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Abstract

Two different templates, template A and template B, for subsea oil and gas production are studied in
this work. Numerical time-domain simulations for the crossing of the splash zone are runin
OrcaFlex. Template A has suction anchors that have a diameter of 6 m and a height of 7.9 m, while
template B’s suction anchors have a diameter of 5.5 m and a height of 8.225 m. This thesis presents
the numerical model and setup of the system, as well as the results of the simulations. The
significant wave height was set to 2 m, the wave direction to 165 degrees and the following mean
zero up-crossing periods were used: 4 s,6 s, 8 s and 10 s. The results showed that the Gumbel
probability paper for template A, with a mean zero up-crossing periods of 4 s, did not satisfy the

95 % probability of non-exceedance. It was also noted that the dynamic response decreased with
increasing mean zero up-crossing periods. In conclusion, template A caused generally higher tension
in the lifting wire, which may be attributed to the higher added mass.

Additionally, a HAZOP study is performed for the lifting operation. The hazards for the four phases
lift-off and in-air manoeuvring, splash-zone crossing, deeply submerged, and landing, are identified
and assessed. It was found that excessive tension, loads and motion were causing the majority of the
hazards in the lift-off- and in-air-manoeuvring phase and the splash-zone-crossing phase. Therefore,
the two first phases of a marine lifting operation depend on the weather conditions to a great
extent. The deeply-submerged phase and the landing phase involve a high number of potential
threats. Misalignment with the production system is a detrimental consequence. The operation
must be carefully planned and coordinated.
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Abbreviations

ALARP As low as reasonably practicable
CCs Carbon capture and storage
CDF Cumulative distribution function
DoF Degree of freedom

DS Deeply submerged

FAR Fatal accident rate

HAZID Hazard identification

HAZOP Hazard and operability

HSE Health, safety and environment
ILS Inline structure

IPCC Intergovernmental panel on climate change
ITS Integrated template structure
JONSWAP Joint North Sea Wave Project

LG Landing

LO Lift-off and in-air manoeuvring
NCS Norwegian continental shelf
o.e. Oil equivalents

PLEM Pipeline end module/manifold
PLET Pipeline end termination

PSA Petroleum Safety Authority Norway
RAO Response amplitude operator
ROV Remotely operated vehicle

SC Splash-zone crossing

SPS Subsea production system




Table of Contents

1

T 1A ge e [ ot o] oINPT PP PRSPPSO 1
1.1 Background and MOtiVatioN.........ccuiiiiiiiiii et eeraae e 1
1.1.1 Norwegian 0il and gas INAUSTIY.........coiiiiiiiieiiie e e eaaee e 1
1.1.2 Historical BackgroUNd ........coccuiiiiiiiiiii e e e s sraeeeeas 1
1.1.3 FUBUIE TrENAS ..ttt ettt ettt e e e s bt e e st e sbe e e sabeesareeesaneens 3
1.2 Subsea structures and EQUIPMENT .......cciiiiiiii ittt e e e e e bee e e e aae e e eearaeas 4
1.2.1 Pipeling end terminNatioNS........cei it et e e e e e e e e sata e e e e anaeeeeas 5
1.2.2 JUIN DS e 5
1.2.3 Subsea wellheads and Christmas trees.......coovvierieiiiiieree e e 5
124 Y T a1 {o] (o H O T O O TP T PR PPTOVPPOTOUPRTI 6
1.2.5 Integrated template STFUCTUIE ....cc.eviiieceee et et e e e e e 6
1.3 Marine crane-lifting OPEration .........ooocciiii i et e e 7
1.3.1 Lift-off and in-air ManNOBUVIING .......evviiiiiiie et aaee e 7
1.3.2 SPIASN-ZONE CrOSSING ..vveiiiiiiiee ittt ee e e e sbre e s s sabee e s e sabeee s esabeeeeenareeas 7
1.3.3 D L=T=T o] AV U] o0 =T ==Y [P 7
134 1Yo Vo 1o~ R 7
1.4 (0] oY =Tot {1V =TSSR 7
1.5 THESHS STTUCTUINE ettt ettt et ettt ettt s e s bt e e s bt e sabeeeateesabeeesabeesabeesneeesareens 8
L 1 1=Te TV PSPPI 9
2.1 WWVVES ..ttt e s s e s s e s s b e e s s ee e s e nrenes 9
2.1.1 IrrOtatioNal FIOW ...coeiieiee et s st 9
2.1.2 T VL oT<Tot o (U o o BT PP PP PRPPPPPPPPPPPPRE 11
2.2 VESSEIMOLION. .. st 12
221 Crane-TiP MOTION ciii ittt e st e e e e s s s s sabeaaaeeesssssasberaeeeesssnnes 12
2.3 Dynamic loads for splash-ZONE CroSSING .....cccueiieeciiiee e et e e e 13
23.1 Added-mass COBTIICIENT ...oouiiiieeeeee ettt 14
2.3.2 SIaMMING FOMCE .evviiiiiiee et ebre e e s et e e e s sbtee e s srreeeeennns 14
2.3.3 B - Y= olo Y=Y i o =] o | PR 15
2.4 WRATNET .ttt et e bt e nreesaee e 15
2.5 0] o T=1 1111 4V USRS 15
251 GuMbel diSTrDULION ..o e 15
NUMETICAl MOt st e st e e beesbeesane e 17
3.1 OFCAWAVE.....ooiiiiiiiiii i 17
3.2 =101 o] =TI 4T Yo L= L3 SRRRE 18
3.3 HYdrodyNamiC fOrCES .....uuiiieiiiee ettt e e e et e e e e be e e e e e e e e earaeeeenbeeeeeeaseeas 19



3.3.1 PN [o [T I3 0 F= 1Y 19

3.3.2 Y- 114100 Y o= 0PSRNt 23
3.3.3 D V- NN 23

3.4 ENVIronmMeNntal data.. . c.cooeee et s s 23
3.5 O T a1l [ o I [} ] o =TT O PR 24
3.6 DUFAtioN @Nd SEAEES .ueeieiiiieeeiiiee ettt e et e et e e et e e et te e e et ae e e eeatbaeeesnraeesenbaeeeanreeeeennreeas 25

N O o 1= =Y {0 o -1 ol g (T o - IR 26
5  ReSUItS @Nd diSCUSSION .cuveieiiiiiiiieiiee ettt ettt ettt et s e e e st e st e e be e e sbe e ebeeesmreesneeesareens 27
5.1 TiMe hiStOry Of tENSION ..eciiiiiie e e e ae e e s saaeeeens 27
5.2 GUMbE! Probability PAPEF ...cccceeee e e e s et 29

B RISK @SSESSIMENT c..eieiiiie ettt s h e sttt st e b e b e b e bt saee e et an 33
6.1 Y - [olol=] o] €= [ g (ol o =] o - ISR SPR 33
6.2 ALARP ettt ——abab——— bt —tba bt —a—ababatababannbnnnnabntabnnnnanannnnnnnnnnnnnnnnnnn 34
6.3 The riSk aSSESSMENT PrOCESS ..uiiiiiiiiiiiciiee ettt ectee et e e e e e srr e e e ssbae e e esataeeeenssaeeessasaeeeens 35
6.4 HAZOP SEUIES ..ttt ettt ettt ettt st sttt e b e be e s bt e sbeesaeesateebeesbeesbeesanenas 38

7 Conclusions and fUrther WOrK ..o e 45
7.1 Numerical analysis CONCIUSION ....cc.uuiiiiiiiiiecieee e e e e e abee e e s areeas 45
7.2 Risk @analysis CONCIUSION ....iiiieiiiiiiiiii e e s e e e s abe e e e sareeas 45
7.3 Recommendations for fUutUre WOrK ...........cooeiiiiiiiiien et 45

8 REFEIBNCES ..ottt ettt e b e bt s ae e s at e st b e e bt e bt e s b e saeesaee et s 46
9  Appendix A: Spreadsheet containing calculation of hydrodynamic coefficients ......................... 50
9.1 L0011 L= A U URT 50
9.2 =T 00] o] == TR 53
10 Appendix B: MATLAB code for post-processing of results.........cccceeeceeeieciieecccciee e, 58



List of Figures

Fig. 1.1. Production forecast in Norway, given in oil equivalents (o.e.). Adapted from [5] ................... 1
Fig. 1.2. The Ormen Lange gas field in the Norwegian Sea. Adapted from [8].......cccccoveiirciiiiiriiiieennns 2
Fig. 1.3. Subsea Christmas tree. Adapted from [12] ..o e 3
Fig. 1.4. Field layout of the Who Dat field in the Gulf of Mexico. Adapted from [21]........ccccevvrirreennanns 5
Fig. 1.5. ITS structure for the Maria subsea field in the Norwegian Sea. Adapted from [23]................. 6
Fig. 2.1. The six degrees of freedom of a vessel. Adapted from [33] ....cccovviiiiiiiiiiiniiiee e 12
Fig. 2.2. The shielding effect. Adapted from [35] ....cocciiiiiiiiiieieie e 13
= S T I @ T ot 1V = V7l T Yo 1] O 17
Fig. 3.2. Vessel displacement RAO from OrCaFIEX. .....cuueieeciiieeeiiiie ettt e e e e e aae e e 18
Fig. 3.3. Analytical added-mass coefficient. Adapted from [27]......ccocoieierciiiieeiiieeeecee e 19
Fig. 3.4. Components of the axial added mass for the suction anchors. .........ccccccveeecieeeiciiiee e, 20
Fig. 3.5. OrcaFlex suction-anchor model with line elements representing added mass. ..................... 20
Fig. 3.6. Vertical added-mass coefficient and its derivative of a cylinder of radius r. Adapted from [27]
.............................................................................................................................................................. 21
Fig. 3.7. Normalised submergence. Adapted from [27]......ccueeriiiiiiiiiieecciee e 21
= B 0 BV Yo [ Yot o PRSP 24
Fig. 5.1. Lifting-wire tension for template A for still water and for Tz=4 s....ccoovviviiviiiieeiciieeeeiiee, 27
Fig. 5.2. Lifting-wire tension for template A for Tz = 6 s for two different seeds. ....cc.ccceevcvevrrieiniennne 28
Fig. 5.3. Lifting-wire tension for template A and B for Tz =4 s for same seed. ........cccecveeriieerneeeninennnne 29
Fig. 5.4. Gumbel probability paper for template Aand Bfor Tz =4 s....ucevvciieeeeicieieeiieee e 30
Fig. 5.5. Gumbel probability paper for template A and B for Tz =6 S.....ceeeciieeeeiiiieeecciieee e 31
Fig. 5.6. Gumbel probability paper for template Aand B for Tz =8 S.....ceevciiieeeiiiieeccieeee e 31
Fig. 5.7. Gumbel probability paper for template Aand Bfor Tz =10 S...ccccccveeeeiiieeeeiiieee e 32
Fig. 6.1. The ALARP principle. Adapted from [53].....cccuiiii e 34
Fig. 6.2. Risk assessment process. Adopted from [54] ....co e eeciiiee e erare e e 35
Fig. 6.3. HAZOP guide words. Adapted from [58] .....cccuiiiieiiiie ettt e e e et e e e 38

Vi



List of Tables

Table 3.1. Template sPECIfiCAtiONS. ....cc.uiii i e e e e a e e e eraaeeeeas 18
Table 3.2. Data points generated from Figure 3-51n [27]. cccueiieiiieeeeiiee e 22
Table 3.3. ENvironmental data. ....cooeeieeiieeieeecee e 24
Table 3.4. Coordinates Of CranNe@ LiP.....c.uvii i e e e e et e e e et ae e e ernaaeeeeas 24
Table 3.5. SIMUIALION STAGES. ..eccceiiee et e et e e et e e e ettt e e e e nsaeeeennsseeeeannaeeeean 25
Table 4.1. Upper load limit for the lifting-wire teNSIioN. ......c..eeeeciiiiieiiieecee e 26
Table 4.2. Lower load limit for the lifting-wire tENSION. ....cccveiiiiiiicec e 26
Table 6.1, RISK MATFIX. ..eiiiiiiiie ettt et e st e st e s bte e sabe e e bt e e sabeesbeeesabeenane 36
Table 6.2, RiSK HMITS.....eiiiiieiie ettt ettt et et e e st e s bee e s bt e e sabeesabeesbeeesabeesane 36
Table 6.3. IMPACt dESCIIPLION. oo e e s e e e sabae e e esntaeeessasreaeeas 37
Table 6.4 HAZOP study of the lift-off and in-air-manoeuvring phase. .......ccccccveviiiieiiee e, 40
Table 6.5. HAZOP study of the splash-zone-crossing phase. .........ccceeciviiiiiiieii e 41
Table 6.6. HAZOP study of the deeply-submerged phase. .....cccccveveeiiiiiiiiieice e 42
Table 6.7. HAZOP study of the [anding phase..........ooiiie e e 43

vii



1 Introduction

1.1 Background and motivation

1.1.1 Norwegian oil and gas industry

Norway’s petroleum industry is the largest source of revenue for the state, and it has been
instrumental in developing the country’s welfare state. Its value creation and revenues have helped
make Norway one of the wealthiest nations in the world. In addition to being the dominant domestic
industry, Norwegian gas export ensures energy security on the European continent [1, 2]. The
historical and forecasted production in Norway can be seen in Fig. 1.1.

The recovery from the Covid-19 pandemic is expected to boost the global energy demand to 2019
levels and beyond, according to the Global Energy Review 2021 by the International Energy Agency
[3]. Fossil fuels are an essential energy source and will most likely remain a substantial part of the
energy supply until the 2030s, if not further into the future [4]. Taking the present energy-supply
situation in Europe into consideration, it could be argued that the oil and gas production should be
increased.
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Fig. 1.1. Production forecast in Norway, given in oil equivalents (o.e.). Adapted from [5]

1.1.2 Historical background

The World'’s first offshore well was completed in 1947 in the Gulf of Mexico off the coast of
Louisiana by Kerr-McGee Qil Industries. Although there had previously been produced oil and gas
from wells under water, they were close to shore in relatively calm waters [6]. In 1961, Shell
completed what is considered the first subsea well in the Gulf of Mexico. Many oil companies
followed suit and subsea solutions proved to be cost-effective and safe [7]. Today, fields may be
developed without topside facilities because the field can be tied back to shore, like the Ormen
Lange field (Fig. 1.2).



Fig. 1.2. The Ormen Lange gas field in the Norwegian Sea. Adapted from [8]

Oil and gas fields may be developed initially using subsea systems; however, it is an excellent way to
further expand and enhance the production of existing fields, especially fields whose production
would otherwise decline. Satellite systems consisting of production and injection wells dispersed
over a large area can stimulate the reservoir to enhance the production significantly. Also, fields in
deeper and more remote waters may prove to be profitable, or even only physically feasible, using a
subsea solution — as seen by the rise in subsea well completions in correlation with deep-water field
developments [9, 10]. Additionally, the sole use of a subsea solution may be favourable for certain
fields, depending on several factors, such as the field layout and existing nearby infrastructure.
Offshore oil and gas field developments with wells and associated equipment below the water
surface, normally placed on the seabed, are referred to as subsea production systems (SPSs) [9].

An SPS consists of various components, including [9]:

- Drilling systems

- Christmas trees and wellheads
- Umbilicals, risers and flowlines
- Manifolds and jumpers

- Control systems

The produced hydrocarbons flow from the reservoir through the production casing into the
Christmas tree, where it is controlled and directed by valves. We distinguish between two types of
Christmas trees: Dry trees and wet trees. Dry trees are found onshore, and offshore on topside of
fixed platforms, tension-leg platforms, and deep-draft floaters. Dry trees are placed on rigid risers
and cannot be used on free-floating facilities. Unlike dry trees, wet trees are placed on the seabed in
conjunction with subsea wells, hence the name. A vertical dual-bore wet tree can be seen in Fig. 1.3.



From the wet tree the hydrocarbons go through a jumper to a manifold, where the flow from several
wells can be led into a flowline. Depending on the constituents, the hydrocarbons now have to be
processed to prepare them for further transport. This can be done either subsea to constitute the
SPS or topside. After being processed, the hydrocarbons are transported to refineries onshore by
shuttle tankers or pipelines [11].

Fig. 1.3. Subsea Christmas tree. Adapted from [12]

This means that to extract hydrocarbons from offshore reservoirs efficiently and safely, a large
amount of equipment and structures must be installed on the seabed.

1.1.3 Future trends

Apart from the oil and gas industry, other evolving sectors require marine lifting operations. The
recent emergence and growth of renewable energy sources have highlighted the need for new
knowledge and skills related to installation and lifting operations. Offshore wind-power production
has increased in recent years, and several projects are on the horizon [13]. Policymakers have
stepped up their efforts to support the development of a more sustainable energy economy. The
new technologies that will make this happen are expected to lower costs and provide a more
efficient and clean energy supply. Wind and solar power are currently the cheapest sources of new
electricity generation in most markets. Clean energy technology is expected to become a significant
new area of investment and employment [4].

The energy sector is expected to remain under increasing pressure in the coming decades. Over
three-quarters of the greenhouse gases that have been released into the atmosphere since the pre-
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industrial age have been attributed to the energy sector. The energy sector is the main contributor
to climate change and is expected to be at the forefront of addressing the issue. The rapid
development and growth of new energy sources are expected to impact the global economy
significantly. The increasing number of people and the rising demand for energy services are
expected to strain the energy system [4].

Carbon capture and storage (CCS) might grow to be a large-scale industry in the future to reduce the
amount of carbon dioxide in the atmosphere. To achieve the so-called two-degree goal suggested by
Yale economist William Nordhaus in the 1970s and later adopted by the Intergovernmental Panel on
Climate Change (IPCC), we must resolve to CCS [14, 15]. The planned initiatives and policies on
nuclear power and electrification are insufficient to reduce the amount of carbon dioxide in the
atmosphere to the required level. The CSS technology can capture carbon dioxide from power plants
fired on fossil fuels and waste, cement factories and steelworks. The captured carbon dioxide can
then be transported and injected into oil reservoirs [15]. Langskip is a project funded by the
Norwegian government comprising capture, transport, and storage of carbon dioxide [16].
Additionally, subsea shuttle tankers are being conceptualised and are planned to carry out transport
of captured carbon dioxide to subsea wells [17].

Marine mineral mining is also an industry that could turn into a considerable sector. Various factors
have led to the increasing interest in the exploration and harvesting of seabed minerals. The current
investment plans for the mineral supply are insufficient to meet the needs of the electric vehicle,
wind turbine, and solar panel industries [18, 19]. Although there are concerns related to seabed
mining, such as weakening of the seabed biodiversity and possibly damage to its ecosystem, it may
offer a faster road towards electrification of the transport and energy sector. Nature- and wildlife-
protection organisations, and several international companies, are sceptical of deep-sea mineral
mining for this reason [20].

1.2 Subsea structures and equipment

There exists a vast number of different structures and equipment that are installed on the seabed.
Even though sectors such as aquaculture and renewable energies also use such equipment, this
thesis will mainly focus on the oil and gas industry. This section will present some of the leading
equipment used in this industry. An example of what a typical subsea field may look like can be seen
in Fig. 1.4.
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Fig. 1.4. Field layout of the Who Dat field in the Gulf of Mexico. Adapted from [21]

1.2.1 Pipeline end terminations

Pipeline end termination (also called pipeline end modules and pipeline end manifolds) (PLET) is a
type of structure used at the end of a pipeline. An inline structure (ILS) is typically located in the
middle of a pipeline. These structures connect pipelines together, act as an interface between the
pipeline and jumper or riser, hold valves actuated by remotely operated vehicles (ROVs), and
accommodate for chemical injection and pigging facilities. The foundation of the modules may be
mud mats or a single suction pile [9].

1.2.2 Jumpers

A subsea jumper is a component used to connect equipment such as Christmas trees, PLETs and
manifolds, and the risers and flowlines of a well. It can also be used to inject fluids into a well. The
offset between the equipment affects the jumper’s characteristics and length. The jumper should be
designed to be flexible enough to allow for expansion and contraction in response to the changes in
pressure and temperature. It should also be rigid enough to withstand the external environmental
loads. There are also flexible jumpers, which are more versatile [9].

1.2.3 Subsea wellheads and Christmas trees

The term wellhead refers to a pressure-containing component located at the surface of an oil well. It
can be either on the offshore platform, onshore or placed on the seabed (subsea well). Wellheads
mark the end point of the well. On top of the wellhead sits the Christmas tree. These components
provide an interface for various operations such as drilling, completion and testing. The Christmas
trees, which are systems of pipes, valves, fittings, and connections, can be manually operated by
divers or ROVs or by hydraulic and/or electrical signals [9].



1.2.4 Manifold

A subsea manifold is an integral part of an oil and gas field's system that allows engineers to simplify
the design and operation of the system. It reduces the number of pipelines and risers in the system.
A manifold is placed on the seabed to collect the hydrocarbons from producing wells or to inject
water or gas. Various manifold applications exist; some act as PLETs and others host extensive
processing facilities. They can be anchored to the seabed using piles or skirts. The size of a subsea
manifold is influenced by various factors such as the number of wells and the pipeline system's
throughput [9].

1.2.5 Integrated template structure

The subsea structure under consideration in this work is based on Nils Olav Hauge’s master thesis
[22]. It is a subsea integrated template structure (ITS) for oil and gas production. The template is a
steel structure that serves as a frame for subsea equipment like Christmas trees, manifolds, pumps,
and control units (Fig. 1.5). Its geometry ensures the SPS’s integrity and protects it from dropped
objects and fishing activity. Hence the template structure is an essential part of many SPSs.

Fig. 1.5. ITS structure for the Maria subsea field in the Norwegian Sea. Adapted from [23]

A problem with such subsea templates is their large added mass, which complicates the splash-zone
crossing. The suction anchors contribute significantly to the large added mass. The subsea template
in this work has four suction anchors. They are designed to keep the template in place, both
horizontally and vertically [24].

In order to safely install components and structures on the seabed, we should investigate their
hydrodynamic behaviour and do a thorough risk analysis of the lifting operation. A rough sea state
might cause damage to the asset, installation vessel, or other equipment and danger to personnel.
Deploying a subsea structure and lowering it through the splash zone is a critical part of its lifetime
[25]. A structure may experience loads that can cause irreversible damage and thus delay the
installation, which may result in severe economic consequences for the involved parties. Personnel
safety is also of utmost importance. The hazards that may arise during the operation has to be
identified and accounted for.



1.3 Marine crane-lifting operation

Due to the potentially rough environment and the uncertainty surrounding the marine environment,
the installation of a subsea asset such as a template is often carried out with high risks. One of the
most challenging activities of implementing an SPS is installing the equipment on the seabed. High
costs of the dedicated vessels used for these operations. To minimise these costs, new methods and
techniques are being developed [26].

The asset that is being lifted must be transported to the desired location. A designated
transportation vessel can be utilised, which is usually the case for heavy constructions. Lighter
constructions can be loaded directly onto the crane vessel inshore. According to DNV’s
recommended practice H103 Modelling and Analysis of Marine Operations [27], crane-lifting
operations may be divided into two categories related to the weight of the lifted object. A light lift is
the lifting of a relatively small object — less than 1-2 % of the displacement of the crane vessel. In
contrast, a heavy lift is the lifting of an object exceeding 1-2 % of the displacement of the crane
vessel.

There are four main phases of a subsea lift [27]. These four phases of the lifting operation of an ITS
are described in the following sections.

1.3.1 Lift-off and in-air manoeuvring

The crane hook is connected to the lift rigging, which is comprised of slings attached to the lift eyes
on the ITS. After the seafastening has been removed completely, the crane lifts the ITS and swings it
out overboard.

1.3.2 Splash-zone crossing
The ITS is lowered and eventually hits the water surface. This is called the splash zone, as it usually
generates water splashing. The ITS moves from being in the air to be fully submerged in water.

1.3.3 Deeply submerged

As lowering continues, the ITS moves deeper into the water and reaches a state called deeply
submerged. This phase is generally between the water surface and the seabed, and the lifted asset
can remain in this phase for a relatively long period depending on the water depth. ROVs can
monitor the asset while submerged.

1.3.4 Landing

The landing should be meticulously performed to ensure the asset is correctly placed on the seabed.
Clump weights can be placed on the seabed prior to the lifting operation. ROVs can then connect
tugger lines from the ITS to these clump weights, and the ITS can be carefully winched into place. It
is difficult to control an object at the end of the crane wire from the crane vessel. When the ITS is
placed where it should be, the suction anchors will start to penetrate the surface. With the help of
ROVs, the suction-anchor ventilation holes can be opened or closed. When open, the weight of the
ITS will push the suction anchor into the seabed. If closed, the pressure inside the suction anchor will
prevent it from further penetrating the seabed. The ITS can be levelled, lowered, or settled by
opening and closing specific ventilation holes/hatches and paying out or reeling in the crane winch.

1.4 Objective

This thesis aims to analyse the uncertainties and risks associated with the lifting operation of
installing an ITS. Two different models of the ITS are being investigated. The difference between the
models is the geometry of their suction anchors, which will be elaborated on later. The models are
made in the software OrcaFlex, and time-domain simulations will be run and analysed.



In addition to the numerical analysis, a risk assessment of the lifting operation is performed. The
goal is to identify hazards during the operation and find risk-reducing measures to ensure that the
activity can be executed safely regarding the risk acceptance criteria.

The marine operation in question is a typical installation operation on the Norwegian continental
shelf (NCS).

1.5 Thesis structure

This thesis is divided into seven main chapters. The first part of the thesis focuses on the numerical
simulations. In chapter 6, the risk assessment is performed. The final chapter has the conclusions
and recommendations for future work.

Chapter 1
In this chapter, the topic of interest is presented. The industry’s history is outlined as well as the
impact the industry has had in Norway. Moreover, the industry trends for the future are explained.

Chapter 2
In addition to general theory on vessel motion and weather, the theory behind the numerical
simulations is presented. An explanation of the hydrodynamic forces is also provided.

Chapter 3
The software and numerical models are covered in this chapter. The calculations for the
hydrodynamic models are described.

Chapter 4
This chapter covers the operational criteria for the splash-zone crossing.

Chapter 5
Chapter 5 contains the results from the numerical simulations. The time history of the splash-zone
crossing is interpreted, and Gumbel probability papers are generated.

Chapter 6
The risk assessment is conducted in this chapter. Apart explaining the standard practice in the
industry, it contains the risk assessment for the four phases of the lifting operation.

Chapter 7
The conclusions of the work and recommendations for future work are given in this chapter.



2 Theory

This chapter explains the theory behind the numerical model and other theories related to marine
lifting operations.

2.1 Waves

Although waves are generated differently, waves generated by wind are usually the main concern
when it comes to lifting operations. The waves at sea are irregular and random and can be modelled
by combining a set of linear waves — called a linear random wave model [28]. Linear waves are
modelled considering a set of assumptions.

Regular waves are sinusoidal, and their surface profile is described as a function of horizontal
position, x, and time, t (Equation ( 2.1)).

&(x,t) = &sin (wt — kx) (2.1)

where ¢ is the surface elevation, &; is the amplitude, w is the angular wave frequency and k is a
constant.

2.1.1 lIrrotational flow

Using the irrotational flow theory, also called potential flow theory, we assume the water to be an
incompressible fluid with no shear forces between the fluid particles. This assumption is valid for
fluid flow far from the seabed and any constructions (boundaries). Mathematically the irrotationality

is represented by the cross product of the gradient, V, and the velocity in all three dimensions, 17,
being a zero vector (Equation ( 2.2 )).

=0 (2.2)

The compressibility is also zero (Equation ( 2.3 )), which means that the density of the system does
not change over time.

v-U=0 (2.3)

A new function called the potential function is introduced (Equation ( 2.4 )).

»=9xy721) (2.4)



Its partial derivatives with respect to three orthonormal directions x, y and z, are proposed to be
equal to the velocities in these directions, u, v and w, respectively. For such a function to exist,
Equation ( 2.5 ) must be true — hence the flow must be irrotational. By further assuming that the
flow is incompressible and using the definition of the velocity potential function, the second-order
Laplace differential equation can be derived (Equation ( 2.6 )).

6 (6@ 6 (6@ 8 (6p\
5 ) * 55 (5) * 5 (5,) = (2:5)

To solve the Laplace equation (Equation (3.5)), we use the following boundary conditions:

- Bottom boundary condition

- Wall boundary condition

- Kinematic free-surface boundary condition
- Dynamic free-surface boundary condition

These boundary conditions are based on the physical restrictions of the fluid, such that the fluid
cannot flow through the bottom (Equation ( 2.7 )) nor the side walls, e.g., a ship hull. The fluid
surface is defined as z = 0, and the bottom boundary is located at z = -d. Similarly, the fluid cannot
flow through the surface. The kinematic free-surface boundary condition (Equation ( 2.8 )) is equal to
the time derivative of the surface profile, £ [29]. Equation ( 2.9 ) is derived using assumptions and
linearisation of the boundary conditions.

5

— —_ 2-
5zl 0 (2.7)
2% 23

hid == 2.
6Z z=0 6t ( 8)

1d¢

=——— 2.9
§ 25ty (2.9)

Equation ( 2.8 ) and the time derivative of Equation ( 2.9 ) can now be combined to find
Equation ( 2.10 ), which is valid for z= 0.

5% 8¢

W+g5=0 (2.10)
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The Laplace equation can now be solved and the velocity potential, ¢, can be found
(Equation ( 2.11)).

_ $og coshk(z +d)

” “oshkd COS (wt — kx) (2.11)

p(x,z,t)

From the velocity potential, we can derive the velocities. However, the reasoning is based on the
incompressibility and irrotational flow assumptions. In addition, the boundary conditions have been
linearized, and the wave theory is thus linear [29]. Now the surface profile (Equation ( 2.12 )) can be
found.

_, coshk(z+d) | fk (2.12)
E=4¢, p— sin (w X) .

On the surface, z = 0, we obtain the definition of a regular wave (Equation ( 2.1)).

2.1.2 Wave spectrum

The wave spectrum gives us a description of the energy of a sea state. The discrete Fourier
transform can be found for a measured time series of the surface elevation using the fast Fourier
transform, and the spectral density function can be estimated. Several models exist for the wave
spectrum, such as Pierson-Moskowitz, Joint North Sea Wave Project (JONSWAP) and Torsethaugen.
The models are based on a fully-developed sea, growing wind sea and combined sea, respectively
[30, 31]. In this work, the JONSWAP model will be used and is given by Equation ( 2.13 ).

f-fp?
~os[2] }

SEE(f)==(13125h§t54f‘5exp{—ﬂﬂ25t54f‘4}(1-—(L2871n(y))yexp{ (2.13)

where f is the wave frequency, h; is the significant wave height, t,, is the peak period, f,, = 1/t,,
and

o = 0.07 when f < f, and 0.09 otherwise. (2.14)

The peak enhancement factor can be found by

(2.15)

N
3
>
1%,
\/
N|oy
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2.2 Vessel motion

A floating vessel has six degrees of freedom (DoFs); three translations and three rotations (Fig. 2.1).
The type of marine operation in question dictates which DoFs are the most important. For lifting
operations, roll, pitch and heave accelerations are the most critical [32].

Roll G Pitch

X

Surge
& Sway

Fig. 2.1. The six degrees of freedom of a vessel. Adapted from [33]

The response amplitude operator (RAO) of a vessel is a description of its motions in the frequency
domain. It is the ratio between the response motion and the wave amplitude. The heave RAQ is
given in Equation ( 2.16 ).

RAO = 2 () (2.16)
0

where z; is the heave amplitude.

2.2.1 Crane-tip motion
A point of particular interest for marine lifting operations is the crane tip. The translations in the
crane tip can be expressed by the following system (Equation ( 2.17 )):

xp(t) x(t) 0 =) 6 \ /Xop
@) |=y@®) |+| ¥(@©) 0 —¢(t) (yt)p) (2.17)
7z, (t) z(t) —0(t)  ¢(t) 0 Zop
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where x, y, and z are surge, sway and heave, and ¢, 8 and Y are roll, pitch and yaw, respectively
[34]. Op denotes the distance from the vessel’s global coordinate system to the local coordinate
system in the crane tip.

The vessel’s roll motion can induce significant motion in the crane tip. Therefore, to avoid vessel roll
motion, the ship can be directed towards the waves — head sea. However, a significant effect that is
often taken advantage of in lifting operations is the shielding effect. The sea is calmer in the wake of
a stationary vessel, and the structure might be more protected in that zone (Fig. 2.2). Nevertheless,

it is a trade-off between reducing induced crane-tip motion by vessel roll and the calmer sea state in
the shielded zone [35].

=8 2 Y

"

v X

Fig. 2.2. The shielding effect. Adapted from [35]

2.3 Dynamic loads for splash-zone crossing

Three of the most significant loads during the splash-zone crossing are the added mass, slamming
and drag force. With the aid of the Morison equation, we can predict the forces on slender
structures, i.e., structures with dimensions smaller than the typical wavelengths, usually

A=5D (2.18)

where A is the wavelength and D is the member’s diameter or projected cross-sectional dimension
[27].

The hydrodynamic forces from the Morison equation (Equation ( 2.19 )) consist of two terms: the
first being the inertia forces and the second the drag forces.

1
F(t) :pV(1+CA)1'7+EpCDSv|v| (2.19)
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where p is the fluid density, V is the volume of the structure, C, is the added-mass coefficient of the
structure, v is the fluid-particle acceleration, Cp is the drag coefficient of the structure, S is the
projected area normal to the force direction and v is the fluid-particle velocity.

To accurately model and analyse a marine operation, the appropriate hydrodynamic coefficients
msut be found [36].

2.3.1 Added-mass coefficient

The added mass (Equation ( 2.20 )), or hydrodynamic mass, is a factor that is multiplied by the fluid-
particle acceleration. The product is the force caused by accelerations of the nearby fluid (Equation (
2.21)).

my = pVCA (2.20)

where my is the added mass and F, is the force caused by the added mass.

2.3.2  Slamming force
The slamming force (Equation ( 2.22 )) is derived from the principle of momentum conservation.

my 2
gl (2.22)

FS = mAU+

where h is the height above the water surface. The slamming force is an important contributor to
the dynamics of the lifted object [37]. In the case of constant velocity, the first term disappears, and
the slamming force can be written using the slamming coefficient, Cs (Equation ( 2.23)).

1
FS ZEPCSAPUZ (223)

where Ap is the horizontal projected area. The slamming coefficient is defined by Equation ( 2.24)
[27].

2 d
Co=—_2"a (2.24)
pAp dh
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2.3.3 Drag coefficient
The drag force, the second term in the Morison equation, depends on the Reynolds number, the
Keulegan-Carpenter number, and the surface roughness, among other parameters.

For cylinders, the wake amplification factor, ¢, has to be multiplied with the 3D steady-flow drag
coefficient, Cpg, to approximate the drag coefficient. The 3D steady-flow drag coefficient is found
from the product of the 2D steady-flow drag coefficient and a reduction factor. The procedure is
described in [27].

2.4 Weather

There are two main classes of marine operations: weather-restricted and -unrestricted operations.
The duration of the operation determines its classification. Operations with a reference period, Tk,
less than 96 hours, and a planned operation time, Trop, less than 72 hours, are normally weather
restricted. Tz is found from Equation ( 2.25 ).

TR:TP0P+TC (2.25)

where Tcis the estimated contingency time.

Lifting operations concerning subsea templates and similar structures are usually classified as
weather restricted, as the duration is unlike to exceed 72 hours [38].

2.5 Probability

Although it is impossible to precisely predict the outcome of an event with high randomness, such as
the surface profile of a sea state and consequently marine operations, we can still use probabilistic
models to evaluate it. To appropriately assess the sea state, albeit highly random, we can apply
probabilistic models. Extreme-value distributions are commonly used when simulating marine
operations and are suitable for modelling extreme values for variables such as design load and
response [30, 39].

2.5.1 Gumbel distribution

The Gumbel distribution is such an appropriate extreme-value distribution. The cumulative
distribution function (CDF) of the maxima, X, of a set of samples of independent and identically
distributed variables is defined as

xXx—a

Fy(x)=e * (2.26)

where «a is the location parameter and f is the scale parameter. We can linearise this equation by
taking the natural logarithm twice, and we obtain the following:

X —a

—In[-In(Fx(x))] = (2.27)
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(2.28)

By introducing y, we now have a linear equation that will generate a straight line (Equation ( 2.28 ).
If we plot this straight line together with the empirical data, we obtain a Gumbel probability paper.

16



3 Numerical model
The software used in this work is OrcaWave and OrcaFlex issued by Orcina, which are commonly
used in the industry.

3.1 OrcaWave

The vessel mesh file was uploaded to the OrcaWave software. The dynamic response and loadings
were calculated for wave directions ranging from 0 to 180 degrees with a step of 15 degrees. As the
mesh is symmetric over the xz-plane (Fig. 3.1), we obtain the results for wave directions up to 360
degrees. In order to appropriately assess the shielding effect of the vessel, field points are added in
the OrcaWave model. The sea-state RAO is calculated in each field point. In the horizontal plane, the
field points are 5 meters apart. The three layers are placed at sea level and 4 and 8 meters below sea
level. This is to ensure accurate results for the totality of the template during the splash-zone
crossing.

Fig. 3.1. OrcaWave model.

The vessel RAO is presented in Fig. 3.2. The results from OrcaWave are imported into OrcaFlex.
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Fig. 3.2. Vessel displacement RAO from OrcaFlex.

3.2 Template models

Two template models are being considered. The difference between the two templates is the
suction anchors. The specifications of the templates are given in Table 3.1. The template with the
larger-diameter and shorter-height suction anchors is denoted as template A. Template B has
narrower and longer suction anchors than template A. The suction anchors on templates A and B are
based on [22] and [40], respectively. The mass of the two templates is set to the same value to be

able to compare them in the analysis.

Table 3.1. Template specifications.

Template A | Template B
Outer diameter, OD (m) 6 5.5
Inner diameter, ID (m) 5.96 5.48
Skirt wall thickness, ts (m) 0.02 0.02
Height, h (m) 7.9 8.225
Top plate thickness, t: (m) 0.03 0.03
Ventilation-hole diameter, D, (m) 1 1
Number of ventilation holes, Ny 2 2
Skirt volume, Vs (m?3) 2.97 1.42
Skirt mass, ms (kg) 23301.17 23301.17
Top-plate volume, Vi (m3) 0.85 0.71
Top-plate mass, m; (kg) 6658.61 6658.61
Suction anchor mass, Myt (kg) 29959.78 29959.78
Suction anchor mass, mt (tonnes) 29.96 29.96
Template mass, Meemp (tonnes) 335.00 335.00
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3.3 Hydrodynamic forces

The coefficients for the hydrodynamic forces are calculated and put into the numerical models. The
methods used for finding the coefficients are described in [27]. Complete calculations can be found
in Appendix A.

3.3.1 Added mass

3.3.1.1 Normal-direction added mass for cylinders
From Table A-2 in [27] (Fig. 3.3), we find the ratio between the height and diameter of the suction
anchor and interpolate it to find the added-mass coefficient.

Body shape Di;:ggz:; o Cy Vi
b/2a Cy
Richi cirel 1.2 0.62
ight circular : 25 0.78 2
cylinder Vertical 50 0.90 m
b 9.0 0.96
) 1.00

Fig. 3.3. Analytical added-mass coefficient. Adapted from [27].

3.3.1.2 Axial added mass for cylinders

In the same table (Table A-2), we find the added-mass coefficient for a circular disc. However, the
trapped water inside the suction anchor also contributes to the added mass and must be included.
To accurately model this, the added-mass coefficient is not included in the 6D buoy representing the
suction anchor. Instead, three line elements representing the three components of the added mass
(Fig. 3.4) have been added to the models.
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Upper hemisphere

Trapped water

* Lower hemisphere

Fig. 3.4. Components of the axial added mass for the suction anchors.

This ensures that the hydrodynamic effects are modelled at the correct depth. The suction anchor
and the line elements can be seen in Fig. 3.5.

Fig. 3.5. OrcaFlex suction-anchor model with line elements representing added mass.
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The line elements are placed in the centre of mass of the volume they represent. In OrcaFlex the
added mass can be modelled as a constant value or as variable data. Again, variable data as a
function of depth was used to ensure high accuracy. The variable data is based on Figure 3-5 in [27]
(Fig. 3.6). It shows the vertical added-mass coefficient, and its derivative of a cylinder normal to the
water surface plotted against normalised submergence.

1.2

10+ - —~~-T1- - -~~~ ——

084N -+~ Hir - T

06 - N - - - o

04+ & - - kN oL - - -
|
02+ L - - N N - - R
-T'""-...__ |
0.0 | I —
1.0 . . . . . . 25 3.0

h/r

Fig. 3.6. Vertical added-mass coefficient and its derivative of a cylinder of radius r. Adapted from [27]

We introduce the normalised submergence, defined as the ratio between the distance from the
water surface and the radius of the submerged object (Fig. 3.7).

Fig. 3.7. Normalised submergence. Adapted from [27]
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The added-mass line elements are defined such that their added mass is activated when the top
plate of the suction anchor is submerged, i.e., the distance from the top plate is accounted for in
their normalised submergence.

Based on Figure 3-5 in [27] (Fig. 3.6), 20 data points have been generated for the added-mass
coefficient and its derivative (rate of change of the added-mass coefficient with respect to
normalised submergence, h/r) and presented in Table 3.2.

Table 3.2. Data points generated from Figure 3-5 in [27].

Normalised submergence, h/r Added-mass coefficient, C, Rate of change of added-

mass coefficient, dC,
-1 0.00 0
-0.99 0.01 1
-0.75 0.18 0.7
-0.5 0.35 0.5
-0.25 0.43 0.35
0 0.50 0.22
0.25 0.53 0.15
0.5 0.55 0.1
0.75 0.60 0.13
1 0.65 0.45
1.25 0.73 0.35
1.5 0.80 0.23
1.75 0.85 0.17
2 0.90 0.12
2.25 0.92 0.09
2.5 0.93 0.06
2.75 0.94 0.04
3 0.95 0.03
4 0.96 0.01
5 0.96 0

The normalised submergence for the upper line element (representing the upper hemisphere of
added mass) does not have to be altered as its radius equals the distance from the top plate to the
upper-hemisphere centroid. Hence the upper line element and the suction anchor top plate will hit
the water surface simultaneously. The normalised submergence for the two other line elements,
trapped water and the lower hemisphere, must be altered.

The variable added-mass coefficients for the line elements, C,;, are found by multiplying the added
mass, Az3, with the added-mass coefficient from Table 3.2, C4, and dividing by the displaced water,
A, ((Equation ( 3.1)). i take the following values: u, t and / standing for upper hemisphere, trapped
water and lower hemisphere respectively. The added mass for the top plate (circular disc) is
distributed among the upper and the lower line element, so it has to be divided by two.

22



Cai = Cy (3.1)

3.3.2 Slamming

To model the slamming force, we use the rate of change of the added-mass coefficient. Similar to
the added-mass coefficients for the line elements, their slamming coefficients, dC,;, are found by
using the following expression ((Equation ( 3.2 )):

Aan:
dCy; =%ch (3.2)
l

where dC, is the rate of change of added-mass coefficient from Table 3.2.

3.3.3 Drag
The Keulegan-Carpenter number, KC, is defined as ((Equation ( 3.3 )):

TH
D

KC = (3.3)

where Hy is the significant wave height and D the diameter of the cylinder [29]. The skirts of suction
anchors are usually rusty [24]. Therefore, the surface is assumed to be rough. The method used is
described in section 2.3.3.

3.4 Environmental data

The environmental data is presented in Table 3.3. The significant wave height in this work is set to 2
m. The wave direction is set to 165 degrees, and we can take advantage of the shielding effect (Fig.
3.8).
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Fig. 3.8. Wave direction.

In time-domain analysis, OrcaFlex uses different wave-component frequencies for the different
directions to ensure no correlation [41]. The number of wave directions is set to 20. An appropriate
value for the spreading function is 2 for the wind sea [28].

Table 3.3. Environmental data.

Wave-spectrum model JONSWAP
Significant wave height, Hs (m) 2

Wave direction (deg) 165
Number of wave directions 20
Spreading function, n 2

Four different mean zero up-crossing periods, Tz, are chosen and tested: 4, 6, 8 and 10 seconds.

There is thus a total of 200 simulations.

3.5 Crane and lifting wire

The crane in the model has no mass and will therefore not influence the simulation. The position of
the crane tip in the global coordinate system is shown in Table 3.4. The global coordinate system has

its origin in the centre of gravity of the vessel.

Table 3.4. Coordinates of crane tip.

Coordinate Value (m)
X -23.5
y 35.0
z 34.2

The stiffness of the lifting wire is 1238 MN, and its initial length is 8 m.
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3.6 Duration and stages
The simulation is divided into several stages. The start time of the simulation is -65 s. The winch
starts lowering the template at 0 s and continues the lowering till the end of the simulation at 148 s.
The reason for starting the simulation at -65 s is to let the sea state develop before the operation
starts. The winch starts at -8 s and reaches the constant pay-out rate of 0.2 m/s at 0 s.

Table 3.5. Simulation stages.

Stage Start time (s) End time (s) Action

Stage 1 -65 -8 Sea state builds up
Stage 2 -8 0 Winch starts

Stage 3 0 148 Winch pays out at

25
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4 Operational criteria

The dynamic hook load is the limiting factor in this type of operation. The load must not exceed the
capabilities of the crane, the wire, and the hook itself. The slings must also be able to handle the
loads, and they are normally designed and chosen according to the results from the time-domain
simulations [22]. The crane’s capacity is 420 tonnes and is the limiting factor in this case. The value is
chosen based on the information given in [22] and is listed in Table 4.1.

Table 4.1. Upper load limit for the lifting-wire tension.

Maximum mass (tonnes) ‘ Maximum load (kN)
420 | 41202

According to [27], snap forces shall be avoided, i.e., the hydrodynamic forces acting upwards shall
not be greater than the weight of the lifted object. A 10% safety margin is added to this condition
(Equation ( 4.1)). The weight of the template is reduced in water and is found to be 3242 kN.

thdrodynamic < 0-9Fstatic ( 4.1 )

Table 4.2. Lower load limit for the lifting-wire tension.

Minimum mass (tonnes) ‘ Minimum load (kN)
2.97 | 29.2
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5 Results and discussion

The data collected from the OrcaFlex simulations are used to analyse the time history of the lifting-
wire tension. They are then imported into the computer software MATLAB. The MATLAB script can
be found in Appendix B. The first stage of the simulation is not included because it is not of interest
as it is simply to allow the sea state to build up.

5.1 Time history of tension

The tension of the lifting wire is plotted over time in this section. In Fig. 5.1, the time histories of two
different realisations are plotted for template A. The lowering of the object starts in point A. Here,
the load equals the template’s weight in air. The motion of the vessel determines the motion of the
ITS. There are minor vibrations. The ITS penetrates the water surface at point B. At this point, the
load gradually decreases. At point C, the suction-anchor top plates hit the water surface.

Extreme variations in tension are observed due to the hydrodynamic forces. This is confirmed by the
time-series data of the suction-anchor top plate’s vertical position (not shown here). The
hydrodynamic forces of the template start to decay at point D. Minor oscillations in the structure’s
submerged weight are observed at the end of the simulation (point E).

Lifting-wire tension, Template A
i '
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. . No wave
3400 K/ \ .". " ‘ || Tz=4s |1

.“ Il
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Fig. 5.1. Lifting-wire tension for template A for still water and for T; =4 s.
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Lifting-wire tension, Template A, Tz=6s
3600 . .

Seed 19
Seed 20

3400

3200
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Load (kN)

2800

2600

2400 ' '
Time (s)
Fig. 5.2. Lifting-wire tension for template A for T; = 6 s for two different seeds.

Despite the parameters being identical, the simulation results can vary greatly for different seeds.
OrcaFlex will generate random phases for the wave components using an algorithm. This algorithm
is based on the seed and produces a repeatable sequence. Hence the wavetrain for a given seed will
always be identical — given that all other sea-state parameters are identical. Therefore, it is possible
to repeat an exact wave elevation by using the same seed [41]. In Fig. 5.2, the same parameters for
two different seeds are shown.

In Fig. 5.3, the lifting-wire tensions for both templates are shown using the same seed. As expected,
the initial parts of the graphs are identical, while the template is hanging in air. When the templates
are submerged, the difference in tension becomes apparent. It is under the surface that the
hydrodynamic forces in the models are activated. The template with the wider suction anchors,
template A, generates higher lifting-wire tension. These findings are coherent with [40]. A reason for
the higher tension could be that template A has a higher added mass than template B.

Furthermore, the seed in Fig. 5.3 is the seed that gave the highest lifting-wire tension. The lifting-
wire tension exceeds the upper load limit, contrary to all the other seeds. The lifting-wire tension
was substantially lower in other realisations. A rocking motion can be seen in the simulation replay.
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Fig. 5.3. Lifting-wire tension for template A and B for T; = 4 s for same seed.

5.2  Gumbel probability paper
In this section, the Gumbel probability papers for the four different T; are presented. The lifting-wire
tension is placed on the horizontal axis, whereas the vertical axis contains the y introduced in
Equation ( 2.28 ). The y is labelled Y Gumbel in the Gumbel probability papers. Taking the left-hand
side of Equation ( 2.27 ) and replacing the CDF (Fy (x)) with 0.95, the 95 % threshold can be found

(Equation ( 5.1).

—In [—1n(0.95)] = 2.97

150

(5.1)

The plots reveal that only one of the maxima from the 25 seeds lies above the 2.97 threshold. Hence

only one of the maxima belongs to the top 5 % of the Gumbel distribution.

The templates generate quite different Gumbel-fit lines for T; = 4 s with respect to the 95 % line (Fig.
5.4). The template A Gumbel-fit line is located below where the 95 % line and the load-limit line

intersect, meaning that it would not meet the criteria of non-exceedance. A very interesting plot

feature is the highest value for each template. They appear to be separated from the other values —
which is especially the case for the value for template B. These values have been obtained by
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chance. The seed that generated these values has produced a sea state that resulted in an especially
high dynamic response. The amount of data is therefore of utmost importance. The larger the set of
samples, the more accurate the estimates [42]. However, the data seems to follow the Gumbel
distribution apart from these two maxima.

A reason for why these two values differ from the rest could be linked to resonance. The generated
wavetrain may have caused a vertical oscillation in the region of the natural frequency of the lifting
wire. The rocking motion observed in the simulation replay suggests that the resonance originated

from the rotation of the template.

All the other values in the Gumbel-fit lines lie below the load-limit line, which can be seen in Fig. 5.5
—5.7. These T; are consequently less inclined to induce loads that exceed the load limit — at least in
this numerical setup. Another feature of the Gumbel probability papers (Fig. 5.4 — 5.7) worth noting
is that the Gumbel-fit line for template A is shifted upwards relative to the Gumbel-fit line for
template B with increasing T,. A possible explanation for this could be that template A’s
comparatively higher added mass causes it to sink slower. For increasing T, the vessel will tend to
follow the surface elevation and might not cause such a large vertical motion in the template.

In addition, the lifting-wire tension decreases for increasing Tz, which clearly indicates that the
probability of exceeding the load limit is lower for larger T.

Gumbel probability paper for template Aand B, Tz=4s
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Fig. 5.4. Gumbel probability paper for template A and B for T; =4 s.
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Gumbel probability paper for template Aand B, Tz=6s
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Fig. 5.5. Gumbel probability paper for template A and B for T;=6's.

Gumbel probability paper for template Aand B, Tz=8s

3 .
2 -
©
s!
E 1t
O
—
0 L
O Template A
AL Gumbel fit A| |
Template B
Gumbel fit B
-2 1 1 1
3400 3450 3500 3550 3600

Lifting-wire tension (kN)

Fig. 5.6. Gumbel probability paper for template A and B for T; =8 s.
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Gumbel probability paper for template Aand B, Tz=10s
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Fig. 5.7. Gumbel probability paper for template A and B for T; = 10 s.

Interestingly, none of the simulations generated values close to the lower load limit of 29.2 kN.
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6 Risk assessment

There is no single definition of risk, and it is not always easy to understand. In the literature, various
definitions of risk are presented. Some of these include probabilities, chance, and expected values,
while others are focused on uncertainties and undesirable events. Some consider risk subjective and
epistemic, depending on the available knowledge [43]. Nevertheless, there are clear guidelines on
marine operations, such as DNV’s recommended practice H101 Risk Management in Marine — and
Subsea Operations [44] and NORSOK Z-013:2010 Risk and emergency preparedness assessment [45].

The importance of assessing the risk of a marine operation has been manifested through the losses
and damages in history. The cause of an accident ranges from a change in weather to design errors,
including failure in equipment and structures. Furthermore, human errors, misjudgements, and
misunderstandings also trigger accidents [46]. The data collected from the various marine
operations linked to the installation and operation stages show that 13% of accidents occurred
during these stages [47].

A risk assessment aims to create a systematic method to ensure that risk has been appropriately
addressed. Hazards (potential threats) must be identified and should be either reduced to an
acceptable level or eliminated [48].

In this chapter, | will assess the risk for the lifting operation required to install the ITS described
earlier in this work (section 3.2). Such an assessment is usually performed by an analysis team
consisting typically of the crane operator, deck foreman, technical safety engineer, safety
representative, asset manager, offshore manager, and risk manager. However, in this work, | will
perform this task by myself with the help of the resources available and through contact with
professionals in the industry. Additionally, the governing principles and common practice in the
industry is discussed.

6.1 Risk acceptance criteria

In the Norwegian petroleum industry, the operators are responsible for controlling the health, safety
and environment (HSE) issues faced by the company. The companies must perform internal audits to
record and objectively evaluate if it fulfils given criteria [49]. In the context of risk assessment, such a
criterion is called a risk acceptance criterion. The risk acceptance criterion is normally defined before
the risk analyses are conducted. However, Aven and Vinnem [49] has argued that that a predefined
criterion might give the wrong focus and also attribute a mechanical character to the criteria. When
the risk acceptance criterion in question has been reached, there is no further encouragement to
reduce risk. This may pose a threat in the case of modification to the project. A modification could
change the risk picture and put the project on hold if the risk acceptance criterion is exceeded due to
the modification.

Additionally, Abrahamsen and Aven [50] has criticised the fact that the industry is to define the risk
acceptance criteria. They argued that the operators do not necessarily serve the best interests of
society. Instead, the authorities, Petroleum Safety Authority Norway (PSA), should play a more
active role in setting the limits for risk, like in other countries such as the UK [50].

Although the aforementioned risk experts suggest pre-determined risk acceptance criteria should be
used with caution, the common practice in the industry appears to be just that — especially on the
NCS [49].

Examples of risk acceptance criteria in the industry could be [49]:
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e Forthe personnel involved in the assessment, the fatal accident rate (FAR) value should be
less than 10, where FAR is a measure of number of fatalities per 100 million hours (roughly
1000 employees working lifetimes).

e The likelihood of a person being killed in an accident for one year should not exceed 0.1%.

6.2 ALARP

An important principle in risk analysis is to reduce the risk as low as reasonably practicable (ALARP).
The principle of ALARP means that the measure in question should be implemented unless the cost
is grossly disproportionate to the benefit [51]. In some instances, a cost-benefit analysis is required
to determine the financial implications of a risk-reducing measure. This type of analysis is usually
performed when the costs are high. However, low-cost measures such as reorganising work routines
can be implemented without thorough analyses.

Applying the ALARP principle usually involves the employment of three risk categories [52]:

1. Negligible risk: The risk is too low to be considered

2. Intermediate risk: Risk-reducing measures should be implemented according to the ALARP
principle

3. Intolerable risk: The risk is too high even with appropriate measures in place

Increasing A
risk

Intolerable

Risk Reduction
Measures
plus
Gross
Disproportion

Tolerable if ALARP

Relevant
Good
Practice

Broadly Acceptable

Fig. 6.1. The ALARP principle. Adapted from [53]

The authority involvement in evaluating risk results is more active when the ALARP approach is used.
This approach is more comprehensive than simply inspecting the results of a risk assessment —
which, simplistically speaking, could be to compare the numerical result from the risk assessment to

34



the risk acceptance criteria. In order to evaluate the effectiveness of the measure, authorities will
need to conduct an extensive evaluation. This process will involve looking for alternatives to the risk-
reduction measures identified in the analysis [49].

6.3 The risk assessment process

In Fig. 6.2, the risk assessment process is shown, which is similar to the process diagram in [45]. The
first step is to define the objective and scope of the assessment, which in this case is to assess the
risk for the installation of an ITS on the NCS. After having defined risk criteria, we have to identify the
hazards. From there, we analyse and evaluate the risk. If the risk is found to exceed the risk
acceptance criteria, we have to introduce risk-reducing measures. In a professional setting, risk
management teams review and monitor the process.

Process documentation v l

Establishing internal
<> and external context — <
analysed system/process identification

v

Definig risk criteria

Risk assessment
A 4

<«—+» Hazards’ identification €=

v

<« Risk analysis <

v

Risk evaluation
according to defined criteria

|

I

T

v

T

!
Monitoring and

review

concerning risk management

Communication and consultation

s risk mitigation
necessary?

lYES

<« Risk mitigation <>

Fig. 6.2. Risk assessment process. Adopted from [54]
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Risk can be assessed both qualitatively and quantitatively. Due to the increasing number of scientific
and technological applications, there is a continuous discussion about how to measure and describe
risk. Most analysts would agree that there is a need for both quantitative and qualitative methods
when it comes to assessing risk. For instance, in certain situations, the degree of uncertainties can
also be considered a factor that should be considered. In most cases, using knowledge-based
probabilities is not ideal because it is hard to justify the support for the numbers [43, 55]. It is,
however, a practical and commonly used method in the industry.

In order to display the risk acceptance criteria in this thesis, | have used a risk matrix (Table 6.1). The
impact and probability of a hazard determine its value. It is important to underline that the risk
matrix is not a risk-analysis method but merely a way to present risk [56]. The hazard value is then
assessed compared to limits set in relation to the ALARP principle. The limits in this work are stated
in Table 6.2, which are also apparent from the colours in the risk matrix.

Table 6.1. Risk matrix.

Impact
category

E (Very high)
D (High)
C (Moderate)
B (Slight)
A (Negligible)

Risk rating

Likelihood 1 (Very unlikely) ‘ 2 (Unlikely) ‘ 3 (Possible) ‘ 4 (Likely) ‘ 5 (Very likely)

Table 6.2. Risk limits.

Value Risk

Less than 25 Negligible
25-50 Intermediate
More than 50 Intolerable

Four aspects of the hazard impacts have been considered: Health and safety, environment, company
reputation and financial cost (
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Table 6.3). A common mistake is to use vague terms for the description. Instead of stating that, e.g.,
the environment will be immensely polluted, exact numbers should be used. The same goes for the
probabilities [56].
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Table 6.3. Impact description.

Impact Health and safety | Environment Company reputation Financial cost

category

E (Very high) | Loss of life, Severe harm to Severe and possibly More than
permanent environment that | irreversible impact on | 10 000 000
disability, and/or requires relationship with NOK.
terminal illness. corrective authorities,

measures. costumers, and

Pollution above general public.

100 000 litres. Corrective measures
required.

D (High) Serious injury or Serious harm to Serious impact that Up to
illness that results | environment that | requires corrective 10 000 000
in dramatically requires measures. May affect | NOK.
lowered life corrective relationship with
quality. measures. authorities,

Pollution up to costumers, and
100 000 litres. general public.

C Injury that results | Moderate harm Moderate impact that | Up to

(Moderate) | inlong recovery to environment may require corrective | 5000 000
time. that requires measures. NOK.

corrective
measures.
Pollution up to
100 litres.

B (Slight) Minor injury Slight harm to Slight impact. Upto
treatable with first | environment that 1000 000
aid. Short requires NOK.
recovery time. corrective

measures.

Pollution up to 10

litres.
A Negligible injury. Little tonoharm | No impact. Less than
(Negligible) | No recovery time | to the 100 000 NOK.

needed.

environment.
Pollution less
than 1 litre.

To analyse the risk, | have applied a hazard and operability (HAZOP) study, commonly used in the

Norwegian petroleum industry [51]. Additionally, it is suitable for assessing operating sequences and

procedures [57]. The study has been performed in accordance with [57]. In addition to the HAZOP
approach, which is mainly a qualitative method, | have added a quantitative component to the
assessment in the form of a risk rating. Each hazard is given a risk rating based on the risk matrix
(Table 6.1). The hazards also have a risk-reducing measure (actions required in the HAZOP studies in
Error! Reference source not found. — 6.7). The HAZOP study might resemble the hazard i
dentification (HAZID) process, which is a part of the risk analysis process. However, the term HAZID
is often used for purely qualitative risk analyses [56].
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When performing a HAZOP study, guide words are used to search for deviations in the intended
design (Fig. 6.3). These guidewords are included in the tables to give an impression of the type of
deviations that are encountered in the studies.

Guidewords Interpretation

No This is a complete negation of the design intention. No part of
the intention is achieved and nothing else happens.

More This is a quantitative increase.

Less This is a quantitative increase.

As well as All the design intention is achieved together with additions.

Part of Only some of the design intention is achieved.

Reverse The logical opposite of the intention is achieved.

Other than Complete substitution, where no part of the original intention
is achieved but something quite different happens.

Early Something happens earlier than expected relative to clock
time.

Late Something happens later than expected relative to clock time.

Before Something happens before it is expected, relating to order or
sequence.

After Something happens after it is expected, relating to order or
sequence.

Fig. 6.3. HAZOP guide words. Adapted from [58]

A HAZOP study is performed for each phase of the lift, i.e., lift-off and in-air manoeuvring (LO),
splash-zone crossing (SC), deeply submerged (DS), and landing (LG). Even though there are hazards
with negligible risk, measures may be implemented. According to the ALARP principle (section 6.2),
low-cost and low-effort measures should be implemented regardless of initial risk.

6.4 HAZOP studies

In this section, | present the findings from the HAZOP studies. The results are presented in Table 6.4-
6.7. Each hazard is given an identification in the first column. In the next column, the guide word is
placed. This gives us an idea of what causes the deviation. In the fourth column, the possible causes
are listed. In the next column, we see the potential consequences of the deviation.

The consequence of several of the hazards is damage to assets. This includes damage to the crane
vessel, ITS, ROVs, other equipment and near subsea infrastructure. If subsea infrastructure were to
be hit by dropped objects, it could lead to disaster. Damage to, for instance, producing wells or

flowlines could cause leakage of hydrocarbons, which could lead to extreme dangers such as

explosions and suffocation. However, in this work, it is assumed that the lifting operation takes place
far from producing equipment. It is, nevertheless, common practice to shut down production if there
is a significant risk of hydrocarbon leakage.

In the sixth, seventh and eighth column, the initial risk of the hazard is estimated.
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The column after the initial risk contains required actions to mitigate the risk. All risks above the pre-
defined limits should be addressed with a risk-reducing measure. According to the ALARP principle,
even negligible risk could have risk-reducing measures.

In the three columns for the reduced risk, we see how the risk-reducing actions have affected the
risk. The actions are then allocated to a responsible. This is done to ensure that there is no confusion
about who is obligated to implement the action. The last column is dedicated to comments.
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Table 6.4 HAZOP study of the lift-off and in-air-manoeuvring phase.

Initial risk Reduced risk
Identificat| Guide word |Deviation Possible cause Consequences Likelihood [Impact |Risk [Actions required Likelihood |Impact [Risk[Action Comments
ion allocated to
LO-1 LESS Sliding of ITS. Seafastening Damage to assets and/or |3 E Do not remove seafastening before |1 E Deck The seafastening
Insufficient friction removed personnel. permission from supervisor is foreman brackets or other
between ITS and deck.  |prematurely. granted. Inspect deck. barriers can be used
Chemical spill on as bumpers to prevent
deck. vertical motion
during lift-off.
LO-2 AFTER Personnel on deck hit by |Deck not cleared  |Loss of life. Personnel (2 E 50 [Confirmall personnel is out of lifting |1 E Deck Surveil lifting zone if
ITS. and closed. injury. zone. Appoint responsible for closing foreman necessary
off deck.
LO-3 MORE Failure in lift rigging. Seafasteningnot  [Sudden and unexpected |2 E 50 [Crane and lifting equipment certified |1 E Shift
properly removed. |movement of subsea ITS and inspected. Check the lift rigging supervisor
Excessive tension |that causes collision for entanglements and damage,
in lift rigging. with deck and/or danger confirm seafastening is removed and
Lifting points on  |to personnel. Loss of communicate clearly with supervisor.
ITS rusty. ITS. Position vessel such that dropped
objects do not hit subsea
infrastructure.
LO-4 MORE Excessive crane-tip Re-hit when lifted. |Damage to assets and/or |3 D 50 |Monitor weather conditions and 2 C Project
motion. Sudden crane-  |Slack wire. personnel. Loss of ITS. obtain weather forecasts from engineer
vessel motion. different sources. Wind, waves and
current are all important. Contract
weather expert/meteorologist.
LO-5 MORE Pendulum swinging Resonance motion |Danger to asset and 4 C 50 [Perform numerical simulations and |2 C Project Analysis of dynamic
motion of ITS. of subsea ITS due [personnel. use tugger lines to prevent vertical engineer  |response of lifted
to vessel motion. motion. Ensure the vessel in facing object.
the correct direction. Survey transit
route prior to launch.
LO-6 MORE ITS rotates. Tugger lines not Danger to asset and 2 C The use of tugger line depends on the |1 C Shift Prone to
correctly operated. [personnel. weather conditions. supervisor |misjudgement.
Tugger line failure.
LO-7 AFTER Dropped object. Loose objects on  |Damage to assets. 3 C 25 |Inspect ITS before operation. Ensure |2 C Shift
ITS notremoved  [Retrieval operation seafastening is completely removed. supervisor
before operation.  |could be required. Position vessel such that dropped
objects do not hit subsea
infrastructure.
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Table 6.5. HAZOP study of the splash-zone-crossing phase.

Initial risk Reduced risk
Identificat [Guide word|Deviation Possible cause Consequences Likelihood |Impact |Risk|Actions required Likelihoo [Impact [Risk|Action Comments
ion d allocated
to
SC-1 MORE Failure in lift rigging.| Incorrect judgement of |Damage to assets and/or |2 D 25 |Performnumerical |1 D Project
Excessive tension in |weather. Unexpected |personnel. Loss of or simulations to find engineer
lift rigging. wave. Shielding effect |damage to template. weather window. and shift

not properly accounted [Retrieval operation Inspect ventilation supervisor

for. Suction-anchor required. holes prior to

ventilation holes not operation.

opened. Large dynamic

loads.
SC-2 MORE Failure in lift rigging.|Excessive vertical Damage to assets and/or |1 D Limit velocity 1 D Shift Project engineer

motion in template. personnel. Loss of or through splash zone. supervisor [responsible for

Slack wire and snap  [damage to template. Use numerical numerical simulations

load on lift rigging. Retrieval operation simulation to find

required. most critical moment.

SC-3 MORE Damage to template. |Excessive slamming |Damage to template. 4 C 50 |Performnumerical |2 C Project

loads on structure. Retrieval operation simulations. Change engineer

required. template design if
necessary.
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Table 6.6. HAZOP study of the deeply-submerged phase.

Initial risk Reduced risk

Identificat |Guide Deviation |Possible cause Consequences Likelihoo [Impact |Risk [Actions required Likelihood|Impact [Risk |Action Comments

ion word d allocated to

DS-1 MORE |Lift rigging |Excessive tension in Damage to assets and/or |2 E 50 Examine weather 1 E Project
snap. rigging setup due to personnel. Loss of or conditions. engineer

vertical resonance. damage to template.
Slack wire and snap Retrieval operation
load. required.

DS-2 MORE [Incorrect [Lift rigging entanglement|Operation aborted or 2 E 50 Visual inspection by ROV|1 E ROV team
orientation |due to excessive delayed. during lowering. manager
of template |template motion.

Unexpected dynamic
response and current
load.

DS-3 LESS Collapse of |Pressure difference in | Damage to assets. 3 E Allow the air to escape |1 E Project
structural  [members. Retrieval operation the suction anchors. Stop engineer
members. required. the lowering when the

template is fully
submerged to allow free
flooding of structure and
equalising of pressure.
Use ROV to inspect and
open valves if necessary.

DS-4 NO ROV Loss of power to ROV. [Retrieval operationfor |2 D 25 Clear indications on 1 D Shift
collision  |Current load not ROV. Delay. where to cut tugger lines. supervisor
with tugger |accounted for.
lines.

DS-5 NO Vessel drift |DP system failure. Collision. Damage to 3 D 50 Evaluate reliability of DP|1 D Offshore
off. assets. system. Stop production manager

in nearby infrastructure.
Contract DP system
engineer for the
operation.
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Table 6.7. HAZOP study of the landing phase.

Initial risk Reduced risk
Identificati {Guide |Deviation [Possible cause Consequences Likelihood |Impact |Risk |[Actions required Likelihood |Impact [Risk [Action Comments
on word allocated to
LG-1 MORE |Failure in [Slack wire and snap Damage to assets and/or |1 E Limit velocity during 1 E Shift
lift rigging. |load during touchdown. [personnel. Loss of or landing. Activate the active supervisor
damage to ITS. heave compensator.
Retrieval operation Monitor operation using
required. ROV.
LG-2 NO Vessel drift |DP system failure. Collision. Damage to 3 D 50 |Evaluate reliability of DP |1 D Offshore
off. Power generation assets. system. Stop production in manager
failure. nearby infrastructure.
Contract DP system
engineer for the operation.
LG-3 OTHER |[Offset from |Current load. Time-consuming landing |5 D ROV connects tugger lines |1 D Shift
THAN [intended process. from ITS to pre-installed supervisor
position. clump weights. Tugger
lines are used to position
ITS correctly.
LG-4 OTHER [Uneven self{Unexpexted or Misalignment with the |5 E Perform levelling 1 E ROV team
THAN [penetration. |unfavourable soil rest of the SPS. procedure. ROV closes manager
conditions. Retrieval operation ventilation hatches on one
required. or more suction anchors.
LG-5 OTHER [Insufficient |Unexpexted or Misalignment with the |4 E Perform suction procedure. |1 E ROV team
THAN [self- unfavourable soil rest of the SPS. ROV connects suction manager
penetration |conditions. Retrieval operation pump to suction anchors.
required.
LG-6 OTHER |Excessive |Unexpexted or Misalignment with the |4 E Perform settling procedure. |1 E ROV team
THAN [self- unfavourable soil rest of the SPS. Hold ITS in position and manager
penetration. [conditions. Retrieval operation close ventilation hatches.
required.
LG-7 OTHER |Excessive |Unexpexted or Damage to ITS. Retrival |3 E Limit lowering velocity if |1 E Shift Load cells are
THAN [deflection |unfavourable soil operation required. the limit for allowable supervisor mounted on the ITS
inITS. conditions. deflection is is exceeded. and the signal is
transferred to the
ROV.
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We see from the HAZOP studies that the risks have been successfully reduced for all the hazards. For
LO-6, even an acceptably low risk has been reduced. The guide words give us a clear indication of
what causes the deviation and the underlying function of it.

For the lift-off and in-air manoeuvring, 5/7 of the deviations are caused by either a quantitative
decrease or increase. The remaining two are related to the order of operations.

The splash-zone-crossing zone exhibits only quantitative increase as causes. These are all related to
the loads.

For the phase during which the ITS is deeply submerged, the causes are related to quantity as well as
a negation of the intended design. One might think that this process is straightforward, but we see
from the table that there are risks in need of mitigation.

In contrast to the other phases, we see that 5/7 deviations are caused by a substitution of the
intended design for the landing phase. All these hazards carry high risk. The hazard with the highest
risk, LG-5, is encountered during this phase. The landing of the template involves a lot of
uncertainty. The process of landing the template can be cumbersome process. It must be controlled
from the surface, often several hundred meters above the seabed. Not only is it far away, but it also
depends on the cooperation between the crane operator, ROV team and the supervisor.
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7 Conclusions and further work

With the current situation in the oil and gas industry and all the activity expected in other sectors
such as renewable energies and CCS, the need for marine lifting operations on the NCS will remain
significant for years to come. Numerical and risk analyses are essential to safely and cost-effectively
conduct marine lifting operations.

7.1 Numerical analysis conclusion

The numerical simulations showed that the geometry of the suction anchors affects the lifting-wire
tension and thus affects the operability. The Gumbel probability papers showed that the lifting-wire
tension decreased with increasing mean zero up-crossing period. Therefore, it is reasonable to
assume that other sea states with a mean zero up-crossing period in the region of 4 s will also cause
too high tension on the lifting wire.

As no simulations produced lifting-wire tensions close to the lower load limit, it is safe to say that
slack wire is unlikely to occur.

7.2 Risk analysis conclusion

From the HAZOP studies, we can see that the guideword MORE is the most prevalent in the lift-off-
and in-air-manoeuvring phases and the splash-zone-crossing phase. MORE is related to excessive
tension, loads and motion. In other words, the majority of the hazards are determined by the
geometry, mass and design of the ITS. The weather conditions can potentially affect all the motions
related to these hazards. Therefore, the two first phases of a marine lifting operation depend
significantly on the weather conditions.

The deeply-submerged phase exhibits significant risks, particularly in comparison with the splash-
zone crossing. Similarly, the landing phase involves perhaps a surprisingly high number of potential
threats. Misalignment with the SPS is a critical consequence. The operation has to be carefully
planned and coordinated.

7.3 Recommendations for future work

Increasing the number of seeds will ensure higher accuracy of the results. The fact that two of the
lifting-wire-tension maxima for the mean zero up-crossing period of 4 s were remarkably higher than
the rest illustrates the importance of data. If the sea state in those simulations were encountered in
an actual lifting operation, it could have led to disaster.

Another point worthy of more attention is the modelling of the hydrodynamic forces. The OrcaFlex
model in this work had the coefficients for added mass and slamming assigned to line elements. This
could be compared to other ways of modelling them.

Concerning the risk assessment, the transport from the fabrication site could also be included to
have a complete picture of the risk of the installation process. Furthermore, other types of studies
could be applied to compare the results.
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9 Appendix A: Spreadsheet containing calculation of hydrodynamic

coefficients

9.1 Template A
Calculations according to DNV-RP-H103

Suction-anchor specifications (template A)

Outer diameter, OD

Inner diameter, ID

Skirt wall thickness, t,

Height, h

Top plate thickness, tt
Ventilation-hole diameter, Dv
Number of ventilation holes, Nv
Steel density, ps

Skirt volume, Vs

Skirt mass, ms

Top-plate volume, Vt
Top-plate mass, mt

Suction anchor mass, mtot
Suction anchor mass, mtot

Added-mass calculations

Horizontal added mass

Length-to-diameter ratio, b/2a

Interpolate to find added-mass coefficient, Ca

Added-mass coefficient, Ca

Reference volume, Vg

Water density, pw

Vertical added mass for disc, Asso

Horizontal projected area, Ap

Simplification parameter, A

Simplified vertical added mass for disc, Asss
Ventilation hole area, A,

Perforation rate, p

Vertical added mass with perforation effect, As;
Vertical added mass with perforation effect, As;
Vertical added mass due to trapped water
Added mass of trapped water, A;

Added mass of trapped water, A;

Line elements

Centroid of upper hemisphere, relative to top plate, h,

5.96
0.02
7.9
0.03
1

2

7850

2.97
23301.17
0.85
6658.61
29959.78
29.96

1.316666667

tonnes

b/2a

Ca

1.20

0.62

1.317

0.634

2.50

0.78

0.637
113.10
1025
73800

28.27
0.402
118122.97
1.57

5.56
118076.29
118.08

225051.03
225.05

1.273

kg
tonnes

kg
tonnes




Centroid of trapped water, relative to top plate, ht 3.965

Centroid of lower hemisphere, relative to top plate, h 9.173 m
Upper-hemisphere line-element diameter, D, 2.546 m
Trapped-water line-element diameter, D 1 m
Lower-hemisphere line-element diameter, D, 1 m
Line-element length for all added-mass line elements, | 1 m
Water density, pw 1025 kg/m3
Displaced water by upper line element, A, 5220.3 kg
Displaced water by trapped-water line element, A; 805.0 kg
Displaced water by lower line element, A, 805.0 kg
Horizontal drag force
2D steady drag coefficient, Cps2p 1.05
Height-to-lenght ratio, L/D 1.316666667
Reduction factor, k 0.8
3D steady drag coefficient, Cps 0.84
Wave height, H 2 m
Keulegan—Carpenter number, KC 1.047197551
Crn 1.465714286
Wake amplication factor for maximum KC number, max 0.465714286
Drag coefficient, Cp 0.3912
Mass moment of inertia
Mass moment of inertia in x- and y-direction, Iy, |, 240325.9617 kg*m?
Mass moment of inertia in z-direction, |, 268244.6052 kg*m?
Normalised submergence for | Normalised submergence
Normalised submergence for trapped-water line element, | for lower line element,
upper line element, (h/r)y (h/r): (h/r),
-1.00 6.93 17.35
-0.99 6.94 17.36
-0.75 7.18 17.60
-0.50 7.43 17.85
-0.25 7.68 18.10
0.00 7.93 18.35
0.25 8.18 18.60
0.50 8.43 18.85
0.75 8.68 19.10
1.00 8.93 19.35
1.25 9.18 19.60
1.50 9.43 19.85
1.75 9.68 20.10
2.00 9.93 20.35
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2.25 10.18 20.60
2.50 10.43 20.85
2.75 10.68 21.10
3.00 10.93 21.35
4.00 11.93 22.35
5.00 12.93 23.35

Variable added-mass
coefficient for upper line

Variable added-mass
coefficient for trapped-water

Variable added-mass
coefficient for lower line

element, Cay line element, Cat element, Ca
0.00 0.00 0.00
0.08 1.96 0.51
1.98 48.92 12.83
3.96 97.84 25.67
4.81 118.81 31.17
5.65 139.78 36.67
5.94 146.77 38.50
6.22 153.76 40.33
6.79 167.73 44.00
7.35 181.71 47.67
8.20 202.68 53.17
9.05 223.64 58.67
9.61 237.62 62.34
10.18 251.60 66.00
10.35 255.79 67.10
10.52 259.99 68.20
10.63 262.78 68.94
10.74 265.58 69.67
10.80 266.98 70.04
10.86 268.37 70.40
Rate of change of added-

Rate of change of added-mass
coefficient for upper line

mass coefficient for trapped-
water line element,

Rate of change of added-
mass coefficient for lower

element, dCau/d(h/r)u dCai/d(h/r): line element, dCa/d(h/r)
0.00 0.00 0.00
11.31 279.55 73.34
7.92 195.69 51.34
5.65 139.78 36.67
3.96 97.84 25.67
2.49 61.50 16.13
1.70 41.93 11.00
1.13 27.96 7.33
1.47 36.34 9.53
5.09 125.80 33.00
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3.96 97.84 25.67
2.60 64.30 16.87
1.92 47.52 12.47
1.36 33.55 8.80
1.02 25.16 6.60
0.68 16.77 4.40
0.45 11.18 2.93
0.34 8.39 2.20
0.11 2.80 0.73
0.00 0.00 0.00

Negative rate of change of
added-mass coefficient for
upper line element,

Negative rate of change of
added-mass coefficient for
trapped-water line element,

Negative rate of change of
added-mass coefficient for
lower line element,

dCau/d(h/r)y dCa¢/d(h/r): dCai/d(h/r),

0.00 0.00 0.00
-11.31 -279.55 -73.34
-7.92 -195.69 -51.34
-5.65 -139.78 -36.67
-3.96 -97.84 -25.67
-2.49 -61.50 -16.13
-1.70 -41.93 -11.00
-1.13 -27.96 -7.33
-1.47 -36.34 -9.53
-5.09 -125.80 -33.00
-3.96 -97.84 -25.67
-2.60 -64.30 -16.87
-1.92 -47.52 -12.47
-1.36 -33.55 -8.80
-1.02 -25.16 -6.60
-0.68 -16.77 -4.40
-0.45 -11.18 -2.93
-0.34 -8.39 -2.20
-0.11 -2.80 -0.73
0.00 0.00 0.00
9.2 Template B

Calculations according to DNV-RP-H103

Suction-anchor specifications (template B)

Outer diameter, OD 55 m

Inner diameter, ID 548 m

Skirt wall thickness, ts 0.02 m

Height, h 8225 m

Top plate thickness, tt 003 m

Ventilation-hole diameter, Dv 1 m
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Number of ventilation holes, Nv
Steel density, ps

Skirt volume, Vs

Skirt mass, ms

Top-plate volume, Vt

Top-plate mass, mt

Suction anchor mass, mtot
Suction anchor mass, mtot

Added-mass calculations

Horizontal added mass

Length-to-diameter ratio, b/2a

Interpolate to find added-mass coefficient, Ca

Vertical added mass due to top plate
Added-mass coefficient, Ca

Reference volume, Vg

Water density, pw

Vertical added mass for disc, Asso

Horizontal projected area, Ap

Simplification parameter, A

Simplified vertical added mass for disc, Asss
Ventilation hole area, A,

Perforation rate, p

Vertical added mass with perforation effect, As;
Vertical added mass with perforation effect, As;
Vertical added mass due to trapped water
Added mass of trapped water, A;

Added mass of trapped water, A;

Line elements

Centroid of upper hemisphere, relative to top plate, h,
Centroid of trapped water, relative to top plate, h
Centroid of lower hemisphere, relative to top plate, h

Upper-hemisphere line-element diameter, D,
Trapped-water line-element diameter, D
Lower-hemisphere line-element diameter, D,

Line-element length for all added-mass line elements, |

Water density, pw
Displaced water by upper line element, A,

Displaced water by trapped-water line element, A;

Displaced water by lower line element, A,

2
7850

1.42
11135.96
0.71
5595.08
16731.04
16.73

1.495454545

kg/kg?

tonnes

b/2a Ca
1.20 0.62
1.495 0.656
2.50 0.78
0.637
87.11 m?
1025 kg/m?
56844.79167 kg
23.76 m?
0.372
91811.50 kg
1.57 m?
6.61 %
91506.69 kg
91.51 tonnes
198117.95 kg
198.12 tonnes
1.167 m
4.128
9.392 m
2334 m
1 m
1 m
1 m
1025 kg/m?3
4386.5 kg
805.0 kg
805.0 kg




Horizontal drag force

2D steady drag coefficient, Cps,2p 1.05
Height-to-lenght ratio, L/D 1.495454545
Reduction factor, k 0.8
3D steady drag coefficient, Cps 0.84
Wave height, H 2 m
Keulegan—Carpenter number, KC 1.142397329
Cr 1.465714286
Wake amplication factor for maximum KC number, {max 0.465714286
Drag coefficient, Cp 0.3912

Mass moment of inertia

Mass moment of inertia in x- and y-direction, Iy, |, 115312.7857 kg*m?
Mass moment of inertia in z-direction, |, 126222.8182 kg*m?
Normalised submergence for | Normalised submergence
Normalised submergence for trapped-water line element, | for lower line element,
upper line element, (h/r). (h/r): (h/r),
-1.00 7.26 17.78
-0.99 7.27 17.79
-0.75 7.51 18.03
-0.50 7.76 18.28
-0.25 8.01 18.53
0.00 8.26 18.78
0.25 8.51 19.03
0.50 8.76 19.28
0.75 9.01 19.53
1.00 9.26 19.78
1.25 9.51 20.03
1.50 9.76 20.28
1.75 10.01 20.53
2.00 10.26 20.78
2.25 10.51 21.03
2.50 10.76 21.28
2.75 11.01 21.53
3.00 11.26 21.78
4.00 12.26 22.78
5.00 13.26 23.78
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Variable added-mass
coefficient for upper line

Variable added-mass
coefficient for upper line

Variable added-mass
coefficient for lower line

element, Cay element, Cat element, Ca
0.00 0.00 0.00
0.07 1.72 0.40
1.83 43.07 9.95
3.65 86.13 19.89
4.43 104.59 24.15
5.22 123.05 28.42
5.48 129.20 29.84
5.74 135.35 31.26
6.26 147.66 34.10
6.78 159.96 36.94
7.56 178.42 41.20
8.34 196.88 45.47
8.87 209.18 48.31
9.39 221.49 51.15
9.54 225.18 52.00
9.70 228.87 52.86
9.80 231.33 53.42
9.91 233.79 53.99
9.96 235.02 54.28
10.01 236.26 54.56

Rate of change of added-mass
coefficient for upper line

Rate of change of added-
mass coefficient for trapped-
water line element,

Rate of change of added-
mass coefficient for lower

element, dCa,/d(h/r)y dCat/d(h/r): line element, dCa/d(h/r),
0.00 0.00 0.00
10.43 246.10 56.83
7.30 172.27 39.78
5.22 123.05 28.42
3.65 86.13 19.89
2.29 54.14 12.50
1.56 36.91 8.53
1.04 24.61 5.68
1.36 31.99 7.39
4.69 110.74 25.58
3.65 86.13 19.89
2.40 56.60 13.07
1.77 41.84 9.66
1.25 29.53 6.82
0.94 22.15 5.12
0.63 14.77 3.41
0.42 9.84 2.27
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0.31 7.38 1.71
0.10 2.46 0.57
0.00 0.00 0.00

Negative rate of change of
added-mass coefficient for
upper line element,

Negative rate of change of
added-mass coefficient for
trapped-water line element,

Negative rate of change of
added-mass coefficient for
lower line element,

dCAu/d(h/r)u dCAt/d(h/r)t dCAl/d(h/r)l
0.00 0.00 0.00
-10.43 -246.10 -56.83
-7.30 -172.27 -39.78
-5.22 -123.05 -28.42
-3.65 -86.13 -19.89
-2.29 -54.14 -12.50
-1.56 -36.91 -8.53
-1.04 -24.61 -5.68
-1.36 -31.99 -7.39
-4.69 -110.74 -25.58
-3.65 -86.13 -19.89
-2.40 -56.60 -13.07
-1.77 -41.84 -9.66
-1.25 -29.53 -6.82
-0.94 -22.15 -5.12
-0.63 -14.77 -3.41
-0.42 -0.84 -2.27
-0.31 -7.38 -1.71
-0.10 -2.46 -0.57
0.00 0.00 0.00
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10 Appendix B: MATLAB code for post-processing of results
% Martin Lervik 01.12.2021

% Student 249280

close all

clear all

%% Data loading from excel file
A(:,:,1) = xlsread('A-Dynamic hook load',1); % Template A, no waves
A(:,:,2) = xlsread('A-Dynamic hook load',b2); % Template A, Tz = 4
A(:,:,3) = xlsread('A-Dynamic hook load',3);
A(:,:,4) = xlsread('A-Dynamic hook load',4);
A(:,:,5) = xlsread('A-Dynamic hook load',5);
B(:,:,1) = xlsread('B-Dynamic hook load',1);
B(:,:,2) = xlsread('B-Dynamic hook load',2);
B(:,:,3) = xlsread('B-Dynamic hook load',3);
B(:,:,4) = xlsread('B-Dynamic hook load',b4);
B(:,:,5) = xlsread('B-Dynamic hook load',b);
%% Find seeds with maximum values
M=A(:,:,1);
t = M(651l:end,1l); % Time column from 0 seconds
n=1:5; % Number of periods simulated
timeA = zeros (numel(n),1);
seedA = timeA;
for i=n
M=A(:,:,1);
M = M(651:end, 2:end); % To omit the seconds before sim starts and
time column
A red(:,:,1) = M; $ Stock reduced data
[max val, max idx]=max(M(:));
[time, seed]=ind2sub (size (M), find (M==max val)); % Find seed with
highest wvalues
timeA (i) = time(l); % In case there are multiple maxima
seedA (1) = seed(1l):;
Amax (i) = max val; $ Stock maximum for each Tz
end
timeB = zeros (numel(n),1);
seedB = timeB;
for i=n
M= B(:,:,1);
M = M(651:end, 2:end); % To omit the seconds before sim starts and
time column
B red(:,:,1i) = M;
[max val, max idx]=max(M(:));
[time, seed]=ind2sub (size (M), find (M==max val)); % Find seed (column)
with highest values
timeB (i) = time(l); % In case there are multiple maxima
seedB (1) = seed(1l):;
Bmax (i) = max val; % Stock maximum for each Tz
end
Al = A red(:,:,1); % Template A, no waves
A2 = A red(:,:,2); % Template A, Tz = 4 s
A3 = A red(:,:,3);
A4 = A red(:,:,4);
A5 = A red(:,:,5);
Bl = B red(:,:,1);
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B2 = B red(:,:,2);
B3 = B red(:,:,3);
B4 = B red(:,:,4);
B5 = B red(:,:,5);

’

%% Plotting scenarios with maximum values

figure

plot(t, A2(:,seedA(2))), xlabel('Time (s)'),ylabel('Load (kN)"),
title('Lifting-wire tension, Template A, Tz = 4 s, Seed 6')
figure

plot(t, B2(:,seedB(2))), xlabel('Time (s)'),ylabel('Load (kN)"'),
title('Lifting-wire tension, Template B, Tz = 4 s, Seed 6')

%% Plotting no wave and Tz = 4, B
figure

plot(t, Bl(:,seedB(l))), xlabel('Time (
title('Lifting-wire tension, Template B
hold on

plot(t, B2(:,seedB(5)))

legend ('No wave','Tz = 4 s')

s)'),ylabel ('Load (kN)'),
")

%% Fitting probability paper, A, All sea states individually

rawsample (1, :) = max (A2);
rawsample (2, :) max (A3) ;
rawsample (3, :) = max (A4);
rawsample (4, :) = max (A5);
sample = sort (rawsample,2); % Ordered sample

k=1l:length (sample) ;
n=numel (k) ;
Fhat=k/ (n+1) ;

o)

% Gumbel probability paper

xg=sample; % x coordinates

yg=-log(-log(Fhat)) ; % y coordinates

%% Plot Tz = 4s

% Method of moments

sampleaverage=mean (sample(l,:), 'all"); % Expected value
sampleSTD=sqrt (var (sample (1, :))); % Standard deviation

% Gumbel

syms a b % alfa, beta
Ex = a+0.57722*b;
STDx = 1.28255*b;

[a,b]l=solve (Ex==sampleaverage, STDx==sampleSTD, a, Db);

a=vpa(a); % alfa
b=vpa(b); % beta

figure

plot(xg(l,:),vyg,'o'), xlabel ('X Gumbel'),ylabel ('Y Gumbel'), title('Gumbel
probability paper')

hold on

plot (sample(l,:), (sample(l,:)-a)/b)

legend ('Tz = 4s', 'Gumbel fit'")
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