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Abstract

The increasing demand for renewable energy and the need to achieve global decarbonization goals
have led the energy sector to explore remote areas where Floating Offshore Wind Turbines (FOWTs) are
expected to play a significant role. These far from shore located turbines harness strong and consistent
winds, but their deployment in deeper waters poses challenges. In addition, the intermittent nature of
wind energy, grid congestion, and transmission losses further complicate meeting the energy demands.
Combining FOWTs with offshore hydrogen production offers a promising solution by reducing reliance on
electrical infrastructure. Green hydrogen, produced from renewable sources, provides a versatile and
proven option for decarbonizing hard-to-abate sectors. The integration of hydrogen production directly
from a FOWT presents a compelling alternative, but the transportation of hydrogen from Hang-Off Point
(HOP) at the FOWT to the Termination Point (TP) at the seabed through flexible pipes requires ensuring
the structural integrity under static and environmental loading.

This research evaluates the impact of various parameters in lazy wave configurations on the tension
and curvature behavior of flexible pipes used for hydrogen transport in offshore wind-to-hydrogen sys-
tems, utilizing simulations performed in OrcaFlex (OF). The research shows that failure modes, tension,
overbending, and compression, are only exceeded in non-optimal wave configurations, with the Mini-
mum Bend Radius (MBR) being a more critical constraint than the Minimum Breaking Load (MBL). How-
ever, both limits are breached when compression, looping at the Touch Down Point (TDP), or collapse
has already occurred, suggesting that the pipe may be overdesigned or that the lazy wave configuration
represents a conservative design approach. Furthermore, research also finds that environmental factors
have minimal impact on tension and curvature, with static effects contributing for 86% of total tension
and 78% of total curvature. This indicates that static analysis can provide an initial configuration without
the need for computationally demanding dynamic simulations, as the design limits of MBL and MBR are
exceeded in similar static and dynamic scenarios. Lastly, the design of a lazy wave configuration can be
simplified to three configurational parameters: a buoyant section parameter (the outer diameter of the
Buoyancy Modules (BM), pitch between BMs, or the buoyant section length), the first section catenary
length, and a total configuration parameter (total length or horizontal distance between the HOP and
TP), since the parameters within each group exhibit similar behavior in terms of tension and curvature
responses when varied individually.
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Introduction

This chapter provides an overview of the research background in section 1.1, followed by the research
motivation and objectives subsequently detailed in sections 1.2 and 1.3. It then briefly discusses the
research approach in section 1.4 and outlines the scope in section 1.5. The structure of the report is
delineated in section 1.6.

1.1. Background

In the past two centuries, the global population has increased significantly, growing from one billion in
1800 to over 8 billion today [1]. This exponential growth has led to a corresponding rise in energy de-
mand, which is anticipated to increase by 50% by 2050 compared to 2020 [2]. To meet the objectives
of the Paris Agreement — limiting global temperature rise this century to well below 2°C, with efforts to
limit it to 1.5°C [3] — significant changes in the energy landscape are essential. As of 2020, fossil fuels
accounted for 83% of global energy consumption, while renewables comprised only 13% [4]. To achieve
net-zero fossil fuel use by 2050, renewable energy production needs to increase six- to eight-fold, re-
sulting in renewables making up two-thirds of global energy consumption and 85% of power generation.
This would result in renewables contributing to 90% of the climate mitigation needed to meet Paris Agree-
ment targets [5].

Onshore renewable options are increasingly constrained by space limitations and public opposition,
driving a shift towards offshore energy sources, particularly wind and ocean energy. Offshore wind
is a key player in this transition, with a projected compound annual growth rate of 31% to 2027 and
12% to 2032. Offshore wind energy offers significant advantages over onshore wind, including stronger
and more stable wind speeds, with turbines being larger and located where visual and noise impacts
are minimal. However, these benefits come with increased costs related to marine foundations, grid
integration, and more complex installation and maintenance processes [6, 7]. Despite these challenges,
the sector is expected to grow rapidly, reaching an estimated 450 GW of capacity by 2030 [8].

The offshore wind industry is now venturing into more remote sea areas to explore new wind farm
locations. Floating Offshore Wind Turbines (FOWTs) represent a crucial advancement in renewable en-
ergy, addressing the limitations of bottom-fixed wind farms in deep waters. Unlike traditional nearshore
installations, FOWTs can be deployed in waters deeper than 50 meters, where stronger and more con-
sistent wind speeds significantly enhance energy production, with examples showing higher capacity
factors than in shallower waters [9]. Approximately 80% of the world’s potential wind energy resources
lie in these deeper waters [10, 11]. This flexibility allows FOWTs to be positioned farther offshore, mini-
mizing visual and noise impacts [12], making them crucial due to their scalability and efficiency. Although
the global floating offshore wind capacity is growing, commercialization is expected after 2027 [8]. The
development of FOWTs presents technical and logistical challenges, including the need for optimized
mooring systems, Dynamic Power Cables (DPC), and floating structures [13, 14]. Despite these chal-
lenges, FOWTs are expected to play a significant role in meeting future energy demands, with projects
like Hywind Scotland and WindFloat Atlantic highlighting their potential [15].

While wind and solar power currently contribute a small fraction to global energy, their use is projected
to grow significantly by 2050 [16]. However, the intermittent nature of wind power presents challenges
such as grid congestion and the need for energy balancing, influenced by geographical factors [17].
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Additionally, hard-to-abate sectors, like transportation, high-temperature industrial, and heavy industry
processes may not be fully served by electrification alone, as they are difficult or even impossible to
electrify. Green hydrogen, produced from renewable sources, offers a versatile solution by converting
renewable electricity into a usable form for diverse applications. Hydrogen is already widely utilized in
industries like refineries and ammonia production, but primarily in the form of grey hydrogen, which relies
on fossil fuels. However, green hydrogen has demonstrated its viability as a substitute for fossil fuels in
hard-to-abate sectors, exemplified by the steelmaking process in the HYBRIT (Hydrogen Breakthrough
Ironmaking Technology) test facility. This initiative, part of a fossil-free steel project initiated by Vattenfall
and other companies, has showcased significant potential transformations in steel production through
the substitution of green hydrogen for coal [18]. In addition, the transportation industry has also seen
changes where the replacement of fossil-fueled buses with hydrogen-fueled buses shows comparable
driving ranges while there are no harmful emissions [19]. This transition to green hydrogen is essential
for decarbonizing existing applications, making it crucial for areas where electricity alone cannot meet
decarbonization goals [20].

Floating offshore wind presents a unique opportunity to produce green hydrogen. Offshore hydrogen
production, particularly when combined with floating wind turbines, can address key challenges asso-
ciated with renewable energy, such as grid congestion and transmission losses over long distances.
Studies show that offshore hydrogen production, with transportation via pipelines located over 100 km
from the coastline, is economically cheaper than onshore hydrogen production [21]. This approach
reduces reliance on extensive electrical infrastructure and minimizes energy losses, offering a versa-
tile energy carrier for the storage and transport of renewable energy, important for meeting increasing
energy demands and adhering to the Paris Agreement’s goals. Despite being in the early stages, the
integration of floating wind and offshore hydrogen technologies presents a promising path toward a more
resilient and sustainable energy system.

1.2. Research Motivation

The evolution of FOWTs represents a significant technological shift, driven by the need to harness
stronger and more consistent winds located in deeper waters. This shift requires advanced DPCs that
must withstand complex and fluctuating loading. As offshore developments move farther from shore,
the increased costs associated with electrical infrastructure make offshore hydrogen production, trans-
ported via pipelines, economically more viable. Although FOWTs are expected to commercialize after
2027, research on their integration with hydrogen production units remains limited. Offshore green hy-
drogen production, using electricity generated by FOWTs, offers a promising solution to decarbonize
sectors that are difficult to electrify. However, the technical feasibility of transporting hydrogen through
flexible pipelines, especially in a floating wind-to-hydrogen setup, remains unexplored.

This research is motivated from the importance of flexible pipes in offshore applications, particularly
in the context of the energy transition and increasing demand for renewable energy. As the energy sec-
tor advances toward deeper waters for offshore wind and hydrogen production, the need for robust and
reliable umbilical systems becomes more critical. These systems are essential for maintaining connec-
tions between floating platforms and seabed installations, ensuring stability in dynamic environments.
Given the anticipated commercialization of wind-to-hydrogen systems, it is important to assess the via-
bility of the transportation of the hydrogen.

In the oil and gas industry, flexible pipes and their configurations have been extensively studied across
various applications. However, there remains a gap in understanding the impact of various configura-
tions on the design of flexible pipes. Existing research often focuses on case-specific scenarios with
limited examination of the effects of various configurations in both static and dynamic environments.
Additionally, there is a lack of research incorporating the transportation of hydrogen as an internal fluid
in flexible pipes. Conversely, the floating wind industry has produced numerous studies aimed at op-
timizing DPC configurations to reduce global loads and prevent fatigue failure [22, 23]. This research
bridges the knowledge from flexible pipe applications in the oil and gas sector with FOWT’s, specifi-
cally focusing on hydrogen transport. This research seeks to enhance understanding of various lazy
wave configurations of flexible pipes in wind-to-hydrogen applications under both static and dynamic
conditions. Therefore, there is a necessity for a parametric study to examine the influence of different
geometrical parameters on the design of flexible pipes
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1.3. Research Objectives

The objective of this research is to determine how variations configurations influence the structural re-
sponse behavior of the lazy wave configuration for flexible pipes. This is done through a parametric
study of decision parameters influencing the global configurations, with a focus on evaluating system
performance in terms of constraints, specifically tension and curvature response behavior. The research
aims to provide insights into various configurations and their corresponding effects of specific constraints,
which can serve as a basis for arbitrary scenarios. The main research question is:

What impact do parameters of lazy wave configurations have on the tension and curvature of
flexible pipes connected to a semi-submersible FOWT in hydrogen applications?

To answer this research question, sub-research questions have been formulated as follows:

What is the difference in response in static and dynamic environments?

What are the most relevant geometrical parameters influencing the configuration and how do they
impact the response?

What is the effect of different water depths on the variations of these parameters?

1.4. Approach

To address the research question and its sub-questions, this section outlines the approach adopted.
The analysis is conducted exclusively through numerical simulations using the commercially available
software, OrcaFlex (OF), a leading tool in offshore dynamic applications. A pipe designed for hydrogen
applications but not yet tested is utilized, provided by a pipe manufacturer. The configuration is deter-
mined based on rules of thumb from DPC studies that focus on minimizing tension and curvature. These
recommendations specify the proportions of the total length as well as the non-buoyant and buoyant sec-
tions to establish the reference configuration. A single omni-directional metocean condition models the
dynamic environment, simulating an irregular sea state combined with de-coupled aerodynamic loading
and depth-varying current speeds, based on in-house data from Vattenfall. Water depths are varied
across 200m, 400m, and 600m. The parametric study, focusing on configurational parameters, iso-
lates single parameter changes to clearly understand their individual impacts. The effects are evaluated
based on global tension and curvature metrics.

1.5. Scope
To scope of this research requires several assumptions to simply the numerical model. These are as
follows:

+ FOWT model: The model uses a pre-provided semi-submersible design. FOWT substructures
are classified into three main types based on its stability: semi-submersible, spar, and Tension-
Leg Platform (TLP). The spar-type foundation achieves stability by lowering the buoyancy center,
while the TLP utilizes tensioned anchors to the seabed. The semi-submersible combines buoyancy
control and anchored mooring, chosen for its widespread research, technological readiness, and
global market presence.

+ System Configuration: Offshore wind-to-hydrogen setups can be centralized, decentralized, or
semi-centralized. A centralized configuration involves a single hydrogen production unit within
the wind farm, whereas decentralized involves individual units per FOWT. Semi-centralized sys-
tems link multiple production units to clusters of turbines. The adoption of a decentralized offshore
wind-to-hydrogen system is driven by its benefits and early developmental stage. This configu-
ration eliminates high-voltage infrastructure, streamlining the system to focus solely on hydrogen
transport via flexible pipes. Furthermore, it facilitates the easily scalable expansion of individual
FOWTs.

» Pipe configuration: This research exclusively examines the lazy wave configuration, recom-
mended for its effectiveness in DPC applications connected to FOWTs. This configuration is pre-
ferred due to its capability to decouple the motion of the floater from connection points. It adeptly
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manages axial and bending stresses, particularly at the Hang-off Point (HOP) and Touch Down
Point (TDP), facilitated by the use of Buoyancy Modules (BMs).

» Failure Modes: Focus is on mechanical failure modes including tension, compression, overbend-
ing, and collapse, rather than thermal, chemical, or accidental failures. Fatigue is not considered
due to the multi-layered structure’s complex interactions, where simplified beam theory is inade-
quate.

» Operational and Environmental Conditions: Lastly, the emphasis is on operating conditions
and the Ultimate Limit State (ULS), which describes the maximum load a pipeline can endure with-
out structural failure. This ensures that the pipe withstands severe loading during its operational
life. Environmental considerations specifically exclude Vortex-Induced Vibrations (VIV) and ma-
rine growth. VIV, primarily caused by currents, can lead to oscillatory movements and potentially
induce fatigue due to frequency lock-in. Marine growth alters the pipe’s and BM’s weight and
hydrodynamic characteristics, affecting the pipe’s configuration from its initial configuration.

1.6. Outline of the Report

To address the research question, this report is organized as follows. Chapter 2 provides a review and
identifies suitable design considerations for flexible pipes used as umbilical systems. It explores current
technologies in non-bonded flexible pipes, discusses possible configurations, and applies relevant ancil-
laries. This chapter also reviews various loads on pipe structures and explores hydrogen transportation
through pipelines. The selection of components used throughout the research is elaborated on.

Chapter 3 details the methodology for the numerical simulations of the parametric study. It begins
with an overview of the design conditions and processes, including design stages and accompanying
failure modes, followed by design constraints and the theoretical foundations of all modeled components.
A reference case study is then considered, forming the preliminary basis of the research. Subsequently,
the numerical software is analyzed, integrating several simplifications and input requirements to finalize
its base case scenario. This sets the foundation for the parametric study, where evaluation criteria for
static and dynamic analysis are noted, concluding with the setup for parameter decisions at water depths
of 200m, 400m, and 600m, and finalizing with the sensitivity analysis setup.

Chapter 4 presents the research results, discussing the impact of each parameter individually based
on static and dynamic analyses and their effects at different water depths, followed by its sensitivity.

Finally, the discussion and limitations are addressed in chapter 5, followed by the conclusions and
recommendations listed in chapter 6.



Flexible Pipe Design

This chapter provides an overview of the design and technological aspects of flexible pipes and the selec-
tion of aspects covered in this research. It begins with a detailed exploration of flexible pipe technology in
section 2.1, covering the characteristics of non-bonded and bonded structures, the cross-sectional com-
ponents that contribute to their functionality, and the selection of pipes used in this research. Section
2.2 examines various umbilical configurations, highlighting the advantages and limitations of different
designs and noting the selected configuration. Additionally, section 2.3 describes the essential ancillary
components required for flexible pipe systems, along with the selection of these components. Section
2.4 discusses the loads that a pipe structure is subjected to, detailing the selections made for this re-
search. Finally, the chapter concludes with a discussion and on hydrogen transportation through flexible
pipes in section 2.5.

2.1. Flexible Pipe Technology

Conventional steel pipelines, despite their maturity, face challenges in flexibility, corrosion protection,
and installation costs, leading to the development of offshore flexible pipes. These pipes can be bent
to small radii without losing mechanical strength and can be installed using the reel method, reducing
overall costs [24]. In moderate and deep waters, flexible pipes are often the only viable solution. Since
the 1980s, their use has expanded in offshore oil and gas exploration, now comprising over 80% of
marine risers [25]. Dynamic flexible pipes are versatile, functioning as risers, flowlines, and jumpers,
and are particularly useful for routing in congested subsea layouts, thus lowering installation costs. Its
characteristics, types of structures, cross-sections, protection, and selection will be discussed.

2.1.1. Characteristics

Flexible pipes are crucial in riser applications due to their unique multilayered design, which offers lower
bending stiffness compared to rigid steel risers. This allows them to accommodate smaller radii of
curvature while maintaining the same pressure capacity. Their ability to endure significant deformations
under various loads, such as ocean currents, waves, VIV, and vessel movement, makes them ideal
for offshore production [26]. Flexible pipes are preferred over steel pipes for their compliant structure,
enabling permanent connections between floating vessels and subsea installations, and their ease of
transport and installation due to prefabrication in long lengths stored on reels [27]. The global strength
of flexible pipes includes low bending stiffness, high volume stiffness and strength for containing fluids
under high pressure, and high axial stiffness for deep-water deployment. However, these advantages
are balanced by lower torsional and axial compressive stiffness and strength [27].

2.1.2. Non-bonded and bonded structures

Flexible pipes are composed of multiple layers, with the structure classified as either bonded or un-
bonded. In un-bonded pipes, layers can slide independently, while bonded pipes have layers attached
into a single structure, forming an elastomeric matrix [27]. Un-bonded structures, characterized by low
bending stiffness, high axial stiffness, and high volume stiffness, are ideal for flexible risers, due to
their ability to withstand significant flexure while maintaining axial strength and pressure integrity [28]
[29]. Bonded pipes, known for their flexibility, small bend radius, and reliable couplings, are well-suited
for confined spaces and customizable sections. However, they typically have lower axial and crush
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resistance, are prone to gas decompression, face thermal and chemical limitations, and require joints
due to segment length constraints [30]. Appendix A.1 summarizes the advantages and disadvantages
of both structures, while for this research the non-bonded flexible pipes are used.

2.1.3. Cross-section of non-bonded pipes

Each layer within a flexible pipe serves a specific function, with variations in composition to meet different
pipeline requirements and accommodate manufacturer variations. The number of layers varies with
the pipe’s diameter and pressure rating, with up to 20 layers in high-pressure scenarios. The region
between the outer sheath and internal pressure sheath is called the annulus, and the presence of a
carcass determines whether the pipe has a rough or smooth bore. From the innermost to outermost
layer in non-bonded pipes, as depicted in figure 2.1, the components include:

1) Stainless steel carcass

2) Polymer fluid barrier

3) Carbon steel pressure armour
4) Anti wear / birdcaging tapes
5) Carbon steel tensile armour
6) Polymer external sheath

(a) Detailed cross-section of a non-bonded flexible pipe [27] (b) Cross-section of a non-bonded flexible pipe, courtesy of
GE Oil & Gas

Figure 2.1: Cross-sections of non-bonded flexible pipes

» Carcass: Helically wound interlocked wire, usually stainless steel, prevents inner sheath erosion
and withstands external seawater pressure [24].

» Polymer Layer: Provides flexibility and acts as a fluid barrier, supported by steel armor and poly-
mer to maintain low bending stiffness.

* Internal Pressure Sheath: Cylindrical polymer sheath, typically made from materials like HDPE,
XLPE, PA, or PVDF, transfers internal pressure and seals the medium [24].

» Pressure Armor Layer: Steel or carbon steel section withstands internal and external pressures
[24].

» Tension Armor Layer: Helically wound steel wire, resists axial tension and maintains torsional
balance [24].

» Anti-Wear Layer: Low-friction polymer tape reduces wear and friction between metal layers [24].
* Insulation: Provides thermal insulation, if necessary.

» Outer Sheath: Similar to the internal sheath, seals against seawater and resists external pressure.

2.1.4. Protection methods

Pipeline design is influenced by fluid properties, including corrosion potential, density, gas diffusion,
and internal friction. Materials like Super Duplex or AlISI 316 are often used to resist corrosion. Fluid
density changes can alter riser configurations, while gas diffusion in un-bonded pipes requires annulus
ventilation to prevent pressure buildup. High-frequency vibrations, especially in rough bore pipes, pose
challenges like noise and vibration. Pressure primarily determines armor wire dimensions, and temper-
ature dictates polymer material selection. In instances transportation of liquids, vibrations induced by
two-phase slug flow must also be considered [27, 31], however, in the transportation of purely gaseous
hydrogen, slug flow is less common. For this research, a constant density, pressure and temperature
is considered, where vibrations and slug-flow are left out of the scope. External corrosion risks, requir-
ing careful material selection and protective measures like inhibitors, coatings, or cathodic protection.
These measures are vital for maintaining pipeline integrity and uninterrupted operations [32].
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2.1.5. Selection of the pipe

For the pipe that is being used in this research, a collaboration with NOV has been achieved. NOV
is a worldwide company that produces flexible pipes for various offshore applications. Using in-house
software specifically designed to combine various materials and layers in different cross-sectional con-
figurations, a flexible pipe design has been constructed. This pipe is optimized to have as few layers
as possible with low grades of strength. Testing of these materials still has to be performed to verify
their applicability with hydrogen. The input parameters for this software require the water depth, design
temperatures, and pressures. These design pressure and temperature of the pipe are determined by
the output of the electrolyzer.

2.2. Umbilical System Configurations
The various possible configurations for umbilicals are listed in this section, followed by the configuration
selected for this research.

2.2.1. Overview of umbilical configurations

In the current industries, the configurations are chosen based on factors like water depth, production
unit movements, environmental conditions, and interference issues [27]. The simplest configuration is
the free-hanging catenary, which is cost-effective but prone to fatigue and compression at the TDP. More
complex configurations, like lazy and steep wave, incorporate buoyant sections to mitigate these issues
but are more challenging to install. The selection of an optimal riser configuration depends on several
factors, including geometry, structural integrity, and cost [33]. The available configurations, shown in
figure 2.2, and their applications are summarized in table 2.1.
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Figure 2.2: Flexible Riser System Configurations [34]

Risers and DPCs, denoted as umbilicals, have been extensively studied, particularly focusing on configu-
rations such as the lazy wave and catenary shapes. [35] developed a matrix ranking riser configurations
based on environmental conditions, installation, and cost, shown in appendix A.1. The lazy wave con-
figuration is favored for reducing stress at critical points like the HOP and enhancing fatigue resistance,
effectively decoupling substructure motions from the TDP [36]. [37] mentions that structural loading
originates from the ocean waves combined with the intricate movements of the vessel. The study by
[38] concluded that internal pressure led to a decrease in axial tension. [38] noted that internal pressure
reduces axial tension, while [39] highlighted the minimal impact of current conditions on riser behavior,
emphasizing the importance of optimal buoyancy module length. In contrast, the catenary configuration,
though simpler and cost-effective, faces higher stress concentrations, making it less ideal in harsh envi-
ronments due to its susceptibility to overbending at the TDP and significant loads at the HOP [40]. The
lazy wave configuration is generally preferred for deepwater scenarios, as it ensures consistent stress
distribution and better performance in varying sea states [39].
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Table 2.1: Summary of riser configurations[27]

Configuration Complexity Typical Applications and Properties

Free Hanging Low Simple, low-cost, minimal infrastructure.
Catenary Suitable for low to moderate motions with mild wave climate.
Vulnerable to buckling at TDP, sensitive to fluid density changes.

Lazy Wave Medium Uses Buoyancy Modules (BM) to decouple motions.
Reduces top tension and TDP loads.
Suitable for larger substructure motions in more extreme condi-
tions.
Wave shape sensitive to current, waves and marine growth.

Steep Wave Medium Similar to Lazy Wave, but more compact.
Vertically connected to seabed.
Less seabed interference, higher tension at the base.

Tethered Wave = Medium Variation of Lazy Wave with a tether anchor.
Controls TDP movement, used when TP is beneath the platform.
Moderate to large substructure motions, some seabed restric-
tions.

Lazy S High Subsea buoy for minimal interference; when BM are undesirable.
Buoy instability due to riser weight and water absorption.
Suitable for constrained spaces and multiple risers.

Steep S High Similar to Lazy S, but more compact.
Riser interference expected.
Used where seabed space is limited.
Vertically placed into riser structure.

Chinese High Straight riser with a curved middle section due to BM.
Lantern Most challenging configuration, requires precise computation.
Unstable and achievement is difficult.

Vertical Tower Very High Combines steel and flexible pipes.

and Jumper Used in deep water with moderate wave loading.
Can facilitate disconnection.
Low top tension, compact design.
Thermal insulation required.

Dynamic Low Connects closely positioned platforms, vessels, or substructures.
Jumper Absorbs relative motions and simple design

2.2.2. Selection of configuration

For flexible pipe applications in FOWT, configurations must meet specific demands, including suitability
for deep waters, prevention of large stresses at critical points, allowance for FOWT offset, and cost-
effectiveness. The most suitable configurations are the lazy wave and the catenary, which reduce
stresses at the HOP due to buoyant elements and accommodate for offset. However, the downside
of the lazy wave configuration is that it is not the most cost-effective solution due to the pricing and
installation costs of the ancillary components. Consequently, while the catenary configuration may be



2.3. Umbilical Ancillaries 9

suitable for less demanding applications, the lazy wave configuration is generally preferred for deepwa-
ter scenarios for both pipes and DPCs. Given that lazy wave configurations are currently being deployed
for FOWT in practice, this research focuses on the lazy wave configuration.

2.3. Umbilical Ancillaries
The main ancillaries for an umbilical configuration are provided, followed by the selection of ancillaries.

2.3.1. Overview of umbilical ancillary components
Flexible pipe systems require several key auxiliary components. For visualizations of components, see
appendix A.2.

» End Fittings: These are crucial for securely anchoring and sealing each layer of the flexible pipe,
ensuring structural integrity. At the interface, the bending stiffness is significantly pronounced. End
fittings are custom-designed to withstand applied loads, generally stronger than the pipe itself, and
are made from materials like AISI 4130 steel. Key design aspects include maintaining tolerances,
appropriate filling techniques, ensuring the correct functioning of annulus vent ports, and utilizing
anode clamp designs for corrosion prevention. [41]

+ Bend Stiffeners (BS) and Bellmouths: These components prevent overbending at critical points,
particularly near the HOP. BS, made from polyurethane, provide smooth load transitions and are
preferred for high-motion vessel applications. Bellmouths, typically made of steel, serve a similar
function. [41]

* Bend Restrictors: Positioned at the top and bottom connections, these restrictors prevent exces-
sive bending, especially at vulnerable points like the riser base. Made from hard plastic or steel,
they are crucial for controlling tension and shear loads. [41]

Buoyancy Modules (BM): These modules shape the umbilicals configuration. They consist of
syntactic foam within a durable polymer casing, clamped individually to the riser, typically two or
three times the outer diameter of the pipe. Design considerations include water depth and service
life to prevent water absorption and maintain the its configuration. [42]

Annulus Venting System: Over time, fluids transported through the pipe can diffuse into the
annulus (e.g., water, CO2, and H2S), potentially causing corrosion, fatigue, or hydrogen-induced
cracking and sulfide stress cracking in steel. This system prevents gas buildup, which could lead
to pressure collapse and pipe failure. The venting mechanism ensures the safe release of gases,
protecting the structural integrity of the pipe. [41]

* Riser Bases: Riser bases connect flexible risers to flowlines and support subsea buoy systems.
The type of riser base, whether gravity-based or anchored, depends on the applied loads and soil
conditions. [41]

2.3.2. Selection of ancillary components

Since the ancillaries focusing on the end fitting and annulus venting system are primarily concerned
with material selection, they are beyond the scope of this research. The focus here is on designing the
dimensions of the BM and BS to accommodate a suitable configuration. The riser base is specified as
the termination point and is also not investigated further.

2.4. Load Analysis of Umbilicals
An overview of different types of loading on umbilicals is provided, followed by an examination of the
selected loads considered for the flexible pipe structure.

2.4.1. Types of loading

The flexible pipe is subjected to various loads during its lifetime, including gravity, buoyancy, waves,
currents, hydrostatic pressure, hydrodynamic drag, added mass, marine growth, and VIV. These loads
are crucial for ensuring structural integrity, as illustrated in figure 2.3.

» Gravitational and Buoyancy Forces: Gravity imposes significant axial stresses, particularly at



2.4. Load Analysis of Umbilicals 10

Floater displacement

Figure 2.3: Loads on riser structure [43]

the HOP, influencing the pipe’s load distribution and geometry. Buoyancy, provided by the pipe
and BM'’s, counteracts gravity and contributes to the formation of the Hog Bend (HB) and the Sag
Bend (SB). The net force on the submerged pipe is summation of gravity and buoyancy forces of
pipe and BM.

+ Wave Loads: Waves impact the dynamic behavior of structures. Realistic ocean wave conditions
are modeled using a superposition of regular waves to represent irregular sea states, employing
the JONSWAP spectrum. Waves exert oscillatory forces with important parameters being wave
height, period, and directionality. [44, 45]

» Current Loads: Currents contribute to hydrodynamic drag, similar to waves. These loads vary
with depth and are influenced by both tidal and wind-generated currents. In the absence of empir-
ical data, profiles are modeled using empirical or theoretical methods, taking into account depth-
dependent variations. Important parameters include current speed and direction. [44]

» Hydrostatic Pressure: Hydrostatic pressure increases linearly with depth, exerting compressive
forces on the pipe. This pressure is must be accounted for to prevent collapse. The collapse limit
defines the maximum allowable depth beyond which the pipe could fail due to external pressure.

* Hydrodynamic Drag and Added Mass: Hydrodynamic forces from waves and currents generate
drag and added mass effects on the pipe. These forces are typically estimated using the Mori-
son equation, which incorporates drag, inertia, and Froude-Krylov forces. Calibration of these
coefficients ensures accurate load predictions. [46, 47]

» Marine Growth: The accumulation of marine organisms over time changes the pipe’s weight and
geometric shape, affecting its hydrodynamic characteristics and load distribution. [44]

Vortex-Induced Vibrations (VIV): VIV occurs when alternating vortices shed from the pipe, induc-
ing vibrations. When the vortex shedding frequency aligns with the natural frequency of the pipe,
lock-in occurs, leading to resonance and amplified oscillations. These oscillations increase the
risk of fatigue failure. [47]

+ FOWT Displacement: The motion of the FOWT (surge, sway, heave, roll, pitch, yaw) is driven
by hydrodynamic and aerodyanmic forces and influences the pipe through its connection point at
the HOP. Prediction of the six degrees of freedom (6DoF) is important for simulating the pipe’s
dynamic response

Friction: Continuous interaction between the pipe and the seabed results in frictional loading,
which can lead to wear and tear over time. This friction arises from the pipe’s movement under en-
vironmental forces, with the severity influenced by both the seabed’s composition and conditions.

2.4.2. Load considerations and selection

The loadings discussed in present multiple challenges to pipe structure, requiring careful design and
material selection. Gravitational forces induce axial stresses, while buoyancy modules are designed to
counteract these stresses without increasing stress concentrations. An increasing hydrostatic pressure
with depth challenges structural integrity under compressional loads. Dynamic stresses from wave and
current loads necessitate robust designs, especially due to irregular wave patterns and depth-dependent
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current profiles. Hydrodynamic drag and added mass effects demand coefficient selection for effective
stress management. Additionally, the motion of the floating platform, influenced by six DoF, is integral
to the overall design and the friction is a continuous factor at the contact of seabed. For simplification,
certain loads were excluded from the design considerations. Marine growth, which alters the structure’s
weight, shape, and hydrodynamic characteristics over its lifetime, was omitted due to its gradual impact,
considered minor within the context of a single operational load case. Similarly, VIV, while important in
fatigue analysis, involves extensive computational studies and are beyond the scope of this research.

2.5. Hydrogen Transportation

This section provides an overview of the challenges associated with hydrogen transport through flexible
pipes and addresses considerations related to the properties of hydrogen.

2.5.1. Challenges of transportation of hydrogen

Hydrogen transportation via pipelines presents several challenges due to its unique physical properties,
such as low density, high compressibility, and low viscosity. The low density of hydrogen necessitates
larger volumes or additional risers for equivalent energy storage or transport, which not only complicates
infrastructure and increases costs [48] but also affects the buoyancy characteristics of the system. In
wind-to-hydrogen scenarios, space limitations require optimized sizing solutions. High compressibility
enhances storage and transport efficiency but leads to significant pressure variations, affecting other
properties like density and viscosity with changing pressure and temperature [49]. While low viscosity
reduces frictional losses and improves transport efficiency [50], it also raises the risk of flow-induced
vibrations and potential erosion within the pipeline [51]. Additionally, hydrogen’s high diffusivity and
flammability present safety concerns, requiring the use of robust materials and stringent safety mea-
sures to prevent leaks and ignition. These factors demand careful design and material selection to
ensure the safe and efficient transport of hydrogen in pipelines.

Gas flow in pipelines is primarily driven by pressure differences, with internal friction leading to pres-
sure drops influenced by factors such as pipe roughness and length. The general flow equation, which
accounts for these variables, accounts for accurately calculating pressure drops in gas pipelines [52].
For hydrogen transport, determining the minimum pipeline diameter involves balancing pressure drops,
velocity limits, and maximum flow rates [53]. The total pressure drop is affected by friction, elevation
changes, and delivery pressure. Hydrogen’s flow rate is governed by its unique properties [54], and
managing velocity constraints are important to prevent vibration-induced fatigue and erosion [51].

Hydrogen transportation in flexible pipes involves several failure risks, including fatigue from cyclic stress,
erosion due to high flow velocities, and hydrogen embrittlement. Effective material selection and design
constraints, requires materials with high resistance to hydrogen embrittlement HE and control of flow ve-
locities to avoid erosion and vibration-induced fatigue. Embrittlement can lead to rapid crack propagation
and material failure, making the use of HE-resistant materials essential. A recent study evaluated the
suitability of flexible pipes for hydrogen transport, providing optimal material solutions for different layers
in un-bonded flexible pipes [55]. The dynamic nature of flexible pipes, with repetitive bending, further
increases fatigue risks when combined with embrittlement. Additionally, implementing safety measures,
such as effective grounding and regular monitoring, is needed to mitigate the risks associated with hy-
drogen leaks and ignition during transport.

2.5.2. Selection of hydrogen properties

In this research, constant pressure, temperature, and density are assumed throughout the entire length
of the pipeline. Flow-induced vibrations and other risk factors, such as hydrogen embrittlement and
erosion from high flow velocities, are not included in this analysis. Moreover, the gas flow rate is also
considered to be constant.



Methodology

This chapter outlines the framework used to analyze flexible pipe systems. It begins with an overview
of the design conditions and processes in section 3.1, including the design stages of flexible pipes,
failure modes, and pipe limitations. Section 3.2 provides the theoretical foundation and basis of the
design, covering specifications on simulation tool, configurations, and of all components used in this
research. Section 3.3 details the reference case study used as the preliminary design, describing all
the required input parameters for its configuration layout, simulation, and the capacity for hydrogen
production. The software tool used is analyzed in section 3.4, covering the techniques, motion equation,
and its verification, after which all integrated analysis techniques are evaluated. The development of the
base case scenario leads to a discussion of the evaluation criteria for its boundary conditions, as well
as a comparison between the static and dynamic analyses in section 3.5. Finally, the chapter discusses
the parameter setup for different water depths based on the exploration of key parameters, ending with
the setup for sensitivity analysis.

3.1. Design Conditions and Process

This section presents the process used in the design of flexible pipes. The following subsections outline
the essential stages of the design overview, failure modes, and its constraints and limitations.

3.1.1. Overview design stages
The design process for flexible pipe applications in dynamic environments follows a series of well-defined
stages, as outlined by [26] (see appendix B.4 for the complete flow chart [26]). These stages include:

1. Material Selection: Choose materials that are compatible with the transported product and meet
functional requirements. This step involves specifying materials for all layers, as discussed in
section 2.1.5.

2. Cross-Section: Select the pipe’s cross-sectional structure and dimensions based on functional
needs. Various layers and orientations can be developed for flexible pipes.

3. System Configuration: Determine the system layout and geometrical shape from available op-
tions, as described in section 2.2.2. Ancillary components like the buoyancy section and BS are
also considered at this stage.

4. Dynamic Analysis: Evaluate the riser’s dynamic response under different loading conditions,
addressing potential interferences with other systems, tensions, and curvatures.

5. Detail and Service Life: Focus on the detailed design of ancillary components and assess corro-
sion protection, including a full service life analysis of the pipe and all components.

6. Installation: Finalize the design by selecting and designing all installation systems, including
vessels, equipment, and methodologies. Detailed global and local analyses ensure the chosen
system’s feasibility.

Stage 1 and 2 are carried out using in-house software from NOV [56], resulting in the hypothetical
pipe tailored to this study’s needs. The selection of materials and cross-sections is based on hydrogen
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parameters, location specifics, pipe length, and water depth. While material selection for stage 1 is
based on applicability for hydrogen conditions, validation has not been fully conducted. Similarly, stage
2 relies on previous experiences with other applications, keeping the design as simple as possible.
Consequently, the pipe has not undergone all required testing in facilities before being recommended
for real-life application, and is thus constructed based on knowledge and experience from previous
applications.

The completion of stage 2 leads to the focus on stages 3 and 4 of the design process. This research
specifically addresses these stages, where the output of stage 2 serves as the input requirements. The
system configuration design focuses on the lazy wave shape with the use of BM, while the dynamic
analysis considers location-specific environmental conditions. The output of stages 3 and 4 verifies
whether the pipe can operate within the limits specified at the end of stage 2, ultimately determining the
pipe’s suitability for supporting the system and dynamic design as the end-purpose.

If stages 3 and 4 show successful outcomes, the detailed and installation design follows, which
focuses on end fittings, corrosion protection, monitoring provisions, vessels, equipment, etc. If the re-
sponse based on the outcome of stage 4 is not recommended, various configurations can be checked,
or it may be concluded that the material of the cross-section unbonded flexible pipe is not sufficient. The
success of stage 4 is verified by exploring the various failure modes.

3.1.2. Potential failure modes

Designing the pipe requires careful consideration of potential degradation and failure modes for the
intended application. Failure of a flexible pipe can occur during different life phases, including oper-
ational, manufacturing, transportation, and decommissioning. Table 3.1 outlines specific mechanical
failure modes relevant to the operational life phase, including accompanying failure mechanisms and
possible design solutions. Other failures include hydrogen embrittlement, impacts, pigging, aging wear,
and vibrations [57], as well as issues related to thermal properties, permeation characteristics, or mate-
rial compatibility [31].

The table specifies potential failure mechanisms and their corresponding design solutions, which involve
modifying certain design stages. Forinstance, modifying stage 1 or 2 may include adjustments to specific
layers prone to failure, such as increasing layer thickness, changing the material selection, enhancing
the material’s strength, modifying the layer build-up, or adding additional layers. Stage 5 modifications
include designing protection systems or additional support ancillaries. During stages 3 and 4, changes to
the system configuration are necessary, which involves altering the system’s shape by adjusting different
configurational parameters. [31]
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Table 3.1: Listing of failure Modes for flexible pipes [31]

Global Failure Mode  Potential Failure Mechanisms Design Solutions

Collapse Collapse of carcass/pressure armor due to Modify stage 1/2 or 3/4
tension, external pressure or installation
loads or internal pressure sheath

Burst Rupture of pressure or tensile due to Modify stage 1/2
excessive internal pressure.

Tension Rupture of tensile armors or collapse of Modify stage 1/2 or 3/4
carcass/pressure armor/internal sheath

Compression Birdcaging of tensile armor wires Modify stage 1/2 or 3/4

Overbending Collapse of carcass/pressure armor/internal Modify stage 3/4
pressure sheath or unlocking of interlocked
layers

Torsion Failure of carcass/tensile armor/internal Modify stage 1/2 or 3/4
pressure sheath or birdcaging

Fatigue Tensile armor/pressure armor wire fatigue Modify stage 1/2 or 3/4

Erosion Internal carcass Modify stage 1/2

Corrosion Internal carcass or pressure/tensile armor Modify stage 1/2 or 5

exposed to seawater or internal fluid

3.1.3. Design constraints and pipe limitations

The design constraints for flexible pipes are defined by the parameters specified in stages 1 and 2, as
determined by the manufacturer. Specific design criteria for unbonded flexible pipes are provided by
design codes [58]. To prevent mechanical failure modes listed in table 3.1, modifications of different
stages are possible, yet, stages 1 and 2 are taken as constant provided by the in-house software of
NOV. Additionally, stages 5 and 6 can only be completed if stages 3 and 4 are successfully executed.
This narrows the focus to failure modes that can be prevented during stages 3 and 4, such as collapse,
tension, compression, overbending, torsion, and fatigue.

The multi-layered structure of the pipe complicates the application of the proposed combined loading
criteria method by [59], as each layer has its limitations and failure modes. The interaction of different
layers makes this capacity more complex than that of single-layer dynamic or steel risers used in the
oil and gas industry. For example, fatigue-susceptible layers are not made of continuous homogeneous
material, with pressure layers having interlocked structures and armor wires wound helically, indicating
that the fatigue of these local structures requires finite-element analysis models for accurate calculation.
Therefore, the fatigue life will not be evaluated due to its extensive nature.

Similarly, the decision not to focus on torsion is based on the nature of the flexible riser, which is
less subjected to torsional motions. As the pipe is connected to the FOWT, which imposes 6DOF, the
primary governing wave and aero-induced motions are surge, heave, and pitch [60] [61]. This results in
torsion-induced motion being minimal at both end points due to minimal generation of torsion-induced
axial motion. However, gyroscopic effects of the Rotor Nacelle Assembly (RNA) can influence the yaw
motion of the FOWT [60], and furthermore torsion-induced pressure can occur [62], but these are out-
side the scope of this research. Therefore, the primary focus is on failures caused by collapse, tension,
compression, and overbending.

These four drivers are the requirements for input at stage 3 of the design process. These failure modes
can be addressed during the design stages of stages 3 and 4. Tensile and overbending failures are gov-
erned by tensile forces and bending moments, while collapse failure is governed by external pressure
limiting the pipe to a specific water depth, and compression is governed by ensuring the axial load is not
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negative. The hypothetical flexible pipe is therefore governed by its maximum capacity, defined by the
Minimum Breaking Load (MBL) and the Minimum Bend Radius (MBR). These specifications, provided
by the pipe manufacturer, outline limits that must not be exceeded:

* Minimum Breaking Load (MBL): 531 kN
* Minimum Bend Radius (MBR): 1.69 m

* Maximum allowable depth: 510 m

3.2. Basis of Design and Theory

This section provides an overview of the foundational design and theoretical aspects relevant to this
research. It includes subsections on the simulation tool, the geometric configurations of the lazy wave,
and detailed specifications for the configurations, the FOWT model, pipe, buoyancy sections, and BS.

3.2.1. Simulation tool

The analysis of the effects on pipes in both static and dynamic environments can be performed through
analytical calculations, numerical simulations, or physical testing. This research focuses on numerical
simulations, where precise modeling and simulation are crucial for accurately predicting the behavior of
offshore systems. The commercially available software OF is utilized. OF is a fully 3D, non-linear, time-
domain finite element dynamic analysis software, widely employed in the offshore industry. Umbilical
systems display nonlinearity due to factors like hydrodynamic forces, geometric stiffness, extensive
3D rotations, material inconsistencies, and seabed interactions. The nonlinear approach effectively
captures potential non-Gaussian behaviors in response to environmental and operational conditions
[63].

To achieve reliable results, it is important to balance simulation accuracy with computational effi-
ciency. The response from these simulations provides insights into the motion and loads on a pipe,
identifying locations where loads are highest. These analyses often include range graphs, which display
mean, minimum, and maximum values along the length, and time histories, which track load variations
over time. Normalized results are particularly useful for visualizing areas at risk of failure by comparing
loads or motions against their limits. Steps for creating a precise design and its operating environment
include:

* Implementing environmental parameters accurately, ensuring that load cases represent typical
and realsitic conditions.

» Accurately representing FOWT motions, whether through full modeling or pre-obtained motion time
histories.

* Inputting realistic parameters for the pipe and auxiliary components, using validated values from
existing literature or in-house data from similar deployed pipes.

3.2.2. Geometrical configuration of the lazy wave

The configuration of the lazy wave consists of multiple sections to generate this particular shape. Figure
3.1 visualizes the different sections of the lazy wave shape. The pipe is connected at HOP on the semi-
submersible and its ending point at the TP. The generated wave shape is created by the BMs, denoted
as the buoyancy section, or section 2. The non-buoyant section from the HOP to the buoyant section
is denoted as section 1, and the non-buoyant section from the buoyant section to the TP is denoted
as section 3. The generated wave shape in the configuration features the HB, a vertically higher bend
due to the buoyant section, and the SB, a vertically lower bend due to the non-buoyant part of the pipe.
Furthermore, at the beginning, a BS is present, although it is not visualized in this figure. The FOWT,
pipe (non-buoyant sections), buoyant section, and BS will be elaborated on in the subsequent sections.

3.2.3. Floating offshore wind turbine model specifications

The FOWT is the KO3 semi-submersible, equipped with a 15 MW reference wind turbine, developed as
part of the International Energy Agency’s Wind Task 37 [64], as visualized in figure 3.2. The turbine’s
RNA is designed with a three-bladed rotor; however, in this research, the coupled aerodynamic model
has been de-assembled, meaning the RNA and the blades are not modeled. To compensate for the
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Figure 3.1: Overview of the lazy wave shape

lack of blades, the thrust force or drag is modeled at hub height. The nacelle is supported by a tower
mounted on the Umaine Volturn US-S semi-submersible platform. The specific design details of the
platform, mooring, and tower are provided in [65]. The model does not account for the dimensions or
weight of an electrolyzer, as this is not yet developed.

Figure 3.2: KO3 15MW semi-sub FOWT

3.2.4. Pipe specifications

The in-house software from NOV provides the structural parameters of the pipe, which are listed in table
3.2. These parameters are provided by the manufacturer, and not varied throughout this research. The
derivation of the hydrodynamic drag coefficients in the normal direction is shown in appendix B.1 [66],
whereas the coefficients in the axial direction are not specified and are thus taken as default values in
the software of OF. Furthermore, the pipe is connected to the center of the platform.

To determine the net force on a submerged section of the pipe, the difference between buoyancy and
gravity forces can be expressed with equation 3.1. Since the wet mass per unit length is known, the
equation for the dry mass per unit length can be simplified using these properties as follows:

Fsubm,pipe = Fb,pipe - Fg,pipe = pswgvdisplaced — Mypiped
= psngL - w;m'pe,drygL = *wpipe,wetg[/total (31)

where Fspm pipe 1S the submerged weight of the pipe in N, F}, i and Fy ,;,,c are the buoyancy and
gravity forces on the pipe in N, p.., is the density of seawater in kg/m3, g is the gravitational constant in
m/s?, Vaisplacea i the displaced volume of the object m?3, Mpipe iS the mass of the pipe in kg, A is the sur-
face area of the submerged partin m?2, L.« is the total length of the submerged partin m, Wpipe,dry 1S the
dry mass per unit length in airin kg/m, and wp;pe we: i the wet mass per unit length in seawater in kg/m.

The pipe consists of multiple sections, each with a different net force. The total net force is the combined
net force of these sections, derived using equation 3.2. This consists of three sections, where the second
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Table 3.2: Structural specifications of the pipe

Properties Symbol Unit Value Comment
Outer diameter ODpipe m 0.1622 4 inch
Inner diameter IDpipe m 0.1016 6.4 inch
Mass per unit length _ . _

in air empty Wpipe,dry  KG/M 36.3 Operational = 36.5
Mass per unit length ‘ . _

in sea empty Wpipe,wet ~ KG/M 151 Operational = 15.3
Bending stiffness EI kNm? 20
Axial stiffness EA MN 160
Torsional stiffness GJ kNm?/deg 6
Normal & axial

drag coefficients CD pipe - 1.05, 0.008 [35], [66], Default
Normal & axial

drag coefficients CA pipe - 0.6,0 [66], Default
Poisson ratio UBS - 0.3 [67]
Seabed friction SB - 0.5 [68], Default

section is the buoyancy section of the pipe. The first and third sections simplify 7 and Fs to Fsypm pipe,
respectively.

Esubm,tot =F +F+F3= 7wpipe,wetgL1 + Iy — wpipe,wetgLS (32)

where F} and F3 are the submerged weights of the pipe in sections 1 and 3 respectively in N, L,
and L3 are the lengths of sections 1 and 3 in m, and F5 is the net force of the buoyancy section in N,
which will be elaborated upon in the following section.

3.2.5. Buoyancy section specifications

BM are important in the lazy wave configuration, positioned between the HOP and TDP of the pipe to
generate an upward buoyancy force that exceeds the pipe’s gravitational force in water. Typically, for
deepwater lazy wave risers, the buoyancy force is double the combined weight of the steel pipe and
its contents [69]. Various BM geometries are available for riser and DPC configurations, installed at
consistent intervals or pitch, and can be customized to specific requirements [70, 71]. Fewer BM units
reduce costs and simplify installation. Figure 3.3 shows the application of BM’s. These are typically
made from composite foams with low water absorbency to maintain the lazy wave configuration and
must be securely attached to the riser to prevent changes in configuration.

(a) BM clamped on pipe structure model [41] (b) BM application on pipe [35]

Figure 3.3: Buoyancy Modules on a pipe structure
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The net force on a single submerged BM can be calculated with the following equation:

Fouwom,Bm = Fo pvr — Fg v = (psw9Vidisplaced) — (MBrmg) = (psw — pBM)9VBM (3.3)

where Fgum, 50 is the submerged weight of the BM in N, Fy, gy and F; gas are the buoyancy and
gravity forces on the BMin N, mp), is the mass of the BM in kg, ppas is the density of the BM in kg/m3,
and V), is the volume of the BM in m3.

The net force on a submerged BM depends on its volume, calculated using equation 3.4 where the BM
is assumed to be a hollow cylinder. Figure 3.4 illustrates single BM’s attached to the pipe, denoted as a
discrete buoyancy BM.

™
Veym = Z(ODQB M= ODfn-pe)LB M (3.4)

where OD gy is the outer diameter of the BM in m, OD,;,. is the outer diameter of the pipe in m and
Lpyy is the length of BM in m.

€ Lpy 3 Lga | Lgy
|< dar ’l-‘ gy ’II

Figure 3.4: Schematic overview of a discrete buoyancy section [69]

In OF, there are two methods to implement BM’s on a pipe: as discrete BMs attached at pre-determined
locations (figure 3.4) or as distributed buoyancy, where BM’s are uniformly distributed along the pipe’s
length (figure 3.5). Within OF, a specialized tool configures the distributed buoyancy section by the
derivation of implemented data from the discrete buoyancy method. The distributed method is partic-
ularly useful for global analysis as it converts the properties of individual BM’s into a uniform section,
bypassing the design constraints of individual modules. This approach allows for a combined buoyancy
force to create geometries tailored to specific applications [72].

ODgy, :{Gﬁpaps

Figure 3.5: Schematic overview of a distributed buoyancy section

For this research, the distributed method is employed rather than the discrete buoyancy to simulate an
equivalent buoyancy section. The buoyancy section is treated as a simplified structure with a uniform
external diameter. The equivalent outer diameter and mass per unit length are defined with equations
3.5 and 3.6, respectively. The equivalent drag coefficients are provided in appendix B.2, with the added
mass calculated using the same process. For the equivalent buoyancy section’s diameter, the tool
within OF directly calculates the drag and added mass coefficients using data from the discrete method,
determining equivalent coefficients appropriate for the distributed buoyancy section.
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Lpm
)* L  ODR,, (3.5)

where dg), is the constant pitch be between the BM’s in m.

pipe

ODpare = \/ (OD%,, — OD?

™
4
where pp) is density of BM's in kg/m? and mpu, g iS the mass of teh hardware of the BM kg.

(peMLpr(OD%y — OD2 ) +mpn,r)g/deu (3.6)

We = Wpipe,dry +

The distributed method necessitates adjusting the force from equation 3.3 from single BM to distributed
data. By incorporating the equivalent outer diameter and mass per unit length, the net vertical force
for the buoyancy section is calculated using equation 3.7. In this research, potential buoyancy losses,
anticipated at around 10% [69], are disregarded.

i
By = psng(ODQBM,e)LQ — wegLo (3.7)

where p..,, is density of the sea water in kg/m?3 and L, is the length of the buoyancy section in m.

3.2.6. Bend stiffener specifications

The section after the HOP is critical due to its susceptibility to overbending caused by significant motion
responses of the FOWT. To mitigate this, a BS is integrated to reinforce the pipe’s stiffness, preventing it
from bending beyond its allowable radius. This increases performance by ensuring a smooth transition
between the pipe and its end connection, as illustrated in figure 3.6. Typically made from polyurethane,
BS are anchored in a steel collar to facilitate load transfer and strengthen the connection point. Key
design considerations include fatigue and creep characteristics, which determine the optimal conical
dimensions [41]. Bell mouths and bend restrictors also serve to prevent excessive bending at various
points along the pipe length.

(a) BS clamped on pipe model (b) BS application on pipe

Figure 3.6: Bend Stiffener on a pipe structure

BS are highly recommended to provide additional support against bending without inducing tension.
Previous studies indicate that these stiffeners are tailored to specific end-use applications and lack a
uniform design [73] [74]. However, the density and Young’s modulus are typically held constant at 1200
kg/m? [75] and 45 M Pa [76], respectively. The dimensions of the BS are shown in figure 3.7, where
the OD,ipe, Liip, tiip, and clearance gap between the BS and the pipe are fixed.

3.3. Reference Case Study

This section establishes the reference case for this research, used as the preliminary design, incorporat-
ing parameters of configuration, system layout, simulation requirements, and the capacity of hydrogen
production.
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Figure 3.7: Schematic overview of a Bend Stiffener

3.3.1. Configuration and ancillaries properties

For various configurations, it has been demonstrated that the lazy wave configuration is superior to the
catenary configuration. In optimizing a DPC, initial recommendations for umbilical design are provided
based on specific DPC properties, including buoyancy section weight and submerged weight. These
recommendations offer a balanced solution for tension and curvature [23, 76]. The following generalized
rules of thumb form the reference case for this research:

+ Total length of the umbilical is 2.8 times the vertical distance from seabed to HOP

 The first second, second section and third section for the umbilical are in ratios of 1:1:2

» The horizontal distance between HOP and termination point is 2 times the vertical distance from
seabed to HOP

At a water depth of 200 meters, the reference case configuration yields the following properties specified
in table 3.3.

Table 3.3: Properties of the geometrical shape for the reference case

Properties Symbol Unit Value Comment

Water depth d m 200

Draft T m 20

Vertical HOP distance A m 180 h=d-T

Total length Liotal m 504 Liotal = 2.8 % h
Length first section Ly m 126 Li:Ly:L3=1:1:2
Length second section Lo m 126 Li:Ly:L3=1:1:2
Length third section Ls m 252 Li:Ly:L3=1:1:2
Termination point Xrp m 360 Xrp=2xh

To maintain an identical geometrical shape of the pipe at 200-meter water depth to a DPC, adjustments
in the buoyancy section are necessary, as a flexible pipe has its own specifications. BM are typically
produced for specific end-use, based on the amount of buoyancy needed to achieve the required geomet-
rical shape [77]. Studies show variations in density, hardware mass, and dimensions of BMs depending
on the configuration [78, 79]. To replicate the configuration of the reference case for the DPC, the length
and diameter are set to 0.9 m and 0.73 m, respectively. Table 3.4 lists these specifications of the pa-
rameters. The length, density, hardware mass, and coefficients remain constant, while OF translates
these into properties for the distributed buoyancy section, as specified in section 3.2.6. For the refer-
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ence case, the BS parameters are adopted from [23]. Typically, only the length and the tip and base
diameters are provided, but not all geometrical parameters are specified. These include the thickness
at the tip, the length of the tip, and the clearance gap. These will be further developed in section 3.4.7
during the BS geometric development. Throughout the parametric study, the density, Young’s modulus,
and coefficients will remain constant with properties from this reference case.

Table 3.4: Properties of ancillaries for the reference case

Properties Symbol Unit Value Comment

Length Ly m 0.9

Diameter ODgy m 0.73

Hardware mass mpm,a e 0.025 Default
BM Density PBM te/m® 0.5 Default

Normal & axial

drag coefficients Co.pam - 0.209, 1 [80]
Normal & axial
added mass coefficients CABM " 0.459,0.6  [80]
Length Lpg m 3 [76]
Diameter base Dpyse m 0.7 [76]
Diameter tip Dyip m 0.38 [76]
Length tip Lyip m - NA
Thickness tip teip m - NA
BS Clearance gap - m - NA
Density PBS te/m® 1.2 [23]
Young’s Modulus Eps GPa 045 [23]
Drag coefficient Cp.Bs - 1 Default
Added mass coefficient Ca.Bs - 1 Default
Poisson ratio UBS - 0.45 [75]

3.3.2. Overview of complete system lay-out

The FOWT by [65] features a pre-modeled layout for the mooring lines, which are typically oriented and
dimensioned to withstand ultimate load conditions [81]. While the orientation of the platform relative
to metocean conditions is not specified, it is important for a FOWT with DPCs to avoid contact with
mooring lines by establishing a safe distance between components. Contact is unacceptable due to the
risk of damage and operational failure. To prevent such interactions, a minimum angular clearance of
12 degrees between the DPC and mooring lines is recommended [82], serving as a safety measure to
avoid interactions.

The semi-submersible platform is symmetrically designed in the xy-plane, with mooring lines spaced
120 degrees apart. This symmetry allows for potential pipe orientations ranging from 12 to 108 degrees
relative to the mooring lines. A single pipe orientation was chosen, positioned precisely between two
mooring lines to minimize the probability of contact and interference with the mooring lines.

The lay-out supports decentralized offshore wind-to-hydrogen configuration where electrolysers are
placed at each FOWT seperately, minimizing the need for extensive electrical infrastructure and en-
hancing operational resilience [53]. Figure 3.8 illustrates the top view of the complete system layout,
showing the selected orientation in relation to the mooring lines. This system layout is applied in the
reference case and across the entire research. No alternative layouts will be considered or developed
in subsequent analyses.
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Figure 3.8: Top-view orientation of the complete system lay-out

3.3.3. Required input for simulations

For the reference case, additional input data is required, encompassing environmental conditions and
simulation parameters. Both inputs will be thoroughly investigated in the next section, which includes an
environmental study and a convergence study. However, before these analyses are conducted, prelim-
inary simulations require these parameters to be implemented with specific values. The environmental
parameters are adopted from the similar study of recommendations for the configurational parameters
[23], while the simulation parameters are based on a combination of internal recommendations from
Vattenfall and NOV.

For explanations of all parameters listed in table 3.5, refer to the designated sections of the environ-
mental study in section 3.4.6 and the convergence of simulation parameters in section 3.4.8, where the
development of these parameters is discussed in detail. These preliminary parameters are thus not used
in the parametric study. They are provided for the complete implementation of the reference case and
will be applied only in the initial analyses presented in the following section, until further development.

The peak enhancement factor was not provided by [23]; hence, it was decided to set this value at
2 [82]. For the simulation parameters, the target segment length of 1m defines the segment length for
the non-buoyant section, while the recommendation of the buoyant section uses half this resolution to
minimize unrealistic behavior due to its bending characteristics [82]. Furthermore, the resolution for the
BS is always set to 0.05m, as this is a highly sensitive component to curvature [76].

Table 3.5: Properties of simulation input for the reference case

Properties Symbol Unit Value Comment

= Wind speed Viated m/s 10 [23]

€ w Thrust force Fiprust MN 29 [23]

g 5 Significant wave height H, m 5 [23]

5 @ Peak wave period T, s 11.2 [23]

E g Peak enhancement factor 5 - 2 [82]

E g Current speed U m/is 0 [23]
Wind/wave/current direction - ° 0 [23]

5 2 Time step - s 0.1 [82]

= % Target segment Iength - m 1 [23][56][82]

s E non-buoyant section

€ 5 Build-up time - s 600 [82]

na

Simulation time - s 10800 [82][83]
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3.3.4. Hydrogen production and capacity

Hydrogen production is based on the design requirements of 40 barg and 50 °C as the output from the
electrolyzer, with hydrogen’s energy content being 55 kWh/kg and the wind turbine capacity rated at 15
MW, operating with an efficiency of approximately 60% [82]. The internal fluid velocity is estimated at
15 m/s [84]. The mass flow rate of hydrogen is estimated at 0.04545 kg/s using the following equation:

_Pxn
B

MH, (3.8)
where P is the power output in MW, n the efficiency factor and E is the energy content of hydrogen
in kWh/kg.

The density of hydrogen can be approximated using the ideal gas law. While higher temperatures favor
ideal gas behavior, the high pressures involved lead to compressed behavior and intermolecular forces.
This provides a reasonable approximation, but greater accuracy can be achieved by using compressibil-
ity factors to account for deviations from the ideal gas law. However, using the ideal gas law, the density
is estimated to be 3.00 kg/m3. Combining the mass flow rate and density yields an maximum estimated
volumetric flow rate of 0.01515m?/s.

Assuming the turbine and electrolyzer are running at full capacity, a pipe with an internal diameter of
0.0359m (1.4 inches) would be sufficient for transporting all the produced hydrogen. If the hypothetical
pipe specified in section 3.2.4 is used, it would thus sufficiently accommodate the required transport
capacity, given its inner diameter of 0.1016m (4 inches). Therefore, the reference case with a single
pipe can be employed. For detailed calculations, see appendix B.3.

Comment: During this research, the derived density was not used in simulations due to an imple-
mentation error, resulting in a density value that was ten times higher.

3.4. Numerical Software Analysis

This section provides a comprehensive evaluation of the software analysis. It begins with techniques
and the equation of motion, followed by the verification of the pipe to ensure accurate interpretation. The
analysis then compares the De-Coupled Method (DCM) and the Fully-Coupled Method (FCM) modeling
approaches, along with a comparison between discrete and distributed buoyancy methods. An environ-
mental study is conducted to determine the conditions that excite the worst response from the system,
followed by the development of the BS. Finally, the simulation parameters are determined through a
convergence study. Although the analyses in this section are performed sequentially in the specified
order, the convergence study did not incorporate the developed BS.

3.4.1. Modeling techniques

OF uses the lumped mass model for the simplification of the pipe. This approach enhances computa-
tional efficiency by dividing the line into straight, massless segments defined by nodes at both ends. The
axial and torsional properties of the line are directly modeled, while other properties like mass, weight,
buoyancy, and drag are concentrated at the nodes. Each node combines the properties of the adjacent
half-segments, where forces and moments are applied. Fluid-related forces, including buoyancy and
drag, are calculated based on the varying wetted length relative to the water surface. Each segment is
modeled as two co-axial telescoping rods linked by axial and torsional spring-dampers, while bending
properties are simulated through rotational spring-dampers at the segment ends. The discretized model
is illustrated in figure 3.9.

OF employs a global modeling approach, representing the pipe with a uniform, solid cross-section. This
method does not capture internal dynamics such as inter-component movement and friction. However,
it enables the estimation of its global loads without delving into effects on different layers. For local
analysis, specialized software would require global load data as input for a 3D local finite-element anal-
ysis model, which applies stress factors to convert these loads into detailed stress and strain responses.
This research will not explore local analysis methods due to time constraints and the unavailability of
suitable software, but it recognizes the physical limitations associated with this modeling approach.
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Figure 3.9: Finite element model in OrcaFlex [85]

3.4.2. Equation of motion

Understanding pipe configurations requires analysis of both their equilibrium states and responses in
dynamic environments. Static analysis determines the equilibrium configuration necessary for subse-
quent dynamic analysis [86]. This focuses on the pipe’s weight and buoyancy while assuming external
loads are zero. Dynamic analysis, on the other hand, incorporates external environmental forces such
as wave action, wind, currents, FOWT motions, and seabed friction. These factors influence the sys-
tem’s behavior under operational conditions. This analysis adopts a nonlinear time-domain approach to
model the response. The outcomes of this complete section are governed by the results of the dynamic
analysis. The equation of motion used to model the system’s response, detailed in equation 3.9, is
applied node by node. This creates a localized equation for each node rather than a collective system
equation.

M(p,a) + C(p,v) + K(p) = F(p,v,1)[85] (3.9)

where M (p, a) represents the inertia load, C'(p, v) denotes the damping load, and K (p) the stiffness

load. F(p,v,t) corresponds to the external excitation load, with p, v, and «a referring to the position,
velocity, and acceleration, respectively, and ¢ the simulation time.

3.4.3. Verification of software assumptions

In OF, certain design modeling decisions require verification. This is achieved by comparing theoret-
ical loads with the results from numerical OF simulations. The discrepancy between theoretical and
numerical results is calculated using the following formula:

| Numerical — Theoretical|

(3.10)

Discrepancy = |Theoretical
Gravity and Buoyancy Forces: The first verification involves end-forces due to gravity and buoyancy
on a pipe without a buoyancy section. The pipe is suspended in both air and water (see figure 3.10a).
For the scenario suspended in air, there are no buoyancy forces, whereas, in water, buoyancy forces
are present. The endpoint forces are calculated using equation 3.11, where wy,. represent wpipe dry
and wyipe,wet, the mass when the pipe is suspended in air and water, respectively. The discrepancies
in the dry and wet weight forces are 0.068% and 0.85%, confirming that the gravitational and buoyancy
forces are accurately modeled in OF.

1
Fena = §w[)ipeLg (311)

Buoyancy Section: The second verification concerns the forces on a distributed buoyancy section,
modeled using the equivalent outer diameter OD g,/ . and equivalent mass per unit length w. (equations
3.6 and 3.5). The buoyancy force is calculated using equation 3.12 and visualized in figure 3.10b, where
the pipe is only suspended in water. The discrepancy in the endpoint forces for the buoyancy section is
1.85%, higher than that of the non-buoyant section.

m
Fend = psng(ODQBMe)L - wegL (312)
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Figure 3.10: End-forces for gravity and buoyancy test scenarios

Beam Theory Verification: The Euler-Bernoulli beam theory is used in OF to analyze the behavior of
beam-like structures. This theory assumes linear elasticity, small deformations, neglects shear deforma-
tion and assumes that place sections remain plane. However, flexible pipes are far more complex, with
multiple layers and non-homogeneous materials. For more information on this theory, see appendix B.5.
While computationally efficient, these simplifications can introduce inaccuracies:

» Material Homogeneity: OF treats the multi-layered pipe as homogeneous and isotropic, assum-
ing material properties uniform throughout the structure and behave identically in all directions.

» Constant Cross-Section: The assumption of a constant cross-section along its length neglects
the complex interaction between layers, potentially leading to inaccurate stress distributions.

* No Layer Separation: The theory does not account for relative movement or separation between
layers when subjected to loading, affecting structural integrity.

* Neglecting Non-Linearities: The beam theory assumes linear elasticity, which may not hold un-
der high stress or strain conditions, leading to inaccuracies in response predictions.

* Neglecting Shear and Warping Effects: The theory assumes that plane sections remain plane,
neglecting potential warping and shear deformation in flexible pipes, and underestimating the de-
formation.

The beam theory simplifications might leads to discrepancies between the simulation results and actual
pipe behavior in the field, resulting in less accurate predictions for overall pipe performance. Yet, the
application of beam theory in OF is verified by comparing the modeled axial and bending stiffness with
theoretical predictions. Axial stiffness is tested by applying an axial force, resulting in pipe elongation,
while bending stiffness is tested by applying a bending moment to the pipe’s end. These tests are shown
in figure 3.11. The discrepancies for axial and bending stiffness were 1.85 x 1074% and 7.12 x 10~2%,
respectively, confirming that OF closely models these stiffnesses according to beam theory.
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Figure 3.11: Axial and bending stiffness test scenarios



3.4. Numerical Software Analysis 26

3.4.4. De-coupled and coupled method comparison

This section explores the differences between the DCM and FCM. The FCM approach models the entire
system, integrating the FOWT’s motion with the connected pipe and mooring system, allowing for the
interaction of all components. This method accounts for forces such as restoring, damping, and inertia,
which influence the response of the FOWT [87]. Restoring forces include hydrostatic horizontal and
angular restoration due to pipe and mooring displacement, while damping forces account for hydrody-
namic drag interactions influencing the flow among components. Additionally, the inertia forces from the
mass of the pipe and mooring affect the system’s behavior under environmental loads. In contrast, the
DCM evaluates these components separately, neglecting these coupling effects. Typically, the FOWT’s
motion is first assessed, either through numerical simulations or experimental data, which are then used
as an input for simulating the pipe’s response [88]. While the FCM is comprehensive, it is also compu-
tationally demanding, whereas the DCM is more efficient but may introduce slight inaccuracies.

The study by [88] compares the two methods for mooring lines connected to a wave energy converter.
The DCM involved hydrodynamic analysis to determine the FOWT’s RAOs, which were then used in
mooring simulations. The FCM, on the other hand, considered the entire system’s response within the
same software. Although both methods produced comparable motion responses at the HOP, differences
emerged further along the mooring due to coupled effects. The FCM showed higher stress cycles and
fatigue damage, leading to a preference for this method. Additionally, [89] found that the DCM tends to
overestimate maximum motion responses.

Although these studies provide insights into the dynamics of mooring systems connected to wave
energy converters, the applicability of these findings to flexible pipes connected to FOWT requires con-
sideration. Mooring lines and flexible pipes, for example, show different properties leading to different
restoring effects. Furthermore, wave energy converters are designed to harness energy through motion,
typically optimized for high amplitude oscillations in heave, pitch, and surge. In contrast, FOWTs, are
designed to minimize these motions to stabilize the platform. The mass of FOWTs is substantially larger
than that of most wave energy converters, contributing to significantly higher inertia. This larger inertia
moderates the response to environmental forces, reducing the relative motion between the platform and
the pipe. In addition, while mooring lines are typically deployed in catenary configurations, the pipe con-
figuration in this study uses a lazy wave setup. The use of BMs is specifically intended to decouple the
pipe’s motion from that of the FOWT, mitigating the impact of platform movement on critical points like
the TDP and HOP [40].

These differences suggest that the DCM, while introducing inaccuracies due to its separate considera-
tion of component interactions, might be adequate for the simulation of flexible pipes in FOWT setups,
especially when buoyancy aids are employed. This approach offers a practical balance between com-
putational efficiency and the need for accuracy. Given these possible differences, an examination of
these coupling effects in the context of an FOWT is provided.

Simulations were conducted using the reference case. Two scenarios were simulated over a 3-hour
sea state, focusing on differences in design constraints of tension and curvature. The discrepancies
between the two methods were analyzed at every time step at the the transition form buoyant to non-
buoyant section for tension and at the TDP for curvature. These two locations were chosen as they
exhibited the largest response differences over a 3-hour sea state simulation. The maximum observed
differences were 5% for tension and 10% for curvature at similar time steps (averaged over the simu-
lation time; 0.25% for tension and 0.75% for curvature). When comparing the maximum tension and
curvature across the entire simulation period, the largest discrepancies were 0.5% for tension and 4%
for curvature.

In the following section, the comparison between the DCM and FCM, along with an analysis of discrete
versus distributed buoyancy, will be further explored. In the following section, the analysis will delve
deeper into these peak differences between the DCM and FCM, as well as the impacts of discrete and
distributed buoyancy. This aims to demonstrate how the most realistic and simplified scenarios affect
the accuracy and reliability of the response.

3.4.5. Discrete and distributed buoyancy section comparison

As detailed in section 3.2.6, the BM in the buoyancy section can be configured either as distributed or
discrete buoyancy. Distributed buoyancy uniformly spreads buoyancy along the pipe’s entire section,
whereas discrete buoyancy places BMs at specific intervals. This distinction is important as discrete
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buoyancy provides a more realistic representation by capturing the variable responses based on BM
placement and spacing.

For this comparative analysis, figures 3.12 display the tension and curvature for two scenarios: one
employing the FCM with discrete buoyancy and the other using the DCM with distributed buoyancy
(similar locations as mentioned in 3.4.4). The FCM scenario simulates the most realistic conditions
possible, whereas the DCM scenario is a simplified method.

These differences indicate that while the simplified scenario used throughout this research provides
lower response outputs in both tension and curvature, it necessitates adjustments in design constraints
to accommodate these discrepancies. The maximum observed differences were 5% for tension and 30%
for curvature at similar time steps (averaged over the simulation time; 0.75% for tension and 25% for
curvature). When comparing the maximum tension and curvature across the entire simulation period,
the largest discrepancies were 0.5% for tension and 22% for curvature. These measurements were
taken at a single point along the pipe, which showed the largest differences. Therefore, they may not
represent variations across other locations.
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Figure 3.12: Comparison for the FCM with discrete buoyancy and DCM with distributed buoyancy

The comparison of discrepancies from section 3.4.4 with those previously mentioned shows that ten-
sion discrepancies remain consistent. For both comparisons, the maximum observed differences at a
single time step and their overall maximum during the simulation show discrepancies of 5%. This in-
dicates that the replacement to distributed buoyancy has a minor effect on tension, and thus primarily
influenced by the shift to the DCM method. Conversely, for curvature, replacing to distributed buoyancy
significantly impacts the results, suggesting that this change affects curvature more than the shift of
coupling method. The discrepancies in curvature increased three times for the maximum observed dif-
ference at a single time step and five times for the maximum difference across the full simulation. This
suggests that curvature discrepancies are mainly influenced by the replacement of distributed method,
while tension discrepancies are predominantly driven by the shift of coupling method.

In response to these findings, a utilization factor of 30% is applied to the predefined MBL and MBR
limits to account for the simplifications introduced by using DCM with distributed buoyancy. This factor
is based on dynamic analysis, where the differences in surface area between distributed and discrete
buoyancy influence the drag and added mass forces acting on the pipe. A smaller utilization factor might
be more suitable for static scenarios, given the absence of dynamic external forces. However, the 30%
approach is considered conservative, especially considering the lower observed maximum differences
across the simulation time. However, these measurements were taken at a single location, while the
largest curvature discrepancies between distributed and discrete buoyancy configurations are likely to
occur at the pipe-to-BM connection in the discrete method. This effect would be more pronounced in
dynamic scenarios, potentially leading to larger differences. Therefore, applying the most conservative
discrepancy observed is considered a reasonable precaution to account for unobserved locations where
greater variances may arise



3.4. Numerical Software Analysis 28

3.4.6. Environmental study
The environmental conditions impacting the system’s performance are examined. The metocean condi-
tions, design codes for an FOWT, load cases, and FOWT responses also explored.

3.4.6.1. Modeling of metocean conditions
For the metocean data, in-house sources from Vattenfall provided a 23-year time series with a 3-hour
interval, although the specific location used in this research remains confidential.

In this research, wind conditions are simplified due to the disassembly of the turbine blades, which
affects the RNA. Here, wind is modeled solely as thrust or drag force (Fiprust OF Fireg). Consequently,
wind effects are only on the platform, tower, and struts. This approach reduces the influence of wind
since the aerodynamic force is concentrated at RNA, and other structural exposed surfaces to wind are
relatively small. A constant wind profile, derived from the API spectrum, calculates wind speeds above
sea level using the power law, utilizing wind speed measurements as input. The wind speed, denoted
by V with corresponding subscripts to the conditions, is measured at 10 meters above sea surface. This
model does not account for wind gusts, as their impact is minimal on the relatively small exposed surface
areas.

The behavior of water surface waves is inherently complex and stochastic, often represented in sea
state models as a random superposition of waves with varying amplitudes, frequencies, and phases.
This randomness is captured by spectral density functions, for which the JONSWAP spectrum is par-
ticularly suitable [45]. This spectrum models the energy distribution across wave frequencies for a fully
developed sea, employing parameters such as the significant wave height H, peak wave period T},, and
peak enhancement factor 4. The enhancement factor describes the peakedness of the wave spectrum,
with higher values indicating a greater concentration of energy around the peak frequency, resulting in
more pronounced waves. At this location, the significant wave height does not exceed 9 meters, and
the peak period is less than 18 seconds.

Ocean currents are influenced by a variety of factors [90]. In the absence of detailed field measure-
ments, a simplified method using a depth-averaged (2D) model can be employed to approximate current
speeds.This model integrates the surface current speeds with a depth-average factor to effectively sim-
ulate the conditions expected at various depths. This method is especially effective in regions known
for complex current patterns, such as this location. Current speed, denoted by U with appropriate sub-
scripts, is measured at the surface and averaged down to 200m, where at depths beyond 200m, current
magnitudes are assumed to be similar to those at 200m.

The location-specific wave, wind, and current roses, and wave scatter diagram are depicted in figure
3.13. The prevailing wind and wave direction is South-West, while the current flows Northeast, directly
opposite. The alignment between wind and wave suggests that the waves are locally wind-generated.
The misalignment of the current with respect to the wind and wave can be explained by the mixture of two
seas where local wind, density, and pressure influence the currents. To determine which conditions and
directions will be used in this research, further simplifications will be made. Simulating every possible
combination is computationally impractical. Therefore, an alternative approach is taken by calculating
a single metocean condition derived from omni-directional conditions. This will be further discussed in
the coming sections.
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Figure 3.13: Metocean data

3.4.6.2. Design codes FOWT

The design process for flexible pipes requires compliance with criteria formulated in four limit states:
serviceability, ultimate, accidental, and fatigue limit states [91]. The serviceability limit state ensures
that the pipe remains operational. The ULS requires that the riser withstand extreme environmental
conditions, without rupture but not necessarily remain operational. The accidental limit state addresses
ULS due to infrequent, accidental loads and the fatigue limit state concerns damage from cyclic loading.
This research focuses on design concerning the ULS.

Environmental conditions considered in the design process, as outlined by [92], include all natural phe-
nomena such as wind, waves, current, and water level. These phenomena may be interdependent, with
their respective directions potentially governing the design. The standard categorizes environmental
conditions into an “environmental class”. Load Cases (LCs) for flexible pipes in the oil and gas industry,
as specified by [42], involve functional, environmental, and accidental loads during installation, normal,
or abnormal service conditions. Typically, a global analysis combines a 100-year wave with a 10-year
current in mean, near, and inline offset positions. However, this approach is specifically designed for
floating oil platforms and does not account for the unique conditions of FOWTs. Therefore, the decision is
made to adhere to the Design Load Cases (DLCs) specified for FOWTs. This approach is also applied to
the design of mooring lines [93]. In this context, a variety of LCs must be evaluated under different condi-
tions. Relevant standards [44] [94] provide minimum DLCs that account for these environmental factors.

Therefore, an important aspect of the design basis is transforming site-specific conditions into relevant
LCs. Several design conditions are listed in [92] as DLCs: power production, power production with a
fault occurrence, startup, normal shutdown, emergency shutdown, parked (idle), parked with fault condi-
tions, and transport, assembly, maintenance, and repair. However, not all DLCs are equally applicable.
Therefore, two main DLCs are considered particularly relevant: power production and parked condition
[93] [95]. The power production (DLC 1.6a and 1.6b) is associated with a severe sea state and a normal
wind and current model, while the parked condition (DLC 6.1a and 6.1b) is associated with an extreme
sea state combined with an extreme wind and current model. The overview of these DLCs is presented
in table 3.6.



3.4. Numerical Software Analysis

30

Table 3.6: Design load cases

Design DLC Wind Turbine Sea state Current Directional
situation thrust/drag

1.6a ‘/rated Fthrust at Vtrated Hs at V;"ated Ulfy'r
Power Co-&

roduction Uni-directional
p 1.6b chtfout Fthrust at Hs at ‘/cutfout Ulfyr
‘/cut—out

6.1a ‘/E)O—year Fdrag at V’SO—year Hs,50 U5—y7‘
Parked Misaligned &
condition Multi-directional

6.1b ‘/E)fyear Fdrag at V57year H5,5 U507y7’

To limit the number of possible environmental conditions, the design scenario inducing the highest load-
ing and bending on the pipe will be investigated. The DLCs focus on different directionalities with respect
to different combinations of wind, wave, and current. The roses in figure 3.13 show that the wind speed,
wave height, and current speed do not have their highest probability of occurrences in similar directions.
However, omni-directional metocean conditions are used, which result in wave/wind/current parameters
with their values in every direction specified as their highest observed [96]. The probability of these three
parameters to have their absolute highest value in similar directions is thus low, however, most inter-
esting as this provides the most extreme response resulting in a conservative approach. The design
scenario that has the most significant impact on design constraints is identified and used for the para-
metric study. Taking omni-directionality into account, the environmental conditions are as follows listed

in table 3.7.
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Table 3.7: Omni-directional environmental conditons

Paramater Symbol Unit Value Comment
Rated Viated m/s  10.59 [65]
. Cut-out Vewt—out m/s 25 [65]
Wind speed 50-year Vso—yr m/s  33.1 [82]
5-year Vs_yr m/s 29.7 [82]
at Veated & Vewt—out  Fihrust MN 29 Operating condition [65]
Thrustdrag iy & Vi Fiay MN 127  Parked condition [65]
at Vra,ted Hsﬂ’atgd m 42 Tp = 83 S & Y = 2 [82]
. at Vewt—out Hg cut—our M 8.1 T,=11.7s&~v=2.3[82]
Wave height 5\ ear Hyso_yy ™ 81  T,=122s8&~y=23[82]
5-year Hss5_yr m/s 7.3 T,=11.6s&~=23[82]
Extreme current model;
1-year Utyr m/s  1.04 Normal current model
Current speed unavailable [82]
5-year Us. yr m/s 1.18 [82]
50-year Uso,yr m/s 1.4 [82]

3.4.6.3. Simulation load cases and selection of environmental parameters

In power production, the wind, wave, and current directions are aligned (uni-directional), while in the
parked condition, a misalignment of £30 degrees between the wind and wave directions is considered
as per [44]. This misalignment is applied across 30-degree intervals for wind, wave, and current direc-
tions. Given the symmetrical layout of the FOWT, directionality is evaluated from 0 to 180 degrees in
30-degree increments for both power production and parked conditions. The directional LCs for power
production (DLC 1.6a and 1.6b) have 7 cases each, while the parked condition setups (DLC 6.1a and
6.1b) have 36 cases each. The environmental conditions are misaligned as wind/wave/current at 30/0/0,
0/30/0, 0/0/30, 30/30/0 degrees, etc. In total, 84 LC are analyzed for their impact on tension and curva-
ture, as shown in figures 3.14a and 3.14b. Tension is evaluated at the HOP, SB-HB transition (transition
from non-buoyant to buoyant section), HB-TDP transition (transition from non-buoyant to buoyant sec-
tion), and TP, while curvature is assessed at the BS, SB, HB, and TDP. Each load case is represented
by specific wind, wave, and current directions indicated by three coordinates on the x-axis in the figures.
These coordinates follow the same sequence for wind, wave, and current directions, respectively.

The analysis indicates that tension is generally less impacted by environmental conditions than curvature.
The most significant tension variations occur at the HOP, while curvature is most affected at the BS and
TDP. Large variations in curvature are observed due to the FOWT'’s offset. Comparing DLC 1.6a and
1.6b (power production) and DLC 6.1a and 6.1b (parked conditions), higher responses were consistently
noted in the "b” scenarios. For power production, the stronger wind and wave conditions contribute to
increased tension at the HOP and curvature at the BS. In parked conditions, smaller wind and wave
forces, combined with stronger currents, primarily impact the curvature at the BS, leading to increased
output results, while tension remains relatively unchanged.

Consequently, due to the larger responses in both tension and curvature, only DLC 1.6b and 6.1b are
considered for further analysis. For these scenarios, when comparing different environmental direction
combinations within each design situation, a clear trend emerges. At a 0-degree environmental align-
ment, the largest curvature responses are observed at the BS and TDP. Misaligned conditions result in
a reduction in curvature response, with minimal changes in tension. This holds for both uni-directional
and misaligned situations. At a 180-degree directionality, the pipe is stretched, leading to a smoother
curvature at the HOP and TDP, but with a slight increase in tension. Thus, the largest curvature re-
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sponses are observed when the environmental conditions are aligned with the pipe layout.

The significant curvature response at the BS suggests that this is not developed adequately. Due to
the impact on curvature and the relatively consistent tension response, the decision is made to prioritize
DLC 1.6b with inline metocean conditions (0,0,0 direction). This choice is further supported by the fact
that the parked condition simulations do not account for an empty pipe; instead, they assume similar
internal fluid conditions as in power production. As a result, the empty pipe conditions in the parked sce-
nario have not been fully captured, making power production the most reliable scenario for this decision.

Comment: During this analysis, the decoupled aerodynamic loading with the single-point force at

the RNA had not been implemented with correct directionality. Therefore, only the wind loading on the
surface components changed direction, while the point force remained fixed at a 0-degrees.

Effect of load cases on tension
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Figure 3.14: Results of various load cases on tension and curvature along different points of the pipe length
DLC 1.6b, characterized by in-line environmental conditions, exhibits the most significant impact on this

specific configuration and layout. The selected environmental parameters further used in this research
are detailed in table 3.8, and visualized in figure 3.15
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Table 3.8: Selected environmental parameters

Paramater Symbol Unit Value
Wind speed Viyated m/s 25
Thrust force Finrust MN 29
Significant wave height Hy m 8.1
Peak wave period T, s 1.7
Peak enhancement factor y - 2.3
Current speed U m/s 1.04
Wind/wave/current direction - ° 0
_ Wind Profile Wave frequency spectrum Current profile
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Figure 3.15: Environmental profiles for selected environmental parameters

3.4.6.4. FOWT responses to wave conditions

To identify potential sea states causing motions at the connection point, the FOWT’s response to vari-
ous wave frequencies is analyzed using RAOs (Response Amplitude Operators), which depend on the
vessel’s size, mass, wave direction, and period [97] (see appendix B.6).

Given the symmetrical design of the semi-submersible in the x-y plane, wave directions at 0, 60, and
90 degrees are evaluated. For translational motions, resonance peaks are observed at wave periods
exceeding 19 seconds. For rotational motions, resonance peaks in pitch and roll are also above 18
seconds across all directions. However, at 0 and 90 degrees, there is a response amplitude at a wave
period of 8 seconds—specifically for pitch at O degrees and roll and yaw at 90 degrees. The yaw am-
plitude could potentially induce torsional motions, but based on [97] and [72], the primary influence is
the heave motion, as it generates the largest forces on the connected pipe. Therefore, these smaller
amplitude peaks in rotational motions are noted but not further investigated.

According to the wave scatter diagram, the peak wave period at this location has its lowest prob-
ability at 18 seconds. Resonance peaks for all motions, except yaw, are above 19 seconds, making
resonance unlikely due to the infrequent occurrence of such wave periods. While extreme sea states
could still pose a risk, a comprehensive assessment based on extreme value theory [98] is beyond the
scope. The analysis of wave frequencies and RAOs thus did not align since different peak periods are
observed. Consequently, the LC analysis provided the environmental conditions governing the meto-
cean conditions that excited the most extreme responses.

3.4.7. Development of bend stiffener

In previous analyses in this section, the from BS from the reference case was adopted, however, these
components are typically customized for specific applications. Therefore, this requires development
of the BS for the hypothetical flexible pipe in combination with the selected environmental conditions
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specified in section 3.4.6.3. Material properties like density, Young's modulus, and Poisson’s ratio are
consistent with those used in the reference case. Additionally, parameters like the tip length (L:;,), tip
thickness (t.;), and clearance gap between the pipe and BS are based on in-house DPC applications,
derived at 20 mm, 20 mm, and 30 mm, respectively [82]. The tip dimensions must ensure a smooth
transition from the BS to the pipe while maintaining sufficient thickness to prevent vulnerability, and the
clearance gap allows for water exchange between components.

For the BS development, the primary design parameters are the length (L zs) and base diameter (Dyc)
[99]. The pipe must not experience over-bending, suggesting that larger dimensions might be preferable
to minimize fatigue. However, smaller lengths and diameters are often preferred for several reasons:

* Reduced shear force and bending moment at the base connection.
+ Easier connection, installation, and spacing.
» Lower costs.

* Fewer thermal issues.

For this development, BS lengths between 1 and 10 m and base diameters between 0.3 and 1 m were
simulated, resulting in 80 different BS dimensions. Maximum dimensions are based on manufacturer
availability and recommendations [56] [82], while minimum dimensions are based on the reference case
BS, which showed curvature peaks indicating it was not suitably developed. The goal is to achieve mini-
mal curvature along the BS length, with the peak curvature centered in the middle. If the peak curvature
occurs at the connection point or tip, the BS is ineffective, as it fails to dissipate the bending moment
properly, making these points prone to fatigue failure. Therefore, successful BS designs are those where
the peak curvature is centered along the length of the BS.

Figure 3.16 presents the results of all BS dimension combinations regarding base diameter and length.
In figure 3.16a, the maximum normalized curvature is shown, while figure 3.16b illustrates the position
along the length where this maximum curvature occurs.

The maximum curvature varies from 0 (the lowest curvature) to 1 (the limit). A color gradient from
green (lowest) to red (highest) is used to visually represent these values. Green cells indicate lower
curvature compared to other scenarios, and from this figure, it is evident that larger base diameters
and lengths result in lower maximum curvature. The position is expressed as a percentage relative to
the total length, measured from its based. A curvature peak at 50% is ideal, as it suggests optimal
distribution of bending moments. Consequently, the color gradient is green at 50%, transitioning to red
as the peak moves farther from the center. Furthermore, some scenarios show a position outside the
length of the BS, coloured in black, which makes these designs ineffective. A higher percentage value
indicates that the peak curvature is closer to the tip. For example, for a BS with a 7 m length, base
diameters of 0.8 and 0.9 m result in the curvature closer to the tip, making smaller base diameters
more desirable as they center the peak. The figures also reveal a clear distinction between suitable and
unsuitable combinations. Larger base diameters with shorter lengths tend to push the curvature outside
the BS, while smaller diameters and longer lengths bring the peak curvature closer to the base. Only a
few BS designs pass the criteria of having the curvature near the middle, further emphasizing the need
for a careful design process.

From a financial perspective, shorter lengths are preferred. In figure 3.16b, the green, yellow, and
orange cells represent scenarios where the curvature does not occur near the ends, making them more
favorable. Among these, scenarios with green and yellow are of particular interest, resulting in six poten-
tial BS designs. To determine the best design, the BS with the lowest maximum curvature is selected,
leading to the choice of a BS with a length of 6 m and a base diameter of 0.7 m. In comparison to other
suitable BS designs, smaller lengths and diameters resulted in higher curvature peaks, while larger di-
mensions had little effect on the maximum curvature. This combination demonstrates that curvature
values stabilize while the position remains near the center, making it the most optimal BS for this base
case configuration.

Note that different configurations or environmental conditions may require adjustments to the dimen-
sions, as BS designs must account for factors such as tension, angle, temperature, interface details,
riser end-fitting profiles, diameter, stiffness, MBR, and fatigue requirements [82]. The BS dimensions
used further in this research are listed in table 3.9. For the complete dataset of curvature magnitudes
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and peak positions, see appendix B.7.
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Table 3.9: Properties for the developed BS

Properties Symbol Unit Value
Length Lps m 6
Diameter base Dygse m 0.7
Diameter tip Dyip m 0.2622
Length tip Liip m 0.2
Thickness tip teip m 0.02
Clearance gap - m 0.03

3.4.8. Convergence study of simulation parameters
Finally, OF simulations require various simulation parameters which are sensitive to its performance.
This evaluation focuses on two main criteria: the accuracy of results and computational efficiency. Ac-
curacy refers to the closeness of simulated results to expected outcomes, while computational efficiency
relates to the time required to run a single simulation. A balance between these two criteria is essen-
tial, as improving one often compromises the other. Therefore, a convergence study was conducted to
identify parameter values that achieve converging results while minimizing computational time. The key
simulation parameters considered include:
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50
40
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10
0

» Time step: This parameter discretizes the time domain for simulations. Smaller time steps im-
prove accuracy but increase computational costs, while larger steps may cause numerical instabil-
ity. Adjusting the time step to capture dynamic events accurately while avoiding numerical errors

is important.

» Target segment length: This determines the segment size in the lumped mass model. Smaller
segments enhance accuracy but demand more computational resources, while larger segments
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reduce computational load at the cost of realism.

» Build-up time: The build-up period gradually introduces the sea state and vessel motions, smooth-
ing the transition into the simulation. To avoid peak stresses from abrupt initialization, a longer
build-up time is recommended, typically set to at least one wave period.

» Simulation time: The total simulation duration must be sufficient to capture the system’s response
under varying conditions. OF allows the simulation to be divided into stages, ensuring a smooth
transition from static to dynamic conditions (see appendix B.8). The time-stepping algorithm eval-
uates mass, damping, stiffness, and loads at each step, reflecting the time-varying geometry of
the system.

Table 3.10 outlines the simulation parameters and their respective test values. These values are se-
lected based on the authors knowledge and prior recommendations [76, 82] (see appendix B.8 for all
test values). Each parameter is adjusted individually to evaluate its effect on simulation performance,
ensuring that the impact of each variable is clearly understood. To select applicable simulation param-
eters, the base values are initially used, and each parameter is varied sequentially. Once a developed
parameter value, such as the time step, is identified, it is applied consistently in all subsequent tests. The
next parameter is then varied while using the previously developed paramter(s), with base value(s) main-
tained for those yet to be varied. This approach fine-tunes the simulation to achieve the best balance
between accuracy and computational efficiency.

Table 3.10: Simulation parameters and properties for the convergence study

.. Base Min Max Number
Parameter Unit
value value value of test values

Time step s 0.1 0.05 0.6 10

Target segment length m 1 0.2 10 12

non-buoyant section
Build-up time S 120 60 1000 9
Simulation time S 120 120 10800 12

The outcomes of the convergence study evaluate the simulation performance based on various metrics,
presented in two distinct graphs as follows:

» Wall clock time for the FOWT and the pipe: This metric reflects the actual time taken to com-
plete one simulation for the FOWT or the pipe, measured in seconds. Since the platform and pipe
simulations are de-coupled, the wall clock time is shown separately for each. The FOWT’s time
focuses on motion analysis, while the pipe’s time focuses to structural analysis.

» Tension and Curvature Accuracy: This metric measures tension and curvature at the same
eight locations as described in the environmental study (tension at HOP, the SB-HB transition, the
HB-TDP transition, and TP; curvature at BS, SB, HB, and TDP). The visualization in the graphs rep-
resents the percentage differences in curvature and tension separately for two test values. These
percentage differences are averaged over the four locations, resulting in a single outcome for the
relative differences between the compared test values. This visualization identifies the test values
at which the relative differences converge, highlighting the converged simulation parameters. For
the full dataset of all outcomes per test value, rather than the averaged relative difference, see
appendix B.8.

This convergence employs the reference case configurational parameters (section 3.3) in combination
with environmental parameters selected from the environmental study (section 3.4.6). However, the
developed BS (section 3.4.7) is not adopted due to faulty simulation implementation. The convergence
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analysis focuses on multiple locations for metric comparison and measures the relative increase be-
tween test values, which helps mitigate this error. The simulation parameters are individually reviewed
based on the aforementioned metrics.

Time step

The time step has minimal impact on tension and curvature results, as the percentage difference between
the smallest and larger values remains below 0.5%, as shown in figure 3.17. For lower values, the
computational cost is low, but as the time step increases, the computational time also rises due to the
recalculation required for missed iterations, indicating instability. This is evident from time steps beyond
0.4 seconds. Larger values than 0.6 seconds resulted in failed simulations. The time step between 0.2
and 0.35 seconds shows the lowest wall clock times for both the FOWT and the pipe. Although the most
accurate representation is at 0.05 seconds due to the large number of iterations, the closest percentage
difference to this value is observed at 0.2 seconds. Therefore, a time step of 0.2 seconds is chosen as
the optimal value, aligning with previous studies [74].
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Figure 3.17: Convergence on time step

Target segment length

The resolution of the buoyant section is always half the segmentation length compared to the non-
buoyant section [82], and the resolution of the BS is consistently set to 0.05 m [23]. The target segment
length shows a noticeable influence on tension and curvature, as depicted in figure 3.18. The most
significant difference is observed in the wall clock time of the pipe for lower segmentation lengths (does
not affect the FOWT). Smaller segment lengths result in a larger number of nodes, leading to more it-
erations, while larger segment lengths result in higher inaccuracies, as indicated by greater differences
in curvature explained by unrealistic bends in the pipe. Based on a compromise where the wall clock
time converges and curvature differences are minimal, a segment length of 2 meters is chosen. Larger
values could reduce accuracy without significantly improving computational efficiency.
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Build-up time

Figure 3.19 shows that varying the build-up time has a minimal effect on wall clock time, but it impacts
tension and curvature. A longer build-up time is recommended as it provides a smoother transition to the
simulation phase, thereby reducing the occurrence of peak motions early in the simulation. The slight
decrease in computational cost from reducing build-up time does not justify the potential loss in accuracy.
The difference between short and long build-up times may seem minor, but it can significantly influence
curvature and tension. The minimum build-up time is typically set at least one wave period [85], with no
maximum explicitly defined. At 720 seconds, the wall clock time is minimized, while the percentage dif-
ference is close to the 1000-second mark. This provides accurate results without significantly increasing
computational costs. Although larger values than 1000 seconds could have been tested since tension
and curvature have not fully converged.
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Figure 3.19: Convergence on build-up time

Simulation time

For the simulation time, computational time increases significantly with longer durations. The simulation
time must be sufficient to capture different wave frequencies and amplitudes, which provide a good
representation of long-term operation. This is typically defined as a 3-hour sea state in wave statistics
[100, 101], after which the sea state is assumed to be stationary. At 3600 seconds, the curvature
and tension begin to stabilize, while extending the simulation time further increases computational cost
without significantly improving accuracy. Shorter simulations drastically reduce wall clock time but at the
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cost of increased inaccuracies in tension and curvature. See figure 3.20 for the results of the simulation
time.
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Figure 3.20: Convergence on simulation time
The developed simulation parameters further used in this research are outlined in table 3.11. While it is

essential to explore the impact of different environmental and geometrical conditions on these simulation
parameters, the values identified here will be used throughout the remainder of this research.

Table 3.11: Developed simulation parameters

Parameter Unit Value

Time step s 0.2

Target segment length  m 2
non-buoyant section

Build-up time S 720

Simulation time S 3600

3.5. Evaluation Criteria

To assess various configurations, the global configuration of a lazy wave is first explained, followed by
the established boundary conditions. Additionally, distinctions between static and dynamic contributions
are discussed.

3.5.1. Global configuration

The free-hanging catenary method is fast and accurate, making it preferred for representing configura-
tions [86]. The lazy wave configuration can be obtained using the catenary method since it is inherently
a catenary with BM’s. The internal force acting on point B is equal to that at points D and F since there
is no vertical shear force. This results that the gravity of segment BC is equal to the buoyancy of seg-
ment CD, and the buoyancy of segment DE is equal to the gravity of segment EF. This ensures that the
gravity of segment BC equals the buoyancy of segment CD, and the buoyancy of segment DE matches
the gravity of segment EF. Consequently, this leads to the catenary segmentation of lengths AB, CD,
DE, and EF, see figure 3.21
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Figure 3.21: Configuration distances for the lazy wave configuration

3.5.2. Boundary conditions

The boundary conditions differentiate between physical and operational constraints, detailed in table
3.12. Physical constraints are denoted as the boundary conditions provided by the limits of the pipe,
while operational constraints are denoted as the conditions imposed by the limits of movement during
operation.

Regarding the operational criteria: A clearance of 50 meters from the sea surface is maintained to
prevent collisions, maritime traffic disruptions, and reduce wind-driven current impacts [102], denoted
as the Sea Surface Clearance (SSC). Additionally, a 10-meter clearance from the seabed is required
to mitigate hydrodynamic effects [103] and prevent structural failure due to potential seabed collisions,
denoted as the SeaBed Clearance (SBC).

Regarding the physical criteria, as discussed in section 3.4.4, the DCM with distributed buoyancy
exhibited a 30% discrepancy compared to the FCM with discrete buoyancy. To account for this, a 30%
utilization factor is applied to both the MBL and MBR as a conservative measure. According to industry
standards [31, 104], a safety factor of 1.5 is recommended for the MBR, and a 67% safety factor for the
MBL under operational conditions. The maximum allowable curvature is determined by the inverse of
the MBR.

Table 3.12: Boundary conditions of the pipe

Safety Utilization

Properties Symbol Unit Factor Factor Value
Sea Surface Clearance @ SSC m 50
Seabed Clearance SBC m 10
Minimum Breaking Load MBL kN 2/3 30% 251
Minimum Bend Radius MBR m 3/2 30% 3.3

The evaluation criteria can simplified into normalized equations with maximum allowable values set to
1. The normalized tension and curvature are given by equation 3.15 and 3.16. For the SSC, only point
D in section 2 is likely to exceed this limit, as shown in equation 3.17. For the SBC, sections 1 and 2
can exceed the limit at SB (point B) and the furthest BM (point E), as shown in equation 3.18. The SSC
and hgg p are measured as absolute values from the sea surface, while the SBC, hsg g, and hsp g are
measured as absolute values from the seabed.
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T
1. VU EBL <1 (3.15)
where T, >0
C
2. VAC <1 (3.16)
where MAC = ;
~ MBR
3. 55¢ <1 (3.17)
hss,p
4. SBC <1 and SBC <1 (3.18)
hsp,B hsp.E
(3.19)

3.5.3. Static vs dynamic contribution analysis

To evaluate a configuration, differences between static and dynamic analysis are addressed. Static
analysis accounts for the weight and buoyancy of the pipe, while dynamic analysis considers additional
external forces such as wind, waves, currents, and FOWT motion. This dynamic loading influences the
pipe’s shape, altering curvature and tension. Both operational and physical criteria are thus evaluated
to ensure structural integrity.

The results of these analyses, discussed in section 4.1, compare the static contributions derived from
static analysis with the dynamic contributions calculated from the differences between the dynamic and
static analyses. For scenarios under consideration, it is essential that the pipe avoids contact with the
seabed or sea surface and maintains a lazy wave configuration throughout.

For example, dynamic conditions can alter the pipe’s effective tension and configuration, leading to
increases in maximum effective tension during dynamic scenarios compared to static conditions, as ob-
served in [105]. This underscores the importance of understanding dynamic contributions under external
loading conditions. Additionally, from the simulation time in the dynamic analysis the maximum value
of the output response is used, representing the greatest potential dynamic contribution and assessing
the system’s maximum capacity.

3.6. Parametric Study

This section presents an evaluation of the parametric study. It begins by explaining the decision on the
configurational parameters of the the lazy wave. Next the setup for the parametric study is outlined,
including variations in water depth. Finally, preliminary responses are shown, and the setup for the
sensitivity analysis is provided.

3.6.1. Decision configurational parameters

This section discusses the variance of parameters included in the parametric study. To limit the scope
and address the impact of these variables effectively, the set of variable parameters is determined. The
pipe properties, provided by the manufacturer NOV (section 3.2.4), are kept constant. The environ-
mental study (section 3.4.6), focuses on the load case, with environmental parameters held constant
to reflect. Additionally, the developed BS (section 3.4.7) remain unchanged, as they are are not the
primary focus of this research. Consequently, the focus of this parametric study is on the configuration
shape of the lazy wave, with the following list of parameters shaping the analysis:

» The outer diameter of the BM (ODg,y).

* The number of BM (ngy).

* The pitch between the BM (dga).

» The length of the first section of the pipe (L1).
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» The length of the second section of the pipe (Ls).

» The length of the third catenary section of the pipe (L3, cqt)-
» The length of the static horizontal section of the pipe (L;).
» The total length of the pipe (Liotar)-

» The horizontal distance between HOP and TP (X1p).

The BS has a specified constant length L g adjusted to the model of the developed scenario, which is
included in the length of the first section L.

The total length of the pipe is given by equation 3.20 and illustrated in figure 3.22a. The lengths Lj q;
and L, are interdependent, such that L3 .o: + Lss = L3. Given that L, is determined based on the
recommended vertical distance from HOP to seabed and considering the analysis of parameters L, and
Lo, L3 can be disregarded according to this equation’s criteria.

Lrotar = L1 + Lo + L3 (3.20)

To investigate the second section of the pipe, interdependence on the length of its section and the num-
ber and pitch of the BM is given in equation 3.21 and shown in figure 3.22b. Rather than examining
the three parameters separately, it is decided to consider the number of BM as the variable parameter,
correlated with the length of the buoyancy section itself.

Lo = (npy — 1) xdpm (3.21)

(a) Parameters for the lazy wave configuration (b) Parameters for the second section

Figure 3.22: Configuration parameters

Finally, this results in six parameters being important for investigation, which provides the basis for the
parametric study.

3.6.2. Parametric set-up for 200m water depth

For the parametric study, the reference case is adopted, incorporating all developed components and
conditions as specified in the subsequent analyses in section 3.4. This developed scenario is now
denoted as the base case, which contains base values for the six configurational parameters. Table 3.13
provides an overview of the parameters utilized with their accompanying base value and test scenarios.
The minimum, maximum, and step size chosen are guided by the author’s intuition. This results in a
total of 137 tested scenarios. The fifth parameter variation, L;.;;, is is linked to the variation of L3. For
the full dataset of all test values, see appendix C.2.
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Table 3.13: Parametric variable set-up for 200m water depth

Base Min Max Step Number

Parameter Symbol Unit . .
value value value size of scenarios

Outer diameter BM ODgr m 0.73 0.2 1 0.025 32
Pitch BM dpm m 6 1 12 1 12
Length first section 14 m 126 10 200 10 30
Length second section L, m 126 10 200 10 20
Total length* Liotal m 504 354 624 10 31
Termination point Xrp m 360 230 480 25 11
* Length third section Ls m 252 102 402 10 31

To provide a generalized output, the decision parameters will be presented as ratios relative to other
key parameters. These ratios are detailed in table 3.14 (for the full range of test values see appendix
C.1). The decision parameters are varied according to the test scenarios outlined in 3.13, while the
related parameters are held constant at their base values. Specifically, the outer diameter of the BM is
related to the pipe’s outer diameter, which is 0.16022m. The pitch of the BM is related to the length of
the second section, the lengths of the first, second, and third sections are related to the total pipe length,
and both the total length and the TP are related to the vertical distance from the HOP to the seabed, all
as specified at their base values in table 3.3 and table 3.13.

Table 3.14: Parametric variable set-up in ratios

Base Min Max Step

Parameter Ratio -
value value value size
Outer diameter BM 85751,2’1 0.73 1.2 6 0.15
Pitch BM dL—QM 6 126 10 -
Length first section Al 126 002 06 002
Length second section Lffaz 126 0.02 04 0.02
Total length* % 504 2 3.6 0.06
Termination point % 360 1.3 2.7 0.14

* Length third section Ly 252 0.3 0.6 0.02

Liotal

The variations in the geometrical shape of the pipe are visualized based on the static analysis in figure
3.23 for all parameters. Not all ratios and scenarios are depicted; only a selected few are shown. This
is illustrated for a water depth of 200m, where the mean positions are represented on the x and y axes.
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Figure 3.23: Geometrical shapes of parameter variations

3.6.3. Parametric set-up for 400m and 600m water depth

To examine the influence of water depth, the base case is adapted to depths of 400m and 600m, using
the same rule of thumb applied at 200m, while maintaining consistency in all other parameters. The
adjusted parameters for the 400m and 600m depths are listed in table 3.15.
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Table 3.15: Properties of the base case for 400m and 600m water depth

Properties Symbol Unit Value Comment

Water depth d m 400 600

Draft T m 20 20

Vertical distance h m 380 580 h=d-T

Total length Liotal m 1064 1624 Ly =2.8%h
Length first section Ly m 266 406 Li:Ly:L3=1:1:2
Length second section Lo m 266 406 Li:Ly:L3=1:1:2
Length third section L3 m 532 812 Li:Ly:L3=1:1:2
Termination point Xrp m 760 1160 Xrp=2xh

In table 3.13, the parametric setup for a 200m water depth is presented with decision parameters ex-
pressed as ratios. These same ratios will be applied to the water depths of 400m and 600m. The test
scenarios, including their base values, minimums, maximums, and step sizes, are detailed in table 3.16.
See appendix C.2 for the full data set of test values for 400m and 600m water depth.

Table 3.16: Parametric variable set-up for 400m and 600m water depth

Base Min Max  Step Number

Parameter Symbol Unit - -
value value value size of scenarios

Water depth = 400m

Outer diameter BM ODgr m 0.73 0.2 1 0.025 32
Pitch BM dpm m 6 2.1 27 2 12
Length first section 14 m 266 21 633 21 30
Length second section L, m 266 21 422 21 20
Total length* Liotal m 1064 747 1381 21 31
Termination point Xrp m 760 486 1013 53 11
*Length third section Ls m 532 215 849 21 31

Water depth = 600m

Outer diameter BM ODgy m 0.73 0.2 1 0.025 32
Pitch BM dpm m 6 3 41 3 12
Length first section Ly m 406 32 967 32 30
Length second section Lo m 406 32 644 32 20
Total length* Liotal m 1624 1141 2107 32 31
Termination point Xrp m 1160 741 1547 81 11
*Length third section Ls m 812 329 1295 21 31
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3.6.4. Visualisation of output responses

The base case of 200m water depth is illustrated in figure 3.24. It assesses the geometrical shape along
with the the absolute maximum tension and curvature throughout the full length of the pipe. Observa-
tions indicate that the highest tension value is present at the HOP, designated as point A. Subsequent
significant peaks in tension occur at point E, the transition from section 2 to section 3, and point C, the
transition between section 1 and section 2. Curvature analysis reveals peaks at several points: point A
(the BS), point B (the SB), point D (the HB), and point F (the TDP). Therefore the subsequent results
focus specifically at Points A, C, E, G for tension, and Points A, B, D, F for curvature.
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Figure 3.24: Base case scenario for 200m water depth

The tensions and curvatures for the base cases at 400m and 600m water depths show similarities
across these depths; however, tension and curvature exhibit distinct behavior. Figures 3.25a reveals
that the variance in water depth impacts these points differently; notably, point A experiences the most
significant increase in tension with deeper water depths, followed by point E. Points C and G show
minimal changes, with point G being the least affected. Figure 3.25b shows that point A shows relatively
consistent curvature across all water depths, indicating a stable response to environmental changes
at this location. In contrast, Points B, D, and F exhibit lower curvature values, which increase as the
water depth increases. Maximum values for tension and curvature can occur at different locations under
different scenarios, hence, this analysis of peak values at specific points is important.
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Figure 3.25: Trends of maximum tension and curvature for base case at different water depths
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3.6.5. Sensitivity analysis set-up

In the parametric study, a variety of scenarios are tested and compared. Due to time constraints, the
sensitivity analysis employs the same scenarios and results from the parametric study. This analysis
utilizes the base values of the parameters and the corresponding tension and curvature values at depths
of 200m, 400m, and 600m. In the parametric study, the base value is altered by either increasing or
decreasing in a defined step size. The parameter variations are constrained by minimum and maximum
limits to adhere to the boundary conditions. These limits define the allowable ranges within which a
parameter can vary.

From the setup of the parametric study, it is noted that different scenarios do not use similar step sizes.
Therefore, the sensitivity analysis makes a comparison by assuming linearity. This approach involves
averaging over combinations of scenarios that exhibit a 10% increase or decrease in parameters. Similar
combinations are then used to determine the corresponding changes in tension and curvature. The anal-
ysis distinguishes between points where maximum tension and curvature are observed. This provides
a rate of increase or decrease for these variables for a 10% variation in parameters. This determined
rate thus focuses on all possible combinations within the allowable range.

For comparative purposes, the sensitivity of different parameters concentrates on this rate of in-
crease or decrease from its base value. The analysis, however, averaged the sensitivity across various
scenarios, rather than using the base value as starting point. By employing the predefined allowable
ranges, this provides a visualization that contrasts different parameters. These ranges additionally con-
strain unrealistic rates and magnitudes since it incorporated a combination of all values rather than solely
relying on the rate from base value. In addition, only the dynamic analysis is utilized in this sensitivity
assessment, as the static analysis has yielded comparable sensitivity responses.



Results

In this chapter, an overview of the comparison between the static and dynamic contributions is first
provided in section 4.1. Section 4.2 then presents a comprehensive overview of all evaluation criteria
for all simulations. Following this, the parametric variations at a 200m water depth are elaborated on in
section 4.3, and the impact of different water depths is addressed in section 4.4. Finally, the analysis of
sensitivity is detailed in section 4.5.

4.1. Static and Dynamic Contribution

The differentiation between static and dynamic contributions is made based on operational and physical
criteria, which are elaborated separately.

4.1.1. Operational criteria

For operational criteria, clearance gaps at the sea surface and seabed are assessed at specific points:
the sag bend (point B), the hog bend (point D), and the transition from buoyant to non-buoyant section
(point E), as visualized in figure 4.1. The differences per parameter variation across three water depths
are examined, considering all scenarios that meet the boundary conditions and which form a lazy wave.
Within a single parameter variation these scenarios are considered, with their height differences aver-
aged.

In dynamic analysis, the minimum clearance positions are used for points D and E, while the maxi-
mum is used for point B. This reflects the shifts observed in dynamic analysis, where the its mean position
moves downward at points D and E, and upward at point B. Consequently, the height differences at these
points are captured at their largest deviations, rather than at similar time points.

The height differences across different water depths generally follow similar magnitudes. They are
averaged over all scenarios as follows: -1.5m at point B (with -1.4m at 200m, -1.5m at 400m, and -1.7m
at 600m), +0.9m at point D (with +1m at 200m, +0.8m at 400m, and +0.9m at 600m), and -0.3m at point
E (with -0.5m at 200m, -0.2m at 400m, and -0.1m at 600m). The greatest variances are observed at
point B due to the heave motion of the FOWT, which directly links the translational vertical motion to this
point.

Point B exhibits greater effects in deeper water. Point E is more affected in shallower water which
can be attributed to the neglected scaling effect of current loading at depths of 400m and 600m. Point
D shows increased effects in deeper water; however, due to large variations at L;,;,; and xrp at 200m,
configuring in a nearly straight geometrical shape, this trend does not hold. Excluding these outlier
scenarios, which are undesirable due to their diminishing effect on the lazy wave, it can be concluded
that point D is more affected in deeper water. Therefore, without considering these outliers at 200m and
acknowledging the neglected scaling of current loading at 400m and 600m, the geometric shape is more
affected in deeper water.

48
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Figure 4.1: Height difference at points B, D and E between static and dynamic scenarios, averaged over scenarios within a
single parameter variation

4.1.2. Physical criteria

Figure 4.2 provides a comparative analysis of the dynamic contributions to tension and curvature at
various points along the pipe. For tension, these points include the HOP (point A), the transition from
non-buoyant to buoyant (Point C), point E, and the TP (point G). For curvature, the points analyzed are
point A, point B, point D, and the TDP (point F). Each point includes six values representing the aver-
aged dynamic contribution from that specific parameter variation. This approach facilitates visualization
of trends in dynamic contributions across potential configurations rather than detailing variations by in-
dividual parameters. For parameter-specific visualizations, see appendix D.1.

Figure 4.2a shows that across all locations and scenarios, the dynamic contribution to overall tension
decreases with increasing water depth. From 200m to 400m to 600m, the averaged dynamic contribu-
tions across all scenarios are as follows: at point A 32%, 20%, 19%; at point C 30%, 18%, 16%; at point
E 6%, 3%, 1%; and at point G 20%, 5%, 3%. This decrease in deeper water is due to a increase in
static contributions in combination with a decrease in dynamic contributions, leading to a smaller overall
dynamic impact.

In shallower waters, dynamic contributions vary more significantly than in deeper waters. Points
A and C show the highest dynamic contributions, reflecting their proximity to areas where the highest
horizontal wave particle velocity is. Point E exhibits the lowest dynamic contributions. Notably, at point
G, despite being near the seabed, the dynamic contribution remains relatively significant in shallower
waters. This indicates that dynamic environmental influences affect the entire length of the pipe, partic-
ularly in shallower waters, whereas in deeper waters, the dynamic contribution at point G diminishes.

Figure 4.2b demonstrates the varying behavior of dynamic contributions at different points and water
depths. From 200m to 400m to 600m, the averaged dynamic contributions across all scenarios are:
at point A 31%, 42%, 44%; at point B 25%, 9%, 7%; at point D 29%, 18%, 18%; and at point F 15%,
7%, 6%. As water depth increases, the geometry scales such that horizontal distances increase, thereby
reducing the overall static contribution to curvature at all points. However, behavior across points varies.

Specifically, at point A, the static contribution decreases more rapidly than the dynamic contribution,
which results in a relatively higher impact of the dynamic contribution in deeper water. The highest dy-
namic contribution to curvature are observed at this point, which can be explained due to the direct link
to the movement of the FOWT. Conversely, at points B, D, and F, the dynamic contribution decreases
at a faster rate than the static contribution, thus resulting relatively smaller impact in the dynamic contri-
bution to lower environmental effects. Additionally, point F shows the smallest deviation with respect to
water depth in dynamic contribution.

Comparing the results of tension and curvature, averaged over all locations and water depth, the dynamic
contribution to tension is 14% (22% at 200m, 12% at 400m and 10% at 600m) and to curvature is 22%
(28% at 200m, 19% at 400m and 19% at 600m). The largest dynamic contributions are noted at point
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A for both criteria. Deeper waters show a larger deviation in dynamic contribution to curvature, making
tension less susceptible to variations in water depth regarding its dynamic contribution. This results in a
more consistent behavior of tension and a larger variability of curvature to dynamic contribution across
water depths.
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Figure 4.2: Dynamic contributions to tension and curvature at different points, averaged over scenarios within a single
parameter variation, resulting in six values per point

4.2. Evaluation All Tested Scenarios

Figure 4.3 presents the results of all tested parameter variation scenarios. The normalized criteria from
section 3.5.2, including operational constraints (clearances at points D, B, and E) and physical con-
straints (maximum tension and curvature along the pipe), are depicted. A limit value of 1 indicates the
maximum permissible values for each criterion, with variations shown across three water depths: 200m,
400m, and 600m. For ODg,;, 33 scenarios were tested, 12 for dg s, 30 for Ly, 20 for Lo, 31 for Lipiar,
and 11 for zrp. The figure includes catenary configurations, particularly visible when clearances at
point E are exceeded, though it does not distinguish between catenary and lazy wave configurations
or tension and curvature relationships. Despite appearances, not all scenarios passed each criterion.
For example, ODpg ), at 200m shows many points, but only five scenarios passed. The figure visualizes
all scenarios within each water depth, regardless of whether one criterion failed. Therefore, this offers
overall trend rather than strict correlations of the criteria.

Scattered points within a criterion indicate how one parameter affect the configuration. A wider scatter
shows greater impact, while narrower scatter reflects less variation. Clearance at point D is exceeded
most frequently, particularly in shallower waters due to the decreasing distance with depth. Point D also
exhibits the greatest variation across scenarios. For seabed clearance, minimal variation across depths
suggests consistent behavior, while surface clearance is more depth-dependent. Tension increases with
water depth, while curvature generally decreases and converges. Exceedances in tension and curvature
primarily occur in L., and xp for stretched or slacked scenarios. Curvature at L; shows high values
when the lazy wave reaches the sea surface. Some extreme scenarios with exceedingly high values are
excluded, and the figure does not account for compression. Notably, the largest variations in clearance
occur in ODgyr, dgar, L1, and Lg, while L. and zrp show smaller variations.

Each parameter will be discussed in detail in the following section. See appendix D.2 for the evaluation
criteria across scenarios separately at all water depth.
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Figure 4.3: Scatter plot of normalized evaluation criteria of operational and physical constraints for all parameter variations
across 200m, 400m, 600m

4.3. Parametric Variation at 200m Water Depth

The analysis at a water depth of 200m examines each parameter individually.

4.3.1. Effect of outer diameter buoyancy modules

The transition from a catenary to a lazy wave configuration results in changes in maximum curvature,
noticeable up to a ratio of 3.55, where the curvature is predominantly governed by the TDP positioned
between points B and D. In the catenary configuration, point F, is not located after point D as it would be
in a lazy wave configuration. The simplification of indicating the TDP as point F helps in focusing on the
curvature changes observed, see figure 4.4 for visual representation. Beyond a ratio of 3.7, section 2 has
sufficient buoyancy force to achieve a total negative submerged weight. In this configuration, a "small
wave” formation occurs, characterized by a slight horizontal excursion (xz 4¢). As the ratios increases,
the points B and D ascend to a higher position, leading to a decrease in curvature at these points. For ra-
tios between 4.16 and 4.78, the curvature transitions primarily to point F. Subsequently, at a ratio of 4.93,
curvature peaks are further observed at point A. This shift coincides with the moment where the SSC
at Point D is exceeded due to excessive buoyancy created by the BM. Despite a constant submerged
weight and the fixed length of L., the curvature at point D remains less affected compared to other points.

As depicted in figure 4.5, tension is highest at point A across all scenarios. Variations in O D g, influence
the geometry and, consequently, the location and magnitude of operational constraints. An increase
in seabed clearance at point B (decrease of h 4), results in a minimal reduction in tension at point A,
where tension even starts to increase at higher ratios. Moreover, the distance from point E to the seabed,
hsp,E, increases more than the decrease in h4p. This leads to a steeper increase in tension at point
E compared to the decrease at point A. This demonstrates a more pronounced effect of BM diameter
changes on tension at point E, attributable to a concentrated increase in buoyancy force in section 2,
affecting the distance zgr.
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4.3.2. Effect of pitch between buoyancy modules

At ratios below 14, a catenary shape is observed, and from a ratio of 14 upwards, the submerged weight
of section 2 becomes negative, resulting in an upward buoyancy force. The relationship between a larger
ratio (higher number of buoyancy modules) and submerged weight increases exponentially, leading to
ratios above 21 exceeding the sea surface constraint limit. This occurs at a submerged weight of -0.111
kN/m for section 2. Between ratios of 21 and 32, point D positions itself between this limit, while at ratios
higher than 32, the BM begins to float at the surface.

This parameter variation, compared with the variation in the outer diameter of BM described in section
4.3.1, shows that changes in geometrical shape are identical, resulting in similar tension and curvature
graphs. At points A, C, and E for tension, and points A, B, D, and F for curvature, the peaks occur at pre-
cisely the same locations. The static and dynamic contributions even show correlations. For scenarios
that succeed within all evaluation criteria in both parameter variations, the peaks are of the same order
of magnitude and exhibit identical trends as previously discussed. Therefore, the response behavior for
these different parameters within the buoyancy section results in similar outcomes.

Thus, the behavior observed in dg,,; variations mirrors that seen with changes in ODpg,,. Section Lo,
influenced by both ODg,; and dg)y, thus derives its geometrical shape from the buoyancy force gen-
erated. Both parameters exert their own influence on this buoyancy force. The submerged weight for
the non-buoyant section of the pipe remains constant at 0.148 kN/m. Therefore, the net force of the
buoyant section provides insight into the configuration where the the ratio of net force of buoyant section
over net force of non-buoyant section is shown in figure 4.6. The variations in ODpgys, dgs, L2 exhibit
consistent trends of the same order of magnitude, suggesting similar geometrical shape and clearance
behavior. Additionally, it can be observed that the buoyant section can sustain a maximum net force
of -1/4 of the net force of the non-buoyant section in order to remain within the SSC limit. Neglecting
this limit allows for an increase in net force up to a maximum of -1/2 of the net force of the non-buoyant
section for reaching the sea surface.
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Figure 4.6: Ratio of net force from buoyant section over non-buoyant section with respect the vertical position of point D for
variations of ODg s, dgy and Lo

4.3.3. Effect of first catenary section length

The primary contributor to this tension is the length of the pipe from which point it is suspended. Specifi-
cally, for variations in L, the vertical distance from h 45 is the most affected, impacting tension at point
A. Figure 4.7 visualizes this relationship for this point, where the left y-axis displays the normalized ten-
sion and the right y-axis shows the absolute distances for the increase in L; and h4p. The distance
hap is equal to the total water depth minus the seabed clearance at point B. The increase in L, is not
directly proportional to the increase in h 45 due to the decreasing angle at the HOP with longer L;. This
disparity results in a smaller relative increase in h 45 compared to the actual increase in L;. This contin-
ues up to a ratio of 0.516, where eventually the distance of h 45 stops increasing due to the pipe lying
on the ground. Consequently, the tension at point A increase with longer L, establishing a monotonic
relationship between tension, the length of the pipe, and the vertical distance from point A to B. Tripling
the length of L; doubles the distance of h 4 g, while the tension at point also A nearly doubles.

A similar trend is observed at points C and E. Compared to point A, the effect of variations in distance
and the corresponding tension is less pronounced at points C and E. At point E, while the distance
hspc,g decreases significantly, the tension only shows a minimal reduction. This reduction in tension
is approximately equivalent to the increase observed at point C, even though the change in hgpc g is
more substantial than the change in hpc. This suggests that the increase in horizontal distance affects
the tension from the point its suspended from.

Furthermore, compression at the TDP occurs in scenarios with very small L; values, where opera-
tional constraints are already exceeded and the buoyant section reaches the sea surface.
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Figure 4.7: Relation at point A for distances and tension for variations of L;

Figure 4.8 shows that maximum curvature decreases until a ratio of 0.3. Curvature peak positions vary
across the tested ratios, with successful scenarios between ratios of 0.24 to 0.48. Below a ratio of 0.08,
the highest curvature occurs at point A due to the elevated position of point SB (point B) and HB (point
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D) when L, is short. From ratios of 0.1 to 0.28, the peak shifts to point F, decreasing as L, lengthens,
which lowers the SB and HB further. This increases x g, leading to a smoother TDP which stabilizes at
a normalized value of 0.1. Beyond a ratio of 0.3, the peak returns to point A. Additionally, the increase
in Ly increases x 4¢ and z¢g, promoting smoother bends and increasing the radius at points B and D.
At a ratio of 0.5, the pipe contacts the seabed, causing a slight increase in curvature at point B.
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Figure 4.8: Maximum normalized curvature at points A, B, D, F for variations of L;

4.3.4. Effect of buoyancy section length

Tension remains almost consistent across all ratios, following similar trends to those observed in vari-
ations of ODp)s and dg,s. Figure 4.9 shows the variations in tension. Starting from a ratio of 0.08,
tension drops across all points as L, length increases, facilitating a lazy wave shape. Below this ratio,
L, is too short to generate sufficient upward force (The buoyant section’s submerged weight is -0.114
kN/m, whereas the non-buoyant section’s is 0.148 kN/m). At a ratio of 0.08 (the lengths are 40m for
L, and 464m for the non-buoyant section), resulting in total submerged weights of -4.6 kN and 69 kN,
respectively. As L, increases, points B and D, leading to higher tension at point C which, at certain
ratios, exceeds the tension at point E. These changes result in an increase of = 4¢, altering the tensile
forces.

This geometrical shape thus alters with concerning the horizontal distances x 4 and z¢g. This results
in a consistent increase in both excursions, leading to similar radius variations and identical curvature
behavior at points B and D. Figure 4.10 details the maximum curvature across all points, highlighting
that below a ratio of 0.079, the catenary shape dominates, reducing curvature at points B and D with the
peak occurring at point F where the pipe contacts the seabed. As L, increases, shifting to a lazy wave
configuration, curvature peaks move to point B and D (the HB and SB), while the curvature at point
F (the TDP) decreases. The increase in L, results in diminished curvature at these bends between
ratios 0.198 and 0.298 due to extended horizontal distances X 4~ and X g, with the most pronounced
curvature found at point A above a ratio of 0.298. For ratio beyond 0.258, the SSC at point D is exceeded.
The high position in combination with a large horizontal excursion of the bends, results in a non-optimal
shape, leading to high curvature at point A.
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4.3.5. Effect of total pipe length

For ratios above 3.08, the deformation at point F due to excessive slack results in missing data points
and coiling of the pipe, (see appendix D.4 for visualizations of failed scenarios). This undesirable coiling
causes compression from a ratios higher than 2.97 and necessitates a taut deployment of the pipe at
the TDP to prevent unforeseen failures. Overall, a decrease in L;.; tends to stretch the pipe, resulting
in increased tension and curvature.

Tension remains relatively stable across all ratios of L,..;, with the highest levels consistently observed
at point A and lowest at point G, as shown in figure 4.11. For ratios higher than 2.97, compression
occurs at point G, showing negative tension. Consequently, these ratios are not further observed but
are still depicted in the figures. At shorter lengths, there is no direct correlation between the vertical
distance hp and the tension, suggesting that high peaks in tension are not solely attributable to the
pipe’s weight. Instead, these peaks arise from a stretched scenario where the lazy wave configuration
is not achieved, leading to exponential increases in tension. As L, increases, the tension at point
A converges to approximately 10% of its normalized value from ratios of 2.58 onward, while tension at
point G diminishes to lower levels. Specifically, tension at G falls below 2% of its normalized value (5kN)
at a ratio of 2.36 and below 0.4% (1kN) at a ratio of 2.63. This results in a minimum required Lgr of
0.25 and 0.4 times L, to be below the threshold levels, respectively.

Curvature analysis focuses on points A and F, as depicted in figure 4.12. In scenarios with shorter
Lyota1, curvature at points B and D results in diminished peaks, while in the lazy wave configuration, the
maximum peaks stabilize at approximately 22% of their normalized value. In stretched scenarios, point
A exhibits high curvature while point F shows low curvature. At a ratio of 2.74, the curvature equalizes
between these points; for longer lengths, the curvature dynamics invert. This results in the curvature at
point A to decrease and at point F to increase due to the pronounced effect of the wave configuration.
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Figure 4.11: Relation and tension at points A and G for
variations of L;,tq;

Figure 4.12: Maximum normalized curvature at points A
and F for variations of L;y¢q;

The clearances to the seabed and sea surface are less affected by this variation compared to other
parameters. This is because changes in L, mainly influence the pipe on the seabed, as the clear-
ances converge. Thus, increasing L, primarily extends the static horizontal distance (L s7) along the
seabed without altering the overall geometrical shape. Figure 4.13 shows that L3 increases linearly with
Lioia1, While Lgr, at a ratio of 2.58, aligns with the rate of increase in Ls. Beyond this point, additional
length causes more pipe to rest on the seabed, with minimal impact on the shape. However, for larger
ratios, some variations in shape occur, driven by changes in z,r. From a ratio of 2.97 upwards, the
SSC at point D stabilizes, marking the limit of = 4 z. At this point, the shape in the water column stabilizes,
and looping begins at point F, linked to compression at G.

From an equilibrium ratio of 2.58, where Lgr is 139 m, the shape of the water column remains influ-
enced. Beyond a ratio of 2.97, the shape stabilizes, and only L increases, reaching a maximum of 208
m. These correspond to maximum normalized lengths of Lgr of 0.3 and 0.4 times L., respectively.
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Figure 4.13: Relation geometrical shape of length and clearances for variations of L;,¢4;

4.3.6. Effect of horizontal termination point

Analysis of the z1p variations reveals patterns mirroring those observed in the parameter variations of
Liota- This behavior is demonstrated in figures 4.14 and 4.15, where the x-axis correlates the ratios of
L‘;;‘a' and . Ata ratio of 2.4, the operational and physical criteria align for both parameters. The results
show that the operational criteria further aligns closely with these equal step size of ratios from point 2.4,
suggesting a direct correlation between with the geometric shape.

Moreover, as discussed in section 4.3.5, the maximum tension is observed at point A, with the maxi-
mum curvature transitioning from A to F beyond a ratio of 2.7. Similarly, for ztp, this transition exhibits
similar mirrored characteristics, occurring at a ratio of 2.1 for the curvature transition from F to A. Con-
sequently, both maximum tension and curvature maintain comparable values with aligned increases or
decreases in step size centered around a ratio of 2.4, as shown in figure 4.15. Furthermore, compression
at point F is observed for ratios below 1.83.

However, discrepancies exist between in tension and curvature. In stretched scenarios (ratio 2.6
for xrp and 2.2 for L;,.4;), tension is approximately four times and curvature nearly two times higher in
L1 SCENArios compared to xpp. Furthermore, in slacked scenarios converging issues arise for L;,sq;
while not for 27 p variations. This demonstrates that while the geometrical shapes in the water column
exhibit similar trends, the maximum tension and curvature exhibit differences in stretched and slacked
scenarios.

Operational criteria for Ltotal and Xtp Maximum physical criteria for Ltotal and Xtp

—_— 1 T I I I T T I —_ 1 T T T I I
< h_SSC,D Xtp || —— h_SSC,D Ltotal - C. Xtp C. Ltotal
% 0.8 | h_SBC,B Xtp || —— h_SBC,B Ltotal || 8 08| T. Xtp T. Ltotal
S h_SBC,E Xtp h_SBC,E Ltotal =
< 0.6 > 06 s
° — °
3] - @
N 04 - N 0.4} |
€ 02 ] E 02 .
g o

Z

0 |

| | | | | | |
1.3 1.6 1.9 22 25 28 3.1 34
Ltotal or Xtp / h
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Figure 4.15: Comparison physical criteria on the
variations of L;,¢4; and ¢, (C.= maximum curvature &
T.= maximum tension)

4.3.7. Transition point by horizontal static length

The above mentioned difference in slacked or stretched scenarios, emerge when considering the ab-
solute length (L 4r) and horizontal distance (x 4r) between the HOP (point A) and the TDP (point F),
detailed by the following equations:
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1. Lar = Liotar — LsT 4.1)
where Lap = L1+ Lo+ L3cat, from figure 3.22a

2. TAF = TP — LST (42)
where Tap =xac+xcr+xpr, from figure 3.21

Figure 4.16 shows that the relationship between total length and horizontal distance does not consistently
exhibit mirrored behavior. For stretched scenarios (ratios of 2.7 for z7p and 2.2 for L;,.4;), peaks in
tension and curvature occur due to the minimal static horizontal distance. This distance is not present
for L,.1a1, €Xplaining the higher tension and curvature observed. In slack conditions, non-convergence
occurs for Ly, due to the increase of Lgr, while x1p converges to a maximum. Although the magnitude
of changes in Lgr is greater when varying L;..4;, the tension and curvature behavior remains similar for
scenarios that are neither stretched nor slacked.

To maintain tension at point G below 5 kN, a minimum Lgr length is required: at least 0.21 times
Loty (With @ minimum ratio of 2.36) and 0.35 times x1p (with a maximum ratio of 2.53). From a financial
standpoint, minimizing pipe length is more cost-effective, especially when limiting the length resting on
the seabed. Therefore, it is preferable to set L;,;,; at its minimum of 2.36. Beyond this ratio, adjusting
xpp to smaller ratios reduces tension and curvature while maintaining the minimum required length Lg.
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Figure 4.16: Comparison of static horizontal length on the variations of L;,.4; and x¢p

4.4. Parametric Variation at 400m and 600m water depth
This section examines the impact of parameters at different water depths.

4.41. Effecton ODg,

The evaluation criteria show consistent behavior across varying depths, with minimal impact on the
SBC and the greatest difference at point D for the SSC. As depth increases, a wider range of successful
scenarios allows O D g, to increase before exceeding constraints. OD g, is constrained by the SBC at
point E and the SSC at point D, see figure 4.17 for the dynamic analysis. The solid line shows the limit
based on the criteria, while the dashed line represents seabed or sea surface. These limits vary with
depth: at 200m, ODpg,, ranges from 3.85 to 4.47; at 400m, from 3.7 to 4.78; and at 600m, from 3.7 to
4.93. The acceptance range expands by 75% at 400m and doubles at 600m. In static analysis, the 4.58
ratio at 200m rises slightly to 4.62.
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Figure 4.17: OD g, limit on the clearances at points D and E for water depths of 200m, 400m, and 600m

The curvature at point B and F does not increase with depth. A smoother TDP area is observed at
point F with increasing depth in lazy wave configurations. At 200 m, the maximum curvature shifts from
point B to F and then to A, while at greater depths, the peak transitions directly from B to A. Point A
is minimally affected by depth changes, while points B and F experience larger variations. As depth
increases, curvature at points B and F decreases, shifting the maximum curvature to point A at a lower
ratio. This reduction in curvature is due to the increased z4¢ and zgp, leading to smoother bends.
Figure 4.18 compares points A, B, and F. Point D is excluded, as its curvature is lower than point B in
all cases.
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Figure 4.18: Curvature at points A, B, and F at 200m, 400m and 600m water depth

4.4.72. Effect on dBm and Lo

For dp, the evaluation criteria across different water depths show variations in scenario convergence.
With a fixed section length Ly (126 m at 200 m, 266 m at 400 m, and 406 m at 600 m), the pitch changes
for each depth. At 200 m, the response remained similar to changes in BM diameter. The buoyancy
force from section 2 impacts the lazy wave configuration, while sections 1 and 3 maintain a constant
submerged weight of 0.148 kN/m. When the buoyant section’s submerged weight exceeds zero, no net
buoyancy force is generated, resulting in a catenary configuration. A larger buoyancy force causes the
lazy wave to rise vertically, potentially interfering with the sea surface, leading to non-convergence as
BM reaches the surface.

When evaluating L, across water depths of 200m, 400m, and 600m, the primary difference arises at
the SSC at point D, since the constraint at -50 m remains fixed regardless of water depth. Across all
water depths, a minimum of 0.08 of the total length (L;.:;) is necessary for the pipe to form a lazy
wave configuration. The limit of L, across varying depths is shown in figure 4.19, where ratios of the
maximum buoyancy force can reach -1/2 of the non-buoyant section’s net force at any depth before
surfacing. The SSC becomes limiting at ratios of -0.25 for 200m, and -0.4 for 400m and 600m. This
results in maximum L ratios with respect to L;,;,; of 0.26, 0.32, and 0.34 for 200m, 400m, and 600m,
respectively, with point D reaching the surface at a ratio of 0.4. Figure D.13 in appendix D.3 shows the
similar behavior of clearances resulting from d g, variations.
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Figure 4.19: Ratio of net force from buoyant section over non-buoyant section for variations of Ly with respect to sea surface
clearance (hgsc) at 200m, 400m, and 600m water depth

Focusing on the ratio of net force in buoyant section to the non-buoyant section, within the range of
-0.5 to O (restricted to -0.25 for 200m and -0.4 for 400m due SSC), figure 4.20 shows the relationship
between the number of BM units (constant across depths) and pitch (scaled with water depth). As depth
increases, more BM units are needed to stay within the, following an exponential trend that reduces the
weight of the buoyant section. Successful pitch scenarios occur between 6m to 9m at 200m, 6m to 8m
at 400m, and 6m tom 10 at 600m. The required BM units range from 14 to 21 at 200m, 32 to 42 at 400m,
and 42 to 63 at 600m.

Effect of BM amount at different water depth
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Figure 4.20: Effect BM amount on pitch and ratio net force buoyant and non-buoyant section at 200m, 400m, and 600m water
depth

Figure 4.21 illustrates the curvature at points A, B, and F for L, across two ratios, which can also be
observed for dg,,. Approximately a decrease of 40% from 200m to 400m and 50% from 200m to 600m
is observed across all points, primarily driven by points B, D and F. The maximum curvature at point A
remains consistent across all depths, with only small deviations across varying water depths. Smaller
wave formations lead to higher curvature at point B and F, while larger wave formations result in higher
curvature at point A. The horizontal distances X s and X g impact the curvature at points B and D
similarly in all water depths. In shallower waters, larger curvature is observed at all points due to scaling
effects in deeper waters, making curvature more vulnerable in shallower water. This is particularly evi-
dent at point F, where the largest absolute values occur (ranging between ratios of 0.1 and 0.3), while
point B is more sensitive to changes than point F.

Furthermore, the tension shows similar behavior across all water depths, with a 50% increase in tension
at point A from 200m to 400m depth, and a 70% increase from 200m to 600m depth.
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Comparison curvature at points A, B, and F at different water depths
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Figure 4.21: Comparison of normalized curvature at points A, B, and F for ratios 0.1 and 0.3 for variations of Ly at 200m, 400m,
and 600m water depth

4.4.3. Effecton L,

The evaluation of L, across various water depths reveals a consistent pattern, where longer lengths are
constrained by the SBC at point B, while shorter lengths are limited by the SSC at point D. However,
deeper depths slightly expand these limits. As depicted in figure 4.22, the operational range for clear-
ances at 200m is between 0.24 and 0.49, at 400m between 0.145 and 0.5, and at 600m between 0.115
and 0.515 of the total length. Notably, L, can increase by approximately 40% at 400m and 60% at 600m
depth. In the static analysis, the minimum increases to a ratio of 0.139.

At point G, maximum allowable tension is required when the pipe connected to the TP, as shown in figure
4.22. This tension depends on Lgr, which inversely relates to L,. For different depths, the normalized
length of Lgr relative to L, decreases uniformly, though tension at point G varies. The 5 kN limit [82]
aligns with seabed clearance, while the 10 kN limit is reached with seabed interference. The 1 kN limit
restricts L; more compared to the SBC at point B. At 400m and 600m, larger limits are reached earlier as
all limits converge to similar L, lengths, resulting in smaller variations between different tension criteria
in deeper waters. At 200 m, lower limits (e.g., 1 kN) affect L; more, making shallower water critical to
smaller tensions. For 1 kN, L, increases by 12% at 400m and 14% at 600m compared to 200m, while
the 5 kN limit reduces L, by 10% at greater depths. The minimum Lgr is 0.29 times L;,;,; for 1 kN, 0.15
for 5 kN, and 0.1 for 10 kN. See figure D.12 in appendix E for the comparison of L;,;,; and Lgt.
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Figure 4.22: [, limit on the clearances at points B and D and tension at G at 200m, 400m, and 600m water depth

As noted in section 4.4.1, the curvature at point A remains relatively constant across all water depths,
while the curvature at points B, D, and F decreases. This behavior is reflected in the this parameter
across water depths, where the curvature at A shows minimal variation, but point F exhibits a consistent
decrease in curvature across all scenarios. This indicates that point F is more sensitive to changes in
water depth, where a 60% reduction is observed from 200m to 400m, and a 70% reduction from 200m
to 600m. For detailed curvature comparisons, see figure D.13 in appendix E.

The tension at point A is primarily influenced by the free-hanging length, which increases with water
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depth. Although tension does not scale perfectly linearly with depth, there is a strong correlation. By
extrapolating normalized tension values at 200 m, 400 m, and 600 m, an estimate of the tension at point
A can be derived, as shown in figure 4.23. Different rates of tension increase (Inc. rate) with depth reveal
varying growth patterns. The normalized tension values are 0.14, 0.3, and 0.47 at 200 m, 400 m, and
600 m, respectively, for a scenario without seabed or sea surface interference. Extrapolation suggests
that the MBL could be exceeded between 1000 and 1400 m, depending on the rate of increase. The
compounded growth estimate provides the most accurate prediction by accounting for relative increases.
However, other constraints, such as the collapse limit at 510 m, impose stricter depth limitations than
the MBL.
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Figure 4.23: Estimated maximum water depth based on tension increase rates at point A

444, Effecton L, and zrp

For L;yta1, the SSC of -50 m at point D in 200m water depth is the limiting factor, while for 400m and
600m, geometrical shape is unaffected at lower ratios but influenced by variations in = 4 g at higher ratios.
Maximum tension consistently occurs at point A, followed by points C, E, and G. As depth increases,
tension rises at points A, C, and E, but decreases at G. On average, tension at point A doubles from
200m to 400m, and triples by 600m. In contrast, tension at point G decreases by 10% from 200m to
400m, and by 15% at 600 m.

For curvature, the largest differences occur between points A and F. Transitions between these points
shift to larger ratios as water depth increases. Points B and D exhibit similar curvature to F. In stretched
configurations, point A experiences larger curvature, while in slacked scenarios, point F is more affected.
Deeper waters impact point A in stretched cases more than F due to small wave formations in the pipe.
Curvature at point F decreases with depth in slacked scenarios, driven by the increase in z7p. Maximum
curvature transitions from point A to F at a ratio of 2.74 for 200m, 3.13 for 400m, and 3.30 for 600m (see
figure D.14 in appendix E).

The mirrored behavior of L,.;,; and xp across water depths indicates that operational and physical
constraints yield identical values across the x-axis. At a ratio of 2.4, both L“’fﬂl and *Z- are perfectly
aligned. The outcomes are similar for equal step sizes of L., upwards and XTp downwards Figures
4.24a and 4.24b show the minimum and maximum required L;.,;,; and zrp. These variations are primar-
ily limited by tension at point G, rather than MBL or MBR. The MBR dominates as it is reached earlier
than the MBL. Even when the pipe does not touch the seabed, additional axial load due to stretching
does not exceed these limits. The maximum of L;,;,; and minimum of z1p are based on looping at the
TDP, but the tension threshold at G remains the limiting factor, not maximum curvature or tension at point
A. In shallower waters, smaller threshold values are critical, while in deeper waters, values converge to
similar ratios, especially in zpp.
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Figure 4.24: .;,;,; and 7 p limit based on physical criteria at 200, 400, and 600m water depth

4.45. Effecton Lgr

For the variations of Ly, Ly, and z7p, tension at point G imposes limitations on the minimal required
lengths and distances. This tension correlates with the static length of pipe lying on the seabed, Lgr. A
longer pipe requires a larger frictional surface, leading to more dissipative energy.

The visualization of the minimum required Lgr for the three parameter variations is shown in figure
4.25. A minimum tension at point G is required, and different water depths result in various minimum
lengths of Ls7. As water depth increases, threshold values converge toward a minimum. For Xrp, the
largest Lgr is required across all depths, followed by L;,,; and then L;. Moreover, the difference in
tension thresholds is smallest for X1 p, followed by L;.:.; and L; as well. Consequently, variations in
Xrp have the greatest influence on the tension at G, requiring a distinct minimal Lgr of 0.343 times
Lyt for water depths of 200 m, 400 m, and 600 m.
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Figure 4.25: Comparison of L g1 for variations of L;,.q1, Xtp, and Ly at 200, 400m, and 600m water depth

4.5. Sensitivity Analysis

This results of the sensitivity analysis are presented, which focuses on the effects of a 10% increase
or decrease in parameters on tension and curvature. At water depths of 200m, 400m, and 600m, the
base values are derived for normalized physical constraints at specific points. These results from the
dynamic analysis are used, where as the static analysis shows an overall lower averaged tension (12%)
and a reduced curvature (24%). Visualizations of the base value outputs and a comparison between
dynamic and static outputs from these values can be found in appendix E.1.

Figure 4.26 displays the allowable parameter ranges for water depths of 200m, 400m, and 600m. The
base value corresponds to the base scenario, with the range being limited by minimum and maximum
percentage changes. These limits are constrained by boundary conditions, indicating the maximum al-
lowable increase or decrease to which the base value can fluctuate before meeting a boundary condition.
The first four parameters, outer diameter of BM (ODg,,), pitch (dgas), length of the first section (L,),
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and length of the buoyancy section (Ls), are governed by clearances at thes seabed and sea surface,
whereas the last two parameters, total length (L;.:;) and termination point (x; ), are influenced by com-
pression and tension at point G. From the figure, it is evident that the outer diameter of the buoyancy
module has the smallest range, followed by the pitch and total length. The lengths of the first and second
sections show the largest ranges. Moreover, an increase in water depth allows for larger ranges.

The allowable ranges for the static analysis show a 4% decrease in the maximum and minimum
values at L, across all water depths due to SBC, and at 200m, a 4% increase in the outer diameter and
total length due to SSC. This results in minor differences between static and dynamic analysis, leading
to the decision to proceed with the results of the dynamic analysis. Detailed data for the minimum and
maximum ratios for each parameter for both static and dynamic analyses are provided in appendix E.2.
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Figure 4.26: Plot showing allowable increase or decrease for parameters from its base value at 200m, 400m, and 600m water
depth in dynamic analysis

The sensitivity analysis demonstrates that parameter variations yield similar, yet slightly more pronounced,
rates of increase or decrease in dynamic when compared to static analyses. Consequently, only the

dynamic sensitivity results at 200m are presented in figure 4.27. The rates of parameter increase and

decrease do not translate to comparable output responses in terms of tension and curvature. There-
fore, figure 4.27a details the effects of a 10% decrease, while figure 4.27b depicts the effects of a 10%

increase. It is important to note that the percentages in this heatmap are derived from the linearization

of test scenarios, which involved combinations of a 10% increase or decrease in parameter variations,

as explained in section 3.6.5. Parameters ODg,,, L1, Lo, and z;p show consistent relationships with

tension but display inverse relationships with curvature. In contrast, parameters dg;; and L;.:q; display

the opposite behavior, showing a similar relation to curvature and an inverse relation to tension. Results

of the heat maps for 400m and 600m depths, along with data from the static analysis, are available in

appendix E.3.
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Figure 4.27: Comparison of heat maps for parameter sensitivity on tension and curvature at 200m depth in dynamic analysis

Based on the combination of the sensitivity heat map and the allowable parameter ranges, it is possible
to compare different parameters. Unlike direct parameter comparisons, this focuses on the locations
of tension at points A and C, and curvature at points B and F, as illustrated in figures 4.28 and 4.29
respectively. Tension at point E is not considered significant since the sensitivity at point C is more
pronounced. As a result, tension at point E follows a similar sensitivity pattern to point C but at lower
rates. Tension at point G is also disregarded as it is most sensitive to changes in L, followed by
x7p, as identified in the parametric study. For curvature, parameters ODg,s, dgar, Lo, and Ly are
compared at points A and B, with mirrored rates at these locations. However, point A shows lower rates,
making point B more dominant with larger effects. Furthermore, Ly, L;,q1, and zrp are compared to
changes in curvature at points D and F, with point F exhibiting higher sensitivity rates compared to point
D, thereby disregarding the impact at point D. Changes within the buoyancy section have the least effect
on the curvature at these point D and F.

For tension, the parameter most sensitive at point A is L, followed by L;,;,; and xrp. At point C,
Lio1; is most sensitive, although the heatmap showed the largest rate for ODg,; and dg,.; however,
due to the allowable range, these rates are not considered significant. This is similar for the tension at
point E, as discussed above. Tension at point G is also most sensitive to L, followed by zrp. This
indicates that tension across the length of the pipe is primarily influenced by changes in L;,;.;, followed
by z7p, with point A being particularly sensitive to L;. However, across the rest of the pipe, tension is
least sensitive to L;. Changes within the buoyancy section for ODg,;, dgas, and Lo are less sensitive
to changes in tension compared to L;,;,; and xzrp, with OD g, being more sensitive than dgy, and Lo
across the entire length of the pipe.

For curvature, at point B the most sensitive parameters are in a similar order within the buoyancy
section as ODpg)s, dgy, and Lo followed by L. and z7p, following a similar trend as in point A
with similar but lower rates. For curvature at points D and F, the buoyancy section is least sensitive to
parameter changes, with L,.;,; being more sensitive than x7p followed by L,. Notably, the buoyancy
section is more sensitive to curvature at points A and B, while it is least sensitive at points D and F.

Combining this data reveals that across tension and curvature, several observations can be con-
cluded. For changes within the buoyancy section, the order of sensitivity is always ODpg,s, dgas, fol-
lowed by L, and L., always shows higher sensitivity than x7p. Specifically regarding tension, L,
exhibits the highest sensitivity along the entire length of the pipe, followed by z7p and the buoyancy
section parameters. Notably, L; shows the greatest sensitivity at point A, yet it is the least sensitive
parameter overall. Specifically for curvature, points A and B are most sensitive to the buoyancy section,
followed by L;,q1, z7p, and Ly, while for points D and F, the latter three are more sensitive than the
buoyancy section.
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Figure 4.29: Comparison sensitivity of curvature at points B and F at 200m depth

At depths of 400m and 600m, different trends in sensitivity are observed compared to 200m. Since the
sensitivity rates at 400m and 600m are similar, the focus of visualizations is provided for 400m. Deeper
water results in decreased sensitivity in tension and increased sensitivity in curvature. Tension at points
A and C are shown in figure 4.30, and curvature at points D and F in figure 4.31. For tension, point A is
visualized due to differences at 200m, and point C is chosen over point E as it displays similar sensitivity
but at higher rates. Point G exhibits similar tension sensitivity across all water depths. For curvature,
points A, B, and F show similar sensitivity across all parameters. Only point F is highlighted due to its
significantly higher rates than at A and B. Furthermore, point D is shows differences with repect to other
points.

For tension, the most sensitive parameter at point A is L1, followed by ODgus, Liotar, and zrp. At
points C and E, the buoyancy section shows the highest sensitivity in the order of ODpg,/, dgs, and
Lo, followed by L;,;,; and xrp. In deeper waters, the buoyancy section is more responsive to changes
compared to L, and x7p, which can be attributed to the longer free hanging length.

For curvature at point F (and thus also at points A and B), the most sensitive parameter is ODg,,,
followed by L;,;; and x7p. dpps comes next, followed by L, and L;. Compared to 200m, ODgj,
becomes more sensitive and L, less sensitive. At point D, similar trends are observed as at 200m, with
the buoyancy section affecting curvature at this location the least, yet L, is more sensitive than the rest
of the buoyancy section parameters.

Combining this data reveals several observations across tension and curvature. The buoyancy sec-
tion parameters are not always grouped in order of sensitivity, while L;.;,; consistently shows higher
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sensitivity than z7p. Specifically for tension, ODg,; exhibits the highest sensitivity along the entire
length of the pipe, followed by L, at point A and the buoyancy section parameters at points C and E.
Similar trends are observed at point G as at 200m. Specifically for curvature, points A, B, and F are most
sensitive to OD gy, followed by L;.:qi, x7p, and the buoyancy section, while at point D, the buoyancy

section parameters are least sensitive.
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Figure 4.30: Comparison sensitivity for tension at points A and C at 400m depth
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Figure 4.31: Comparison sensitivity of curvature at points D and F at 400m depth

The sensitivity rankings from most sensitive to least sensitive parameters are summarized as follows:

At 200m depth:

 For tension across the full length:

while at point A the most sensitive is L;.

Liotal > x1p > ODpM > dpm > L2 > Ly,

» For curvature at points A and B:

ODgm > dgm > Lo > Liotal > x1p > L1,

while at point D and F all the buoyancy section parameters are least sensitive.
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At 400m and 600m depths:
» For tension at points C and E:

ODgm > dgm > Lo > Ligtal > x1p > L1,
while at points A L, is the most sensitive, and at point G shows similar sensitivity as at 200m.
» For curvature at points A, B, and F:
ODgm > Liotal > 1P > dm > Lo > Ly,

while at point D all the buoyancy parameters are least sensitive.



Discussion and Limitations

This chapter presents the findings from the parametric study, with a detailed discussion in section 5.1
and the research limitations outlined in section 5.2.

5.1. Discussion

While the results presented in this research provide valuable insights, they must be interpreted with
caution. The base case of the parametric study is tailored to specific end-use conditions, and the con-
clusions drawn here may not be directly transferable to other scenarios.

This research adopted the configurations based on recommendations from an optimization of DPC con-
figurations. The MBL of a DPC is about 5 times smaller and the MBR is about 1.5 larger than for flexible
pipes. This results in an excessive amount of buoyancy, effectively leading to an overly conservative
evaluation of tension and curvature. The breaking load for DPCs is significantly lower than for pipes,
which leads to positioning the wave shape in the middle of the water column to balance and minimize
tension between the HOP and the end of the buoyant section. A lower wave shape, particularly in deep
water scenarios (yet not investigated), would suffice, as the pipe’s breaking load at the HOP is not ex-
ceeded when 1000 meters of pipe is suspended from this point. This smaller wave shape located in the
proximity of the seabed would decouple the floater from the TDP, though curvature already converges
to minimum value for an increase in water depth at the TDP. In shallower waters, looping could occur at
the TDP, making a small lazy wave configuration preferable to minimize this.

The primary focus of this research is on only one specification for the flexible pipe. This sourced from
the in-house software provided by the pipe manufacturer. This pipe has not been tested under real-world
conditions, so the design is based solely on the numerical software’s recommendations. The hydrogen
electrolyzer used as the design input, while other types of electrolyzers may require different design
parameters for pressure and temperature. Higher operating temperatures or pressures, for example,
would necessitate thicker pipe walls or reinforced layers, increasing the mass and stiffness reducing its
flexibility. This, in turn, increases the surface area, affecting hydrodynamic loading and response, and
requiring additional buoyancy from the buoyant section to maintain the same geometric configuration.

Furthermore, the hydrodynamic coefficients used in the simulation were assumed based on a smooth
surface. However, in real-world applications, marine growth, fouling or surface roughness could affect
these coefficients, leading to different hydrodynamic loading conditions. Variations in diameter or hydro-
dynamic coefficients alters the forces acting on the pipe and changing its dynamic behavior accordingly.

Additionally, the system layout considered only one pipe orientation, with the pipe located at the mid-
point of the mooring system. The largest excursions of a semi-submersible platform occur in the mooring
direction, so the responses in the current configuration may not represent the worst-case scenario.

The hydrogen electrolyzer was modeled on a semi-submersible, and the motion response of this sub-
structure influences the behavior of the pipe at its connection point. The semi-submersible design,
which uses a catenary mooring system, experiences large horizontal excursions compared to other sub-
structure and mooring types. The larger horizontal excursions of the semi-submersible results in more
pronounced curvatures in the pipe. Substructures such as spars exhibited larger rotational responses
due to its deeper draft, possibly affecting curvature at the HOP more than semi-submersibles. Semi-
submersibles tend to experience higher wave-induced motions, resulting in greater heave responses

68
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that alters the vertical position of the SB. TLPs respond differently due to their higher natural frequen-
cies, and provide greater motion restriction. Both spars and TLPs experience less transnational motion
than semi-submersibles, reducing the need for a lazy wave configuration since the decoupling function
becomes less critical. Additionally, the motion response of the FOWT with a catenary mooring system
is expected to be larger compared to a taut-leg system. This reduces tension and curvature along the
pipe’s length, resulting in smaller values and sensitivity rates, making the catenary configuration more
favorable.

The mass of the hydrogen electrolyzer on the FOWT was not considered. Adding the electrolyzer
would shift the center of mass and adjust the inertia of the FOWT, effecting the response to external
loading. However, this could lead to larger motions once the FOWT begins to move, as the increased
mass distribution would store more energy. These larger motions would affect the overall tension and
curvature in the pipe. Additionally, while the pipe was centered in the middle of the structure, rotational
motions at the ends of the substructure could result in larger motion responses an inaccuracies.

The aerodynamic decoupling of the turbine blades neglects the rotational effects. Variations in wind
speed across blade height, gusts and turbulence were not considered, leading to a single constant point
force at the RNA. The substructure’s motions are thus not influenced by the aerodynamic effects of the
turbine blades. Additionally, due to the pipe’s central position, the rotational motion of the substructure
is minimizes the impact at this location.

During the environmental study, different directionalities were considered, and the in-line direction re-
sulted in the largest curvature response at the BS. However, after review, the de-coupled aerodynamic
model not directly implemented the thrust and drag forces considering changes in direction. These
forces were always assumed to be acting in the 0-degree direction, rather than the actual wind direction.
This results in a curvature drop for opposite directions, even though curvature would have increased
in counter directional (180 degrees) in-line environmental loading due to an increased movement and
elongation.

Furthermore, the simulations modeled environmental scenarios using increments of 30 degrees rela-
tive to each other. However, the roses from complex areas often show that the wind, wave, and current
directions can be significantly misaligned. This misalignment would result in a higher elongation of pipe
or different wave configuration responses to the larger misaligned directional wave and currents than
those captured.

Single sea states for an irregular sea were compared, while it did not explore the effects of different
seed numbers on the randomness of wave frequencies. This frequencies and amplitudes could lead
to different dynamic responses, potentially resulting in more extreme conditions than those used. Ad-
ditionally, the response of the FOWT was evaluated relative to peak wave periods. In an irregular sea
state, a range of wave frequencies may occur, not solely dependent on the single peak period, poten-
tially exciting resonance at specific RAO frequencies. These effects may not have been captured in the
analysis due to the lack of randomness. Furthermore, a resonance peak was found for yaw moments
at low wave periods, suggesting that torsional stresses on the pipe could pose a risk to its multi-layer
structure’s integrity.

The design of the BS in this research was based on a single set of environmental conditions. The
above mentioned directional conditions would have resulted in larger curvature at the HOP, thereby ef-
fectively a different and larger design of the BS to accommodate for the increased curvature. However,
different pipe specifications and environmental conditions would require a different BS design.

The simulation parameters are tailored to the specific configuration and environmental conditions. How-
ever, varying these parameters may necessitate adjustments to the simulation settings to optimize per-
formance under different scenarios. For instance, larger wave heights or lengths could require extended
simulation or build-up times to fully capture the relevant physical effects, which might not be adequately
represented in this irregular sea state. Additionally, alternative geometrical configurations with smaller
bends might necessitate a finer target segment length to accurately model its curvature.

A critical error in this research was the incorrect implementation of hydrogen density during the simula-
tions. The density was modeled at ten times its actual value, leading to inaccurate buoyancy calculations.
Due to this error, the configurations were modeled with less buoyancy than necessary. If the correct
hydrogen density had been used, the pipe would have been more buoyant. In the exact same scenario
with similar amount of buoyancy, this results in a larger curvature TDP and at the BS, and a decrease
in tension at the HOP as well.
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Differences between the static and dynamic analyses revealed that increasing water depth leads to
greater height differences due to larger variations in the geometric shape in the dynamic analysis. Fur-
thermore, as water depth increases, the contribution of static tension forces becomes more significant,
while the dynamic contributions decrease. Conversely, for curvature, dynamic contributions become
more significant at the HOP, while less for lower positioned locations. This was observed in all scenar-
ios, though different pipe properties could lead to different results. A heavier pipe, for example, would
have increased inertia and thus be less affected by dynamic forces, while a larger diameter would result
in increased drag and surface area, influencing the dynamic response. Furthermore, the FOWT’s mo-
tion response directly impacts the HOP behavior, with lower floater motions reducing the pipe’s dynamic
contribution.

If the pipe’s structural parameters, such as weight or diameter, increase, the system becomes less
sensitive to dynamic environmental forces due to the higher moment of inertia. The additional mass also
increases the static load, requiring more buoyancy to minimize tension and curvature. In this research,
when the turbine and electrolyzer operate at full capacity, a smaller pipe is sufficient to transport the full
volume of hydrogen produced. This reduction in pipe size decreases the static load due to the lower
mass, but it also makes it more vulnerable to dynamic forces. Consequently, the dynamic contribution
has a more pronounced effect, resulting in greater variations in tension and curvature during dynamic
analysis. This can lead to different outcomes in static and dynamic analysis, potentially determining
whether the pipe performs successfully or fails under varying conditions. Furthermore, in more extreme
conditions, such as increased wave amplitudes, larger height differences may be observed at the SB,
while an increase in current speed could result in greater curvature, depending on its direction. In sce-
narios where wind and waves are aligned while the current is counter-directed, an increase in curvature,
particularly at the bends, is expected.

The results are constrained by both physical, the MBR and MBL, and operational, the clearances, cri-
teria. In most scenarios, the operational constraints were more limiting than the physical constraints,
especially in shallow water scenarios. Physical constraints were only approached and exceeded in ex-
treme scenarios where the total length of the pipe became excessively short. These scenarios caused
an additional axial loading and bending at the HOP in stretched configurations, where the pipe was
unable to maintain seabed contact. Looping at the TDP was observed earlier than the breaching of
the MBR in excessively long scenarios. Compression at the TDP occurred in scenarios where the pipe
either touched the sea surface or looped due to excessive length.

Operational constraints are provided for clearances at the seabed and sea surface to prevent contact
or interference with the surrounding environment. Seabed clearance was set at 10 meters, limiting pipe
contact at the sag bend and the transition between buoyant and non-buoyant sections. However, this
clearance could be reduced. It was observed that at the transition from the buoyant to the non-buoyant
section (Point E), dynamic analysis showed minimal to no height difference, with smaller effect for an
in increase in water depth. Thus, the 10-meter clearance, based on this environmental condition, ap-
pears conservative. Since the wave decouples the motion, the height difference at this point is expected
to have minimal influence under other environmental conditions as well. However, considering marine
growth over time, the height difference could effectively lower the pipe’s position. Additionally, in scenar-
ios where the buoyant section is smaller, point E would be positioned higher vertically, resulting in less
likelihood of exceeding this constraints. The sea surface clearance was set at 50 meters, but reducing
this value could result in more successful configurations. This reduction would be particularly helpful in
limiting tension at the HOP by shortening the free-hanging length, which is especially relevant for power
DPCs but not as necessary for flexible pipes.

The tension threshold at the TP is set at 5 kN, where this research considers non-burial scenarios.
Burial would increase the frictional surface area, resulting in higher energy dissipation, leading to shorter
allowable (horizontal) pipe length. However, this would increase tension and curvature at the TDP due
to greater restrictions. Burial would recommended for shallower waters to mitigate the risk of collisions
with objects or other operational hazards.

The hypothetical pipe design intended to meet minimal specifications, reducing the amount of mate-
rial and layers to create conservative estimates for both tension and curvature limits. However, looping
at the TDP occurred without exceeding the MBR, while MBR and MBL exceedance was observed only
in scenarios with non-optimal wave configurations. Increasing the design’s robustness, such as adding
layers or using alternative materials, would even enhances the pipe’s axial load capacity, resulting in
scenarios were exceeding these limits even has a lower probability. For instance, collapse limits were
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surpassed at 600m, while the collapse limit (510 meters) was disregarded, where tensile and bending
stresses remained within acceptable ranges. This suggests that the collapse limit presents a higher risk
of failure than tension or bending. To account for deeper waters, adjustments to the pipe’s carcass could
increase the collapse limit, although this would also increase the MBR.

A 30% utilization factor was applied to both MBL and MBR, allowing for comparisons between dis-
tributed buoyancy with DCM and discrete buoyancy with FCM. This factor was calculated at a single
location and time step in a dynamic scenario, rather than across multiple points or accounting for max-
imum variations over time, making it less reliable for extended studies. This utilization factor was also
applied in static scenarios, where it likely leads to overestimation, as static analysis neglects external
forces such as hydrodynamic drag and added mass, which are influenced by the surface area of the
buoyancy setup. In static configurations, smaller discrepancies are expected due to the absence of
these external forces, whereas dynamic analysis introduces more pronounced variations in curvature
and structural response. Additionally, this discrepancy percentage was observed in curvature compar-
isons, yet lower discrepancy values were noted in tension comparisons. While conservative for tension,
as it is primarily influenced by the coupling method rather than the buoyancy method, the curvature
could be underestimated. Curvature was found to be more dominant than tension in terms of failure risk,
since larger values are observed. Therefore, utilization factors for curvature should be determined at
specific locations within the buoyancy sections, where the largest variations occur, such as at the pipe-
to-BM connections. In addition, environmental conditions result in similar effects on shape and response
behavior when distributed BM are used. However, if discrete BMs were adopted, different characteris-
tics in dynamic scenarios would emerge, especially concerning its surface area and dynamic response
behavior. Discrete BMs would increase localized drag and create higher dynamic forces, whereas the
uniform buoyancy line maintains a smoother dynamic profile, reducing the overall drag and leading to
more stable behavior under environmental loading. This could potentially result in more pronounced
curvature variations in discrete methods, indicating possible underestimation.

The results of the parameter variations were mainly governed by operational constraints. This resulted
nearly identical allowable ranges for parameters to decrease or increase before reaching their limits in
different water depths in static an dynamic analysis. Dynamic analysis showed a 22% contribution in cur-
vature and a 14% contribution in tension, averaged across all scenarios and all locations. As water depth
increases, the dynamic contribution decreases. However, greater variations in dynamic tension were
observed compared to curvature at larger depths, indicating that the dynamics have a more pronounced
effect on curvature when comparing different water depths. Despite this, the dynamic contribution re-
mained relatively small in relation to the maximum loading observed for both tension and curvature. This
suggests that static analysis provides a simpler and faster solution, as both static and dynamic analyses
yielded similar results in passing or failing the MBL and MBR limits at comparable parameter ratios. Thus
the dynamic contribution is small compared to the pipe’s maximum capacity. As previously discussed,
when a smaller pipe is used, the dynamic contribution can become more pronounced.

The parametric study evaluated six parameters, with similar behavior observed across the buoyancy
section parameters (ODpgur, dpar, Lo) and the parameters influencing its total configuration (Lozai, z7p)-
Given the similarity, investigating changes in individual parameters may be redundant. This allows the
lazy wave configuration to be designed using only three parameters: a buoyancy section parameter,
a total length configuration parameter, and L, while keeping the other parameters constant. Based
on the buoyancy forces required to form the lazy wave configuration, a combination of the three buoy-
ancy section parameters could be optimized. Alternatively, varying only the cost-driving parameter while
keeping the other two constant could minimize expenses. Financial considerations may also guide the
recommendation for a minimal L,.,; with varying zrp.

In the sensitivity analysis, results were based on the average of all successful scenarios, excluding those
that did not meet the criteria. This approach linearized the increase or decrease rates for tension and
curvature across all successful scenarios, and estimated the effects of a 10% variation in parameter val-
ues. However, these sensitivity rates are not directly measured but are instead estimated as averages
over single parameter variations. Additionally, this linearization limits the ability to capture exponen-
tial responses from excluded scenarios. In particular, scenarios with fewer successful cases, such as
those involving variations in dg,s, required interpolation of the results, increasing the likelihood of devi-
ations from the actual 10% increase or decrease in parameter variations. However, important to note is
that these excluded scenarios represent configurations which are positioned near the sea surface and
seabed. Nonetheless, the static and dynamic analyses showed similar sensitivity responses, indicating
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that parameter changes should produce comparable effects in both analyses. This linearization under-
estimates or overestimates tension and curvature responses due to non-linear behavior from parametric
variations. The issue is further complicated by visualizations based on the comparison around its base
value, while sensitivities are thus measured across all scenarios. The pre-determined allowable ranges,
however, try to limits these inaccuracies.

The research focuses on the lazy wave configuration, but the results indicate that a catenary configu-
ration could be a viable option, particularly from a financial perspective. Maximum tension at the HOP
occurs only when the vertical distance from the pipe’s end exceeds 1000 meters, with looping at the
TDP happening before the MBR is exceeded. The catenary configuration reached approximately 75%
of its curvature limit at the TDP in 200m water depth of water, with more significant curvature effects
than in 400m and 600m water depth. In contrast, the lazy wave configuration decouples the motion of
the FOWT from the TDP, reducing curvature at TDP and the tension and HOP by around 50%. This
reduction could minimize fatigue damage at the TDP by lowering stress variations. Unlike the catenary
configuration, the direct coupling of FOWT to the TDP, this could increase the risk of fatigue. Although
this research did not explicitly examine fatigue, the lazy wave is recommended as a potential mitigation
strategy.

A parametric study for a lazy wave configuration would be more applicable to DPC design than to
flexible pipes, as the constraints of MBL and MBR for flexible pipes are less stringent. When comparing
the bending stiffness of pipes to DPCs, axial stiffness is greater in DPCs, while their bending stiffness
is lower, with a lower MBL and higher MBR. This necessitates for careful design for DPCs, especially at
high loading points like the HOP and at the transition from buoyant to non-buoyant section. Additionally,
DPCs are more flexible and require larger bend radii, which demand greater horizontal excursions in the
wave shape. A more dispersed distribution of buoyancy is needed to achieve larger radii at the hog and
sag bends, ensuring also a smooth transition at the TDP.

5.2. Limitations

Throughout the research, certain assumptions limit its applicability to other scenarios and studies. These
are as follows:

» The numerical software interprets the pipe using the beam theory, which neglects lateral restric-
tions and local effects between individual layers of the pipe. As a result, the global response
behavior is modeled, but the specific behavior between each individual layer is not accounted for.
This simplification impacts accuracy, particularly in scenarios where interactions between layers
are critical under high bending moments. For example, local buckling or delamination between
layers could occur in reality but remain undetected in the global beam model. Consequently, this
overestimates the pipe’s load-bearing capacity.

+ Several failure modes were evaluated, including tension, overbending, compression, and collapse;
however, other failure modes were not investigated. The design constraints of MBL, MBR, and the
collapse limit suggest that while MBL and MBR are significant, the key design drivers in terms of
physical constraints have yet to be clearly identified. Fatigue failure, which was not examined due
to the complexity of the pipe’s multi-layer structure, could provide valuable insights if incorporated
into the evaluation criteria. This would require converting the structural response from a global to
a local layer level. A full conversion to the local level at its most vulnerable layer, offering greater
clarity on the likelihood of successful scenarios. Additionally, torsional stresses were excluded
from the analysis, despite their potential to increase tension due to the helically oriented armor
wires.

» The scenarios focused on a single layout, with the pipe positioned at the midpoint of the mooring
system. Additionally, it did not account for the randomness of environmental loads, which could
introduce variability in wave conditions that were not considered. This suggests that the most ex-
treme motion and structural responses may not have been captured. Consequently, the sensitivity
analysis is limited to this specific FOWT scenario and the environmental conditions simulated here.

» Environmental factors, such as marine growth, were not considered. Marine growth can affect
the pipe’s geometry and response over time by increasing its weight and altering its hydrodynamic
properties. Additionally, VIV conditions were not simulated, despite their possible impact on fatigue.
In particular, this location, which experiences large variations in current speed and direction, could
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make VIV a dominant factor, potentially requiring adjustments to the pipe structure if needed.

» The DLCs were specifically tailored for the design of an FOWT in a decentralized layout. If a
centralized or semi-centralized layout were considered, the pipe design and DLCs would need to
be re-evaluated for a dynamic riser configuration connected to different floating substructures. In a
centralized layout, the hydrogen production unit would be located on a separate floating structure,
which would respond differently to similar environmental conditions compared to the FOWT used in
this research. Furthermore, in a centralized layout, multiple pipes or a larger-diameter pipe would
be required to transport the increased volume of hydrogen. Different pipe specifications would
result in varying characteristics and impacts on structural response. For instance, increases in
both axial and bending stiffness would reduce flexibility and alter the pipe’s load-bearing capacity,
necessitating recalibration of the design to accommodate these changes. In addition, the internal
fluid parameters were modeled as constant throughout the pipe. However, variations in internal
flow speed and pressure, particularly due to elevation changes, affects bending stiffness.

» Between the TDP and TP, the seabed was modeled as a contact surface with friction, but complex-
ities such as soil displacement or accumulation in front of the pipe were not considered. These
factors alters the pipe’s behavior, especially in counter-directed environmental conditions relative
to the pipe layout. Accurately capturing these effects would result in higher curvature at the TDP
due to increased movement restriction.

* Lastly, the water depth was scaled from 200m to 400m and 600m, with corresponding adjustments
to the mooring lines. However, in realistic scenarios, the mooring line configuration would differ.
A fully chain-based catenary mooring system becomes impractical at greater depths due to the
excessive weight of the mooring lines. In deeper waters, a combination of synthetic and chain
ropes is more suitable, resulting in larger horizontal and smaller vertical motions responses for the
FOWT.



Conclusion and Recommendations

This chapter presents the conclusions drawn from the research in section 6.1, followed by recommen-
dations for future work in section 6.2.

6.1. Conclusion

This research has provided an investigation into the structural response of flexible pipes deployed in a
lazy wave configuration for offshore hydrogen transportation from semi-submersible FOWT, spanning
from the HOP to the TP. The researched focused on how configurational parameters influence the pipe’s
tension and curvature. The first part of the study gave an overview of the technology and design con-
siderations for flexible pipes. This was followed by a detailed discussion of the methodology, which
included a preliminary analysis and the setup of a parametric study that formed the foundation for the
numerical modeling. This chapter presents the conclusions drawn from this research. The objective is
to answer the main research question:

What impact do parameters of lazy wave configurations have on the tension and curvature of
flexible pipes connected to a semi-submersible FOWT in hydrogen applications?

The design of the lazy wave configuration was assessed through static and dynamic analyses. Numer-
ical modeling was performed using OF software, which employs a finite-element model based on the
beam theory, simplifying the interactions between pipe layers and providing a global approach of the
pipe’s structural behavior. The DCM in OF provided the FOWT motion response as input for the pipe’s
motion at the HOP, along with metocean conditions. The pipe was designed for hydrogen applications
using in-house software from the pipe manufacturer. The design constraints considered the failure
modes of tension, compression, overbending, and collapse. The research evaluated a single top-view
system layout, incorporating recommended configurational parameters optimized from DPCs as the ref-
erence scenario. The BMs were distributed along the buoyant section, and the BS was tailored to its
specific purpose. Environmental conditions, including wind, waves, and currents, were modeled using
omni-directional inputs combined with DLCs for a FOWT, focusing on the combination of directions that
induced the largest structural responses. The parametric study varied six configurational parameters:
the outer diameter of the buoyancy modules (O Dg,/), the pitch (dgas), the first section length (L), the
second section length (L,), the total length (L;.:.;), and the horizontal position of the termination point
(zrp). These parameters were evaluated at water depths of 200m, 400m, and 600m.

The lazy wave configuration cannot be fully designed or optimized based solely on the failure modes of
tension, overbending, compression, and collapse, as operational constraints govern the design rather
than its physical constraints. These physical limits are only exceeded in scenarios where the wave
configuration is non-optimal, such as in elongated or slacked configurations. The MBR is exceeded
earlier than the MBL, indicating that bending radius is a more dominant constraint than tensile load in
such scenarios. The limits of the MBL and MBR are breached when compression has already occurred,
when looping begins at the TDP, or when the collapse limit has already been exceeded. Therefore,
tension and curvature loading are not the primary design drivers, yet other factors such as fatigue or VIV,
which were not considered in this research, may ultimately govern the pipe’s design. This leads to two
possible conclusions regarding the pipe’s axial and bending capacity: either the pipe is overdesigned,
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suggesting that material and cross-sectional parameters could be minimized by the manufacturer, or the
lazy wave configuration is not the optimal solution for this flexible pipe.

The lazy wave configuration reduces tension at the HOP and curvature at the TDP compared to a
catenary configuration. In the lazy wave setup, the MBL is reached at the HOP when a pipe of approxi-
mately 1000m is hanging from this location, and looping occurs earlier than when the MBR is exceeded
at the TDP. Tension at the HOP and curvature at the TDP are reduced by up to 50% in the lazy wave
configuration, while the catenary remains within acceptable limits as well. Consequently, a lazy wave
configuration should only be considered when a catenary is unsuitable, as the catenary is simpler and
generally a more cost-effective option. However, failure modes not investigated could become key de-
sign drivers, as direct movement transfer to the TDP may increase the risk of failure due to repetitive
contact with the seabed. A small wave configuration near the seabed can effectively reduce curvature,
leading to improved stress distribution. To ensure a holistic understanding of its application, the lazy
wave design must incorporate techno-economic and operational criteria, along with the consideration of
additional failure modes.

Both static and dynamic analyses were conducted, with the comparison focusing on the dynamic con-
tribution, which showed minimal differences. The pipe’s geometric shape exhibited the most variation
in vertical displacement at the SB, primarily due to the direct influence of FOWT motion. The lazy wave
configuration effectively decouples the FOWT’s movement, reducing its impact on the pipe beyond the
wave section. Without this configuration, the FOWT motion would be directly transferred to the TDP.

The structural response to static effects contributes, on average, 86% of the total tension and 78%
of the total curvature, resulting in only a small influence by environmental factors. This indicates that
static loading from the pipe’s weight and buoyancy is significantly more dominant than dynamic loading.
As a result, static development forms the basis for the initial configuration, where shape, curvature, and
tension are minimally affected by the addition of environmental factors. As water depth increases, the dy-
namic contribution to tension and curvature decreases. Consequently, as FOWTs are deployed farther
from shore, environmental loading becomes less significant, with static loading becoming increasingly
important in deeper and more remote FOWT scenarios. Curvature exhibited more pronounced varia-
tions and higher normalized values across different scenarios compared to tension, making it a more
critical design constraint. Larger deviations in curvature were observed due to dynamics, especially
when comparing different water depths. Tension remained relatively consistent, emphasizing that the
curvature constraint is more critical, as this exhibits greater variability across different configurations and
consequently in various applications.

The comparison of static and dynamic analyses shows that the pipe’s design constraints, MBL and
MBR, can be effectively evaluated through static development rather than a dynamic development in
the initial design phase, as similar scenarios failed in both static and dynamic analyses based on these
constraints. While dynamic effects are important for cyclic loading over time, they require more compu-
tational resources and have minimal influence on tension and curvature. Therefore, performing initial
static developments offers a quicker approach for designing lazy wave configurations focused on tension
and bending. For dynamic analyses, however, additional failure modes beyond tension, overbending,
compression, and collapse should be incorporated.

Regarding the configurational parameters, several observations can be made. Parameter variations
showed slightly more pronounced changes in tension and curvature when environmental loading was
included. Additionally, environmental loading affected the pipe uniformly along its full length, with its
influence decreasing with depth in the water column, indicating a reduced overall response to parameter
variations in static analysis. For an increase in water depth, tension and curvature responses begin to
converge, suggesting similar behavior beyond a certain depth.

The lazy wave configuration paramaters can be effectively designed using three distinct groups of
parameters. The grouped parameters governing the buoyant section (ODpg)s, dgy, and Ly) and those
governing the overall configuration (L:.t,; and zrp) showed similar responses in terms of shape varia-
tion and structural behavior. The environmental factors have minimal influence where different buoyant
section configurations show negligible differences in response. For L;,:,; and xrp, the primary differ-
ence lies in the static horizontal length on the seabed (L s7), which affects energy dissipation and tension
at the TP.

The MBL and MBR limits were only exceeded in stretched scenarios due to variations in L., and
x7p or when the buoyant section was positioned near the surface due to changes in ;. Additionally, only
these parameters caused compression at the seabed. Therefore, these parameters have the greatest
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impact on failure modes, while variations in the buoyant section parameters never led to exceeding the
physical limits. Instead, the buoyant section parameters are governed by operational criteria. However,
the failure modes of tension, compression, and overbending observed in these scenarios occurred in
unrealistic or undesirable configurations for the lazy wave design, as they coincided with exceeding
operational constraints. This demonstrates that operational limits, rather than physical ones, are the
dominant design drivers for the lazy wave configuration. This highlights that the lazy wave configuration
can be designed primarily based on operational criteria, given its high MBL and lower MBR limits.

Both grouped parameter combinations exhibit similar behavior in tension and curvature variation
along the pipe’s length. Therefore, the six parameters investigated can be reduced to three: a buoy-
ant section parameter, L, and a parameter defining the overall lazy wave configuration. Limiting the
design to these three parameters, while keeping the remaining ones constant, simplifies comparison
evaluations by reducing the range of possibilities. The selection of these parameters is guided by finan-
cial incentives; for example, adjusting the BM diameter has a smaller cost impact compared to increasing
the number of BMs, while modifying the TP has no effect on pipe costs, unlike changes to the total length.

Based on the sensitivity analysis, water depths of 400m and 600m yield similar outcomes for tension and
curvature compared to 200m, indicating that parameter variations behave differently at varying depths.
As water depth increases, after a certain depth (400m in this research), maximum curvature responses
begin to converge to a minimum, while tension gradually increases. However, even at 600m, normalized
curvature shows larger values than normalized tension. At all depths, curvature remains the more critical
constraint, though tension may become more significant in deeper waters not investigated. The larger
normalized values observed for curvature suggest that the lazy wave configuration is more suitable for
shallower waters, though this has not been investigated below 200m.

Grouped parameters influencing the buoyant section (ODg;, dgy, and L) and the overall config-
uration (Lsq; and zrp) follow consistent sensitivity rates, listed from largest to smallest, across the
full length for both curvature and tension. Thus, the outer diameter of the BM (ODpg)y) is always the
most sensitive parameter within the buoyant section, while total length (L;.:;) is more sensitive than
the horizontal position (z7p). From a financial perspective, for increasing buoyancy force, it is more
efficient to increase O D g, rather than decreasing dg,,, and for reducing buoyancy, increasing dgy; is
preferable over reducing ODg ;. Moreover, adjusting xrp instead of L, is recommended to optimize
cost-efficiency.

The deduction of these three parameters leads to the following conclusions: tension at the HOP is
most sensitive to L, across all water depths, although this parameter has the least influence on curvature
and tension at other locations. Therefore, L, governs design considerations for HOP tension. Addition-
ally, the objective of the lazy wave to decouple curvature at the TDP, indicates that L;,,,; demonstrates
greater sensitivity at 200m at this location, whereas O D g, is more sensitive at 400m and 600m depths.
Curvature and tension variation along the rest of the pipe varies between these two parameters. When
financial considerations are included, zrp becomes the most sensitive for curvature at the TDP across
all depths, competing with d;, for sensitivity in tension and curvature along the pipe. As a result, a lazy
wave configuration can be optimized using L1, OD gy, and L4 With large sensitivity responses, while
smaller sensitivities are driven by L1, dgys, and zrp.

6.2. Recommendations
Several recommendations for further research can be made:

» Fatigue and Accidental Failure Considerations: The failure modes of tension, overbending,
compression, and collapse are addressed. However, future studies should prioritize investigating
other failure modes, such as fatigue at critical points, particularly where the largest stress vari-
ations occur, such as the HOP and TDP. This requires capturing all load cases within dynamic
environments that influence fatigue behavior. Additionally, this analysis should be conducted at a
local layer level, rather than at the global level. Coupling OF’s global model with in-house software
for local fatigue analysis will provide detailed insights into the layers most susceptible to failure.
This is crucial, as the key design drivers are not based solely on MBL and MBR limits. Further-
more, accidental failures, such as pipe collisions with surrounding components or mooring line
failures, should be studied, including the risks associated with hydrogen dissipation in submerged
environments.
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» Techno-Economic Optimization of Pipe Design: Optimization should be explored by comparing
a minimum required pipe design for a lazy wave configuration with the maximum required design
for a catenary configuration. This comparison should be based on material properties and cross-
sectional dimensions that determine the capacity of the MBL and MBR. The goal is to evaluate the
robustness needed for a lazy wave configuration and identify the specific pipe design where a lazy
wave becomes more suitable instead of a catenary. A techno-economic analysis is essential to
assess cost-effectiveness while maintaining structural integrity. Scenarios comparing a less robust
pipe with expensive BMs to a more robust pipe without buoyancy should eventually offer valuable
insights into cost-benefit trade-offs.

» Evaluation of Alternative Configurations: Future studies should explore combinations of config-
urational parameters to achieve more optimized solutions. In addition, alternative configurations,
such as the lazy-S or tethered configurations, should also be evaluated for their viability under dif-
ferent operational conditions. Particularly in centralized layouts requiring multiple risers, the lazy-S
configuration may offer advantages. On the other hand, combining a catenary configuration with
a tether at the TDP could offer a viable solution in shallower waters, as curvature at the TDP in a
standard catenary setup may pose constraint challenges.

+ Comparative Structural Analysis of Umbilical Systems: A comparative study of the structural
behavior of flexible pipes and DPCs is necessary. Different applications in both centralized and
decentralized layouts will require distinct umbilical systems, highlighting the potential need for mul-
tiple specialized umbilical systems, each with unique properties, in the future. This integration of
both DPCs for electricity and flexible pipes for hydrogen transport within a single wind farm would
enable a comparison of structural responses across various floating substructures and environ-
mental conditions. Such an approach would help determine the most optimal umbilical system for
a specific wind farm application and location.

* Incorporation of Additional Environmental Effects: This study did not consider additional en-
vironmental factors, such as VIV and marine growth. VIV can lead to large-amplitude oscillations
that affect structural integrity, while marine growth alters the mass and drag characteristics of the
pipe over time. Future studies should investigate and incorporate these factors to provide a more
realistic representation and to better assess the pipe’s suitability and integrity in long-term applica-
tions.
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Technology Flexible Pipes

A.l. Comparison pipes and configurations

Table A.1: Limitations and applications of bonded [104] and non-bonded [31] flexible pipes

low temperature

temperature max 120
°C

Properties Bonded flexible | Non-bonded flexi- | Remark
pipes ble pipes
Limitations
Length 12 -100m Several km Non-bonded pipes usually employed for
long lengths
Internal fluid Low pressure/ High pressure/ Non-bonded pipes preferred with gas,

unstable fluids or high
temperatures

Internal diameter

Max 24 inches

Max 19 inches

Bore bonded pipes constructed in
12 m parts

Bending flexibility | Excellent Good Bonded pipes preferred in high bending

applications
Applications

Flowline Usually not Yes Located subsea; from well to
manifold

Subsea jumper Usually not Yes Short line connecting subsea units e.g.
individual wells

Flexible riser Some Yes Lines connecting a subsea station to a
floating platform

Offloading Oil Yes Some Mostly used in combinations with diam-
eters higher than the limit of bonded
pipes

Jumpers Yes Yes Drilling, turret jumpers FPSO, topside

jumpers TLPs and long jumpers connec-
tion platforms
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q Weight |Touch down
Freg Steep-s Lazy-S pLesp Lazy Wave FiEn: Added |Chain Added|
Hanging Wave Wave

Wave Wave
Dynamic behaviour
Hostile
weather, Poor Limited Good Good - Poor Good Good - Good
shallow water
Hostile
weather, deep Limited Good Good Good + Good - Good + limited Good-
water
Fair weather, Limited Good - Good + Good Good - Good Good - Good
Shallow water
Fair weather, Good Good Good Excellent Excellent Excellent Good Excellent
Deep water
Ien:st:llatlon Excellent Poor Good Good - Excellent Good Good - Good
Economic profile
One line Excellent Limited Good - Good - Good + Excellent Good - Good +
Several lines Excellent Good - Good + Good - Limited Good - Good Good -
Adaplfablhty i Excellent Excellent Excellent Good - Limited Good - Good Good -
No. Lines

Figure A.1: Selection matrix for riser configuration based on the study of [35]

A.2. Ancillary components
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Figure A.2: Main ancillaries
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Pipe Design Details

B.1. Decision-making hydrodynamic coefficients pipe

The hydrodynamic coefficients for slender structures are determined following the guidelines in [66].
The hydrodynamic loads are characterized by the drag and added mass coefficients, which depend on
the Reynolds number, Keulegan-Carpenter number, and surface roughness. These are defined by the
following equations:

Re = -~ (B.1)
VU’

Ke=—% (B.2)

k/D = % (B.3)

Where v is the flow velocity (m/s), D is the outer diameter of the structure (m), v is the kinematic
viscosity (m?/s), T is the wave period (s), and k is the surface roughness height (m).
For this analysis, the surface roughness is taken as 5 x 10~ m (uncoated steel), resulting in a roughness
ratioof k/D = 3x10~°. Assuming a water temperature of 5°C, the kinematic viscosity is 1.56 x 10~ m?/s
[66]. With a 100-year average current speed [35] of 0.46 m/s, the Reynolds number is calculated as
4.4 x 10*. The corresponding hydrodynamic drag coefficient C is approximately 1.05 (see figre B.1).

c
\
N \\ - LR7oE TR0
1.0 ,/—J:’_
N\ \ _—
T
) \ /X\/ o
Table 6-1 Surface roughness \ \ 7\ ?;/
\
Material k (meters) 05 W/ A
Steel, new uncoated 5% 1073 A oot
— W\, I
Steel, painted 5% 106
Steel, highly corroded 3% 103
Concrete 3% 103 o . ———ert -
Marine growth 5% 103 t05x 102 10 108 10* Re 10’
(a) Surface roughness for drag coefficient determination (b) Drag coefficient for circular structures in steady flow [66]

Figure B.1: Determination of drag coefficient
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The maximum wave height varies between 9.1 m and 12.6 m in a severe sea state (SSS), leading to
a Keulegan-Carpenter number calculated as K. = % within the wave zone. This gives a range of
K. from 215 to 298, indicating a large value. For high K. values, the added mass coefficient Cy; is
estimated to be 1.6 for smooth cylinders, resulting in an added mass coefficient Cy = Cy; — 1 = 0.6, as
shown in Fig. B.2.

Cy
= = NN
™ m o N

14 !
124 h/

10
08 -rtrt
0p

Figure B.2: Added mass coefficient as a function of the K. number. Solid line: smooth cylinder; dashed line: rough cylinder [66].

B.2. Equations hydrodynamic coefficients buoyancy section
ODpyLpum dpy — LBM

ODyedsht + Corome B4

Cpn,e = Cpn,BM 7
BM

1 (CDa,l
dpmODppe 4

Cpa,e = (OD%,, — ODZipe) + Cpa,20Dpnm Ly + CpapipeODprie(dey — Lear))

(B.5)

B.3. Capacity of hydrogen production

The hydrogen production is based on the output electrolyzer requirements of a design pressure and
temperature of 40 barg and 50 °C. The energy content of hydrogen is 55 kWh/kg, and the full capacity
of the wind turbine is 15 MW. The energy efficiency is around 60 to 70% [82], and the internal hydrogen
velocity is estimated at 15 m/s [84].

To determine the density of hydrogen, the ideal gas law provides a reasonable approximation. High
temperatures favor ideal gas behavior; however, high pressure results in more compressed behavior
and intermolecular forces. While the ideal gas law is generally a reasonable approximation under these
conditions, precise calculations, such as those needed for safety analysis, benefit from considering
deviations from ideal gas behavior. For greater accuracy, using compressibility factors is beneficial to
adjust for molecular interactions. The density, determined by the ideal gas constant, can be estimated
with the following equation:

Cp M 4% 10° x 0.002016
Phydrogen = "B T T 8314 x 323.15

= 3.00kg/m® (B.6)

where p is the pressure in Pa, M the molar mass in kg/mol, R the gas constant in m3 - Pa/(K - mol),
and T is the temperature in K.

When the turbine and electrolyzer run at full capacity, the hydrogen production mass flow rate can be
estimated with:

_ Pxn _ 15x0.60
*TE 5

T = 0.04545 kg/s (B.7)

where P is the power output in MWW, n the efficiency factor and E is the energy content of hydrogen
in kWh/kg.
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Using the derived density and the mass flow rate, the total volumetric flow rate of hydrogen can be
calculated using the following equation:
my,  0.04545

Qror = Phydrogen ~3.00

=0.01515m3/s (B.8)

Capacity based on maximum conversion possibility: If a single pipe were used to transport the
hydrogen at maximum capacity, the inner diameter would be:

Qtot 0.01515
IDgingle = 2\/ —2— =24/ —2— = 0.0359m = 1.4inches (B.9)
m m

where v is the internal flow speed in m/s.

Capacity based on provided pip:
If the pipe provided by NOV is used, the volumetric flow rate for is calculated with:

0.10162

ID\? .
Qpipe =V X T X - =15x7 x ( ) =0.1216 m°/s (B.10)

The number of pipes needed to transport all hydrogen with the hypothetical pipe requires is as follows:

 Qu: 001515

N =0.142

 Qpipe  0.1216

B.4. Design flowchart

Figure B.3: Flowchart application for dynamic design purpose of un-bonded flexible pipes [26]
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B.5. Information on beam theory

The beam Theory, particularly the Euler-Bernoulli beam theory, is used to analyze the behavior of beam-
like structures under various loads. This theory simplifies the analysis of bending and axial deformations
by making several key assumptions, introducing also limitations:
+ Linear Elasticity: The material of the beam behaves according to Hooke’s Law, meaning that the
deformations are proportional to the applied loads. This implies that the material remains within its
elastic limit and does not experience plastic deformations. For materials undergoing large strains

or yielding, this simplification may lead to inaccurate results.
+ Small Deformations: The theory assumes that the deformations are small relative to the beam’s

length. This allows the linear approximation of deformations and neglects geometric non-linearities.
For cases involving large deformations or complex loading conditions, geometric non-linearities
can become more significant.

» Plane Sections Remain Plane: Cross-sections of the beam that are initially plane and perpendic-

ular to the beam’s axis remain plane and perpendicular after deformation. This means that there

is no warping or twisting of the cross-sections.
* Neglecting Shear Deformation: For scenarios involving pure bending, shear deformation is not

considered. This assumption is valid for slender beams where the length is significantly greater
than the cross-sectional dimensions. However, this may not be accurate for short or thick beams
where shear effects can be substantial.

Flexible pipes are complex structures consisting of multiple layers, each with its specific function. The
structure of such pipes is far more complex than that of a simple homogeneous beam, yet Orcaflex
simplifies this complexity using this theory. This simplification, while computationally efficient, introduces
several limitations that must be understood to accurately interpret simulation results.

*+ Homogeneous and Isotropic Material Properties: Despite the pipe being composed of multiple
layers, each with distinct materials and mechanical properties, the software assumes the pipe can
be treated as a homogeneous and isotropic material. This means that the material properties are
uniform throughout the structure and behave identically in all directions. This simplification ignores
the interaction between layers (such as friction, potential gaps forming, or layer separation), leading
to an oversimplified representation of the pipe’s behavior, especially under bending or torsional

loads.
» Constant Cross-Section: The software assumes that the cross-section of the pipe remains con-

stant along its length, which neglects the complex interaction between the layers, particularly when
they move relative to each other under bending. This can lead to inaccurate predictions of stress
distribution, especially at the interfaces between layers where varying stiffness and strength would
otherwise affect the structural response.

* No Layer Separation: In reality, the layers in a flexible pipe are not bonded, meaning they can
move relative to each other. This movement can cause changes in the overall cross-sectional
shape during bending, an effect not captured by the beam theory used in Orcaflex. Consequently,
the theory does not accurately represent the potential sliding or separation of layers, which could

impact the structural integrity of the pipe under certain conditions.
* Inadequate Representation of Non-Linearities: The complex loading conditions, including pres-

sure, temperature variations, and dynamic forces such as waves or currents, can cause non-linear
deformations in the pipe. Beam theory assumes linear elasticity and small deformations, which
may not hold true under high stress or strain conditions, leading to inaccuracies in the predicted
structural response. This is particularly important in the context of operational safety and design
optimization.

* Neglecting Shear and Warping Effects: In reality, the cross-section of a flexible pipe may expe-
rience warping and shear deformation under load due to the complex layered structure. However,
the beam theory assumes that plane sections remain plane, neglecting these effects. This limita-
tion can result in underestimating the deformation

The simplifications made OF affect the accuracy of simulations in real-life scenarios. For example, the
inability to accurately predict the behavior of each layer in a flexible pipe could lead to an underestima-
tion of critical stresses, particularly in scenarios involving high internal pressures or complex loading
patterns. This could impact the operational safety and reliability of the pipeline. Additionally, without
accurately accounting for the complex interactions between layers, the design process may not fully op-
timize material usage or layer thicknesses, potentially leading to over-engineering or insufficient strength
in certain areas. Finally, the beam theory simplifications might lead to discrepancies between the simu-
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lation results and actual pipe behavior in the field, especially under extreme conditions, resulting in less
accurate predictions for fatigue life, failure points, and overall pipe performance.

B.6. RAO's of semi-submersible
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Figure B.4: 6 DoF RAOs of semi-submersible in wave direction of 0, 60 and 90 degrees

B.7. Bend stiffener considerations

Table B.1: Maximum normalized curvature for all tested scenarios of BS

Diameter (m)
03 04 05 06 07 08 09 1.0

0.82 056 0.63 0.69 0.73 0.76 0.78 0.80
0.86 0.51 042 049 056 0.61 0.65 0.68
0.89 0.55 0.33 0.35 042 047 052 0.57
0.91 058 0.35 0.27 0.31 0.37 0.42 047
0.93 0.60 0.37 024 024 029 0.34 0.39
094 062 039 025 021 023 0.27 0.32
0.95 0.63 041 027 0.19 0.19 0.23 0.27
0.96 0.64 042 028 020 0.17 0.19 0.23
0.96 0.65 043 029 021 0.16 0.17 0.19
0 097 066 044 031 022 0.16 0.15 0.17

Length (m)
=2 OO NOOORARWN=-
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Table B.2: Position of maximum normalized curvature for all tested scenarios of BS (0% = base, 100% = tip)

Length (m)

= OO NOGARLWN-=

Diameter (m)

0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
0% 125% 125% 125% 125% 125% 125% 125%
0% 0% 113% 113% 113% 1M1M3% 113% 113%
0% 0% 38% 108% 108% 108% 108% 108%
0% 0% 0% 66% 106% 106% 106% 106%
0% 0% 0% 33% 81% 105% 105% 105%
0% 0% 0% 0% 61% 89% 104% 104%
0% 0% 0% 0% 35% 84% 104% 104%
0% 0% 0% 0% 76% 89% 103% 103%
0% 0% 0% 0% 0% 41% 85%  93%
0 0% 0% 0% 0% 0% 0% 82%  90%

B.8. Simulation parameters for convergence

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

L Wave Train Time

0
| Time-history Time
0
A A A
Simulation Time-history Wave Train
Time Time Time
Origin Origin Origin

Figure B.5: Time and simulation stages of time domain dynamic analysis

Table B.3: Full data of convergence test values

Parameter

unit Test values

Time step

s [0.05, 0.1, 0.15,0.2,0.25, 0.3, 0.35,0.4,0.5,0.6,0.7, 0.8, 0.9, 1,

1.5, 2]

Target segment length  m [0.2,05,1,2,3,4,5,6,7,8,9, 10]

Build-up time
Simulation time

s [16, 32, 60, 120, 240, 360, 480, 600, 720, 840, 1000]

s [120, 460, 600, 1200, 2400, 3600, 4800, 6000, 7200, 8400, 9600,

10800]




B.8. Simulation parameters for convergence

93

0.

s Curvature along length with varying time steps

w

5

— 03

€

S 02 WEnd BS
£ mSag Bend
v 02

El = Hog Bend
g 015

5

o

o
s

0.

Curvature (rad/m)

Curvature (rad/m)

Curvature (rad/m)

o
@

|||‘|||| TDP
oII II II II Il |I II II II II

005 01 015 02 025 03 035 04 05 06 07 08
Time Step (s)

(a) Curvature effect

Tension (kN)
&

Tension along length with varying time steps

mHOP
25

Transition to
buoyancy
section
W Transition to
pipe
uTp
0 n Il

005 01 015 02 025 03 035 04 0.5 0.6 0.7

~
S

5

«

Time Step (s)

(b) Tension effect

Figure B.6: Convergence: Time step

Curvature along pipe with varying segmentation

Curvature (kN)

Tension along pipe with varying segmentation

~
S

HoP
Transition to
buoyancy

section

25 L
5

|| |‘ " || || || || |‘ ‘ || || '| .
0 TP

W Transition to
02 05 1

-

-
S

w

Segmentation Iength (m]

(b) Tension effect

Figure B.7: Convergence: Target segment length

0.18
0.16
0.14
0.12 mEnd Bs
0.1 m Sag Bend
0.08 ® Hog Bend
0.06
0.04
0.02
0
02 05 1
Segmentation Iength (m)
(a) Curvature effect
Curvature along pipe with varying build-up time
0.14
mEndBs
0.1
0.08 M Sag Bend
0.06 m Hog Bend

720 840 1000

Bulld—up time (s)

(a) Curvature effect

Tension along pipe with varying build-up time
25

~
S

Transition to

mHOP
buoyancy
section

5
pipe
P
0

m Transition to
240 360 480 600 720 840 1000
Build-up time (s)

Tension (kN)
noe
S

«

Ll
=

(b) Tension effect

Figure B.8: Convergence: Build-up time

Curvature along length with varying simulation time

018
016
mEnd BS
014
0-12 mSag Bend
01
008
0.06
004
0.02
0
R R R R S I S
2 9 S o O N N © O O S N
S S O R R GRS

Simulation time (s)

(a) Curvature effect

Tension (kN)

Tension along length with varying simulation time
30

~
)

mHOP
Transition to
buoyancy

section

25
5

|‘| II ‘| || h I‘ || h || -
0

-

=
)

m Transition to

«

[
=
B

S N N
8 &

N S N
o O I N & & Ny
F eSS &

Simulation time (s)

(b) Tension effect

Figure B.9: Convergence: Build-up time



Scenarios for Parametric Set-Up

C.1. Test ratios

Table C.1: Parametric variable set-up in ratios

Parameter Ratio Test ratios

ODpym %}i;‘i [1.23, 1.39, 1.54, 1.7, 1.85, 2, 2.16, 2.31, 2.47, 2.62, 2.77, 2.93, 3.08,
3.24, 3.39, 3.55, 3.7, 3.85,4.01, 4.16,4.32, 4.47,4.62, 4.78, 4.93, 5.09,
5.24, 5.39, 5.55, 5.7, 5.96, 6]
dBum szM [126, 63, 42, 32, 25, 21, 18, 16, 14, 13, 11, 10]
leial [0.02, 0.04, 0.06, 0.079, 0.099, 0.119, 0.139, 0.159, 0.179, 0.198, 0.218,
0.238, 0.258, 0.278, 0.298, 0.317, 0.337, 0.357, 0.377, 0.397, 0.417,
0.437, 0.456, 0.476, 0.496, 0.516, 0.536, 0.556, 0.575, 0.595]
Ly ﬁ [0.02,0.04, 0.06, 0.079, 0.099, 0.119, 0.139, 0.159, 0.179, 0.198, 0.218,
0.238, 0.258, 0.278, 0.298, 0.317, 0.337, 0.357, 0.377, 0.397, 0.417,
0.437, 0.456, 0.476, 0.496]
Liotar* Lisar 1,97, 2.02, 2.08, 2.13, 2.19, 2.24, 2.30, 2.36, 2.41, 2.47, 2.52, 2.58,
2.63, 2.69, 2.74, 2.8, 2.86, 2.91, 3.02, 3.08, 3.13, 3.19, 3.24, 3.3, 3.36,
3.41, 3.47, 3.52, 3.58, 3.63]
Xrp Xrp [1.28,1.42,1.56, 1.69, 1.83, 1.97, 2.11, 2.25, 2.39, 2.53, 2.67]

*L s [0.288, 0.308, 0.326, 0.344, 0.360, 0.376, 0.391, 0.406, 0.419, 0.432,
’ 0.445, 0.457, 0.468, 0.479, 0.490, 0.500, 0.510, 0.519, 0.528, 0.537,
0.545, 0.553, 0.561, 0.568, 0.576, 0.583, 0.590, 0.596, 0.603, 0.609,

0.615]
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C.2. Test values for 200m, 400m, and 600m depth

Table C.2: Full data of test values for 200m water depth

Parameter Ratio Test values

ODpum %ﬂi [0.2,0.225, 0.25, 0.275, 0.3, 0.325, 0.35, 0.375, 0.4, 0.425, 0.45, 0.475,
0.5, 0.525, 0.55, 0.575, 0.6, 0.625, 0.65, 0.675, 0.7, 0.725, 0.75, 0.775,
0.8, 0.825, 0.85, 0.875, 0.9, 0.925, 0.95, 0.975, 1]

dpum 2 [1,2,3,4,5,6,7,8,9,10, 11,12

Ly inal [10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160,
170, 180, 190, 200]

Ly Lifaz [10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160,
170, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280, 290, 300]

Liotar* Lietal  [354, 364, 374, 384, 394, 404, 414, 424, 434, 444, 454, 464, 474, 484,
494, 504, 514, 524, 534, 544, 554, 564, 574, 584, 594, 604, 614, 624,
634, 644, 654]

Xrp S [230, 255, 280, 305, 330, 355, 380, 405, 430, 455, 480]

*Ls Lo [78, 88, 98, 108, 118, 128, 138, 148, 158, 168, 178, 188, 198, 208, 218,

Liotal

228, 238, 248, 258, 268, 278, 288, 298, 308, 318, 328, 338, 348, 358,
368]
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Table C.3: Full data of test values for 400m and 600m water depth

Parameter Ratio Test values
Water depth = 400m

ODpgy 837221 [0.2, 0.225, 0.25, 0.275, 0.3, 0.325, 0.35, 0.375, 0.4, 0.425, 0.45, 0.475,
0.5, 0.525, 0.55, 0.575, 0.6, 0.625, 0.65, 0.675, 0.7, 0.725, 0.75, 0.775,
0.8, 0.825, 0.85, 0.875, 0.9, 0.925, 0.95, 0.975, 1]

dpm deW [2.1,4.2,6.3,8.4,10.6,12.7, 14.8, 16.9, 19.0, 21.1, 23.2, 26.6]

Ly Lz;l [21.1,42.2, 63.3, 84.4, 105.6, 126.7, 147.8, 168.9, 190.0, 211.1, 232.2,
253.3, 274 .4, 295.6, 316.7, 337.8, 358.9, 380.0, 401.1, 422.2, 443.3,
464.4, 485.6, 506.7, 527.8, 548.9, 570.0, 591.1, 612.2, 633.3]

Lo Lifaz [21.3, 42.2, 63.3, 84.4, 105.6, 126.7, 147.8, 168.9, 190.0, 211.1, 232.2,
253.3, 274.4, 295.6, 316.7, 337.8, 358.9, 380.0, 401.1, 422.2]

Liotar* Liotar [747.3, 768.4, 789.6, 810.7, 831.8, 852.9, 874.0, 895.1, 916.2, 937.3,
958.4, 979.6, 1000.7, 1021.8, 1042.9, 1064.0, 1085.1, 1106.2, 1127.3,
1148.4, 1169.6, 1190.7, 1211.8, 1232.9, 1254.0, 1275.1, 1296.2, 1317.3,
1338.4, 1359.6, 1380.7]

X7p % [485.6, 538.3, 591.1, 643.9, 696.7, 749.4, 802.2, 855.0, 907.8, 960.6,
1013.3]

Water depth = 600m

ODpgum 8372245 [0.2,0.225, 0.25, 0.275, 0.3, 0.325, 0.35, 0.375, 0.4, 0.425, 0.45, 0.475,
0.5, 0.525, 0.55, 0.575, 0.6, 0.625, 0.65, 0.675, 0.7, 0.725, 0.75, 0.775,
0.8, 0.825, 0.85, 0.875, 0.9, 0.925, 0.95, 0.975, 1]

deum dL2M [3.2,6.4,9.7,12.9, 16.1, 19.3, 22.6, 25.8, 29.0, 32.2, 35.4, 40.6]

Ly LTLO;Z [32.2,64.4,96.7,128.9, 161.1, 193.3, 225.6, 257.8, 290.0, 322.2, 354 .4,
386.7, 418.9, 451.1, 483.3, 515.6, 547.8, 580.0, 612.2, 644.4, 676.7,
708.9,741.1,773.3, 805.6, 837.8, 870.0, 902.2, 934 .4, 966.7]

Ly % [32.5,64.4,96.7,128.9, 161.1, 193.3, 225.6, 257.8, 290.0, 322.2, 354 .4,
386.7, 418.9, 451.1, 483.3, 515.6, 547.8, 580.0, 612.2, 644 .4]

Liotar* Litotar [1140.7, 1172.9, 1205.1, 1237.3, 1269.6, 1301.8, 1334.0, 1366.2,
1398.4, 1430.7, 1462.9, 1495.1, 1527.3, 1559.6, 1591.8, 1624.0,
1656.2, 1688.4, 1720.7, 1752.9, 1785.1, 1817.3, 1849.6, 1881.8,
1914.0, 1946.2, 1978.4, 2010.7, 2042.9, 2075.1, 2107.3]

Xrp % [741.1, 821.7, 902.2, 982.8, 1063.3, 1143.9, 1224.4, 1305.0, 1385.6,

1466.1, 1546.7]
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D.1. Static and dynamic contribution per parameter

Static vs dynamic contribution of tension at point locations
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D.2. Evaluation criteria for water depth 200m, 400m, 600m

Normalized value

Outer diameter BM variations for all 200m, 400m, 600m

1.5
1.25
......... SSC point D
1 B o e e e B - B s IR P PP SBC point B
SBC point E
0.75 :: Tension
°.. Curvature
05 : ® 200m
81 A 400m
025 ] m 600m
e
Y 2
0

1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 5.5
ODBM/ODpipe

Figure D.3: Normalized evaluation criteria for all tested scenarios of OD g, variation at 200m, 400m, 600m water depth
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Figure D.4: Normalized evaluation criteria for all tested scenarios of dz, variation at 200m, 400m, 600m water depth
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Figure D.5: Normalized evaluation criteria for all tested scenarios of L, variation at 200m, 400m, 600m water depth
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L2 variations for 200m, 400m, 600m
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Figure D.6: Normalized evaluation criteria for all tested scenarios of Lo variation at 200m, 400m, 600m water depth
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Figure D.7: Normalized evaluation criteria for all tested scenarios of L;,,; variation at 200m, 400m, 600m water depth
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Figure D.8: Normalized evaluation criteria for all tested scenarios of 1 p variation at 200m, 400m, 600m water depth
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D.3.

Additional graphs paramateric study
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Figure D.9: Tension at point A and E
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Figure D.10: Curvature at D and F

Ratio net force vs clearances at different water depths
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Figure D.11: Ratio net force buoyant and non-buoyant section vs clearances at 200m, 400m, and 600m
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Figure D.12: Tension limits at point G based on L; variation across different water depths



D.4. Failed scenarios 101

Comparison curvature point A and F at different water depths
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Figure D.13: Comparison of normalized curvature at points A and F for two ratios (0.16 and 0.36) at different water depths for L
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Figure D.15: Failed scenarios from tested scenarios in section 4.3
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E.1. Base case scenarios

Output base scenarios
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Figure E.1: Values of tension and curvature for the base scenarios at 200m, 400m and 600m depth in dynamic analysis

102



E.2. Static analysis range limits

103

Table E.1: Data for base value of tension and curvature at 200m, 400m and 600m depth in static and dynamic analysis

(a) Static Analysis

(b) Dynamic Analysis

200 400 600 200 400 600
c A 006 013 020 c A 008 016  0.24
2 € 002 004 006 2 € 003 0.04 0.7
€ E 004 009 013 € E 004 0.09  0.13
F G 0.0001 0.0008 0.0002 F G 0.00011 0.0008 0.0002
¢ A 023 015 017 ® A 028 024  0.28
£ B 013 011 007 £ B 019 011 0.07
2 D 017 008  0.05 2 D 0.21 0.09  0.06
S F 030 006 0.07 3 F 034 0.06  0.07
E.2. Static analysis range limits
Allowable ranges within limits
I I I I I I I 160160 I I I I I I I I I
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Figure E.2: Plot showing allowable increase or decrease for parameters from its base value at 200m, 400m, and 600m depth in

static analysis
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Table E.2: Data for whisker plot showing ranges of percentage decrease and increase for each parameter at 200m, 400m, and
600m depth in static and dynamic analysis

ODBM dBM L1 L2 Ltotal Xtp

200 400 600 200 400 600 200 400 600 200 400 600 200 400 600 200 400 600
Base ratio 4.5 21 44 68 0.25 0.25 2 2.8

Static analysis

Min. ratio 3.85 3.70 3.70 14 32 42 0.22 0.14 0.12 0.08 0.08 0.08 2.36 241 241 1.83 142 1.28
Max. ratio 4.62 4.78 493 21 44 68 048 050 050 0.28 0.30 0.34 3.02 3.30 3.30 2.39 2.39 2.39

Dynamic analysis

Min. ratio 3.85 3.70 3.70 14 32 42 0.22 0.14 0.12 0.08 0.08 0.08 2.36 241 241 1.83 142 1.28
Max. ratio 4.47 4.78 493 14 32 42 049 050 052 0.28 0.30 0.34 290 3.30 3.30 2.39 2.39 2.39

E.3. Data and heatmaps for 200, 400m and 600m depth

Table E.3: Influence on tension and curvature for a 10% averaged decrease of parameter magnitude at 200, 400m and 600m
depth for static and dynamic analysis

ODpwum dBm Ly Lo Liotal zTP
200 400 600 200 400 600 200 400 600 200 40 600 200 400 600 200 400 600

Static analysis

c A 13 14 14 -4 -4 -3 12 10 -1 3 3 3 11 6 5 -5 -4 -4
.g C 55 49 53 20 30 25 -7 -8 -8 19 15 15 35 25 14 15 12 -6
s E 51 -59  -55 59 51 124 3 2 2 -8 -8 -9 12 8 6 -8 -6 -4
- G -47 -716 -73 64 99 62 36 -3¢ 40 26 -33 -28 415 503 558 -72 -54  -41
e A 29 3B 37 15 16 23 19 1 -3 -9 -9 -9 17 39 51 - 21 -28
% B 96 108 112 -15 -16 -15 1 9 10 21 17 16 30 46 49 32 62 73
2 D 4 9 12 -3 5 10 10 11 11 18 16 16 45 50 -50 62 72 75
3 F 10 208 92 -8 -14 -8 17 14 12 4 11 14 -55 47 47 88 66 68
Dynamic analysis
c A 9 12 11 -3 -3 -3 -1 -10  -10 1 2 2 16 9 6 10 -7 -7
.g C -56 47 52 42 46 23 -5 -7 -7 -21 16 -15 46 28 19 23 -16 -10
s E 51 -59  -55 57 51 123 3 2 2 -9 -8 -9 14 12 7 -8 -7 -4
= G -42 -76 -74 74 95 62 -35 -34 -40 -24 -33 -28 638 514 574 -71 -55 -42
e A 27 28 30 19 15 18 15 -2 -4 -7 -6 -7 16 30 35 -0 15 -19
% B 90 111 117 -16 -16 -15 7 10 10 19 17 16 18 42 48 25 48 58
2 D 6 10 -8 -1 2 4 13 12 12 16 15 14 25 43 45 40 60 65
3 F 8 210 90 -4 -14 -8 21 13 12 4 12 15 -50 46 47 85 63 65
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Table E.4: Influence on tension and curvature for a 10% increase of parameter magnitude at 200, 400m and 600m depth for
static and dynamic analysis

ODgnm dpm Ly Lo Liotal TP
200 400 600 200 400 600 200 400 600 200 400 600 200 400 600 200 400 600
Static analysis
c A 11 11 -0 6 6 5 11 M1 M1 3 3 2 6 4 -4 4 4 4
2 ¢ 157 81 94 13 27 AT 7 8 8 21 18 18 15 12 9 20 18 9
€ E 136 149 125 31 25 26 -2 2 2 8 9 9 9 7 6 7 6 4
° G 124 257 256 -38 31 23 46 49 72 28 49 43 82 -83 77 212 126 72
® A 40 47 49 14 44 16 A2 0 3 10 10 10 12 28 34 10 21 37
2 B 47 47 45 29 4 92 2 7 8 16 14 14 35 8 96 19 29 37
S b - - 13 4 6 -0 -7 9 -9 14 14 14 62 99 99 30 -34 -38
3 F -1 63 41 14 3 19 13 11 -0 5 -0 -12 8 8 88 36 32 -35
Dynamic analysis
c A 8 9 8 2 4 5 0 10 1 -1 2 2 9 =8 6 9 7 8
2 ¢ 147 78 8 9 20 -8 6 8 8 24 19 19 21 19 15 28 23 12
€ E 133 147 125 25 23 24 2 2 2 9 9 9 8 10 6 8 7 4
© G 100 223 258 -30 26 -25 44 49 72 25 48 43 82 -83 -77 195 132 74
® A T30 35 38 10 -0 12 10 2 7 7 7 7 AT 22 25 10 14 23
2 B 44 47 46 25 39 105 -7 -8 9 15 14 14 28 73 94 17 24 33
S b 6 4 7 3 2 6 10 -0 -0 -13 -3 -12 45 77 84 25 29 -32
3 F -10 63 40 5 28 24 14 11 -0 -5 10 -13 74 8 87 35 31 -34
Sensitivity decrease % Change Sensitivity increase % Change
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Figure E.3: Comparison of heat maps for parameter sensitivity on tension and curvature at 400m depth in dynamic analysis
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Figure E.4: Comparison of heat maps for parameter sensitivity on tension and curvature at 600m depth in dynamic analysis
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