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Summary

Ship design is admittedly an arduous procedure, requirkdgmth knowledge of the naval architects
to achieve an efficient and techeoonomically optimal desigriParametricship design and design
optimizationconsist powerful tools ifacilitating the ship design proceduae current developments

in computer hardware and softwageable their application into the early ship design process with
increased accuracy and acceptable computational demands.

In this dploma thesis, the preliminary design of a largpaa ferryis conducted, derived from a newly
developed parametric modeéveloped byNTUA-SDL, which can generate ship designs within a
range of sizes, as well as properties of the hull forgnl(CB) and of the general arrangemémimber

of passengers and / or vehicle&h optimization study is carried out and the basic particulars of a
techneeconomically optimal design for a realistic operational scenario are deterfimedesigrs

then elabored.A preliminary general arrangement plamevelopedaiming toclarify several design
aspects not addressed extensively by the parametric model and the optimization procedure.
Subsequently, the optimal desigs further assessed in terms of intact atainage stability by
providing detailed loading characteristansd finally, in terms of structural integrity by dimensioning
the main structural components of the sBothpos
the parametric modeind tte stability assessmeate set up in the welknown naval architectural
software NAPA by utilizing appropriate macros developed by NTA3®L using the programming
language NAPA Basid he development of the general arrangement plan is handled fully@Ate

type software AutoCADRegardingthe structural analysishe software MARS2000, provided by
Bureau Veritas (BV)js utilized along withthe compitational capabilities of the Microsoft Excel
Spreadsheet software.

More specifically, this thesis is comprisedsof chapters.

Chapter 1 provides an introductory description epax ships and their unique design characteristics.
Chapter 2 introducethe concepts of parametric ship design and design optimization while providing

a brief presentation of the parametric model developed by NSDA. Ultimately, an optimization

case study is describethe outcome of whicleonstituesthe main subjecdf the thesis. Chapter 3
elaborates on the details of the general arrangement plan of the optimal ship design described in
Chapter 2, while in Chapters 4 and 5 the intact and damage stability of the optimal ship is assessed in
greater detail, provided thethogptn ar r angement of the shHnplgs ex)
Chapter 6 aims to determine the shipds main si
plansof certaintransverseections.
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Nomenclature

Latin symbol
A

Ac

Ai

Ash

Cs
Cwm
Cp

Cwep

CO

do
dp
ds

DWT
FSM
GM
GMo
GT
GZ
KG
lwi

IW2

Lep

Lwe

Description

Attained subdivision index

Partialattained subdivision index at loading conditionc,c=S, P, L

Partial attained subdivision index at loading conditioni,i=S, P, L

Net shear sectional area

Beam / breadth (moulded)

Block coefficient

Midship sectiorcoefficient
Prismatic coefficient

Waterplane coefficient

Carbon oxide

Mean draught

Light service draft

Partial service draft

Subdivision draft (same asn)
Depth to bulkhead deck (Chapter 2)
Depth to strengtdeck (Chapter 6)
Deadweight

Free surface moment
Metacentric height

Initial metacentric height

Gross tonnage

Righting lever

Height of center of gravity above baseline
Steady wind heeling lever

Gust windheeling lever
Rul e |l ength accordi

ng

t o

Bureau Veritas, January

Length between perpendiculars

Length of ship at waterline

t he
20210

i R
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LCB
LCG
MR
MCR
Ncr
Nic
NOx
NPV

NPV1

NPV2
NPV3
ODS

SHP

SO«

TCG

VCG
VCGi

VCGmax,i

Longitudinal center of buoyancy
Longitudinalcenter of gravity

Heeling moment

Maximum continuous rating

Number of relevant intact stability criteria
Number of examined loading conditions
Nitrogen oxide

Net present value

Net present value assuming unlimitdeimand (linear correlation betweer
supply and demand)

Net present value assuming maximum demand 40% above baseline
Net present value assuming maximum demand 20% above baseline

Ozonedepleting substances

Probability that only thelamage caseficonsisting of a particular
compartment or a group of adjacent compartmiigslooded after
damage

Required Subdivision Index

Required freight rate

Probability that the ship survives (does not sink or cap&#eing the
flooding of the examined compartmeritor a group of adjacent
compartment$

Calculated propulsion power (service speed, design draft, calm sea, ¢
hull)

Sulfur oxide

Draft / draught (moulded)
Transverse center gravity
Service speed

Vertical center of gravity

Vertical <center of gravity in e

Maximum allowable vertical center of gravity in each loading conditior
1, écto salisfy stability regulations

Net section modulus
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Greek symbol Description

QP Displacement

qVCG Difference between VCxjandVCGi n each | oadi ng
Nic

g CGintact Intact vertical center of gravity margin

a Righting lever angle

do Angle of heel under the action of steady wind

1 Angle of roll under wave action

Qs Angle of downflooding
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List of Abbreviations

Latin symbol

BV
CFD

CPP
DDN
DO
DUP
DWT
EEDI
EU
FW
FSM
GA
HFO
HHSD
HHSU
IACS
ILLC
IMO

LCB

LCG

LNG

LO
MARPOL
MCR

NPV
NTUA-SDL
ODS

RFR

Description

Bureau Veritas
Computational Fluid Dynamics

Controllable Pitch Propeller

Deck Down

Diesel Ol

Deck Up

Deadweight

Energy Efficiency Design Index

European Union

Fresh Water

Free Surface Moment

General Arrangement

Heavy Fuel Oil

Height Horizontal Subdivision Downwards
Height Horizontal Subdivision Upwards
International Association of Classification Societies
International Load Line Convention
International Maritime Organization

Intact Stability

Longitudinal Center of Buoyancy
Longitudinal Center of Gravity

Liquified Natural Gas

Lubrication Oil

Marine Pollution

Maximum Continuous Rating

Net PresentValue

National Technical University of AtherisShip Design Laboratory
OzoneDepletingSubstances

Required Freight Rate
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Ro-Pax
Ro-Ro
SG
SHP
SOLAS
TBA
TBF
TCG
VAR
VCG
WB
WOD

Roll onT Roll off / Passenger
Roll onT Roll off

Specific Gravity
ShaftHorsepower

Safety Of Life At Sea
Transverse Bulkhead Aft
Transverse Bulkhead Forward
Transverse Center of Gravity
Various

Vertical Center of Gravity
Water Balbst

Water On Deck
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1. Design Characteristics of RePax Ferries

This first chapter provides an overview of the design of modenpmaxoships, particularly of
conventional (monohull, displacement)psedtype ferries. Subhapter 1.1 presents some general
information. Subtapter 1.2 discusses the procedure of determining the main dimensions, while
Subdtapter 1.3analyzes the main elements and particularities of their hull f@abdapter 1.4
summarizes the most crucial Sgfessues concerning fpax ships an&ubhapter 1.5 briefly presents

the basic rules and regulations that affect their design.

1.1. Introduction

Passenger ships comprise an essemigns of maritime transport, described as vessels intended for
transportation of more than 12 passengers and are categorized into pure passenger shigs and ro
passengeferries (or ro-pax)[1]. The termtroll oni roll off+refers to the loading and unloading of
vehicles (private cars and/or trucks) by their own means, through external ramps at the stern and
sometimes at the bow or the sides of the ship. Thus, the existence of at least one large gkfiicle de
referred to as the main-ro decki (practically extends through the entire length and breadth of the
ship) is expected, allowing the unobstructed movement of vehicles inside the ship. Lgvger ro
ferries are equipped with multiple vehicle deckpywards or downwards of the main-ro deck,
connected with fixed of more commonlyi hoistable internal ramps. In some cases, platfiolwn
hoistablei decks are installed to adjust the payload to seasonal demand variations, videlicet lowered
at half thedeck height when the demand for private car transportation is high, converting-rane ro
deck for trucks into two decks for private cars. An additional distinguishing characteristic is the large
extent of superstructures, both in terms of deck area assialthe number of decks, enabling the
accommodation of a large number of passengers and providing a high level of passenger comfort.

It is a relatively new ship type, used in sheet liner shipping in conjunction with transportation of
vehicles. Thei development can mainly be attributed to the large growth of road transport, having
displaced large pure passenger shipsocean liners as a means of transport, which today exist only
as cruise ships (partly due to tourism), while, for longer ropessenger ships have been replaced
altogether by the development of air transportatign

The size and layout of fpax ships vary according to the routes and duration of service for a particular
vessel. The size of a ferry is usually measured in terms of overall length, passenger/vehicle capacity
or gross tonnage (GT). Typical sizes range feoound 30m to over 200m in overall length and from

150 to over 70.000 GT2]. In comparison with cargo shigd similar size their payloadis much
smalleri a natural corollary considering that both passengersvahities constitute a relatively

¢l i ght éralongwith g agber value of stowage factor (ratio of volume capaaigadweight),
meaning that the shipds maxi mum capacity 1in
maximum allowable draft. Aerefore, passenger ships are classified as volume carriers, in contrast with
displacement carriers such as tankers and bulk caj3iers

! Ferries with filly enclosednainro-ro deck
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Finally, in comparison with other conventional ship types, passengesfare among the most
demanding in terms of design. The two major challenges both stem from the presence of passengers
on board.

Specifically, a high service speed is essential to be competitive as a means of passenger transport. Ro
pax ships typicallyoperate at speeds ranging fro81t@ 31 knotscorresponding to Froude numbers

over 0.3 (example in Figure-1), while passenger ferries of unconventional design (catamaran,
hydrofoils, hovercrafts, etc.) can exceed 35 to 40 knots. However, this trehddmabkalted; namely,

the stabilization of the service speed, both for the sustentation of a reasonable operating cost, as tc
remain an affordable means of transport, and for minimum environmental jfhjpoddtese challenges

call for improved hydrodynamic design of the hull and efficiency of the propulsion system (propellers

i engines), hence restriction of fuel consumption. In a final note, the implementation of EEDI (Energy
Efficiency Design Index) by IMQ(International Maritime Organization) is expected to lead to a
progressive reduction of the ships@]linstalled

In addition, the required level of safety is extremely high, as large numbers of passengers are carried,
without any special training in case of an emergency, in contrast with cargo ships where only the crew
is embarked, having completed persistently trginFor this reasomregulations regarding intact and
damage stability, fire protection and other safety issues are much more rigid than those of a cargo
vessel.

Figure 1-1: Ropax ferry Blue Star Myconos operates aeavice speed of 26.5 knots (along with a
length of 141 m), corresponding to a Froude number of 0.37. Source: wwwaattiga.com.
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1.2. Main dimensions

The general principles governing the selection of the main dimensions (length L, breadth B, draft T,
depth D) are discussenl this sulchapter. The procedure of determining the main dimensions resides
inacombinati on of t he isconsiglingwitranspdrs capaaty) serviceespeedy t s
construction standards of a recognized classificatioreg etc.i and some basic factors, such as the
shipébs hydrodynamic performance, satisfactory
construction cost, etc[3]. Typically, improperselections of the basic dimensions are almost
impossible to be corrected retrospectively; they generally lead to uneconomic and/or technically
insufficient solutions.

The shipds | ength is a f upacshipsangenerdlly sknder,pneaminge me r
their length is large compared to the displacement volume (slenderness coeffici€htvalives

between 6.2 6.9 for ferries with length greater than 100[8}). For constant disptement and
relatively high Froude numbeiiswhere repax ships are generally operating and wanaking is
dominanti, increased slenderness leads to reduced wave resistance, but at the same time increase
wetted surface and thus frictional resistance. H@wneincreased length generally reduces the
consequent overal/l resistance. Naturally, as
[3] (associated with Froude number), having a significantenibe on the lightship weight, hence on

the building cost, a continuous increase of its value for constant displacement outweighs its benefits.
These issues, along with possible navigational constraints mentioned below, set limits to the
slenderness of th&hip.

Compliance with demanding stability requiremi
breadth. This results in length to beam ratios comparable to those of cargo ships (consequent values
ranging from 5.9 to 6.2 for ferries with length gredtem 100 ni3]), despite the large differences in

terms of slenderness coefficient. Additionally;pax ships are classified as linear dimension ships (in
addition to vol ume c &nsethatthed lseantdhamges apdriodw,avithi astap)
approximately equal to the width of a |53

The draft of repax ships is generally small, with values of the ratio B/T ranging from 3.7 to 4,
significartly higher than those consideredptimak regarding both the minimization of the total
resistance and the higher efficiency due to the possible fitting of a large diameter priopeiter
generally concerning fpax ships which are equipped with two pribgrs i [3]. This is attributed to

the low weight of the transported cargo (passengers and vehicles), in combination with the requirement
for a large beam (a consequencdahanding stability regulatiopd.imitations to the maximum draft

are also set, similarly to other main dimensions, by possible navigational constraints.

Finally, the selection of the shipbdbs depth is
height below the freeboard dealk imachinery installations and cargo stowdgegop a x s hi ps 6
the large number of accommodation decks increases the total depth of the ship, which, in combination
with the low draft translates to increased air draft. This statement is amplifiee bged of a relatively

high position of the bulkhead def3. Nevertheless, as the available height of decks is determined by

t he cargods st and a rudloading method, ithe positioraaf thelkheadadeédk n g
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must be relatively low to enable fast and convenient loading and unloading of vehicles, but high
enough to protect the main-ro deck from flooding in case of damage resulting in a hull breach.

The main dimensions L, B, and T are often ctiée as well by the topological limits of the route
(dimensions of canals, ports, channels, and confined waters) that the ship needs to pass through. The
restrictions are mostly referring to allowable drafts (e.g. Panama Canal and SueZ3Tanal)

1.3. Hull form

In general, the hull form of a fpax ship deviates from that of a lespeed cargo vessel (i.e. tanker,

bulk carrier). Some complexities are introduced due to the demand for high service speed with a
reasonableperating coste.g. improvement of hydrodymac performancé generally by optimizing

the hull formi leading to the reduction of fuel consumption at high speeds)

The selection of the block coefficientg)ds effectively influencing the selection of all the hull form
coefficients (prismatic coeaffient Go, midship section coefficient\Cand waterplane coefficientw)

either through their comparable values (the case of the prismatic coeffig)emt tGrough empirical

and sem¥empirical calculations. Rpax ships generally have low values of laoefficient (&),

ranging from 0.5 to 0.3], corresponding to more hydrodynamically optimal designs, as in high
Froude numbers a decrease of the block coefficient increases the wetted surface, tteevitational
resistance is proportional, but at the same time decreases the dominant wave resistance. Such low
values are attributed to the reduced exploitation of the lower deck spaces in both the stern and bow,
mainly because of the sharp entrancéhefwaterlines in these regions.

The longitudinal center of buoyancy (LCB) is affected by the désireinimizetotal resistance and

most prominently, wave resistance. Essentially, if the position of the longitudinal center of buoyancy
is stationed exces®ly forward of the amidships, it will trigger the generation of intensive waves
around the bow shoulders, albeit for an extreme position aft of the amidships, the efficiency of the
propeller is in jeopardy, as phenomena of flow separation and creatiwmrtizies are frequently
encountered. In the case ofpax ships, characterized by high values of wave resistance associated
with relatively high Froude numbers, typical positions reach values of 2.5% to ZP%iftLof
amidships, to minimize the transserbow wave, which contributes to the wave resistg8jce

Moving towards the bow, the most prominent hull characteristic is the bulpaRehips are usually
equipped with wedgsehaped referred to aggooe-neckti bulbs which pierce the design waterline.

At relatively high Froude numbers, the major advantage of a bulbous bow is the generation of an
independent wave system, which starts with a wave crest and, if configured appropriately, reduces the
heightof the bow wave and the corresponding resist§BlceAlso, a resulting positive effect of the

bulb is the increased efficiency of the propeller (reduction of the required thrust and degree of loading
of the popeller). However, the implementation of a bulb increases the wetted surface of the ship for a
given displacement, and consequently the frictional resistance.
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Figure 1-2: Bulbous bow of rgpax ferry Blue Star Delos. Tladorementioned independent bow
wave system is shown. Source: www.attjoaup.com.

Regarding the stern, a central skeg is usually encountered. Above the waterline, the maximum beam
is usually maintained throughout the entire stern area up to the tra@solting to the maximization

of the available deck areas. This allows for the installation of ramps, needed for the loading/unloading
of vehicles, and improves stability. Aft of the transom, an extension of the hull edilektailt is

often found. Its décts comprise of an increase to the waterline length (decreasing the effective Froude
number) and consequently the shipds resistanc:
which reduces the dynamic trim towards stern which is develogedraspeeds.

Figure 1-3: Typical stern design and ducktail addition inpax ship Blue Star 1. Source:

www.atticagroup.com.

19



Preliminary Design of R&ax Ferry
Antoniadis Panagiotis Diploma Thesis

1.4. Safety issues

The design of rgpax ships comes with certain innate problems which can jeopardize their safety and
have in fact led to tragic accidents in the p&st éxample,Herald of Free Enterprise (198[4)],
Estonia (1994]5]). The elements which make-pax ships unigel and constitute important safety
issues are presented belf§}.

A The lack of internal bulkheads / low freeboamdthe main rero deck As mentioned already,
transverse bulkheads cannot extend above the mamdeck, which is locategklativelyclose to
the waterlineThus in the event of a hull breach, a sudden inrush of veatelid rapidly floodthe
unobstructed length of the mainm deck, jeopardizing theurvivability of the ship(e.g.a very
large free surfaceilbegener at ed, the effect of whidg.h to
Furthermorethe lack of bulkheads means that fire saread very quickly.

A Cargo access doors; The cargo access doors at thé stethe bow or the sideis of the ship
represent potential weak spoais over the years such doors can become damaged or twisted,
especially when the door also serves eanap.

A Stability; The movement of cargo on the vehicle deck can affect the intact stability of the ship,
causing her to list. The sudden inrush of water following damage to the hull or failure of watertight
doors can even be more serious (and rapid). Maredhe fact that rpax ships have extensive
superstructures compared with other types of ships means that they can be more easily affected by
wind and bad weather.

A Cargo stowage and securing; This applies to cargos transported inside a trailer boitttads
vehicles themselves. Potential results of cargo breaking loose if it is not correctly stowed and
secur ed, wi || be increased | ist, spill age o
structure.

A Life-saving appliances; The high sides loé repax ships pose problems regarding the usage of
life.saving applianceslk for exampl e, as | ifeboa
heeling angles (listing of the ship), are difficult to launch. This problem is moderated today due to
the partial replacement of lifeboats by liferafts.

A The crew; The aforementioned safety factors indicate thpaixaships are highly sophisticated,
and therefore requiring cautious handling. As a result, they are exceptionally vulnerable to human
error.

Of course, accidents are usually caused by an unfortunate combination of more than one factor. The
mostimportantaccidents being the sudden and catastrophic capsizing of tHoatalll-off passenger
ferry Herald of Free Enterprise (March 1987) andethen more tragic loss of the Estonia (September
1994). In the first case, the accident occurred because the bow door was left open when the ship left
port allowing water to enter and flood the car deck. The accident resulted in the deaths of 193
passengerand crew membeid]. In the second case, the undesigned lockings and hinges of the

bow door failed due to rough weather. Subsequently, the large inflow of water on the car deck quickly
created a veryakge free surface which resulted in the ship capsizing within minutes and 852 lives
being los{5].
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Figure 1-4: Herald of Free Enterpriseith her bow door raised. Sourceww.allpoetry.com.

Figure 1-:5: MS Estonia with her bow door raised. Source: www.thesun.ie.

1.5. Regulatory framework

The entirety of the shipbds I|ife cycle, i nclud
recycling, is goerned by a set of rules and regulations imposed by the International Maritime
Organization (IMO) other international organizations (e.g. by the EU), flag administragiotighe
classification societies in which the shigreclassed. Most of them aim pootect human life and the
environment. Those set by the IMO, mainly through international conventions are of paramount

i mportanceT Safety of Life at Sea (SOLAS), Ma
Convention (ILLC), International Code ontact Stability (Res. MSC.267(85)) etc. Similarly, this
applies to the c¢class rul es, which are set by

construction (materials, global and local strength), machinery, electrical installations, weticlitg,
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Regional and national regulations often also apply, for example the European Union Stockholm
agreemenit or Directive 2003/25/EC.

A brief presentation of some of the most important rulesegulations regarding the safety of human
life and environmental protection follows (the presentation is in no way exhaustive).

Arguably, the basic pillars of safety for a passenger ship are stability and fire protection.

Stability can balistinguishednto intact and damage stability. The relevant regulations are critical and
must be examined from early stages of the design, as they affect the main dimensions and the watertigh
subdivision of the ship. Intact stabilitycsover ed by | MOb6s i ntact st al
specifying various criteria to be satisfied for a loading condition to be considered acceptable. These
include general criteria regarding properties of the righting lever curvel()Gihe severe windnd

rolling criterion (weather criterion IMO Resolution A.562 ), as well as additional requirements for
passenger ships specifying maximum heeling angles due to crowding of passengers to one side of the
ship and due to turfi0].

Regulations concerning damage stability include the probabilistic assessment spathibieéd by
SOLAS, requiring investigation of multiple damage scenaiiogferred to as damage caseso
determine the probability of suwval after damage (attained subdivision index, A), which must be at
least equal to a minimum allowed value (required subdivision index, R). For large passenger ships,
SOLAS incorporates also some supplementary deterministic requirements in the prabaimlisi

to ensure survival after minor side and bow damages. The aforementioned are defined in Chapter I
of SOLAS[7]. Finally, the Stockholm Agreementor the European Uniomirective 2003/25/EG

imposes deterministic requirements for-pax ships sailing between to/from designated ports in the
European Union, regarding survivabilitydamaged conditigrassumingsignificant accumulation of

water on rero deckq9].

Regarding fire protection, various prescriptive requirements are defined in Ch&bt#iSODLAS[7],
pertaining to all ship spaces, and in particth@ accommodation decks (halls, dining rooms, lounges
and similar permanently enclosed spaces). These requirements include but not limited to thermal
subdivision requirements, tank arrangement constraints, required firefighting equipment, etc. In terms
of the general arrangement, each deck is subdivided into main vertical and horizontal zones by thermal
and structural boundaries, referred totA class divisiond and more specificallgA-60+ class
divisionsi, designed to delay the spreading of firegémeral, the maximum allowable length of a

main vertical zone is 48 m, provided that its total area does not exceed 460@ny deck. Increased

fire protection is also required for spaces with large ignition probability (e.g. galleys), as well as for
spaces that are vital for the safe operation and evacuation of the ship (e.g. wheelhouse and stairways)
Other spaces, specified accordingly by the regulations, are also transversely and horizontally
subdivided by thermal barriers.

It is worth mentioningadditional regulations imposed by SOLAR, regarding the safety of human
life. Regarding evacuation of the ship in case of emergency, the regulations require the complete
evacuation of the vessel in a wdifined time, thus affecting the arrangement of accommodation
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spaces. Furthermore, large passenger ships must be able to return to port by their own means after one
compartment damage, accordingtsafe return to pattrequirements. Finally, the instailat and

usage of lifesaving appliances are welefined in SOLAS, such as the required capacity of lifeboats

and liferafts on board.

Environmental protection is the second major concern after the safety of human lifesstiblgas
become increasinglymportant in recent years, with the introduction of regulations in MARPOL
Chapter VI[8] regarding the reduction of pollutants (NG Cx) and total prohibition of ODS (Ozone
depleting Substances) from shigg important implication of these regulations, having taken effect
from 1 January 2020, regarding ship design, is the reductionoe®sions (global sulphur limit).
Recent solutions include switching to higlggerality and low sulphur fuels (commonlyfeered to as
distillates), installing exhaust fuel cleaning structures (frequently referred to as scrubbers), retrofitting
present vessels to operatdigaefied natural gad-NG) powered vesse[41].

The other important addition of MARPOL Chapter [4] is the adoption of the Energy Efficiency
Design Index (EEDI), aiming to promote the use of more ereffigient (less polluting) equipment

and engines,ressed in the form of G@mitted per unit of transport work, scilicet reducingCO
emissions from ships in operation. Its calculation is obligatory for ships constructed after 2013 or
having undergone an extensive conversiors beingimplemented irthree phases/levels, tightened
incrementally every five yeaiishaving started from January 20L5hence requiring more efficient
ships in comparison with an initial reference EEDI line (phase 0) which was determined from a
regression analysis of operagiships, representing the state of the industry at that time.

-10%

[g CO2/te.nm]

EEDI

Cut off limit Capacity [DWT or GT]

Figure 1-6: EEDI compliance phases.

Finally, as mentioned above, the classification societies, primarily concerning IACS (International
Association of Classification Societies),pose supplementary requirements, mainly attributed to the
shipbébs structure. For example, the survey of
by determining minimum allowable dimensions and/or thickness of each structural membehipf the s
according to its expected loading.
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2. Parametric Ship Design and Optimization

Chapter 2 deals with the main printas of parametric ship design and optimization in the endeavor

of achieving the design of an optimal sijpbtr a pt er 2. 1 presents the tr
design.Subtapter 2.2 provides an introduction to the main prinespbdf parametric ship asggn and
optimization. Subtapter 2.3 elaborates on the construction of a functional parametric model,
presenting both the steps for the generation of an appropriately defined geometric model and the
consequent calculation methods for the evaluation of ghemetric ship design. Ultimately,
Subdapter 2.4describeshe formulation of a ship design optimization problem, assuming realistic
owner 6s requirements, elaboration on the crit.
from a pool offeasible designs generated by the parametric model and a brief presentation of its
characteristics.

2.1. Main phases of ship design

During the design of a ship, the naval archit
requirements into a functional and teckeemnomically optimal (or neayptimal) vessel. This implies

that the main technical and economic ship charatiteriare determined by optimization, especially
those affecting the cost of shipbuilding (and indirectly the cost of acquisition) and the economy of
operation. It is evident that the complexity of the problem prohibits addressing it fully at once. In
geneal, ship design is decomposed into four basic pH&es

a. Concept Design Feasibility Study; In this first design phase, a rough estimation of the main
technical characteristics of the ship (main dimensidrsck coefficient, propulsion power)
transpires corresponding to the ship ownero6s

b. Preliminary Design; This stage revolves around the further elaboration of the ship design steps
partly addressed in the first phase. Specificaltailed calculations for the main dimensions and
other basic characteristics (block coefficient, propulsion povedc) are performed with the
purpose of accurately determining these shipg
requirementgand to correspond to an optimal solution with respect to a set economic criterion. The
outcome of the preliminary design is the reliable estimation of all important technical
characteristics of the ship, as well as the building and operational Ebstieasibility study (first
phase) and the preliminary design (second phase) are often jointly referred tthasithdesigh

c. Contract Design; Where detailed calculations are performed and naval architectural drawings (e.g.
general arrangement plan) atab®rated with the required accuracy for the shipbuilding contract
between the shipyard and the owner to be formed. This design phase involves a detailed description
of the shipbés hull form, the exact ededignadat i o
ship in waves), the analysis of her manoeuvring properties, consideration of alternative propulsive
systems, details of her structural design, design of the auxiliary/supply networks (electric,
hydraulic, piping systems etc.) and finally, a mprrecise estimation of the individual ship weight
components, of lightship weight and the corresponding centroids.
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d. Detailed DesignThis last stage ncl udes the design of each e
equipment and machinery, in order to provide hecessary drawings to the manufacturer or the
supplier of each element.

The above traditional methodology is illustrated in the Aketwn design spiral, introduced by J.H.
Evans in 195912]. The design spiral emphasizes the sequential and iterative nature of the process
required to assemble aptimak ship through the various design steps. Notably, the first loop
corresponds to the concept design, loogktd the preliminary design whileop 5 to the contract
design These loops lead to the final design phase; the detailed d8kign

PHASE

Figure 21: Design spira[12].

2.2.Introduction to parametric ship design

The traditional methodology, composing the design spiral displayed in the above Figunel@des

various design steps, each with its own difficulties and distinct characteristics. The ship is often
described as eomplex system integrating a variety of subsystems and their components, for example,
subsystems for cargo storage and handling, energy/power generation and ship propulsion,
accommodation of crew/passengers and ship navig@ligp thus the endeavor of reaching an
Aopti mumo solution subject to specific ownero
empirical met hodso (consisting namely of s emi
vessels regarded as successful designs) is evidently arduous. Additionally, the iterative nature of ship
design, as explained above, intensifies the vulnerability of the final design to less optimal solutions
due to crucial decisions made by the designethatinitial design stage, based on very limited
information[14].

An integrated design methodol ogy based on the
constructed, namely to seek the best combinationash dimensions and main design characteristics
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through an optimization procedure in order to produce truly optimal designs, facilitating the fast
exploration of a series of design alternatives, would be of great assistance to the d&kidner
contrast with the manual process described above, innately coupled with the design process is design
optimization, namely the identification of the best solution out of a series of feasible ones on the basis
of a aiterion, or rather a set of criterja3).

Inherent to ship design optimization are the conflicting requirements resulting from the design
constraints and optimization criteria (objectiftenctions, i.e., minimization of propulsion power,
lightship weight, building cost, etc.), reflecting the interests of the various stake holders: ship
owners/operators, ship builders, classification societies, etc. Thus, to conform with a specific set of
requirements (usually the shipowner's requirements), it is esdentia shipo be optimized for cost
effectiveness, for highest operational efficien@yr lowest Required Freight Rate (RARJor highest

safety and comfort of passengers/crew, amarfimimum environmental impact. Even aspects of ship
engine emissions and air pollution need to be considere®(dmeapter 1.5]15]. As deduced from

the above, the requirements are clearly conflictimgnce the necessity of automatic calculations
through a parametric model, in search of the optimal ship design, is clear.

An exampl eopafi nalinedaersi gn, achieved through th
a truly optimal, achieved through exhaustive optimization calculations utilizing computer hardware
and software tools integrated with powerful hardwaresafilvare design systems, is presented in the

following Figure22 , t hus wunderl ining the usefulness of
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Figure 22: Comparison of compartmentation of optimal (dark line) vs. initial (greylRRo
passenger ship desig®6].
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2.3 Parametric model description

Before presenting the procedure of the parametric modeling, it is crucial to underline that the detailed
presentatiorof the tools (calculation methods, software tools, etehich comprise the parametric
design methods not incorporated in this thesismainly addressed briefly or only by teiimas its

main concerns are the design steps taken after the delivery @ptimal ship.

2.3.1 Geometric model

An application of the f@par amsuxhapter, fonsdedooqge de s
shipsd parametric desi-3Ph (NTUAShHip Designddborgay)l They N
methodology for the parametriesign of repax vessels has been developed within the-kvelvn
commercial ship design software NAPA, utilizing a series of appropriate macros able to generate the
shipébs hull form and internal | ayout havwebeer di n
assigned with the required values. Additional macros or external software tools have been developed
and linked to the design application for the assessment of the technical and economic performance of
each design. A representative example ohsaxternal software tools is CAESES stateof-the-art

process integration and design optimization environment developed by FRIENDSHIP SYSTEMS. It
integrates firsprinciples analysis software from various disciplines relevant to ship design and
combineghem with advanced muldisciplinary and multobjective optimization method47].

The first step of the parametric design procedure is the development of the geometric model, identified
as the definition of thaull form, which is generated based on a set of design variables, namely the
main dimensions and global hull form characteristigsgi@ LCB), along with their appropriate range

of variation, ensuring the generation of feasible and efficient hull formdditidnal parameters are
introduced to control local hull form details, such as the shape (either conventional engdoge)

and size of the bulbous bow, or the existence of a propeller tunnel, a duck tail or a stern wedge. It
should be mentioned tha typical hull of a modern tpax ferry is generally generated, with a flared

bow and a gooseeck bulbno orvery small parallel midbody and a butteftéw stern with a skeg.

It is emphasized that, by default, the frame spacing is set at 800 mmihvehvleb frame spacing at
2,400 mm (three times the ordinary frame spacing).

The crosssections of a typical hull form, created by a parametric design application are presented in
the following Figure 23.

Figure 23: Transverse sections of a typical paramegenerated hull form (left: forbody
transverse sections, right: dfiody transverse sections)4].
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Foll owing the construction of the shipbés hull
as parametersoncerning her powering (resistance, propulsion and selection of main engines) are
introduced and are calculated at specified service spéefif®se calculations affect directly the
internal compartmentatioas it needs to be ensurttht the engine s are sufficiently spacious,
according to the dimensions of the selected machinery components (main engines, reduction gears,
etc.)and this is actually the reason why the resistance and propulsion calculations are carried out at
this point of the procade Specifically, the towing resistance can be calculated using eithenof
alternative methods; the Holtrop methid®] or the a priori calculation of the resistaricetilizing
externalCFD tools Additionally, the populsion power of the ship is estimated by the Holtrop method

[19] and Bseries open water efficiency polynomials derived with multiple regression an@@kis
Finally, the selection of the shipds main eni
covering the limitations established by the ship particulars for a range of design speeds. Thus, four 4
stroke diesel (or dudlel) engines are selectedith their maximum continuous rating determined
based on the previously defined (required) propulsion power, the maximum consumed power of the
shaft generators and an appropriate power margin. It is noted that the power of the shaft generators
and the powemargin are usedefined parametefd8].

Recommencing the geometric modeling, the defir
can be divided into three main regions. The lower region stnsi the double bottom and two
additional decks (deskl and2) and it is occupied mainly by machinery and auxiliary spaces, various
tanks (e.g. ballast water, fuel oil, etc.), void spaces and most prominent the engine rooms and lower
holds for private ars. It should be noted that the main engines are arranged in two engine rooms, the
|l ength of which is derived from the size of t
return to porto regul at i o rSubthapterl.p MevmgEupwgaas, thes hi p
middle region consists of the main and upperaalecks (decks 3 and 4), while the upper region
houses the superstructureconsisting of three additional decks (decks 5 té Tat provides the
required accommodation and puldjgace areas. The first step towards the construction of the internal
layout is the definition of the watertight subdivision below the mairordeck (deck 3), namely the
transverse and longitudinal bulkheads, and decks.

Starting from the main transverdulkheads, a default arrangement was assumed corresponding to a
Afibaseline designo with a | e pl8]tHor déviations drermmthap er p
reference design, the transverse bulkheads, thus the size and number of resulting compartments, cal
be either lengthened and shortened (in the first case) or increase and decrease (in the second case). Ti
primary constraints caing such alterations concern the aft and fore limits of the engine rooms, as
well as the position of the collision bulkhead specified by SO[ASRegarding the first constraint,

the aft limits oftheengm r ooms are additionally restrained
the fAdUtotwwclktern, while the fore |Iimits by th
holds as well as the increased length of the shafting system.

2 The option for different design speeds for day and night trips is includmuplitable fothe operational profile of ship
(this option was not included during the design of the optimal ship)
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Concerninghe deck heights in the lower region (up to deckl8%jredvaluesaresupplied by the user.
Generally, the decks are flat horizontal surf:
to the size of the main engines or the necessary alignvhére shafting system with them. Similarly

to transverse bulkheads, several constraints imposed either by S@LASich as the minimum

double bottom height, or by the hull form itself, mainly the elewatif the stern, or even by the main
enginesd height, shift the deck heights accor
relevant distance between decks remains constant.

Finally, the lower decks are subdivided into three trarsa/ zones by two symmetric longitudinal

bul kheads, which follow the hull form geometr
shell can be modified by the user as a percentage of the beam, ranging from 15% (if the Stockholm
Agreement does naipply) to 2594 18].

Moving upwards, the definition of the shipods
and the type of vehicles (mix of private cars and/or trucks) carried on each ofréheomtolled by a

series of usedefined parameters, in accordance with the size of the designed vessel. As mentioned
above, the generation of a main and uppemrdeck is common practice. Additionally, a hoistable
platform can be arranged on top of timper vehicle deck, which can be lowered to convert the trailer
deck into two private car decks. General arrangements containing either or both of central and side
casings can be modell ed, according to the use:

The upper region is ansambly of an appropriate number of decks, providing the necessary space for
the accommodation of passengers and éremsuring their comfort while on boairdpublic facilities

and the required installation of l#&aving equipment (e.g. lifeboats andliéerafts), according to
passenger transport capacity specified by the user and the required crew number. Thus, the main
compartments of the superstructure are defined accordingly and the ship is divided into main vertical
zones as specified in SOLAY (addressed iSubdapter 1.5).

The geometric modeling is completed by defining suitable surface objects, representing structural
entities of the ship (e.g. bottom and side plating, decks, bulkheads amulirttegy supporting
members). These objects are utilized in the next phases of the design procedure for the calculation of
areas and weights.

Overall, the ship designs derived from the parametric model are comprised of the same configuration
concerning theegions specified above.

The aforementioned steps concerning the generation dfuthenodel followed by the specification
of its internal layouaresummarized in the following Figuref
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Figure 24: Flowchart of modeling process with emphasis on the geometric rfrik&jel
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2.3.2 Evaluation methods

The steps concerning the calculation methods for the evaluation of vguiansties/characteristics

of the shipds design, as specifi e Theadsamblyof ar e
Figures 24 and 25 constitute the main pillars of the endeavor to achieve an optimal design.

Read design variables
and parameters
i

¥

Transform hull 1 Design evaluation
'

|—.’ Calculate propulsion power

Select main ENgINES
Deafine internal H T
geometry

Calculate passenger and truck
capacities

v

| Estimate lightship I

¥

| Design loading conditions I .

v

| Check intact stability
¥

| Check damage stability

¥ :
| Calculate EEDI I :

A i

Geometric
modeling

¥

| Calculate economic indices

—_—

Figure 25: Flowchart of calculations and interaction with geometric mode]it®j.

An introduction of the evaluation methods used in the parametric design has transpired in the previous
sulc hapter, concerning the determination of t h
propd si on power and selection of propellers and
of additional quantities has to be defined.

Firstly, the definition of the shipbs cargo c
and/or pivate cars) is accomplished by utilizing a NAPA macro developed at NSDA Thus,
regarding the main vehicle deck, the macro receives as input the geometry ofdh®oms, the
dimensions and weight of the trucks, the web height at the sides oftbelecks and the required
margins from the webs and the casings (irrespective of the selection of central or side casings), and
calculates the truck capacity, expressed in lane meters, for each deck, along with the
corresponding weights and theimteids[18]. Similarly, the private car capacity of the lower holds

is estimated. For the upperro deck, in case of employment of the arranged hoistable platform, the
private car capacity is estimated using the calculated number of trucks, as described abawe, and
assumed private cartruck projected area rat[d8].
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Concerninghe passenger capacity, default values of area coefficients (passenf)ease/applied on
each deck of the superstructure, derived fexisting large repax vessel§18].

Furthermore, the estimation of the shipds 1|ig
the shipds floating positiog zomdtst dhiel sthy poa:
subdivided into the following main categories: steel, outfitting and machinery. The steel weight is
obtained mainly by direct calculation, namely based omptidefined surface objecighere several

weight coeffigents (tonnes / R), derived from existing vesselse assumed for the structural elements

of t he sHoweped the weight f some elements is calculated separately (i.e., struts, rudder
and rudder stock, etc.) by utilizing suitabdemulae. Moreover, the machinery weight is decomposed

into several sulitems (main engines, reduction gears, shafting, bearing, propellers, gensets, etc.).
Relevant empirical expressions have been developed for the estimation of the corresponding weights
and their centroids, not including the weig@hand centroid of the main engines which is precisely
known from the manufacturer data. To conclude, the outfitting weight is subdivided into various
categories (deck equipment, ramps,-ttevsing appliancesaccommodation, etc.), which are also
further decomposed into swategories (e.g. deck equipment into mooring, towing and anchoring).
These are calculated based on a variety of methods, including among others, empirical formulae, direct
calculation from manufacturer data and appropriately defined area coefficients (mainly for
accommodation areas).

The aforementioned lightship weight analysis has been implemented on existing vessels with ample
l ightship dat a, resul ti rMi@], vhike sedvexal doreettiondacters weet e
calculated for both the lightship weight and its centroid, thygovingt he met hodds acc

A stability analysis verifying regulatory compliance for intact anchaged condition is conducted.
Primarily, t he shipés | oadylenae defimed,dnainly concerning e x p
loading cases in both departure and arrival condition with 100% passenger capacity and total or
fraction of the total or evexero vehicle capacity. Intact stability analysis is based on the requirements
of 1 MO6s intact stability code (Resolution MS
while the damage stability analysis on regulations imposed by SOLAS amatgagreements
(Stockholm Agreemerit or Directive 2003/25/EC concerning Water On Deck (WOD)). A series of
macros has been prepared to control the process flow, while the actual stability analysis is
automatically performed by NAPA. The contents of #ierementioned regulations, regarding the
shipbés stability, are addressed in detail I n

A design characteristic, emphasizing its significance in recent years, is calculated thereupon. The
energy efficiency design index (EEDI), expresdimg produced emissions for a given transport work
rate, isassigned witta value utilizing a simplified formula for #pax ships with conventional diesel
propulsion (disregarding efficiency technologigs]] [21].

Finally, the assessment of the shipbdbs economi
building cost, and annual income and operating expenses. The building cost is estimateddnr@sed on
cost coefficients for the lightship components. Another coefficient is introduced to coverergirt
costs.Default values have been assigned to these coefficienthdauvalues can be freely altered by
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the user if more accurate data are avadlf#jl. Regarding the operating cashflow, the calculations are
based on the shipbs operational profile speci:
number of trips per week in the lowenedium and high season, tesiredpassenger and vehicle
capacities along with the corresponding passE€e
operating seasons, annual insurance and maintenance costs, etc.), including also a percesgle incre
to account for various other costs. The user defines also the expected years of operation and an interes
rate. Therefore, the vessel 0s economic perfor
investment (NPV).

2.4 Case study: Repax ferry optimization

2.4.1 Formulation of the optimization problem

The developed parametric model is put into practice for a ferry service between Piraeus and Chania
corresponding to a route of 165 nm. Both daytime and nighttime trips are arrangeéradcea speed

of 24 knots, corresponding to approximately 7 to 7.5 hours of voyage. Appropriate time frames were
considered for embarkation and disembarkation of passengers and vehicles, as well as maneuvering
while approachin@r departing fronboth ports The ship will be operated yessund, considering a

high season of six weeks with six roundtrips per week, a medium season of twenty weeks with three
roundtrips per week, and a low season of twédaty weeks with three roundtrips per week resulting

in atotal of 168 roundtrips per year. Appropriate occupancy rates for passengers, private cars and
trucks for each of these three periods have been assumed for the calculation of annual revenues.

For the chosen application case a set of the most importaetr'swequirementsoncerningransport
capacity have been selecteased orequivalent vessels. Thus, the following Tabl&i2 constructed:

Table21: Owner 6s requirements aff-egdeti ng ship

Constraint specification Value | Unit
Number of passengers O 1¢ -

Lane meters for vehicles |O 11 m

Service speed (calm sea, clean hull, 80% M{ 24 | knots

Capacity

In addition, the design parameters characterizing the design under optimizaiitnoaieced. These
include the shipbs main dimensions and hull f
shipowner's requirements in the above Table 3pecifically:

A The length between perpendicularsdl-ranging from 155 m to 170 m. Thength of the ship is
the most important design variable and must obviously be optimized, as it affects virtually all
values of interest.

A The beam (B), ranging from 25 m to 27.5 m, corresponding to lane capacities of either 7 or 8 lanes.
Further deviatiorfrom the above maximum value is expected to lead to increased propulsion power
and building cost. The shipbs stability 1is
importance.

A The block coefficient (€), ranging from 0.57 to 0.62, mainlgffecting the hydrodynamic
performance of the vessel.
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Suitable optimization constraints were introduced to distinguish feasible and infeasible designs. The
most important constraints, resulting fraelevant regulationgmainly the international SOLAS and
MARPOL convention}¥ evidently concern the vessel 6s in
significance was given to its environmental footprint. As a temporary safeguard against possible
inaccuracies in the surrogate model for the damage stadskgssment, suitable safety margins were
introduced: The intact stability requirements should be met with a GM margin of 0.05m, meaning that
the actual GM in all loading conditions tested ought to be greater by at least 0.05m than the one
required by thentact stability criteria (IMO Intact Stability Code (2008)). Similar constraints apply to
the GM margins of SOLAS Chapter-1l Regulations 8.1 and 8.2/3, as well as for Stockholm
Agreement. For the attained subdivision indexridex) and the three partigmdices a safety margin

of 0.01 was introduced, i.e., all feasible designs need to meet the following inequality constraints:

AiR O 0.01
AiT0. 9LR O 0.01

where A is the partial Aindex at subdivision, partial and light service draudtite values bthe
abovementioned safety margins can be modified by the user.

Regarding, the environmental i mpact of itfdie de
phase 2 corresponding to the time pefiieen 01/01/2020 to 31/12/2024was introduced, meaning
that the attained/calculated EEDI shalldmeallerb y at | east 0.1 g/ (tLm) t

regulations. It is evident that if any errors are encountered during the design procedure j¢hktrpart
design is considered infeasible.

It is emphasized that the definition of the quantities encountered during the optimization process,
mainly concerning the intact and damage stability of the ship, is incorporated in Chapters 4 and 5.

2.4.20ptimization results

Therefore, an optimization study was carried out to identify optnmipax designs, fulfilling the

owner's requirements and the specified constraints. The objective is to identify the optimum
combination of main particulars (lengthtween perpendiculars, beam, design draught and block
coefficient) that maxi mizes the vessel s econc

A total population of 946 ships was produced. Overall, approximately 48.6% of the generated designs
are feasible, translating into 460 feasible and 486 infeasible designs. By analyzing the relative results,
it is concluded that the most critical constramnf t he opti mi zati on probl
efficiency design index (EEDI), with only 68.71% of the designs passing, while the most trivial is
Regul ationdés 8.1 margi n, w i. Bpecifieally,dhe ipgrdentages ofe p
feasible degjnsin terms ofeachof the constraints are presented in the following Takfel®is noted

that the values of Table2are only taking into consideration the designs with no errors during the
optimization procedure.
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Table 22: Influence ofconstraints on the number of feasible designs.

Constraint Feasible designg Percentage of total population
A-index margin 817 86.36%
Partial Aindices margin 907 95.88%
EEDI margin(phase 2) 650 68.71%
Regulation 8.1 margin 946 100.00%
Regulation 8.2/3 margin 762 80.55%
Stockholm Agreement (WOD) marg 756 79.92%
Lane meters 907 95.88%
Number of passengers 908 95.98%

A series of scatter diagrams, presenting relationships between the various technical and economical
values of interesfpllowed bysome relevant comments presentedlue coloringdenotes feasible
designs, whileed coloringdesigns which violate at least one constraint and are therefore infeasible.

Figures 26 and 27 present the influence of the length between perpendiculars and beam on the net
present value and the building taespectively. The net present value is examined under three
different scenarios, assuming linear correlation, in the first case, anlthean correlation, in the
remaining cases, b e bcaupamay rated) affecedh byp 6 s ma r ket @ d
Regarding the last two scenarios, the profit corresponding to the increase of the transport capacity
(payload)i contrary to the first cas®m which as the transport capacity is incregs the profit is
increasindinearly i is limited by the demand for this transport capacity; meaning that by increasing
the transport capacity of the ship, therease of theffective capacitymay notexceedd0%i and

20% respectively of theinitial transport capacityrhus, each scenario is morenservative, in terms

of profit, regarding the shipbés operation.

Thus, he length of the ship is positively correlated with the net present value of the investaiént
cases, while observing a relative stabilization of its value at the more conservative scemaitenty,

the building cost is higher in longer designs. All feasible designs have lengths between perpendiculars
above 164 m, associated with botleajer net present values and building costs. This contradiction is
mainly attributed tceconomies of scalenamely,the costs relevant to pricing and competitiveness,
decline as ship sizmcreases. This decline is more pronounced in the case of shipguddsts,
manning costs and fuel co$#?]. Similar behavior is observed with the beam regarding both the net
present value and building costxcept forthe most conservative NPV scenario where a negative
corelation between the shipbs beam duedotiehe n
disproportional increase ahnual transportation wodnd operational and building costs. It should be
noted that feasible designs are characterized by a vanigd cd beams, in contrast with their lengths.
Finally, as shown in Figure-8, a negative correlation between the block coeffici€pt,and the net
present value is observed, which can be attributed to the increased resistance, thus ppopudsjon

for larger values of the block coefficient. Regarding the building cost, a definite conclusion on the
effect of G is difficult to reach.

3 The effective capacity corresponds to the percentage of the @caraport)capacity thabrings profit to thes hi p o s
owner.
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Figure 26: Length between perpendiculars relation with main economic indices.
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Figure 27: Beamrelation with main economic indices.
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Figure 28: Block coefficientelation with main economic indices.

An additional index of the economic performance is the estimated paybackipereaasured in years

I, presented in the following Figure@®in relation with both the length and beam of the desilins.

can be concluded that the majority of the feasible designs is assembled at a payback period of
approximately 8 to 8.5 years.

10
9,5 |
9 | . . P

© p
o

8,5 | — IR
8 | ! =
7,5

i?

pﬁ?ﬁrﬁ’““

Payback period [years]
- ;"_.Lt
W
ill\
,:..',.
44
-%
Payback period [years]
N o
N oo © !
'LI

N
(6]

154 158 162 166 170 255 26 265 27 275
Lpp[m] B [m]

Payback period [years]
&
©

L 34 1

|| ke ||
» W
mﬁ

. T
Sy

B v -
I.l"il

056 057 058 059 06 061 0,62

Cs ]
Figure 29: Additional design variables scattdragrams for the assessment of economic
performance.

37



Preliminary Design of R&ax Ferry
Antoniadis Panagiotis Diploma Thesis

Regar di ng contpkancd witkstahiity requirementsthe scatter diagrams in Figured@to

2-13 below present the stability margins against the relevant design variables (length between
perpeadiculars, beam and block coefficient). Generally, the most significant criteria are those of A
index margin and Regul ationsdé 8.2/3 margin, a:
of zero. Thus, the following figures focus prominentty tbeir relatioship with the relevant design
variables.Both the length and block coefficient have no explicit effect on the damage stability
requirements, as their values are either relatively stable or scattered in a seemingly random way. Thus,
asexpeced, the designsd beam affects dominantly
and more specifically, its increase comes with substantially improved stability, mainly on the critical
criterion of Regul at i on s ovalls d&e sgynifioaatly tpw for, lowarh e r ¢
beams, reaching almost zero or negative values. As far as concerning the intact stability, expressed by
the intact VCG margiii analogous meaning with GM mardin a similar behavior from all design
variables is diserned, hence emphasizing the positive and predominant effect of a larger value of
beam. However, the effect of larger values of beams should not be disregandedely, the
disproportional increase of cargo capacity and operational and building castsniened abové

despite its positive impact on stability requirements.

Ultimately, a common denominator of the diagrams beneath is the behavior of feasible designs;
meaning that they are concentrated at certain values of almost all design variabédyg,|leagths
greater than approximately 164 m and block coefficients ranging from 0.57 to 0.59. However, the
beams are linearly scattered while having a positive rekdtipwith the values of interest.
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Figure 210: Effect of desigwariables on Aindex margin.

38



Preliminary Design of R&ax Ferry
Antoniadis Panagiotis Diploma Thesis

Reg.8.1 margin [m]

WOD margin [m]

Reg.8.2/3 margin [m]

1,6 - , , , : 1,6
1,2 - % . | E 12 ! S
£
. = - 2
0,8 — 5 0,8
04— n B "y = » 04
" N
0, "= % © 0
P 2 04
-0,4 - = x Y
-0,8 - , ! , — -0,8 ¢ : : : : :
154 158 162 166 170 0,56 0,57 058 059 06 061 0,62
Lpp[m] CB [-]
1,6 -
1,2 !
5 0,8 -
E
@ 0,4 el = ’M‘_i sg
g 0 = .= ﬂﬁ' P4 4;. |
o e r-n'
204 g B L - T -
-0,8 — : :
25 25,5 26 26,5 27 27,5
B [m]

Figure211: Ef fect of design variables on Re

T 32 =32
S 24 S
g g
E 27 g
- 16+ —
® 1,2 ©
o o
v 0,8+ D
g o
0,4 - ] ] ] x
0,56 0,58 0,6 0,62
Cs[-]
2 2. 2 -
167 T 16 T 16
1,2 - - 12 = 1,2
0,8 - S 0,8 > 08+
0.4 - 8 04 g 04
0 IS E 0
-0,4 | [a)] -0,4 o -04-
ki SR} 2 08 -
12 — 12 12 ,
154 158 162 166 170 0,56 25 255 26 265 27 275

Figure212: Ef fect of design variables on Regul at
(WOD) margin.

39



A-index margin [-]

Preliminary Design of R&ax Ferry
Antoniadis Panagiotis Diploma Thesis

1,2 1,2
T o1 I Y £ 1
= (1§} | = ) i i"' s
C_D 018 | ] 1F‘._ 3 l = 5) 018 ; ’;lr_ Py L _;‘_ = |
= o I - i = » < I- |
£ 06 = w, wtilec S 0,6 ™y AN
8 0.4 SE- WL 8 0,4 ._’ e '-f'f‘l‘
1 B "l E 1=
> 02 n a = > 0,2 oy, o, & e
3] ’ ° L I
g 0 - ! | ! ! g 0+ T T T T T |
T 0.2 | | — ' — 0.2 ) ee nra e o
" 154 158 162 166 170 056 057 058 059 06 061 0,62
Lep[m] Cs[]
1,2
E 1 ﬁ T
£ 08 | — g
o -l g -M'g. %
g 061 il _:[':.!“ig" a _“l h ‘
80'4'1-"*-'4" B = | |
6 = !
g 0 - 1 1 1 1 |
-0,2

25 255 26 26,5 27 275
B [m]

Figure 213: Effect of design variables on intact VCG margin.

Figure 214 below indicates that although the various stability criteria are positively correlated with
each otherthis is not always the case: for example, several designs whtidfy suffciently the

intact VCG margimmight fail the criterion ofA-index margin Additionally, the majority of feasible
designs can be clearly seen, in both diagr ams,
that feasible designs possesmparable stabiliyoriented quantities.
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Figure 214: Relation between significant stability criteria.
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Furthermore, in the following Figure-15, the relation of EEDI margin with the various design
variables is examined. It is reminded that the EEIaFgin constitutes the most critical criterion as
approximately only 69% of the total produced designs is characterifibehaibl®. This statement is
emphasized, as shown below (Figurgs? as many designs fail the criterion, corresponding to values
considerably less than zero. Regarding the length between perpendiculars, higher values of the EEDI
margin are observed for its wupper | i masistancewhi c
namely the wave resistanéeprominent for the increased Froude numbers in which the designs
generally operaté, thus the consequent decrease of the propulsion power facilitates the satisfaction
of the criterion. A reliable conclusionontiee ect of t he designsdé beam
with the effect of block coefficient where a negative correlation with this particular criterion ought to
be further elaborated. The compliance with the criterion examined in smaller values tdcthe b
coefficient is mainly attributed to, as expl a
the slenderness of the hull for high Froude numbers. The selection of smaller values of the block
coefficient for repax ships, as mentioned$ubchapter 1.3, is justifiable, as concluded from the figure
below (Figure 215).
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Figure 215: Effect of various design variables on EEDI margin.
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2.4.3 Selection process of optimal ship design

The optimization procedure resulted in a number of feasible and infeasible ship desigxeamByng

the output ofthe parametric model for each design, the selection of the optimal ship, in terms of
passenger and vehicle capacity, economic performameet V¥ damage stability and environmental
footprint is conducted. It is evident that the infeasible designs are automatically excluded from the
selection process. The most significant quantities of interest, the careful analysis of which will result
in the selection of the optimal ship design, are dominantly tiredéx margin and the EEDI margin.
Furthermore, the payback period (measured in years) is selected as an index of the economic feasibility
of each design. Thus, each quantity was constrainecagsh

A-i ndex mar gi EEDI mar gin Payback period < 8

This resulted in the reduction of feasible designs by approximately 95%; namely a total of 22 designs
to be assessed. Additional constraints were introduced affecting various quantiitesest leading
to the construction of Table2

A-i ndex mar g EEDI margin Regulation®Os1

WOD margin Regulations® .

Table 23: Candidate criteria results

Candidate name A-index | EEDI margin WOD Regul at| Regul a
margin[-] [ gr / (1 margin[m]| 8.2/3 margin [m] | 8.1 margin [m]
Nsga2_30_des017, 0.05864 - 0.637 - 1.523
Nsga2 30 des025 0.04572 - 0.520 - -
Nsga2 30 des028 0.04573 - 0.520 - -
Nsga2 30 des036/ 0.04647 - 0.527 - -
Nsga2 30 des039 0.04572 - 0.520 - -
Nsga2 30 des040 0.0477 0.73733 - 0.340 1.793
Nsga2_30_des040 0.04548 0.80982 - 0.316 1.766
Nsga2 30 des040 - - 0.505 - -
Nsga2_ 30 _des041] 0.04592 - 0.520 - -
Nsga2 30 des042 0.04573 - 0.520 - -
Nsga2_ 30 des044; 0.04512 0.743 0.652 0211 1.555
Nsga2 30 des045[ 0.06032 0.67145 0.671 0.227 1.570
Nsga2 30 des046, 0.04547 0.75712 - 0.348 1.805
Nsga2 30 des047, 0.05926 0.66013 0.643 - 1.535
Nsga2_ 30 _des048 - 0.7283 - - -
Nsga2_30_des060 - 0.73213 - - -
Nsga2 30 des063 0.046 0.82216 - 0.348 1.801
Nsga2_30_des064 - 0.71736 - - -
Nsga2 30 des068 - 0.83491 - 0.246 1.691
Nsga2_30_des068 - 0.73592 - - -
Nsga2 30 des072 - 0.79966 - 0.301 1.750
Nsga2 30 des078 0.04566 0.86164 - 0.418 1.887
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By analyzing the data of the above Tabi8, 2t is concluded that theost promisingship design is
¢Nsga2_ 30 _des0483possessing high values ofiddex and WOD (Stockholm Agreement) margins
respectively and sufficient margins regarding the remaining quantities of interest. It is emphasized that
due to several simplifications during the optimization proceduee ( est i mati on of
lightweight), the attainment of relatively high vatiof the quantities of interest, prominently those
concerning the shipsd6 damaged stability, is c¢

Consequently, aecond optimization procedure was conducted aiming to examine the prospect of the
Regul at i oangm incredse,2as tBe retiability of the resultsamely the achieved stability in

case of damagk, as mentioned above, is relatively low in this preliminary design phase. Additional
measures were introduced, concerning some design variables, byglith@itimits of their values
specifically, the length between perpendiculars was arranged for the values 166.5m, 167m and 167.5m,
the beam ranging from 25.9m to 26.5m and the block coefficient equal to 0.586. Additimmabch
combination of length rad beamtwo alternativedesignswere introduced; designs with decreased
height and length of the heeling tanks respectively. Therefore, the final optimal design is the one with
the decreased heeling tanks hei gh©4inh yheamairhi ev i
characteristics of th optimal ship are presented in Tabld.2

Table 24: Characteristics of optimal ship.

Lep[mM] 166.5 Lightship [ton] 10373
B [m] 25.9 DWT [ton] 6430
Cs [-] 0.586 SHP [kW] 20565.6
D [m] 9.27 A-index margin {] 0.0639
Scantling draft [m] 6.54 EEDI margin(phase 2] gr / ( t | 0.6715
Passengers][ 1688 Regul ationdés 8.| 157
Lane meters for trucks [m] | 1805.7 Regul ationsd 8. 0.41
Lane meters for private cars [ 371.8 | WOD (Stockholm Agreement) margin [l  0.63

This is aconventionalfwin-screwro-pax ferrywith mechanical propulsion, fitted with a main and an
upper trailer deck antivo lower holds. A hoistable deck is also fitted on the upper trailer deck
provide addibnal transportation capacityror loading and unloading of vehicles, the ferry is fitted
with two stern rampsas well as an appropriate stern ramp for the embarkation and disembarkation of
passengerd he passenger accommodation spaces consist of ts, groviding sufficient amenities

and comfort, and an open deck (sun deck), also containing accommodation areas for the crew.

Finally, a series of scatter diagrams, emphasizing the suitability of the selected ship design, is
presented, alsproviding explicit references to the three similar designs with the alternative heeling
tanks dimensions (Figure1b). It is noted that only the relation of various quantities of interest with
the beam is presented as its effesigmificantly higher than the other design variables. This statement
resulted from the previously presented scatter diagrams (Figires 215).

As concluded from the following diagrams, the optimal ship design possesses high values of the
examinedquat i ti es and especially in comparison wi
8.2/3 margin, higher values are observed for higher values of beam, however the significantly lower
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values of the EEDI margin render such beams inefficient. Thus, tleairtent satisfaction of both
margins transpires in the optimal ship design, where bwtiginsare sufficient for the examined
preliminary design phase. Ultimately, a representative example of the economic performance of the
selected design is presentedsresponding to the most conservative scenario, where the selected
design is ranked among the best design cases, in terms of profit.
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Figure 216: Optimal design comparison with the total feasible designs.
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3. Development ofGeneral Arrangement Plan

This chapter covers various aspects concerning the preliminary general arrangement plan of the
optimal ship. The main characteristics of each deck are discussed, thus fomeprgsentativé but
in noway exhaustiviep or t r ay al arsahgemehbeddssign. p 6 s

3.1. Introduction

The general arrangement (GA) plan of a ship involves the arrangement of spaces and the arrangemen
of the shipbdés main equipment and outfitting. C
of the ship and her superstructures, as well aswamformation regarding the main equipment (main
engines, generating sets, etc.) and outfitting (passenger and/or crew cabins, arrangement of public
spaces, etc.)The outcome of the procedure for the general arrangement of ship spaces is the
subdivisim o f the shipds enclosed volume in the
transversely and longitudinally through bulkheads and walls into compartments, which serve certain
functions, and the determination of communication routes on and betweedadks and between the
compartment§3].

The general arrangemenit a typical ro-pax ship can be dividedto three distinct groups: the lower
decks, which are mainly occupied by machineng auxiliaryspaes, the rero decks where vehicles
(private cars and/or trucksye loaded, and the accommodation decks on the superstriictthrs.
case, the first three decks comprise the lower decks, the next twerthdeoks, while the last three
the accommodatiodecks and the wheelhouse.

The general arrangement plan, presented in the follosubchaptersis derived from the parametric

model having taken into account the suggested compartment purposes. It should be noted that as the
space planningrogressed, various design aspects of the initial design were altered to satisfy various
requirements, such as passenger comfort. Specifically, at deck 7, the fore superstructure was widenec
to accommodate a greater number of crew cabins (Figlié. Futhermore, the longitudinal extent

of the fuel oil tanks at deck 1 was reduced as it was concluded that the amount carried was excessive
(Figure 35).

The designed rpax ferry is presented in profile view at the following Figur#, 3vhere the deck
heighs are visible and a preliminary depiction
presentation of each deck is available following the description of each deck group, as specified above.
For reasons of completeness, émtéiretyof the general arrangeent plan ipresenteat the end of the
chapter(Figure 317).
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3.2 Lower decks (double bottom to deck 2)
As seen in the above Figurel3thelower decks reach the bulkhead deck, positioned at a depth of
9.27m, coincided with decki3referred to as the main-ro decki .

Starting from the double bottom, the aft part of the ship contains mainly void spaegs forthe

four lubricatingoilci cul ati on tanks stationed bel ow the ¢
the main engineddoving forward, four heavy fuel oil tanks are encountered, which function as storage
tanks. The remaining space is occupied by water ballast taaiksng toprovide appropriate trim to

the shipo6s var i ibwilspaméadgieynvgaterdamky eachicdverimgshe full breadth

of the ship, a pipe tunnéland two bow thrusters fitted in athwartships tunnels near the bow to
improve maneuverability.

Moving upwards (deck 1), the aft part of the ship contains two separate engine rooms as well as other
auxiliary rooms (auxiliary machinery spaces, pump rpdaenerally, passenger ships are equipped

with two or four main engines, both for redundancy reasons and because of their increased power
requirements. Until recently, all engines were usually placed in a single main engine room. However,
with the implematation of regulations 21, 22 and 23 of SOLAS Ci2[¥Y], regar ding t he
return to port under its own means after damage, large passenger ships must be able to survive the
flooding of any waterght compartment and be able to return to a port using their own means and at a
minimum speed. Thus, this requiremaray befulfilled by dividing the engines between two separate
engine rooms. The consequent reduction of useful cargo space is parti@iedceby eliminating the
auxiliary engine room and installing the auxiliary engines (generator sets) in the two main engine
rooms. However, it should be noted that this solution also increases the cost of the ship and means tha
there are two adjacent g compartments, jeopardizing her safety in case of side damage resulting in
the flooding of both.

Therefore, the two engine rooms are occupied
(gearboxes) and the auxiliary engines (generating sets). Theset i on of t hewashi po
derived directly from the parametric model, having taken into account the minimization of the specific
fuel oi | consumption through the <cal c-strbka,t i on
mediumspeed duafuel engines were installed, providing a total power of 26400 kW. The fact that
the main rero deck must be continuous sets a limitation to the maximum vertical extent of the engine
rooms, and therefore to the height of the main engines. This is ohe ofasons why fotstroke,
mediumspeed Diesel engines are used ipaa ferries rather than twstroke engines. The design
characteristics of the main engines are provided in the following Tehle 3

4 Apart from protecting the inner compartments in case of flooding, these void spaces enable instantaneous symmetrical
flooding to avoid large heeling angles after minor side damages

5> The void space running in the midships fore and aft lines betweenrttetiottom and shell plating forming a space for
ballast, bilge and/or fuel lineSourceW? r t dicfiohaty.
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Table 31: Design characteristics of theq@ma x s hi po6s[23hai n engi ne

Main Engine Constructor Wartsi
Model 12V31DF
Quantity 4
CylinderConfiguration 12 (V-angle)
Engine Powe(Nominal) [kW] 7200
MCR [kW] 6600
Engine Speed [RPM] 750
Dry Weight [ton] 77.7

These main engines are coupled to the propellers with reduction geairtads@seferred to as marine
reduction gears, as the operating speed of theseengmesi gni fi cantly above a
point. Each marine reduction gear connéats man enginedocated atifferent engine rooms, to
ensure the powering of the ship in case of failure of one unit or in an event of flooding of one engine
room. The selected marine reduction gear is TCH350ydyr t [84]. Firfally, as the arrangement of

the main engines (Figure3 dictates that both reduction gears are installed in the aft engine room,
appropriate watertight boundaries were introduced in order to ensure the continuation of their operation
even dter an event of damage (flooding of the aft engine room).

Anot her i mportant part of the shipds propul si
the thrust shaft, intermediate shaft and stabe shaft. The thrust bearingakeady integrated to

the main engines with the thrust shaft rotating ing@®. Hence, only the dimensioning of the
intermediate and stertube shafts followg25] [26] [27]. However, theinstallation of the marine
reduction gears mandattge dimensioning of two additional shafgrvingas connetions with the

main engines.

Table 32: Marine reduction gears connection shafts characteristics.

Diameterfmm] 180
Length[m] | 2.4]16.64

Table 33: Intermediate shaft characteristics.

Diameter| 385 | mm

haf
Shatft Length 18 m
Diameter| 400 | mm
. Width 740 | mm
Bearings

Height | 734 | mm
Length | 523 | mm
Diameter| 770 | mm
Couplings | Thickness| 96.25| mm
Fillet 30.8 | mm
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Table 34: Sterntube shaft characteristics.
Diameter| 470 | mm

Shaft  — ength |27.17] m

Diameter| 376 | mm

. Width 940 | mm
Bearings

Height | 470.8| mm
Length | 540 | mm
Diameter| 940 | mm
Couplings | Thickness| 117.5| mm
Fillet 58.75| mm

To concludethe main propulsion system, it is imperative to determine the appropriate propellers for
the main propulsion shafting. Rmax ships engaged in frequent manoeuvres at limited berthing ports
are required to dispose two independent propellers, powered loy tme@ main engines ea¢f]. The

main reason is redundancy. Mor eover, t he smal
propeller diameter. In combination with the large delivered horsepower, the use of two propellers is
required to achieve higher efficiency and avoid @dioh issues. Controllable pitch propellers (CPP)

are preferred in rpax ships, enabling the master to optimize the pitch for service speeds lower than
the design speed, as well as contributing to excellent steering/manoeuvring capability[i] pDines
available data from the parametric model specify the main characteristics of the proggdieting

its geometry and position (Table53.

Table 35: Design characteristics of the propellers.

Longitudinalposition[m] 3.787

Transverse positiojm] 5.183

Hul | hei ght at the pr oj6.313
Diameterfm] 5.224

Concerning the position of the propeller, the data of the above Tdbé& onsideredcceptableas

the necessary clearances both from the shipobs
optimization procedure. Thua distance of 10cm fro the baseline araltip clearance df.089m from

t he s hargattamedk ig hoted thathe height difference between the propellers and the engine
shafts result in an inclination of the main propulsion shafting of approximately 1 degree, which is
common in vessels of this type.

Regarding the transverse distance of the propeller from the centerline, the value ofS abidt8red
as the alignment with the main propulsion shafting is not achieved. Hence, a transverse distance of
2.559m is attaied, which satisfies the necessalgarancd r om t he. shi pds hul |

According to SOLAS, a main source of electrical power of sufficient capacity shall provide all
electrical auxiliary services necessary for maintaining the ship in normal operational @&atléab
conditions without recourse to the emergency source of electrical power. Thus, this main source of
electrical power must consist of at least two generatatsg] 7]. The total installed electrical power of

the main generating sets must suffice as to cover the -a@sst operationatondition of the ship.
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These operational conditions and their consequent power demandpegified by the parametric
model in the following Table-8.

Table36: Shipds electrical power dema
Operational condition | Engine power[kW]
Maneuvering 2592.42
At sea 1812.34
At port 1119.63

It is evident that the worstaseoperational condition is that of maneuvering. Hence, the number and
installed electrical power of the main generating sets shall be determined according to the following
requirement:

If any one generating set is rendered inoperative, it will still be iplesso supply those services
necessary to provide normal operational conditions of propulsion and safety as well as minimum
comfortable conditions dfabitability. [28]

Considering the above, and with an additiotréterion of ensuring minimum CCGemissions while
operating at port, three (3) generating sets were selected. It should be commented that the same mode
of generating set was selected so as to facilitate betmaintenance and repair and ensure compliance
with the aforementioned requirement. The main characteristics of the selected generating sets are
presented below (TableB.

Table 37: Technical characteristics @fuxiliary engineg29].

Genset Constructor W2 rtsi
Model 8L20DF(Tier 1)
Quantity 3
Number of Cylinders 8 (in-line)
Engine Power [kW] 1480
Engine Speed [RPM] 1200
Electrical Power [We] 1420
Frequency [Hz] 60
Dry Weight[ton] 20.8
Fuel Consumption at 100% load [g/kW, 197.2
Fuel Consumption at 85% load [g/kWI 196.3
Fuel Consumption at 75% load [g/kWI 197.2
Fuel Consumption at 50% load [g/kWH 208.0

To further elaborate on the suitability of these auxiliary engines, the optimal range of opiration
combining higher efficiency and lower emissidns considered between 75% to 90% of the nominal
power[28]. On a final note, similarly with the main engines, the generating sets atieliab as in

the event of conversion of the shipbs propul s
the main engines and generating sets will operaigesftly, thus avoiding their costly replacement.
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Forward of the engine rooms, the fin stabiliZenstilized in rough sea conditioin order to reduce

the effect of rolling, various tanks for heavy fuel oil and diesel oil as well as water ballast tats
spaces and the bow thruster rodonaonstituting a continuation of the compartmentshia double
bottomi are encountered. It should be commented that after examining the number of trips that the
ship can undertake before bunkeringidelicet seveteen (17) tripg, the lengths of the heavy fuel

oil and diesel oil tanks were reduced by one web frame (2.4m), thus increasing the longitudinal extent
of the lower hold at deck iLand consequently, the cargo capacity of the Bhyhile the number of

trips before bunkering was decreased only by two.

In addition, one relatively small car deck (lower hold) is arrar{§egure 32) i with a total vehicle
capacity of 40 cars of 4.5m length and 1.8m widthvhich is protected in case of side damage by
longitudinal bulkhead$ formed by the various water ballast tanks and void spgacéBe access to
the lower hold is through a fixed internal ramp wathinclination of 10 degrees and length of 18.5m,
while the course intended for the circulation of vehidezemielliptical.

Figure 32: lllustration of lower hold at deck 1.

Finally, regarding deck 2, the aft part of the ship contains mainly auxiliary rooms (steering gear room,
engine control room, machinery workshop, main switchboard, separator room, etc.) and various tanks
(freshwater, water ballast, service and settlind &ie and service diesel oilPlatform decks are
arranged in way of the engine rogrmesabling easier access to the main and auxiliary enfindse

crew. In the fore part of the ship, numerous auxiliary spaces are encountered, such as the refrigerators
and stores room, sewage plants rooms, void spaces, while the remaining deck is occupied by severa
tanks (fresh water, water ballast and heelanks) and the second car deck (lower hold). It should be
noted that contrarily to both the void spaces and the other water ballast tanks, the heeling tanks are
by definitionT two separate symmetric compartments.

Similarly to the lower hold at deck his car deck is arranged with a total vehicle capacity of 36 cars,
while the access to the lower hold is through a fixed internal rampawiticlination of 10 degrees
and length of 20m, while the course intended for the circulation of vehicles is alfipistal (Figure

3-3). The decreased car capacity compared to the lower hold at deck 1 is attodiedhcreased
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length of the underneath car deck following the reduction of the longitudinal extent of the fuel oil
tanks.

Figure 33: lllustration of lower hold at deck 2.
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3.3 Vehicle decks (deck 3 to deck 4)

The first extensive vehicle deck (decki3eferred to as the main—ro decki is mainly intended for

the carriage of trucks and trailers. The main deck is connected to the otbetlecks by fixed or
movable internal ramps. For instance, as menti@bede, the access to the lower hold at deck 2 is
through a fixed internal ramp, which on the mamroa@eck is covered with an appropriate ramp cover,
SO asto enable the unobstructed movement and parking of vehicles. Therefore, since thenmain ro
deckmust allow the unobstructed movement of vehicles, the transverse watertight bulkheads cannot
extend above it. Thus, the availablercospace covers the entire length of the ship almost up to the
collision bulkhead (frame #201)oading and unloading of Wles take place through two ramips
with aninclination of 7 degreesength of 10.4m and width of 8in located at the stern of the ship,
while a third ram@ with aninclination of 7 degreesength of 9m and width of 3rnis intended for
theembarkation and disembarkation of passengers.

The deck is equipped with a central casing, a long and narrow strtitatipFovidesa connection
between the upper and lower detkhrough appropriate staircases and liftgentilation of the lower
decks store rooms and the engine room casing, reaching up to the funnel of th&nsdipr side
casingsare installedat the aft part, intended mainly for the embarkation and disembarkation of
passengers and for store rooms.

The number of vehicle lanes, lized mainly for the parking of trucks and trailers, amounts to seven
of3mwidthi s ol el y de p e nd e nitwhile the avdiable lanle mgiedsdotalB®6alm, thus
permitting the accommodation of 42 trucks of 16m each and 12 trucks of 12 essiming the
exploitation of the total vehicle capacity of the maifraalecki .

Finally, the fore part of the ship is arranged with an auxiliary spaogiding space for the 1@ deck
ventilation fang also providing connection between the upperlamer decks through a staircase
and a void space.

Moving upwards, the next deck is the upperaaleck (deck 4). Access to the upperoaleck takes

place via the main roo deck through an internalhoistablei ramp withaninclination of 7 degrees

and length of 46m. It should be noted that this hoistable ramp is supported by the central casing on one
side and ten pillars of 20cm diameter each on the other side. Consequently, the truck lanes of the main
ro-ro deck at this longitudinal position creaistep, as to maintain their intended width.

The volume between deck 4 and deck 5 is generally intended for trucks and trailers. The number of
vehicle lanes, utilized mainly for the parking of trucks and trailers, amounts to seven of 3ni width
solelydependent on Twhlethesatailaplélane inetess otal 866.1m, thus permitting
the accommodation of 45 trucks of 16m each and 9 trucks of 12ni @ashiming the exploitation of

the total vehicle capacity of the uppefroodecki .

The upper rao deck can be split by a hoistable deck (platform), creating two separate decks,

converting the available height of deck 4 (5.5m) into two separate deck heights of 3.0m and 2.5m
respectively. It is evident that as long as the hoistable platfodowered, the space underneath is
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suitable only for the parking of private cars. Thus, the uppsy deck can accommodate 25 trucks of
16m each, 5 trucks of 12m each and 99 tassuming the exploitation of the total vehicle capacity
of the uppera-ro decki , while the hoistable platform holds a capacity of 66 private cars. The access
to the hoistable platform is feasible through appropriate flagigided by the central casing (seen in
the following Figure 37) T of 17.5m length, able to perforam inclination of 10 degrees.

(U

' TECHNIGAL AREA

@ _
@@

@

Figure 3-7: Hoistable platform in use.

Similar to the main rgo deck, the central casing extends to this deck asTallpassenger access to

the accommodation spaces is ensured by one side tasirige starboard side containing staircases

and escalatordoth at the bow and stern, the open decks are reserved for mooring (anchoring and
towing respectively) equipment
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Figure 38: lllustration of deck 3/main r@o deck (truck lanes).
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Figure 39: lllustration of deck 3/main r@o deck (trucks).
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Figure 310: lllustration of deck 4/upper roo deck (truck lanes).
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Figure 3-11: lllustration of deck 4/upper roo deck (trucks).
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DECK 4 (14870 from B.L.)
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Figure 312: lllustration of deck 4/upper roo deck (hoistable platform

in use).
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Figure 313: lllustration of deck 4/upper roo deck (hoistable platformiew).
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3.4 Accommodation decks (deck 5 to deck 7)

The upper decksire utilized for the accommodation of passengers as well as officers and crew.
Accommodation areas generally include various internal and external public spasestaiand
cabins. Depending on ship size, trip duration and accommodation standardsséine@ of restaurants

and galleys, bars, shops, etc. is also possible. The upper decks also house the wheelsawsey life
equipment (lifeboats and/or liferafts), the funnel, the emergency generator room and other service
spaces.

Each deck is subdivatl into main vertical zones bhsA+ class divisions, designed to delay the
spreading of fire. As has been mentioned Sekdapter 1.5), the maximum allowable length of a
main vertical zone is 48m, provided that its total area does not exceed 16@0amy decK7]. As

such, each main vertical zoneclese to48min length, containing at least one means of escape in case
of emergency (staircase), most commonly at its aft limit.

Starting from the firspassenger accommodation deck (deck 5), it is occupied by the reception, one aft
and one fore lounge, a restaurant, bars and other accommodation spaces (lavatories, shop, galley
| ockers). Accommodati on ar e aexcep @the middle firg zomex t e n
where the lifesaving appliances (lifeboats and liferafts) are fitted. On this deck, only liferafts are
encountered. At the aft part of the ship, an open deck of sufficient space is available for the passengers.
The total passengeapacity of this deck isqual to 688

Moving upwards, the second passenger accommodation deck (deck 6) is arranged with a lounge and
air seats at its aft part, while the remaining deck is occupied by passenger cabins otyae®and

sizes (two-berth, luxury, etc.) amounting to 85. Similar to the deck underneath, additional
accommodation spaces are encountered (lavatories, shop, Jpekels the accommodation areas of

the middle fire zone retain their reduced width. This reduced part of the ship extends up to deck 7,
where lifeboats are positioned. At the aft part, a smaller open deck is available for the passengers,
appropriately conected to both the open decks below and above. The total passenger ogaisity

deckis equal t0900.

Finally, regarding deck 7, the aft pdrtreferred to as sun decdkis arranged with a spacious area
intended to accommodate a large number ofgagss. Moving forward, the emergency generator
room is encountered. The emergency generating set stationed on this deck provides electrical power
so electrical services essential for safety will be ensured in an emergency (lighting in accommodation
areasand machinery spaces, fire detection and fire alarm system, steering gear system, etc.). Therefore,
the generating set 520wW4L20/60Hz (Tier 1), k
548kW anda nominal revolution of 900RPNI0]. The funnel is located forward of the emergency
generator room followed by the li#&aving appliances. In total, six (6) lifeboats were installed. The
remaining deck is occupied by crew accommodation (cabins and recreation/communal spaces) and the
wheelhaise. The enclosed superstructure remains narrower at theaifey appliances zone, to
facilitate their usage. The total passenger capatityis deckis equal to212, while the crew capacity
amounts t®9. Thus, thdotal passenger capacity of the gig 180Q
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Figure 3-14: lllustration of first passenger accommodation deck (deck 5).
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Figure 315: lllustration of second passenger accommodation deck (deck 6).
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4. Intact Stability

This chapter presents the calculation methods
stability. Subchapted . 1 cont ains the | oading conditions
cycle.Subchapte#.2 refers to the stabilitycritei a used in order to asses

4.1. Loading Conditions
The assembly of the loading conditions is formed by utilizing the developed ship model and the
predetermined, from the parametric model, lightship weight.

The following represeative loading conditions are defined:

A LDSO01, LDS02: Design departure, design arrival
The main and upper @ decks are fully loaded with trucks at316m) or 24t (12mgach, and
the lower car decks fully loaded with private cars of 1.5t each. The ship is also fully loaded with
passengers.

A LDSO03, LDS04: No cargo IMO departure, no cargo IMO arrival
The ship is fully loaded with passengers, as in LDS01 and LDS02, thatlgiutvany vehicles,
as specified in I MOb6s Intact Stability Code

A LDSO05, LDSO06: Light design departure, light design arrival
These loading conditions are based on LDS01 and LDS02 respectively, however with reduced
truck capacity by 50% on the maand upper rao decks.

A LDS07, LDS08: No cars design departure, no cars design arrival
These loading conditions are based on LDS01 and LDS02 respectively, however with the
elimination of cars at the lower car decks.

A LDSO09, LDS10: Full loadleparture, full load arrival
The main and upper n@ decks are fully loaded with trucks of the maximum weight (46m)
or 34.5t(12m)each), and the lower car decks fully loaded with private cars of 1.5t each. The ship
is also fully loaded with passenge

A LDS11, LDS12: Light load departure, light load arrival
These loading conditions are based on LDS09 and LDS10 respectively, however with reduced
truck capacity by 50% on the main and upperaaecks.

A LDS13, LDS14: Hoistable platform design departin@stable platform design arrival
The upper rao deck is converted into a conjunction of cars and trailers by lowering the hoistable
platform, and the two lower car decks are fully loaded with private cars of 1.5t each. The main
ro-ro deck is alsoully loaded with trucks oB32t (16m) or 24t (12mpeach and the number of
passengers is in accordance with loading conditions LDS01 and LDS02.

A LIGHT: Lightship condition (nhot seagoing)
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In departure conditions, the filling percentage of heavy fuel oil tardsswell as diesel oil tanks and

fresh watertankéi s cal cul ated per | MOG6s | [B32 havihgtaBena b i |
into account the steel reduction for the calcutatd the net volume. In arrival conditions, the filling
percentage is 10% of the above. Similarly, the filling percentage of lubricating oil tanks, in departure
conditions, I's gover ned [19)yhowektOid arrivdl nonditions, th&t a b
respective percentage is 80% of the above. An additional tank worth mentioning is that of grey water,
assumed empty in departure conditions and iillgd in arrival conditions.

Furthermore, all loading conditions include some ballasting to attain satisfactoryt tsinould be
underlined that the minimum amount of water ballast tanksfilles, except forthe heeling tanks
as the optimization was executed with the defaulteaf 150t in each tarik In essence, this indicates
thatthis optimal ship is sufficiently designed as it does not require redundant ballasting.

Finally, to realize the loading calculations, it is essential that some parameters are assigned values, ac
shown in the following Table-4. These are required to calculate the weight of vehicles and passengers
on board. It is noted that several of them derived from the developed general arrangement plan and as
aresult, considered representative for the design

Table 41. Parameters regarding the loading conditions.

Weight per passengérincluding luggage [kg] 85
Weight per crew including luggage [kg] 85
Number of passengers 1800
Number of crew 99
Weight of provisions [t] 40
Owner supply [t] 10
Number of car$ lower holds (deck 1) 40
Number of car$ lower holds (deck 2) 36
Number of car$ hoistable platform 66
Number of car$ upper rero deck (deck 4) with hoistable platform in use | 99
Weight of cars [t] 1.5
Lane meter$ main roro deck (deck 3) [m] 856.1
Number of trucks (16m) main roro deck (deck 3) 42
Number of trucks (12m) main roro deck (deck 3) 12
Lane meter$ upper rero deck (deck 4) [m] 866.1
Number of trucks (16m) upper rero deck (deck 4) 45
Number oftrucks (12m) upper rero deck (deck 4) 9
Lane meter$ upper rero deck (deck 4) with hoistable platform in use [m] | 477.7
Number of trucks (16m) upper rero deck (deck 4) with hoistable platform iny 25
Number of trucks (12m) upper rero deck (deck 4) with hoistable platforminu 5
Weight of truckg16m)|t] 32
Maximum weight of truck$16m)|[t] 46
Weight of trucks (12m) [t] 24
Maximum weight of trucks (12m) [t] 34.5
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4.2. Stability Criteria
Theeval uati on ofsttatbe | shiypés iextaamctned according
Code 2008 Resolution MSC. 267(85]110], for each of the designed loading conditions.

The relevant criteria are as follows:

A Thegeneral criteria, regarding the properties of the righting lever curve. In particular:
1. The area under the righting lever curve (GZ curve) shall not be less than 0.055atieies
uptoi= 30A angle of heel -radmmbumt@+40 & ser tthtaen @
downfloodinglsi f this angle is |less than 40A. Add
curve (GZ curve) between the angléthisangle heel
is less than 40AQ3meteradiahs. not be | ess than 0
2. The righting |l ever GZ shall be at | east O0.:
3. The maximum righting | ever shall occur at .
4. The initial metacentric height Gihall not be less than 0.15 m

A The severe wind and rolling criterion (weather criteiidhlO Resolution A.562 ). This criterion
appraises the ability of a ship to withstand the combined effects of beam wind and rolling.

A
oz
- b
/ Lo
-
.
a Angle of Heel
Ad
9
Figure 41. Severe wind and rolling.
l.theship is subjected to a steady wind press

which results in a steady wind heeling levet)(I The angle of heel under the action of steady
wind («) should not exceed 1®r 80% of the angle of deck edge immsien, whichever is
less.

2. from the resultant angle of equilibriuneof, the ship is assumed to roll under the wave action
to an angle of roll (1) to windward.

3. the ship is then subjected to a gust wind pressure which results in a gust wind legeling

(lw2).

Under these circumstances, area b shall be equal or greater than area a, as indicated in the abov
Figure 41.
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A Special criteria for passenger ships, specifying maximum heeling angles due to crowding of
passengers to one side of the ship ar@ltd turn. Specifically:
1. The angle of heel on account of crowding of passengers to one side shall not eXceed 10
2. The angle of heel on account of turning shall not excea/hén calculated by the following
formula:

Mr= 0. 28pLl (ikE

A Mg heeling moment [ kNLmM]
A V: service speed [m/s]

A Lw: length of ship at waterline [m]

A displacement [t]

A d: mean draught [m]

A KG: height of centre of gravity above baseline [m]

The intact stability of the ship is primarily assessedvbyifying the compliance of all loading
conditions with the aforementioned stability
stability, the intact VCG margin is wutilized,
center of gavity from the maximum allowed VCG position, taking into account all loading conditions
and relevant stability criteria:

@/ CGintact = I'MEM#' i 6 # ', where VCGmaxi= iméia#' Fo6#!

A summary of all loadingonditions is presented in Table24

Table 42. Presentation of designed loading conditions.

Condition D[::‘]ﬁ A?tr‘;‘r:] thjga{:n] Trim [m] | DWT [] | Displ. [f] | GM [m] | q/CGi [m]
LDSOL | 6.270 | 6484 | 6.056 | -0.428 | 5784.0 | 16157.1| 2.623 1.468
LDS02 | 5857 | 5804 | 5910 | 0106 | 4206.7 | 14579.8| 2.014 0.504
LDS03 | 5581 | 5855 | 5307 | -0548 | 3386.0 | 13759.1| 3.988 1.993
LDS04 | 5.146 | 5084 | 5208 | 0124 | 1808.7 | 12181.8| 3.446 0.841
LDS05 | 5.793 | 6.091 | 5494 | -0597 | 4128.0 | 14501.0| 3.125 1.455
LDS06 | 5369 | 5358 | 5379 | 0020 | 2562.7 | 12935.8| 2.564 0.333
LDSO7 | 6.262 | 6448 | 6075 | -0374 | 57408 | 16113.9| 2542 1.465
LDS08 | 5851 | 5769 | 5934 | 0165 | 41755 | 14548.6 | 2.003 0.498
LDS09 | 6467 | 6.668 | 6265 | -0.403 | 6498.0 | 16871.1| 2.612 1.480
LDS10 | 6.060 | 6017 | 6103 | 0086 | 4920.7 | 15293.8| 1.850 0.694
LDS11 | 5932 | 6145 | 5720 | -0425 | 4579.0 | 14952.9| 3.051 1.601
LDS12 | 5508 | 5414 | 5602 | 0188 | 30025 | 13375.6 | 2.487 0.524
LDS13 | 5956 | 6.205 | 5707 | -0.499 | 4678.8 | 15051.9| 3.388 1.995
LDS14 | 5533 | 5483 | 5583 | 0100 | 31014 | 134745 2.961 0.984

@VCGintact [M] 0.333
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The resulting range of trims is considered acceptable, while a pattern of trims by the stern in departure
conditions andightt r i ms by the bow in arrival condition
is satisfactory and all loading conditionshgaly with the intact stability criteria. However, it should

be commented that the light design arrival condition, LDS06, is viewed as the mostictiteckdwest

value of VCG margiii, followed by LDS08 (no cars design arrival) and LDS02 (design axrivakere

common denominators are their relatively smaller values of deadweight and their trims by the bow.

The detailed presentation of the design departure condition (LDSO01) is given in Iakialdwed
by the intact stability criteria results irable 44, as it is considered a representative loading condition
in the shipds | ife cycle.

- Heavy Fuel Oil : Lub Oil
- Water Ballast - Fresh Water

- Diesel Oil

B Heeling Tanks

Figure 42. Loaded tanks and floating position of LDS01
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Table4-3. Loading components of LDSO01.

Title | Cargo | Fill % | SG[t/m3] | Weight[t] | LCG [m] [ TCG[m] | VCG[m] | FSM[ t L
Mass Loads- Cargo
Passengers VAR 0.00 - 153.0 82.98 0.00 26.97 0.00
Crew VAR 0.00 - 84 106.40 0.00 26.97 0.00
Owner VAR 0.00 - 10.0 82.98 0.00 23.49 0.00
Provisions VAR 0.00 - 40.0 90.19 0.00 16.49 0.00
Cars- Deckl VAR 0.00 - 60.0 108.23 0.00 3.40 0.00
Cars- Deck2 VAR 0.00 - 54.0 109.57 0.00 6.60 0.00
Trucks- Deck 3 | VAR 0.00 - 16320 72.83 0.00 10.97 0.00
Trucks- Deck4 | VAR 0.00 - 1656.0 79.51 0.00 16.57 0.00
SUBTOTAL VAR 0.00 - 36134 7776 0.00 1416 0.00
Diesel Ol
R080302 DO 98.0 0.900 77.4 82.80 5.83 4.17 0.00
R120603 DO 98.0 0.900 48.3 31.22 -3.84 6.16 0.00
SUBTOTAL DO 98.0 0.900 125.7 62.97 2.11 4.94 0.00
Fresh Water
R040103 FW | 100.0 1.000 104.0 122.41 7.98 7.65 0.00
R040203 FW | 100.0 1.000 104.0 122.41 -7.98 7.65 0.00
R140103 FW | 100.0 1.000 211.5 13.37 3.36 7.04 0.00
R140203 FW | 100.0 1.000 211.5 13.37 -3.36 7.04 0.00
SUBTOTAL FW 100.0 1.000 631.0 49.31 0.00 7.24 0.00
Heavy Fuel Oil
R080101 HFO | 98.0 0.980 127.0 85.19 4.09 1.24 0.00
R080201 HFO | 98.0 0.980 127.0 85.19 -4.09 1.24 0.00
R080102 HFO | 98.0 0.980 84.2 82.80 1.94 5.74 0.00
R080202 HFO | 98.0 0.980 84.2 82.80 -1.94 5.74 0.00
R080402 HFO | 98.0 0.980 84.2 82.80 -5.83 5.74 0.00
R070101 HFO | 98.0 0.980 117.2 94.74 3.87 2.55 0.00
R070201 HFO | 98.0 0.980 117.2 94.74 -3.87 2.55 0.00
R120303 HFO | 98.0 0.980 81.1 30.05 1.29 8.38 0.00
R120503 HFO | 98.0 0.980 78.1 30.04 3.85 8.38 0.00
R120403 HFO | 98.0 0.980 106.5 29.47 -1.91 8.38 0.00
SUBTOTAL HFO | 98.0 0.980 1006.7 72.20 -0.29 3.29 0.00
Lubricating Oil
R100101 LO 98.0 0.900 15.1 57.94 7.62 1.19 0.00
R100301 LO 98.0 0.900 15.1 57.94 -7.16 1.19 0.00
R090201 LO 98.0 0.900 15.1 72.34 -3.67 1.19 0.00
R090401 LO 98.0 0.900 15.1 72.34 3.67 1.19 0.00
SUBTOTAL LO 98.0 0.900 60.4 65.14 0.11 1.19 0.00
Water Ballast
R060001 WB 0.0 1.025 0.0 102.96 0.0 2.10 0.0
R060103 WB 63.9 1.025 150.0 103.18 9.83 6.22 137.58
R060203 WB 63.9 1.025 150.0 103.18 -9.83 6.22 137.58
R040001 WB 0.0 1.025 0.0 126.87 0.0 1.50 0.0
R050001 WB 0.0 1.025 0.0 114.92 0.0 1.49 0.0
R000003 WB 0.0 1.025 0.0 166.71 0.0 4.77 0.0
R010001 WB | 100.0 1.025 46.9 156.05 0.0 1.37 0.0
R020001 WB 0.0 1.025 0.0 146.21 0.0 1.54 0.0
R140003 WB 0.0 1.025 0.0 11.53 0.0 7.26 0.0
SUBTOTAL WB 16.2 1.025 346.9 110.33 0.0 5.57 275.15
Deadweight - - - 5784.0 7519 0.0 1066 275.15
Lightweight - - - 10373.1 75.86 0.00 1268 0.00
Displacement - - - 16157.1 75.62 0.00 11.% 275.15
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Table 44. Stability criteria results for LDSO01.

Criterion Required value | Attained value | Status
Area under GZ curve betweern B0 deg 0.055 0.330 OK
Area under GZ curve betweern @0 deg 0.090 0.525 OK
Area under GZ curve between B@0 deg 0.030 0.1% OK
Min GZ 0.200 1131 OK
Max GZ angle 25.000 35112 OK
Min GM 0.150 2.623 OK
Max heel due to crowding of passenge 10.000 2.105 OK
Weather criterion 1.000 4,009 OK
Max heel due to turning 10.000 3.258 OK
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5. Damage Stability

This chapter deals with the evalwuation of the
to retain her floatation, as well as her stability, in the event of flooding following a collision accident.

5.1. Overview

Damage stability calculatis are based on methodologies, specified accordingly by regulations
(SOLAS[7], Stockholm Agreemerf]), that are categorized as deterministic and probabilistic. In the
first case, the evaluation of the shipbds dama:
her hull, assuming damage cases with specified dimensiatependent mostly oher length i

affecting either one compartment or a group of compartments, resulting in the satisfaction of certain
criterial mainly concerning the GZ curve and the equilibrium stage after daimagsl established

by the regulations. A typical example of ttheterministic approach are the regulations of SOLAS 90

T replaced by the probabilistic regulations of SOLAS 2009 for passengerishgsswell as the
Stockholm Agreement (Directive 2003/25/HC) [9].

Contrarily, the probabilistic approach strived for the establishment of a more rational method for the
assessment of the shipbdbs damage stability, th
measure of the shipbs safety in a damaged con
categories; the probability that the ship will suffer a certain damage, that affects a particular area of
the shipi taking into consideration the damage logatand exterit and the probability that the ship
survives (does not sink or capsize) following the damage. The main aim of this approach is to ensure
that the probability of survival is greater than the minimum allowed value, specified by the regulations.
The detailed methodology of this approach is defined in regulations 6 and 7 of SOLAS Chapter I

[7] concerning the calculation of the required and attained subdivision indices respectively.

5.2.Subdivision

To resist the effect of damage of the hull, as in a collision accident, and therefore retain the stability
and floatability of the ship an appropriate watertight subdivision of the ho#dsssaryln general,
longitudinal zones are limitedybthe main transverse bulkheads, transverse zones by the main
longitudinal bulkheads and horizontal zones by the decks.

In some cases, other relatively important limits are taken into account, for example, some tank sides
or the upper limit of thekeg. Notably, the inner boundary of the cofferdam was taken as a longitudinal
limit as its flooding is relatively inconsequential.

Hence, the watertight subdi vi si o-h folloived byhtke s h i

presentation of the boundes implemented in each damage case (compartment or group of
compartments) in Table b.

76



Preliminary Design of R&ax Ferry
Antoniadis Panagiotis Diploma Thesis

l_ﬁ/_\\l

Z=7.235

5. DhEE-8.1

Jf”’
— ——=

—/1

g F FomET ) ) ) i)

— — —

= = = = = a m - o = = =  peen-a.1
Figure51. Subdi vision of shipds hull
Table 51 . Details of subdivision of sh

ZONE TBA TBF LBP DDN | DUP X1 X2 BP | HHSD | HHSU
Z01 | DAMHULL 7.2 0 s.i.skeg| s.dk03| -9.056| 7.20 | 0.000| 6.629 | 9.27
Z02 7.2 16.8 -6.77 s.i.skeg| s.dk03| 7.2 16.8 | 6.111| 5.657 | 9.27
Z03 16.8 26.4 S.LBHAFT.P | s.i.skeg| s.dk03| 16.8 26.4 |5.1& | 4.027 | 9.27
204 26.4 38.4 S.LBHAFT.P | s.i.skeg| s.dk03| 26.4 38.4 |5.18 | 2.444 | 9.27
Z05 38.4 48 S.LBHAFT.P | s.dk01 | s.dk03| 38.4 480 |5.18| 2.200 | 9.27
Z06 48 64.8 S.LBHER.P | s.dk01 | s.dk03| 480 64.8 | 2590 | 1.700 | 9.27
207 64.8 79.2 S.LBHER.P | s.dk01 | s.dk03| 64.8 79.2 |5.18 | 2.546 | 9.27
Z08 79.2 86.4 S.LBHFWD.P| s.dk01 | s.dk03| 79.2 86.4 |518 | 2.600 | 9.27
Z09 86.4 88.8 S.LBHFWD.P| s.dkO1 | s.dk03| 86.4 88.8 |[5.18 | 2.600 | 9.27
Z10 88.8 98.4 S.LBHFWD.P| s.dk01 | s.dk03| 88.8 98.4 |5.246 | 2.600 | 9.27
Z11 98.4 108 S.LBHFWD.P| s.dk01 | s.dk03| 98.4 | 1080 |5.239| 2.600 | 9.27
Z12 108 120 S.LBHFWD.P| s.dk01 | s.dkO3| 1080 | 1200 |5482| 2.600 | 9.27
Z13 120 132 S.LBHFWD.P| s.dk01 | s.dk03| 1200 | 1320 |5.493| 2.600 | 9.27
Z14 132 141.6 S.LBHFWD.P| s.dk01 | s.dk03| 1320 | 141.6 | 5.210| 2.600 | 9.27
Z15 141.6 151.2 - s.dk01 | s.dk03| 141.6| 151.2 - 2.600 | 9.27
Z16 151.2 160.8 - s.dk01 | s.dk03| 151.2 | 160.8 - 2.600 | 9.27
217 160.8 DAMHULL - s.dk03| 160.8 | 175.793| - - 9.27
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5.3.Initial L oading Conditions

Damage stability calculations are conducted for the three initial conditions which are defined in
SOLAS Chapter HL Regulation 47]. They are being selected as the most representative of all the
loading conditions. Specifically, the full load condition, with the ship at her deepest subdivision draft,
ds, assumed at even keel, the ligbtvice draft di with the ship at her minimum draftand at the
actual service trim, and the partial service draft, calculated asdd+
The metacentric heights of these loading conditions are determined by thogereVibesly designed
loading conditions, including an appropriate safety margin. It should be mentioned that the weighting

factor of each conditi on

i s

measur ed

0 . & du), atewen keel.

accordi ng

service condition is the @épest subdivision drafis@0% of the time, the light service draftahother
20% and the partial service drafttie remainder 40%.

o
100 ’6{ 60%[ Senvice trim ﬁ

| /
Level trim| // d5
Level tim L‘ dp
_________ e e === ____________________/J.Wﬁi!u.drﬂl-lghtd\
N | | 4

Figure 52. lllustration of the initial loading conditions used in the damage stability calculations.

Table 52. Loading conditions for damage stability calculations.

Initial Loading Conditions | T [m] | GM [m]
do 5146 | 2.883
de 5938 | 1571
ds 6.467 | 2562

5.4. SOLAS Regulations 6 & 7: Required and attained subdivision index
Regulations 6 and 7 of SOLAS Chaptefd Il7] prescribe the applicatidnas mentioned abovieof a
assess
for the calculation of the required subdivision index R, which is the minimum allowed probability of
survival, and regulation 7 defines the requirements for the calculation of the attained subdivision index
A, expressing the probability that a ship surviviésralamage and its relation with the required index

probabilistic model to

R. As such, the main requirementi®® R.

a

shipods

damage

The required subdivision index R is a function of the number of persons on board, whereas the attained
subdivision index is a weighted average of three pairidices, A, Ar and A, referring to the

aforementioned loading conditions.

Each partial index is expressed by the following formula:

Ac=B D

¢]
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where:
A c represents one of the three loading conditions (S, P, L).

A i constitutes each investigated damage case (compartment or group of compartments) under
consideration, as defined 8ubdapter 5.2.

A tis the number of damages to be investigated to calculate the valgf®péach loading condition.

A piis the probattity that only the damage casé consisting of a particular compartment or a group
of adjacent compartmeritss flooded after damage, disregarding any horizontal subdivision.

A s is the probability that the ship survives (does not sink or capsize) following the flooding of the
examined compartment ior a group of adjacent compartmehtsn essence, this indicates that if
the value of s equals 0, the ship will certainly sinkapsize, if the value of s equals 1, the ship is
sure to survive, whereas for intermediate v
survive equals s.

Where horizontal watertight boundaries are fitted above the waterline under considératsvalue
calculated for the lower compartment or group of compartments shall be obtained by multiplying the
value by the reduction factomywhich represents the probability that the spaces above the horizontal
subdivision of the compartment ior a goup of adjacent compartmeritsvill not be flooded.

It should be underlined that SOLAS 2020 specifies stricter requirements for the calculation of the
s-factor when an examined damage impacts large ephicle spaces, commonly encountered in

RoRaPassenger ships.

In addition to the abovementioned requireme® R, each parti al i ndex m
j]cO 0.9LR (c =S, P, L).

Table 53. Results of regulations 6 & 7.

Initial L.o.adlng T [m] A-index A-index R-index | Status
Conditions
- - Including intermediate stages | Final stage only - -
do 5.146 0.97917 0.9™17 0.863& OK
dp 5.938 0.85885 0.86456 0.863& OK
ds 6.467 0.90902 0.90902 0.863& OK
Total - 0.90298 0.90527 0.863& OK

As concluded from the above Tabl85bthe attained subdivision index A derived only from the final
equilibrium phase is relatively greater than the one that takes into account the intermediate stages of
flooding. Essentially, thidifference suggests that the ship is more susceptible to sinking or capsizing
while the flooding is in progress.

In conclusion, it is evident that the margin@0394 between the values of-lhdex and Rndexis
abundant, as the majority of the existstgps is designed with a much lower margin. However, the
shipbébs design is in a preliminary stage, not
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flooding, the definition of escape routes, etc.) that will certainly affect, and most probablysdecrea
the value of the Andex. Hence, an appropriate safety margin is considered essential to ensure the
compliance with the regulationbés requirements

5.5. SOLAS Regulations 8 & 9
The probabilistic model isupplemented by some deterministic requirements for passenger ships,

defined in SOLAS Chapter-Il Regulations 8 and[9]. In particular:

A Regulation 8.1: Passenger ships carrying 400 or more personsetairstwatertight subdivision
abaft the collision bulkhead ensuring that the survival probabilggusals 1 for damage involving
the breach of all compartments within 8% of the subdivision length measured from the forward
perpendicular for the three loadi conditions used to calculate the attained subdivision index A.

A Regulations 8.2/3: Passenger ships carrying 36 or more persons must survive side shell damages
of a certain exterit specified by the regulatianwith a survival probabilityiof not less than 0.9
for the three loading conditions used to calculate the attained subdivision index A.

Table 54. Results of regulations 8.1 & 8.2/3.

Initial T [m] Actual GM | Reg 8.1 Min. Reg 8.1 Reg 82/3Min. Reg 8.2/3
Condition [m] GM [m] Status [] GM [m] Status []
do 5.146 2.883 0.586 OK 1535 OK
dp 5.938 1571 0.360 OK 1.403 OK
ds 6.467 2562 0.371 OK 1.640 OK

A Regulation 9: Ships with unusual double bottom arrangeniep#sts of the double bottom not
extended for the fulvidth of the shipi must be able to survive minor grounding damages of a
certain extent with probability s=Messels of this type are generally not expected to confront
problems with this regulatiorConsequentlyit was omitted for this design stage

5.6. Stockholm agreement (WOD)

Undoubtedly, the most dangerous problem for-eorehip with an enclosed-m deck is that posed

by the effect of a buildip of a significant amount of water on deck. A such, for ships undertaking
regular scheduled internatial voyages between to/from designated ports in the European Union, the
Stockholm agreemeiitor Directive 2003/25/EC sets further damage stability criteria in addition to

| MO6s requirements. Under this agtyelateddothe seat h e
area in which the vessel operates and more particularly to the significant wave height recorded in the
area of operation; the significant wave height of the area, where the ship operates, determines the
height of water on the car dethat would arise following the occurrence of accidental darf8ige

It demands that for damages including the firstao@eck above the design waterline, the provisions
of SOLAS 90 Regulation 41/B/8.2.3 relating to watertight subdivision and stability in damaged
conditionbesatisfied when taking into account the effeca hypothetical amount of sea water which

is assumed to have accumulated on theordeck. The amount of assumed accumulated sea water
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ranges between 0 and 0.5 m, depending on the residual freeboard after the damage and the significan
wave height inlie region the ship operates, as shown in Figt®&ow.

Height of 05
Water on
Deck
(Aletres)

H=4.0m (mepcimum)

0.0 H=I1.5 m {basiz)

03 20
EFesidual Freeboard (m)

Figure 53. Relation between height of water on deck to the residual freeboard and the significant
wave height.

Table 55. Results of Stockholm Agreement.

Initial 1-Comp. WOD1 Multi -Comp. WOD2
Conditions Tlml | Actual GM [m] Min. GM [m] | Status[-] | Min. GM [m] | Status[-]
LDS01 6.270 2623 l1.1e OK 1.73 OK
LDS02 5.857 2.014 1.051 OK 1.43 OK
LDS03 5.581 3.988 1.215 OK 1.64 OK
LDS04 5.146 3.446 1.214 OK 1.592 OK
LDS05 5.793 3.125 1.083 OK 1502 OK
LDS06 5.369 2.564 1.091 OK 1.474 OK
LDS07 6.262 2542 1.078 OK 1.640 OK
LDS08 5.861 2.003 1.042 OK 1.423 OK
LDS09 6.467 2612 1.305 OK 1.950 OK
LDS10 6.060 1.850 0.948 OK 1.3483 OK
LDS11 5.932 3.051 1.037 OK 1.473 OK
LDS12 5.508 2.487 1.031 OK 1.38 OK
LDS13 5.9%56 3.388 1.065 OK 1.530 OK
LDS14 5.533 2961 1.145 OK 1512 OK
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6. Elaboration on Structural Elements

Chapter 6 refers to the pstructana cognporserts. €ocathiewe rihis o f
objective, a preliminary study of the hull girder strength is conducted following the definition and
categorization of the elements under which the ship is constructed, both in longitudinal and transverse
directions.

6.1. Overview

The structur al el ements comprising the shipods
analysis of the steel weight components is not readily available by the results of the parametric model.
Thus, the calculation of both theictkness of panels and dimensions of the longitudinal and transverse
stiffening utilized in the shipbés constructio
steel structure.

This calculation is inseparably connected with the evaluatioheohtll girder strength; therefore,
additional calculations utilizing both global and local strength criteria are performed. For the selection
of both the panels and longitudinal stiffening, the software MARS2000 is utilized, provided by Bureau
Veritas (BV) where sever al sections of the shipbs
materials under which the hull transverse sections are constructed, are the following:

A grade fAAO steel 0%young (eldstit) noduluse26650002N3TENd Nénsityn
7.9 tIn?,

A grade3FicAHst eel of vy i%edudg (edastic) ensdsilus 206500 N/
density 7.9 t/my

A grade3@nAHsteel of yi%edudg (edastic)ensdsilus 266500 N/
density 7.9 t/r

By defining sever al aspects of the shipbs str
and dimensions of the longitudinal stiffeners, MARS2000 implements the aforementioned criteria,

leading to an iterative peedure of assessing the hull girder strength and modifying the characteristics

of its structural elements.

Regarding the transverse stiffening, the structural elements analyzed are the following: side frames,
deck beams, girders and floors. As far asfils¢ threeare concerneca detailed calculation of their
dimensions was conducted, according to appropriate regulations. Furthermore, the floors were
dimensioned according to minimum thickness requirements, except those at the boundaries of fuel oll
or hallast tanks (mainly at the aft and fore parts of the ship), where additional calculations were
required in order to ensure their adequate dimensioning.

Overall, the assessment of the shipbds hull gi
for the Classification of St e[8l]. Th8 aboyementionddi r e a
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calculations are accompanied by structural plfapsesented at the end of the chafiteshowcasing

the details ofthe hi p & s

6.2. Panels and longitudinal stiffening

s t(Bgrres65tbo@7uct ur e

The main input data entered in MARS2000 are presented in the following Fable 6

n particulars i

Table6l: Shipbés mai
Description Symbol | Value | Unit

Rule length (scantling length) L 172.372] m

Moulded breadth B 25900 m

Block coefficient Cs 0.586 -
Maximum service speed Vs 24.000 | knots

Aft peak bulkhead (from A.E) - 4.317 m

Fore peak bulkhead (from A.E) - 157.917] m

Depth atstrength deck D 20.370| m

Depth at freeboard deck Drep | 14.870| m

Scantling draught T 6.470 m
Still water bending moment (hogging conditic - 0.000 [k NL
Still water bending moment (sagging conditid - 0.000 [k NL

nsert

Regarding the still water bending moments both in hogging and sagging condition, as their values are

not yet known, MARS2000 performs the calculations utilizing the permissible rule values; thus, the
value of zero is inserted into the software. Additionall
examining the total height of the hull; namely all the way to deck 5 (first passenger accommodation

t h éongrubinalpstiength is assessed by

deck). As such, the strength declpasitionedat 20.37m, as shown in the above Table & should
be mentioned thahe contributionof the superstructur the longitudinal strength videlicet, its
bending efficiency is taken equal to zero #&ds not contributing tahe longitudinal bending of the

ship.

To approach as accurately aagircally possible the actual hiillthus, the actual steel weight10
shipods

transverse sections

perpendicular):

5.6m (frame #7)
29.6m (frame #37)
43.2m (frame #54)
58.4m(frame #73)
75.2m (frame #94)
83.25m (~ frame #10#4 Midship section)
102.4m (frame #128)
115.2m (frame #144)
128.0m (frame #160)
147.2m (frame #184)

D>y D>y D> D>y D> Dy D>

al ong

t he

l ength
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These sections are modelled according to the available ship data, provided by the parametric model
andthe further elaborated general arrangement plan (see Chapter 3). Therefore, the definition of each
sectionbés characteristics is conducted; namely
into strakes, the thickness and width of each strédee stiffener spacing, as well as their type and
dimensions and finally, the web frame spacRggardinghe web frame spacing, as stated in Chapter

2,it is set at 2,400 mm (three times the ordinary frame spaaitggh is also equal to the selected
length of panels.

Furthermore, the width of each sectionds strak
of 3m determined by the width of the correspo
with dimensions selected accord to standard DIN tables. Two exceptions can be found in some
sections, as-Bhaped stiffeners are installedaippropriate areas.

By specifying the above characteristics, MARS2000 calculates the minimum requirements of
thickness for both the strakesdalongitudinal stiffeners, as well as the minimum section modulus of
each section. It is noted that depending on the selected material of each strake or longitudinal stiffener,
an appropriate corrosion addition is automatically added by the softwareaising the minimum

t hickness requirement i mposed by the rul es.
requirements leads to the finalization of both the strakes thickness and longitudinal stiffeners
dimensions.

It is emphasized that the panels,eell as, the accompanying longitudinal stiffeners of the vehicle
decks; namely the main and uppetroadeck and the two lower holds, are defined in accordance with
data readily available from an existing vesaslthe calculations necessary for thec#bn of these
structural elements are highly complex and not a subject of this thesis.

To clarify the resulhg data from MARS200Qthe following figures (Figures-6 to 64) present the

plates thickness, the longitudinal stiffeners scantling dimerssiand the local strength for both the
plates and longitudinal stiffeners, respectively, for the midship section.
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Figure 6-1: Plates thickness at midship section.
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Figure 6-2: Longitudinal stiffeners scantlindfmensions at midship section.
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Figure 63: Plates local strength at midship section.
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Figure 64: Longitudinal stiffeners local strength at midship section.
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6.3. Transverse stiffening

As mentioned above, the transverse stiffening
for the Classification of S{3&.€lheinfplementation oBthesee a u
regulatons was conducted in detail in Microsoft Excel for a number of selected sections; specifically,
the sections at frames #37, #104 (Midship section) and #144.

The methodology followed as to determine the dimensions of the transverse stiffening includes the
calculation of the minimum allowable values of net shear sectional afgand net section modulus,

w, for each of the examined sections and their comparison with the values of the primary supporting
members dimensions selected by the designer. Finally, an appropriate corrosion addition was
introduced in accordance with the véagions[31].

It is emphasized that the primary supporting memberglelicet, the transverse stiffendérf the

vehicle decks; namely the main and upperaadeck and the two lower holds, are defined in
accodance with data readily available from an existing vessel, as the calculations necessary for the
selection of these structural elements are not a subject of this thesis.

Table 62 below displays the dimensions of the primary supporting members takethydirea the
aforementioned existing vessel.

Table 62: Dimensions of transverse stiffening at vehicle decks.

Transverse stiffener ID| Dimensions | Material
Deck?2 beam 340x8+150x10| AH-36
Deck3 beam 590x10+150x10 AH-36
Deck4 beam 740x10+200x20 AH-36

The following Table 63 depicts thedimensions ofthe selected primary supporting members
(transverse stiffeners).

Table 63: Final dimensions of transverse stiffening at Midship section.

Transverse stiffener ID Number Dimensions Material
Deck 5 beam 1 590x14.5+150x11 AH-36

Deck 6 beam 1 300x7.5+150x9 A

Deck 7 beam 1 300x7.5+150x9 A

Deck 8 beam 1 300x7.5+150x9 A
Girder deck I deck 2 (C.L.) 1 500x13+150x11.5 AH-36
Girders deck 1 deck 2 2 500x13+150x11.5 AH-36
Girder deck 2 deck 3 1 500x13+150x11.5 AH-36

Side frame deck 1deck 2 1 590x14.5+150x11 A

Side frame deck 2deck 3 1 550x14+150x11 A
Side frame deck 3deck 4 1 550x14+150x11| AH-36
Side frame deck 4deck 5 1 550x14+150x11| AH-36

Side frame deck 5deck 6 1 240x7+150x10 A

Side frame deck 6deck 7 1 240x7+150x10 A

Side frame deck 7deck 8 1 240x7+150x10 A
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6.4. Floors
FIl oors are part of

t he

transverse

stiffening

dimensions was performed as they are subjected to different regulations. Regarding the thickness of
each floor, the minimum allowable value, propedgfined in regulationg31], was considered
adequate and it was selected for their dimensioning. On the contrary, floors stationed at the boundaries
of fuel oil, water ballast or fresh water tanks were furtheraelted, as to determine the adequacy of

the aforementioned minimum allowable value. In each case, an appropriate corrosion addition was
introduced in order to ensure the compliance with the regulations.

The following Table 4apr esent s
structural plans.

Table 64: FIl oorsod6 thickness

t hess of thecewamisedl settibns; alkonshown at the

Section frame Thickness [mm] | Steel type
#37 9.0 AH-36
#104 (Midship section 9.5 AH-36
#144 10.0 AH-36

at t he exami
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Figure 65: lllustration of midship section.
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