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Abstract

The growth in the offshore wind industry sees an increased demand for offshore service vessels
(OSVs). These vessels often operate in harsh conditions, and their performance is heavily dependant
on their seakeeping characteristics. Conventional ship design processes fail to effectively consider
seakeeping early in the design process, leading to sub-optimal vessel design. A design framework has
been developed in the software 'NAPA' to efficiently design high-performing OSV concept designs.

The developed framework is able to optimize a hull shape -specifically the main particulars and
length of different hull sections- to maximize performance in certain objectives. These objectives are
seakeeping, ship resistance, lightship weight, and station keeping power requirements. Regarding sea-
keeping, the attainable percentage operability is calculated for each iteration, although the Operability
Robustness Index (ORI) is optimized. The ORI is a more robust seakeeping key performance indicator
(KPI) than percentage operability, which is advantageous when facing concept design uncertainty [42].
The framework maximizes ORI, thereby seakeeping performance, for a particular loading condition,
motion sensitive criteria, and operational area. The ORI is evaluated based on the area of operation’s
scatter diagram and wave spectrum, governing motion limits, and iteration-specific RAOs. Designs are
required to satisfy an initial stability constraint, to ensure feasibility.

The framework’s output is a Pareto-frontier showing the trade-offs between different KPlIs, and the
corresponding variable combinations. Thereby, the naval architect can evaluate what design offers the
best overall performance.

A ’feeder’ OSV, designed to transport wind turbine components to wind installation vessels has
been optimized to validate the framework. This OSV is currently being developed as a concept by C-
Job naval architects. The ship has been optimized for maximum operability of an Ampelmann motion
compensated platform. A single optimization run took three and a half hours to complete 300 iterations,
thereby finding the Pareto-frontier. Comparing the Pareto-optimal solutions with the base vessel, the
ORI can be increased up to 3.6%, the lightship weight decreased by 21.1% and the ship resistance
decreased by 13.0%. The framework showed that smaller vessels can still attain good seakeeping
performance, leading to a substantial reduction in lightship weight. The increase in seakeeping per-
formance allows for the use of less expensive motion compensated equipment while maintaining high
operability. The framework showed that there is a trade-off to be made with regard to seakeeping, and
lightship weight, and ship resistance. The framework presents what variables and ship attributes cause
these trade-offs. This information allows naval architects to determine the optimal design direction dur-
ing concept design. Clients and naval architects can decide what trade-off in performance provides the
ideal combination to achieve the ship’s mission. Consequently, besides producing high-performance
designs, the framework substantially increases early design knowledge. Thereby, the overall design
process becomes more efficient.

The framework showed to be a valuable tool for OSV concept design. By the extensive incorpo-
ration of seakeeping early in the design process, naval architects can design high-performance OSVs
efficiently. The produced designs maximize performance in any of the KPIs, ensuring vessels have a
high operability, but do not weigh more, or have higher fuel costs than is needed.






Contents

Nomenclature Xi
List of Figures XV
List of Tables xvii
1 Introduction 1
1.1 Projectcontext . . . . . . . e 1
1.2 Researchgoal . . . . . . . . . . . . . e 1
1.3 Researchquestions . . . . . . . . . . . . . 2
1.4 Reportstructure . . . . . . . e 2

2 Ship design 3
2.1 Conventional shipdesign process. . . . . . . . . . . . . e 3
211 Designspiral . . . . .. L 3

212 C-JobDesignCircle . . . . . . . . . . . e 4

2.2 Holistic design approach for shipdesign . . . . . . . .. .. .. ... ... ........ 6
221 Introduction . . . . . . .. 6

2.3 State-of-the-art holistic concept design frameworks . . . . . .. . ... ... ... .... 7
2.3.1  Applied concept optimization methods . . . . . . .. ... ... oL, 7

232 C-Job'sACDmethod. . . . . . . . . . . .. . 8

23.3 Researchgap. . . . . . . . . e 9

2.4 Conclusionand summary . . . . . . ... e e e 10

3 Offshore service vessels 1"
3.1 Definitionand OSV sub-types . . . . . . . . ... 11
3.2 Designdrivers OSVs. . . . . . . . . e 12
3.3 State-of-the-art OSV conceptdesign . . . . . . . . . .. ... oL 15
3.3.1 State-of-the-artreview . . . . . . . . . ... 15

3.3.2 Researchgap. . . . . . . . . 15

3.4 Conclusionandsummary . . . . . . . . . . e e e e e 16

4 Seakeeping 17
4.1 Response amplitudeoperator . . . . . . . . . ... 17
4.2 Motionlimits . . . . . . . 18
4.3 Operabilitycriteria . . . . . . . .. 19
4.4 Influencing shipmotions . . . . . . . . . . . ... 20
441 Findings fromacademicstudies. . . . . . .. .. ... Lo 20

442 RecommendationsfromC-Job . . ... ... .. ... ... .. ... ... ... 21

4.5 Calculatingshipmotions. . . . . . . . . . 23
451 Methods. . . . . . . . . e 23

452 Benchmarkstudies. . . . . . . . . . ... 23

4.6 State-of-the-art seakeeping optimizationstudies . . . . . . .. .. .. ... .. ...... 25
4.6.1 State-of-the-artreview . . . . . . . . ..o 25

46.2 Researchgap. . . . . . . . . . . e 26

4.7 Conclusionand summary . . . . . . . . ..o e e e e 27

5 Needs OSV design framework 29
51 Researchgapanalysis. . . . . . . . . . . . . . e 29
5.2 Framework requirements. . . . . . . ... 29
521 Scopeanalysis . . . . . . . ... e 29

5.2.2 General framework requirements . . . . . . ..o Lo 30



viii

Contents

5.2.3 Design driver specificrequirements . . . . . .. .. .. ... ... ..
524 Resultingframework . . . . .. ... L oL
5.3 Conclusionandsummary . . . . . . . . ..
6 Parametric modelling
6.1 Parametric modellingmethods. . . . . . .. ... ... L L
6.1.1 Hull shape (including main particulars and prismatic coefficients
6.1.2 Bilgekeels . . . . . . ...
6.2 Conclusion and recommendations. . . . . . .. ... ... ... .......

7 Seakeeping optimization framework

7.1 General framework description . . . . ... ... o oL
7.2 NAPAsoftware . . . . . . . . . . ...
7.3 Detailed framework description . . . . . . . ... ... o o L.
7.3.1 Input. . . . . e
7.3.2 Variables . . . . . ...
7.3.3 Calculation . . . . . . ...
7.3.4 Optimizationmanager . . . . . . . . .. ... oo
7.4 Conclusionandsummary . . . . . . . . ..

8 Model verification

8.1 Verificationof KPI's. . . . . . . . .. .. .. . ..
8.1.1 Verification and accuracy of seakeeping assessment . . . . . .. ..
8.1.2 Verification of other objective and constraint functions . . . . . . . ..

8.2 Sensitivitystudy . . . ..o
8.2.1 Influence of variablesonKPI's. . . . . ... ... ... ... .....
8.2.2 Influence of inputparameters . . . . . ... ... ... ... .....

8.3 \Verification of optimization . . . . . . . .. ... ... ... L.
8.3.1 General verification. . . . . . . ... ... o o
8.3.2 \Verification of convergence . . . . . . ... ... oL

8.4 Summary and discussionofresults . . . . . .. ..o oL

9 Model validation

9.1 Case study vessel introduction and design philosophy. . . . . . . ... ...
9.2 Optimizationinput . . . . . . . . ...
93 Results . . . . . .
9.31 Generalresults . . . . . . . ... L
9.3.2 Analysis on critical vessel condition . . . . . .. ... ... ......
9.3.3 Comparison withbasevessel . . . .. ... ... ... ........
9.3.4 Improvements regarding design philosophy. . . . . . . ... ... ..
9.4 Conclusionand summary . . . . . .. ...

10 Discussion, recommendations and conclusion

10.1 Discussion . . . . . . . . . e e
10.1.1 Research sub-questions . . . . . .. ... ... ... .. .......
10.1.2 Mainresearch question . . . . . . . .. ... ... ... .......

10.2 Contributions . . . . . . . . ...

10.3 Recommendations . . . . . . . . . . ...

10.4 Conclusion . . . . . . . . . e e

10.5 Personal reflection . . . . . . . . . . . . ...

Bibliography
A Interview reports C-Job
B Rigid body dynamics

C Calculation of ocean wave parameters

C.1 Wavespectrum. . . . . . . . . ..
C.2 Scatterdiagram. . . . . . . . . .



Contents [
D Paper describing SAMO-COBRA algorithm 109
E Input US Wind Feeder Concept case study 123
E.1 Basehullshape. . . . . . . . . e 123
E.2 Generalparameters . . . . . . . . . . . e 124
E.3 Environmental conditions . . . . . . . .. ... 124
E.3.1 Parameters for station keepingforce . . . . .. ... ... L. 124

E.4 Algorithm settings . . . . . . . . . . . L 124
E.4.1 Scatterdiagram. . . . . . . . ... 124






Abbreviations

2D Two-dimensional

3D Three-dimensional

ACD Accelerated concept design
AHTS Anchor handling tug supplier
CAD Computer aided design
CAPEX Capital expenses

CFD Computational fluid dynamics
CoB Center of buoyancy

CoG Center of gravity

DoF Degrees of freedom

FEM Finite element methods

GA Genetic algorithm

GM  Metacentric height

JONSWAP Joint North Sea wave observation project
KPI Key performance indicator
NSGA-II Non-dominated sorting genetic algorithm |l
OPEX Operational expenses

ORI  Operability robustness index
OSCV Offshore subsea supply vessel
OSV Offshore service/support vessel
PercOp Percentage operability

PSV  Platform supply vessel

RAO Response amplitude operator

ROV Remotely operated vehicle

Nomenclature

SAMO-COBRA Self-Adaptive algorithm for Multi-Objective Constrained Optimization by using Radial

Basis Function Approximations
SKF  Station keeping force
TSHD Trailing suction hopper dredger
W2W-vessel Walk-to-work vessel

Greek symbols

Xi



Xii Nomenclature
a Angle [°]
a Wave steepness factor [°]
B Wave angle [°]
u Direction of waves with respect to forward direction of vessel [rad]
u Viscosity [kgm™1s71]
v Volume [m3]
v Kinematic viscosity [m?s™1]
1) Wave frequency [rad/s]
Wy, Natural roll frequency [rad/s]
¢ Roll position [rad]
Yaw position [rad]
Density [kg/m3]
aj Motion limit [m]
0 Pitch position [rad]

Math operators

Second derivative with respect to time

Derivative with respect to time

Roman symbols

A

B
Cp
F

F
Fr
g
GM
H

Area [m?]

Beam [m]

Block-coefficient [—]

Force [kN]

Force or moment [N] or [Nm]
Froude number [—]

Gravitational acceleration [m/s?]
Metacentric height [m]

Wave height [m]

HBILGE Height bilge keel [m]

Kox
KG
KM
L

Lpp

Radius of gyration [m]

Distance keel-centre of gravity [m]
Distance keel-metacentre [m]
Length [m]

Length between perpendiculars [m]

LBILGE Length bilge keel [m]



Nomenclature

Xiii

LSW  Lightship Weight [t]
M Mass or inertia [kg] or [kgm?]
M Moment [Nm]
(First) Spectral moment [rad - m? - s]

N,

qc  Quadricubic number [—]

ORI  Operability Robustness Index [—]
PercOp Percentage Operability [%]

Ry Total ship resistance [kN]
RBILGE Moment arm bilge keel [m]
RLD  Critical roll damping factor [%]
RLD1 Linear part of roll damping [Ns]
RLD2 Non-linear part of roll damping [Ns?]
Rn Reynolds number [—]

S Wave spectrum [m? - s]

SR Ship Resistance [kN]

t Tonne [t]

T, Zero-crossing period [s]

% Velocity [m/s]

Vs Ship speed [kn]

X Environmental force in X direction [kN]
x Longitudinal position [m]

x x-direction [—]

y Transverse position [m]

y y-direction [—]

z Vertical position [m]

z z-direction [—]

Sub-scripts

1/3 Highest one third

arts  Aftship

air For air

bailast Ballast

b Relative location to CoG of vessel
c Current

c With contingency



Xiv Nomenclature
disp Displacement

dl Deck load

fwds ~ Forwardship

Rull Hull

longitudinal Longitudinal

ls

L

midss

RAO

roll

SS

S

tol

tot

Lightship

Longitudinal

Midship

Absolute location of point on vessel

With respect to response amplitude operator
With respect to roll

Superstructure

Significant height

Tolerable

Total

transverse lransverse

T

water

Transverse
For water
Wind
X-direction

Y-direction



2.1
2.2
2.3

24
2.5
2.6

2.7

2.8

3.1
3.2
3.3
3.4
3.5

4.1

4.2
4.3

4.4
4.5

4.6

5.1

5.2
5.3

6.1
6.2

6.3

7.1
7.2
7.3
7.4
7.5

List of Figures

Shipdesignspiral [32] . . . . . . . . . 4
C-Job Design Circle [25] . . . . . . . . . . 5
C-Job Design Pyramid, indicating the increased amount of knowledge when a design

matures [8] . . . . . .. e 6
C-Job Design Funnel, indicating the restricted design freedom when a design matures [8] 6
Simplified working principle of holistic optimization method . . . . . . . . ... ... ... 7
Scatter chart with feasible designs for a mono-hull plotted against two objectives, total

resistance and wash, showing the Pareto-optimal frontier as the lower envelope [70] . . 7
NSGA-II obtained trade-off Pareto-optimized solutions for bi-objective ship design prob-

lem with uncertainty in three design parameters. [27] . . . . . . . . . . .. ... ... .. 8
TSHD parametric model [25] . . . . . . . . . . . . . ... 9
PSV'VOS Patriot’ [63] . . . . . . . . e 12
AHTS designed by C-Job [7] . . . . . . . . . . 12
OSCV ’SKANDI SKANSEN’ [3] . . . . . . . e e e e 12
W2W-vessel ' KASTEELBORG' [2] . . . . . . . . . . . it 12
Effect of variation length and beam (between 18.3[m] and 30.4[m] in increments of ~

3.0[m]) on probability of exceeding motion limits (PercOP [%])[42] . . . . . . .. .. .. 14
Heave RAO of a stationary crude oil carrier for bow head waves (wave angle y = 180°)

and beam waves (wave angle u =90°)[55] . . . . . . . . ... ... ... ... 17
Derivation of the Operability Robustness Index from percentage operability [42] . . . . . 19
Roll motion RAO in relation to the wave occurrence accumulated over the wave height

per peak period [42] . . . . . .. 21
Typical bilge keel locationona shiphull [18] . . . . . . ... ... ... ... ... .... 21

Relationship between accuracy and speed for different seakeeping evaluation methods,
and requirements for seakeeping optimization and applying holistic design methods. The
required fidelity would be far higher if the behaviour of bilge keels is simulated, methods
capable of doing so are too computationally expensive for holistic design methods ([52],

Steps involved in determining objective 'ORI’, thereby optimizing the vessel's motion

behaviour . . . . . L 32
OSV design framework based on analysis per designdriver . . . . . ... ... ... .. 33
Relationships between OSV design drivers, objectives, constraints and design variables 33

Free-Form-Deformation ofasphere [64] . . . . . . . . . . . ... ... ... .. ..... 36
Design space (left), body plans (right) and center plane buttocks (bottom) of basis de-
signs: solid line = PHF hull, dotted line = COFEA hull, dashed line = ESV40DV hull
[B1] . o o e 37
Typical example of generic aft ship section shape variations and Lackenby LCB shifts [81] 37

Seakeeping optimisation framework in NAPA. Arrows indicate the followed process . . . 42
NAPA manager application for seakeeping optimization . . . . ... .. ... ... ... 43
Framework methodology for defininginput . . . . . . ... ... ... ... ........ 43
Framework variables . . . . . . . . . . . 45
Framework calculation process . . . . . . . . . . . . ... 46



XVi List of Figures

7.6 Example of an FFD transform in the framework. The red lines indicate a shortened
bounding box for the forward section of the ship, resulting in a shorter (forward-) ship,

blunter fore-end, and increased forward prismatic coefficient. . . . ... ... ... ... 47
7.7 Individual calculation steps for operability analysis [42] . . . . ... ... ... .. .... 51
7.8 Framework optimization manager . . . . . . . .. ... L 52
7.9 Hypervolume for two Pareto-fronts [28] . . . . . . . . ... ... L 53
8.1 Comparsion of RAOs between NAPAand AQWA . . . . . . . . . ... . .. ... .... 56
8.2 Main particulars versus ORI for optimization using input settings as depictedin 8.1 . . . 56
8.3 RAO’sversuswave statistics . . . . .. ... ... ... ... o 59
8.4 Results of regression analysis on cargo vesselsand PSVs . . . . . ... ... ... .. 60
8.5 Correlation matrix for design framework, based on the results of a 400 design combina-

tions with randomly generated variables . . . . . . . .. ... ... ... ......... 62
8.6 Hull shapes used for comparisonstudy . . ... ... ... ... ... .. ........ 64
8.7 Resultant KPI scores for three differenthullshapes . . . . . . .. ... ... . ... ... 65
8.8 Comparison of influence of angle of incoming waves (with respect to forward direction

of ship) . . . . . o e 66
8.9 W2W-vessel ‘Bibby WaveMaster 1°, with motion compensated gangway in operation [1] 67
8.10 Comparison bilge keels and no bilge keels optimizationresults . . . ... ... ... .. 68
8.11 Comparison of roll RAOs for vessels with, and without bilge keels (see also table 8.9) . 69
8.12 Motion failure modes for US Wind Feeder Ampelmann motion limits . . . . . . ... .. 70
8.13 Motion failure modes for US Wind Feeder with only roll motion limits . . . . . . . . . .. 70
8.14 Probability of occurrence of waves of certain peak period in different areas [90] . . . . . 71
8.15 Pareto-frontier for optimization runs in different oceanicareas . . . . . .. ... ... .. 71
8.16 Hypervolume progression throughout optimizationrun . . . . ... ... ... ... ... 72
8.17 Comparison of hypervolume progression for runs with differentseeds . . . .. ... .. 73
9.1 US Wind Feeder conceptdesignby C-Job [10] . . . . .. .. .. ... ... ....... 75
9.2 Motion limit cases of USWind Feeder . . . . . . . . . .. ... ... ... ... ... 76
9.3 Hypervolume progression for six case study optimizationruns . . . . . . ... ... ... 78
9.4 Optimization results for different motion limitcases . . . . . .. .. .. ... .. .. ... 79
9.5 Optimization results for different loading conditions, with Ampelmann motion limits. . . . 79
9.6 Main particulars versus GM; forLC1andLC2 . . . . . ... ... ... .. ........ 80
9.7 Parallel coordinate plot for US Wind Feeder case, LC1 and Ampelmann motion limits . 81
9.8 Detailed Pareto-frontier of case study, LC1 and Ampelmann motion limits . . . . . . .. 82
10.1 Seakeeping optimisation framework in NAPA. Arrows indicate the followed process . . . 90
B.1 Definition of ship Motions in six degrees of freedom . . . . ... ... ... ... .... 105
C.1 Nautic zones for estimation of long-term wave distribution parameters . . . . . . . . .. 108
E.1 Base hull shape used for US Wind Feedercasestudy . . .. ... ... ......... 123

E.2 Scatter diagram area 23, calculated according to the method described in appendix C . 125



List of Tables

4.1 General operability limiting criteria for ships ([33],[66]) . . . . ... ... ... ... ... 18
4.2 Compared seakeeping tools in study done by Gourlay etal. [37] . . .. ... ... ... 24
5.1 Summarized framework needs based on designdrivers . . . . . ... ... ... 32
8.1 Primary optimization settings, other settings available in appendixE . . ... ... ... 57
8.2 Variables and subsequent ORI for different type of vessels. other input parameters as
providedintable 8.1 . . . . . . . . . . 58
8.3 Comparison main particulars US Wind Feeder concept and boundaries for Holltrop &
Mennen [14] . . . . . . . e e 59
8.4 Differences in current concept LSW and estimated LSW for US Wind Feeder . . . . .. 60
8.5 Factor depth with respect to center of gravity for hull- and ballast weight for various vessels 61
8.6 Influence of draught on parameters influencingGMy . . . . . . . ... ... ... 63
8.7 Influence of loading conditions on subsequent GM; and ORIl values . . ... ... ... 66
8.8 Motion limit input for roll damping verification . . . . . .. ... ... ... ... .. 67
8.9 Comparison of Pareto-optimal solutions with, and without bilge keels . . . . . . . .. .. 68
8.10 Optimization results for differentoceanicareas . . .. ... ... ... ... ....... 71
9.1 Optimization settings . . . . . . . . . . L 77
9.2 Motion limit cases for US Wind Feeder optimization . . ... ... ... ......... 78
9.3 Attainable objective values for US Wind Feederconcept . . . . . . . ... ... ... .. 82
9.4 Overview of specific results of optimization for US Wind Feeder case study . . . . . .. 83
9.5 Allowable reduction in motion limits of vessel (see table 9.2) with best seakeeping per-
formance (see table 9.4) whilst maintaining either ORI or percentage operability . . .. 84
E.1 General input parameters for US Wind Feedercasestudy . . . . . .. ... ... .... 124
E.2 Station keeping force parameters . . . . . . ... Lo 124
E.3 Optimization settings, for more information, see appendix D. The choice of algorithm,
sample generation function and spreading function is based on recommendations by R.
deWinter. . . . . . . e e 124

XVii






Introduction

1.1. Project context

Due to the growing offshore wind industry ([88]), there is a need for specific offshore service vessels,
also known as offshore support vessels (OSVs). For some of these vessels, such as crane ships
or walk-to-work vessels, motion behavior is one of the key aspects influencing the operability, and
therefore the performance of such ships. During the design of a vessel, the motion characteristics are
calculated once the main particulars, powering, arrangements, and so forth, have been determined.
At this point, there is limited room for adjustment of the vessel design if motion behavior needs to be
changed. Hence, to design high-performing OSVs efficiently, there is a need by the industry to consider
motion behavior as one of the key design drivers from the start of the design.

In recent years, an effort has been made by the maritime industry to develop methods to effec-
tively maximize performance in certain design objectives during the concept design stage. C-Job has
started developing such a design method in the form of 'Accelerated Concept Design’ (ACD). ACD is
an optimization algorithm built into a software suite developed for ship design applications. Within this
software suite, a parametric model can developed and optimized by ACD. Appropriate parametric mod-
eling could enable the naval architect to calculate motion response early in the design stage. As such,
ACD could optimize the parametric model on seakeeping performance. Thereby, naval architects can
consider motion behavior in early-stage concept design. Hence, ACD could be applied to develop a
framework to incorporate motions characteristics during the concept design stage.

C-Job sees an opportunity to design high-performing OSVs by developing a concept design frame-
work around ACD. In the context of OSVs, other design drivers may govern the design, in addition to
motion characteristics. The motion optimization objective can contradict these other optimizing objec-
tives. For example, a walk-to-work vessel necessitates both a minimal level of motions and minimal
ship resistance, influencing crew transferring and transit operations, respectively. Gutch et al. ([42])
demonstrated that a relatively wider ship shows a decreased motion response against a North Sea
ocean wave spectra. Although the wider ship shows a better motion response, the ship resistance and
subsequent fuel costs are also increased. The design framework should consider multiple design ob-
jectives, ultimately giving naval architects the opportunity to determine balanced optimally performing
vessel designs.

To conclude, to design high-performing OSVs, motion characteristics should be considered during
concept design. This thesis aims to develop a framework whereby motion behavior is optimized by
using ACD. This framework should also consider other design objectives which may be contradictory.
Additionally, to develop the framework, this thesis aims to investigate what exactly the design drivers
and corresponding design variables are for OSVs.

1.2. Research goal

The primary goal of the research is to develop a design framework allowing naval architects to consider
motion characteristics during the concept design stage. Such a framework will be an integrated set of
design parameters, analysis tools, and an optimization routine ultimately allowing for a streamlined and
efficient concept design process of an OSV. By considering all relevant objectives, the framework can

1



2 1. Introduction

be considered ’holistic’ (from the Greek word ’holos’ meaning "all, whole, entire”). This research goal
is achieved by both a review of literature, developing a design framework, applying it to a case study
and evaluating the results.

1.3. Research questions
To support the primary research goal, the following main research question will be answered:

“How can a new concept design framework incorporating seakeeping improve the design of
offshore service vessels?”

The following sub-questions provide an answer to the main research question, and form the basis
for the literature review:

1. Why is motion behavior an important characteristic of offshore service vessels?

2. What is the state-of-the-art of concept design frameworks?

3. What are the main design drivers of offshore service vessels?

4. What is the current state-of-the-art in design optimization for ship motion characteristics?
5

. What are the requirements for a concept design framework involving ship motion charac-
teristics?

6. How is a concept design framework incorporating motion characteristics developed?

7. How can the new framework be verified and validated?

By answering the research sub-questions above, this thesis aims to provide an answer to the main
research question, thereby achieving the goal of the project. Research sub-question one has partially
been answered in section 1.1, though is further touched upon throughout the report. Sub-questions
two, three and four are answered in chapters 2, 3 and 4 respectively. Based on these answers, sub-
question five is answered in chapter 5. Parametric modeling methods are discussed in chapter 6.
Based on the findings of chapters two to six, a framework is developed. Its methodology is discussed
in chapter 7. The framework is verified and validated in chapters 8 and 9 respectively. The thesis is
ended with a discussion of results and conclusion in chapter 10.

1.4. Report structure

This thesis report consists of a review of literature and a new design framework methodology. The
core of the literature review is divided into three parts. Firstly, general ship design processes will be
elaborated in chapter 2. With general ship design known, OSVs will further be investigated in chapter 3.
Given the prime importance of motion behaviour for OSVs, chapter 4 performs a thorough investigation
of this subject. Based on the findings of chapters 2, 3 and 4, the needs for the new framework are
discussed in chapter 5. Based on the needs analysis, parametric modeling methods are discussed in
chapter 6.

The framework methodology comprises three parts. The needs of the framework, together with
the findings of the parametric modelling study, result in a new framework discussed in chapter 7. The
framework is verified and validated in chapters 8 and 9 respectively. The report is concluded in chapter
10.

Each chapter begins with a brief explanation of the chapter-specific structure. Additionally, chapters
1 - 9 are ended with a conclusion and summary.



Ship design

This chapter concerns an explanation of various facets of ship design, thereby answering the research
sub-question 'What is the state-of-the-art of concept design frameworks?’. Firstly, conventional design
methods are elaborated in section 2.1. Concluding the findings in section 2.1, the need for an holis-
tic design approach is discussed in section 2.2. A state-of-the-art account of holistic concept design
methods is given in section 2.3. This review includes C-Job’s own ACD method in sub-section 2.3.2.
Finally, the chapter is concluded and summarized in section 2.4.

2.1. Conventional ship design process
2.1.1. Design spiral

Ship design is a complex multifaceted problem, requiring the integration of many engineering disci-
plines. The end goal is to design a ship that is able to carry out its designated task, doing so in a
cost-efficient way. Many design trade-offs exist, and compromises are made throughout the design
process. A successful ship design is the result of good and close cooperation between the designer,
the customer, the yard, and the equipment suppliers [92]. In the last 70 years, many new developments
have been introduced by academia and industry [92]. These range from developing certain ship design
processes, such as the design spiral, to more advanced design and calculation methods with the onset
of computer-aided design. The former, known as the ’ship design spiral’, is one of the most widely
used methods to structure ship design. Developed by Evans et al. ([32]), the design spiral describes
an iterative process whereby the ship design progresses towards a converged solution. Figure 2.1
visualizes this process.

In the ship design spiral, the mission requirements form the starting point of the design. After which
certain design aspects of the ship follow in a specific order. These aspects include global proportions
and preliminary powering, lines and body plans, and so forth. As such, each step forms the input
for the next consecutive design step. Additionally, the ship design spiral considers the four typical
design phases occurring throughout the design of a ship. The design moves through these phases,
and each item is iterated and becomes more final in its design. In theory, this process allows for an
ideal converged design solution. In practice, a ship design process tends to differ, which the spiral fails
to capture [73]. Shortcomings of the ship design spiral, noted by numerous researches, are:

» The design spiral assumes various aspects of the ship design occur sequentially. As already
noted in in 1986 by naval ship designer D. Brown [17]: “The naval architectural aspects of the
design are also difficult to structure and are not properly represented by flow diagrams such as
the design spiral.”. In practice, during the design process, the time pressure forces simultane-
ous engineering of various aspects of the ship design. Regarding the aim of this thesis, ship
aspects influencing motion characteristics in particular also influence ship resistance. These ship
attributes need to be considered simultaneously as they are principally intertwined.

» The design spiral assumes the iterative process leads to an ideal solution. As noted earlier, each
step provides input to the consecutive step. As such, the initial design direction governs each
consecutive step. Hence, the spiral constrains the design space rapidly. Rather than converging

3
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Figure 2.1: Ship design spiral [32]

to an optimal design solution, the design spiral attempts to make the initial design direction ‘'work’.
The majority of the cost implications are decided upon during the early design phase. As a result,
a sub-optimal design direction may be decided which may lead to higher costs of the vessel. In
the context of this thesis, the design spiral does not consider motion behavior. When applying the
design spiral for the design of an OSV, there is a substantial risk of the resultant design having
sub-optimal motion characteristics.

» The design spiral was developed during a time when computers were in a fairly infantile phase
[67]. This is reflected by the design spiral, as it only addresses design aspects that could be
deducted at the time. Since the 2000s, computers are able to extensively assist naval architects
in the design of ships. Computer-aided design tools (CAD) enable the naval architect to consider
strength optimization with the help of finite element methods (FEM), optimal hull shapes with
the help of computational fluid dynamics (CFD), and many more aspects. As such, contrary to
making a certain design 'work’, naval architects are more than ever enabled to find optimal design
solutions.

The design process of a ship tends to happen more ’organically’, contrary to the process described
by the design spiral. As stated above, the engineering of various aspects happens simultaneously.
Today, CAD tools also allow engineers to evaluate many more ship aspects compared to the 1960s.
C-Job has developed a formal description of this more natural ship design process. This process is
called the 'C-Job Design Circle’.

2.1.2. C-Job Design Circle
The conventional ship design process used by C-Job is called the C-Job ’Design Circle’ [20]. The C-
Job Design Circle is a concurrent design process whereby multiple engineers design various facets of
the ship in parallel. These aspects are intact stability, damage stability, strength, weight & cost, space
reservation, resistance, and motions. Development occurs in four levels of detail, specifically:

* Level 1; Results are based on reference databases

* Level 2; Results are on multi-regression analysis

+ Level 3; Results are based on simplified simulation analysis such as CFD potential flow analysis
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* Level 4; Results are based on accurate simulations such as CFD viscous flow analysis
This process is visualized in figure 2.2.

DESIGN

Figure 2.2: C-Job Design Circle [25]

As shown by figure 2.2, the higher the level of detail, the higher the accuracy. The higher accuracy
is obtained at the cost of time required for determining the aspect. Inherent to a concurrent design
process, C-Job recognizes no order in which any aspect of the ship is designed. The process does
still follows certain design phases. These are similar to the design phases as described earlier, and are:

1. Concept design phase
2. Basic design phase

3. Functional design phase
4. Detail design phase

Additionally, C-Job recognizes two developments occurring during the design of a vessel. Firstly,
whilst the design developed, the amount of information known about the design increases substantially,
visualized by the C-Job 'Design Pyramid’, shown in figure 2.3. Secondly, when the ship design matures,
it converges towards a single solution and the room for adjustment becomes limited. This is visualized
by the *C-Job design funnel’ shown in figure 2.4.

These developments are further confirmed by academic research ([65], [11]). The growing amount
of information (figure 2.3) supports a certain design direction (figure 2.4). This information is obtained
by spending progressively increasing engineering hours. The information acts as 'luggage’, discourag-
ing engineers to make any major changes in later phases of the design, even if those changes improve
the performance of the final product. This development emphasizes the need to make the correct de-
sign decisions early in the design. Andrews et al. ([11]) argues that the ship design spiral, and many
other conventional design processes, attempt to speed up and simplify the concept design process.
Given the criticality of this design phase, this simplification has not led to better or faster designs, but
limits naval architects from determining optimal performing vessels. To quote Andrews [11]:

“such a speeding up of an essentially simplified approach to design synthesis is not sensible. Firstly,
there is the need to conduct a more sophisticated approach in order to proceed in a less risky man-
ner into the main design process for such complex vessels. Secondly, further advances in computer
techniques, particularly those that CAD has adopted from computer graphics advances, now enable
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ship concept designers to synthesize more comprehensively and thereby address from the start many
more of the likely design drivers”

This notion has been recognized by the industry, and various ship synthesis frameworks or ’holistic
design approaches’ have been developed. These approaches aim to incorporate all relevant aspects
of ship design at design phases when parameters of influence are largely determined. C-Job’s ACD
method is one of such holistic design approaches.

2.2. Holistic design approach for ship design

2.2.1. Introduction

As discussed in section 2.1, making the correct design decisions early in the design of a vessel is
highly important yet challenging. To mitigate this challenge, and facilitate the design of high-performing
vessels the concept design phase should consider all relevant aspects ([72], [11]) to the vessel. The
development of computing technology has enabled naval architects to approach ship design in such a
manner regardless of the complexity [67]. In the last decade, much effort has been made by academia
to develop such design methods in the form of ship synthesis models ([11], [67]). These methods have
started to gain traction by the industry and are typically called 'holistic’ design approaches.

Broadly speaking, these methods optimize a set of design variables to a set of design objectives
by the means of various evaluation methods by an optimization algorithm in an iterative process. Ad-
ditionally, the subsequent design has to satisfy certain constraints. This (simplified) working principle
is depicted in figure 2.5.

The outcome of the depicted procedure is a set of 'Pareto-optimal’ solutions. These are design
solutions on a Pareto-frontier, indicating the trade-offs between two design objectives. Such a Pareto-
frontier is shown in figure 2.6.

The Pareto-frontier indicates design solutions with the maximum attainable performance at one
objective at the cost of performance in another objective. As such, naval architects can identify the
exact trade-offs and determine optimal design solutions.

These efforts have extended to incorporate the estimation of various vessel aspects during the
concept design, which was previously only done so in a later phase. C-Job’s ACD method also concerns
such an approach, as it is able to involve all sorts of objectives [25]. Thereby, the risk of having to make
a sub-optimal design ‘work’ is mitigated during contract and detail design. Ultimately, naval architects
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Figure 2.6: Scatter chart with feasible designs for a mono-hull plotted against two objectives, total resistance and wash, showing
the Pareto-optimal frontier as the lower envelope [70]

are given the freedom to choose a configuration that best suits the client’s demands. In the last decade,
a multitude of these methods has been developed for the maritime industry. These are discussed in
the next chapter.

2.3. State-of-the-art holistic concept design frameworks

In this section, a state-of-the-art review of holistic approaches as described in section 2.2 is given.
Specific attention is given to the differences between these methods in a broader ship design context.
That is, the performance and practicality of such methods will be discussed.

Firstly, some methods that have currently been applied will be discussed. Additionally, C-Job’s ACD
method will be discussed in a separate subsection. Lastly, the research gap will be identified.

2.3.1. Applied concept optimization methods

One of the more prominent examples of an holistic design method, is the earlier discussed '"HOLISHIP’
project ([72],[16],[75],[76]). The HOLISHIP project realises a holistic approach to ship design by devel-
oping a framework solving multi-objective problems. Within this approach, a parametric model of the
ship is created, which is subsequently optimized according to certain KPI’s.
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An application of HOLISHIP by Priftis et al. ([76]) also introduced a method to account for the uncer-
tainty during concept design. Priftis et al. characterizes a design as robust - with minimal uncertainty
- when the final solution does not change much when small modifications in the problem occur. Op-
timization methods that overlook uncertainty tend to produce non-robust, over-optimized designs that
do not correspond to reality. In the case study, uncertainty is accounted for by applying probabilities.

Deb et al. ([27]) applied an evolutionary multi-objective optimization (EMO) method to enhance the
knowledge of a designer and give insight in ship design issues. In the paper, a simple optimization
problem was approached with different objectives related to cost, weight, performance, and cargo-
carrying abilities. Uncertainty analysis in the design was incorporated in a similar fashion as done by
Priftis et al. As such, the variables were made 'uncertain’ using a Gaussian distribution with a standard
deviation proportional to 5%, 10%, and 20% of their values. The effects on the Pareto-fronts, are shown
in figure 2.7,
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Figure 2.7: NSGA-II obtained trade-off Pareto-optimized solutions for bi-objective ship design problem with uncertainty in three
design parameters. [27]

In figure 2.7, it can be identified whether the Pareto front is sensitive to uncertainty, or whether a
trade-off gets worse with reliability.

Ljulj et al. ([61]) developed a multi-attribute concept design procedure for generic naval vessels.
The procedures allowed for optimizing the life-cycle cost and the overall measure of the effectiveness
of a vessel. The final 'best’ design was determined based on a weighted sum of the objective scores.
Both the weight coefficients and value functions were derived by using Saaty’s theory and an analytical
hierarchy process method ([79],[80]). Consequently, this method is able to determine a singular optimal
design out of the Pareto-frontier.

Hannapel ([44]) dedicated her PhD work to the development of multidisciplinary design optimization
algorithms for ship design under uncertainty. Hannapel developed various methods for uncertainty,
similar to the ones incorporated in the studies done by de Priftis et al. and Deb et al. ([76], [27]).
Additionally, Hannapel discusses surrogate modeling techniques. Surrogate techniques model the ex-
pected behavior of a parameter on a certain design objective. When evaluation of the designs requires
solving simulation methods, these techniques can substantially save computing time. C-Job’s ACD
method is another example of a holistic design method that employs surrogate modeling.

2.3.2. C-Job’s ACD method

Recently, C-Job has started to develop a holistic design method called ACD [25]. ACD works in a similar
fashion to other holistic design methods. Hence, the design method allows for efficient exploration of
the design space and finding Pareto-fronts for certain key performance indicators (KPIs). Specifically,
the ACD method comprises a framework consisting of two major components:
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1. Software package 'NAPA’ where the ship is defined

A parametric model of the ship is defined in the NAPA software package. The NAPA software
suite allows for the development of simulation tools that can evaluate the parametric model [9].
The parametric model and objectives differ per design problem. Hence, each design problem
requires a bespoke ACD framework to be developed.

2. Optimization algorithm

Different algorithms can be selected to optimize constrained multi-objective problems. Some
prior holistic design methods saw the application of genetic algorithms. De Winter developed
algorithms tailored for efficient optimization within maritime applications. See also appendix D for
a paper by de Winter et al. testing the performance of these algorithms.

To prove the concept of the ACD method, C-Job has carried out a case study [25]. In the case
study, a trailing suction hopper dredger (TSHD) was optimized for the total cost of ownership. To
do so, a parametric model of the geometry of the vessel was created. A visualization showing these
parameters with respect to the vessel is given in figure 2.8. Specifically, the model allowed the algorithm
to rearrange the bulkheads and the hull shape of the vessel. Rearranging the bulkheads influenced
the floating position, intact stability, damage stability, draft, heel, trim, and so forth. Multiple constraints
were set to ensure feasible designs. In practice, constraints also allow the naval architect to enable
ACD to meet certain client requirements. The total cost of ownership in the case study comprised of
various CAPEX- and OPEX-related costs. The experiment used an existing design as a base input. 200
evaluations were done with the ACD method to simulate the time available in a real-world case. The
design was run five times independently to prove consistency. The results showed all five independent
runs to obtain similar results. On average, 24% of the random design variations turned out to be
feasible. Compared to the original design, the final resultant design had a 19% smaller resistance
coefficient and 14% lower steel weight.

hopper width
ht

breadth

Figure 2.8: TSHD parametric model [25]

Based on the state-of-the-art review of holistic design methods, a research gap can be identified.
This is done in the next subsection.

2.3.3. Research gap

The various methods discussed in the previous sections achieved a holistic design approach to the
given design problem, although each differed slightly. In the context of this thesis, the efficiency of
the method and the ability to determine optimal designs are critical. The former is important due to
the likely involvement of computationally expensive motion analysis software. The latter is important if
more than two optimization objectives reflect OSV design drivers.

Concerning the efficiency of a method, the algorithm used in the ACD method is most efficient as it
applies surrogate modelling and actively recognizes design directions towards optimum points, contrary
to the inherent randomness factor of genetic algorithms [25].

The ability to determine optimal designs describes the method’s ability to determine final optimal
designs from the obtained Pareto-optimal solutions. The ACD method forms an attractive candidate
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to use, due to the speed and (relative) integration into the NAPA framework. Yet, if more than two
objectives are present, an inspection of the Pareto-frontiers may not suffice to determine final optimal
design solutions. As such, a method for determining final optimal designs may be required. Many of
these methods exist, such as applying an analytical hierarchy process, weighing the different objective
scores according to different scenarios.

2.4. Conclusion and summary

To answer the research sub-question, 'What is the state-of-the-art of concept design frameworks?’,
conventional ship design processes fail to efficiently consider all design drivers throughout the design
process. Additionally, time pressure warrants naval architects to make design decisions quickly, even if
the design space has not yet been fully explored. As such, conventional design processes may lead to
sub-optimal design choices. Once a desigh moves past the concept and preliminary design phases, the
majority of the ship aspects are determined and subsequent costs are decided. As such, sub-optimal
design decisions may lead to more expensive vessels with decreased vessel performance.

Due to the shortcomings of conventional design processes, various 'holistic’ design approaches
have been developed. C-Job’s ACD method concerns such an approach. A holistic approach considers
all important aspects of a ship design from the start of the design process. Such an approach optimizes
a set of design variables to a set of objectives. By the means of various evaluation methods, various
ship aspects can be considered, even in an early design phase. A holistic design approach may form
a solution to incorporate motion behavior efficiently, early in the design process of OSVs. Specifically,
C-Job’s ACD method is able to efficiently optimize designs, even when computationally expensive
evaluation software is required. In comparison to other methods, there may be a development gap
with the ACD method if more than two optimization objectives are present. If more than two objectives
are present for the concept design of an OSV, a routine to determine final optimal designs should be
determined. These objectives are based on the functionalities and design drivers of any vessel type.
Therefore, chapter 3: Offshore service vessels will define the OSV vessel type.



Offshore service vessels

This chapter further defines the OSV vessel type by answering the research sub-question 'What are
the main design drivers of offshore service vessels?’. To do so, a definition of offshore service vessels
and their sub-types are given in section 3.1. Typical OSV design drivers are discussed in section
3.2, directly answering the earlier mentioned research question. The research sub-question ‘What is
the state-of-the-art of concept design frameworks?’ is also further elaborated with respect to OSVs
by giving a brief account of developments in design for OSVs in section 3.3. The chapter is briefly
concluded and summarized in section 3.4.

3.1. Definition and OSV sub-types

OSVs are an intricate, complex type of vessels which fulfill unique roles in the maritime industry [11].
Most OSVs serve to support either the oil & gas industry or the rapidly growing offshore wind industry.
Within these industries, OSVs carry out a number of activities spanning from construction, towing, sub-
sea diving, supplying, servicing, and everything in between. As such, the mission of any OSV can be
any of these activities, be it as the ship’s single purpose, or a combination of.

Typically, three main types of OSVs are considered: anchor handling tug supplier (AHTS), platform
support vessel (PSV), and offshore subsea construction vessels (OSCV) [6]. A newer type of OSV,
the walk-to-work vessel (W2W-vessel), is also considered [40]. The W2W-vessel is specifically used
for servicing offshore wind farms and can quickly transport technicians to offshore wind turbines by a
motion compensated gangway. In the text below, a brief description of each type is given based on a
study by Erikstad et al. ([6]) on system based design of offshore support vessels.

» Platform supply vessel (PSV)

PSV’s main mission is to provide supplies to offshore platforms. To do so, they feature a large
open deck space and the capability to store dry and wet cargo underneath the deck. Typically, they
also feature systems to dispose of any (hazardous) waste from offshore platforms. To maneuver
around offshore structures, PSVs are highly maneuverable and are often fitted with DP systems.
In figure 3.1, a typical PSV is depicted.

» Anchor handling tug supplier (AHTS)

AHTSs assist large floating offshore structures. These assisting activities can be towing the
structures or handling the mooring anchors. In addition, they are capable of supply operations,
fulfilling a similar role to PSVs. As such, they have a large open deck space, dry and wet storage
capacity, and DP functionality. In addition, a powerful propulsion system is fitted for high bollard
pull. A typical AHTS is depicted in figure 3.2.

» Offshore subsea construction vessel (OSCV)

OSCVs are designed to carry out offshore construction activities, such as the construction or
maintenance of offshore wind farms. They typically feature a large onboard crane, carry a remote-
controlled vehicle (ROV) for underwater operations, are fitted with a moon-pool, have a large open

11
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Figure 3.2: AHTS designed by C-Job [7]
Figure 3.1: PSV 'VOS Patriot’ [63]

deck-space for construction equipment, have a helicopter platform for the transport of specialized
personnel, and have DP functionality for high maneuverability and stationkeeping performance.
As such, OSCVs are highly complex vessels. A typical OSCV is depicted in figure 3.3.

Figure 3.4: W2W-vessel 'KASTEELBORG'’ [2]

Figure 3.3: OSCV 'SKANDI SKANSEN’ [3]

» Walk-to-work vessel

The recent growth in the offshore wind industry saw an increased demand for new types of OSVs
suited for servicing offshore wind farms ([40], [60]). As servicing wind farms requires visiting
many offshore wind turbines, the W2W-vessel type has been created. These types of vessels
are specifically suited for efficiently transporting technicians to offshore wind turbines. As such,
they are typically fitted with a motion-compensated crane and gangway. In addition, W2W-vessels
feature a large accommodation for housing technicians, and an open deck space for servicing
equipment or turbine components. In figure 3.4, such a vessel is depicted.

The various subtypes show OSVs span a wide range of vessels, all of service to the offshore industry
in some way. To understand the global design governing principles, applicable to any OSV, a study has
been done with C-Job naval architects to determine the design drivers that dictate any OSV design.
These are discussed in the next section.

3.2. Design drivers OSVs

A design driver is an aspect of the ship that is of such influence that it 'drives’ the design [57]. Conse-
quently, to fully satisfy the needs of a design driver, it should be considered from the start of the design
of a vessel. C-Job naval architects have been interviewed to derive OSV design drivers '. Based on
these interviews, and the OSV functionalities, typical design drivers governing the design of OSVs can
be determined. See the next page for a list of these design drivers.

An interview report providing this input is available in the appendices
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» Design driver - Mission equipment

Inherent to a certain type of OSVs, it has to be able to carry out certain missions. To do so, certain
mission equipment needs to be installed onboard. Depending on the type of OSV, this equipment
can be motion compensated gangways, cranes, chemical process equipment, and so forth. This
equipment may significantly impact the design requirements of an OSV, such as requirements for
a large open deckspace, or strong foundations for a large crane, and therefore forms an important
design driver.

» Design driver - Cost

An obvious design driver for any new-build ship is the cost. To maximize revenue, any shipowner
wants a vessel that generates maximum value at a minimal cost. This cost can be decomposed
into capital expenses, CAPEX, and operational expenses, OPEX. These costs consider the ac-
quiring and operating costs of a vessel respectively.

CAPEX considers the design- and (mostly) building cost of a vessel. Increasing vessel's weight
and design complexity increase building cost. During the design of a vessel, the volume is typically
correlated with the weight. The design complexity is increased by the number of compartments,
intricate ship structures, and advanced equipment. Hence, minimizing building costs requires
minimizing the volume and amount of expensive equipment, as well as keeping the layout and
general ship design simple. It should be noted that the extent of the complexity is determined
during later design phases, namely, during basic design and detail design. For instance, during
these phases, the exact structural layout, cable routing, and so forth are determined.

» Design driver - Lead time

The time needed for designing and building ships is also known as lead time and is preferred to
be a short as possible for commercial ships. Any ship is only able to full fill its function once it has
been launched and sea trials are completed. As such, depending on the function, from there on
out it is able to generate revenue for the owner.

The design time can partially be reduced by the use of efficient design methods. The building time
can partially be reduced by keeping the weight and subsequently volume low, thereby reducing
the amount of to be fabricated items. Additionally, keeping the ship design simple allows for easier
building vessels. As such, the fabrication time can also be reduced.

» Design driver - Station keeping

Many offshore vessels lay stationary to fulfill their functions. Such functions include lifting, walk-
to-work activities, and so forth. As such, station keeping capabilities are an important aspect of
offshore vessels. Station keeping capabilities are defined by how well a ship can remain stationary
in adverse weather conditions. Nowadays, offshore vessels requiring such capabilities are fitted
with a DP system. Depending on the redundancy of the system, it can become quite complex.
As a result, it may heavily influence the design of the vessel. Station keeping capabilities can be
improved by a more powerful DP system. However, this is undesirable from fuel consumption,
thus OPEX, perspective. By keeping the vessel compact, the area over which waves, current,
and wind can enact a force is minimized. Hence, keeping the ship as compact as possible allows
for higher station keeping performance. Additionally, the DP system can ensure station keeping
performance with less power, thereby improving fuel costs.

It should be noted that a ship can also remain stationary using mooring or jack-up systems. For
smaller offshore service vessels this is time-consuming and impractical compared to using a DP
system.

» Design driver - Ship resistance

For ships that spend much time in transit, a low ship resistance is beneficial. A low ship resis-
tance leads to reduced fuel costs, thus lower OPEX. In practice, this typically steers a design
to slenderer ships with optimized hull forms. These factors can heavily impact the total design
and are therefore considered design drivers. It should be considered that most OSVs primarily
sail at slower speeds (or Froude numbers). At lower Froude numbers, the hull shape is of lesser
importance as frictional resistance dominates.
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» Design driver - Seakeeping

For any offshore vessel using motion compensated equipment (such as cranes or gangways) to
carry out its mission, seakeeping or motion characteristics are of prime importance. Maximum
tolerable motions limit the performance of equipment and the comfort of the crew. Motion charac-
teristics of a hull influence how quickly a ship reaches these limits. Hence, these characteristics
influence the ship’s operation in adverse conditions. As such, an high ability to be operational re-
sults in a vessel that is able to operate more often. Consequently, such a ship is able to generate
higher revenue.

The response of a vessel to waves defines its motion characteristics. This response considers any
motion in six degrees of freedom (DoF) of the vessel. Additionally, a motion can be decomposed in
amplitude, velocity, and acceleration. The response depends on the type of waves encountered
and this area of operation. For PSVs, W2W-vessels, and OSCVs in particular, the stationary
motion response is important, as they lay stationary when performing supply, walk-to-work, or
construction activities.

C-Job naval architects commented considerations can be taken to minimize motions. Firstly,
the transverse metacentric height (GMy) is necessitated to be kept as low as is safely possible.
This results in a large roll period, thus minimal roll accelerations. Additionally, motions can be
dampened using appendages and specific damping equipment such as anti-roll tanks. Lastly, the
motions of the vessel are also heavily dependant on the size of the ship. A very wide ship leads a
(typically) high metacentric height and accelerations, though motion amplitudes will be minimal. A
slenderer ship will have higher motion amplitudes, yet slower accelerations. As consequence, the
slender ship is more comfortable for the crew. These ship aspects are largely determined during
concept and preliminary design phases, emphasizing the need to consider motion behavior early
in the design 2.

This notion by C-Job to consider motion behavior early in the design of OSVs is further supple-
mented by the work carried out by Gutch et al. ([42]). Gutch et al. argued the offshore industry
demand for high reliability and availability for offshore service vessels is by large affected by
the vessel's motion behavior. The development of motion compensated equipment has allowed
vessels to operate in harsher environments, yet the ability to carry out missions is still largely
dependant on the ability to not exceed motion limits. Gutch et al. emphasizes that this requires a
holistic design approach and specifically worked on developing a KPI for seakeeping performance
3. To illustrate this need, figure 3.5.

Absolute value for beam variation

Length [m] small mid large

80 84.6 722 674 658 66.7 68.0 724
100 784 75.0 740 775 79.8 82.5 86.7
120 80.6 819 83.7 873 89.6 91.8 950
140 884 90.0 920 949 963 974 985
160 95.1 963 974 985 99.0 994 99.6

80 80.1 65.1 548 478 447 424 443
100 66.7 57.6 512 508 515 534 56.6
120 58.2 56.6 564 583 613 659 71.0
140 609 62.8 665 71.0 753 80.0 846
160 714 754 798 842 88.0 914 939

North Sea

percOP [%]

North Atlantic

Figure 3.5: Effect of variation length and beam (between 18.3[m] and 30.4[m] in increments of ~ 3.0[m]) on probability of
exceeding motion limits (PercOP [%]) [42]

Figure 3.5 shows that the main particulars, which are determined in the early design phases, in-
fluence the motion behavior and subsequent probability of exceeding motion limits. Additionally,
shown is the significant influence of these parameters on the probability and corresponding mis-
sion effectiveness. Furthermore, the figure illustrates that an OSV cannot simply be made ’larger’

2The ship aspects of influence to motion behavior are discussed in further detail in section 4.4: Influencing ship motions.
3This KPI is further discussed in section 4.3: Operability
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or 'wider’, yet requires careful consideration of the operational area to determine the optimal di-
mensions. Hence, considering motion characteristics early in the design of OSVs can improve
mission effectiveness, emphasizing the need to do so.

This section answers the research question 'What are the main design drivers of offshore service
vessels?’, which are mission systems, cost, lead time, station keeping, and motion characteristics.
The latter two in particular are more specific to the OSV vessel type. C-Job indicated various ship
aspects are of influence on motion behavior, some of which are mostly determined at the concept and
preliminary design stages and relatively fixed thereafter. Hence, this implies a need for a particular
design approach for OSVs.

3.3. State-of-the-art OSV concept design
3.3.1. State-of-the-art review

OSVs are intricate types of vessels that fulfill unique roles and corresponding functionalities. Conse-
quently, unique design drivers govern the design of OSVs. In recent years, numerous efforts have
been made to form tailored design methodologies or design drivers for the design of OSVs. Specifi-
cally, the research by Gaspar et al. ([35]) and Rehn et al. ([77]) focused on new design methodologies
to determine ’optimal’ OSV designs.

Gaspar et al. ([35]) quantified the value robustness of OSV design to consider the life cycle per-
formance. To do so, Gasper et al. carried out offshore market forecasts using Epoch-Era analysis. A
case study was carried out related to the design of a platform supply vessel. The case study illustrated
the complexity involved in striking the correct balance between optimizing the vessel for the first known
contract, yet also providing additional capabilities to be competitive in the context of future market re-
quirements. The paper transforms the classical question ’Is this vessel able to fulfill the stakeholder’s
requirements?’ into ’Is this the right vessel to the right mission?’. Consequently, it argues that the right
vessel is not one that is larger, faster, or stronger, but rather a vessel that is able to bring a return of
investment regardless of future market uncertainty. By applying an Epoch-Era analysis, a particular
vessel design is evaluated on multiple scenarios in terms of place of operation, type of contracts, shifts
in policy or the offshore market and so forth. Consequently, these scenarios may represent different
circumstances in which the vessel is to operate, or different 'epochs’. A combination of epochs formed
an era in which the ship is to operate.

Gasper et al. carried out a case study thereby analyzing different variations of OSVs. Each com-
bination was subsequently weighed to different expected eras. As such, the research by Gaspar et al.
resulted in a method for weighing the vessel’s life cycle performance.

Rehn et al. ([77]) carried out a holistic optimization study specifically for OSVs. Rehn et al. evalu-
ated the trade-offs between performance, cost, and flexibility for reconfigurable offshore ships. To do
s0, Rehn et al. evaluated a set of designs with a score indicating the flexibility of an OSV and the acqui-
sition cost. A parametric model containing was created. The parametric model was heavily discretized
by having fixed increments between the parametric model. As such, it lacked the fidelity to optimize
a specific design, but rather broadly identify trade-offs. Design space of 5803 feasible designs was
generated and analyzed by obtaining the Pareto-optimal solutions. Exploration of the Pareto-frontier
allowed identification of the trade-off between the flexibility of OSVs and acquisition costs. The method
proved the use of holistic design methods for OSV design. The results showed OSV ships suitable for
retrofitting platforms are characterized by having excess stability, deadweight, and deck area to take on
equipment retrofits. Increased platform flexibility does increase capacity, but at the cost of operability,
increased resistance, unfavorable roll periods, and high accelerations 4.

3.3.2. Research gap

A difference in the goal of both studies and the goal of this thesis can be observed. The research
by Gaspar et al. served to determine OSV designs with increased life-cycle performance. Rehn et
al. developed a holistic design evaluation method to determine the trade-offs of re-configurable off-
shore service vessels which subsequently increase life-cycle performance. Rehn et al. did incorporate

4The seakeeping analysis carried out by Rehn et al. is further discussed in section 4.6: State-of-the-art ship motion optimization
studies
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seakeeping analysis, though with substantial simplifications. The evaluation served to identify global
trade-offs for different (reconfigurable) OSV configurations.

Consequently, both methods of Gaspar et al. and Rehn et al. serve to expand the knowledge of OSV
designs. Specifically, both methods have been developed to determine OSV designs with increased
life-cycle performance.

In the context of this thesis, it is assumed that C-Job designs a vessel for a client which provides
certain requirements. The client provides requirements for mission systems or area(s) of operation,
which may include considerations for the vessel’s life cycle. As such, the method developed by this
thesis allows the naval architect to make decisions with respect to the design on how to best achieve
the client’s requirements.

To conclude, a research gap exists in the fidelity of the existing OSV design approaches, and the
fidelity required for determining the optimal design of a specific OSV.

3.4. Conclusion and summary

In the process of answering the research sub-question 'What are the main design drivers of offshore
service vessels?’, this chapter defined OSVs, their sub-types, corresponding functionalities, and design
drivers. The design drivers of OSVs are systems, cost, lead time, station keeping, ship resistance, and
motion characteristics. These design drivers heavily influence the design of a vessel, but also affect
each other’s performance. It may impact the dimensions, hull shape, layout, needed equipment, and
many more aspects. Consequently, the design drivers for OSVs need to be considered from the start
of the design of a vessel.

The research sub-question * What is the current state-of-the-art in holistic concept design frame-
works?’, has been answered with respect to OSVs. Two studies have been carried out, mostly to
determine optimal designs for life-cycle performance. The methods evaluated multiple designs with a
low level of fidelity. Consequently, the methods served to determine global trade-offs and optimums.
As such, there exists a research gap in design frameworks aimed at determining accurate optimum
configurations for a specific to-be-designed OSV.

The motion characteristics design driver may form complex implications on the design of an OSV.
As such, this design driver will be further elaborated in chapter 4: Ship Motions.



Seakeeping

Chapter 3 illustrated the need to consider motion behavior in the design of OSVs. As motion behavior
is the aim of this thesis, an elaboration is given in this chapter. Thereby, a first step is taken towards
answering the research sub-question 'What is the current state-of-the-art in design optimization for ship
motion characteristics?’. Specifically, a definition of motion characteristics is given in 4.1. Section 4.2
discusses ship motion limits relevant to offshore vessels. The vessel’s response to waves and motion
limits forms an input to various measures for operability, discussed in section 4.3. Measures to influence
motion characteristics are explained in section 4.4. Methods to calculate ship motions are compared
in section 4.5. With this information known, a state-of-the-art review of motion behavior optimization
studies is performed in section 4.6. Thereby the research sub-question 'What is the current state-of-
the-art in design optimization for ship motion characteristics?’ is fully answered. Finally, the chapter is
concluded and summarized in section 4.7.

4.1. Response amplitude operator

This ship motion response due to waves is typically given in the form of response amplitude operators
(RAOs) [55]'. Thereby, it is assumed any ocean sea state considers many individual waves, each
characterized by a wave frequency, w, and an amplitude, {,. The ship is assumed to be a filter, whereby
waves form the input, and the ship motions the output. The RAO shows the dimensionless response
of the vessel to certain wave frequencies. In figure 4.1, a typical RAO response diagram is shown.
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Figure 4.1: Heave RAO of a stationary crude oil carrier for bow head waves (wave angle u = 180°) and beam waves (wave
angle u = 90°) [55]

In figure 4.1, the heave RAO of a crude oil carrier lying stationary is depicted. Specifically, the RAO
shows how much the vessel is excited by waves of a certain frequency. Additionally, the bottom graph

"It is assumed the reader is aware of rudimentary ship rigid body dynamics as well as the ship equation of motion, refer to
appendix B.
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shows the phase of the RAO, indicating the delay between a wave encountering the ship, and the
response of the ship itself, or the phase response.

When restoring forces are present, resonance effects can occur. Resonance happens when the
natural frequency of the motion coincides with the wave frequency. This results in far greater excitation
forces. This is shown by the resonance peak (peak of the bow, u = 90° wave RAO at w = 0.5[rad/s] in
figure 4.1). When designing any vessel, an effort should be made to avoid having the natural frequency
of the motions coincide with the most probable wave frequency of the waves found in the area of
operation. Especially for roll response, where the damping forces are limited [59].

In determining a vessel’'s seakeeping performance, the ship motion response is not the only defining
factor. If there are no motion limits, the ship can move as freely as possible. However, either because
of debilitating crew performance or due to equipment constraints, a vessel is subject to motion limits.

4.2. Motion limits

The prime reason motions are to be minimized is because the ship as a whole, crew, and equipment
have tolerable limits for vessel motions. Many studies and guidelines exist aimed at giving value to
these limits. A widely used guideline for motion limits has been developed by Faltinsen ([33]). These
limits are the result of an extensive study done in the Nordic co-operative project 'Seakeeping perfor-
mance of ships’, also known as 'NORDFORSK’ [66]. In this study, the limits ensuring hull safety, oper-
ation of equipment, cargo safety, personnel safety, and efficiency have been extensively researched.
The result is a set of motion limits applicable to any ship in general. An example of these limits is shown
in table 4.1.

In addition to the limits indicated in the NORDFORSK project, any piece of equipment may have
its own limits. This holds especially true for OSVs with motion-compensated equipment. This type of
equipment makes use of hydraulics and actuator to mitigate the relative motion response of a vessel
due to waves. Consequently, the motion-compensated equipment remains static relative to the earth’s
reference frame. There are mechanical limits to this equipment. As such, this equipment typically has
specific motion limits. These limits can include a motion, velocity, or acceleration limit [31].

General Operability Limiting Criteria for Ships
(NORDFORSK, 1987)
Description Merchant Ships Navy Vessels | Fast Small Craft
. . 0.275g (L<100 m)

RMS of vertical acceleration at FP 0.050 g (L = 330 m) 0.275¢ 0.65¢
RMS of vertical acceleration at Bridge 0.15¢g 0.20 g 0.275¢
RMS of lateral acceleration at Bridge 0.12¢g 0.10g 0.10g

RMS of Roll 6.0° 4.0° 4.0°

o . 0.03 (L <100 m)
Probability of Slamming 0.01 (L 2 330 m) 0.03 0.03
Probability of Deck Wetness 0.05 0.05 0.05

Table 4.1: General operability limiting criteria for ships ([33],[66])

For areas of the ship for which motions are critical, such as crew quarters, the bridge, motion com-
pensated equipment, it is beneficial to have the location as close to the CoB as possible (see equation
B.1). This remains true for OSVs, although motion compensated gangways may be required to be
near the edge of the vessel to minimize the distance between the gangway and to-be-serviced fixed
platform (such as a wind turbine) [40]. Cranes often are installed on the side of the vessel to clear the
open deck space as much as possible 2. The bridge is typically a critical point for accelerations since
it needs to be at a high location to ensure good visibility. Due to the high location, and subsequently
distance from the CoG, the bridge easily experiences large motions.

Based on vessel RAOs and motion limits, naval architects can determine what wave results in the
exceedance of the motion limits. If the area of operation is known, an estimate is made on how often
these limits are exceeded. Such an estimate is also known as a measure of operability.

2This statement is based on input provided by C-Job.
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4.3. Operability criteria

Vessel RAOs, motion limits, and area of operation form input for an higher-level assessment of sea-
keeping performance, reflecting vessel uptime. Widely used by industry, Soares et al. ([34], [83], [78])
developed a linear approach for calculating 'percentage operability’, or PercOp. Soares et al. defined
the percentage operability as 'the percentage of time during which the ship is operational’ [34].

Recently, Gutsch et al. ([42], [41]) developed a seakeeping performance indicator called 'Operabil-
ity Robustness Index’, or ORI. The ORI is developed as a robust seakeeping performance indicator.
Whereas the percentage operability is heavily dependant on motion limits, the ORI’s focus is on the
interaction between a ship and the area of operation and is less dependant on the motion limits. An
example illustrating this is shown in figure 4.2.
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Figure 4.2: Derivation of the Operability Robustness Index from percentage operability [42]

In figure 4.2, the percentage operability (PercOp) is plotted as a function of a roll motion limit for five
vessels with varying main particulars. When considering the percentage operability for a limit of 2 [°],
the difference between all vessels is relatively small. Yet if the roll limit decreases, a steeper decrease
of percentage operability is shown for the smaller vessels. As such, the similar percentage operability
at a roll limit of 2 [°] does not necessarily mean all vessels have a similar seakeeping performance.
ORI aims to be a more robust indicator of seakeeping performance by integrating and normalizing
the area under the percentage operability line. Hence, the ‘range’ of operability values for a specific
hull is captured in a single value. Thereby, nuances in the seakeeping performance of varying hull
shapes are magnified by capturing the range of percentage operability values. The ORI parameter
may therefore be useful for optimization problems in preliminary design stages, uncertainty is a factor.
During concept design, the roll limit may not be fully known, which can significantly influence the final
percentage operability.

Naval Architects employ various methods to influence ship motions, and thereby improve the sea-
keeping performance of any ship. These are discussed in the next section.
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4.4. Influencing ship motions

In this section, methods to influence ship motions are discussed. These can be categorized by findings
from academia, as well as recommendations from C-Job Naval Architects. Both are discussed in
subsections 4.4.1 and 2.1.2 respectively.

4.4.1. Findings from academic studies
Methods to influence ship motions have been studied extensively for the past few decades. In particular,
Beukelman et al. ([13]), Lloyd ([62]) and Gutsch et al. ([42]) researched the effects of different vessel
aspects on ship motion response.

Beukelman et al. ([13],3) investigated the influence of the following parameters: forebody section
shape, ship length, longitudinal center of buoyancy, block coefficient, and weight distribution on the
pitch and heave motions. The study concluded that:

* Heave response increases with increased ship speed

» V-shaped forebodies reduce heaving motion compared to U-shaped forebodies. The influence
of forebody shape on the pitch is minor.

» The heave and pitch motions are reduced significantly by an increased ship length.

The block coefficient causes a rather strong reduction of motions and accelerations.

» The increase of the radius of inertia shows higher heaving and pitching motions.

Lloyd further investigated the effect of hull size and form on seakeeping [62]. Specifically, the ef-
fects of changing the hull size, draught/length ratio, beam/length ratio and forward waterplane area
coefficients on the heave response were investigated. The effects were studied for an experiment con-
sidering a typical North-Sea wave profile. Lloyds made the following conclusions:

+ In general, increasing the ship size whilst keeping the shape the same shows a decrease in heave
motion response both for amplitude and accelerations.

* Increasing the draught/length ratio shows the increased response in both heave amplitude and
accelerations due to a decrease in the added mass and damping terms.

* Increasing the beam/length ratio shows an increased displacement, added mass, and damping
coefficients. The excitation from waves is also increased due to a large waterplane area. Con-
sequently, the heave accelerations are reduced whilst motion amplitudes are increased.

* Increasing the forward waterplane area reduces the heave motion amplitude and acceleration.

Both Beukelman et al. and Lloyd implied that simply increasing a certain parameter will increase
or decrease a certain motion response. If these guidelines are to be implemented in a design frame-
work adequate freedom should be given to the parametric model to influence these parameters. Both
authors simplified this by predetermining a set of varying hull shapes. The variations were modified
from a standard hull shape without regard for aspects such as stability, ship resistance, and so forth.
Beukelman et al. and Lloyd applied the same wave spectrum and scatter diagram for their experiments.
Gutsch et al. ([42]) found in a recent publication that different ocean areas result in different optimal
vessel configurations with regard to seakeeping. Specifically, by adjusting the principal dimensions of
a vessel, the frequency of the resonance peaks can be shifted to maximize operability for a certain
area of operation. This is illustrated in figure 4.3.

In figure 4.3, the roll RAOs of various vessel configurations are plotted. Specifically, the RAOs of a
standard OSV hull shape for various lengths have been computed. Each hull has been analyzed with
a metacentric height of GM; = 4.5[m]. The RAOs are plotted against the probability of a certain wave
peak period. This has been done for both the North Atlantic (right figure) and the North Sea winter
season (left figure). Comparing both plots, it can be seen that a smaller ship will have better roll motion
behavior when operating in the North Atlantic. A smaller ship will have its resonance peak occur at a
lower period compared to that of the most probable waves. On the contrary, the waves on the North
Sea tend to have a shorter wave period. Consequently, a larger ship will have less risk of its natural
roll period coinciding with the most probable wave periods.

3Even though this academic work is older (year of publication being 1977 and 1989), it remains in use by more recent studies
on seakeeping



4.4. Influencing ship motions 21

25% 25%

20%

20%

15%

15%

10% 10%

RAO for roll n,/A [°/m]
RAO for roll n,/A [°/m]

5%

Accumulated wave occurance for North Atlanic winter season
Accumulated wave occurance for North Sea winter season

0% 0
3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19 20 21 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

0%
Wave peak period T, [s] Wave peak period T, [s]

‘Wave occurance ] = 80m; B =18.3m L=100m; B =21.4m Wave occurance | = 80m; B = 18.3m L=100m; B =21.4m

| = 120m; B = 24.3m s = 140m; B = 27.3m ====| = 160m; B = 30.4m | = 120mM; B = 24.3M ====| = 140m; B = 27.3m ==L = 160m; B = 30.4m

Figure 4.3: Roll motion RAO in relation to the wave occurrence accumulated over the wave height per peak period [42]

Concluding figure 4.3, Gutch et al. showed that the area of operation should be considered when
optimizing vessel motions. Regardless, similarly to Beukelman et al. and Lloyd, Gutch et al. developed
a predetermined set of hull designs that were to be tested. As such, the hull shapes were developed
without regard for the needs of other design drivers, applicable during the design of a to-be-built and
operated vessel. Hence, the aim of the three works was of experimental nature regarding seakeeping
rather than developing a new design method. The three works of research did indicate which pa-
rameters should be considered if a vessel's motion behavior is important. Yet in a to-be-used holistic
framework, seakeeping forms just one aspect.

4.4.2. Recommendations from C-Job

C-Job naval architects provided information on ship parameters used in practice to control ship motions
4. The effect of each of these parameters can be related to the ship EoM (see equation B.2). Below, a
brief account is given of each of these ship attributes.

* Hull shape

A well-understood way of adjusting ship motions is by adjusting the hull shape. The hull shape is
defined by the main particulars, and "fullness’ of the hull, characterized by prismatic coefficients
in different areas. Adjusting the hull shape or configuration allows for manipulating the added
mass, damping, and mostly (heave) restoring force terms.

+ Appendages

Appendages concern protruding parts of the hull such as rudders, thrusters, and bilge keels. The
latter of which is specifically added to ships to influence motion characteristics. A bilge keel is a
fin mounted on the hull to reduce roll motions. An example of a typical bilge keel configuration is
shown in figure 4.4.

Figure 4.4: Typical bilge keel location on a ship hull [18]

4An interview report providing this input is available in the appendix A
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A bilge keel increases the amount of added mass that is to be accelerated when the ship under-
goes a roll motion. Consequently, accelerations are minimized. Additionally, when undergoing a
roll motion, the bilge keel will generate a vortex and cause fluid separation effects [59]. Hereby,
some energy of the roll motion is dissipated, damping the roll motion of the ship. A bilge keel
does not require forward speed to function and is considered a passive roll damping device.

Ikeda et al. ([53], [54], [49], [50], [51]) showed that the bilge keel size is heavily dependant on
the hull shape and size. As such, the effectiveness of a bilge keel is partially dependant on the
hull form. A hull shape particularly suitable for bilge keels might have worse motion behavior
compared to another hull shape without bilge keels. If both are fitted with bilge keels, the former
might actually have the better motion response. No research on this particular notion has been
carried out, nor have bilge keels been incorporated with such fidelity in early ship design frame-
works. Yet, given the hull form is determined in early design phases, a concept design framework
incorporating appendages can lead to better performing vessels.

Active roll damping devices are gyroscopes, rudders, and active fins. As OSVs are of a larger
size, and motions are to be minimized in stationary activities, these damping devices are not
concerned.

« Anti-roll tanks

Anti-roll tanks consider a pair of partially filled tanks that extend across the beam of the ship [59].
The tanks are constructed in such a way to allow the liquid to slosh from side to side in response to
the roll motions of the ship. As such, the anti-roll tanks enact a moment on the ship. By adjusting
the phase response of the anti-roll moment, it can dampen the moment enacted by a wave, and
thereby the roll motion.

* Mass distribution

The mass distribution of a vessel specifically influences the mass term in equation B.2. As such,
the accelerations and natural frequency of the heave, pitch, and roll motion can be adjusted [55].
Though, as indicated by Beukelman et al. ([13]), the influence is limited. C-Job mentioned that
naval architects are typically more concerned with adjusting the mass distribution to match the
CoB and CoG. Consequently, naval architects refrain from adjusting the mass distribution purely
to improve motion characteristics.

* Metacentric height

The behavior of a vessel’s pitch and roll motions are largely dependant on the pitch and roll
restoring force components (see equation B.2). As the restoring force for the roll is given by,

Croll = pgva (4.1)

where GM; is the transverse metacentric height, it is G My heavily influences the roll motion. By
increasing GM and thereby restoring force terms, the ship roll and pitch amplitudes are decreased.
Respective accelerations are increased, as are the natural periods of the motions well as vice
versa.

Concluding both subsections 4.4.1 and 2.1.2, the ship hull significantly influences motion behavior.
Additionally, the appendages, anti-roll tanks, mass distribution, and metacentric height are also of in-
fluence on ship motion behavior. The experiment by Gutch et al. (see figure 4.3)showed that specific
dimensions are optimal for specific areas of operation. Additionally, a relation exists between the ef-
fectiveness of bilge keels and the hull shape. This implies the need to consider appendages early in
the concept design phase as the hull shape is largely determined thereafter. Some of these aspects
are also influenced by other design drivers. Section 3.2 showed that design drivers lead time, cost,
ship resistance, and station keeping capability are also affected by the hull shape. As such, trade-offs
might arise between design driver-related objectives.

A holistic design approach forms a solution to incorporate motion behavior, the ship aspects of
influence, effective area, but also other design drivers. Consequently, few researchers have considered
a holistic approach to incorporate motion behavior early in the design process. These studies are
discussed in section 4.6. Yet first, it is important to consider methods to calculate ship motion response.
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4.5. Calculating ship motions
4.5.1. Methods

Analyzing ship motions has been of great interest to naval architects, as elaborated in section 3.2, and is
critical for designing good performing OSVs. Classically, ship motions have been analyzed with model
tests. The recent increase in computing power has greatly enlarged the toolset for naval architects
to analyze motion criteria. For commercial vessel designs, during the concept design stage, naval
architects typically employ strip theory or potential flow methods to calculate vessel motion behavior.
Unsteady computational fluid dynamics (CFD) methods and model-testing are typically too expensive.
Different strip theories and potential flow methods exist to determine ship motion behavior. These
solvers solve the Navier-Stokes (NS-) equation, though ignore terms reflecting unsteady effects. In the
text below, a brief description is given of each method.

+ Strip theory

The majority of ship motion or seakeeping analyses are done by strip theory. Within strip theory,
the hullis comprised out of a finite number of rigidly connected transverse two-dimensional ’strips’.
Thereby, the required computing time is greatly reduced.

Strip theory allows for fast and reliable solutions of enough accuracy for conventional hull forms
[12]. Yet, additions have been made to strip theory to further improve the accuracy and mitigate
the discrepancies occurring in experiments with forward speed. Such methods are called 2.5D
strip theory methods [87]. 2.5D strip theory codes do not offer the accuracy of potential flow
methods, though are typically for engineering applications sufficiently accurate.

Strip theory is applied by C-Job engineers as part of the NAPA software suite for which C-Job
has a license. It should be noted that this 2.5D strip theory code ([9]) is not integrated into the
ACD framework. It is a separate piece of software that is called upon manually in the NAPA
software suite. Ifitis to be applied in a partially automated holistic design method, the appropriate
interfaces need to be developed. When provided with a hull shape, the strip theory code can
calculate the corresponding motion RAOs.

* Potential methods

Within panel methods, the hull and free surface are described by many panels. Consequently,
more intricate hull shapes can be analyzed compared to strip theory methods. Additionally, panel
methods solve the problem in 3D.

Panel methods are applied by C-Job engineers in the form of ANSYS AQWA software, for which
C-Job has a license. Additionally, the NAPA software suite employed by C-Job also contains the
possibility to carry out panel method seakeeping analyses. Like the available strip theory code, it
is not integrated into the ACD framework. To do so, appropriate interfaces need to be developed.
When provided with a hull shape, the panel method code can calculate the corresponding motion
RAOs.

Both strip theory methods are not able to accurately model the effect of appendages on motion
RAOs, as the working principle employs viscous flow effects ([52],[84]). Accurate modelling of bilge
keels requires NS-solvers with accurate viscous flow modeling, which is too computationally expensive
for everyday commercial use. However, the empirical methods developed by lkeda et al., which have
been further refined by many researchers, show a good approximation for the effect of appendages
([53], [54], [49], [50], [51], [52], [84]).

4.5.2. Benchmark studies
Various research has been done on comparing the different methods for seakeeping analysis. Below,
a brief summary of the results of some of this research is given.

Dhavalikar ([29]) compared three different seakeeping software tools for both zero speed and for-
ward speed analysis of a Wigley hull. The three different methods concerned 2.5D strip theory and two
potential flow methods. In head seas, the surge, heave, and pitch RAOs are in good agreement. The
methods generally are close for zero speed cases. Generally, the strip theory-based tool gives fast
and quite reliable results, yet non-linear problems can be handled more efficiently by panel methods.
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Software Method

AQWA Radiation/diffraction panel code
GL Rankine | Rankine-source patch code
MOSES Radiation/diffraction panel code
OCTOPUS | Strip theory code

PDStrip Rankine-source strip theory code
WAMIT Radiation/diffraction panel code

Table 4.2: Compared seakeeping tools in study done by Gourlay et al. [37]

In an extensive study done by Gourlay et al. ([37]), numerous commercially available seakeeping
tools were compared. These tools are shown in table 4.2.

A seakeeping analysis was done on three different cases, each concerning a ship in various sea
and transit conditions. The benchmarking generally showed good agreement of numerical predictions
with model test results.

Concluding this section, a relation between the four methods in speed and accuracy is observed. In
essence, there is a trade-off between speed and accuracy for each of the methods. In the context of a
design framework that requires rapid evaluation of many different design configurations. For evaluation
and subsequent optimization of ship aspects such as the prismatic coefficient, a sufficiently accurate
evaluation method is needed. The relation between accuracy and speed for the four methods and the
requirements for fidelity and speed are shown in figure 4.5.
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Figure 4.5: Relationship between accuracy and speed for different seakeeping evaluation methods, and requirements for sea-
keeping optimization and applying holistic design methods. The required fidelity would be far higher if the behaviour of bilge
keels is simulated, methods capable of doing so are too computationally expensive for holistic design methods ([52], [84]).

Figure 4.5 shows that the 2D strip theory does not provide the required fidelity for seakeeping
optimization. Both potential flow methods lack the required speed for efficient (iterative) holistic de-
sign optimization. Consequently, 2.5D strip theory provides adequate speed and accuracy, the latter
of which is further by numerous benchmarking studies ([87], [29], [37]). Additionally, simulating the
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effects of bilge keels requires simulation methods involving viscous effects. These methods are com-
putationally expensive to such a degree, that they are not suited for iterative optimization processes,
therefore these are not considered. The bilge keel should be modeled by empirical methods, of which
Ikeda et al. have shown to be in good agreement with experiments ([52], [84]).

With the methods for calculating ship motions known and the ship aspects of influence determined
in the previous section (section 4.4), a state-of-the-art review can be performed in which ship aspects
and evaluation methods are applied to optimize vessel's motion behavior.

4.6. State-of-the-art seakeeping optimization studies
4.6.1. State-of-the-art review

Chapter 4 has so far introduced various definitions to describe ship motion behavior, attributes affecting
ship motions, and software to calculate ship motion response with the aim of providing the necessary
information to design for ship motion behavior. Recently, Huang et al. ([48]), Scholcz et al. ([81], De
Gaaij ([24]), and Rehn et al. ([77]) have performed studies aimed at optimizing motion behavior in the
form of seakeeping. In the text below, subsequent findings are briefly summarized.

Huang et al. ([48]) carried out a hull form optimization study for reduced drag and improved sea-
keeping. The variables influenced the finer geometry of the hull and the main dimensions varied only
slightly. The effect of appendages, anti-roll tanks, mass distribution, or metacentric height was not
incorporated. With respect to ship motions, the framework only focused on improving heave and pitch
motion response. These responses were improved by reducing the corresponding RAQO’s natural fre-
quency peak. As such, optimizing motion behavior for a particular area of operation or stationary
operation was not considered. Additionally, the study was done for an S60 series hull. The S60 se-
ries hull is a standard hull type developed in the 1960s. For validation purposes, this hull type is very
suitable, as lots of experimental data are available. Yet for more practical optimization studies, modern
hull shapes may offer better performance.

Scholcz et al. ([81]) carried out surrogate-based multi-objective optimization for powering and sea-
keeping. Three frigate-type hulls were selected and used as basis designs for shape parameterization.
The selected hulls differed in shape, hydrostatics properties, length, width, and draught.

A pitch and a roll seakeeping objective were defined and applied alongside a powering objective in
the multi-objective optimization procedure. The pitch and roll objectives comprised of reducing the area
under the RAOs. A set of designs was generated and evaluated on ship resistance and seakeeping.
The hull designs were based on ’blending’ three different parent hulls. Each hull design was evaluated
with a fixed metacentric height. Roll damping was implemented by having a fixed critical roll damping
coefficient. Final Pareto-optimized results were verified by CFD software.

By only considering pitch and roll RAOs, the method failed to involve a specific area of operation.
The heave response was also not considered. The method only involved appendages to a limited
extend. Like the study done by Huang et al. other objectives applicable to the design of OSVs were
not considered.

De Gaaij ([24]) carried out a parametric optimization study for, amongst other objectives, seakeep-
ing for his MSc. thesis. De Gaaij defined a base hull whereby the draft, LOA, beam, forward hull
entrance angle at the waterline, and stem distance defined the geometry of the to-be-analyzed hull. A
genetic algorithm was applied to optimize the parametric model. The seakeeping objective comprised
minimizing the maximum heave acceleration, maximum relative heave movement, for head waves only
for a vessel with forward speed. No appendages, varying prismatic coefficients, anti-roll tanks, mass
distribution, or variable metacentric height were involved. Similar to the other seakeeping optimization
studies, other objectives applicable to the design of OSVs were not considered.

Rehn et al. ([77]) performed parametric modeling and evaluation of OSVs, thereby having the focus
on reconfigurability (see also sub-section 3.3.1 for a review focused more on the design method). The
design variables, which were the main particulars, the inclusion of a moonpool or not, main crane
capacity, and light well intervention tower capacity, were varied by fixed increments. For example, the
length of the vessel increased with increments of 10[m]. Ship aspects such as the block coefficient were
fixed, as were environmental parameters such as wave peak period and significant wave height. The
latter parameter thereby involves the area of operation to a limited extend. The seakeeping analysis
remained limited to stationary heave response and a roll and pitch period. A simplified box-shaped hull
was analyzed using 2D strip theory. The heave response formed an input for an operability measure.
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The seakeeping analysis was limited to such an extent that it allowed for a global evaluation of a set
of different vessels. The method lacked fidelity to accurately optimize the motion behavior of a single
to-be-designed vessel.

4.6.2. Research gap

Based on the state-of-the-art review, requirements for the OSV design framework, and subsequently
a research gap can be identified. With respect to seakeeping optimization, substantial differences can
be observed in the two areas. The extent of both the motion characteristics involved and the design
variables incorporated differ substantially between the different studies and requirements for an OSV
design framework. This is shown in figure 4.6, where the different studies are weighed according to
the extent in both areas.

Extend of motion characteristics involved

Motion behavior in three
DoF optimized with
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Meotion behavior in one or
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N!airli Rehn et al. (2018)
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Main
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Extend of design variables incorporated

Motion analysis on forward speed motions

Motion analysis on stationary motions

Additional
method details:

Optimization (partially) of natural frequencies

Optimization incorporates full RAOs

Figure 4.6: Research gap matrix between different seakeeping optimization studies

Figure 4.6 shows that only the study by Rehn et al. ([77]) incorporated motions in three DoF and
environmental data. The study did only consider these motions and the area of optimization to a limited
extent. Additionally, the study by Rehn et al. only considered a greatly simplified box-shaped hull for
the analysis. Thereby, only the main particulars were varied. The studies by De Gaaij, Huang et al.
incorporated the main particulars, prismatic coefficients, and Scholz et al. also appendages to a certain
extend ([24], [48], [81]). The latter two only optimized the RAOs. All three methods only considered
two DoF to evaluate the motion behavior upon, and only at forward speed. Section 4.4 discussed main
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particulars, prismatic coefficients, and appendages that should be considered to effectively incorporate
motion behavior as a driver. Section 4.2 showed that motion limits in all three DoF are present, hence
they all influence a vessel’'s performance regarding motions and subsequently operability. As such,
all three should be considered as does the area of operation. Hence, a research gap exists between
incorporating all ship aspects of influence and the full extent of motion behavior for an OSV. For motion
behavior to be effectively considered, and enabling better performing OSVs, all aspects should be
considered as shown by the grey box.

4.7. Conclusion and summary

This present chapter discussed ship motion behavior. In a first step towards answering the research
sub-question ‘What is the current state-of-the-art in design optimization for ship motion characteris-
tics?’, namely RAOs to characterize the response to waves. Motion limits, together with ship-specific
RAOs and a certain wave profile, form an input to various operability measures, indicating year-round
seakeeping performance. Gutch et al. ([42]) demonstrated that, depending on the area of operation,
the optimal hull form for seakeeping may vary. Thereby, Gutch et al. showed that the ORI measure of
operability is particularly suitable for optimization studies.
Various ship aspects are of influence on ship motions. These are:

* Hull form, including main particulars and prismatic coefficients
» Appendages, specifically bilge keels

* Anti-roll tanks

» Mass distribution

* Metacentric height

The hull form and bilge keels were significantly influenced by the concept and preliminary design
phases. Hence, the motion behavior is determined to an extent in these design phases.

Based on various benchmarking studies, 2.5D strip theory was proven to have adequate speed and
accuracy for optimization of hull form. Bilge keels require more advanced CFD methods but can be
incorporated by empirical modeling with sufficient accuracy ([52], [84]).

A review of seakeeping optimization studies was conducted to fully answer the research sub-
question 'What is the current state-of-the-art in design optimization for ship motion characteristics?’.
No optimization method has been developed involving all three motions, and all ship aspects which are
largely influenced in preliminary design phases. For a design method optimizing motion behavior to be
efficient, heave, roll, and pitch motions, environmental data, and ship aspects of influence should be
considered.






Needs OSV design framework

In this present chapter, the needs of the new concept design framework will be discussed. Thereby,
a first step towards answering the research sub-question ‘What are the requirements for a concept
design framework involving ship motion characteristics?’ is made. To do so, the research gap will be
deliberated in section 5.1. Based on the research gap and the literature study done in prior chapters,
the needs of the new framework are discussed in section 5.2. More specifically, the scope, general
method requirement, and specific design driver requirements are discussed in subsections 5.2.1, 5.2.2
and 5.2.3 respectively. A brief conclusion and summary is given in section 5.3.

5.1. Research gap analysis

Chapter 2 showed that conventional concept design processes fail to capture all design drivers govern-
ing the design of modern vessels. Holistic concept design methods solve this problem by having the
ability to optimize a ship design to a set of design objectives. C-Job’s ACD method should be able to
involve all relevant objectives applicable during concept design. Chapter 3 discussed the OSV vessel
type and its subsequent design drivers. These design drivers are mission systems, cost, lead time,
ship resistance, station keeping, and motion characteristics. Some design approaches have been de-
veloped specifically for designing OSVs, but mostly to expand the knowledge of what OSVs are most
efficient for life-cycle performance. These methods are able to develop global vessel requirements,
yet do not determine the best vessel design for a to-be-designed OSV thereby satisfying specific client
requirements. Chapter 4 deliberated ship motions. It was concluded that to design OSVs effectively
for motion behavior, motions in six DoF, motion limits of equipment and crew, and the area of operation
need to be considered. Additionally, main particulars, hull shape, and appendages are influenced by
design decisions made during the early design phases. Hence, to involve motion behavior effectively,
all these elements need to be incorporated. A state-of-the-art review has shown this has not been done
by existing seakeeping optimization studies. Based on the identified gaps in these three chapters, the
needs for the new design framework will be elaborated on in the next section.

5.2. Framework requirements

5.2.1. Scope analysis

Before deliberating the framework needs, it is important to consider what is in and out of scope for this
thesis. Involving all design drivers to the fullest extent will not be possible, given the time frame of the
thesis. The primary aim of this thesis is to have the design framework involve motion characteristics.
The requirements of the framework focus upon doing so to an adequate degree, based on the findings
of chapter 4. Other design drivers indirectly influencing motion behavior are also sufficiently considered.
Design drivers related aspects with no substantial influence on ship motion behavior are beyond the
scope of this thesis, these aspects are:

* Layout

For the cost and lead time design driver, the layout is required to be kept simple. The KBE
approach by Charisi et al. ([20]) showed the advantage of considering the layout early in the
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design. As the influence on seakeeping is minor (the layout influences mass distribution, but its
effect was shown to be minor on ship motions [13]), the layout is not considered.

DP systems

For the station keeping design driver, C-Job noted DP systems with high redundancy might be
needed, which may influence the design of the vessel substantially. Yet for this thesis, it is as-
sumed that such advanced DP systems are not required. Therefore, incorporating DP systems
is considered beyond the scope.

Modelling of anti-roll tanks

Anti-roll tanks are complex devices to model and simulate. Lewis and Gawan et al. ([59], [36]) that
certain non-dimensional parameters may be followed to determine optimal anti-roll tank behavior.
This may be done after concept design, thus modeling of anti-roll tanks will not be considered.

With the scope known for the design framework, the requirements can be determined.

5.2.2. General framework requirements
In general the framework should be able to do:

» Applying C-Job’s ACD method requires bespoke modeling of design variables, objectives, and

constraints applicable for OSVs and developing appropriate evaluation methods.

» The ACD algorithm can select the design variables to 