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SWATH SOV Hull Concept and Optimisation for Seakeeping
PAULO MACEDO

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

There is a fierce competition for the European market of offshore wind OMS (Opera-
tion, Maintenance and Service), expected to a significant growth in the coming years.
Shipowners are constantly pursuing lower costs, increasing efficiency and profitability
of its vessels in order to endure through time in the industry.

In this thesis project, an innovative SWATH (Small Waterplane Area Twin Hull)
hull form is investigated as an SOV (Service Operation Vessel) and compared to oper-
ating monohull SOVs. The hull form was idealised by members of Rolls Royce Marine
Norway and inspired in semi-submersible platforms and SWATH vessels. The alter-
native hull claims to allow the reduction of the vessel size, currently a request from
shipowners, whilst maintaining the ability to operate in rough seas.

In order to investigate this claim, guidelines given by the interested partner were
followed to develop a parametric model of a SWATH hull in CAESES® and connected
to NEWDRIFT+, a seakeeping calculation software. With the goal of reducing heave
motions at the connection point between the vessel and the offshore wind turbine,
the parametric model was optimised and compared to two different sized monohulls,
designed for the same purpose. From the optimisation process, optimisation patterns
towards lower heave motions were identified and an additional SWATH variant was
developed. This variant was also optimised and compared, totalling four vessels evalu-
ated in this project. The comparison evaluated seakeeping performance in different sea
states, heading angles and sailing speeds by means of heave RMS (Root Mean Square)
motions, RAOs (Response Amplitude Operators) of motions and forces and moments
caused by added wave resistance.

Results obtained indicates that optimised SWATH hull forms have high potential
to have a larger operational window than longer monohulls by heaving, rolling and
pitching less when excited by waves in several different sea conditions. Notwithstanding
superior seakeeping performance, SWATHSs are likely to be more susceptible to wave
drift forces, therefore possibly requiring higher propulsive capacity. Additionally, in-
depth studies of weight placement for hydrostatic stability requirements, as well as,
estimations of towing resistance and propulsion system efficiency, are essential to be
evaluated as they will definitely impact the hull form, construction and operational
costs. These factors were not entirely considered in this project.

The conclusions reached are definitely not enough to neither praise nor condemn
the utilisation of a SWATH hull form as an SOV. On the other hand, they are the start-
ing point for a series of future studies before it can be officially declared impracticable
or the future of SOV designs.

Keywords: parametric modelling, SWATH, SOV, walk-to-work, offshore wind energy,
CAESES®, NEWDRIFT+, seakeeping, optimisation, simulation-driven design.
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1 Introduction

This chapter presents a short background to the thesis subject, followed by descriptions
of the research problem, the purpose and the motivation for the project, as well as the
limitations faced. It is finalised with a brief presentation of the parties and persons
involved.

1.1 Offshore Wind and Service Vessels

Offshore wind farms are moving further and further offshore for many different rea-
sons. Haggett (2008) discussed what, in the first place, pushed the placement of wind
turbines from onshore to offshore. The main reasons were the visual impact caused on
landscapes, the scarcity of spaces with suitable wind conditions, environmental impact,
conflict with other activities and public opinion.

Since then, the annual offshore installation has seen a steady increase, while on-
shore has been stable, with a slight decrease in the last three years, observable in
Figure 1.1. To satisfy Europe’s energy demand for clean energy and increase the prof-
itability of the business, turbines have been becoming larger, seeking stronger winds
and breaking engineering barriers. This can be noted by the increase in the average
rated capacity of newly-installed offshore wind turbines that have been on the rise,
approximately 6MW (Mega Watt) in 2017 compared to 4AMW in 2012. Another mile-
stone for the offshore industry was the completion of the first floating offshore wind
farm, Hywind Scotland, mitigating the water depth limitation (WindEurope (2017)).

Independent of the location of the wind farm, all wind turbines require routine
and reactive maintenance. Onshore located wind farms are rather easy to reach, while
offshore wind farms introduce new challenges, requiring a well-thought cost-effective
maritime logistics chain that is able to overcome weather conditions.

Currently, there are a few alternatives to the transportation of technicians and
spare parts to the turbines. They are used in different logistics strategies and the most
common ones are:

o CTVs (Crew Transfer Vessels), flexible transport for diverse service tasks;

e SOVs (Service Operation Vessels), floating warehouse and hub with walk-to-work
turbine access;

o Helicopters, fast service response in difficult weather conditions; and

o Jack-Up Vessel, for construction and heavy component exchange.
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Figure 1.1: Annual and cumulative wind power installation and forecast under
WindEurope’s low scenario (WindEurope (2017)).

Each of the alternatives has advantages and disadvantages. CTVs are agile, cheap
and versatile, but not all can handle heavy weather, neither transport a large payload
of spare parts. CTVs also have a transit window that can be considerable depending
on the farm distance to shore. SOVs are larger, being an on-site living unit for up to
60 people, can carry daughter crafts, have larger operational window, provide a safe
walk-to-work solution, can support multiple farms with almost zero or small transit
time (if located on a nearby site), but are expensive to build and operate, compared
to a CTV. Helicopters can rapidly cover any weather condition, but are expensive,
carrying few technicians and limited cargo. Jack-Up vessels are expensive vessels that
are utilised on construction and exchange of heavy parts, not commonly utilised for
routine maintenance.

A throughout comparison between CTVs and SOVs is included in Sections 2.2,
presenting the growth of usage of SOVs in the recent years and justifying further
research and development of such vessels.

1.2 The Research Problem

The current issue with SOVs is that to be weatherproof, especially in the harsh con-
ditions of the North Sea, their dimensions become inherently large in order to yield
lower motions at sea. This results in large cargo and technicians capacity but also
increases the building and operational cost. Shipowners, accordingly to the interested
partner, are interested in weatherproof, cheaper and compact SOVs that can still carry
a handful of technicians.

When decreasing the size of the vessel, seakeeping performance is largely affected
and results in larger motions with wave excitation. That is the main challenge currently
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posed and that has already been faced in other industries in which it is possible to get
inspiration from.

1.3 Design Objective

The primary aim of this thesis project was to develop a flexible, fully-parametric Semi-
Submersible/SWATH (Small Water-plane Area Twin Hull) hybrid SOV hull model
that is shorter than currently operating SOVs and optimise it to heave performance.

The optimisation was focused on decreasing heave motion in order to obtain a
vessel that has equivalent or even superior seaworthiness compared to an operating
SOV, able to operate up to 3.5m significant wave height, about 90% of the year (in the
German North Sea). This was evaluated by comparing the results to an 82m existing
and operating monohull SOV, transforming the potential of the created hull to feasible
numbers.

Using existing hull modelling techniques and seakeeping evaluation software, it is
possible to narrow the project to three main research topics:

e Parametric modelling, best-practices for robust model creation and variation with
a smart, and as small as possible, set of design-variables;

o Seakeeping performance, investigate the effects of geometry variations in the
heave motion of the vessel utilising seakeeping software, identifying optimisa-
tion patterns towards superior performance; and

o Station keeping, evaluate wave drift forces in the SWATH and how different they
are from monohulls for station keeping purposes.

1.4 Motivation

According to Puisa and Skaro (2018) the number of European SOVs are estimated to
quadruple within the next ten years and the overall goal of future projects is to make
offshore wind power more cost-effective.

The motivation to develop this project was to fill a potential market gap for a
smaller SOV. This might be possible with an alternative hull design compared to the
current option on the market, the monohull.

Some of the marine structures known for having excellent seakeeping behaviour
are semi-submersibles and SWATHs. They have been successfully used for many years
in the oil industry and high-speed passenger transportation.

MARIN (2018) affirmed that resonant responses can be prevented in a range of
wave conditions by carefully tuning the vessel displacement and the waterline strut
shape, meaning that a successful design variant is possible to be reached.
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Therefore, the underlying idea behind this project was to unite the market’s need

for a cheaper, smaller SOV with the seakeeping characteristics of semi-submersibles

and SWATHs.

1.5 Limitations and Delimitations

The

limitations encountered along this project and that might have a relevant impact

for future projects derived or similar to this one were:

Seakeeping software, there were not many available seakeeping calculation pro-
grams that can handle the geometry in case, specially validated ones;

NEWDRIFT+, as it is based on a linear solver, horizontal panels close to the
waterline are not recommended (panels that would emerge when in a wave valley),
limiting the geometry flexibility;

Performance quantification — heave, most of the walk-to-work gangways manu-
facturers publish only the limiting significant wave height. In this project, heave
evaluation in meters was used, without a direct translation and matching with
products available in the market;

Performance quantification — Resistance, significant effort was given in order to
estimate the towing resistance of the SWATH vessel, but the geometry was not
accepted by any available CFD (Computational Fluid Dynamics) software. Wave
resistance coefficients could be obtained by 3D panel method solvers (Boundary
Element Method), but far from interesting enough to be included in the optimi-
sation process and in this project report; and

Computational power, the system utilised for calculations was an i7-3537U @2.00
GHz, with 2 cores and 4 logical processors, equipped with 4.0GB DDR3 RAM.
This was not exactly ideal for a large optimisation task with more than 1000
design variants. For this reason, the mesh utilised for calculations was reduced
and the time for this project (about 5 months) did not allow a more advanced
process, as a multi-objective optimisation, for example.

The boundaries set for the study, delimitations, in which might also have an

impact in future projects and are worth mentioning were:

Geometry constrains, imposed to the geometry in order to obtain unbiased com-
parisons results (length overall and displacement) may have led to unstable be-
haviour of the software and to the divergence of the optimisation algorithm;

Sea states, only one sea state was selected for optimisation in order to simplify
and shorten the optimisation process;

Performance quantification — DP capability, in order to eliminate propulsion effi-
ciency variables, as the compared vessels are completely different, DP (Dynamic
Positioning) capability is compared by means of surge and sway forces, and yaw
moments;
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In order to keep the partner’s projects confidentiality, vessel’s displacement and
vertical centre of gravity are not divulged in this report.

1.6 Parties Involved

The idea was an ongoing project for the future of offshore wind turbine maintenance
vessels at Rolls Royce Marine Norway. The project was conducted in conjunction with
Friendship Systems AG, which provided the 3D (Tri-Dimensions) modelling software
CAESES® expertise and was the main hub of connection of all parties. The seakeeping
software, NEWDRIFT+, was developed and provided by NTUA (National Technical
University of Athens).

All involved parties, with exception of Chalmers, are members of HOLISHIP
(HOLIstic optimisation of SHIP design and operation for life cycle), funded by the
EU (European Union), where the connections were made.

The persons involved from each partner were:

o Student: Paulo Macedo;

o Friendship Systems AG Supervisor: Stefan Harries;
o Chalmers Examiner: Rickard Bensow;

» Rolls Royce Marine: Martijn de Jongh;

o Chalmers Co-supervisor: Carl-Erik Janson; and

o NTUA: George Zaraphonitis and George Dafermos.
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2 Basic Concepts

This chapter presents basic concepts in order to further justify this project, in order to
understand what and how it was realised, and, later, be able to interpret the outcome
of the analysis.

It begins with a quick overview of wind energy, explaining why the wind farms
are moving further offshore and present current strategies and alternatives to offshore
wind turbine OMS (Operation, Maintenance and unplanned Service). Sections with
a short review of existent SWATH vessels in the market, their capabilities, and an
introduction to geometric modelling techniques, advantages and disadvantages, and
recommendations for each type of project follows.

The chapter also contains a section about ship motions in a seaway, including
ocean waves description, ship responses to waves and transfer functions fundamental
theory. Finally, the chapter is completed with a section presenting the software utilised
in this project, NEWDRIFT+, including input, output and part of the theory behind
it utilised in this project.

2.1 Offshore Wind Energy

The maximum power available in the wind, Py, in Watts can be estimated by:

1
PW = §pairARUI:/3V (21)

where pg- is the density of the air (1.225 kg/m?), A is the rotor swept area in m?,

and Uy the undisturbed wind speed at the rotor centre in m/s. The power output Pr
of a wind turbine can, therefore, be obtained by multiplying an efficiency factor nr,
power coefficient, by Py (Obhrai, 2014).

As it can be observed, the power output is directly proportional to the wind speed
in the power of three and to the rotor area, which is 7R%. So, for example, doubling
the blade radius (Rp) results in a four-times increase in power output.

Obhrai (2014) concludes that major increase in the output power can only be
achieved by increasing the swept area of the rotor and by placing the wind turbines on
sites with higher wind speeds. This can also be interpreted as moving further offshore.

The rated capacity of offshore wind turbines has grown significantly over the past
decade, focusing the harness of wind energy from sites with superior wind speeds
(higher heights and further offshore) (WindEurope, 2017). This can be observed in
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Figure 2.1, which clearly presents the evolution curve of future installations further
from shore and in mixed water depths.

60

S50

40 q ’ G '

o

30 <P [

Water depth (m

20

0 50 100 150 200 250

eOnline Under construction Consented Application submitted
Distance to shore (km)

Figure 2.1: Average water depth and distance to the shore of bottom-fixed offshore
wind farms, organised by development status. The size of the bubble indicates the
overall capacity of the site (WindEurope, 2018).

2.2 Offshore Wind Service Vessels

A natural consequence of developing wind farms offshore is the need for suitable ves-
sels for transportation, construction, operation, maintenance, and decommissioning

(EWEA, 2011).

The placement of offshore wind farms further from shore and in more severe meto-
cean conditions (e.g., higher wind speeds and wave heights) has increased the challenges

8
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of safely delivering technicians and components to the project site. Operators are ad-
dressing these challenges by rapidly incorporating next-generation OMS vessels and
optimising related strategies (US Department of Energy, 2017).

Siemens Gamesa (2018) is currently investing in integrated service logistics to
tackle the new challenges from wind farms located far from shore. Figure 2.2 presents
the four types of vessels that compose the strategy.

sov Jack-Up Vessel Helicopter cTvV
Floating warehouse and hub with For heavy component Fast service response in Flexible transport for
walk-to-work turbine access exchange difficult weather conditions diverse service tasks

AN =°

renn 4

J_\ oor

Figure 2.2: Integrated service logistics proposed by Siemens Gamesa (2018).

o Service Operation Vessels (SOVs) are able to stay a long period on-site, reducing
significantly transport and transfer time. Innovative features make them the most
effective way to service far-from-shore wind power plants, such as the deployment
of daughter crafts or STBs (Safe Transfer Boats), accommodation unit, large
operational window and safe walk-to-work gangways.

o Jack-Up Vessels are self-elevating platforms. They are mostly used for construc-
tion and complex heavy-lift tasks such as the main bearing, gearbox, and blade
exchanges.

e Helicopters are used with other vessels for fast and wave-independent transfers
directly to the top of the turbine, enabling a range of useful service tasks, includ-
ing the transfer of technicians or spare parts and tools.

o Crew Transfer Vessels (CTVs) are used for a variety of service tasks including
transfer and transport. They are multipurpose, high-speed vessels designed for
wind parks closer to shore.

For projects that are a medium distance from port (nominally between 40 km
and 70 km), operators are testing surface effect vessels, such as Umoe Wave Craft (a
catamaran CTV with air cushions under the hull), which increases vessel speed from
20 to 35 knots and increases the limiting significant wave height (Hg) from 1.5m to
2.5m (US Department of Energy, 2017).

Grace and Lee (2017) complemented affirming that 2 or 3 hours each way in
small and lightweight craft is no longer deemed a safe and economical solution. The
harsher environmental conditions at 80 km or further from the coast has pushed the
development of CTVs but the effectiveness and economics behind it remain limited.
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Aukland (2017) presented an interesting example about transit times and dis-
advantages of current CTVs. The EnBW’s Baltic 2 wind farm is a three hour CTV
journey from Rostock, meaning six hours of a 12-hour shift would be dedicated solely to
travel. If the commute could be eliminated through an SOV, technicians productivity
can be increased by 100%.

For projects that are a greater distance from the port (nominally beyond 70 km),
operators are using SOVs. These vessels are designed to stay on-site for extended de-
ployments, with endurance generally exceeding 1 month. These crafts are outfitted
with the capability to launch STBs and typically have motion-compensated gangways
to allow for technician transfers in harsh weather. Siemens is deploying service op-
erations vessels at four projects and estimates that its deployment of one such vessel
at Westernmost Rough will cut weather-related downtime from the current levels of
40%-45% down to 10%-15% (Snieckus, 2014).

Whilst the SOV and its crew may stay at sea for a long period, transfer of wind
farm engineers is typically more regular, every two weeks during operations, and is
performed by CTV or helicopter. In order to minimise sea-sickness caused by the
amount of time technicians spend onboard CTVs, it is possible to move the SOV closer
to shore for crew exchanges (Aukland, 2017).

Another example, as shown in Figure 2.3, the station Fino 1 in the German North
Sea had about 25% of days in which only SOVs and helicopters could operate due
to the weather conditions (i.e. Hg was too high for a CTV with a 1.bm Hg transfer
capability). If equipped with a helideck, the access to the turbines could be possible
for higher sea states, encountered for 15% of the period (Aukland, 2017).
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Figure 2.3: Exceedance probabilities for wind farms located in the German Bight
region. Adapted from Aukland (2017).

The increasing usage of SOVs can be verified in Figure 2.4. The total of vessel
days utilisation of SOVs has been on the rise even during the winter period, proving
the larger operational window. CTVs, on the other hand, have been steadily oscillating
due to the weather conditions of yearly seasons. Walk-to-work vessels have been on
the rise even for farms that are closer than 80 km from the coastline (Aukland, 2017).

10
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CTV vs W2W vessel days 2014-2016 TV SOV W2W days by distance to O&M port
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Figure 2.4: CTV vs walk-to-work vessel days 2014-2016 (left) and walk-to-work by
distance to OMS port (right). Adapted from Aukland (2017).

Walk-to-work systems are becoming more common for both operations and con-
struction activities. Along the whole year during operations, they are used in the park
for routine and reactive maintenance, often combined with daughter crafts. During the
construction phase they are able to assist with cable pull-in, accommodation support,
substation installation support and turbine commissioning (Aukland, 2017).

Aukland (2017) also points out the downside of current SOVs and the market gap
for smaller SOVs. During the summer maintenance campaign, the work-load is higher
and current SOVs on the market need no additional support. However, it is possible
that for the majority of the year a smaller vessel, with about 30 technicians, could
suffice and be a more economical choice than a larger, only partially occupied SOV.

2.3 SWATH Vessels

Small Waterplane Area Twin Hull (SWATH) ships are a concept of vehicles with a
peculiar configuration. Their hulls consist of two parts distant to each other featuring
slender struts that pierce the free surface while the major part of the displacement is
under the free surface, far away from the wave-induced forces (Qian, Yi, & Li, 2015).

They are known for superior seakeeping ability in relatively high sea states with
respect to other conventional hulls (Brizzolara et al., 2011). Other advantages are
low horsepower requirement for high speeds, ample stability, good manoeuvrability
and large deck area. It also has its drawbacks, as large wetted surface (important for
low speeds), sensitive to weight changes (draft/trim control required), pitch instabil-

ities (fins required) and unique structural challenges (Papanikolaou, Zaraphonitis, &
Androulakakis, 1991).

Success cases of SWATH hulls include: passenger ships, as the Aegean Queen

by Papanikolaou et al. (1991); research vessels such as NOAA (National Oceanic and
Atmospheric Administration) Ferdinand R. Hassler (NOAA, 2015) and Planet (Schel-

11
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lenberger, 2011); crew transfer vessels (WINDEA Offshore GmbH & Co. KG, 2017);
offshore patrol vessels (Ad Hoc Marine Designs Ltd., 2013); special navy vessels, as
the Sea Shadow (Lockheed Martin Skunk Works, 2018); and recently Brizzolara et al.

(2011) have introduced an innovative design of a family of autonomous surface vessels
(USV), Figure 2.5.

PATENT PENDING

Figure 2.5: Ultrafast USV concept design (Brizzolara et al., 2011).

Besides the successful history of SWATH hulls in different industries, there is still
no SWATH vessel operating as an SOV, although, there are projects under development
with different approaches and purposes.

One of the available vessels available for order is currently designed by Ad Hoc
Marine Designs, 41m LOA (Length Overall), having a capacity for 24 technicians in
individual cabins (Ad Hoc Marine Designs Ltd., 2013). For a comparison, current
operational SOVs in the range of 75-100m LOA has a capacity for 70 technicians, plus
20 crew members (Salt Ship Design, 2018).

FKAB has recently signed a contract for a 50m offshore wind farm service vessel for
a Chinese shipowner. This vessel concept, equipped with a walk-to-work gangway, aims
to provide maintenance service to offshore wind farms along the Chinese east coast area.
In addition, the ship is equipped with DC (Direct Current) diesel-electric propulsion
system and two azimuth contra-rotating thrusters, to achieve best operational function
and fuel efficiency in both transit and DP2 (Dynamic Positioning Class 2) conditions.
By the divulged image, Figure 2.6, it can be assumed that it is a SWATH design to be
used both as a fast crew transfer and offshore wind turbine service purposes (FKAB,
2018).

Meanwhile, possibly one of the most developed project is the Windkeeper from
Compagnie Maritime CHAMBON in partnership with Constructions industrielles de la
Méditerranée. It was funded in 2012 and was in model test phase at MARIN (Maritime
Research Institute Netherlands), Figure 2.7, in April of 2018. With main dimensions
of 40m LOA, 20m breadth and a bm draft, the goal was to develop a multi-mission
SWATH ship, with high seakeeping capabilities for maintenance operations, safety,
and security of offshore wind farms. In its first phase, several hull design variants

12
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Figure 2.6: FKAB 50m offshore wind farm service vessel (FKAB, 2018).

were evaluated by linear seakeeping calculations. A final candidate was chosen to
validate the design for operational conditions with model tests, including dynamic
positioning capability in wind and currents. The next phase is to investigate propulsive
performance (Compagnie Maritime Chambon, 2014; MARIN, 2018).

Wy giafiime

Figure 2.7: Windkeeper 5m model at MARIN test basin (MARIN, 2018).

Not far behind, VARD has been studying, developing and selling CSSs (Compact
Semi-Submersibles) for various applications. It is a series of units from 65m to 100m
in length with a single full-length strut per side. The compact platform integrates
the motion benefits of a semi-submersible to ensure low day charter rates and increase
operational flexibility. VARD has delivered a few 84m vessels for accommodation and

for well intervention purposes, and has used its success to developed a 65m wind farm
support vessel, Figure 2.8 (VARD Marine, 2018).

13
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Figure 2.8: Compact Semi-Submersible developed by VARD. Adapted from VARD
Marine (2018).

The 65m LOA and 28m breadth variant of the CSS evolved from several rounds
of size optimisation, computational analyses and a full model testing program. The
vessel’s natural response to head seas, quartering seas and beam seas is a slow heaving
motion. The unique hullform and its natural damping characteristics, therefore, lend
itself extremely well to such an operation. Configured in a DP2 system set up like
any other monohull SOV but with 4 azimuth thrusters, results in a more flexible and
capable response to excursion and redundancy (Grace & Lee, 2017). The authors also
discussed the regulatory challenges and advantages of such self-mobilising units, being
a far more valuable asset if it can be relocated and on re-chartered with the minimum
of re-certification.

2.4 Geometric Modelling

In the marine industry, many shapes need to be generated and varied during optimi-
sation routines. To generate the geometries, several different techniques of geometric
modelling are available in computer-aided design (Harries, Abt, & Hochkirch, 2004):

o Conventional modelling technique is built on a low-level definition of geome-
try. Shapes are defined by completely independent objects that do not bear any
problem specific information;

o Partially parametric modelling has parameters that can modify geometries de-
fined by an existing arbitrary conventional description; and

o Fully parametric modelling has the entire geometry described by and created by
parameters that are able to capture the essence of the product to be generated
or varied.

14
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With regard to this classification, Abt and Harries (2007) organised a qualitative
and subjective assessment of the techniques, presented in Figure 2.9, meant to serve
as a guideline for technique selection for a task to perform.
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Figure 2.9: Qualitative assessment of available geometric modelling techniques (Abt
& Harries, 2007).

Conventional techniques provide the highest flexibility independent of the product,
but they require considerable mathematical insight and high-quality changes regarding
fairness and other constraints are usually expensive (requires a lot of interactive work).
Fully parametric techniques usually are very efficient, but they lack flexibility and
require in-depth know-how. The initial investment to develop a fully parametric model
is non-negligible, but it yields high effectiveness and low cost per high-quality variant.
Partially parametric models fall in between the other mentioned techniques. Their
strong point is that they call for less know-how, being relatively easy to apply (Abt &
Harries, 2007).

All three models can be applied in simulation-driven design with varying effort.

The choice of the technique has to be made based on the requirements and constraints
of the task to be performed (Brenner, 2008).
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2.5 Ship Motions at Sea

This entire section is dedicated to the sequence of topics necessary to understand the
motions of a seagoing vessel.

The interactions between the vessel dynamics and several distinct hydrodynamic
forces is a rather complicated phenomenon. To some extent, all ship responses are
nonlinear although good predictions can be obtained with linear theories, cases when
nonlinearities are small enough (Lewis, 1989).

Firstly it is necessary to study the nature of the ocean waves, understanding
how observations of the sea surface elevation can be transformed into one density
equation that is valid for describing all future observations under same conditions, the
sea spectrum. After that, it is possible to catch a glimpse of ship motions in waves,
the equations of motion, transfer functions and, finally, derived responses.

2.5.1 Ocean Waves Description

The ocean surface can be described mathematically as a random, stochastic process
under short-term statistically stationary conditions (Lewis, 1989). Holthuijsen (2007)
mentioned that in order to describe the chaotic appearance of ocean waves, it is rea-
sonable to consider the free surface as a plane that smoothly moves up and down. This
oscillation, at a fixed point, can be visualised in Figure 2.10.
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Figure 2.10: Typical wave record at a fixed point, with definitions of terms.

Figure 2.10 brings important concepts that will be necessary along the project. A
wave is defined as the profile of the surface elevation between two successive downward
or upward zero-crossings of the elevation. The wave height H is the vertical distance
between the highest and the lowest surface elevation in a wave. The wave period is
the time interval between two zero-crossings of the same type (upward or downward),
therefore denoted as Tp. Thus, a wave can only have one height and one period
(Holthuijsen, 2007). Some authors might also include calculations dependent on the
period between two consecutive crests, or peaks, T¢.
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With these definitions, it is possible to understand the significant wave height,
Hg. The significant wave height is defined as the mean of the highest one-third of the
waves in the wave record, Equation 2.2, introduced by Sverdrup and Munk in 1946
in order to approximate the value of the visually estimated wave height (Holthuijsen,
2007):

N/3
Hs = + /3 Z H, (2.2)

where 7 is the rank number of the wave (based on wave height), and N is the number
of waves in the record. A similar calculation can be made to estimate the significant
wave period (which, accordingly to Holthuijsen (2007) can be approximated to the
peak period of the spectrum, T, depending on its shape).

Other terms commonly utilised are the mean wave height, H, the mean zero-
crossing wave period, Ty, and the RMS (Root Mean Squared) of some definitions,

Trars = \J1/N (@3 + 2§ + ... + 22).

Further, analyses of wave records have concluded that wave elevations roughly fol-
low a normal probability function, simplifying the application of statistics and Fourier
analysis (Lewis, 1989). It is then possible to exactly reproduce that record as the sum
of a large number of harmonic wave components:

= zn: a, cos(2m fut + o) (2.3)

v=1

where n is the total number of harmonic wave components (frequencies); a, is ampli-
tude (half wave height); f is the frequency interval; ¢, the wave phase in radians; and
v the frequency index.

2.5.1.1 Linear Wave Theory in Deep Waters

The description of random ocean waves can be achieved based on the notion of summing
a large number of independent harmonic waves. This is possible with the linear theory
for surface gravity waves, also known as Airy wave theory developed by George Biddell
Airy in 1845. The theory describes in detail such harmonic waves and it is based on
two fundamental equations and some simple boundary conditions, describing certain
kinematic and dynamic aspects of the waves (Holthuijsen, 2007).

Holthuijsen (2007) continued, affirming that the approximation implies that each
of these waves do not affect each other while they travel, and the main requirement for
the linear theory to be applied is that the amplitude of the waves are small compared
to the wavelength and the water depth (the waters are deep enough not to affect the
waves).

The waveform of a harmonic progressing wave can be described by:

((t) = a cos(kx — wt) (2.4)
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where a is the wave amplitude; k& the wave number, 27/A; A the wave length; w the
angular frequency, 27/Tp; and T the wave period.

Following the potential flow theory, applying the boundary conditions and deriva-
tives, expressions for velocities, accelerations and pressure (to first order) can be ob-
tained for water particles under the water surface,

u = awcos(kx — wt)er (2.5)
w = awsin(kx — wt)er

p = apygcos(kx — wt)e* — pgd

where u and w are particle velocities in the z and z directions, respectively; p the
pressure acting in the particle; g the acceleration of gravity, 9.89 m/s? and d the
vertical position of the particle, depth.

It is important to notice the introduction of the term e*¢, which exponentially
minimises the effect of the wave with water depth d, often called as the Smith effect.
This effect is extremely important for seakeeping characteristics of a floating body, as
it presents the relation of the wave excitation forces (from particle acceleration) with
the draught of a vessel (Bergdahl, 2009). As an example, a submarine is likely to feel
no effect from waves during a storm, if located far enough below the water surface.

The Airy wave theory is the base for higher-order theories that are utilised for
real steep waves, designing deck elevation of offshore structures, and wave forces on
fixed structures from extremely large long period waves, for example. It also does not
predict net mass transport, as the water particles move in closed orbits, while in reality,
a small net mass transport in the wave direction of propagation is found. The main
difference for higher-order theories is that it modifies and/or add terms to Equation
2.4 (Bergdahl, 2009).

2.5.1.2 Sea Wave Spectrum

Observations over time in a fixed point at the sea surface were essential and the starting
point to the development of the wave spectrum, an equation capable of describing all
possible observations that could have been made under the conditions of the actual
observation (Holthuijsen, 2007).

The result of these observation series is a graph of the function E(f), Equation
2.8, the variance density spectrum. The function statistically provides a complete
description of the surface elevation, assuming that it can be interpreted as a Gaussian
process (Holthuijsen, 2007),

1 1
B(f) = Jm, 5750} (2:8)

where Af is the frequency interval; F {%QZ} is the amplitude variance function. The
underscore of a indicates that the amplitude will be treated as a random variable.
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Holthuijsen (2007) explained that the application of the limit function is done
in order to obtain a continuous version of the spectrum, approximating the band
frequency to zero. The overall appearance of the waves can be interpreted from the

shape of the spectrum, narrower means more regular waves. This can be visualised in
Figure 2.11.
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Figure 2.11: The (ir)regular character of the waves for spectra with different
widths. Adapted from Holthuijsen (2007).

Alternatively, the function E(f) can represent the energy spectrum if multiplied
by pwg, with p, being the specific weight of the water. Therefore the spectrum graph
can be referred to as the energy spectrum and it is possible to visualise how the energy
is distributed along the frequency domain, as well as the location of the highest energy
concentration (peak frequency, Tp) (Holthuijsen, 2007).

From a previously developed spectrum, it is possible through statistics to obtain
Hg, Equation 2.9. Formulation to obtain Tp was developed by Kitano, Mase, and
Kioka (2002), but it is not here presented due to its complexity. These are probably
the most important wave parameters for engineers and utilised in this project.

Hino = 43/ (2.9)

where H,, is the significant wave height obtained from a spectrum; mq the 0" spectral
moment,

my= [ fE(f) df (2.10)
and A is the A*™ order moment index.

One of the most important contributions to the wave spectrum development was
the JOint North Sea WAve Project (JONSWAP; Hasselmann et al. (1973)), which is
still the most widely used spectrum (Holthuijsen, 2007).
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2.5.2 Ship Motions in Waves

A ship with zero or steady forward speed in an irregular short-crested sea will oscillate
in six degrees of freedom, possibly amplified and out of phase with sea surface motion.
In long waves, its motion will just follow the sea surface motion. For somewhat shorter
waves, the motions will be opposed to the wave motion, but less amplified. The six
degrees of freedom are presented in Figure 2.12 and described in Table 2.1.

Figure 2.12: Motional degrees of freedom (Bergdahl, 2009).

Table 2.1: Names and description of the motional degrees of freedom.

Variable Motion Name Description

i Surge Bow-aft motion, along the x axis

7o Sway Lateral motion, along the y axis

73 Heave Vertical motion, along the z axis

M4 Roll Rotation around the x axis

75 Pitch Tilting motion, rotation around the y axis
N6 Yaw Rotation around the z axis

In order to assess the seakeeping properties of a ship, a chain of calculations was
presented by Bergdahl (2009) adapted in Figure 2.13 and has the following order:
1. Gathering of wave data, hindcasted or in-site observations;
2. Settling design-weather conditions;
3. Choosing and applying the adequate wave theory;
4

. Applying an adequate method for the hydrodynamic forces and reactions of the
vessel;

5. Calculate the response motions; and
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6. Derive the load effects. This can be in the form of sectional forces and moments,
tensions, the risk for propeller emergence, slamming and green water. For moored
structures also the mooring-line tensions are derived.
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Figure 2.13: Calculation chain of ship motions. Adapted from Bergdahl (2009).

According to Bergdahl (2009) there are two fundamentally different ways to cal-
culate wave-induced forces. One of the methods considers the structure as a whole and
assess the total wave force from empirical or computed coefficients applied on water
velocities and accelerations. The other method, the pressure distribution around the
surface of the floating body is computed with due consideration to the water motion
distorted by the structure itself, subsequently integrated around the structure. In both
cases, mathematical models describing the wave properties is necessary, as presented
in Section 2.5.1.

2.5.2.1 Equations of Motion

The base for the equation of motion is Newton’s Second Law, force equals mass times
acceleration, which affirms that an object will only accelerate if there is a net or
unbalanced force acting upon it. That is the case for a floating structure in waves.
The equation of motion of a floating body can be written as:

Mij = F (2.11)

where M is a mass matrix (sometimes called generalised inertia matrix), described
in Equation 2.12; j referring to the body acceleration vector, d?n/dt*, with n =
(m M2 m3 M1 M5 M), a vector of positions in the six degrees of freedom; F =
(F, F, F, M, M, M,)™, the vector of forces and moments acting on the body; and

"Tr" means that the vector is transposed. Furthermore,

m 0 0 0 mzg —myg|
0 m 0 —mzg 0 ML
M — 0 0 m myc —mag 0 (2.12)
0 —mzg MYyc Iy Lo I3 '
mzag 0 —mrqg I I I3
|—myc mxg 0 I3 I3 I3z |

where m is the mass of the ship; x4, yg and zg the longitudinal, lateral and vertical
coordinate of the centre of gravity of the structure, respectively; and I moments of
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inertia defined in terms of the corresponding radii of gyration, with numbers 1 to 3
referring to axes, =, y and z, respectively (WAMIT, 2016).

The force vector F' can be split into the exciting forces, the reaction forces from
the water and from mooring forces if any. Neglecting other exciting forces than the
wave excited forces, a convenient split of the forces is:

E:E€+ET+ETS (213>

where F', contains the wave-excited forces; F',. the hydrodynamic reaction forces from
the water on the moving body in the absence of the waves; and F.; reaction forces
from the mooring system.

The hydrodynamic reaction forces F',., also known as the hydrodynamic properties
of the body, is the linear approximation characterised by three properties:

1. A hydrodynamic mass or added mass matrix;
2. B hydrodynamic damping or radiation damping coefficients matrix; and

3. C hydrostatic stiffness matrix.

Thus, F, can be rewritten as Equation 2.14, a classic problem of mechanics of
vibration:

F, = —Aij—Bij— Cp (2.14)

A floating body with arbitrary form can exhibit hydrodynamic reactions in all degrees
of freedom j caused by motion in any direction k& (Bergdahl, 2009). Substituting
Equations 2.13 and 2.14 into Equation 2.11, the complete expression can be obtained,
Equation 2.15:

F.+ F,,= —(M+ A)ij— B — Cp (2.15)

where M, A, B and C are 6x6 matrices that are functions of the frequency of the
wave with elements M;x, A, Bjr and Cj (j = 1,2...6, k = 1,2...6), respectively.

Bergdahl (2009) mentioned that depending on the body arrangement, symmetry
planes and origin of the coordinate system, in linearising the equation, many of the
coefficients can be eliminated and the matrices simplified. For the detailed formulae
for all coefficients, please consult Section 3 in Principles of Naval Architecture Volume
I11, Chapter 8, by Lewis (1989).

As an example, for a ship with lateral symmetry, Equation 2.15 can be simplified
to:

F = m(i + zah) (surge
F, =m(n2 — 21 + xa7s) (sway
F, =m(ns — zgns) (heave

M, = Iy — Liztje — mzaije (roll
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My = s — m(zani — TG13) (pitch) (2.20)
M, = Iz3njs — 13174 — ma o (yaw) (2-21)

2.5.2.2 Responses to Harmonic Loads

A function of harmonic load F(t) = Fycos(wt), as generated by one of the harmonic
wave components of the sea elevation surface, Equation 2.4, gives a response of the same
harmonic type: z(t) = Zcos(wt — @), in which Fy is the force amplitude; w = 27/T,
the angular frequency; T' the period; & the amplitude of the displacement; and ¢ the
phase lag between the force and the displacement (Bergdahl, 2009).

By solving Equation 2.14 for the given harmonic load, employing the complex
notation and trigonometric expressions, Equation 2.22 can be obtained:

Fo

- e (2.22)
\/(cC — (m+ ac)w?)” + b2w?

T =

where a. is the added mass; b. the damping coefficient; and c. the spring stiffness
(hydrostatic).

Interestingly, the ratio between Z/Fj is an amplitude response function and gives
the ratio between the amplitude of the harmonic response to the amplitude of the
harmonic disturbance that excited it, with length/force dimensions (Bergdahl, 2009).
This function is called transfer function, 7'(w), or in the seakeeping case, response
amplitude operator (RAO):

& _ ¢ (2.23)
Fo \/(c— (m + a)w?)® + b2w?

T(w) =

2.5.2.3 Derived Responses

The aspects of ship response to rough seas can be, in principle, derived from the basic
six modes of motion (Lewis, 1989). They include:

o Vertical and/or lateral motions, velocities and accelerations at specific points,
i.e. local motions;
« Relative motions between a location in the ship and the encountered waves;
« Slamming and greenwater (non-linear);
e Yawing and broaching (non-linear);
» Added resistance and powering in waves (non-linear); and
« Wave bending moments and loads on hull and equipment (non-linear).
The motions of any point 7 = (x,4,2)T on the body may be defined by three

translations and three rotations. The translational motions, & = (&,&,&;)" with
(&1, &9, &3) the complex local amplitudes at x, y and z, respectively, are result from the
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combined effect of rotation of the body and translation of its centre of gravity (Lewis,
1989).

For small motions (rotations < 10°), & can be calculated by:

E=|m| +Qxr (2.24)

where € is the vector of rotational motion at any point, (14, 95, 76)-

Similarly, the velocities and accelerations of any point fix to the body can be
calculated by:

Th
E= || +Qxr (2.25)
7]
.o —/’71- .o
E= || +Qx7r (2.26)
773 ]
The individual component amplitudes of £ are given by:
§1 =M1+ 215 — Yne (2.27)
§o =M+ TN — 2Ny (2.28)
§3 =13+ yns — x5 (2.29)

Similar deductions can be made for the velocities and accelerations, § and f, respec-
tively.

2.6 Seakeeping Evaluation with NEWDRIFT+

The Ship Design Laboratory of the National Technical University of Athens (NTUA-
SDL) provided the seakeeping linear code NEWDRIFT+ for this project. The pro-
gram development started in the early 80’s by A. Papanikolau and was since then
continuously updated by himself and G. Zaraphonitis to improve its efficiency (Liu,
Papanikolaou, & Zaraphonitis, 2001). The code, made in Fortran, is known for its ro-
bustness, arbitrary geometry support, agreement and validation to experimental data
(Liu & Papanikolaou, 2015, 2016a, 2016b, 2017; Liu, Papanikolaou, & Zaraphonitis,
2011; Liu, Shang, Papanikolaou, & Bolbot, 2016; Papanikolaou & Schellin, 1992).

NEWDRIFT+ is a 6 degrees of freedom, tri-dimensional frequency domain panel
code for seakeeping and wave-induced loads, including drift deviations, forces and
moments of floating structures, including multi-body arrangements operating in zero
or nonzero forward speed, finite or infinite water depth and being excited by sinusoidal
linear waves of arbitrary frequency and heading. The consideration of a natural seaway
excitation is enabled through a spectral analysis post-processor, given the sea state
characteristics (Liu et al., 2001).
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This section comprises the calculation methodology utilised in this project, the far
field method, input data required for the calculation and output data obtained from

NEWDRIFT+.

2.6.1 Calculation Methodology

Liu et al. (2011) mentioned that there are several methods to calculate the added resis-
tance of a vessel, mainly divided into two categories: near-field and far-field methods.
Far-field methods are based on considerations of the diffracted and radiated wave en-
ergy and momentum flux at infinity, resulting in a steady added wave resistance force
by the total rate of momentum change. The near-field method leads to the added
wave resistance as the steady second-order force obtained by direct integration of the
hydrodynamic, steady second-order pressure acting on the wetted ship surface.

In NEWDRIFT+, the added resistance problem of ships in waves can be solved
following Maruo’s far-field theory by Maruo (1957) and numerically implemented using
velocity potentials calculated by a Time Domain Numerical Simulation method for sub-
merged bodies by Liu, Papanikolaou, and Duan (2007) a 3D Frequency Domain Panel
method by Papanikolaou and Zaraphonitis (1987) and a 3D time domain HYBRID
method for bodies floating on the free surface by Liu and Papanikolaou (2011).

For the short waves range, the asymptotic formulae introduced by Faltinsen et al.
(1980) and also by Kuroda et al. (2008). Liu and Papanikolaou (2016b) executed the
application of the present method and also extended to oblique seas by fine-tuning the
Kochin function.

A systematic validation for different hull forms (submerged and floating, slender
and bulky) and varying wavelengths and speeds were conducted, and the results proved
that the implemented procedure appears to be fully satisfactory, reliable and robust
method for the routine added wave resistance prediction, working well for both full
and fine hull forms in various wave headings and speeds (Liu & Papanikolaou, 2016b;
Liu et al., 2011).

2.6.2 Input Data

The input data is separated into four files: the geometry panel mesh, which can be
seamlessly obtained from or converted in CAESES®; a file containing the general pa-
rameters that determine the input selection, "InputParameters.dat’, that drives the
pre-processing for the use of CAESES® panels and setting the calculation methods;
one containing data related to ship principal dimensions and loading condition, "Ship-
dat.dat"; and the last one that contains case-relative data "Casedat.dat". All files with
".dat" extension are presented in Appendix C.

"InputParameters.dat", in order, contains: input format; panel mesh format; trim
angle; draft at a reference point; tolerance identification of nodes close to the waterline;
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parameters for integral calculation; and parameters for listing options and calculation
selection.

"Shipdat.dat", in order, contains: geometry symmetry configuration; body outer
dimensions; draft; vertical position of the coordinate system; vertical position of the
buoyancy centre (can be calculated automatically); x, y and z centre of gravity coor-
dinates; centre of flotation coordinates (can be calculated automatically); hydrostatic
form coefficients (can be calculated automatically); transverse and longitudinal GM
values (can be calculated automatically); radius of gyration for roll, pitch and yaw;
and radius of product of inertia for roll-yaw, roll-pitch and pitch-yaw in respect to the
centre of gravity.

Finally, "Casedat.dat", in order, contains: calculation configuration; calculation
methodology; calculate fluid velocities and accelerations on specified points; calculate
motions, velocities and accelerations in body-fixed points; identifiers for calculation of
Green function, speed effects, viscosity effects on roll damping, mooring forces con-
siderations and sectional loads calculations; water depth case; wave parameters input
(JONSWAP spectrum); heading angle; vessel speed; stiffness of mooring lines and po-
sitioning devices; coordinates of fluid points to be calculated; and body-fixed points
coordinates.

For detailed information consult Manual of NEWDRIFT+ V7 by Liu et al. (2001).
2.6.3 Output Data

The output data is unfortunately not graphical. It is divided into many files, with
three containing the principal result information: "OUT4CAESES.csv", "RAOS.dat"
and "inputdat.dat”.

"OUT4CAESES.csv" probably presents the most direct results: a list with dis-
placement motion, velocities and accelerations RMS values for the centre of gravity,
the centre of the coordinate system and body-fixed points; and mean added wave
resistance.

"RAOS.dat" containing important information as the points calculated in the sea
spectrum and transfer function values for each point in each of the modes (1 to 6).

Finally, "inputdat.dat" contains a very long list of: geometry characteristics (i.e.
buoyancy and gravity centre); environment characteristics; mesh details; some of the
input settings; total wave forces and moments for each point calculated in the spectrum
(both Froude-Krylov and total, including diffraction); and hydrodynamic masses A,
damping B and hydrostatic stiffness C matrices. An important file for debugging and
verification that the computation is correctly set-up and running.

While the computational is undergoing, NEWDRIFT+ also prints a list of func-
tions that are called under the calculation and errors if any.
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This chapter presents, almost step-by-step, how this project was conducted and how
to replicate it in future projects.

It starts with a brief introduction of Rolls Royce Marine SOV design alternatives,
which was the baseline for comparison against the developed SWATH concept. The
following section describes an SOV SWATH, it’s limitations and recommendations for
a successful design, including a CAD (Computer-Aided Design) sketch provided by
Rolls Royce Marine.

Slightly changing the subject, a section about how the SWATH hull was fully
parametric modelled and how the model was adjusted to match the monohull. This was
made in order to obtain an equitable comparison. The following section is dedicated
to the mesh generation for the seakeeping software, NEWDRIFT+, with hints and
recommendations for any geometry. Succeeding comes sections about the sea state
selection, body-fixed point for motions evaluation, the connection set-up between the
geometry NEWDRIFT+ and post-processing features, and a throughout explanation
about the optimisation process developed and utilised in the project.

To finalise the chapter, a section about a further SWATH design exploration is
presented followed by a short section of how the results were post-processed. The
post-processing phase enabled a detailed comparison between the vessels, including
RAOs (Response Amplitude Operators) and DP (Dynamic Positioning) capability with
graphs of forces and moments on the body in a developed seaway.

3.1 Rolls Royce Marine SOVs Design

Rolls Royce Marine is the designer for the Service Operation Vessels (SOVs) that ought
to operate in the Race Bank and Hornsea offshore wind farms, United Kingdom east
coast. The company already offers a range of SOVs that vary in size and accommoda-
tion capacities by using a number of different hull forms and thruster configurations
(Foxwell & de Jongh, 2017).

As well as designing the vessel, Rolls-Royce supplies the diesel-electric main ma-
chinery, consisting of frequency controlled electric driven azimuth thrusters, super
silent mounted transverse thrusters, DP2 dynamic positioning system, power electri-
cal system, deck machinery, and the latest generation automation and control system
(Rolls Royce Marine, 2016).

The company is also investing in research projects to improve SOVs, such as the
NEXUS comprising the University of Strathclyde, Astilleros Gondan, DNV-GL, and
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Global Marine Systems. NEXUS’s goal is to increase performance and safety with
minimised lifetime cost by 20% while reducing CO, emissions by 30% compared to
current vessels (Puisa & Skaro, 2018).

A few other innovations are: double-ended hull design with two pairs of azimuth
thrusters fore and aft; permanent magnet technology to enhance performance and
efficiency; energy storage concepts and hybrid arrangements to reduce fuel consumption
and emissions; and the Rolls-Royce RRM boat transfer system for boats ranging in
size from 12m to 20m (Foxwell & de Jongh, 2017).

This section presents two of their SOV designs. Firstly the longer, 82m, SOV that
already operates and the second presenting the new shorter design under development,
which is the baseline for comparison in this project.

3.1.1 82m SOV monohull

Rolls Royce marine has currently one operating SOV delivered in February 2018 to
(stensjo Rederi. The vessel, Edda Passat, is 82m long, 17m wide and has 5.3m draught,
comprising 60 berths, is presented in Figure 3.1 (Ostensjo Rederi, 2018).

Figure 3.1: Edda Passat, UT 540 WP design by Rolls Royce Marine (@Dstensjo
Rederi, 2018).

Besides Edda Passat, the shipowner stensjo Rederi has signed a contract with
the yard Astilleros Gondan in Spain, to design and equip a second SOV to support
wind farm operations for DONG Energy in shallow waters (Rolls Royce Marine, 2016).

The award-winning UT 540 WP was developed in close cooperation with the cus-
tomer and benefits from over 40 years of UT (Ulstein Trading) ship design experience
across 800 vessels. The new design for offshore wind farm support has a high focus on
seakeeping capabilities, station keeping performance, improved comfort and safety on
board, and reduced fuel consumption (Rolls Royce Marine, 2016).
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3.1.2 62m SOV monohull

The shortened SOV version current development is aimed towards the market gap
described in Sections 1.4 and 2.2. It is a shorter version of the 82m SOV presented in
Section 3.1.1, measuring 62.1m LOA, 16.5m breadth and 5.6m draught, presented in
Figure 3.2.

Figure 3.2: The shorter version of the UT 540 WP design (Rolls Royce Marine,
2018).

This version of the monohull was the one utilised to benchmark the performance of
the developed SWATH concept. The main reasons were: to focus on the market gap for
smaller SOVs, potentially cheaper and that maintain seakeeping abilities; and because
was possible to match LOA and the displacement, creating a less biased comparison.

Comparing the seakeeping abilities of two vessels with similar displacement and
LOA makes it easier to narrow down the reasons of different results, in this case, the
hull form specifically.

3.2 Concept Design

After getting to know the current design under operation, as well as future develop-
ments, the design process of the SWATH hull could be started. The base for everything
was a raw sketch provided by the interested partner, Figure 3.3.

As it can be observed in Figure 3.3, the SWATH hull is partly inspired by a
catamaran and a semi-submersible structure. The sketch assumes the propulsion sys-
tem consisting of azimuth thrusters under each edge of the demi-hulls. In order to
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Figure 3.3: Initial sketch of the SWATH hull provided by Rolls Royce Marine
especially for this project.

increase the chances of success of such an alternative hull design, a few delimitations
and constraints were imposed and others suggested by the partner. These include:

« Maximal utilisation of simple geometric shapes, flat and simple curvature plating
(developable surfaces, if possible);

o The most external side should be totally flat to ease construction, docking pro-
cedures and allow the deployment of smaller support vessels, such as STBs;

e Beam should be limited to 20m and draught up to 8m due to limited depth at
most wind farm support harbours;

o Length should be less than operating monohull SOVs. In this case the 62.1m of
the short monohull presented in Section 3.1.2 was matched; and

o The displacement is to be matched to the short monohull SOV version for all
design variants.

These recommendations were used as the primary design goals, setting the bounds
for most of the design variables of the model. They were also imposed to lower con-
struction costs and ensure operational capability, satisfying shipowners’ needs. It is
important to mention that significant effort was given not to jeopardise the hydrody-
namic performance of the vessel.

3.3 Parametric Modelling of a SWATH SOV

The fully parametric technique was selected for this project based on the lack of an
initial existing design and the effectiveness of the model, for a later stage, generate
design variants.

Based on the input from the concept design (Section 3.2), it was possible to start
the parametrisation of the SWATH hull. Due to its symmetry in relation to planes
ZX and YZ, only a quarter of the hull needed to be modelled, assuming tangency
continuity at the intersection between the hull and a principal plane.

The first step was to create the main variables, presented in Table 3.1. These
represent the main dimensions of the vessel and served as the reference for most of the
connected elements in the parametric model.
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Table 3.1: Design variables introduced for the main dimensions.

Design  Lower Upper

Variable Bound Bound [unit] ~ Description

xFP 52 58 m Length between perpendiculars
B 15 20 m Breadth, outer beam
Tp 6 8 m  Design draught

The modelling process was divided into four main parts: the parallel midbody
(PM), the bulb, the transition between the parallel midbody and the bulb, and the
design waterline.

3.3.1 Parallel Midbody

The modelling of the parallel midbody introduces new design variables that are de-
pendent on the main dimensions of the vessel.

A couple of important parameters introduced here are the inner height (Hjy)
and the possibility of giving an angle to the inner side wall (yHsyrrr). These were
intuitively introduced in an attempt of changing the damping behaviour of the vessel,
possibly resulting in higher heave damping.

The new design variables are presented in Table 3.2 and illustrated in Figure 3.4.

Table 3.2: Design variables introduced in the parallel midbody design.

Design  Lower Upper

Variable Bound Bound [unit] - Description

Lpy 20 60 % Length of the PM (% of zF'P)

Bpur 0 100 %  Width of the PM (% of B)

Hin 20 100 %  Height of the inner side (% of Tp)
yHsyrrr -15 15 ° Y shift of the upper inner width

It is important to notice that Bp); is automatically adjusted for each design variant
to match the displacement of the short monohull SOV presented in Section 3.1.2. The
procedure for the displacement adjustment is presented in detail in Section 3.3.5.

As it can be observed, the parallel midbody is composed of four bilges. Each of
them has its own set of height and width parameters which are set to about 1m at
the beginning and had their effect investigated in the final step of the optimisation
(Section 3.8.3).
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Figure 3.4: Main design variables of the parallel midbody.
3.3.2 Bulb

The modelling of the so-called "bulb" part was highly influenced by the positioning and
sizes of the azimuth thrusters. The main variables introduced are the height clearance,
the base diameter and base inclination angle (ZX plane). The height clearance, the
thruster base diameter and the inclination were kept constant during the whole project,
3m, 2.4m and 0°, respectively. These can be further adjusted in a future iteration.

The bulb length was designed to be flexible and complement the xF'P variable in
order to match the LOA of the short monohull SOV, 62.1m. Another flexibility of the
model is the positioning of the centre of the base of the azimuth thruster, which can
be shifted from the xF' P location along the x-axis. It was kept constant and equal to
the thruster base diameter, 2.4m.

The set of design variables are presented in Table 3.3 and illustrated in Figure 3.5.

Table 3.3: Design variables introduced in the bulb design.

Design Lower Upper

Variable  Bound Bound [unit] - Description

Hpop 2 3 m Thruster clearance height from keel
Dpop 1.5 3 m Base diameter of the azimuth thruster
apop 0 10 ° Thruster base angle (ZX plane)
BBgxr 1 1.5 %  Bulb extension (% of Dpop)
tPBsyrrr -3 0 m x shift of the thruster base centre
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FPP EPP

PBshift

Y LBBext ﬂ 0 1

Figure 3.5: Main design variables of the bulb.

3.3.3 Transition

The transition section was designed just to ensure tangency continuity between the
parallel midbody and the bulb. Only one design variable is introduced, the tangency
factor, controlling the steepness of the tangency connection, which was not explored
during the optimisation. The transition section can be seen in Figure 3.6.

-

L

Figure 3.6: The transition between the parallel midbody and the bulb.

3.3.4 Design Waterline

The design waterline (DWL) is of great importance both for the wave resistance and for
the seakeeping behaviour. Thus, it became necessary to give flexibility to the waterline
shape. This was attempted by controlling the width, the length of the section with
constant maximum width and the Y position of the FPP (Forward Perpendicular).
The variables introduced are presented in Table 3.4 and Figure 3.7.
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Table 3.4: Design variables introduced in the design waterline shape
parametrisation.

Design Lower Upper

Variable  Bound Bound |nit]  Description

Wowr 2 4 m Maximum width at DWL
Lpwr, 20 80 m  Length of flat DWL (% of xF'P)
yFPPSH[pT 0 50 % Y shift of the FPP (% of WDWL)
E 9
£ g
: 3

DWLinner [%]

Figure 3.7: Variables introduced in the design waterline parametrisation.

3.3.5 Displacement Adjustment

In order to keep a constant targeted displacement during all simulations, a FBrent
design engine was executed in CAESES® for each design variant.

The algorithm uses Brent’s one-dimensional minimisation algorithm to locate the
minimum of the functional value within the bounds of a free variable. Basically, it
applied a Golden Section Search whenever the objective function is "not cooperative"
and switches to an iterative parabolic interpolation scheme when the function allows
it. The algorithm iteratively isolates the minimum to a fractional precision of about
the given tolerance (Friendship Systems AG, 2018).

Typically, as the Brent algorithm varies only one design variable, it is not used for
common optimisation tasks as CFD. It is rather utilised for geometric optimisation,
such as matching a target distance or displacement, as in this project.

The utilised objective function, V¢, minimised to zero by the Brent algorithm
was defined as:

Viigs = (Ve = V)? (3.1)
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with V, is the target displacement and V is the current displacement of the geometry.
V can be manipulated by changing the geometry, that in this project was done by
adjusting the inner beam, the width of the PM (Bpy).

The Brent algorithm was able to converge in less than 10 iterations for any design
variant, as long as the boundaries of Bp); were adequate, allowing enough variation
for displacement matching.

The result can be seen in Figures 3.8 and 3.9, in which each of them has a specific
set of design variables, but the LOA and displacement are matched to the short SOV
version of Rolls Royce Marine.

Demi-Hull Width [m]

Inner Height [m]

55 >
Variable LPP [m]

T T T T T T T T T T
T T | T T T T T

- 27.5 ol
Inner Lenght [m]
62.1

il -

Fixed LOA [m]

Figure 3.8: A slender demi-hull design variant with high inner height.

A similar adjustment procedure was realised with the bulb extension design vari-
able, BBext. The LOA was matched to the short monohull SOV, described in Section
3.1.2, by elongating or shortening the bulb for all design variants. This allowed ma-
nipulation of the xF'P, or LWL (Waterline Length), while still keeping the minimum
diameter for the pod base.
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Demi-Hull Width [m]

Inner Height [m]

b 3

Variable LPP [m]

17.4 >
Inner Lenght [m]
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Fixed LOA [m]

Figure 3.9: A wider demi-hull design variant with low inner height.

3.4 NEWDRIFT+ Mesh Creation

One of the required inputs for NEWDRIFT+ is the penalisation of the geometry below
the waterline. CAESES® is able to generate and export mesh panels (.pan) with ease
and was also used for this purpose.

A few recommendations were given by the developers in order not to significantly
affect the accuracy of the results:

e Obtain, as far as possible, a uniform mesh in terms of panel sizes and aspect
ratios;
» Avoid panel overlapping; and
o Obtain the nodal points on knuckle curves to fully capture hullform details.
Following these recommendations, a few different surface modelling options were

investigated until finally a stable and reliable mesh was found. From this process, a
few more lessons were learned:

o Avoid gaps between two or more panels and miss-aligned panel nodes. NEW-
DRIFT+ will execute, but when varying the geometry, even a very small varia-
tion, the results do not follow a stable pattern;
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o Panels far from the water surface do not significantly impact the results. As the
number of panels is limited, stretching the panels towards the waterline ensure
accuracy with fewer nodes, saving computational time; and

o As NEWDRIFT+ is a based on a linear code and panels that are parallel and
close to the waterline might result in convergence issues and errors during calcu-
lations, it is recommended to give a small inclination in the outer direction.

To obtain a panel mesh following all these recommendations, the only way en-
countered for the SWATH geometry was by modelling it as only one surface. This
is by far not the most efficient way of modelling a large vessel and, in this project,
impacted the overall performance for rendering and displacement adjustment (about
1 minute per design variant in the used system, described in Section 1.5).

In order to decrease computational time without losing accuracy, a mesh conver-
gence study was realised in order to find the best cost-benefit.

It was found that NEWDRIFT+ has a limit of about 600 panels (for 180° heading
angle) when using symmetry in both XY and X Z planes, the case in this project. The
computational time with a mesh arrangement of 50x12 was about 7 minutes, and the
heave RMS result was used as a benchmark for smaller mesh combinations. Along
the process, it became clear that reducing the mesh size and stretching it towards the
waterline did not significantly alter the results and drastically reduced computational
time.

The final mesh utilised in the project can be visualised in Figure 3.10. It was a
38x11, with 418 panels and a 1.35 stretch factor towards the waterline. The calcula-
tion time was about 3 minutes and the result difference of 0.4cm heave RMS (0.8%
difference) in comparison to the largest acceptable mesh, which took about 10 minutes.

Figure 3.10: Meshing of the modelled surfaces to NEWDRIFT+.
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3.5 Sea States Selection

The selection of the sea states was made based on the wave scatter diagram of the
German Bight region (Deutschen Bucht, in German), as recommended by the involved
partner. The region is located along the German coastline between The Netherlands
and Denmark. As it can be seen in Figure 3.11, the region is already densely utilised
for wind power generation and has many wind farms applied for and in conception,

especially further away from the coastline.

- -
/
IS Tt
/ Ny -
/ N X =
f .
i
/ i i
_J
~~— e
// T~ Esbjerg.
/
\\\ //
~ /
. B Sy 4
N on N i co
~ < ~ V-
~ N N VW v
Sy i [
N = Y on
\\\ Rty
N eSS ey
- . Hordschi g and /mese
~ WS
N o
\‘ .
I
|
Y i
| I fe—
| |
| } P
|
l | -
\ =
. i
Offshore Wind Farms -
. " N
in the German Bight N
S
S
Wind farms Offshore platforms o
B in operation ®  converterinoperation ‘\\
B partal commissioning .
. <

under construction ©  conv.under construction

in preparation ©  converter isapproved
network capacity is assigned

approved

applied for

in conception + transformer platiorm

Cable connections

—— high-voltage direct current transmission

Wi opiion. i

DolMinaiphi

DolMingamma § a
it

\ MERN Sryabittel

altemating current transmission

—> Continuation to the onshore target station

Natura 2000 protected sites
(only areas in the German North Sea are shown)

flora-fauna habitat (FFH)
EU bird sanctuary
Borders
state border

- undetermined borderline in the area of the Ems estuary
(German and Dutch opinion of the borderline)

border of the territorial waters (12 nautical mile zone)

——— border of the exclusive economic zone

[ 25 50
e Dokkum

kilometers

L i

Figure 3.11: Map of offshore wind farms and connecting power cables in the
German Bight. By Maximilian Dorrbecker (2018) via Wikimedia Commons.

Based on the wave scatter diagram (Table B.3 in Appendix B), 11 sea states were
selected to be simulated, Table 3.5. The selection was based on the highest probability
of occurrence for each Hg range. The wide range of significant wave height and peak
period are to investigate the evolution of the vessels’ responses accordingly to the sea

spectrum.

The sea spectrum selected for the optimisation of the hull was sea state 7, Hy, =
3.25bm and Tp = 8.5s, 180° heading angle (bow waves). Sea state 7 is the most recurrent
at the verge of covering 90% of the weather window, as well as the one recommended

by the involved parties.
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Table 3.5: Selected sea states based on the wave scatter diagram.

Sea State Hg [m] Tp [s]

1 0.25 4.5
2 0.75 4.5
3 1.25 9.5
4 1.75 6.5
5 2.25 7.5
6 2.75 7.5
7 3.25 8.5
8 3.50 8.5
9 3.75 8.5
10 4.25 9.5
11 4.75 9.5

Besides the sea state input to NEWDRFT+, it requires how many points to
calculate and execute the RMS calculation. The software is smart to concentrate the
points around the peak of the spectrum, ensuring that the shape is correctly captured
and fewer points are required, reducing computational time.

In this project, 22 points calculated in the spectrum were adequate given the
limited computational power, without significant impact in the motion RMS results.

3.6 Body-Fixed Point for Evaluation

Accordingly, to information provided by Rolls Royce Marine, the tower used as the
base for the walk-to-work gangway is usually positioned close to the LCB (Longitudinal
Centre of Buoyancy) and midship position, minimising roll and pitch interference with
heave. The gangway can be up to 30m long, depending on the manufacturer and the
model, in order to keep the ship within a safe distance from the wind turbine.

Based on this information, it became agreed to evaluate, use as optimisation
objective and compare against the monohull, the heave RMS displacement motion
at the connection point between the edge of the gangway and the base of the wind
turbine. This point, in this project, was located 5m aft of the LCB, 25m from the ship
centreline (y = 0) and 15m above the design waterline, as can be seen in Figure 3.12.
By this choice, the results were affected not only by heave and roll motions but also
by pitch rotation.
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Figure 3.12: Positioning of the body-fixed point for seakeeping evaluation. Adapted
from Rolls Royce Marine (2018).

3.7 Simulation Set-Up

CAESES®, besides being a parametric 3D modelling tool, also served as the connection
between the geometry, the external software and the results from it. It seamlessly
integrates existing simulation packages to create a closed loop (Friendship Systems
AG, 2018). This extremely simplified the optimisation process, allowing automated
optimisation of the developed geometry once all variables were in place.

In this project, NEWDRIFT+ was connected to the Software Connector of CAE-
SES®, illustrated in Figure 3.13.

The "Input Geometry" contains the panel mesh from the geometry (.pan), the "In-
put Files" window has the three text files with commands for NEWDRIFT+ (described
in Section 2.6 and exemplified in Appendix C). In the middle of the arrangement is
the computation executable, "Newdrift run', that is started automatically during the
optimisation process.

The results can be separated in files like spreadsheets (OUT4CAESES.csv, for
example), geometries or others, in which CAESES® can reproduce in full, or exact
values that are extracted from files in ASCII (American Standard Code for Information
Interchange) format ('indat.dat" file, for example).

Result files and values can be used as input to other calculations, graphs generation
or any other type of post-processing.
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Figure 3.13: NEWDRIFT+ connection window in CAESES®.

3.8 Optimisation Procedure

After executing Sections 3.2 to 3.7, the optimisation process could be started. It
was divided into three main parts: identify and eliminate unstable variables of the
calculation software; identify relevant design variables and post-iteratively solve for
the major optimisation; and finally, investigate the impact and optimise other design
variables that have less influence on the geometry. An optional step can be added which
is the final fine tuning of the already optimised design with some specific optimisation
algorithms.

The whole optimisation chain, including the design loop to remove or re-insert
design variables, can be better visualised in Figure 3.14. It is important to note that
this process might not be adequate for other optimisation problems, especially if a
different software for computations is to be used.

3.8.1 Single Variable Investigation

The first part of the optimisation was used to consolidate the seakeeping calculation
set-up, investigating the stability of the results with small variations of single design
variables and testing their upper and lower bounds. It also aided to identify the design
variables with higher impact in the geometry and the results. The result evaluated
was the heave RMS displacement in the design sea state (Hs; = 3.25m and Tp = 8.5

s).
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Figure 3.14: Optimisation structure followed in this project.
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Figure 3.15: Small variations of Lp,; and the resulting heave RMS motion.

The main single design variables evaluated were: * F'P, T'p, Lpy, Hin, YHsurrr,
BBgxt, Wpwr, and Lpy . One example was the investigation of Lp,s, Figure 3.15.

This step of the process was rather time-consuming before a mesh that yielded
consistent results was reached. Once the reliable mesh was developed, the one presented
in Section 3.4 and Figure 3.10, NEWDRIFT+ proved to be very stable for single
variable variations, allowing to proceed to the next step without further problems.

3.8.2 Multi-Variable Optimisation

For the optimisation of flow-exposed products, CAESES® offers a set of strategies that
allow for the automation of the intelligent design creation process. Design variables
were linked to the variable geometry through parametric modelling and controlled by
algorithms, design engines (Friendship Systems AG, 2018).
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One of the advanced strategies included in CAESES® is the optimisation package,
Dakota. In particular, so-called Response Surface Methods (RSM), i.e. approximation
models of an expensive high-fidelity model. This method proved to be the most effective
in optimising the SWATH SOV hullform.

First, it was necessary to select the design variables that most impact the sea-
keeping performance found in the previous step, Section 3.8.1. The simulation was
of single type objective, focusing on the optimisation of heave motions. Although the
method allows it, no constraints were necessary and imposed in the set-up.

The amount of initial samples recommended is 5 times the number of design
variables, but in the final run, 300 designs were generated through the Sobol (quasi-
random homogeneous filling of the design domain) algorithm and used as input to the
Dakota RSM method. This methodology of optimisation also allowed the calculation
of multiple design variants at the same time.

With the results of the Sobol, Dakota generated the RSM and iterated the last
design variants to find the best possible combination of the design variables. The
process can be better understood in Figures 3.16 and 3.17.

o) I@‘ [x]p_lengthPM  [y]p_lengthDWL [y ]a_beamInnerFlareYZ [u |columnWidth (K] eval_zrmsDisplac [x] wetArea
Attribute " Active Active Active Objective

Name p_lengthPM p_lengthDWL a_b InnerflareYZ « h eval_ZrmsDisplac wetArea
Scope |00PARAMETERS | 0OPARAMETERS |DOPARAMETERS | DOPARAMETERS | 14NEWDRIFT |EVAL |10HYDRO
Reference

Lower Bound 0.20111554 0.051694783 0.0015259255 2.0044543 0.36727 2611.6109
Upper Bound 0.49994507 0.49892968 9.9791478 3.1999634 0.58148 2818.018

Feasible Designs: 100 %
Mean Utilization Index

Mean 0.35742007 0.28296486 4.7552738 2.6207309 0.49307437 2720.1415

Sample Standard Deviation 0.090568387 0.13162029 3.0165414 0.36247466 0.047821803 53.609091

Error-free: 100 % 100 % 100 % 100 % 100 % 100 %
OFTM_dak_18 des0001[ |  0.26561225 [ | 0.40418847 24319122 21061317 [ o559 [ | 2775.707
OFTM_dak_18 des000z] | 030831046 | | 0.48661112 5.2164641 3100374 [ ] 0.45631 || 2621.8953
OFTM_dak_18_des000z| | 0.41506918 [ | 0.41550656 6.0097851 2.3085893 0.51545 [ | 2738.0488
OFTM_dak 18 des000<[| 025443684 [ |  0.24802977 1.5084592 3.1364462 0.47191 [| 26516501
OPTM_dak_18_des000z | 0.2050207 | | 0.44546115 9.948513 2.7937868 0.56003 [ |  2675.1786
OFTM_dak_18 des000¢[ | 0.48001373 || 0.060975308 7.0410825 2.3782415 0.48761 | 2785.1241
OFTM_dak 18 des0003[|  0.21271465 | 0.37976883 5.4246624 2.9970855 0.5181 [| 26518184
OFTM_dak_18 des000i[]  0.21143840 || 0.051694783 3.9134631 2.503778 0.53977 [ | 2749.9720

OFTM_dak 18 desD0DS[ | 0,32122954 [ |  0.26526604
OPTM_dak 18_deso01t| | 043731337 [ |  0.19520015
OFTM_dak_18 des00i1[ | 040529391 [ | 0.39604861
OFTM_dak_18 des001z| |  0.20078734 | | 0.35751319
OFTM_dak 18 des00iz[ | 0.48799338 [ |  0.21517364
OFTM_dak 18 desD01<[ | 041738256 [ |  0.14704365

6.647857 2.159351 0.53134 l:l 2785.5016

7.8436782 3.1814035 0.41321 |:| 2662.5342

3.6054855 2.2224985 0.52275 l:l 2763.8301

IF e

2.6592262 0.52659 |:| 2704.331

2.8061696 [ | v.4s3s2 | 2713.3318
27528007 [ 0.47120 [ | 2721.8881

5.7844054
9.2256841

2.6746393

[ejeegnengynee :
JoesenpE=]=ugenge]-

OFTM_dak_18 des00iz| | 0.40286676 [ | 0.3509824 7.1970369 23240067 I 0.51676 [ | 2756.2014
OFTM_dak_18 des00i¢[ | 033080756 | | 0.37512255 | | 3.0047919 24714972 [ ©0.52943 [ | 2728.4613
OPTM_dak 18 des001:| | 032645085 || oo71130s11 [ | 62504198 24441340 [ o.s1801 [ | 2769.7281
OFTM_dak 18 des00i¢[ | o.6esso19 [ | 0231909362 [ | 5319005 2.5257385 [0 0.48321 [ | 2733.5619
OPTM_dak_18 des00it[| 023705251 | | o0.30607101 | | 3.6687683 31564756 [ | 0.47789 [|  2640.3148
OFTM_dak_18 des002([ | o0.42909287 [ | 0.39248809 || 033308453 [ | 2.8824543 [ 042452 [ 2671.159

OFTM_dak 18 desD021[ |  0.32460485 [|  0.1086997 [ | 13402846 | | 23737077 [ 051912 [ | 27724155

Figure 3.16: Sobol quasi-random homogeneous filling of the design domain, base for
generation of the response surface.
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Figure 3.17: Final iterations of the Dakota algorithm, converging to the final
solution.

This phase of the optimisation was the most time consuming, as it was executed
multiple times and in total evaluated more than 1000 design variants along the devel-
opment of the project.

The final run had 7 design variables that highly impacted the results. These were:
.TFP, TD, LPM7 H]N, yHSHIFT7 WDWL and LDWL- Most of them were identified in the
first step of the optimisation process (3.8.1), but a couple of them were only discovered
in step 3, Section 3.8.3, creating the loop of selecting relevant design variables during
the optimisation process (visible in Figure 3.14).

3.8.3 Small Impact Variables Investigation

Since the beginning of the project, it was expected that some design variables would
have almost no impact in the seakeeping performance. This was confirmed by a number
of reasons found during the development. Firstly, because the mesh could not be fine
enough to capture exact curvatures and it’s variations. Secondly, as mentioned in
Section 3.4, the parts of the geometry far from the waterline, the lower bilge, for
example, have a very low impact in the seakeeping performance.

In any case, almost all design variables were investigated in this phase (those that
were not included before). Most of them resulted in no performance impact (i.e. bilge
fullness, bilges height and width, transition tangency, bulb fullness), but along the
process, a couple of variables, Wpw -, and Lpy 1, were found to be important for the
evaluation and were included in the multi-variable optimisation step. These two design
variables describe the shape of the waterline, which proved to be very important for
the seakeeping performance.

The re-introduction of the design variables, in step 2 of the optimisation process,
created a design loop that acted as a design variables selector. It was essential to
execute this process in order not to miss any relevant design variable.
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This step can be skipped once there are no more variables to investigate, after one
execution of the final tuning, for example.

3.8.4 Fine Tuning Algorithms

After executing the multi-variable optimisation, it is still possible to further optimise
a design. CAESES® offer that possibility with a few different inbuilt design engines.

One of them is part of the Dakota package, the local optimisation method. It is
a gradient-free local optimisation strategy to further optimise an existing good result,
the one obtained in step 2 (Section 3.8.2), for example.

Another option is the FTSearch design engine. The tangent search method is
a reliable solver for small scaled, single-objective optimisation problems. It uses ex-
ploratory moves to detect the descent direction in the solution space, ensuring fast
improvement of the results (Friendship Systems AG, 2018). This method proved to
be the most efficient for fine tuning in this project, being able to reduce further 0.9cm
heave RMS (about 2.5% improvement) from an already good design. An illustration
of the algorithm working can be seen in Figure 3.18.
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Figure 3.18: Iteration process of the TSearch algorithm, converging to the final
solution.

In Figure 3.18 it is easy to identify the exploratory moves made by the algorithm
in the first iterations. It is also possible to notice that some of the design variables are
set to the bounds (xF P and yHgp pr), indicating that the RSM form the DAKOTA
algorithm did not totally identify the solution. In that case, step 2 was re-executed
with the newly set bounds.
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It can also be seen that it took less than 25 iterations to converge to a final
solution, less than one hour of computation. For these reasons, the execution of a final
tuning of the design variant with specific algorithms for it is highly recommended.

3.9 Further Design Investigation

The geometry described in Sections 3.2 and 3.3 does not exactly followed the traditional
SWATH hull forms. It is, with no doubt, an innovative approach to an existing type
of vessel. From now on, for Chapters 4 and 5, this design will be called SWATH SOV
with asymmetric demi-hull because the demi-hulls are mirrored, symmetric between
each other, but asymmetric to its own demi-hull centreline.

The main challenge with the asymmetric SWATH SOV was that none of the
available software for resistance calculation, in their current version (SHIPFLOW, v-
Shallo, Michlet), could handle the geometry, including SHIPFLOW Motions that could
be a great tool for validation of NEWDRIFT+ results and even optimisation.

On the other hand, traditional SWATH vessels have symmetric demi-hulls in re-
lation to its own centreline. This affirmation includes all vessels mentioned in Section
2.3, including the ones under development, with the exception of the CSS design by
VARD. This triggered the question: why has everyone done it this way?

To answer the question, a further design investigation of a SWATH with symmetric
demi-hulls was developed. It was rather simple to modify the existing design and the
only variable completely eliminated was the yHgyrrr, which was set to 0%, a totally
vertical flat of side. To simplify even more, a few design variables were kept the same as
the asymmetric SWATH variant, including the draught, bilge sizes and thruster sizes,
eliminating variables that could prejudice the comparison. It is important to remind
that LOA and displacement were also matched to the short SOV monohull version.
The resulting geometry is visualised in Figure 3.19.

N S

Figure 3.19: Symmetric demi-hull SWATH hull variant.
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This SWATH hull form design was also optimised by the same methodology used
for the asymmetric demi-hull, and compared to both monohulls and the optimised
asymmetric demi-hull SWATH.

3.10 Post-Processing

Comparing the heave RMS displacement (at the connection point the gangway and
the base of the wind turbine) between two vessels is a good start and possibly enough
for the first design and optimisation of a SWATH SOV.

Another way of obtaining interesting insight from compared vessels is to analyse
the RAO (Response Amplitude Operator) of each of them. These transfer functions
translate the effect of the sea state on the vessels, allowing to find the wavelength
(encounter frequency or wave frequency) that contains the largest amount of heave
energy transference, for example. It was also a good optimising tool, indicating how
changes in the geometry alter the transfer function and assists in finding the right
optimisation direction.

Beyond that, it would be interesting to compare station keeping capabilities and
requirements of such a vessel, being one of the ideas from the beginning of the project.

The problem with DP (Dynamic Positioning) capability plots is that to obtain
it, it is necessary to have the propulsion system efficiency, which is available for the
monohull, but is unknown for the design SWATH. For this reason, this comparison
method was discarded but substituted.

In order to have a more insightful understanding of the differences between mono-
hull and SWATH SOVs,