B x+ B x|x|+kx=q (4.12)

M is the structural mass including the frequency dependent added mass matrix. C rep-
resents the frequency dependent potential damping coefficient, B; and B is the linear and
quadratic damping coefficient and K is the hydrodynamic stiffness coefficient. Position, ve-
locity and acceleration is denoted x, X, X respectively, while q is the excitation force. Figure

shows a system with one degree of freedom (DOF) in heave.

LS

k=

N3

F;
Figure 4.3.1: System with one DOF in heave

For a un-damped system with one DOF in heave the damping coefficient c equals zero. The
system will then oscillate with the natural frequency and a constant amplitude. The natural
frequency wy is expressed by Equation[4.13

/ k
=1/ — 4.13
@o M+ A33 ( )

with the mass M, added mass in heave As3 and stiffness of system k. The corresponding
natural period T, in heave is given by Equation{4.14

2 [M+A
T, =28 ooy | M F Ass) (4.14)
wo k
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The stiffness of a hoisting system may be calculated by (DNV GL, 2011b):

1 1 1 1 1 1
+ + (4.15)

+ +
ksoft kblock kboom kother

1
% krigging ’ kline
k is the total stiffness of a hoisting system, k;;gging, ksofr and Kpoom are stiffness for respec-
tively the rigging system, of soft strops or a passive heave compensation system and the crane
boom. If multiple lines in a block are used, kp05 is to be added. Further, other stiffness con-
tributors are counted for by adding ky¢per. Kkiine is the stiffness of hoisting line which may be
calculated by
kline = % (4.16)
L
where E is the modulus of rope elasticity, A the effective section area of line and L the length
of the line.
The natural period of a pendulum depends on the length of the wire L and the gravitational
acceleration g and can be found from Equation{4.17

[L
Ty =2my|— (4.17)
g

4.4 Response Amplitude Operator

A Response Amplitude Operator (RAO) is used to determine the likely behaviour of a ship or a
floating structure when at sea. The RAOs are given in six DOF and is defined at the vessel’s COG
and is usually calculated for all wave headings. RAOs are transfer functions used to determine
the effect that a sea state will have upon the motion of a ship through the water. RAO is the linear
transfer function between a wave and the vessel motion and is known as |H (w, B) | (Greco,|2018).
This defines the relationship between input and output and is known as the response amplitude
per unitary incident-wave amplitude: | H(w, f)| = 7.

4.5 Morison’s Equation

Structures or parts can be classified as small and large volume, and where the constructions
ability to generate waves are important when calculating forces on large volume structures (Pet-
tersen, |2007). Based on a vertical cylinder placed at the sea floor and up through the water
surface in regular sinus waves, the two cases can be classified. The structure is called small vol-
ume if the relation between wavelength A and diameter D is larger than 5. Small volume con-
structions can further be divided into inertia and drag dominated structures. For a cylinder, the
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structure can be defined as drag dominated if H/D > 4x. Figure shows the classification of

marine structures.
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Figure 4.5.1: Hydrodynamic classification of the marine structures using a circular cylinder as
representative of structural elements and examining the dominant loads

Morison’s equation can be used for small volume structures to estimate wave loads. The gen-
eral Morison’s equation is the sum of inertia and a drag force and can be found from Equation

4.18

FM:FD+F1:0.5pACDu|u|+pVCMu (4.18)

The first part is the drag force, Fp, proportional to the square of the instantaneous flow ve-
locity u with the mass density of the water p, drag coefficient Cp and cylinder area A. The in-
ertia force Fj is in phase with the local flow acceleration i, and is the sum of the Froude-Krylov
force pVu and the hydrodynamic mass force pC,V 1. The inertia coefficient can be found from
Cn =1+C, where C, is the added mass coefficient. In reality, the mass and drag coefficients Cy,
and Cp have to be empirically determined since they are dependent on many parameters like
Reynolds number, Keulegan-Carpenter number, a relative current number and surface rough-
ness ratio.

272/A and the drag force like €%/, This applies

The inertia force will decay with depth like e
to deep water regular sinusoidal incident waves when assuming Cy; and Cp constant with depth
(which might not be realistic) (Faltinsen, 1993). When there is a wave node at the cylinder axis
the inertia force will have a maximum absolute value and the drag-force will then be zero. While
the drag force will have a maximum absolute value when there is a wave crest or a wave through

at the cylinder axis.
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4.6 Hydrodynamic Parameters

Hydrodynamic parameters can be determined theoretical or by experimental methods, and are
depend on the body geometry, perforation, sharp edges, oscillation, wave height, water depth,
wave period and the vicinity of free surface or sea bottom. DNV GL (2011b) recommends to
carry out models test for achieving most accurate hydrodynamic coefficients of a 3-dimensional

subsea structure with complex geometry.

4.6.1 Added Mass

Added mass is defined as the inertia added to a system due to an accelerating or decelerating
body when it moves fluid as it penetrates the water. Added mass is dependent on the body
shape, current, depth, oscillation frequency and a motion mode. It is shown that reliable esti-
mates on the added mass for the subsea structure is important to be able to estimate the lifting
forces during installation and to asses the likelihood of slack in the lifting wire (Nielsen, 2012).
When the structure is lowered through the splash zone, the added mass will start to increase as
the project area of the structure increases, while in deeply submerged condition (submergence
greater than about twice the characteristic dimension of the structure) the added mass is no
longer position dependent. In fully submerged condition, the submerged volume obviously is
constant, but as the structure approaches the seafloor, the added mass becomes a function of
the distance to the bottom (Nielsen, 2012).
The total added mass for a three-dimensional body can be found from Equation[4.19

Aij :pCAVR (4.19)

where A;; is the added mass force in i-direction due to acceleration in j-direction, C4 is the
dimensionless added mass coefficient and V% is the reference volume in m3. DNV GL (2011b)
has in the standard DNV-RP-H103 described how to find added mass coefficients for simple
geometries theoretically. This can be found in Appendix[B.1]

Effect of height and perforation shall be accounted for, and the procedure is presented in

Appendix|B.1.1landB.1.2|respectively.

Added Mass for a Suction Anchor

Nielsen| (2012) has presented one alternative way of estimating the added mass for a suction
anchor since the values from DNV GL can be some conservative. This method assumes a suction
anchor with a central hole at the top with radius a, the radius of the anchor R and the height H,

and gives the horizontal added mass as shown in Equation|4.20
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A = pnR*H (4.20)
and the vertical added mass from
Az 4(Ry 8 a(+3p0+nsk)
—l+-[=|-—= 4.21)
pnR?H 3\H/ n?H 14242
T R

The expressions are derived under the assumption that a<<R and H>>R.

4.6.2 Drag Force

Drag forces are due to braking against upstream surfaces, which gives an overpressure on the
front and a negative pressure on the back, and where the sum of these provides the drag force.
The drag force can be divided into quadratic and linear drag, where linear drag is connected to
friction and viscous forces while quadratic is connected to pressure forces. The linear drag is
often neglected since the vortex shedding is small compared to the friction.

Appendix [B.2] contains data to find the drag force theoretically for simple geometries. The
drag force with the drag coefficient Cp can be calculated from Equation4.22]

1
Fp=2pCp 2 A (4.22)

where p is the density of the sea water, A is the projected area of the submerged part of the

object, and v is the flow velocity relative to the object.

4.7 Water Entry Force

The impulse loads with high-pressure peaks that occur when objects hit water surface are often
called slamming forces (Faltinsen,|1993). This happens during the water entry and can therefore
also be called the water entry force. This is a non-linear phenomenon and lasts for milliseconds.
Slamming can among other things lead to slack in slings which shall be avoided. The slamming
force can be found from Equation[4.23|(DNV GL, 2011b)

1 1 .
Fy(t) = zpCSAp 2 = z,ocSA,g(c—m2 (4.23)

00
33

dA® dAZ
2 3 where i s the rate of

pA, “dh
added mass with submergence, p is the water density, A is the horizontal projected area of the

C; is the slamming coefficient and can be found from C; =

object and h is the submergence relative to surface elevation. ( is the wave velocity and 7 is the
object velocity.






Chapter 5
Planning of Marine Operations

This chapter is based on the offshore standard DNV-OS-H101 'Marine Operations, General’ by
DNV GL (2011a) which gives guidance and instructions for planning, preparations and perfor-
mance of marine operations. This standard shall be considered in relation to the structural and
operational complexity and sensitivity as well as the type of marine operation to be performed.
The intention is to ensure structural failures less than 1/1000 per operation, meaning a proba-
bility of less than 10~%. All the DNV offshore standards covering marine operation are named the
VMO Standard. In 2016, the «VMO» standards were merged into one, called DNVGL-ST-N0O01.

In the standard, a marine operation is defined as a non-routine operation in the marine
environment which takes place in a limited duration of time. The aim is to bring an object
from one defined safe condition to another. Here, the object shall be exposed to normal risk, in
other words, exposed to risks that are expected in the permanent condition. A marine operation
consists of two phases; the design and planning phase and the execution of the operation phase
(DNV GL} 2011b).

At the end of the chapter, the Weibull three-parameter distribution is described as a statisti-

cal model.

5.1 The Planning Process

The planning process is important to satisfy requirements for cost, operation efficiency and
safety. As far as possible, planning should be based on well-proven principles, techniques, sys-
tems and equipment. Operations within an unknown environment or with new technology shall
be documented through acceptable qualification processes. The planning process can be di-
vided into five as illustrated in Figure The organisation of key personnel involved in the
operation shall be established prior to the execution. The first part of the planning process is
to identify relevant regulations, rules and specifications for the given operation. In addition,

physical limitations shall be found by for example doing a survey of offshore, inshore or quay

39
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sites. During the overall planning, operational concepts, available vessels and equipment, as
well as cost and risk assessment shall be considered. Physical limitations and environmental
conditions shall be evaluated when developing the design basis. While, for the design brief, the
activities planned with available tools and acceptance criteria shall be decided. Further, the
load effects and required structural resistance shall be decided during the engineering and de-
sign. In the end, the operational procedures are prepared. As seen in Figure[5.1.1} the planning
and design can be seen as an iterative process.

Regulations,
Rules,
Specifications, Overall

Engineering,
Design
Verification

Design Brief,
Design
Planning

Operational
Procedure

Standards, Planning
Physical
Limitations

Figure 5.1.1: The planning process of Marine Operations, based 0n|DNV Gll (1201 la[)

The duration of marine operations shall be defined by an operation reference period, written

as

Tr=Tpopr + T¢, (5.1)

where T¢ is the estimated maximum contingency time and Tpop the planned operation pe-
riod. Tpop should usually be based on a detailed schedule for the operation. By use of knowl-
edge from similar tasks or operations, reasonable conservative assessment can be made to esti-

mate the time. In addition, frequently experienced time delaying incidents should be included.
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There is a general uncertainty in the planned operation time, and to compensate for this, T¢ is
added. T¢ shall also cover the required additional time to complete the operation if a possible
contingency situation appears. Normally, an applied T¢ of less than 6 h is not acceptable. For
some operations, a contingency time of 50% of Tpop may normally be accepted, this is typically
for operations with good experience. If uncertainties and required time for contingency situa-
tions is not assessed in detail, T¢ should be taken at least equal to Tpop, i.e. Tr =2 Tpop. The
defined start for weather restricted operations will be when the latest weather forecast (WF) is
published. The relation between Tpop, Tc and T is shown in Figure[5.1.2]

Operation starts

Weather forcast

(WF) issued WF WF

v v v

Estimated time for the operation

A
A J

------€

TPOP Tc :

Required weather window with OPywr=a0P

Figure 5.1.2: Weather window

The standard gives rules for the planning and execution of marine operations to ensure that
the operation is performed within a given safety level. In the planning process, the operation or
sub-operation may either be classified as restricted or unrestricted. This will impact the safety
and cost of the operation.
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5.2 Weather Unrestricted Operations

Unrestricted operations are characterized by longer duration, and Ty is normally more than 96
h and Tppp more than 72 h. These operations must be able to be carried out in any weather
condition that can be encountered during the season. When planning weather unrestricted op-
erations, local and seasonal statistics should be used, and the design criteria will be based on
extreme value statistics. The minimum acceptable return period, T; should be defined accord-
ing to the operation reference period, Ty, see Table 5.1|with criteria for significant wave height
(H,) (DNV GIL 2011a).

Table 5.1: The acceptable return periods for Hs, obtained from DNV GL| (2011a)

Reference Period, 7 | Return Period, T;
Tr < 3 days T; =1 month
3 days < Tr = 7 days T; = 3 months
7 days < Tgr = 30 days T;=1year
30 days < Tg = 180 days T, = 10years
Tr > 180 days T, =100 years

5.3 Weather Restricted Operations

For operations with a shorter duration, the operation is defined as weather restricted, and Tpop
is usually less than 72 hours. These operations should be planned based on weather forecasts
for the selected design environmental condition for the operation. The operations are designed
and planned for a considerably lower environmental condition than the seasonal, statistical
extremes used for weather unrestricted. A shorter reference period should be considered for

areas and seasons where the corresponding reliable weather forecast is not considered realistic.

Forecasted and Monitored Operational Limits

To account for uncertainty in both monitoring and forecasting of the environment, a forecasted
operational criterion, OPyyF, is defined to find the maximum weather condition to execute the
marine operation. The operational criterion is determined during the planning process and

controlled by the weather forecast and can be found from

OPwr=a-OPry, (5.2)

where «a is a factor used to account for the uncertainty in the weather forecast, and OPp ),

is the design criterion. OPpr) is based on weather restrictions used for calculating the design



CHAPTER 5. PLANNING OF MARINE OPERATIONS 43

load effects. OPy s should never be greater than; maximum environmental criteria, the condi-
tions for safe working of personnel, or position keeping. Based on the weather uncertainty for
the actual site and the planned period of the operation the a-factor can be estimated. The a-
factor is determined based on OP; ), Tpop and the weather forecast. Planned operation time
shall be used as a minimum time for the selection of a a-factor. The a-factor is an important
parameter for safety and cost for offshore operations and should be as reliable as possible in or-
der to maintain high operation operability. The a-factor should be calibrated to ensure that the
probability of exceeding the design criterion with more than 50% is less than 10~%. It includes
the fact that it is harder to estimate the wave height for small sea conditions than for larger seas.
The a-factor does always have a magnitude less than one and will rise with increased quality
of weather forecasts and the use of on-site monitoring systems. Further, it will decrease with
the length of the planned operation, meaning that the difference between OPy); and OPyF in-
creases with increased Tpop. Since waves are considered to be the most influencing parameter
during the execution of marine operations, H; is a preferred assessment parameter.

In the standard DNV-0S-H101, various tables for estimating the a -factor are listed. These
tables are based on the North Sea and the Norwegian Sea, however, they can be used as a guide-
line for other offshore areas.

Weather Forecast Levels

The weather forecast level for restricted marine operations shall be area specific. It is classified
into different levels (A, B and C) by use of operational sensitivity to weather conditions and T.
Every category has its own requirements that have to be fulfilled before the operation can take
place.

Level A: larger marine operations that are sensitive to environmental conditions. It can be mat-
ing operations, multi barge towing or jack-up rig moves.

Level B: operations that are environmentally sensitive regarding value and consequences, like
offshore lifting and sensitive barge towing.

Level C: is less affected by the weather conditions, carried out on a regular basis, such as on-
shore/inshore lifting or loadout operations

The weather forecast level indicates whether a dedicated meteorologist is required on site, the
number of independent WF sources and the maximum WF interval. This will affect the « factor
used. Appendix|C|shows the various a-factor for the different weather forecast levels.
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5.4 Operability and Weather Window

Aweather window is defined as the period of time which is sufficient in length to safely carry out
amarine operation. When assessing the available weather window, T is used. For restricted op-
erations, the OPy r shall be less than the weather forecasted environmental conditions during
the entire period. Since waiting on weather is expensive, it is crucial to understand weather
limitations and to have knowledge of weather at site.

Operability is the operation availability and can be defined as the ability to keep an object
or a system in a safe and reliable condition, in agreement with pre-defined operational require-
ments. Calm periods also called calms (7.), is defined as the working period, where the H; is
lower than the operational limit, OPy r. While, for a H; higher than OPyf, a storm period or
storm (75) occurs, and the operation must wait. Normally we denote periods of storms and
calms by the significant wave height and with weather forecasts every third hour. See Figure
for an illustration of a time series of wave elevation with examples of calm and storm pe-
riods for a given operational criterion. The duration of the calm period can be found to be
T, = I — 1. An operation can only take place when the weather forecast predicts a calm period
that is of longer duration than Tp.
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Figure 5.4.1: Example on significant wave height as function of time measured every 3rd hour.
Highlights a storm and a calm period based on measured Hs and a Hs limit H;

Wait periods are storm periods or calm period of shorter duration than T also referred to
as calm-wait periods. The probability of being able to work is equal to the probability that Hg

is lower than the operational criteria OPyr and that the calm period, 7., is longer than the
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operation reference period, Tr. The total operational time can be formulated as
Top = Tior * PI(Hs = OPwp) N (1. > TR)] (5.3)

where Ty, is the total number of days in the period evaluated, OPyyF is the operational limit,
7. is calm while Ty is the reference period. A weather window is sufficient duration of a calm
where the operation can be performed. It is therefore important to evaluate whether the length
of the calm period is long enough for the planned operation.

Marine operations can either be temporarily stopped (like drilling or offshore loading) or
they are such short duration that they will be started only when it can be guaranteed that ac-
ceptable weather conditions will persist until the operation is finished (platform or crane op-
erations). For the planning and design of a marine operation, it may be necessary to halt the
operation by reversing the operation and bring the object to a safe condition. Therefore, all
points of no return (PNR) shall be documented, which are places in the operation that cannot
be reversed. The first safe condition after passing a PNR shall be defined and considered in the

planning.

5.5 Weibull Distribution

To account for the uncertainty, a probability distribution is used to show the relationship be-
tween the outcome of an event and its frequency of occurrence. The three-parameter Weibull
distribution can be used to find the probability distribution with the probability density func-
tion(PDF) and a cumulative probability function(CDF) (McCool, 2012). The CDF for a three-
parameter version of the Weibull distribution can found in Equation[5.4/and describes the prob-

ability p that X is less than or equal to a given value x.

F(x)=1- exp[ ( Y) ], x>y (5.4)

v is the location parameter, £ is the shape and 7 is the scale that can be defined by a geo-
graphical area. The shape value is equal to the slope of the regression line in a probability plot.

The PDE f(x), is found in Equation as the derivative of F(x). The area underneath a PDF
is always equal to 1.

f()_dF(x) ,B[x y] exp[ (x;)/)ﬁ]; x>y (5.5)






Chapter 6
Time domain analysis

When dealing with dynamic analysis and stochastic processes, the terms time domain(TD) and
frequency domain (FD) are often referred to. The two domains represent alternative ways to
describe processes and carry out dynamic analyses (Larsen, 2015). The FD-method is described
by a energy spectrum. All non-linearities are eliminated and it is possible to avoid the time
dependency from the problem and solve a one-shot problem only dependent on the frequency
(Greco, |2018).

If the load type is not harmonic and linearly linked to the wave height, or the principle of
linear superposition is not valid, time domain analyses have to be carried out (Larsen, 2015).
The TD-method is based on the realisation of the response over time and takes non-linearity
effects into account. Forces can then be found from a simple version of Morison’s equation. All
the dynamic loads are calculated for each time step which is a time consuming, and therefore
complex simulation programs are needed in order to achieve adequate results.

Fast Fourier Transform(FFT) is an algorithm that converts the time domain results to a rep-
resentation in the frequency domain. Based on the FFT, one can evaluate where most of the
energy is and consider whether resonance dominates the load.

In this thesis, the simulations are performed in a TD software, but FFT is also used for eval-
uating the distribution of the energy. The software used for the simulations are SIMO and SIMA
which are described later in this chapter. Also, the simulation models with the design of the
DPA and suction anchor, the environmental conditions, the hydrodynamic parameters, the lift-
ing equipment and the installation vessel with associated parameters and data are presented.

47
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6.1 Software

In this thesis, SIMO and SIMA developed by SINTEF Ocean are used for time domain analyses
of the lifting operation. These systems work together where SIMA is the simulation workbench
and SIMO is the analysis engine used for marine operations and floating systems (Reinholdtsen
et al.; 2018). SIMO is a numerical tool and builds on non-linear time domain analysis which
makes it able to deal with advanced structures and operations, and most of the forces that are
present in a marine operation can be modelled. SIMO solves the equation of motion to calculate
the load and responses with respect to time. In addition, it takes into account the environmen-
tal forces as wind, waves and current. The output from SIMO includes time series of forces and
motions, statistics and spectral analysis for all forces and motions. Through SIMA one get access
to 3D graphics, post-processing, instant model validation, analysis workflow, batch simulation
and scripting. Meaning, it supports the entire process of the analysis - from modelling and def-
inition of the simulation and its execution to the results. A more detailed software description
can be found in the SIMO User Guide (SINTEF Ocean, 2018).

For this thesis, the body of the anchors are modelled using SIMA and the forces are calcu-

lated by SIMO. It is used for both static and dynamic simulations.

6.2 The Simulation Model

6.2.1 Design of The Anchors

In this thesis, a suction anchor and a DPA are compared, and the simulation models are based
on the anchors illustrated in Figure As can be seen from the figure, both of the anchors
have a weight of 110 tons. The DPA is massive, while the suction anchor is hollow which will give
an increased weight of trapped water. On the top of the suction anchor, a hatch with diameter
1 meter is placed which gives a penetration of 11%. Table shows the total mass, volume
and entrapped water for the suction anchor and DPA. It is assumed that the entrapped water
constitutes the entire internal volume of the suction anchor. This is conservative as some water
will flow through the hatch at the top of the anchor (DNV GL, |2011b).

Table 6.1: Total mass, volume and entrapped water for suction anchor and deep penetration
anchor

Suction Anchor Deep Penetration Anchor

Total mass [t] 110.00 110.00
Total volume [m2°] 12.54 28.95
Entrapped water [t] 421.86 -
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Figure 6.2.1: Main dimensions of the suction anchor and deep penetration anchor used in the
simulation

The COG of the suction anchor is assumed to be half of the length of the anchor, 7.5m. In
fact, this point will be slightly higher due to the top which will contain valves. For DPA, heavy
filling material with a higher density than steel is used to move the COG towards the tip. COG
should be placed as close to the tip as possible and is calculated to be 4.29 m.

The COG coordinates with respect to the simulation model’s origin are listed in Table

The initial position of the DPA is higher compared to the suction anchor due to the lift setup.

Table 6.2: Centre of Gravity with respect to origin

Suction Anchor (x,y,z) (-24.5,27.9, 2.3)
DPA x,v,2) (-24.5,27.9,5.8)

The anchors are modelled as slender elements in SIMA. The suction anchor consists of one
slender element, while for the DPA two elements are used: one for the upper part with the fins,
and one for the lower part. This is to compensate for varying weight inside the anchor to keep
the centre of gravity low. Table|[6.3|shows the length, specific volume and number of stripes for
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the slender element of the suction anchor.

Table 6.3: The length, specific volume and number of stripes for the slender element of the
suction anchor.

Slender Element Length (m) Specific Volume (m?) Number of Strips

Suction Anchor 15 0.84 10

The number of stripes tells how many parts the element is divided into. In this case, the
anchors are divided into 10 strips. For the DPA, the slender elements are listed in Table and
both of the slender elements have 5 stripes.

Table 6.4: The length, specific volume and number of stripes for the slender element of the deep
penetration anchor.

Slender Element Length (m) Specific Volume (m?) Number of Strips

Top 7.04 2.37 5
Bottom 7.96 1.54 5
Total 15 3.91 10

The mass of the suction anchor is placed under kinetics together with mass moment of iner-
tia of origin of the anchor. This is found in Table[6.5] The mass moment of inertia for the suction
anchor is calculated from Equation|6.1/and These formulas are based on thin shells along
the z-axis with radius r and length L and mass M. For the vertical direction, the mass moment

of inertia is given as

I, =MLr? (6.1)
and in the horizontal direction as
Li=1 1ML2+ lML3 (6.2)
= = — r —_— . .
SR ) 12

For DPA, the mass moment of inertia is based on a circular cylinder, and the vertical direction
is given in Equation[6.3|and horizontal in Equation[6.4]

1
I, = 5MLr2 (6.3)

I,=1 —iML(s 2415 (6.4)
X — y—12 r i
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Table 6.5: Mass moment of inertia about origin for the suction anchor and deep penetration
anchor

Mass moment of inertia about origin (kgm?)

Ixx Iyx Iyy sz Izy Izz
Suction Anchor 3.79-108 0.00 3.79-108 0.00 0.00 2.72-107
Deep Penetration Anchor 3.11-10° 0.00 3.11-107 0.00 0.00 1.21-10°

6.2.2 Environmental Conditions

Excitation loads are environmental loads from waves, wind and current. Wind and current loads
were neglected in this thesis. The wind would affected the lift when in air, while the current
could give the anchors a offset during the lowering phase. This applies most to the suction an-
chor as it is lowered to the seabed and relocation can increase the planned operational time.
For the lifting operation, Metocean Design Basis for the Johan Castberg Field from Dezecot
et al. (2016) is used to establish environmental data. It is mainly used to find the significant
wave height and the corresponding spectral peak period. The Johan Castberg Field is located
(at 72.493° N, 20.334° E) in the Barents Sea with a water depth typically between 370 and 390

meters.

Significant Wave Height and Peak Period

For the H; measured, three different T), values are presented, the mean value and a 90% con-
fidence bands as illustrated in Figure This is done to represent the uncertainty in the
estimated data due to limited or noisy data. P5 means that 5% of the registered T} s are equal
or less than this value, and for P95 is 95% of the T),s qual or less to this value. The simulation is
done for different H, values (between 1 and 6 meters), and Table shows the corresponding
T, values used. However, the findings will also be transferable and relevant to other offshore
areas. The wave conditions implemented in SIMA is thereby location dependent.

The environment was characterised by a JONSWAP wave spectrum with no swell, wind or
current. The short crested waves with spreading exponent of 2 were given for 11 directions. The
significant wave height, peak period and seed number were all variables during the simulations.
Cosine series were used as a representation of the waves in order to take care of the depth-

dependent water particle motion.
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Figure 6.2.2: Spectral peak period for given significant wave height at the Johan Castberg Field,

downloaded from |Dezecot et al.| (]2016[)

Table 6.6: Significant wave height and spectral peak period used in the simulation

Significant Wave Height, H; (m)

Spectral Peak Period, T), (s)

P5 Mean P95
1.0 46 7.4 10.9
1.5 5.2 8.1 11.7
2.0 5.8 8.7 12.5
2.5 6.3 9.3 13.0
3.0 6.8 9.8 13.5
4.0 7.7 10.7 14.4
5.0 86 11.6 15.1
6.0 95 124 15.7
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Seed Numbers

Further, the correct number of seeds for each weather condition is found. Random irregular
waves are not only determined by the significant wave height and peak period but also the regu-
lar waves’ phase. To account for this, random seeds are introduced. Various seed numbers result
in different irregular waves based on the same significant wave height and peak period, within
the same wave spectrum. To find an appropriate number of seeds for the different weather con-
ditions, 30 simulations with different seed numbers and constant Hy and T}, are performed and
plotted to see if there are large deviations or a trend. This is done with respect to the tension
in the lifting wire. This is done by first finding the maxima and minima of simulation one, then
the average of the maxima and minima for the two first simulations and so on. Then the most
probable maxima and minima load, T¥*M is plotted.

Head sea waves are used with mean T), for the suction anchor and P5 T}, for the DPA as a
basis, while H; varies. It is thus assumed that the same number of seeds are needed for the other
periods and headings of the waves with the same H;. For the suction anchor with significant
wave height 1 meter and peak period 7.4 seconds, Figure[6.2.3|shows the most probable maxima
and minima for an increasing number of seeds.
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Figure 6.2.3: How the most probable tension varies with number of seeds for the suction anchor
at Holmand T, 7.4 s

It might look like large spreads but comparing it to the simulation for Hy 2 m and T), 8.7 s,
the spread is smaller. Figure|6.2.4aland [6.2.4b|shows the most probable maxima for these cases
with the same values along the y-axis. One can clearly see that it forms a pattern in both cases,

but later for the case with Hg 2 m due to a high peak in the start. Based on this, it is concluded

to use five seeds for the simulation with Hs 1 meter and ten for Hs 2 meters.
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Figure 6.2.4: Comparison of the most probable maxima for H; 1 and 2 meters for the suction
anchor

Figure presents the most probable maxima and minima for the deep penetration an-
chor for H; 6 m and T}, 9.5 s. Even though the weather is high the variations along the y-axis is
minimal. For this H, it is decided to use seven seeds.
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Figure 6.2.5: Maxima and minima for deep penetration anchor for H;6 mand 7, 9.5 s

Based on the simulations with varying maxima and minima tension and due to computa-
tional available power, the number of seeds are decided. Table[6.7]and [6.8| presents the number
of seeds used for the different weather conditions during the simulation. An increased number

of seeds could maybe give different simulations results as the results will be more reasonable.
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Condition Seeds

55

Ho=1.0m 5 Condition Seeds
H;=15m 5 H;=3.0m 7
Hy;=20m 10 Hy=40m 5
Hy=25m 9 Hy=50m 10
H;=3.0m 9 H;=6.0m 7
H;=40m 9

Table 6.8: Number of seeds for DPA
Table 6.7: Number of seeds suction anchor

6.2.3 Establishment of Hydrodynamic Coefficients

The added mass and drag coefficients for DPA and suction anchor is described in this section.

Added Mass

For the suction anchor, the added mass is found from the paper presented in Section by
Nielsen| (2012). An estimate of the added mass based on (DNV GL, 2011b) had a higher value
and thus agreed with the paper. The added mass in the three directions for a fully submerged
suction anchor is given in Table The entrapped water is included in the vertical direction.
Based on this, one can see that the added mass for the suction anchor is large compared to the
structural mass.

Table 6.9: Calculated added mass values for suction anchor

Added Mass direction Value

Al 856.58 t
Ao 856.58 t
Aszs 619.30 t

For an object in the splash zone in irregular waves, the following expression is implemented
for the water entry phase (Nass et al., 2014):

oo
A33

- - +pgV () —Mg+Fiine(t)

(6.5)
As can be seen from Equation the slamming force is dependent upon the change in

(M+ As3)ii = BYY (v =) + BSa (v3— ) |[vs — 1| + (pV + As3 U3) +

added mass with the depth and the relative velocity between the object and the water surface
(Neess et al., 2014). Consequently, how added mass varies with the water depth is a critical factor
when modelling the slamming force in SIMO. The added mass for a suction anchor is distributed
with depth using depth-dependent coefficients, and Figure shows the depth dependency
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implemented on the added mass for the suction anchor. The depth dependent coefficients are
applied to the total added mass included entrapped water.
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Figure 6.2.6: Depth dependency of added mass for suction anchors (Neess et al., 2014)

This is used for the added mass in the vertical direction which is zero until the top of the
anchor is under water. From here it starts to increase until a water depth of about 7 m where the
added mass reaches its maximum value. The vertical added mass is laid in a plane at the top of
the anchor modelled as fixed body elements in SIMA. The horizontal added mass is laid into the
slender element and will increase linearly as the anchor reaches the water surface.

For the DPA, Appendix[B.1] with added mass calculation from DNV GL is used as a basis to
find the added mass. The total calculated value for added mass on the DPA can be found in
Table For the DPA, there is not added any water depth independent coefficients in SIMA.

Table 6.10: Total added mass for the deep penetration anchor for the different directions.

Added Mass direction Value

A 85.23t
Aro 85.23t
Ass 3.20t
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Drag Force

The quadratic drag for both the suction anchor and DPA is estimated using the guidelines in
DNV GL, found in Appendix[B.2] The total quadratic drag force can be found in Table

Table 6.11: Quadratic drag for fully submerged suction anchor and deep penetration anchor

Quadratic Drag direction Value (NWS;)

Co1 11012.85
Suction Anchor Coo 23985.00
Cos 23985.00

Co1 414.47
Deep Penetration Anchor Coo 15200.27
Cos 15200.27

The DPA is divided into two parts in SIMA, the upper part consisting of rectangular plates
and the lower section a cylindrical part. The linear drag is neglected for both the suction and
DPA.
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6.2.4 Installation Vessel

The vessel used in the simulation model is Skandi Acergy which is a typical crane vessel and
is illustrated in Figure from SIMA. The vessel have a length of 138 meters, a breadth of
27 meters and a draught of 6 meter as can be seen in Table A typical crane vessel does
usually have a Dynamic Positioning (DP) system that uses its own propellers and thrusters to
maintain the vessels position and heading during installation. To recreate a DP system that is
independent of mooring and anchors into a simulation model is challenging. The vessel in the
simulation model is kept in position by use of a horizontal mooring system that consists of four
mooring lines with stiffness and damping equivalent to the ones that would have arisen due to
a DP system (Solaas et al., 2017).

Figure 6.2.7: Vessel used in the simulation model

Table 6.12: Main dimensions of the installation vessel Scandi Acergy

Parameters Values

Length (L,,) 138 m
Breadth 27m
Draught 6 m

The installation vessel’s given mass properties are as listed in Table where the mass
moments of inertia are defined about the origin.
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Table 6.13: Structural mass of installation vessel

Parameters Values Units
Mass 1.69-10" kg

Ly 1.93-10° kgm?
Iy 0 kgm?
Iy 2.35-101  kgm?
I 8.78-108 kgm?
Iy 0 kgm?
I, 2.31-10'9  kgm?

The COG of the vessel is located at (0.12, 0.00, 4.25), and the crane tip at (-24.50, 27.90, 32.60).
The relative distance between the crane tip and the vessel is then (-24.62, 27.90, 28.35). The
origin in the simulation model is the intersection between the water plane and the vessel fory =
0. The origin, the vessels COG and the crane tip are illustrated in Figure[6.2.8|

Crane tip

® COG
.Origin
4

g

Figure 6.2.8: Illustration of the simulation model’s origin, vessel’s Centre of Gravity marked with
COG and the location of the crane tip (the vessel is seen from the aft)
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RAO for Installation Vessel

The RAO of the vessel is dependent on the direction of the waves and the vessel motion is de-
fined in six degrees of freedom. The first order motion transfer functions for the vessel is pre-
sented in this section. The RAOs between 0° and 180° are equal to the RAOs between 180° and
360° due to symmetry about the x-axis. The wave direction and vessel motions defined in the
simulation model is illustrated in Figure Waves propagating 90° to the vessel is called
beam sea, whereas incoming waves from 0° and 180° to the vessel is called following sea and

head sea respectively.

Beam sea
270°

|
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0° —— T—’ X «— 180°
Following sea Head sea

l

90°
Beam sea

Figure 6.2.9: Given wave directions (vessel seen from above)

A motion decay test, or sometimes called a free oscillation test, is carried out by giving the
system an initial displacement and then leaving the system free to oscillate. From this, the
damping level and the natural periods of the system can be evaluated. In this case, it is done
for verification of the model.
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RAO in surge

Figure shows the RAOs for the vessel surge motion for following sea, (0°), beam sea (90°)
and head sea (180°). From the Figure, one can see that the beam sea has limited impact on the
surge motion for the vessel. Though, head sea and following sea can have a small impact. Waves
with a peak period around 7 seconds will give the vessel a surge amplitude of 0.1 meters per
meter wave height (m/m), which is a negligible motion. The crane tip motion in the longitudinal
direction will be dependent on the vessel’s surge, pitch and yaw motion. Small surge motions
will not be of huge risk during the lifting operation because the lifted object will move along the

vessel side.
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Figure 6.2.10: RAOs for surge motion
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RAO in sway

The RAOs for the vessel in sway motion are shown in Figure for 0, 90 and 158 degrees.
Beam sea with a peak period of 15 seconds will result in a sway amplitude of approximately 1.5
m/ m before it converges towards 1 m/m for peak periods around 19 seconds. A top appears for
the peak period around 15 seconds and illustrates the vessels’ natural period. Resonance will
arise in sway for this peak period. The RAO for 158° has about the same shape, however, peak
amplitude converges towards 0.4 m/m. Following sea and head sea will not have any significant
impact on the vessel’s sway motion. The sway, roll and yaw motion of the vessel will be impor-
tant for the translational direction of the crane tip, and since the lifted object will move along
the y-axis, sway motion ca be a risk during the lifting operation which can lead to a collision

between the object and the vessel.
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Figure 6.2.11: RAOs for sway motion
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RAOQ in heave
RAOs for the vessel’s heave motion is shown in Figure|6.2.12) For beam sea, a T}, of around 8

seconds constitutes a heave amplitude of 1.2 m/m and will go towards 1 m/m for 13 seconds.
For waves propagating with a heading of 68°, the RAO will converge towards 1 m/m around 12
seconds. For the vertical crane tip motion, the vessel’s heave, roll and pitch are crucial. Heave
motions can be a danger during a lifting operation due to sudden submergence of the lifted
object, large slamming forces in the splash zone and possible slack in lifting lines that may result

in large snap forces.
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Figure 6.2.12: RAOs for heave motion

A decay test is performed by applying a large specified force in the COG of the vessel, and
then releasing it. Here the initial displacement is set as 100 m, and the structure is released with-
out any external environmental effects. Only the effect of linear damping drives the structure to
do the pendulum action and stop at the original point gradually. From the decay test presented
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in Figure [6.2.13} one can see that the natural period in heave is 7.4 s This corresponds to the
RAO.
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Figure 6.2.13: Decay test in heave, the natural period is shown
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RAO inroll

Figure|6.2.14| presents the RAOs for the roll motion for the vessel. Here, the beam sea will have

a considerable impact on the vessels motion for the peak period of 14.5 seconds where the roll

amplitude is approximately 12 degrees per meter wave height (deg/m). The RAO for waves
158° to the vessel have also a similar curvature, however, with a smaller maximum roll ampli-
tude laying around 5deg/m for a T, of 14.5 seconds. Large roll motions will result in sway and
heave motions for the crane tip and hence for the lifted object. This is not desirable and should,
therefore, be avoided. The roll motions affect the translational and vertical motion of an object.

'12 T T T T T T T

’I RAO for 90 degrees

I RAO for 158 degrees
10 l -

|

| |

||
8| |

Amplitude (deg/m)
(8

20
Period (s)

Figure 6.2.14: RAOs for roll motion

Figure[6.2.15/shows the decay test in roll with the natural period 14.7 s, which confirms the

RAO. Hence, resonance in roll is likely to happen for this wave period.
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RAOQ in pitch

From Figure|6.2.16} the RAOs for the pitch motion of the vessel is given. For incoming waves 68°
to the vessel with T), of about 7 seconds, the resulting pitch amplitude will be of 1.4 deg/m. In

similar manner has the wave with a heading of 135° a similar curvature as the aforementioned
ones but with a pitch amplitude of 1.3 deg/m for peak periods of 9 s. Beam sea will, on the
other hand, have an insignificant impact on the pitch motion. Large pitch motions will result
in surge and heave motions of the crane tip which are further transferred to the lifted object. As
mentioned above, small surge motions do not have a large impact on the lift, but heave motions
can be critical and should be prevented. Comparing to the RAO for the heave motion, one can
see that they have the same period for the peak. The natural period is 6.5 seconds. This is found

from the decay test illustrated in Figure[6.2.17
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Figure 6.2.16: RAOs for pitch motion
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RAO in yaw

RAOs for the vessels yaw motion is shown in Figure Incoming waves with a heading of
113° result in an RAO with two peaks with a yaw amplitude of approximately 0.5 deg/m for
periods of 8 s and 14.5 s. Incoming waves 135° to the vessel will have a similar curvature as the
aforementioned one but with peaks around 9.5 s and 15 s. For incoming waves with heading
90° the yaw amplitude is much lower but has still similar curvature. The crane tip and the lifted
object will have surge and sway motions during large yaw motions. Small surge motions do not
have a huge impact on the operation, while large yaw motions should be avoided in order to

prevent a potential collision between the lifted object and the vessel.
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Figure 6.2.18: RAOs for yaw motion
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6.2.5 Lifting Equipment

The set up of the lifting equipment is different for the suction anchor and the DPA. The set up
for the DPA consist of a lifting wire connected to the centre of the top of the anchor, see Figure
6.2.19, For the suction anchor, the lifting wire is connected to a hook which is attached to three
slings linked to the top of the anchor, see Figure[6.2.19]

Figure 6.2.19: The crane set up from crane tip to anchor. To the left: the set up with hook and
three slings for the suction anchor. The DPA on the right connected directly to lifting wire.

The global coordinates for the crane tip are (-25.5, 27.9, 32.6). The crane wire is connected
to the crane tip and either to the hook top or directly to the DPA. The material properties of the
wire and slings are assumed to have the same properties and are found from BRIDON| (2013).
The Diamond Blue rope has been used and the complete guidance can be found in Appendix
Table displays the properties used in the simulation. The damping is assumed to be
1% of the cross-section axial stiffness.

Table 6.14: Properties of the crane wire and the slings

Property Value Unit
Diameter 0.8 m
Cross area 3167 mm?
Cross-Section Axial Stiffness EA 3.33-10° kN
Material Damping 3.33-10° kNs
Breaking strength 5.28-10° kN

The hook has a mass of 12 tons and has two local connection points; the hook top located
at (0.0, 0.0, 0.5) and the hook bottom located at (0.0, 0.0, -1.5). This gives a vertical length of 2.0
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m for the hook. The hook is given mass properties as listed in Table The mass moments of
inertia are defined about the origin and there is no linear damping nor any hydrostatic stiffness
data implemented in the simulation model.

Table 6.15: Structural mass of the hook

Parameter Value Units

Mass 12 000 kg

Lix 48000 kgm?
Iy 48000 kgm?®
I, 24000 kgm?

Further, the hook bottom is connected to three slings for the suction anchor. The slings have
a length of 9.77 m. The location of the couplings between the suction anchor and the slings is
shown in Table[6.16

Table 6.16: Body points on suction anchor to connect anchor with slings

Name Xy 2)

Point_1 (-3.0, 0.0, 15.0)
Point_ 2 (1.5, 2.6, 15.0)
Point 3 (1.5, -2.6,15.0)

A crane winch is modelled in the crane tip and gives values for the lifting speed and acceler-
ation. The lifting speed is sat to 0.2 m/s and the acceleration 0.1 m/s?. The total lifting system
set up for the simulation of the suction anchor is illustrated in Figure and ss seen from
Figure the angle between the sling and the suction anchor is 72 °.
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Figure 6.2.20: The crane set up for the suction anchor with crane tip, crane wire, hook and three
slings.
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Figure 6.2.21: The angle between sling and suction anchor
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Resistance and Capacity Checks

Further, one has to do overload checks for crane and hoisting line and rigging capacity for slings.
In addition, the hoisting line slack check to avoid snap forces is to be done. Based on this, an
upper and lower limit can be established for the tension in the wire during the simulation. The
crane installed on Skandi Acergy has a safe working load (SWL) of 250 tons, which is the static
capacity. Both the anchors have a weight lower than this. The global dynamic load effects may
be accounted for by using a dynamic amplification factor (DAF). The dynamic capacity can be
multiplied with a safety factor of 1.25 dependent on the offshore environment and the weight
(DNV GL, 2014). This gives a maximum dynamic load of 313 tons.

Since the slings have the same EA as the wire, they will not be the weak link in the lifting
system. Therefore, the capacity of the wire is important to find and consider. MBL is given as
the breaking strength in Table With the nominal safety factor set to 3, the criterion will
be Fyire < 1760kN, and the dynamic wire load shall never exceed 1760 kN. This is below the
maximum dynamic load for the crane.

The requirement to avoid slack in the line will constitute the lower limit. For the suction
anchor the, limit will be 107 kN and 49 kN for the DPA. They will have have different limit since

the submerged weight is unlike due to the water filling and different buoyancy force.

Natural Period of The Hoisting Wire

The stiffness of the systems for the DPA and suction anchor is illustrated in Figure To
the right is the DPA with the lifting wire as the stiffer in the system. To the left is the suction
anchor consisting of the wire and three slings that will contribute to the total stiffness. The
natural period of the wire depends on the line length. The added mass for the suction anchor
includes the water filling weight. The stiffness of the wire is found by dividing the wire cross-
section axial stiffness with the length of wire released, from the crane tip to the anchor. For the
suction anchor, the stiffness from the slings has to be added. The length of the slings is, however,

constant, and the total stiffness for the suction anchor is found from

1 _ (Lwire N leing)
Kior EA 3EA

Figure[6.2.23a]illustrates how the natural period changes with the length of the hoisting line
for the suction anchor. The resonance period will lay between 1.8 s and 5.4 s for a water depth of
300m. For DPA, the natural period increases from 0.6 to 2.2 seconds for the same water depth,

see Figure|6.2.23b
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Resonance can occur if the wave period and vertical crane tip period is close to the natu-

ral period of the wire. The natural period is low, and for the DPA this is not of a big concern,

however, for the suction anchor some weather conditions may be particularly exposed and res-

onance can appear. This should be evaluated during the simulation.



Chapter 7

Simulation Results

In this chapter, the main results from the simulations defined in Chapter 6 are presented and
discussed. The focus will be on the tension in the wire and the energy distribution.

7.1 Static Equilibrium

Before the dynamic simulation can take place, the static forces have to be checked. A static
analysis is performed in SIMO, and Figure[7.1.1a|presents the results for the suction anchor. For
this purpose, the static analysis is taken as a dynamic simulation without any environmental
effects. In the beginning, one can see that there are transient effects but they disappear after
a few seconds. Figure shows how the tension in the lifting line changes during the static
analysis for the DPA. Here it is clearer when the anchor passes the water surface as the buoyancy
increases, and the total submerged static line force is 788 kN.
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7.2 Tension in Wire

When deciding simulation length, the water particle movements are evaluated. In deep water
and assuming a wave period of 14.5 seconds, the wave kinematics will have an effect until a wa-
ter depth of approximately 160 meters. With a winch speed of 0.2 m/s in addition to 25 seconds
before the lift starts, the simulation will last for about 825 seconds. All the simulations, both
for the DPA and the suction anchor are simulated for 825 seconds. The simulations are per-
formed for different wave headings. It is decided to evaluate head sea waves (180°) and waves
with a changed angle of 20 and 45 degrees. From a quick sensitivity check, it is found that there
are small differences for waves with same heading coming from port or starboard side due to

symmetry. Waves from 160° and 135° are used further during the simulations.

7.2.1 Suction Anchor

Figure shows typical results from the simulation of the suction anchor with a significant
wave height of 2 meters and varying peak periods at a heading of 160°. Here Figure
presents a peak period of 5.8 seconds, Figure 8.7 seconds and Figure[7.2.1¢/12.5 seconds.
The maximum tension in the lifting wire is highest for T}, 5.8 s and reduces with increasing T).
But the biggest difference is where the peaks appears. For the lowest peak period, a large peak
occurs when the anchor is lowered through the splash zone illustrating the slamming force. This
happens when the top of the anchor crosses the water surface. The load picture will thereby be
dominated by the slamming forces since the rate of added mass is large and the relative velocity
between the wave and the anchor is small. The impulse force (slamming) is not present for all
simulations and the splash zone is thus less critical. The Morison’s forces will dominate as the
anchors are further lowered through the wave column. The wave particle motions diminishes
further down the water column. To evaluate the wave loads, Morison’s equation is used to find
out that the suction anchor is inertia dominated. The suction anchor has a high added mass
compared to the structural mass, and by increasing the hatch diameter the water will flow more
freely, and the added mass is reduced.

Figure[7.2.2a|shows clearly the different phases through the lift for H; 2m and T, 5.8 s. First,
the suction anchor is in air and then lowered through the splash zone. Here slamming forces can
be of big concern. Further, the anchor is lowered through the water column. Here wave forces
and Morison’s forces will increase and can be classified as drag or inertia dominated. For deeper

water depths resonance in the crane wire can be a hazard dependent on the wave period.
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Figure 7.2.1: Simulation of suction anchor with significant wave height 2 meters and varying

peak periods

Figure shows the maxima and minimum requirements for the tension in wire for the

suction anchor. Here significant wave height is 2 meters and peak period 5.8 seconds. In this

case, the maximum tension in the wire is over the limit. It is the capacity of the wire that is the

restricting limit during the simulations of the suction anchor, and it may look like there is no

likelihood of slack.
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Figure 7.2.2: For significant wave height 2 meters and peak period 5.8 seconds

Since the simulations are run with different seed numbers, unlike maximum and minimum
tensions appears. For significant wave height 1.5 m, five seeds are used for each weather con-
dition. In Figure nine different weather condition are evaluated for H; 1.5 m. Here, the
maximum tension in wire from each simulation is plotted and the figure shows how the max-
ima tension varies with peak period and headings for the suction anchor. The tension will be
higher for lower periods and for waves not coming right on the bow. To get the most realistic
result, the average of the peaks or the drops are compare against the settled limits and used
further to set the design criterion.
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Figure 7.2.3: How the maximum tension varies with peak period and heading. This for signifi-
cant wave height 1.5 m for suction anchor

The measured maximum and minimum tension in wire with related Hy and T}, are used to
find the design criterion. These are established from the upper and lower limit regarding max-
ima tension in the wire and no slack. OP;;,, is established from the significant wave height and
depends on the heading and the wave period. Table[7.1|shows the points that makes up the de-
sign criterion for the suction anchor shown in Figure The three values from each heading
is based on the P5 T}, T, mean and P95 T,,. For the heading 135°, there are two limits with low
T, and H; while the highest Hj is for a peak period of 14 second. It can thus be uncertainties
for peak periods and significant wave height between here. The slamming force and Morison’s
forces have a greater impact to the wire for lower peak periods, while the crane tip is of large
importance at higher periods as the ship will have large pitch, heave and roll movement. Lower
peak periods give the highest tension in the wire and will, therefore, be more limiting for the
operation, and to evaluate slamming and Morison’s forces are therefore crucial.

Table 7.1: Significant wave height and peak periods that constitute the design criterion

Heading 180° Heading 160° Heading 135°
H;(m) 186 3.15 4.00 1.74 227 394 1.00 0.88 3.36
T,(s) 5.63 993 144 549 099 14.06 4.60 4.46 14.07
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7.2.2 Deep Penetration Anchor

The deep penetration anchor has to be simulated for higher weather conditions than the suc-
tion anchor since it does not reach the maxima and minima limit for the simulated weather
conditions. Neither the slack or capacity criteria are violated. Figure[7.2.5|shows the simulation
of deep penetration anchor with a significant wave height of 6 meters and varying peak periods.
Here Figure presents a peak period of 9.5 seconds, Figure 12.4 seconds and Figure
15.7 seconds. The tension in wire does not reach 1760 kNN in any of the cases. In addition,
there will not be that much variance in tension during the splash zone and no risk of slamming.
The reason for this is the pointed end and the low added mass. Consequently, the lift may be
defined as static. The motion in the crane tip will affect the lifting system.

Significant wave height higher than 6 m is acceptable for the DPA, however, there will be
other factors limiting the design criterion, like the movement of the vessel. Handling on deck in
harsh weather can be risky and a big hazard when it comes to falling objects and injuries of the
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Figure 7.2.5: Simulation of deep penetration anchor with significant wave height 6 meters and
varying peak periods

crew. As mentioned, the largest hazard when the anchor is in air and lifted from the deck and
over the vessel is the pendulum movement. The resonance period of the pendulum is important
to assess. With the crane tip z-coordinate 32.6 meters over the sea surface, the length of the wire
will be between 0 and 32.6 meters when in air. This leads to a resonance period between 1
and 11.5 seconds. Comparing this to the roll period of the vessel, the critical period for both
180°, 158° and 135° is 14.7 seconds. The largest amplitude of the vessel is for beam sea. If the
natural period of the anchor as a pendulum in the air is close to the roll period of the vessel,
resonance can appear. In that case, one should install tugger winches to control the pendulum
movement. Also wind can affect the anchor when in air, however, this is not considered during
the simulations.
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7.3 Evaluating Resonance - Fast Fourier Transformation

In this section, the resonance in the wire of the suction anchor is evaluated. This is as men-
tioned, not considered to be a risk during the lift of the DPA.

The weather condition of 1 m Hy and 4.6 s T;, can lead to resonance in wire since the wave
period and the natural period of the wire is close. Figure shows for which length of wire
the natural period will be close to the wave period, and typically resonance can appear. The red
horizontal line indicates the peak period.
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Figure 7.3.1: Natural period of the wire with varying length of crane wire for the suction anchor.
A peak period of 4.6 s is highlighted.

The figure shows that the critical length of wire is around 230-240 meters. A simulation is
done past this water depth for the critical weather condition. Figure shows the results
from the simulation for a random seed number. Here, peaks or higher tension appears around
the critical water depth around 1000 s, and it seems like the wire gets resonance. This resonance
leads to tension in wire against the upper limit of 1760 kN. Therefore, one should be careful
of doing the lift operation if the wave period is around 4.6 s. Figure shows a snip of the
simulation where the wire might get resonance. The wire will here oscillate with a period around
5 seconds.
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Figure 7.3.2: H; 1m, T, 4.6 s and head sea waves

Further, to evaluate where most of the energy is, FFT is performed for the suction anchor for
on of the weather conditions that are critical with respect to resonance. For the condition with
H; 1 meters and T, 4.6 seconds and head sea waves, water depth of 150 meters is evaluated.
Here the natural period of the wire is about 4.0 seconds. Figure[7.3.3a]shows the FFT with a peak
for a frequency of 0.24 Hz equivalent to a period of 4.2 seconds. This is between the wave period
and natural period which are marked in the figure, and it can be hard to evaluate the cause for
this top. Therefore, one more water depth is to be considered. For a water depth of 100 meters,
the natural period is 3.45 seconds, and the FFT is presented in Figure[7.3.3b] The peaks appear
for frequencies around 0.15 Hz which equal a period of 7 seconds. This means that is not close to
either wave period or the natural period. It seems like the tension is not affected by the natural
period of the wire. On the other hand, the heave period is 7.4 seconds and can be the reason for
the peaks in this area. These peaks are also present for the water depth of 150 meters with the
same power spectral density but are small compared to the energy top. Figure shows the
time series for the simulations. The first part, coloured in red, is when the anchor is lowered to
the correct water depth. These measurements are not considered for the power spectral density.
The simulation is hold for 1500 seconds with the correct length of wire released. From Figure
[7.3.4al with the time series for the simulation performed at the water depth 150 m, one larger
top appears around 1100 s. This can be the reason for the resonance which caused a peak in the
FFT. From Figure([7.3.4b] the time series shows no abnormalities.
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Figure 7.3.3: FFT for Hs 1 m Tp 4.6 s at water depth 150 and 100 meters. The wave period (7))
and the natural period (7)) are highlighted in the figures
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Figure 7.3.4: Time series for Hs 1 m and Tp 4.6 s - water depth 150 and 100 meters. The red part
is when lowering anchor to desired water depth, and the blue part is used for the FFT.

By looking at the wave elevation for the same simulation, one can look for abnormal waves.
This is presented in Figure[7.3.5, and both of the runs seem quite normal but with some larger
waves now and then.
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Figure 7.3.5: Wave elevation for Hs 1 m Tp 4.6 s at water depth 150 and 100 meters.

For Hy 1.5 mand T}, 5.2 s for a water depth of 195 m, the FFT is presented in Figure Here
T,, of the wire is 4.5 s, and the figure shows a peak for the associated frequency. This means that
resonance is trigged and the wire oscillates with the natural frequency and not only the load
frequency from the waves. Resonance will thereby dominate the load and play an important
role. The second peak at the frequency 0.187 Hz is close to the wave peak period. Based on this,
heave compensation should be evaluated to control the vertical motion of the anchor.
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It can be more movement in the vessel with higher significant wave height, and the time
series in Figure shows some larger tension tops for the wire.
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Figure 7.3.7: Time series for Hs 1.5 Tp 5.2 s - water depth 195 meters.

Moreover, the weather condition with Hs; 4 m and T}, 14.4 s is the case with the highest al-
lowed period for head sea waves. This period is close to the roll period of the vessel which is
14.7 seconds, and one can thus expect large movements of the vessel. Figure[7.3.8|illustrates the
crane tip motion with head sea waves for H; 4m and T), 14.4 s as a function of heave, pitch and
roll. Figure[7.3.9a] presents the power spectral density for this weather condition. Here the roll
period is marked T,,. The energy peak does not hit this period but is close. For beam sea waves
might given a peak closer to the roll RAO. By looking at the energy distribution of the vertical
crane tip motion, from Figure the peak appears at the same frequency. This peak is a
result of the vessel’s heave, pitch and roll, but for this period, the vessels heave motion is the
dominating. Based on this, the wire is dominated by the crane tip motion for this weather con-
dition. The RAOs will push the wave spectrum to the left. This is in line with the figure showing
that the energy peak for the crane tip motion is moved to the left for the wave period. In general,
the crane tip motion will move the energy of the wire towards lower frequencies.
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Chapter 8
Operability

The lifting operations are further investigated with respect to operability, and this chapter will
present the operational limits and discuss the availability to perform the marine operation by
evaluating P[(H; < OPyrp) N (1. > TR)].

First, the planned time of the operation has to be settled to evaluate if it is weather restricted
or unrestricted. Assumptions are made to decide Tpop, and can change as more information
about exact equipment to be used is known. Cutting the sea fastening of the suction anchor will
take about one hour and installing strips another hour. This can, however, often be done before
the operation takes place, but is included here. Further on, the anchor is lifted off the deck
before lowered into the water which takes about 30 minutes. By assuming a lowering speed
of 0.2 m/s and a water depth of 300 m, the time from the splash zone to the sea bed is about
25 minutes. Then the anchor is to be sucked into the seabed which will take about 2 h. The
duration of this operation will take 5 h per anchor. Also for the DPA, cutting of sea fastening and
installation of strips will take 2 hours in total. The anchor is lowered to the drop height which will
take 20 minutes and inspected by an ROV before it can be realised. The free fall and penetration
into the ground are assumed to take 10 minutes. Finally, the ROV does a last inspection before
the operation is in safe heaven. The total planned operation per anchor time will be 3 hours. To
find the reference period, a contingency time is added to the planned time. T¢ shall normally
not be less than 6 h, and therefore it is set to 6 h for the installation of both anchors. Based on
this, the operation can be classified as weather restricted since it is less than 72 h.

To establish the design criterion, the results from the simulations are used. Here, the design
criterion is settled with respect to Hg, however, normally there shall be requirements for the
peak periods as well. For the DPA, OPy 1), is based on other factors then the tension in the lifting
wire, and is decided to be 6 m. The design criterion for the suction anchor depends on heading
of waves and T). In this section it is decided to look at the T}, of 10 s and choose the strictest
requirement for Hs which is at the heading of 135°. This gives a design criterion with respect to
H;of 2.5 m.
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Table 8.1: Design criterion, a-factor, planned time for the operation, contingency time, refer-
ence time and operational criterion for suction anchor and DPA

Suction Anchor Deep Penetration Anchor

Design criterion (OP;;,,(Hy)) 2.5m 6m
Planned time (Tpop) 5h 3h
Contingency time (7¢) 6h 6h
Reference time (Tg) 11h 9h
a-factor 0.81 0.84
Operational criterion (OP, ¢ (Hj)) 2.02m 5.04 m

As the design criterion and the planned duration of the operation is settled, the operational
limit can be found. When calculating the operational limit for a weather restricted operation,
an a-factor is used. There is no data to find this factor that accounts for the uncertainty of the
measured weather forecasts in the Barents Sea. According to/Orimolade and Gudmestad|(2017),
the wave forecasts for the Barents Sea are of good quality at lead times less than 30 hours and
decreases rapidly beyond this lead time. In addition, it is stated that the wave conditions are
found to be more reliable for the Barents Sea in the summer months compared to the North Sea
and the Norwegian Sea wave conditions. One can thus assume that there are minor differences
in the weather forecasts. Therefore, the a-factor presented in DNV GL (2011a) based on the
North Sea is used. By use of weather forecast level B, the a-factors are found to be 0.81 and 0.84
for the suction anchor and DPA respectively. This leads to operational limits of 2.02 and 5.04
meters with respect to significant wave height. Table 8.1{shows the design criterion, a-factor,
planned time for the operation, contingency time, reference time and operational criterion for
both suction anchor and DPA.

8.1 Weather Hindcast for Johan Castberg

By studying weather hindcast data for a relevant location in the Barents Sea, the operability
of the two anchor concepts can be compared. From measured significant wave heights, the
duration of calms can be decided and evaluated with respect to the execution of an operation in
this area. In this part, the logged data at the Johan Castberg field is collected by the Norwegian
Meteorological Institute. Further on, this data is compared with the planned operation with
related operational limits and reference periods. Weather data is collected every third hour for
the Johan Castberg field located in the Barents Sea in the period from 2003 to 2013. The mean
H; for this location is 2.8 m and the maximum H; measured in this period is 11.4 m. The mean
H; is thus higher than the OPyyr for the suction anchor. This is on the other hand, regardless of
the time of year. Figure shows logged H; for the Johan Castberg field in 2010, and how it
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changes with the months during the year. One can clearly see that the measured H; are higher
in the period between November and April.
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Figure 8.1.1: Measurements of H; for the Johan Castberg Field during 2010

The length of a calm period will vary with Opw . Figure shows OPy r(Hs) between
0 and 5 m with related calm periods independent on season. The number of periods with
longer duration of calm increases with increasing OPyyr. The mean calm periods with respect to
OPyw r(Hy) is presented in Figure and shows clearly that the mean calm period increases
with the operational limit. Since the DPA have a high OPyr, the average calm is higher than Tx.
Also, for the suction anchor is the average calm above Tx. On the other hand, for a FOWT or a
park with several FOWTs, there will be more than one anchor to install. Since the vessel trans-
ports several anchors, a longer weather window is required to avoid waiting on weather for the
entire job. It is therefore desirable to install several anchors consecutively. It will be safe heaven

between each installation and a new evaluation against the weather forecast must be done.
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Figure 8.1.2: Calm periods independent on season

8.2 Probability Distribution

Further, the Weibull three-parameter distribution is used to evaluate the probability distribu-
tion. By use of data from [Dezecot et al.|(2016), the shape, scale and location parameters for the
different months are listed. These are used for comparing the availability of the operation at dif-
ferent times throughout the year. It is decided to have a focus on comparing July and October,
and the respective parameters can be found in Table[8.2]

Table 8.2: Monthly Weibull parameters for significant wave height at the Johan Castberg Field.
Duration of event is 3 hours. Data from Dezecot et al. (2016)

Weibull parameters

Month  Annual prob. Shape Scale Location

- [%] - (m] (m]
July 8.33 1.267 0.94 0.64
October 8.33 1.239 1.73 1.15

The cumulative probability with respect to H as the operational limit for July and October
are shown in Figure and can be used to evaluate P[(H; < OPwr)]. The figure shows that
the curve for July grows rapidly from the start, and start to diminish for H; about 3m, and for H;
4 m the Fp_ is close to one, in other words, the probability for having a H; value equal or lower
than 4 m is almost 100%. For October, the graph starts to increase for higher H; values and with
some smaller steepness. It will, therefore, be harder to perform the lifting operation in October.
The OPy r(H;) for the suction anchor and DPA are marked in Figure With the operational

limit of 2 meters for the suction anchor, it is 80 % probable that the H; is less than or equal to 2
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meters in July. In October, the probability is 34 %, a decrease of 46 %. If the limit is reduced to
1.5 m, the probability will decrease with about 20 % for both July and October, and it can thus
be quite difficult to get lower H; in October. It is therefore important to not be precise, and not
too conservative when finding the operational limit. For the DPA with a OPy r(H;) of 5 m, the
cumulative probability is over 0.9 in both months. In Figure[8.2.1b|with CDE the OPy r(H;) for
the suction anchor and DPA is marked.
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Figure 8.2.1: Cumulative probability with respect to Hs

Further, an expression for the average length of calms can be determined based on the CDF
of wave length against average length of calms. The Weibull distribution will give an acceptable

fit for this curve. The expression will be based on the formulation

Tc(h) = Ax [-In(Fy,(h)] 5, (8.1)

where T.(h) is the average length of calms and Fp, (h) the cumulative probability for a given
H;.

In July, the average duration of the calm for H 2 meters is 78.214 hours, and the correspond-
ing Fy,(h) is 0.797. For H; 5 meters, the Fp_ is 0.9991 and the average duration of the calm is
415.25 hours. By use of Equation[8.1} two expressions can be established

78.214 = A[-1n(0.797)] /B

and

415.25 = A[-1n(0.999)]"1/8
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A and B is calculated to be 49.938 and 3.311 respectively. This gives the following formula for
an average calm period for July

To(h) = 49.938[— [n(Fyy, (h))] =0

For October, the average duration of the calm for H; 2 meters is 51.033 hours, and the corre-
sponding Hy (h) is 0.339. For H; 5 meters, the Fy, is 0.932 ant the average duration of the calm

is 121.418 hours. The two expressions established are

51.033 = A[—1n(0.339)] /B

and

121.418 = A[-1n(0.932)]" /B

A and B is calculated to be 52.301 and 3.158 respectively. This gives the following formula for

an average calm period for July
To(h) = 52.301 [~ In(Fyy, (h))] 515

This can be plotted as a cumulative probability which can be used to find the P[(z, > TR)].
Figure[8.2.2]shows the CDF for both July and October with respect to the average length of calms.
The difference in cumulative probability is quite small for July and October. One can notice that
for both the months, the probability of having an average length of calm up to 30 hours are 100
%. Based on this, it will not be challenging to install either the DPA or suction anchor. But as the
desired weather window increases with numbers of anchors installed, the probability decreases.
This will be the case for a FOWT park, where the capacity on the vessel sets the limit.

The relationship between the cumulative probability of Hs and 7.(h) can be illustrated in
Figure[8.2.3] The H; which corresponds to the operating limit can be read and the average length
of calm can be found. In this figure, the OPy, (H;) for the suction anchor and DPA is marked.
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Based on this, the availability of the operation can be assessed. This is done by multiply-
ing Fy,(OPy¢) - Qr 0P, (TR, where Q. op, »(TR) equals P(t(OP, ) > Tg) meaning that the
exceedance probability of the calm period is larger than the operation reference period. The
availability for July can be found in Figure and for October in Figure This shows
how the availability increases with increasing OP,, r(H;) and decreasing Tr. For July, the oper-
ational limits with H; 2 m, 3m and 5 m have high availability for T lower than 30 hours and
drops rapidly for higher Tg. H; 1 m will have low availability from the start but less drop for
T higher than 30 h. In October, the availability decreases for all the operational limits. For H;
2 m, which is the OP,, r(H;) for the suction anchor, the availability is reduced with over 40%.
Thereby, the installation of the suction anchor is more dependent on season due to lower OP,, ¢
compared to the DPA. Especially with increased number of anchors to install, operation during
July is preferred for the suction anchor. For DPA with a OPy r of 5 m, a increased Ty will be the

main challenge.
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Chapter 9
Conclusion

This thesis has looked at the marine operation of installing anchors used for FOWT and com-
pares a suction anchor and a deep penetration anchor by use of numerical simulations.

The simulation results show that for the suction anchor, the capacity of the wire is the limit-
ing factor, and it seems like there is no risk of slack. The added mass term for a suction anchor is
large compared to the structural mass since it includes the mass of the entrapped water which
leads to higher hydrodynamic forces when passing the splash zone. The simulation results show
that the splash zone is the most critical phase of the lift when it comes to the dynamic forces in
the lifting wire and slamming forces appear. The combined effect from crane tip motion and
wave kinematics will induce the overall largest vertical hydrodynamic forces on the structure to
be installed when the structure is close to the surface. The results show that lower peak periods
gives a higher maximum tension in the wire. The main reason for this is that slamming typically
appears for smaller peak periods and larger accelerations. This means that the slamming force
and Morison’s forces have a greater impact to the wire for lower peak periods, while the crane tip
is of large importance at higher periods as the ship will have large pitch, heave and roll move-
ment. Since the lower peak periods have the highest tensions, it is, therefore, most important
to assess the slamming and Morison’s forces. For the suction anchor, the lifting wire can get
resonance which is a risk. This emerges from the energy spectra of the wire for some weather
conditions. For higher H; and T, it is clearer that the vessel’s RAO affects the wave spectrum
and pushes the energy towards lower frequencies.

DPA is simulated up to a weather condition of Hs 6 m and Tp 15.7 s and does still not reach
the settled maximum or minimum limit. Consequently, the design criterion is limited by other
factors like vessel movement, handling on deck and the pendulum motion when in air. The DPA
does have less added mass compared to the suction anchor due to the tipped end and the solid
inside. As a consequence, the lifting wire can be considered as static. The crane tip motion due
to RAO of the vessel will affect the lifting system while slamming and Morison’s forces are less
important. The natural period of the wire is that low for the lifting system of the DPA and it is
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therefore considered not to be critical with respect to resonance in the wire.

Based on the simulations, the design criterion is established to be 2.5 meters for the suc-
tion anchor and 6 meters for the DPA. The reference times are respectively 11 and 9 hours for
installing one anchor. By use of data from the North Sea, the a-factor is found and gives an
operational limit of 2.0 and 5.0 meters. The probability that the H; is less than the operational
criterion will be higher for the DPA. Also, execution during October is harder compared to July.
When evaluating the probability that the calm period is shorter than the reference period, the
same trend appears. The operation availability is higher for the DPA and the biggest difference
is in October with over 50%. For the DPA the available weather window is acceptable for instal-
lation both during summer and autumn, while for the suction anchor the seasonal differences
play a more important role. In July, it will normally not be a challenge for installing one an-
chor as the duration is less than 30 hours. However, as one wants to install several anchors in a
sequence, the required weather window increases to avoid waiting on weather.

In conclusion, the deep penetration anchor is recommended in a marine operation view. It
is less affected by the hydrodynamic forces during the lift, and the tension in the wire is lower
which gives a higher design criterion compared to the suction anchor. In addition, the reference
time is shorter and thereby the required weather window is shorter. It will, therefore, be the

most cost-effective anchor concept.

9.1 Recommendations for Further Work

DNV GLs guidance is used to establish the added mass for the DPA and drag for both of the
anchors. These can be some conservative since they have to be on the safe side. To achieve
more realistic simulations and thereby results, the added mass and drag coefficients used in the
simulation model should be found by model test. This is even more essential as the structures
of the anchors are complex. Also, Computational Fluid Dynamics (CFD) simulations can give
good indicates of the hydrodynamic coefficients.

Further, the simulations are not performed as the anchor is lifted from the deck and over
vessel side. Nor is the landing on sea bed evaluated for the suction anchor. The added mass will
increase here due to wall effect. This is not considered.

For the deep penetration anchor, the lifting operation does not necessarily have to be per-
formed by a crane. If using a winch and an A-frame at the vessel’s stern, one would avoid the
lifting phase with the pendulum and the splash zone. On the other hand, the splash zone was
not considered to be a critical phase of the lifting of a DPA.

When concluding that the deep penetration anchor is recommended, this is in a marine
operation aspect. Also, when deciding which anchor to use for the FOWT, the soil and capacity
of the anchors have to be assessed.
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Appendix A

Hardware properties

A.1 Diamond Blue

The material properties for the Diamond Blue rope are found from BRIDON]| (2013). The first
illustration shows how the rope is build up and the table below shows the diameter with associ-
ated nominal mass, minimum breaking force, axial stiffness and nominal cross-sectional area.
This data is used for the wire and slings in the simulation model.
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Nominal rope length Minimum Breaking Torque Generated . )
Rope mass (M) Force (Fmin) Axial Stiffness at 20% Load Nominal metallic

Diameter at 20% Load cross-sectional
Submerged 1960 grade Ordinary Lay area (A)
e B e I = = R T =
52 2231 227 251 140 31
54
56

11.7 7.86 10.2 6.84 1.51 1112 1338 2074

21/8 12.6 8.48 11.0 7.38 2406 245 270 151 3 1.69 1245 1443 2236

13.6 9.12 11.8 793 2587 264 291 163 36 1.88 1389 1552 2405

57.2 2.1/4 14.2 9.51 12.3 8.28 2699 275 303 170 37 201 1480 1619 2509
60 15.6 10.5 13.6 9.11 2970 303 334 187 41 232 1708 1781 2.761
60.3 23/8 15.7 10.6 13.7 9.20 3000 306 337 189 42 235 1734 1799 2789
63.5 212 17.5 11.7 15.2 10.2 3326 339 374 209 46 275 2025 1995 3.093
64 17.7 11.9 154 10.4 3379 344 380 213 47 281 2073 2027 3141
66.7 25/8 19.3 12.9 16.8 1.3 3670 374 413 23 51 318 2347 2201 3412
68 20.0 134 17.4 11.7 3815 389 429 240 53 337 2487 2288 3546
69.9 23/4 212 14.2 18.4 124 4031 41 453 254 56 3.66 2701 2418 3.747

72 224 15.1 19.5 13.1 4277 436 481 269 59 4.00 2952 2565 3976
76 25.0 16.8 21.8 14.6 4765 486 536 300 66 4.1 34N 2858 4.430
76.2 3 251 16.9 219 14.7 4790 488 538 302 67 475 3499 2873 4.453
80 21.7 18.6 241 16.2 5280 538 593 333 73 549 4049 3167  4.908
82.6 31/4 295 19.8 25.7 17.3 5629 574 633 354 78 6.04 4457 3376 5233
84 306 205 26.6 17.8 5821 593 654 367 81 6.36 4687 3491 5412
88 335 225 29.2 19.6 6389 651 78 402 89 7.31 5389 3832 5939
889 312 342 230 29.8 20.0 6520 665 733 411 91 7.54 5556 3911 6.061
92 36.6 2486 39 214 6559 669 737 440 a7 7.85 5785 4188 6491
95.3 33/4 39.3 26.4 342 230 7038 n7 791 472 104 8.72 6430 4494 6965
96 399 26.8 34.7 233 7142 728 803 479 106 8.91 6573 4560 7.068
100 433 29.1 37.7 25.3 7750 790 871 520 115 101 7429 4948 7689

101.6 4 447 300 389 26.1 8000 815 899 536 118 106 7 5108 7917
108 41/4 50.5 339 439 295 8306 847 934 606 134 11.7 8598 5771 8946
1143 41/2 56.6 380 49.2 33.0 9303 948 1046 679 150 138 10193 6464 10.020
120.7  43/4 63.1 424 549 368 10374 1057 1166 757 167 163 12008 7208 11.173
127 5 69.8 46.9 60.8 408 11485 111 1291 83s 185 190 13982 7981 12370

Note: Tonnes = 1000kg Tons = 2000ibs
Figures shown are for guidance purposes only. For specific applications requirements please contact Bridon.

This table is for guidance purposes only with no guarantee or warranty (express or implied) as to its accuracy. The products described may be subject
to change without notice, and should not be relied on without further advice from Bridon.



Appendix B

Hydrodynamic Coefficients

B.1 Added Mass Coefficients

This Section shows added mass coefficients for three-dimensional bodies theoretically, and how

to find the total added mass. This is taken from DNV GL|(2011b), Recommended practice DNV-
RP-H103.

Table A-2 Analvtical added mass coefficient for three-dimensional bodies in infinite fluid (far from boundaries).
Added mass is Ag=pC Vg [kg] where Fp [m3] is reference volume

Direction af

Body shape . F
¥ SO motion 4 "

Circular disc

I Yertical N 3 T a
oA s
) _ b (o b Cy
Ellptical dise ” 1000 | 5.0 0.952
‘ 143 0.991 4.0 0.933 T .
Q f’n Vertical 12.8 0,989 3.0 0900 |=a b
L 10:0 0.984 20 0826 6
7.0 0.972 1.5 0.758
6.0 0.964 1.0 0.637
Flat plates Ba Oy b iy
Rectangular plates 1.00 0.579 17 0840
125 0.642 4.00 0872
| LA Vertical 150 | 0690 | 500 0897 |Z .25
— 1.59 0.704 6.25 0917 4
At 2.00 0.757 £.00 0.934
2.50 0801 10.00 0.947
3.00 0.830 an 1.000
Trnangular plates
t Vertical L_Han oy '2 "T
— | x :

I
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v

Spheres

t O:rf‘ Any direction Ya i:: a
2a ‘ 3
a/b C,
Bodies of Axal Lateral
revolution Spheroids 1.0 0.500 0.500
1.5 0.304 0.622
t _ 2.0 0210 0704 |4 .
% Lateral or axial 15 0.156 0.762 E;; b a
* ":1-[:' 0082 0.860
. . 5.0 0.059 0.894
- 6.0 0045 0917
7.0 0.036 0933
B0 0.029 0.945
2h C, =—tv
2=z,
Ellipsoid Axial Where : S 2 ¢ abe
" 0 " &£, = .=_':‘|’_|[l ey e w) S e w) " 3
Axisa=h>=¢ e=bla o=cla
b/a Cy
1.0 (.68
b 20 036
30 0.24
Square prisms Vertical 4.0 019 a’ h
1 3.0 015
6.0 013
w8 & 70 0.11
10.0 008

Table A-2 Analytical added mass coefficient for three-dimensional bodies in infinite Muid (Far from boundaries).
Added mass is Ay=pC 4 Vp [kg] where Fp [n|5| is reference volume (Continued)

Dvirection of

B“':{r .'.'hz.r;.u' RO C .'4 ’ .H
bi2a Cy
Riad l 1.2 .62
ight circular P 2.5 0.78 2
cylinder Vertical 5D 090 ma-h
b 9.0 0.96
o 1.00

B.1.1 Effect of height (3D structure)

From DNV GL| (2011b), the simplified approximation of the added mass in heave for a three-

dimensional body with vertical sides may be applied
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3 1- 22 )
A33~[1+ m]A:—sso kgl

VA
h+.\/Ap

Here, A33, is the added for a flat plate with a shape equal to the horizontal projected area of

and

the object with, & the height of the object and A, the area of submerged part of object projected
on a horizontal plane.

B.1.2 Effect of perforation

This part is taken from DNV GL (2011b). The effect of perforation on the added mass may
roughly be estimated by the following guidance:

A3 = Aszs ifp=<5

n(p—>5)
34

Agy = Ag(0.7+ 0.3cos[ | if5<p<34

and
0-p
A3z = Aszse 28 1f34<p<50

where Ass; is the solid added mass (added mass in heave for a non-perforated structure) in
kilogram, and p is the perforation rate in percentage.
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B.2 Drag Force Coefficients

This Section shows drag coefficients for three-dimensional bodies theoretically, and how to find
the total drag force. This is taken from DNV GL (2011b), Recommended practice DNV-RP-H103.

Table B-2
Drag coefficient on three-dimensional objects for steady flow Cpe.
Drag force is defined as Fp = Y30CpeS e
§ = projected area normal to flow direction [m?].
B, = ull/v= Reynolds number where D) = characteristic dimension.
Creometry Dimensions Cpg
Rectangular plate normal to flow direction B/M
1 1.16
5 1.20
u 10 1.50
H o 1.90
e l R, > 107
B~
Circular cylinder. Axis parallel to flow. LD
1 0 1.12
u D l 0.91
2 .83
—r 4 4 0.87
7 099
a—L" .
R, > 107
Square rod parallel to flow L/D
1.0 1.15
. t 1.5 0.97
u 0 20 0.87
\ 25 090
I‘ 30 093
4.0 095
50 0.95
¢ L $
R, = 1.7-10°
Circular cylinder normal to flow. LD Sub critical flow | Supercritical flow
R, < 1¥ R, = 5107
— K K
S 2 (.58 0.80
5 .62 080
10 .68 0.82
20 .74 0.90
P 40 082 0.98
u L 50 0.87 0.99
100 (0.59% 1.00
h"“——.——""‘ -
Cps = &Cpg
¥ x is the reduction factor due to finite length. C,_ is the 2D steady drag
— coefficient. '
D—*




Appendix C

a-factor

From DNV GL (2011a), the North Sea and the Norwegian Sea should normally select the a-factor
according to Table 4-1 through 4-5. Table 4-1 is applicable for weather forecast Level C, while

Table 4-2 through Table 4-5 cover special cases. The table(s) can also be used as a guideline for
other offshore areas.

Table 4-1 a-factor for waves, base case

Operat ional Design Wave Heighi [m]

Period fh H =1 1<H <2 H, =2=2 2<H <4 H =4 4<H <6 H 26

Tpop < 12 0.65 - 0.76 - 0.79 - 0.80

Tpop <24 0.63 - 0.73 .- 0.76 = 0.78
o= 5= 5=

Tpop S 36 062 R 0.71 R 0.73 EE 0.76

Tpop <48 0.60 =2 0.68 == 0.71 == 0.74

= = =
Teop S 12 055 - 0.63 - 0.68 - 0.72

Table 4-2 e=factor for waves, Level B highest forecast

Clperational Design Wave Height fm]

FE”MI#! 'H:'|='FI I{H.;{J H:'|='} ..-"":H"‘:-i H:1'=J "{H.\'{ﬁ H:'|E'ﬁ
Tpop =12 0.68 e 0.%0 = 0.83 - 0.84
Tp[}]l <24 0.66 T 0.77 - E 080 - E 0ng2

= = = & =

Tppp = 36 0.65 2 E 0.75 g'a_ 0.77 | E_ 0.80
Tpop < 48 0.63 ~ g 071 — g 0.75 -3 0.78
Tpop =72 0.58 B .66 B 0.71 B 0.76

VII
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Table 4-3 c-factor for waves, Level A with meteorologist at site

Operational Design Wave Height [m]

Period [h] H=1 |1<H<2]| H=2 |2<H<4| H=4 |4<H<6]| H 26

Tpgp < 12 0.72 - 0.84 - 0.87 - 0.88

Tpop <24 0.69 . 0.80 B 0.84 o B 0 86
= 8 = ]

Tpop = 36 0.68 2% 0.78 2% 0.80 2% 084

Teop <48 0.66 -3 0.75 —3 0.78 -3 081

Tpap < 72 0.61 - 0.69 - 0.75 - 0.79

Table 4-4 c=factor for waves, monitoring

Operational Design Wave Height {m]

Period [hf H =1 1<H, <2 H, =2 2<H, <4 | H =4 |4<H <6 H, 26

Tpge <4 09 .8 0.95 - 1.0 .- 1.0

Trop S 12 0.72 EEE 0.84 £33 0.87 2355 088

Tpop <24 0.66 ==& 0.77 =& 0.80 i 0.82

Tpop =24 According to Table 4-1 or Table 4-2 as applicable

Table 4-5 c-factor for waves, monitoring & Level A with meteorologist

Operational Design Wave Height [m]

Period [h] H =1 1<H <2 H =2 J<H <4 H =4 {<H <6 H_ 26

Tpop =4 0.9 = . 5 0.95 = . 5 1.0 =, E 1.0

Teop = 12 0.78 £2%E 0.91 228 0.95 S2E 096

Tpop < 24 0.72 - 0.84 i - 0.87 - 0.90

Tppp = 24 According to Table 4-3




