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Preface

This book elaborates on theoretical approaches and practices of the preliminary
design of ships. It is intended to support introductory courses to ship design as a
text book. In this respect, it may be useful to university or college students of naval
architecture and related disciplines; it may also serve, more generally, as a refer-
ence book for naval architects, practicing engineers of related disciplines and ship
officers, who like to enter the ship design field systematically or to use practical
methodologies for the estimation of ship’s main dimensions and of other ship main
properties and elements of ship design.

The book is based on the author’s lecture notes, which were developed over the
past two and a half decades (1985-2012) for the needs of teaching the undergradu-
ate course on Ship Design and Outfitting I at the School of Naval Architecture and
Marine Engineering of National Technical University of Athens (NTUA). For the
understanding of the material presented in this book, the reader is assumed to have
basic knowledge of certain fundamental disciplines of ship design, in particular, of
“Hydrostatics & Stability of Ships”, “Ship Resistance and Propulsion” and “Ship
Strength”, which are commonly taught in prerequisite courses in Schools of Naval
Architecture and Marine Engineering, as at NTUA.

The present book is a thoroughly updated and enhanced, new edition of a book
published originally in Greek language by the author (Papanikolaou, A., Ship De-
sign—Methodologies of Preliminary Ship Design, in Greek: Meglétn IThoiov—
MebBodoroyieg ITpoperétng IThoiov, SYMEON Publisher, Athens, October 2009).
The Greek version of the book is supplemented by a Handbook of Ship Design of
the author (Volume II, SYMEON Publisher, Athens, 1989) and the Collection of
Ship Design Supportive Materials (A. Papanikolaou, K. Anastassopoulos, NTUA
publications, Athens, 2002), which cover specific elements, methods and examples
of application of ship design and are being used by students of NTUA for the elabo-
ration of the assigned Ship Design Project work. Elements of the detailed design
of ships are presented in the author’s lecture notes on Ship Design and Outfitting
II—General Arrangements, Accommodation, Outfitting and Design of Special Ship
Dypes (A. Papanikolaou, NTUA publication, 2002), which supplement the teaching
material of the Ship Design module of the School of Naval Architecture and Marine
Engineering of NTUA.



vi Preface

The methodology adopted in the writing of this book has been greatly influenced
by the teaching experience of the author and the curriculum of NTUA, particularly
in view of the requirement for the elaboration of the “Ship Design project” by final
year NTUA students of naval architecture. An inexperienced student needs to be
introduced gradually to ship design, until he is capable of developing by himself
(under certain guidance, in the preliminary design stage) the design of a ship, which
is assigned to him by a hypothetical ship-owner, specifying a merchant ship’s main
owner’s requirements (in terms of ship type, transport capacity and speed).

The book consists of six (6) main chapters and five (5) appendices with sup-
portive materials.

Chapter 1 gives an introduction to maritime transport and to marine vehicles in
general, defines the objectives and elaborates on the basic methods of ship design.
Chapter 2 deals with the selection of ship’s main dimensions and elaborates on the
preliminary calculation and approximation of the fundamental characteristics and
properties of the ship. Chapter 3 covers the criteria of forming ship’s hull form and
elaborates on the characteristics of alternative ship sectional forms, the form of
ship’s bow and stern. Chapter 4 deals with methods of developing ship’s lines and
also elaborates on the development of the other main drawing plans of ship design
(general arrangements and capacity plan). Chapter 5 covers the criteria for selecting
the engine installation, the propulsion plant and steering devices of the ship. Finally,
Chapter 6 deals with the estimation of ship’s construction cost and related uncer-
tainties. The book is complemented by a basic bibliography and five appendices
with useful updated design charts for the selection of the main dimensions and other
basic values of different types of ships (Appendix A), the determination of ship’s
hull form from the data of systematic series (Appendix B), the detailed description
of the relational method for the estimation of ship’s weight components and dis-
placement from the data of similar/parent ships (Appendix C), a brief review of the
historical evolution of shipbuilding from the prehistoric era to date (Appendix D)
and finally a historical review of regulatory developments of ship’s damage stability
to date (Appendix E).

The author used in the development of the original form of this book material
of classical ship design, as he was taught it in the early 70ties by the memorable
Professor Erwin Strohbusch at the Technical University of Berlin. This material
was later complemented by valuable elements from the lecture notes of Professors
H. Schneekluth (Technische Hochschule Aachen) and H. Linde (Technical Univer-
sity of Berlin), who happened to be both also students and associates of the late
Prof. Strohbusch, and A. Friis—P. Anderson—JJ Jensen (Technical University of
Denmark). Also, the classical naval architectural books of the Society of Naval Ar-
chitects and Marine Engineers (SNAME) of USA, namely The Principles of Naval
Architecture (EV Lewis, ed.) and Ship Design and Construction (R Taggart and
T Lamb, eds.), were frequently used as references. However, the synthetic nature
of the subject, the rapid developments of shipbuilding science and technology, the
frequent amendment of relevant maritime safety regulations and the rapid develop-
ment of modern design methods and tools, which to a large extent were coded in
specialized computer software, as well as the peculiarity of educating students in a
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synthetic discipline like ship design demanded a thoroughly thought new structure/
presentation of the book’s material, apart from the continuous enrichment with con-
temporary design data.

A major objective of this book and of the associated supportive material is to
cover, as a self-contained information source, the necessary knowledge for students
of naval architecture to approach satisfactorily a ship design project. To some ex-
tent, this applies also to young professionals of naval architecture and related dis-
ciplines, for whom the access to the necessary technical knowledge and required
data for the study and design of a ship are often limited. Certainly, the rapid growth
of internet in recent years has improved significantly the accessibility to a large
amount of information relevant to the design of ships by search in the www.

A useful State of the Art report on the status of the international marine de-
sign education can be found in the following reference: Papanikolaou, A., Kaklis,
P, Andersen, P, Birmingham, R., Sortland, B., Wright, P, State of the Art Report
on Marine Design Education, Proc. 9th International Marine Design Conference-
IMDCO06, Ann Arbor-Michigan, May 2006.

The author likes to thank SPRINGER for the efficient cooperation in publish-
ing this work. He is also indebted to his associates MSc Dipl.-Eng. Naval Arch. &
Marine Eng. Aimilia Alisafaki, MSc Dipl.-Eng. Naval Arch. & Marine Eng. George
Papatzanakis, Dr.-Eng. Shukui Liu, Dr.-Eng Eleftheria Eliopoulou and Assoc. Prof.
George Zaraphonitis for their help in the thorough update and translation of this
book into English, and also in checking the final manuscript.

June 2014 Apostolos Papanikolaou
Professor of NTUA

Director of Ship Design Laboratory

http://www.naval.ntua.gr/sdl
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Chapter 1
General on Ship Design

Abstract A ship is designed to serve specific requirements of her owner or a mis-
sion of an authority or society, disposing certain functional characteristics, specific
hull form and powering, space and weight distribution, while demonstrating certain
technical and economic performance.

This book deals with the first phases of ship design, namely the basic design,
which is often also known as preliminary design. The first chapter deals with basic
definitions and characteristics of conventional ships and Advanced Marine Vehicles
(AMVs); it compares the transport efficiency and environmental impact of con-
ventional ships and AMVs with the performance of representatives of land and air
transport vehicles; it provides a brief introduction to maritime transport and its re-
lationship to innovative design concepts, to the energy efficiency and the environ-
mental impact of ship operations; it introduces the main approaches to and the main
phases of ship design; it defines the objectives of preliminary ship design; it com-
ments on the main steps of the design procedure and their illustration by the design
spiral; it includes a categorization of common ship types into main ship categories,
enabling uniform approaches to their design; finally, after introducing the main ship
types, it elaborates on alternative methods for determining ship’s main dimensions
and other basic ship design characteristics.

1.1 Conventional and Advanced Marine Vehicles

Man has travelled for thousands of years through the oceans without first knowing
how and why this was possible. Archaeological findings indicate that first ship-like
floating devices were operating in the Aegean Sea 7000 B.C. The Phoenicians and
Egyptians appear to have been the leaders in the art of early shipbuilding, followed by
the Greeks of the Cycladic and Crete islands (Minoan period, 17001450 B.C.). How-
ever, it was the work of great Archimedes in the third century B.C. that explained a
ship’s floatability and stability; even this work remained practically unexploited until
relatively modern times (eighteenth century A.D.) (see Nowacki and Ferreiro 2003).
Having in mind the Archimedean principle of carrying a ship’s weight by hydro-
static forces, the various types of modern ship concepts, ranging from conventional
ships and up to unconventional, innovative ship concepts (which we call Advanced
Marine Vehicles, AMVs), may be illustrated through a comprehensive ship devel-
opment chart (Fig. 1.1, Papanikolaou 2002). This chart is based on a categorization

A. Papanikolaou, Ship Design, DOI 10.1007/978-94-017-8751-2_1, 1
© Springer Science+Business Media Dordrecht 2014
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1.1 Conventional and Advanced Marine Vehicles 3

Comments on the Chart of AMVs (Fig. 1.1) and Explanation of Used Acronyms. 1 ACV:
air cushion vehicle—Hovercraft, excellent calm water and acceptable seakeeping (limiting wave
height), limited payload capacity. 2 ALH: air lubricated hull, various developed concepts and pat-
ents, see type STOLKRAFT. 3 Deep V: ships with Deep V sections of semidisplacement type
according to E. Serter (USA) or of more planing type, excellent calm water and payload charac-
teristics, acceptable to good seakeeping, various concepts AQUASTRADA (RODRIQUEZ, Italy),
PEGASUS (FINCANTIERI, Italy), MESTRAL (former BAZAN, Spain), CORSAIR (former
LEROUX & LOTZ, France). 4 EFFISES: hybrid ALH twin hull with powered lift, patented by
SES Europe A.S. (Norway). 5 FOILCAT: twin-hull (catamaran) hydrofoil craft of KVAERNER
(Norway), likewise MITSUBISHI (Japan), excellent seakeeping (but limiting wave height) and
calm water characteristics, limited payload. 6 HYSWAC—X-Craft: hybrid SWATH with midfoil,
prototypes currently tested by US Navy. 7 LWC: low wash catamaran, twin-hull, superslender,
semidisplacement catamaran with low wave-wash signature of FBM Marine Ltd. (UK), employed
for river and closed harbour traffic. 8 LSBK: Lings Stufen-Bodenkanalboot-Konzept, optimized
air-lubricated twin hull with stepped planing demihulls, separated by tunnel, aerodynamically gen-
erated cushion, patented in Germany. 9 MIDFOIL: submerged foil body and surface-piercing twin
struts of NAVATEK-LOCKHEED (USA). 10 MONOSTAB: semiplaning monohull with fully sub-
merged stern fins of RODRIQUEZ (Italy). 11 MWATH: medium waterplane area twin-hull ship,
as type SWATH, however with larger waterplane area, increased payload capacity and reduced
sensitivity to weight changes, worse seakeeping. 12 PENTAMARAN: Long, slender monohull with
four outriggers, designs by Nigel Gee (UK) and former IZAR (Spain). 13 SES: surface effect ship,
air cushion catamaran ship, similar to ACV type concept, however without side skirts, improved
seakeeping and payload characteristics. 14 SLICE: staggered quadruple demihulls with twin struts
on each side, according to NAVATEK-LOCKHEED (USA), currently tested as a prototype. 15
SSTH: superslender twin-hull, semidisplacement catamaran with very slender, long demihulls of
IHI shipyard (Japan), similar to type WAVEPIERCER. 16 STOLKRAFT: optimized air-lubricated
V-section shape catamaran, with central body, reduced frictional resistance characteristics, lim-
ited payload, questionable seakeeping in open seas, patented by STOLKRAFT (Australia). 17
Superslender monohull with outriggers: long monohull with two small outriggers in the stern
part, EUROEXPRESS concept of former KVAERNER-MASA Yards (Finland), excellent calm
water performance and payload characteristics, good seakeeping in head seas. 18 SWATH Hybrids:
SWATH-type bow section part and planing catamaran astern section (STENA’s HSS of Finyards,
Finland, AUSTAL hybrids, Australia), derived from original type SWATH & MWATH concepts.
19 SWATH: small waterplane area twin-hull ship, synonym to SSC (semisubmerged catamaran
of MITSUI Ltd.), ships with excellent seakeeping characteristics, especially in short-period seas,
reduced payload capacity, appreciable calm water performance. 20 TRICAT: twin-hull semidis-
placement catamaran with middle body above SWL of FBM Marine Ltd. (UK). 21 TRIMARAN:-
long, slender monohull with small outriggers at the centre, introduced by Prof. D. Andrews—
UCL London (UK), built as large prototype by the UK Royal Navy (TRITON), similarities to
the superslender monohull with outriggers concept of former KVAERNER-MASA (Finland). 22
TSL-F—SWASH: techno-superliner foil version developed in Japan by shipyard consortium, sub-
merged monohull with foils and surface piercing struts. 23 V-CAT: semidisplacement catamaran
with V section-shaped demihulls of NKK shipyard (Japan), as type WAVEPIERCER. 24 WAVE-
PIERCER: semidisplacement catamaran of INCAT Ltd. (Australia), good seakeeping character-
istics in long-period seas (swells), good calm water performance and payload characteristics. 25
WEINBLUME: displacement catamaran with staggered demihulls, introduced by Prof. H. Séding
(IfS-Hamburg, Germany), very good wave resistance characteristics, acceptable seakeeping and
payload, name in the honour of late Prof. G. Weinblum (IfS Hamburg—DTMB Washington). 26
WFK: wave-forming keel, high-speed catamaran craft, employment of stepped planing demihulls,
like type LSBK, but additionally introduces air to the planing surfaces to form lubricating film of
microbubbles or sea foam with the effect of reduction of frictional resistance, patented by A. Jones
(USA). 27 WIG: wing in ground effect craft, various developed concepts and patents, passenger/
cargo-carrying and naval ship applications, excellent calm water performance, limited payload
capacity, limited operational wave height, most prominent representative is the ECRANOPLANS
of the former USSR
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of the various marine vehicles by considering the main physical concepts leading to
the force balancing the weight of the ship, namely the hydrostatic buoyancy force,
the hydrodynamic lift force, the powered fan-lift force and the aerodynamic lift
force. In the chart (Fig. 1.1), we may distinguish on the first row the fundamental
ship concepts; the derivatives of these basic concepts (so-called Aybrids) are filed
column-wise according to the major physical force balancing the ship’s weight,
notwithstanding the fact that during operation, forces derived from other physical
concepts might as well contribute to their weight balance. For example, the weight
of a planing craft is not entirely carried by the hydrodynamic lift force, but to a cer-
tain degree, depending on the speed of operation, also by the hydrostatic, buoyancy
force, according to the displaced water volume. Historically/chronologically, tech-
nological developments are understood to have taken place from the upper left cor-
ner (Archimedean principle) towards the right and downward (Papanikolaou 2002).

1.2 Maritime Transport—Innovative Design Concepts,
Energy Efficiency and Environmental Impact

Ships are built for covering the needs of society through the provision of specific
services. These services may be on a commercial or noncommercial basis; whereas
in the first case (commercial ships) the objective is to generate profit for the ship-
owner, the latter case is related to a public service of some kind, the cost of which
is in general carried by a governmental authority. The main bulk of commercial
ships are cargo ships, which carry all types of cargo (solid and liquid cargo or pas-
sengers) and provide in fact the largest (by volume of cargo and transport distance
in ton-miles) worldwide transportation work, compared to other modes of transport.
Regarding the categorization of ships, we come to it later in Sect. 1.3.6.

The transport efficiency of ships and of marine vehicles in general may be defined
in various ways and many researchers have addressed this in the past. In particular,
when introducing efficiency indicators (efficiency indices or metrics), we need to
ensure an as-wide-as-possible applicability of the introduced performance indices
(or merit functions) on a ‘fair’ basis, when assessing sometimes competing alterna-
tive transport concepts (and modes of transport). In the following, a brief review of
related past work is conducted and complemented by more recent work of the author.

The transport efficiency may be defined as a function of the vessel’s deadweight
W, (= DWT), service speed ¥ in knots and total installed power P in kW.

oWt

1 (1.1)
P

Noting the difference between the deadweight and payload,' the transport efficiency
may be also expressed in terms of the vessel’s payload Wp, instead of deadweight:

! Deadweight=sum of weights of...payload (weight of cargo of any type)-+fuel+lubrication
oil+crew (including luggage)+passengers (including luggage, for passenger ships only)+water
supplies (fresh and drinking water) + consumables/food supplies and other effects +water ballast
(as necessary for the particular loading condition).
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Fig. 1.2 Reciprocal transport efficiency of alternative modes of transport according to S. Akagi
(1991); data supplemented by NTUA-SDL. (Papanikolaou 2005)

E, = Wp . VS (12)
P

When comparing the transport efficiency of marine vehicles with that of alternative
modes of transport (land and airborne), it is very useful to employ the well-known
von Karman—Gabrielli transport efficiency diagram.? Akagi (1991) has replotted
the original Karman—Gabrielli diagram, in terms of the reciprocal transport effi-
ciency as the ratio of the total installed power P in PS to the product displacement
W in tons times maximum speed V" in km/h:

1 P (1.3)

2 Introduced through their article: What price speed? Specific power required for propulsion of
vehicles, G. Gabrielli and Th. von Karman, Mechanical Engineering 72(1950), #10, pp. 775-781.



6 1 General on Ship Design

Lift-supporting

SES 1008

119 X 1O Jetfoil H/C o SES 100A ¢
Twinhull & lo, B %y s sRN4.___*
‘ ! DD Wave
0.5 +A AD++F ple,‘;esEsmoo ‘ o
SmgTehuI % ‘
estrqyer ) TSL 7 =100m3 SRN4 (Il)
¥ " Submersible cube
0.2 Lewis' Limit
Cniser "g oo
Buoyancy-
= 0.1 . ’
= supportlng\’:
_E ®o ° g V =10000m3
= 0.05 ) S Karman-Gabrielli (1950)
2 " Battle Zfoo A
= ‘ ) , 4 ACV
Container ship L £ V =100000m3 A Catamaran
% 0.02 2, FMV Database O Conventional Hydrofoil
A -
é . NTUA-SDL * Planing Monohull
= 0014 X SES
= WPC
0.005 ® Monohull
S.Akagi-M. Morishita A Catamatan
FAST 2001 o wee
0.002 X SWATH/Semi-SWATH
NTUA—SDL{ @ Conventional Monohull
0.001 T T : !

20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
Speed V [Km/h]

Fig. 1.3 Reciprocal transport efficiency of conventional and advanced marine vehicles. (Akagi
and Morishita 2001; Papanikolaou 2005)

Akagi and Morishita (2001) have added also later developments of various transport
vehicles. Figure 1.2 presents the reciprocal transport efficiency once more updated
by more recent sample data of the NTUA-SDL database, whereas Fig. 1.3 focuses
on the performance of the marine vehicles only.

The reciprocal transport efficiency (specific power), may be based also on pay-
load W,

1__» (1.4)

and is presented in Fig. 1.4.

When comparing alternative modes of transport with respect to speed, it makes
sense to plot the payload ratio (WP/W), against their maximum speed (in km/h,
Fig. 1.5), as the earnings and likely profit are directly related to payload.

Kennell (1998) introduced a different transport factor, namely:

K,-W

= 1.5
SHPy | (K, V) ()

where K, is a constant (K,=2240 Ib/LT), W is the ship’s displacement in long tons,
SHP, is the total installed power in HP, K| is a constant (K, =1.6878/550 HP/Ib-kn)
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and V| is the design speed in kn. Figure 1.6 presents Kennell’s transport factor vs.
speed updated with the relevant NTUA-SDL database data.

Following Kennell’s (1998) approach, the displacement and transport factor may
be decomposed as follows:

VVship =W+ VVcargo + qucl (1 6)
TF:TF;hip+TF;:argo +TFfucl (17)

where W, W and W, are the lightship, cargo and fuel oil weight, respectively

ship> " cargo

(in LT), and TF 40 TF o and TF, , are the transport factors, calculated for each
weight group.

Wi, and Wy, are obtained from the following equations:
Wship =W - Wcargo — Wiel (18)
R
I/Vfuel = SFCavg : KSHP -SHPy ——— (19)

TI KS . VK
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laou 2005)

syp 18 the endurance
power-to-design power ratio, R the range in knots, K the endurance speed-to-de-
sign speed ratio.

Figures 1.7—1.9 show the fuel transport factor vs. range and the trends of trans-
port factors and various fractions thereof, as plotted by Kennell and updated by the
NTUA-SDL database ships.

For some more general data regarding the fuel efficiency of transport of cargo and
passengers by alternative modes of transport, Tables 1.1 and 1.2 may be consulted.

From the above comparison across all modes of transport, the high efficiency of
waterborne transport is evidenced, followed by rail transport.> However, comparing
waterborne with other modes of transport (land and airborne), the speed of transport
needs also to be taken into account, especially when dealing with the transport of
so-called JIT (Just In Time) products and passengers, for which the value of time
and the demand for high speed is of high importance, so that higher fuel and trans-
port cost might be accepted (Akagi 1991; Papanikolaou 2002, 2005).

where SF' Coe is the average effective fuel consumption rate, K

3 In this comparison, the high investments for the building and maintaining of rail network infra-
structure, compared to the limited spending for ports” infrastructure, are not considered.
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Table 1.1 Specific fuel consumption for break cargo transport (Schneekluth 1985)

Ship 0.4 kg/(ton 100 km)
Truck 1.1+1.6 kg/(ton 100 km)
Rail 0.7+ 1.6 kg/(ton 100 km)
Airplane 6-+8 kg/(ton 100 km)

It refers to tons payload and includes the weight of fuel
11 + 14 kg/(ton 100 km)
It refers to tons payload and includes the weight of fuel for transatlantic flights

Table 1.2 Specific fuel consumption for passenger transport. (Schneekluth 1985)

Private car, only driver About 8 kg/(pers 100 km)
Bus (55 passengers, 100 km/h) 1 kg/(pers 100 km)
Train type IC (10 wagons of 60 seats, 160 km/h) 3 kg/(pers 100 km)
Train type D (14 wagons of 72 seats, 140 km/h) 1.5 kg/(pers 100 km)
Airplane in transatlantic flight (including other cargo) 17 kg/(pers 100 km)
Airplane in European flight (without other cargo) 3.6+6 kg/(pers 100 km)
Air cushion high-speed vehicle (600 passengers) 5 kg/(pers 100 km)
Modern large cruise ships (500-1000 passengers) 16+ 18 kg/(pers 100 km)
RO-RO passenger ferry with deck passengers (1500 passengers)  5+6 kg/(pers 100 km)
Small riverboat, with deck passengers 1.5 kg/(pers 100 km)
Large rivership, with deck passengers 0.5 kg/(pers 100 km)

Regarding the impact of shipping operations on the marine and atmospheric
environments, there are mainly two major factors to consider, namely the likely
pollution of the marine environment by crude and other oil products when trans-
ported by tankers and the toxic gas emissions of marine engines to the atmosphere.
Both above factors are strictly regulated by international authorities (International
Maritime Organisation, IMO, http://www.imo.org) and have a significant impact on
ship design, outfitting and operation.

The likely pollution of the marine environment is regulated by International
Convention for the Prevention of Pollution from Ships (MARPOL) 73/78, which is
one of the major IMO conventions; in the course of the years, after its introduction
in 1973, MARPOL underwent several amendments and improvements that con-
tributed to today’s quite satisfactory state of affairs in terms of tanker accidents
and environmental consequences (Fig. 1.10,* Eliopoulou and Papanikolaou 2007).
Following a series of catastrophic single hull tanker accidents, current MARPOL
regulations (IMO 2013a and long before US OPA90) recognize double hull tanker
designs as the only acceptable solution for the safe carriage of oil in tanker ships.
According to current MARPOL regulations, the tank arrangement of the cargo
block of an oil tanker should be properly designed to provide adequate protection

4 The presented statistics cover the period 1978-2003; it is noted that the very low accidental rates
achieved, as of year 2003, are confirmed by more recent statistical studies (Papanikolaou et al.
2009c¢).
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against accidental oil outflow, as expressed by the so called ‘mean outflow param-
eter’. Further improvements of MARPOL may be expected in the future.

Finally, it is well established today that human activities have a significant im-
pact upon the levels of greenhouse gases in the atmosphere, i.e. those gases that
absorb and emit radiation within the thermal infrared range. The gases with the
most important release to the atmosphere are in descending order: water vapour,
carbon dioxide (CO,), methane and ozone. The Intergovernmental Panel on Climate
Change (IPCC) recently released a report stating that ‘most of the observed increase
in global average temperatures since the mid-twentienth century is very likely due
to the observed increase in anthropogenic greenhouse gas concentrations’ (Solomon
et al. 2007). One of the main contributors of emissions of greenhouse gases due to
human activity is the burning of fossil fuels. The total CO, emissions from shipping
(domestic and international) amount about 3.3 % of the global emissions from fuel
consumption according to International Energy Agency (IEA; Buhaug et al. 2008;
Fig. 1.11).

Climate stabilization will require significant reductions of CO, emissions by
2050 and the international shipping industry needs to participate in this process.
Independently of the fact that maritime transport is the most efficient mode of trans-
port (ton-kilometre) and least polluting in terms of greenhouse gas emissions, pres-
ent discussions and expected regulatory measures suggest the collaboration of all
major stakeholders of shipbuilding and ship operations to efficiently address this
complex technoeconomical and highly political problem and calls eventually for
the development of proper design and operational knowledge and assessment tools
for the energy efficient design and operation of ships (Boulougouris and Papaniko-
laou 2009). In this respect, an Energy Efficiency Design Index (EEDI)’ has been

5 The Energy Efficiency Design Index (EEDI) was made mandatory for new ships, as of January
1, 2013; this was decided at MEPC 62 (July 2011) with the adoption of amendments to MARPOL
Annex VI (resolution MEPC.203(62)) and went along with the introduction of a Ship Energy
Efficiency Management Plan (SEEMP) for all ships. The EEDI provides a specific figure for an
individual ship design, expressed in gram, of carbon dioxide (CO,) per ship’s transport work, ex-
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introduced for most types of merchant ships, which needs to be kept below a certain
limiting value that is specific to ship’s type and size.

Typical design and outfitting measures for reducing CO, emissions are related
to hull form optimization for least powering (and fuel consumption), improved die-
sel engine combustion, improved fuel technology etc.; last, but not least, a drastic
operational measure for reducing CO, emissions is reduction of service speed, with
major impact on a ship’s competitiveness and economy, especially when the ship is
in liner service (e.g. for container and passenger ships).

Finally, societal concerns about the safety of human lives and of the environment
have recently led the maritime industry to increased efforts in the design and opera-
tion of ships for enhanced safety. Applications of risk-based approaches in the mari-
time industry started actually in the early 60s with the introduction of the concept
of probabilistic ship’s damage stability. In the following years, they were widely
applied within the offshore sector and are now being adapted and utilized within
the ship technology and shipping sector. The main motivation to use more and more
risk-based approaches in the shipping industry is twofold: implement novel ship de-
signs which are considered safe but—for some formal reason—cannot be approved
today (see mega cruise ships) and/or rationally optimize existing design concepts
with respect to safety, without compromising on efficiency and performance. (‘risk-
based ship design’ and ‘design for safety’, see, Papanikolaou 2009b).

1.3 Introduction to Ship Design

1.3.1 Main Approach to Ship Design

Ship design was in the past more art than science, highly dependent on experi-
enced naval architects, with good background in various fundamental and special-
ized scientific and engineering subjects, next to practical experience. The design
space (multitude of solutions to the design problem) was practically explored us-
ing heuristic methods, namely methods deriving from a process of trial and error
often over the course of decades. Gradually, trial and error methods were replaced
more and more by gained knowledge, which eventually formed a knowledge base,
namely semiempirical methods and statistical data of existing ships and successful
designs.

A modern, systems-based approach to ship design may consider the ship as a
complex system integrating a variety of subsystems and their components, e.g.
subsystems for cargo storage and handling, energy/power generation and ship pro-
pulsion, accommodation of crew/passengers, ship navigation etc. They serve well-

pressed by capacity miles (the smaller the EEDI the more energy efficient ship design). The EEDI
is calculated by a formula which is based on ship’s powering, deadweight and speed characteristics
(see Chapter 5).
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Fig. 1.12 Basic functions of a ship according to K. Levander (2009)

defined ship functions. Ship functions may be divided into two main categories,
namely payload functions and inherent ship functions (Fig. 1.12). For cargo ships,
the payload functions are related to the provision of cargo spaces, cargo handling
and cargo treatment equipment. Inherent ship functions are those related to the car-
riage of payload, at specified speed and safely from port to port.

Considering that ship design should actually address the whole ship’s /ife cycle,
we may consider ship design as being composed of various stages, namely besides
the traditional concept/preliminary design, the contractual and detailed design, the
stages of ship construction and fabrication process, ship operation for her economic
life and scrapping/recycling. It is evident that the optimal ship with respect to her
whole life cycle is the outcome of a holistic® optimization of the entire, above-
defined complex ship system for its entire life cycle (Papanikolaou 2010).

Mathematically, every constituent of the defined life cycle ship system and de-
sign stage forms a complex nonlinear optimization problem of the design variables,
with a variety of constraints and criteria/objective functions to be jointly optimized.
Even the simplest component of the ship design process, namely the traditional first
loop (conceptual/preliminary design), is complex enough to be simplified (reduced)
in practice. Also, inherent to ship design optimization are the conflicting require-
ments resulting from the design constraints and optimization criteria (merit or ob-
jective functions), reflecting the interests of the various ship design stake holders:
ship owners/operators, ship builders, classification society/coast guard, regulators,
insurers, cargo owners/forwarders, port operators etc. Assuming a specific set of

¢ Principle of holism according to Aristotle (Metaphysics): ‘The whole is more than the sum of
the parts’.
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requirements (usually the shipowner’s requirements for merchant ships or mission
statement for naval ships), a ship needs to be optimized for lowest construction cost,
for highest carrying capacity and operational efficiency or lowest required freight
rate (RFR), for the highest safety and comfort of passengers/crew, for satisfactory
protection of cargo and the ship herself as hardware and last but not least, for mini-
mum environmental impact, particularly for oil carriers with respect to marine pol-
lution in case of accidents, for high-speed vessels with respect to wave wash and
recently for all ships with respect to engine emissions and air pollution. Many of
these requirements are clearly conflicting and a decision regarding the optimal ship
design for a set of design requirements needs to be rationally made.

To make things more complex but coming closer to reality, even the specifica-
tion of a set of design requirements with respect to ship type, cargo capacity, speed,
range etc. is complex enough to require another optimization (or decision making)
procedure that satisfactorily considers the interests of all shareholders of the ship as
an industrial product servicing the needs of international markets or others. Actu-
ally, the initial set of ship design requirements is the outcome of a compromise of
intensive discussions between highly experienced decision makers, mainly by the
shipbuilder’s and end-users’ side (shipowners) who attempt to promote their inter-
ests, while accepting some tradeoffs during contract negotiations. A way to under-
take and consolidate this kind of discussions in a rational way has been advanced by
the EU-funded project LOGBASED (2004-2007; Brett et al. 20006).

Modern approaches to ship design are reviewed by Andrews et al. (2009) and Pa-
panikolaou et al. (2009d; on behalf of expert committees of the International Marine
Design Conference (http://www.imdc.cc)).

1.3.2 Main Phases of Ship Design

Traditionally, ship design may be considered decomposed into four main phases,
namely:

a. Concept design—TFeasibility study
b. Preliminary design

c. Contract design
d. Detailed design

The present book deals with the first two phases of ship design (a and b), which are
also known as basic design, they are often merged into the more general definition
of preliminary design.” Figure 1.13 sketches the course of the design of a ship,
which is designed to service specific requirements or a mission (Mission), disposing
certain functional (Function), form, space, weight (Form), technical performance
(Performance) and economic characteristics (Economics).

7 The last two phases (c and d) are briefly commented on in Sect. 1.3.4.
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coordinator)

Preliminary ship design is the early stage of design in which based on the ship-
owner’s or mission requirements and specifications, the main technical and eco-
nomic ship characteristics are determined by optimization, particularly those ship
characteristics that decisively affect the cost of shipbuilding (and indirectly the cost
of acquisition) and the economy of operation.

1.3.3 Objectives of Preliminary Design

The preliminary ship design encompasses the following more detailed objectives:

» Selection of main ship dimensions

* Development of the ship’s hull form (wetted and above-water parts)

» Specification of main machinery and propulsion system type and size (power-
ing)

» Estimation of auxiliary machinery type and powering

» Design of general arrangement of main and auxiliary spaces (cargo spaces, ma-
chinery spaces and accommodation)

» Specification of cargo-handling equipment

» Design of main structural elements for longitudinal and transverse strength

» Control of floatability, stability, trim and freeboard (stability and load line regu-
lations)

» Tonnage measurement (gross register tons)

It is understood that the determination of all above elements of ship design is subject
to compliance with the specifications of various national and international maritime
rules and regulations, which are enforced by national and international authorities
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(flag and port states, IMO) or by an internationally recognized classification soci-
ety. In cases of a lack of regulatory specifications, it is understood that the designed
and built ship corresponds to the modern state of the art in shipbuilding science and
technology.

Preliminary ship design is a technoeconomic feasibility study of the subsystem
‘ship’ as one of the most important ‘earning’ elements in the global maritime trans-
portation system (or maritime network chain), of transport services and of the mari-
time operation (shipping) industry; trivially, a ship is also a high-investment product
of the shipbuilding, maritime technology industry. Taking into account the most
recent developments of shipbuilding and marine technology, the physical and tech-
nical constraints, the technoeconomic specifications of the shipowner, the national
and international regulations and conventions regarding the building and safety of
operation of ships, preliminary design aims at consolidating the various, party con-
flicting requirements and determining the most economic design solution for the
highest return of investment.

The main difficulties of ship design are due to the complexity of the various
technoeconomic requirements, which are partly contradictory to each other and the
in-force and in-foreseeable-future maze safety requirements of national and inter-
national regulations. In terms of fundamental fluid mechanics, the unique operation
of the ship on the free sea surface, which represents an irregular boundary surface
between two fluids of substantially different density (namely water and air, and so
defines the surface profile of the sea waves, which is a priori unknown) and results
to a time-varying (dynamic) loading on the ship’s structure and to rigid body ship
motions in six degrees of freedom, the complex flow around the ship’s hull and a
variety of other problems of ship hydrodynamics and of dynamic ship loading, form
a series of unique scientific problems and of theoretical as well as technological
solutions. The address of the above difficulties and proper solution of particular
problems request the collaboration of scientists, designers and engineers of various
disciplines, particularly when we address the development of new buildings (proto-
types), without having empirical data of sister ships in hand.

The design of a ship crosses the strict boundaries of technology and science
in many instances of development, coming closer to disciplines of arts. Here we
understand beyond the aesthetics and architectural elements of ship design, which
greatly affect the design of specific ship types (e.g. passenger cruise ships, yachts
etc.), the many ‘smaller and larger’ problems arising in ship design and construction
that are addressed more by the ‘intuition’ (‘mastering’) of the naval architect, fol-
lowing the tradition of small ship builders, rather than deciding rationally by use of
modern decision support tools and systems. The reason for this approach in practice
is namely: firstly, lack of time for an exhaustive investigation of all parameters of
the set design problem, whereas a decision is due immediately; and secondly, the
complexity of some problems, with manifold possible solutions, without having the
certainty of a rationally optimal solution with respect to technology and economy. In
this respect, the experience of the ship designer, ship builder or production manager
complements lacking design data that would be obtained after tedious theoretical
elaborations. Nevertheless, in recent years, information technology (IT) has been
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widely introduced to all phases of ship design, production and operations, closing
more and more the gaps resulting from the nowadays often lack of experienced ship
designers and engineers in many parts of the world.

Figure 1.14 represents schematically DESIGN as one of the corners of the sci-
entific triangle, namely as a separate discipline next to HUMANITIES and SCI-
ENCES. The design of a ship, like of any engineering object, is greatly influenced
by TECHNOLOGY, an important part of which is ENGINEERING and PHYSICAL
SCIENCES.

1.3.4 Design Procedure: Design Spiral

The design procedure described in the last section may be illustrated by the well-
known design spiral, originally introduced by J. H. Evans (Taggart 1980; see
Fig. 1.15). The design spiral effectively illustrates the sequential course of ship
design through the various design steps, the repeating, iterative procedure for the
determination of ship dimensions and of other properties and, finally, the gradual
approach to the final stage of detailed ship design. In the figure, some indicative ef-
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fort in man-days for the completion of each stage of ship design is given, pertaining
to the design of a large merchant ship in the late 1950s. The ship design procedure
may be also illustrated by more modern and comprehensive graphical approaches,

encompassing, besides the design, the manufacturing procedure as well, as illus-
trated in Figs. 1.16 and 1.17.
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Figure 1.18 shows the results of a parametric investigation of the effect of dif-
ferent main dimensions and hull forms on ship’s annual cost for given owner’s re-
quirements (according to R.D. Murphy et al., see Taggart 1980). The requirements
given in this case are the hold capacity, deadweight, speed and range (endurance).
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The annual cost® in this case is considered as the sum of amortized (depreciated)
building cost plus the fuel cost. The comparison of costs for the various design
alternatives is based on the differences to the corresponding values of a basic, ‘con-
ventional’ ship. Generally it is observed that:

» Long and narrow designs (large length and small beam) have relatively higher
cost for steel construction and equipment, but lower cost for machinery installa-
tion and fuel consumption.

o Short and full designs (small length and high block coefficient) have proportion-
ally lower cost for steel construction and equipment, but higher cost for machin-
ery installation and fuel consumption.

Note that Fig. 1.18 presents a qualitative comparison of costs and the specific ab-
solute costs of alternative designs may vary according to the specific requirements
of the shipowner (particularly in terms of the speed requirements); also, this fun-
damental study is using data of ships back to the 60s. However, the qualitative
characteristics of the effect of ship’s main dimensions and hull form on basic cost
items remain unchanged.

Commenting on the iterative ship design procedure illustrated by the design spi-
ral (Fig. 1.15), the following is noted:

a. Concept Design Feasibility Study: First Iteration Loop In this design stage,
the mission or (ship) owner’s requirements are translated in a first approach into
technical ship characteristics (of naval architectural and marine engineering nature).
This stage of ship design actually corresponds to a feasibility study. Preliminary
estimations of the basic ship dimensions, such as length L, beam B, side depth D,
draft T, block coefficient C,, powering Py etc. are made; alternative design solu-
tions fulfilling the owner’s requirements are explored with respect to the identifica-
tion of the most economical solution; however, the latter is not necessarily achieved
at this stage, though the feasibility of satisfactory solutions is ensured.

According to R. K. Kiss (see Taggart 1980), the effort for this stage of design
for a newly developed large merchant ship was, in the 50s, about 20 man-days.
However, with the development of computers and software, this effort has been re-
duced today to about 1/20th. Thus, today, the feasibility—concept design may be ac-
complished in 1 day (or even less) by a naval architect, assuming a well-organized
design office with proper software and ship database infrastructure.

b. Preliminary Design—Second to Fourth Iteration Loop This stage is a more
comprehensive elaboration of the various ship design steps partly addressed in the
first phase. It involves the accurate determination of the ship’s main characteristics,
namely, length L, beam B, side depth D, draft 7, block coefficient C; and powering
Py, s0 as to satisfy the owner’s requirements and to correspond to an optimal solu-
tion with respect to a set economic criterion. The outcome of the preliminary design
forms the basis for compilation of the shipbuilding contract between the owner and

8 The total annual cost of a ship includes some additional items, such as crew costs, port expenses,
insurance cost etc.
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Table 1.3 List of typically required naval architectural plans/drawings/studies to be developed
during the contract design of merchant ships. (Taggart 1980)

Outboard profile, general arrangement Power and lighting system—one line diagram

Inboard profile, general arrangement Fire control diagram by decks and profile

General arrangement of all decks and holds Ventilation and air conditioning diagram

Arrangement of crew quarters Diagrammatic arrangements of all piping
systems

Arrangement of commissary spaces Heat balance and steam flow diagram—normal
power at normal operating conditions

Lines Electric load analysis

Midship section Capacity plan

Steel scantling plan Curves of form

Arrangement of machinery—plan views Floodable length curves

Arrangement of machinery—elevations Preliminary trim and stability booklet

Arrangement of machinery—sections Preliminary damage and stability calculations

Arrangement of main shafting

the shipbuilder. Typically, the effort for finishing the work of this stage is about 15
times larger than the estimated effort for the first phase.

The combination of phases a and b is also known as basic design.

c. Contract Design—Fifth Iteration Loop The objective of this stage is the com-
pletion of the necessary calculations and naval architectural drawings, as well as
the drawing up of the technical specifications of the ship’s building, which all form
indispensable parts of the formal shipbuilding contract between the shipowner and
the appointed shipyard. This design phase involves a detailed description of ship’s
hull form through the faired ship lines plan, the exact estimation of the powering for
achieving the specified speed based on model tests in a towing tank, the theoretical
or experimental analysis of the behaviour of the designed ship in waves (seakeeping
studies, in general not conducted for common type merchant ships), the analysis of
the ship’s manoeuvring properties (not always performed, like with seakeeping),
consideration of alternative propulsive systems (propeller—machine system), details
of the ship’s structural design, design of the ship’s auxiliary/supply networks (elec-
tric, hydraulic, piping systems etc.) and finally, a more precise estimation of the
individual ship weight components, of ship’s total weight and the corresponding
centroids.

It is estimated that this third phase requires an effort of roughly 17 times more
than the second phase, which corresponded to roughly 5,000 man-days for a large
merchant ship designed in the 50s according to Taggart (1980), whereas today the
man-days effort has been reduced considerably to about 1/20th of the preceding
value. The drawings, numerical studies and technical specifications, which are de-
veloped during contract design, are shown in Tables 1.3 and 1.4 (Taggart 1980).

d. Detailed Design In the last phase of the ship design procedure, a detailed design
of all structural elements of the ship is conducted, along with the setup of the tech-
nical specifications for ship’s construction and the fitting of equipment; recipients
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Table 1.4 List of typically required main technical specifications to be developed during the con-

tract design of merchant ships. (Taggart 1980)

General

Structural hull

Houses and interior bulkheads

Sideports, doors, hatches, manholes

Hull fittings

Deck coverings

Insulation, lining and battens

Kingposts, booms, masts, davits, rigging and
lines

Ground tackle

Piping—hull systems

Air conditioning, heating and ventilation

Fire detection and extinguishing

Painting and cementing

Navigating equipment

Life saving equipment
Commissary spaces

Utility spaces and workshops
Furniture and furnishings

Plumbing fixtures and accessories

Hardware
Protection covers

Miscellaneous equipment and storage
Name plates, notices and markings
Joiner work and interior decoration
Stabilization systems

Container stowage and handling
Main and auxiliary machinery

Main turbines

Reduction gears—main propulsion
Main shafting, bearings and propeller
Vacuum equipment

Distilling plant

Fuel oil system

Lubricating oil system

Sea water system

Fresh water system
Feed and condensate systems

Steam generating plant

Forced draft system

Steam and exhaust systems

Machinery space ventilation

Air conditioning refrigeration equipment
Ship’s service refrigeration

Cargo refrigeration—direct expansion system
Liquid cargo system

Cargo hold dehumidification system

Pollution abatement systems and equipment

Tank level indicators

Compressed air systems

Pumps

General requirements for machinery pressure
piping systems

Insulation—lagging for piping and machinery

Emergency generator engine

Auxiliary turbines

Tanks—miscellaneous

Ladders, gratings, floor plates, platforms and
walkways in machinery spaces

Engineers’ and electricians’ workshop, stores
and repair equipment

Hull machinery

Instruments and miscellaneous cage
boards—mechanical

Spares—engineering

Electrical systems, general

Generators

Switchboards

Electrical distribution.

Auxiliary motors and controls

Lighting

Radio equipment

Navigation equipment

Interior communications

Storage batteries

Test equipment, electrical

Centralized engine room and bridge control

Planning and scheduling, plans, instructions,
books etc.

Tests and trials

Deck, engine, and stewards’ equipment and
tools, portable
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of this information are the yard’s production units (panel-hull technicians, welders,
fitters, machinists, riggers etc.), and the external suppliers of mechanical equipment
and other outfitting.

A characteristic of this phase is that, while the generated drawings and specifi-
cations are the outcome of studies and work of expert engineers (naval architects
and marine engineers), the subsequent implementation of the designs into practice
depends solely on the capabilities of the shipyard’s production units, in terms of
both hardware infrastructure and human resources (foremen and technicians of the
yards). According to data from Kiss (see Taggart 1980), this stage of design requires
60,000 man-days, a tremendous effort in the late 50s, whereas today it is a small
fraction of it depending on the availability of experienced designers in the yard and
the degree of applied IT technology in the yard’s design and production departments.

Reviewing all the stages (a) to (d) of ship design, it may be concluded that, based
on the results of the Basic Design (a and b), both the main technical features and
the construction cost of an economically efficient vessel can be reliably estimated.
Thus the shipyard may proceed with the preparation of a tender to the interested
shipowner; and in case the tender is accepted, the more detailed and demanding
third and fourth design phases are to be completed.

1.3.5 Owner’s Requirements: Statement of Work

The main requirements of a ship owner with respect to the design and construction
of a merchant ship are driven by a variety of factors that are all related to the at-
tractiveness of a shipping business in terms of return on investment; this business
opportunity might lead to a shipbuilding contract. A sample of these factors is listed
below:

1. Replacement or conversion of aged or less competitive ships. These are ships
with unsatisfactory payload, speed and/or operational cost characteristics or
ships not complying with newly introduced safety regulations pertaining to the
Safety Of Life At Sea (SOLAS), or the protection of the marine environment
(MARPOL, OPA 90).

2. Extension or change of activities of a shipping service in an already serviced
market (increase of competitiveness).

3. Development of new services in other geographical areas (geographic extension
of business activities).

4. Transportation of new types of cargo in an existing line/market (increase of share
in local trade).

5. Introduction of advanced marine technology in terms of

a. AMV: high speed and innovative design vessels

b. Innovative cargo handling systems: modern and innovative loading—unload-
ing systems; transport of high-value cargo in standardized transport units
(containers, pallets etc.)

c. Intermodal transport systems: integrated sea—land-river transport systems etc.
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6. Development of special types of ships supporting shipping, offshore and ocean
surveillance activities: tug boats, icebreakers, pilot boats, offshore supply ves-
sels, Search And Rescue (SAR) vessel, hydrographic/research vessels etc.

7. Development of floating offshore structures in the framework of ocean/offshore
technology.

Typical main requirements of a shipowner interested in a new shipbuilding contract
are listed and commented in the following:

a. Transport capacity, expressed by a ship’s deadweight,’ capacity of cargo spaces
(in terms of holds’ volume), the number of transported containers, number and
type of transported vehicles or/and passengers (in excess of crew), as applicable.

b. Speed in trial condition, at 100 % maximum continuous rating (MCR) of engine
power.

c. Range or endurance (expressed in sea miles or days of operation without refuel-
ling) for a specified routing scenario at service speed and with indication of ports
for refueling and replenishment.

d. Class: by an internationally recognized classification society.

These requirements are supplemented by national and international safety regula-
tions (IMO, www.imo.org), which pertain to a ship’s stability and floatability in
intact condition and in the case of loss of the ship’s watertight integrity, to fire
safety, to the ship’s navigational equipment, to lifesaving equipment, and to the
ship’s evacuation procedures (SOLAS); they refer, also, to the determination of the
ship’s load line'® and required freeboard (International Convention on Load Lines,
ICLL), to ship’s tonnage measurement (International Convention on Tonnage Mea-
surement of Ships), to the protection of the marine environment from oil pollution
and of the air from toxic gases released by ship engines (MARPOL), the number
and type of crew (according to flag state regulations), the manner of transport of
dangerous cargo/goods etc.

The extent and detailing of a shipowner’s specific requirements depend on the
organization/preparation of the shipping company’s technical services and may vary
between some general requirements, as stated earlier (in the case of small shipping
companies) and up to a comprehensive technical specification of a ship’s construc-
tion (in the case of large shipping companies, e.g. international oil companies etc.)

The procedure of awarding a shipbuilding contract to a yard begins with the
shipowner’s exploration of solicited tenders of competing yards. The tenders are de-

° A ship’s deadweight (occasionally called: deadweight tonnage or transport capacity, abbrevi-
ated DWT) is equal to the total sum of additional weights that may be added to the weight of the
entirely empty, but fully equipped and ready for operation ship, such as payload, fuel, including
lubrication oils, passengers and crew with luggage, various provisions, various waters of different
quality and purpose (fresh and drinking water, cooling water, boiler feeder water), ballast water,
variable equipment accessories. Note that the light ship weight of a ship corresponds to the empty
(light), but fully equipped and ready-to-operate ship, without any load, fuel, provisions or supplies.
The sum of light ship weight and deadweight is equal to ships displacement weight.

10 Specifying ship’s maximum loading and draft.
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veloped in accordance to the set shipowner’s requirements and consist in principle
(at least) of an estimation of ship’s main dimensions and of the other main design
characteristics, a preliminary general arrangement of main spaces and equipment
and a preliminary estimation of costs, along with a time schedule for the completion
of works and ship delivery (tender design). In general, the shipowner awards the
contract to the yard with the ‘best’ offer (lowest building cost or best value for mon-
ey), considering, however, the offered financial terms by the yard (extent of down
payment, support in securing competitive loans from banks etc.). It should be noted
that if the tendering yards are likewise reliable in terms of offered technology and
quality of production, the yard offer associated with the lowest-cost ship, comply-
ing with the set requirements, will be indeed the most attractive for the shipowner.

In the shipbuilding contract between the shipyard and the shipowner we have
listed on one side the commercial terms and legal conditions (guarantees, financing
terms, delivery date etc.) and on the other side the technical description of the ship.
The technical details of the ship may be found in shipyard’s initial design documen-
tation (tender design), but are given in more details in the technical specifications
booklet for the ship under construction, which is often prepared during the ship’s
construction (when it comes to new designs from scratch). Of course, the availabil-
ity of a complete technical specification when signing the contract is not excluded,
if the yard has corresponding information from own past standard ship designs, or
when the owner has its own specifications from previous constructions or through
the design by his own technical services.

Fig. 1.19 describes schematically the flow of the production planning for the suc-
cessful design, construction and profitable operation of a ship (life cycle approach),
relating to a series of necessary actions for the naval architect/ship designer, the
shipyard and the ship operator/owner.

The preceding main requirements of an interested ship owner are now elaborated
in the following:

a. The transport capacity of a cargo ship is expressed by her DWT because the con-
tracted tons DWT can be easily checked during (or shortly after) a ship’s delivery
by the difference in the ship’s displacement weight in the fully loaded and light
ship conditions (through readings of draft marks at the ship’s bow, amidships and
stern).

The shipowner may, to a certain degree, adjust/adapt the amount of carried payload
to the actual market needs by corresponding changes in the amount of carried fuel
without changing the ship’s deadweight.

Regarding the degree of achievement of the contracted deadweight capacity, the
following (or similar) provisions (penalties) are generally set in the shipbuilding
contract: According to Schneekluth (1985), if the difference of specified and finally
achieved deadweight is less than about 2 %, no penalty provisions will apply; if the
difference is up to about 5%, proportional reduction of shipbuilding price; in case
of more than 5% less deadweight capacity, possible rejection of ship by the owner
with full refund of down-payments or significant reduction of payments.
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Fig. 1.19 Planning procedures for the design, construction and operation of a ship. (Sen and Bir-
mingham 1997)

It is evident that for special types of ships with their main mission beyond cargo
or passengers transportation, the deadweight as a main requirement is replaced by
other ship characteristics, representing the essential value of the vessel, for example,
for tugboats, a main requirement is the pulling force (or bollard pull) and propulsion
power; for icebreakers, an additional factor is the maximum ice thickness in which
the ship may operate at a certain speed (ice class).
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Specification of the cargo hold capacity is set by the owner for covering the
stowage needs of certain cargo. Thus, for tanker ships, the crude oil tank volume
is specified; for ‘reefer’ cargo ships, the net hold volume for refrigerated cargo is
specified; for general cargo ships, the additional tank volume for the carriage of
animal or vegetable oil and other liquids may be specified.

The reference to the number of containers (7EUs: twenty feet equivalent units
or FEUs, forty feet equivalent unit, cross section 8 x 8 feet, length 20 and 40 feet,
respectively) or number of vehicles (private cars, trucks, trailers), or the length of
vehicle lanes on car decks may be related to specialized ships for the carriage of
these types of cargos (cellular type containerships or roll-on/roll-off ships), but also
to multipurpose cargo ships carrying this type of cargo based on demand. The same
applies to the number of carried passengers, in excess of crew, which refers to the
combined type of cargo RO-RO passenger ships (ferry or ROPAX) with length
over about 60 m, rather than to pure passenger ships (for shortsea services only).
Pure passenger ships of large size are encountered today only as cruise ships, in
contrast to the ocean liners for transatlantic/intercontinental transport services that
dominated the transport of valuable goods and passengers between the continents
until the late 50s.

It should be noted that today the combined cargo—passenger ship (a cargo ship
carrying more than 12 passengers in excess of the crew!!) has practically disap-
peared as ship type, with few exceptions in specific routes and in some modern
RO-RO cargo ships (carrying truck drivers).

b. The owner’s requirement for a minimum speed in trial conditions (thus wind
force up to a maximum 2-3 Beaufort, calm and deep water, without current
or tide effects and a clean ship hull surface) at a specified draft (displacement)
is founded on the easy control of ship’s propulsive efficiency (performance of
main machinery and propulsion system) in relation to the ship’s hull form and
displacement on the basis of the speed achieved. During delivery, the speed is
commonly measured by the time to pass 1 nautical sea mile (1852 m), as it has
been specified for a route near the shipyard and mutually agreed. The vessel’s
speed is continuously recorded using nowadays differential global positioning
system (GPS). The same route is sailed in the opposite direction to balance the
effect of wind, currents and tide. The trial procedures are detailed in a separate
document attached to the shipbuilding contract.

The specified trial speed refers in general to the design draft (and ship’s displace-
ment) and to 100 % or another rating of MCR of the main machinery. Because dur-
ing the trials, except for tankers and some passenger ships, the design draft and dis-
placement cannot be achieved, the trial speed may be measured for a reduced draft
(e.g. at the ballast condition), and the measured speed may be scaled to the value
at design draft by an agreed calculation procedure (e.g. by use of admiralty’s con-
stant or similar). Regarding the possible deviations between the contracted speed

11" A cargo ship may carry up to 12 passengers in excess of her crew. Any ship carrying more than
12 passengers needs to comply with the safety provisions of passenger ships (SOLAS).
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and the speed at delivery, the following penalties (rarely premiums, similar to the
provisions for deadweight deviations) apply in general: deviation up to about 2%
or about 5 knot at 20 knots speed, no or small penalty applies; deviation up to 5%
or about 1 knot less speed, significant reduction of shipbuilding price; deviation by
more than 5%, shipowner reserves the right to reject the ship delivery; in case of
achieving a higher speed than contracted, a premium might be paid to the yard. The
same often applies for early ship delivery and achieved higher transport capacity
(deadweight), if so agreed in the contract.

c. Among the remaining main requirements, the range or endurance, i.e. given
in sea miles/days of operation without refuelling/replenishment, determines the
amount (weight) and required volume of fuel and other liquid tanks as necessary
for the ship’s operation (lubrication oil, fresh and drinking water etc.)

d. The satisfaction of the construction regulations of an internationally recognized
classification society is included in the main requirements; they refer to the
award to the ship of a specific ‘class’, which is necessary for the various authori-
ties to permit the ship’s operation. The award of a ‘class’ essentially corresponds
to the issuance of a series of safety certificates ensuring the integrity of the ship’s
structure and of the ship’s vital equipment and outfitting (ship’s machinery, pro-
pulsion and steering system, including auxiliary devices) that affect the ship’s
safety. Selection of the classification society is generally a matter of the ship-
owner to decide.

The internationally most important!? class societies are members of the Internation-
al Association of Classification Societies (IACS, www.iacs.org.uk) and are listed
as follows:

» UK: Lloyd’s Register of Shipping (LR, www.lIr.org)

« Germany: Germanischer Lloyd (GL, www.gl-group.com'?)

* Norway: Det Norske Veritas (DNV, www.dnv.com)

* USA: American Bureau of Shipping (ABS, www.eagle.com)

» France: Bureau Veritas (BV, www.bureauveritas.com)

 [taly: Registro Italiano Navale (RINA, www.rina.org)

» Japan: Nippon Kaiji Kyokai (NKK, www.classnk.or.jp)

* P.R. China: China Classification Society (CCS, www.ccs.org.cn)

» Korea: Korean Register of Shipping (KR, www.krs.co.kr)

» Russia: Russian Maritime Register of Shipping (RS, www.rusregister.ru)

12 Mainly in terms of volume of activities, i.e. total fleet tonnage under class and R&D effort. As
of 12 September 2013, DNV and GL have merged to form DNV GL.

13 For example, class notation GL [El 100 A5 E means a ship classified by GL. [H: The Maltese
cross indicates that hull, machinery and/or special equipment have been constructed under the
supervision and in accordance with the rules of GL. The square around the cross shows proof of
subdivision and damage stability requirements for the hull. 70045 the ship’s hull fully complies
with the requirements of the Construction Rules of GL. The number 100 indicates the maintenance
condition of the ship’s hull in relation to the requirements of the construction rules, taking into
account the permissible corrosion and wear tolerances. The number 5 indicates the duration of the
class period in years. E: Hull and/or machinery have been designed such as to comply with the
requirements for navigation in ice, with index 4 representing the highest notation.
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In the common shipowner’s requirements, the following terms may be also includ-
ed: the number of propellers, the type and manufacturer of main machinery (for die-
sel engines according to engine listings, however, without specifying the machinery
powering, which will be an essential result of ship design), the type, number and
arrangement of the cargo handling system (for tankers, pump power), the quality of
crew accommodations and especially passenger cabins and public spaces, if the ship
is a cruise ship or ROPAX ferry.

Regarding the ship’s main dimensions, there are in general no specifications or
boundary limits set by the shipowner, except for navigational constraints (pass-
ing through canals and narrow channels: limits on maximum draft and beam, sel-
dom on length; approaching harbours: limits mainly on draft, seldom on length).
Also, normally, there are no specifications regarding a ship’s stability properties
in the various loading conditions, except for the initial stability (minimum G M)
for fishing vessels and sometimes for RO-RO passenger ships, containerships and
‘reefer’ ships; clearly, the built ship is assumed fulfilling all relevant international
and national safety regulations, including those for intact and damage stability and
floatability.

The preceding safety regulations specify in detailed form the requirements (cri-
teria) pertaining to the safety of the global system ‘ship’ (vessel, crew, passengers,
cargo) and ‘marine environment’ (marine biology and coastal areas) in normal and
extreme ship operating conditions (dangerous/adverse weather conditions, collision
with other ships, grounding, flooding, explosion and fire).

Finally, where the regulatory framework and the shipowner’s requirements do
not literally prescribe a specific ship performance measure or property, it is tacitly
understood that the ship needs to perform according to contemporary shipbuilding
technology and state of art of science.

Especially regarding the operability of the ship, the following are expected
(without literally specifying them):

a. Good seakeeping performance (seaworthiness)

b. Good manoeuvring properties (stability of course keeping, small turning diam-
eter, small distance for slowing down from maximum speed to zero—crash stop)

c. Good arrangement of cargo spaces (easiness of cargo stowage and access to
holds and lower decks)

d. Good arrangement of functional spaces (easy access to spaces and ergonomic
arrangement of equipment; arrangement of machinery space and navigational
bridge)

Good arrangement of accommodations, public spaces and access ways (design of
simple access ways to spaces, corridors etc., especially on passenger ships; optimi-
zation of pathways of crew from their cabins to working areas; comfortable accom-
modations for passengers and crew).

Finally, the design and construction of naval ships (warships) are governed by
other types of criteria, namely, those referring to the fulfilment of a mission under
specific operational/environmental conditions (especially wave and wind condi-
tions) in the frame of needs of national defence of a country. The main factors af-
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fecting the fighting capability and main requirements for the design of a naval ship
are as follows:

1. Type of naval ship and mission (corvette, frigate, cruiser, destroyer, aircraft car-
rier, surveillance vessel etc.)

. Type and extent of armament and electronic/operational outfitting

. Number of crew, including ratings and accommodation requirements

. Structural reinforcements, i.e. armour/shielding of the hull

. Floatability and stability after damage, damage control

. Sustained speed in calm waters and in specified seaways (top and cruise speeds
at specific engine ratings)

7. Specification of seakeeping and manoeuvring capabilities

8. Range/endurance without replenishment

AN W

It is characteristic that the design, construction and operation of naval ships are gov-
erned by purely technological and physical performance criteria, because they re-
sult from the latest developments of science and technology and, to a lesser degree,
are affected by economic considerations. The history of shipbuilding (as in other
branches of technology) is rich in examples of innovative technological solutions
applied first to naval ships and which were later successfully adapted to merchant
ships (for example, the use of new construction materials: higher tensile steels, alu-
minium alloys, and synthetic materials; the use of gas turbines as main machinery;
and the introduction of electronic control systems, onboard computers etc.).

1.3.6 Preliminary Ship Design Methods

1.3.6.1 General

The usual and recommended steps when the preliminary ship design is elaborated
are listed below:

a. Critical Evaluation of the ship owner’s main requirements with emphasis on
those which influence the main dimensions’ selection.

b. Data Gathering (by ship type, size, DWT, speed and main engine installed power)
of built similar ships in available publications, including databases (i.e. Lloyd’s
Register Fairplay Database, recently renamed to IHS Fairplay World Shipping
Encyclopedia, see http://www.ihs.com/products/maritime-information/ships/
world-shipping-encyclopedia.aspx with technical data for over 1,160,000 ships
of GT >100, NTUA Ship Design Laboratory Database with technical details for
over 700 European RO-RO Cargo and Passenger Ships of over 1000 GT). Design-
ers working in the shipbuilding industry or design offices may exploit available
technical information about built ships filed in the design department's records.

c. Identification and Study of the relative/corresponding regulations concerning the
specific ship type design, construction and operation: resolutions, national and
international regulations, class society regulations, technical notes, guidelines
and instructions.


http://www.ihs.com/products/maritime-information/ships/world-shipping-encyclopedia.aspx
http://www.ihs.com/products/maritime-information/ships/world-shipping-encyclopedia.aspx

1.3 Introduction to Ship Design 35
1.3.6.2 Ship Types

Before presenting an outline of our generalized approach to ship design, it is ratio-
nal to proceed to a categorization of the various ship types into some main ship cat-
egories that may be characterized by common design procedures. These categories,
referring to common design features of various ship types, are as follows:

a. Deadweight carriers, with their deadweight capacity as a decisive design charac-
teristic. These are ships that carry relatively heavy cargos with a Stowage Factor
(SF)' that is less than about 1.3 m3/t (e.g. ores, cement, coal, grain, oil etc.).
Typical representatives of this ship category are bulk carriers (bulk/ore carriers)
and tankers (crude oil carriers); also included herein are general cargo ships on
charter trade (tramp ships), transporting dry cargo with relatively low stowage
factor in bulk or as break cargo. The common design characteristic of this type of
ship is that there may be available space in the cargo holds to accept even more
cargo; however, the maximum allowable draft (or minimum required freeboard)
of the ship, according to the provisions of the Load Line Convention, restricts
further loading. The ship’s Capacity Factor (CF)" is relatively low and gener-
ally less than about 1.5 m¥t DWT.

b. Volume carriers, with the most significant design characteristic being their hold
volume capacity. These are ships that carry relatively light weight cargos with
a stowage factor of more than about 2.0 m3/t (e.g. cotton, tobacco, fruits, high-
value industrial goods, electronic and electric equipment, cars etc.). Typical
representatives of this ship category are the RO-RO cargo ships, car carriers
in general (PCC: pure car carrier, PCTC: pure car and truck carrier), RO-RO
passenger ships (ROPAX, ferries), containerships, ‘reefer’ ships, general cargo
ships in liner services (liners), and passenger/cruise ships; they dispose in gen-
eral at least one continuous deck above the freeboard deck (bulkhead deck); they
do not fully exploit, in general, the maximum allowable draft, as it results from
the provisions of the Load Line Convention; they dispose in general excessive
freeboard, because there is lack of available hold volume to accept more cargo;
they dispose a relatively high capacity factor of more than about 2.5 m3/t DWT.
Ships carrying intermediately heavy cargos (stowage factor between about 1.3
and 2.0 m3/t) or alternative cargos of strongly varying stowage factor may be
designed as deadweight or volume carriers.

c. Linear dimension ships with one linear dimension (length, beam, draft or side
depth) restricted by physical external boundaries or constraints set by the car-
ried cargo. These are ships with restrictions because of passing major canals,
such as the canals of the St. Lawrence Seaway (Lake Ontario, Great Lakes bulk
carriers) with a maximum allowable beam of 22.85 m; the Panama canal, with
a maximum overall length of 294.13 m (965 ft), beam of 32.31 m (106 ft) and

14 SF, cargo property, expresses the required volume for the stowage of 1 ton of cargo.

15 CF, ship property, is the ratio of ship’s cargo hold volume to ship’s deadweight (German:
Réumte).
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draft of 12.04 m (39 ft 6 in), the so-called PANAMAX!® ships, or operating near
the mouth of important rivers, for example, La Plata River (South America), of
importance to ‘reefer’ banana ships, with a maximum draft of 8.2 m. Also, ships
carrying standardized cargo units, such as containerships (i.e. cellular-type con-
tainerships), have a well-defined beam (and side depth height) that is determined
by the number of stowed containers in the transverse (and in the vertical) direc-
tion, considering that the beam (and height) of the containers is standardized
(cross section: 8 x 8 ft, 8 ft=2.438 m; some containers may be 8.5 ft high). The
same applies to other box-type cargo ships, such as ships carrying floating barges
of standardized dimensions, LASH (lighter aboard ship) and SEABEE, ships
carrying vehicles of standard size (RO-RO cargo and RO-RO passenger ships,
rail-ferry ships etc.). Common characteristic of all these ship types is the step-
wise (discontinuous) change of their beam and the relatively increased length,
especially if the beam happens to be restricted (e.g. PANAMAX ships); thus in
general these are ships for which the relationship between main dimensions and
displacement is distorted and less optimal.

d. Special-purpose ships. These are ships that cannot be categorized in the preced-
ing main categories owing to specific conditions of their design and operational
profiles, e.g. tugboats, icebreakers, fishing vessels, and offshore support vessels.
Likewise, all unconventional ships are inherently special-purpose ships, and
their design greatly depends on specific type, size and speed (high-speed craft in
general, advanced marine vehicles, mono-, twin- and multihull vessels: catama-
rans, trimarans, pentamarans, air-cushion vehicles, submarines etc.).

e. Other methods or criteria of categorization of ship types are according to:

* Mission profile

— Merchant ships

— Naval and coast guard ships

— Research/hydrographic vessels

— Sport boats

— Tug boats

— Ice breakers

— Dredgers

— Support vessels of offshore activities: supply vessels, drilling ships, explo-
ration and production floating platforms, floating production storage and
offloading terminals (FPSO), crane ships etc.

— Pilot boats

— Cable ships

» Operation area

— Open/deep water ships
— Inland ships—river and lake boats

16 An expansion of the Panama Canal is under way (expected completion in year 2014), in the way
to allow the passing of ships (New Panamax) with maximum lengths of up to 366 m (1,200 ft),
beam up to 49 m (160.7 ft), and draft up to 15.20 m (49.9 ft). These dimensions correspond to the
size of the recent generation of MEGA(JUMBO)-containerships, with a carrying capacity of up to
about 12,000 TEU.
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 Floatability

— Surface ships
— Underwater vehicles
o With forward speed (submarines)
o Without or with very small forward speed (bathyscaphs)

» Type of power

— Mechanical engine-driven
— Wind sails
— Oars/by rowing

* Propulsion type

— Paddle wheel

o Side-wheeler

o Sern-wheeler
— Propeller

o Stern-vertical

o Horizontal Voith—Schneider patent
— Water jets

* Main machinery/engine type

— Steam engines
— Turbines
o Steam-powered
o Gas-powered
— Diesel engines
o Low-speed
o Medium-speed
o High-speed
— Otto gas engines
— Diesel/electric generator set
— Combined diesel and gas turbines (CODAGQG)
— Nuclear steam-powered turbines
— ‘Green’ environmentally friendly prime or auxiliary energy sources
o Wind and solar energy
- Sail foils and solar cells
o Fuel cells
- LNG fuel cells
NYK Super Eco Ship 2030

» Construction material

— Steel

— Aluminium alloys
— Wood

— Synthetic materials
— Marine concrete
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» Type of transported cargo

— General cargo ships
— Bulk carriers
— Tankers
— Qas carriers
o LPG tankers: transportation of petrochemical gas products in liquid
form at low temperature and/or high pressure
o LNG carriers: transport of natural gas in liquid form at very low tem-
peratures, —163°C
— Break bulk carriers
o Break bulk cargo ships
o Container ships
o Floating barge carriers
- Barge carriers
LASH
SEABEE
BACO (barge—container carrier)
> Vehicle carriers
- PCCand PCTC
- RO-RO cargo ships
- Passenger/RO-RO-RoPAX
Rail and combined RO-RO rail ships
o Heavy lift transport ships
— Multipurpose cargo ships
— Passenger ships
o Cruise ships
- Day cruise ships
- Overnight cruise ships
— Short sea passenger transport ships
o Day ships
o Overnight ships
— Excursion boats

Descriptions of the main types and their development are included in Volume II of
Papanikolaou (2009a).

Table 1.5 presents a breakdown of the world fleet by basic ship types for the year
of 2011 (existing, newly building and on order; IHS Fairplay WSE 2011).

Table 1.6 presents a breakdown of the Greek-owned fleet by basic ship types for
the year of 2011 (existing, newly building and on order; IHS Fairplay WSE 2011).

Typical representatives of the different types of ship designs can be seen in

Figs. 1.20, 1.21, 1.22, 1.23, 1.24, 1.25, 1.26, 1.27, 1.28, 1.29, 1.30, 1.31, 1.32,
Fig. 1.44 to Fig. 1.51.

1.3.6.3 Methods for Determining Main Dimensions

There are two basic methods in ship design for the preliminary estimation of
the main dimensions and the basic form characteristics, namely the relational or
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Table 1.5 World cargo ship fleet for year 2011 according to ship types. (IHS Fairplay WSE 2011)

Ship type/category No. of ships DWT (millions) GT(millions)
Reference year 2011 (Ships built since 2000, including ships on order)

Oil 3,665 382.4 206.1
Bulk dry 7,182 571.0 310.0
General cargo 4,689 41.8 29.1
Container 3,715 195.8 173.6
Chemical 3,344 75.6 47.3
Liquefied gas 929 37.8 433
Ro-Ro cargo 219 2.4 4.5
Other bulk dry 242 6.0 4.8
Refrigerated cargo 81 0.6 0.5
Passenger/Ro-Ro cargo 725 1.5 7.2
Other dry cargo 91 1.6 1.5
Passenger 697 0.07 0.4
Passenger/general cargo 43 0.04 0.08

Table 1.6 Greek-owned cargo ship fleet for year 2011 according to ship types (IHS Fairplay WSE
2011)

Ship type/category No. of ships DWT (millions) GT (millions)
Reference year 2011 (Ships built since 2000, including ships on order)

Oil 489 66.7 353

Bulk dry 915 78.9 42.5
Container 151 11.9 9.2
Chemical 286 9.9 6.0
Liquefied gas 76 32 3.6

RO-RO cargo 70 1.1 32
Passenger/RO-RO cargo 93 Not available 1.0
Passenger 20 Not available 0.06

Fig. 1.20 Bulk carrier

empirical method and the parametric method (Fig. 1.33) or method of independent
parameters:

a. Relational or Empirical Method The estimation of main dimensions is based
on comparative data from a similar built ship, with the data stemming from open
source/public information (web search), commercial and internal databases and



40 1 General on Ship Design

Fig. 1.21 Ultra large crude carrier (ULCC)

Fig. 1.22 LNG carrier

Fig. 1.23 Containership




1.3 Introduction to Ship Design

Fig. 1.24 LASH (Ligther Aboard Ship)

Fig. 1.25 SEABEE

Fig. 1.26 BACO (Barge container)

41
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Fig. 1.27 RO-RO (Roll-On Roll-Off cargo ship)

Fig. 1.28 Pure car carrier (PCC)

Fig. 1.29 Heavy lift carrier
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Fig. 1.30 RO-RO/passenger (RoPax)

Fig. 1.31 High-speed catamaran of type SWATH ROPAX

Fig. 1.32 Mega cruise ship

available data files. A variation of this method is the use of empirical design formu-
las deduced through regression fitting of relevant statistical diagrams, or of prop-
erly defined design coefficients, with the help of which the sought data, e.g. ship’s
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Fig. 1.33 Parametric optimization by permutation of main design parameters for the ‘least-cost’
cargo ship, according to R.D. Murphy et al. (Taggart 1980). Owner’s requirements: V (velocity),
WC (weight of cargo), SFR (stowage factor required), R (range), Fn = V/,/gL : Froude number

main dimensions, weight components and powering are brought into dependence
on the initially given or earlier deduced data, e.g. relationship of length on ship’s
deadweight or indirectly ship’s displacement. For successful application of the
empirical method, it is assumed that the available comparative data or empirical
relationships are sufficient and reliable for the type and size of the ship under
investigation. Of course, it is additionally assumed that the comparative built ships
represent economically competitive and reliable design solutions and that the rela-
tionship between the main design parameters and the assessment criteria is quite
flat (of small gradient) in the region of interest for the actual design parameters,
i.e. a small change in a design parameter does not lead to a significant change of
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the assessment criterion (a small change of ship’s length does not lead to a drastic
change of ship’s resistance and powering demand, for constant displacement).

b. Parametric Method When comparative data from similar ships are lacking, e.g.
in case of innovative ship types, or when the absolute ship size exceeds common
limits, it is necessary to conduct a study from scratch, namely to seek the best com-
bination of main dimensions and main design characteristics for optimizing some
selected design criteria. Based on the mathematical optimization model (algorithm
and corresponding computer software) of an economic criterion, such as building
cost, the required freight rate for 1 ton of transported cargo (RFR: required freight
rate'”), or return on investment, the absolutely optimal set of design parameters is
identified, minimizing or maximizing a set criterion. It should be noted that mod-
ern ship design optimization methods may consider multiobjective optimization
procedures, optimizing simultaneously a series of partly contradicting criteria and
constraints, thus identifying the so-called Pareto front of best design solution (see
Papanikolaou 2010).

The setup of a satisfactory mathematical model, in which the ship’s main design
parameters are rationally related to the ship’s performance (physical and economic
characteristics), is a very demanding task and obviously strongly related to the spe-
cific conditions of the ship type. The model may be (and often is) supported by
systematic experimental data of model series. The identification of the optimal ship
design solution is one fundamental task of computer-aided ship design (CASD) and,
mathematically, a typical nonlinear multiparametric and multiobjective optimiza-
tion problem with multiple constraints.

A classical and historic example of systematic parametric optimization for
identifying the ‘least-cost ship’ is given in Fig. 1.33. It refers to the optimization
procedure of a cargo ship on the basis of the main requirements of a hypothetical
ship owner for speed (V: velocity), payload (W.: weight of cargo), stowage factor
(SFy: stowage factor required), and range (R: range) according to R.D. Murphy
et al. (Taggart 1980). It should be noted that this approach was developed in the
early 1960s by use of very limited resources for computer hardware and software
available at that time. In addition to the systematic change of various independent
parameters (‘brute force’ approach), which essentially is possible only with the help
of computers, the parametric method can be applied in a simplified form with few
but essential changes in the basic parameters, provided that the design space of the
optimal solutions is known to the researcher.

In practice, Murphy et al.’s methodology has already been replaced nowadays
by modern optimization methods, which are supported by strong computer infra-
structure; this enables the consideration of many more design parameters, objective
functions and constraints. The identification of the optimal solution is achieved with
a minimum number of parametric iterations compared to the ‘brute force’ para-

17 Definition of RFR=(annual costs+annual depreciation value of the ship)/annual transported
amount of cargo. The definition applies strictly for uniform annual cash flow. Ships with smaller
RFR are more competitive than others, as they may lead to more profit, in case actual freight rates
are higher than RFR or to less loss in case actual freight rates are lower than RFR.
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Fig. 1.34 Optimization of medium fishery vessel (stern trawler) with respect to shipbuilding/
acquisition cost (Kariambas 1996)

metric optimization used in the initial stages of CASD (mathematical optimization
method and nonlinear programming problems, see Papanikolaou and Zaraphonitis
1988; modern ship design optimization with genetic algorithms, see Boulougouris
2003, Papanikolaou (2010); State of the Art review, Nowacki 2010).

One example of mathematical design optimization of a fishing vessel is given in
Fig. 1.34, showing the dependence of building cost (represented herein by isolines
of 108 Greek Drachmas currency units in the early 90s) on the ship’s prismatic form
coefficient and the length-to-beam ratio; in this example the following owner’s
specifications are assumed: fish-hold volume=45 m?, service speed 9 knots, range/
endurance 13 days; present diagram holds for length=20 m and B/D ratio=2.0.

Finally, in Figs. 1.35, 1.36, 1.37, 1.38, 1.39, 1.40 and 1.41, the process of modern
ship design optimization is elaborated, along with an example of multiobjective op-
timization of the compartmentation and arrangements of a RoPax ship with respect
to her structure weight, payload (as expressed by the length of lanes of carried ve-
hicles) and the attained subdivision index A (representing ship’s damage stability)
by using genetic algorithms; examples are from recent years’ research work of the
Ship Design Laboratory of NTUA (Boulougouris 2003).

In Fig. 1.42, the ship design problem is formulated as a decision process in the
frame of system theory, and its optimization is achieved by nonlinear programming
methods.
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Fig. 1.35 Basic steps of T -
genetic algorithms (Sen and Initialize and Evaluate the Population
Yang 1998)
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Fig. 1.36 Flowchart of multiobjective ROPAX optimization procedure (Ship Design Labora-
tory—NTUA; Boulougouris 2003)
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Fig. 1.37 Logistic interface of ship design software Napa® and optimization software FRON-
TIER® (Ship Design Laboratory—NTUA; Boulougouris 2003)
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Fig. 1.38 Population of optimal design solutions (and Pareto front) of an RO-RO passenger ship
with respect to the attained subdivision index A and the achieved length of vehicle lanes (Ship
Design Laboratory—NTUA; Boulougouris 2003)
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Fig. 1.40 Population of optimal design solutions (and Pareto front) of an RO-RO passenger ship
with respect to the achieved length of vehicle lanes versus a ship’s structural weight (Ship Design

Laboratory—NTUA; Boulougouris 2003)
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Fig. 1.41 Comparison of compartmentalization of optimal (dark line) vs. initial (grey) RO-RO
passenger ship design (Ship Design Laboratory—NTUA; Boulougouris 2003)
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Ship Design = Decision Process

D P

) Ship Design ©0)
S Decision Process -
E. System S E,

M G
Ei: entrance, (I): input=given data
= main owner’s requirements (DWT, speed, range, operational conditions) and other conditions.
Eo: exit, (O): output
= data to be calculated — data under study based on technoeconomical ship characteristics
= technoeconomic optimized solution based on a certain decision criterion
D: decision — design variables
= all the variables that can be altered freely by the designer (independent or/and dependent varia-
bles, i.e. ship principal dimensions: length, breadth, draft, dimensions ratios)
P: Restriction — parameters, constraints
= all values that cannot be influenced (controlled) by the designer (decision maker), e.g., physical
constraints, limiting dimensions of canals and ports, state of shipping market, weather conditions,etc.
M: Evaluation criteria — merit function = M(D,P)
= formulation of one or more assessment criteria in terms of an objective function (or multiple
functions), which will be relating to the design and restriction parameters.
G: Constraint functions — constraints = G(D,P)
= formulation of constraint functions relating to the design and restriction parameters by linear or
nonlinear algebraic equalities and non-equalities, for example, implementation of stability regula-
tions (required minimum GM value), structural rules (requirement for minimum structural moment
of inertia amidships), loadline convention (required minimum freeboard), etc.
S: Design of system S (ship) = decision process
= mathematic model relating the input variables and parameters E;, D, P with the output data E,
M(D, P) and G(D, P).

Fig. 1.42 System approach to ship design as a decision process
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Fig. 1.43 Life-cycle approach to ship design

Actually, in a life-cycle approach to ship design (Fig. 1.43), the entire life of a ship
from concept design to construction, operation and up to demolition and recycling
needs to be considered and optimized.

1.3.6.4 Comments on Implementation of Design Methods

Regarding the practical application of the preceding basic design methods in prac-
tice, we may note the following:

A) Fundamental Principles

a,. Theory and practice (theoretical and empirical methods). Only when con-
sidering both approaches we may arrive at good and possibly truly optimal design
solutions.

a,. Exploitation of data of prototypes. The use of empirical data from similar
built ships greatly reduces the design work effort and serves also as validation of
computer generated design data.

B) Selection of Similar Ships (Prototypes, Parents) and Use of Comparative
Data

b,. Typical comparative data for main ship types:

General cargo ships: deadweight, speed, trade type (tramp or liner), main
machinery powering (Fig. 1.44).

Tankers and bulk carriers: Deadweight, speed, powering, passing limits through
canals and narrow straits (Fig. 1.45).

‘Reefer’ ships: Deadweight, refrigerated cargo hold volume (net and net net),
speed, powering (Fig. 1.46).

Container ships: Deadweight, number of containers (above and below deck, dry
and ‘reefer’ containers, number of TEU and FEU), speed, powering, passing limits
through canals (Fig. 1.47).

RO-RO passenger ships (Fig. 1.48): Speed, powering, number of passengers
(with and without cabins), number of vehicles (private cars and lorries, lane meters),
extent and quality of accommodations, type of service (day and overnight trips).
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Fig. 1.44 General cargo ship

Fig. 1.45 Tanker

Fig. 1.46 Reefer ship

53
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Fig. 1.47 Containership

Fig. 1.48 RO-RO passenger ship

Fig. 1.49 MEGA Cruise ship

Cruise ships: Speed, powering, number of passengers, extent and quality of ac-
commodation and public spaces, type of service (day and overnight trips), passing
limits through canals (Fig. 1.49).

Tugboats (Fig. 1.50): Operational area (open sea or harbour services), speed and
powering, towing power (bollard pull).
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Fig. 1.50 Tugboat

Fig. 1.51 Fishing vessel

Fishing vessels (Fig. 1.51): Free-running and fishing (net-towing) speeds, pow-
ering of main machinery, towing power, fish-hold volume, extent of accommo-
dations, range, type of fishing vessel and fisheries (trawler, purse seiner, factory
mother ship, coastal, oceanic etc.).

When even one of the above characteristics differs substantially from the com-
parative ship, then the direct use of the empirical data in hand is problematic and
requires great caution. There are, however, methods for general cargo ships such as
the relational method of Normand (see Appendix C), according to which by using
some transfer functions the available comparative data may be still used (if better
data are not available), assuming that the differences in main parameters are small
(up to a maximum of 10 %, exceptionally up to 20 %).

b,. Use of comparative design data: Assessment and exploitation of as much as
possible comparative data form similar (parent) ships. The interpolation between
comparative data in hand is in general seamless; however, extrapolation on the ba-
sis of comparative data may often prove problematic, unless for small exceedance
of boundary limits.
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b,. Use of empirical diagrams: The ship design bibliography offers a plethora
of design diagrams in which typical design data for various types of ships are pre-
sented and main ship features (length, beam, draft, side depth, deadweight etc.) are
depicted as a function of a typical shipowner’s requirements; for example, for cargo
ships, main dimensions versus deadweight; for containerships, versus the number
of TEU; for fishing vessels, versus the fish-hold volume. These diagrams should
be used only in the initial conceptual design stage and should be avoided in later
design stages, except as a way of checking/validating the design data obtained (see
Appendix A).

C) Use of Design Constants and Coefficients

Abasic tool of traditional ship design is the use of various empirical and semiem-
pirical design constants and coefficients that are properly defined constant values,
which may vary with vessel size; they account for the impact of the variation of
design parameters on certain design properties, such as weight components and en-
gine power. Well-defined design constants and coefficients do characteristically not
change significantly, when the underlying design parameters vary. Design constants
and coefficients may be dimensional or dimensionless, and care should be taken to
consider their exact definition and the method of nondimensionalization, when us-
ing them. Especially in case of dimensional coefficients, the dimensional units used
need to be observed; design coefficients may be used in the initial design stage for
early and quick estimations of design characteristics.

Examples

Admiralty constant:

_ A3 (1.10)

C
N P

where A is displacement weight (tons), V' is speed (knots, rarely in m/s), and P
is engine-horsepower (typically installed horsepower, given in HP or kW); it is a
dimensional design coefficient allowing the quick estimation of the powering of a
ship; that is, the required horsepower may be estimated on the basis of the initially
estimated displacement and the specified speed.

Assuming that Cy; is known from data of similar ships, it can be used for estimat-
ing the required horsepower (for given A and V) or the expected speed for the same
ship, when changing her loading condition (change of displacement); for example,
in the assessment of the speed at design draft, the measurements of speed and corre-
sponding power in trial conditions (at reduced draught) can be used to calculate the
constant Cy, and to approximately estimate next the anticipated speed at the design
displacement A and draft for the available/installed power P,

The constant is due to the British Admiralty and has a long history as a very ef-
fective way to quickly estimate speed/powering values for given ship displacement;
care should be taken when determining the value of the constant, besides taking
care of proper units, to consider data for ships of similar absolute length because of
the effect of underlying physics and similitude law of frictional resistance compo-
nents (effect of Reynolds number).
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Structural weight coefficient:

Wsr
Py = ST (111)
ST= 1L B-D

where W, is ship’s structural weight (ton, kp or kN), L is length, B is beam, and D
is side depth (all in metre). This is a dimensional coefficient (weight unit/volume
unit) that also may be defined as well for other ship components, such as light ship
weight and weight of outfitting.

D) Ship Design Equation

The so-called ship design equation is deduced from the Archimedean principle,
namely, the weight of the ship is equal to the weight of displaced water. Methods re-
lated to the ship design equation for the initial estimation of ship’s main dimensions
are based on the analysis of both sides of the equation by expressing them through
empirical coefficients and dimensional ratios; through this, an algebraic equation
for a main dimension, such as the ship’s beam or length is deduced. However, the
modelling of the displacement equation for the general case of a ship’s design is so
complex that the methodology remains essentially impractical in practice, except in
the initial design stage (feasibility study see, Sect. 2.13).

E) Computer-Aided Ship Design (CASD)

Beyond the parametric and mathematical ship design optimization, outlined in
the preceding Sect. 1.3.6.3, Parametric Method, a number of ship design-specific
software tools (or software platforms) are nowadays employed in the various stages
of ship design. Typical examples of application of specialized computer software
for the computing needs of ship design are listed below:

» Hydrostatic calculations (hydrostatic data sheets and diagrams, parametric stabil-
ity/Bonjean data/curves, floodable length data/curves, stability booklets, probabi-
listic damage stability calculations; control of stability criteria in intact and dam-
age conditions etc.)

» Resistance and propulsion calculations (for selection of main machinery and pro-
pulsion system)

* Calculations of load line convention (determination of freeboard height, allow-
able draft)

» Weight component calculation (structural weight, weight of machinery and outfit-
ting)

* Structural strength calculation (analysis of static and dynamic ship strength, con-
trol of classification society rules, strength assessment by first principles meth-
ods—finite element methods)

» Assessment of seakeeping (calculation of motions and loads in waves)

» Assessment of manoeuvrability

» Assessment of vibrations of ship’s structure, machinery and propeller

Other typical software applications in ship design, beyond the pure calculation
tasks, include:

* Ship design optimization with respect to various criteria, for example, minimi-
zation of ship’s resistance or of required freight rate (RFR), minimization of
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VALY

Fig. 1.52 Development of ship hull lines for a RO-RO passenger ship by use of software package
NAPA (Ship Design Laboratory, NTUA)

Fig. 1.53 Development of faired 3-D hull surface (skinning) for a RO-RO ship by use of software
package NAPA (Ship Design Laboratory, NTUA)

structural weight, maximization of survivability in the case of hull damage as
single- or multiple-criteria optimization

* Development of ship hull lines from existing hull form lines by distortion or from
systematic model series

* Fairing of ship lines and development of hull surfaces (skinning)

* Development of general arrangement of hull spaces and outfitting (conventional
2-D and 3-D graphic presentation)

» Simulation of a ship’s behaviour in waves and of dynamic intact and damage
stability by use of software tools (e.g. CAPSIM of NTUA-SDL)

 Simulation of ship evacuation

— EVI,
www.safety-at-sea.co.uk/evi

— EXODUS,
www.fseg.gre.ac.uk/exodus

— AENEAS,
www.gl-group.com/maritime

Contemporary integrated naval architectural software packages (and platforms),
which are able to support the designer partly or completely, in various stages of the
design of a ship, are listed below (Figs. 1.52, 1.53, 1.54, 1.55 and 1.56):

« NAPA®, http://www.napa.fi
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Fig. 1.54 Development of general arrangement of spaces and outfitting (conventional 2-D and
3-D graphic presentation)

TRIBON/AVEVA®, http://www.aveva.com

FORAN®, http://www.foransystem.com

GHS®, http://www.ghsport.com

AUTOSHIP®, http://www.autoship.com

RHINOS 3D®, http://www.rhino3D.com

MAXSURF®, http://www.formsys.com/academic/maxsurf
DELFTship®, http://www.delftship.net

FRIENDSHIP SYSTEM®, http://www.friendship-systems.com

1.3.7 Basic Design Procedures for Main Ship Categories

Following the preparatory steps outlined in the preceding Sect. 1.3.6.1, the designer
may proceed to the gradual estimation of the ship’s main characteristics in a well-
defined sequential order (according to relevant main ship category) as following:

1.3.7.1 Deadweight Carriers

1. Estimation of displacement A on the basis of specified (given) deadweight DWT
(see Sect. 2.1 and Table 2.1; or use of regression data from Appendix A)


http://www.friendship-systems.com
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Fig. 1.55 Simulation of ship evacuation by software EVI & EXODUS
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Fig. 1.56 Simulation of dynamic intact and damage stability of ships by use of software CAPSIM
(Ship Design Laboratory, NTUA)

Table 1.7 Order of estimation of main dimensions and form coefficients for deadweight carriers

Sizes and quantities Basis for calculation

1. Length L Slenderness coefficient: L/ V'3, V: displaced volume (see
Sect. 2.3)

2. Block coefficient Cyy Length L, nondimensional Froude number Fn =V/jgL v:

given speed, g: gravitational accelera-
tion (see Sect. 2.10)

3. Beam B Ratios L/B, B/T (see Sects. 2.5 and 2.6)

4. Draft T Ratios B/T, L/T (see Sects. 2.5 and 2.8)

5. Side depth D Required hold volume, ratio L/D, (see Sects. 2.5 and 2.7)
6. Other hull form coefficients, C, or through F

midship section coefficient C,,
Prismatic coefficient C, CB/ C,, or through F;
Waterplane area coefficient Cy,, Cj (see Sects. 2.9,2.10, 2.11 and 2.12)

2. Estimation of main dimensions and form coefficients in the order outlined in

Table 1.7, Steps 1-6, and use of regression data from Appendix A

Preliminary estimation of powering (see Sect. 2.14)

4. Development of a sketch of ship’s lines and general arrangement (see Chap. 4),
preliminary estimation of displaced volume

5. Control of balance between the sum of ship’s weight components and of the

weight of displaced water on the basis of the sketched ship lines (balance

between geometric displacement and displacement weight)

Estimation of cargo hold volume (see Sect. 2.17)

Preliminary estimation and control of minimum freeboard (see Sect. 2.19.2)

Control of stability and trim (see Sect. 2.18)

Preliminary estimation of construction cost (see Chap. 6)

0 Review and summary of results

W

S e
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After the completion of the last step in this procedure for the estimation of the main
dimensions and form coefficients, a more detailed reassessment of the pre-estimat-
ed quantities is initiated; in particular, the more complex design studies related to
Steps 3-8 are conducted in the frame of ship’s preliminary design. In the second
iteration, the confirmation of the initially estimated absolute values of main dimen-
sions is necessary; they need to fulfil the technical criteria set up in the statement
of work by the ship owner and correspond to the extent possible to economically
optimal solutions.

In the following, the preliminary main naval architectural plans are developed,
namely,

* The ship lines plan
» The general arrangement plan
» The sectional areas and lengthwise volume distribution plan

They enable, among others, the estimation of the available cargo hold volume, the
verification of ship's displacement and its lengthwise distribution, ship's hydrostatic
properties and arrangements of spaces and main outfitting.

The technical part of the preliminary ship design study is completed by the con-
trol of stability and trim of the intact ship in main loading conditions (departure,
fully loaded at design draft, arrival at port, fuel tanks partly empty, ballast condition
etc.), assuming the hull form description and the weight distribution known from
previous design steps. This assessment is generally conducted using appropriate
software for hydrostatic calculations; the results include, among others, complete
details of the ship’s geometry (ship lines offsets), the entire hydrostatic data/dia-
grams and parametric stability (Bonjean) curves of the ship, which allow the as-
sessment of the ship’s adequacy with respect to floatability, transverse stability and
trim, for a given ship’s geometry and weight distribution. In addition, ship’s damage
stability needs to be assessed, thus the adequacy of the ship’s watertight subdivi-
sion with respect to possible flooding due to collision and grounding. This assess-
ment is nowadays accomplished by specialized software tools and is based on the
probabilistic damage stability framework of SOLAS 2009,'8 introduced for all-new
dry cargo and passenger ships built after January 1, 2009 (see Papanikolaou 2007).

It should be noted that, in older times and until the early 90s the control of a
cargo ship s damage stability (thus of flooding of spaces due to loss of ship’s water-
tight integrity) was not required for dry cargo ships (but only for passenger ships),
except for the B-60 and B-100 type bulk carriers. The latter are allowed to have a
reduced freeboard, compared to other cargo ships, assuming compliance with re-
spect to requirements on buoyancy and stability after damage of ‘one’- and ‘two’-
compartment standard ships respectively (according to the International Load Line
Convention—ICLL). Non-dry cargo ships are excluded from applying the above re-
quirements. Their stability and floatability are controlled by other regulations, such

18 The attained subdivision index A (which corresponds to the probability that the ship survives
a likely side collision damage) must be greater than the required subdivision index R (4>R). R
increases with ship’s size and is a function of ship’s length (dry cargo ships) and additionally of the
number of people onboard (passenger ships).The value of R is determined by international safety
regulations (SOLAS).
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as MARPOL 73/78 for oil tankers and likewise for the liquefied and natural gas
carriers (International Bulk Chemical Code and International Gas Carrier Code).

After the completion of the technical part of a ship’s design, a preliminary calcu-
lation of the ship’s construction cost is conducted, along with a critical review and
concise presentation of the design outcome (Steps 9 and 10).

The preceding studies, if conducted manually without use of integrated design
software tools, are traditionally repeated, in a trial-and-error iterative procedure un-
til, after about the third iteration, the ship’s main dimensions converge to their final
values; the final dimensions are characterized by their harmonic interrelationship
while fulfilling ship’s technical and operational requirements cost efficiently.

In Papanikolaou (2009a, Vol. 2), the reader may find a description of the step
by step design procedure for a series of cargo ship types in the frame of the above
outlined general design procedure for deadweight carriers.

1.3.7.2 Volume Carriers

Compared to the deadweight carriers, the procedure for the volume carriers com-
mences with an estimation of the required cargo hold volume below the main deck
(instead of displacement) on the basis of the required overall hold capacity. The step
by step procedure is as follows:

1. Estimation of the required cargo hold volume below the main deck on the basis
of the overall hold capacity specified by the shipowner.

2. Estimation of the main dimensions and form coefficients in the sequence order
outlined in Table 1.8. The subsequent procedure is the same as that for dead-
weight carriers, i.e. Steps 3—10 in Sect. 1.3.7.1.

Table 1.8 Order of estimation of main dimensions and form coefficients for volume carriers

Sizes and quantities Basis for calculation

1. Length L Hold capacity BALE
TEU number n.

2. Block coefficient Cy L F,

3. Beam B Ratio L/B, or on the basis of the above data for estimation of L

4. Side depth D Ratio B/D, or on the basis of the above data for estimation of L, or
coefficients (hold capacity/L-B-D)

5. Light ship weight Coefficient W, /L-B-D; from tables or data of similar ships, as func-
tion of block coefficient Cyy

Vars' (cargo ship) hold capacity NET V,..°

ey” (container ships)

6. Deadweight DWT Weight of cargo, fuel, supplies etc
7. Displacement A W, +DWT

8. Draft T AL B Cy

9. Other hull form coef- Cy, Fa

ficients namely: C,,, C,,
C,

WP

2 Hold capacity BALE=required volume for bale cargo

b Hold capacity NET=required net volume for refrigerated cargo

¢ Number of standard containers TEU (8 x 8 x20 ft) below deck (considering, however, also the
number of above-deck containers)



64 1 General on Ship Design

In the frame of the assessment of the damage stability of passenger ships and
ROPAX ships, which are typical volume carriers, the determination of the position
of the watertight bulkheads as well as of their freeboard, is accomplished through
compliance with relevant in-force damage stability regulations, as applicable to pas-
senger ships in the region of ship operation; these are first the SOLAS 90 (SOLAS,
Ch. II-1, Reg. 8) deterministic requirements; for ships sailing in territorial waters
of the EU the compliance with the requirements of the so-called Stockholm Agree-
ment (on top of SOLAS 90, accounting for ‘water on car deck’ effects) is required
in addition. Relevant assessments of compliance with the above requirements must
be done at an as-early-as-possible stage (already in the feasibility study) to avoid
likely insurmountable problems in the design in subsequent stages."”

Some special provisions need also be taken into account in the design of RO-RO
passenger ships and RO-RO ships in general: The required volume for the accom-
modation of passengers, of crew and of public spaces, of machinery room, and
cargo hold spaces (for RO-RO: space for carried vehicles), can be estimated by use
of the required area

» Per passenger; in dependence on accommodation quality
» Per vehicle; commonly expressed in length in metre of vehicle lanes of private
cars and/or trucks

The allocation of spaces below and above the main deck, particularly in terms of
volume and extent of the superstructures of passenger ships, is determined by the
fundamental requirements resulting from the criterion of sufficient stability, par-
ticularly satisfaction of intact stability criteria, according to Regulation A.167; they
greatly depend on lateral/shaded profile of the ship, which in turn affects the mag-
nitude of forces/moments due to side waves and winds. The ship’s intact stability
is significantly influenced by the B/D ratio and height and extent of the superstruc-
tures; an early intact stability assessment can be made on the basis of information
from similar vessels, as long as the extent of the superstructures is comparable
(Fig. 1.57).

1.3.7.3 Linear-Dimension Ships

With at least one main dimension being fixed in terms of maximum permissible val-
ues, for example, the beam B from the passing limits of canals or by the dimensions
of box-type cargo (containers), the preliminary design procedure for linear dimen-
sion ships does not differ from the ones outlined before for deadweight and volume
carriers. However, attention should be paid when using comparative data for similar
ships, because of the discontinuous change of main dimensions (e.g. by adding a

1 In addition to the requirements of SOLAS90/Stockholm Agreement, the assessment of the dam-
age stability of all passenger and ROPAX ships (built after January 1, 2009) needs to be also
conducted by use of the harmonized probabilistic procedure of SOLAS (2009) (like for the dry
cargo ships, IMO 2013b).
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Fig. 1.57 Iterative preliminary design procedure for volume carriers (Sen and Birmingham 1997)

row of containers or an additional lane of vehicles across for containerships re-
spectively Ro-Ro ships) and the impact of the constraint dimension on the other
ship characteristics; typical examples herein are the third-generation PANAMAX
containerships (about 3,700 TEU), with their beam limited (Fig. 1.58) to 32.20 m,
whereas their length reaches values of 245 m (excessive/nonoptimal length to beam

ratio L/B=17.61).
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Fig. 1.58 Two third-generation PANAMAX containerships passing the canal

1.3.7.4 Special-Purpose Ships

The individual character of ships in this category does not permit generalized de-
sign methods. However, we should note that if an initial estimation of a ship’s dis-
placement (e.g. for tug boats, through towing power; for icebreakers, through in-
stalled horsepower) or the required hold volume (e.g. for fishing vessels, through
the refrigerated fish hold volume) is possible, then the procedure will be similar to
those given for deadweight and volume carriers.

It is noted that some examples of the preliminary design procedure of develop-
ing the basic types of merchant ships are described in Papanikolaou (2009a, Vol.
2), and comprehensive data for the design of ships of various types can be found in
Lamb (2003).
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Chapter 2
Selection of Main Dimensions and Calculation
of Basic Ship Design Values

Abstract This chapter deals with the determination of the main ship dimensions
(length, beam, draft, side depth), following the estimation of the ship’s displacement
and the selection of other basic ship design quantities and hull form characteristics
(hull form coefficients, powering, weight components, stability and trim, free-
board, load line), as required in the first phase of ship design, that is, the Concept
Design. The various effects of specific selections of ship’s main dimensions etc.
on the ship’s hydrodynamic performance, stability and trim, structural weight and
construction cost, utilization of spaces, and transport economy are elaborated. The
selection procedure is supported by statistical data and empirical design formulas,
design tables and diagrams allowing direct applications to individual ship designs.
Additional reference material is given in Appendix A.

2.1 Preliminary Estimation of Displacement

For deadweight carriers (Sect. 1.3.7.1), which are characterized by the carriage of
relatively heavy cargos (low cargo Stowage Factor (SF) and low Ship Capacity
Factor), but also for every category/type of ship with sufficient comparative data
from similar ships on vessel’s displacement, the preliminary design starts with the
estimation of ship’s displacement weight A.

For deadweight carriers, it is possible to estimate A for a given deadweight DWT,
for instance, as the DWT is one of shipowner’s main requirements.

Typical ways of estimating A are the following:

a. Using DWT/A ratios for various types of ships (see Table 2.1);

b. Using semiempirical mathematical formulae from statistics, regression analyses
of data of similar vessels (see, for example analysis of technical database for
various types of ships, such as the database of IHS Fairplay (IHS WSE 2011, for-
mer Lloyds Register of Shipping), and data from regression analyses studies of

A. Papanikolaou, Ship Design, DOI 10.1007/978-94-017-8751-2_2, 69
© Springer Science+Business Media Dordrecht 2014
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Table 2.1 Typical sizes and percentages of weight groups for main merchant ship types (compi-
lation of data from Strohbusch (1971), Schneekluth (1985), updated by Papanikolaou using IHS
Fairplay World Shipping Encyclopedia, v. 12.01, 2011)
1 2 3 4 5 6
Ship type Limits DWT/A Wy /W, Wy /W W /W,
(%) (%) (7o) (%)

Lower Upper
General cargo ships (t DWT) 5,000 15,000 65-80  55-64  19-33 11-22

Coasters, cargo ships (GRT) 499 999 70-75  57-62  30-33 9-12

Bulk carriers® (t DWT) 20,000 50,000 74-85  68-79  10-17 12-16
50,000 200,000 80-87 7885 6-13 8-14

Tankers® (t DWT) 25,000 120,000  78-86  73-83  5-12 11-16

200,000 500,000 83-88  75-88  9-13 9-16
Containerships (t DWT) 10,000 15,000 65-74  58-71  15-20  9-22
15,000 165,000 65-76  62-72 1420 15-18
Ro-Ro (cargo) (t DWT) L=80m 16,000t 50-60  68-78  12-19 10-20
DWT
Reefers? (ft}) of net ref. vol. 300,000 500,000  45-55 51-62  21-28 15-26
Passenger Ro-Ro/ferries/ L=85m L=120m 16-33 56-66 23-28 11-18
RoPax
Large passenger ships (cruise L=200m L=360°m 23-34  52-56 30-34 15-20
ships)

Small passenger ships L=50m L=120m 1525 50-52 2831 20-29

Stern Trawlers L=44m L=82m 30-58 4246 3640 15-20

Tugboats P,=500 3,000KW 20-40 42-56 17-21 38-43
KW

River ships (towed) L=32m L=35m 2227 58-63 19-23 16-21

River ships (self-propelled) L=80m L=110m 7879 69-75 11-13 13-19

W, light ship weight, W weight of steel structure, W weight of outfitting, W, weight of
machinery installation

2 Bulk carriers without own cargo handling equipment

® Crude oil tankers

¢ Triple E class of containerships of Maersk, DWT=165,000 t, first launched 2013

4 Banana reefers

¢ Qasis class cruise ship of Royal Caribbean Int., L=360 m, 225,282 GT, launched 2009

the Ship Design Laboratory of NTUA (http://www.naval.ntua.gr/sdl). Illustrative
examples of regressive analysis of basic characteristics for various types of ships
are shown in Appendix A;

c. Using specific diagrams, for example (DWT/A) versus (DWT) and/or (speed)
for various types of ships (see Figs. 2.1, 2.2, 2.3, and Appendix A).

It should be noted that for the volume carriers (Sect. 1.3.7.2), which are distin-
guished by their small DWT/A ratios, it is not appropriate to first estimate A with
the above methods, nor at this initial stage, except for the cases for which there are
robust comparative data from similar ships. In addition, further factors that also af-
fect displacement, other than DWT, that is, type and required power of machinery
system, the complexity of steel structure and the extent of outfitting, should be
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Fig. 2.2 Qualitative trend values of (DWT/A) ratios versus DWT and speed V for diesel engine
ships by Schiinemann (Henschke 1964)

checked with respect to possible deviation from typical/normal characteristics of
comparative ships.

As described later on, it is possible to more accurately calculate the
displacement by analysis of the various weight components that constitute the dis-
placement weight A; however, this requires additional information from similar
ships. E. Danckwardt’s approximate method, though relying on past years’ de-
sign practice, proved useful in related estimations of general cargo ships (see
Papanikolaou 2009a).
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2.2 Selection of the Main Dimensions
and Form Coefficients

The procedure of determining the main dimensions, that is length L, beam B, draft
T, side depth D, and hull form coefficients (initially the block coefficient Czand
then the other coefficients C,, C,, and C,,;,) should be conducted considering the
following basic factors:

1. Ship’s hydrodynamic performance (resistance and propulsion, seakeeping,
maneuverability)

. Satisfactory stability

. Sufficient volume of cargo holds

. Adequate structural strength

. Construction cost

wn A~ W

The common sequence of determining the main dimensions, form coefficients, and
other basic sizes has been briefly described in Sect. 1.3.7. In this section we pres-
ent first the general principles governing the selection of the main dimensions and
secondly various useful semiempirical formulas, which are analyzed from both the
phenomenological and scientific point of view; they express relationships of ship’s
main dimensions and ship’s fundamental properties.
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The main objective in the determination of the main dimensions is to fulfill the
set shipowner’s requirements, which mainly concern the following:

a. Transport capacity (DWT, payload, and cargo hold volume)

b. Service speed and endurance range

c. IMO and national safety regulations (SOLAS-IMO 2013b, MARPOL-IMO
2013a, ICLL 1988, etc.) and construction standards of a recognized classifica-
tion society.

The fulfillment of the aforementioned requirements should be associated with the
best possible economic (optimal) solution, in terms of the minimum cost for ship’s
construction and operation, or even with respect to more complex economic crite-
ria, like required freight rate (RFR), net present value (NPV), and return on invest-
ment (ROT).

The selection of the main dimensions, that is, of length L, beam B, draft T, side
depth D, and essentially of the freeboard F| (=D—T), as well as of the block coef-
ficient Cp, determines to which extent the under-design ship will satisfy the afore-
mentioned owner’s requirements. Typically, improper selections and combinations
thereof for the basic dimensions are almost impossible to be corrected retrospec-
tively; they generally lead to uneconomic and/or technically insufficient solutions.

The procedure of selecting the main dimensions and characteristic sizes is based
on an iterative approach with appropriate sequence, for example, estimation of dis-
placement, selection of length, determination of Cj, determination of the beam,
draft and side depth. This order applies to deadweight carriers and should be ad-
justed accordingly for volume carriers (see Sects. 1.3.7.1 and 1.3.7.2).

The basic factors on determining the main sizes are summarized in the following:

1. Length L: This is a function of displacement and speed. It has a significant influ-
ence on the weight of steel structure and accommodation/outfitting, hence on the
construction cost. Also, it strongly affects both the ship’s calm water resistance
and seakeeping performance (motions, accelerations, dynamic loads, added
resistance, and speed loss in seaways).

2. Block coefficient Cy: This is a function of the Froude number and is influenced
by the same factors as for the length L.

3. Beam B, Draft T, side depth D: The determination of these dimensions is actu-
ally coupled and is affected by the following basic factors:

* hold volume (D)

* stability (B)

» required freeboard (D, T)

+ safety against flooding and capsize (B, D, T)
» propulsive and manoeuvring devices (7)

The main dimensions L, B, and T are often affected as well by the topological limits
of the route, that is, the dimensions of canals, ports, channels, and confined waters
that the under-design ship needs to pass through. Mostly the restrictions are refer-
ring to allowable drafts.
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Some typical dimensions of well-known canals and channels (maximum allow-
able ship dimensions) are:

Panama Canal L<289.56 m (in general for merchant ships)
L<299.13 m (passenger ships and containerships
up to 5,000 TEU)
B<32.31 m (exceptionally 32.61 m, if 7<11.28 m)
T<12.04 m (as the maximum allowable draft for
tropical fresh water TFW, as applicable)
Suez Canal L: no limit
B<71.02 m (233 ft)
7<10.67 m (concerning stern draft in ballast
condition)
7<12.80 m (maximum allowable draft for
B<47.55 m, concerning fully loaded voyages
southbound)
7<16.15 m (maximum allowable draft for
B<42.67 m, concerning fully loaded voyages

northbound)
Canal St. Lorenz (North America— L<222m
Canada Great Lakes)
B<23m
T<7.6m
Northeast Sea Channel L<315m
(Nord-Ostseekanal—Northern Europe)
B<40m
7<9.5m
Malacca Straits (between Malaysia T<25m

Peninsular and Sumatra island)

New Panamax maximum passing dimensions (expected, as of 2014): length: 366 m, width: 49 m,
draft: 15.2 m, capacity of containers: 12,000 TEU

Finally, in rare cases, the ship length may be constrained by the length of slipways
or docks of selected shipyards, with which the shipowner has long-term collabora-
tion in new buildings and/or maintenance of his fleet.

For shaping the ship’s hull form, both below the waterline and above, it is re-
quired to determine a series of other naval architectural characteristics that are ei-
ther numerically identifiable sizes or typical qualitative features. It should be noted,
however, that the shaping of the hull form cannot be reduced to the determination of
certain individual characteristic numerals, but includes quantitative and qualitative
interactions among them.

The main numerical values/quantities that describe the hull form of a ship (symbols
and definitions according to ITTC (International Towing Tank Conference 2008) are:

a.1 The block coefficient, Cy

a.2 The midship section coefficient, C,,
a.3 The prismatic coefficient, C,

a.4 The waterplane area coefficient, C,,,
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Fig. 2.4 Three-dimensional hull of a container ship designed with software TRIBON® at Ship
Design Laboratory of NTUA

a.5 The slenderness ratio (L/V'?) or the volumetric coefficient (V/L?)
a.6 The longitudinal center of buoyancy, AB o
a.7 The vertical position of center of buoyancy above baseline, KB
a.8 The parallel body length, L,

a.9 The length of entrance/run of sectional areas, L./L,

The above sizes will be discussed in subsequent paragraphs.
The qualitative characteristics, which supplement the determination of the hull
form of a ship, are:

b.1 Sections’ character below waterline

b.2 Sections’ character above waterline

b.3 Shaping of bow section (bow type, profiles of waterlines and sections in bow
region, bulbous bow)

b.4 Shaping of stern section (stern type, profile of waterlines and sections in stern
region, stern bulb, flow to propeller and rudder)

b.5 Freeboard and sheer deck

These features will also be discussed in subsequent paragraphs (Fig. 2.4).

2.3 Selection of Length

Satisfaction of the owner’s main requirements (with respect to transportation capac-
ity, service speed, endurance/range, and safety regulations) is possible with differ-
ent choices of ship length. However, it is logical to look ultimately for the optimal
length with respect to some economic criteria determined by the interests of the
yard and/or the owner. In the first case, the employed economic criterion is the
“minimum construction/building cost”, whereas in the second case, ship’s econo-
my is generally evaluated by the “minimum required freight rate (RFR) per ton of
cargo” criterion.

Two examples of optimization of the ship length with respect to the “minimum
construction cost” and alternatively the “maximum return on investment” are given
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in Papanikolaou (2009a, Vol. 2). From the available data, it is concluded that for
fixed/given hold volume and displacement, increasing the length generally leads to
an increase of the ship’s structural weight and to a reduction of the ship’s required
propulsion power for achieving the specified speed.

As to the effect of a length increase on the other ship weight components (for fixed
displacement), it also increases the accommodation/outfitting weight, what generally
leads to a reduction of the ship’s payload. The resulting reduction of propulsion pow-
er and the corresponding reduction of machinery and fuel weights, cannot balance
the increases of the other weight components; thus, in order to maintain a certain
payload level specified by the shipowner, it is required to increase the displacement,
what induces some increase in propulsion power (proportional to A??3), etc.

Regarding the building cost, the increase of length implies an increase of the
steel cost, while a limited reduction of the cost of machinery propulsion system may
be expected (see Chap. 6: estimation of shipbuilding cost). In simple approaches
(apart from parametric mathematical optimizations) , the identification of the op-
timum, most economical solution may be accomplished by systematic variation of
the ship’s length around an estimated initial length. The latter results from compari-
sons with similar ships, by use of empirical diagrams or semiempirical formulas
(see Appendix A and examples in Papanikolaou (2009a, Vol. 2).

2.3.1 Effect of Length on Resistance

It is assumed that, the total resistance R, of a ship, with a wetted area S, sailing at
speed V in calm water of density p, can be decomposed according to the hypothesis
of W. Froude! (1868) as follows:

R, =R.+R, 2.1)

where R is the Total Resistance or Towing Resistance, which has two components,

* the Frictional Resistance R, and
* the Residuary Resistance Ry

that are elaborated in the following.

The qualitative characteristics of the per ton displacement total ship resistance
and of its main components for various speed—length ratios V' (kn)/ /L (ft) are il-
lustrated in the following graph (Fig. 2.5).

The frictional resistance is determined as

Frictional resistance: R = % CppSV* (22)

! William Froude (1810-1878) Eminent English engineer, naval architect and hydrodynamicist;
he was the first to formulate correctly the law for ship’s water resistance and to set the foundations
for modern ship model testing, by introducing a unique dimensionless similitude number (Froude
number) by which the results of small-scale tests could be used to predict the behaviour of full-
sized ships; of importance are also his contributions to ship’s stability in waves.
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Fig. 2.5 Typical total resistance (per ton displacement) curve as a function of the speed—length
ratio J/ /\/Z for displacement ships (without dynamic lift)

where

Cy=A(R): nondimensional frictional resistance coefficient dependent on the nondi-
mensional Reynolds number, thatis, R = V- L/v, v: sea water’s kinematic
viscosity (=1.19 - 10%(m*/s) at 15°C), L=L,,, V ship’s speed (m/s).

C,=0.075/(log, R —2)*
according to ITTC 1957.

S: wetted hull surface, ~(3.4- V'*+0.5L, ) - V' according to Lap (Figs. 2.6 and
2.7).

Residuary resistance Ry = Y5 Cp pSV> 23)
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Fig. 2.6 Basic relationships for calculating the ship’s frictional resistance coefficient, C.=f(R).
(Lewis 1988)
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Fig. 2.7 Qualitative relationships of the residuary resistance coefficient C;, and wave resistance
coefficient Cy, with Froude number F/,—Comparison of results from model experiments and
numerical estimations. (Lewis 1988)
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where

Cy=AF , R): nondimensional residuary resistance coefficient, which is depen-
dent on Froude number F, =V, g-L (where g is gravitational
acceleration), on Reynolds number, and on the ship’s hull form
(Form Resistance)

The residuary resistance R can be further decomposed as follows:

Ry =Ry, +R,, 24
where Ry, is the wave resistance,
Ry, = %CWPSVZ (2.5)
Cy, is the nondimensional wave resistance coefficient,

=f(F, hull form)

R, is the pressure viscous? resistance,

2.6
Rpy = % CpypS v? (2.6)

C

by i the nondimensional pressure viscous resistance coefficient,

=A(F,, R, hull form)

n’

As mentioned earlier, the residuary resistance R, and the corresponding coefficient
C, are functions of both the 7 and R, numbers, and of the ship’s hull form.
In Froude’s original, simplified hypothesis, it was assumed that

Co = hED+L(FLR) = f5(F) @7

that is, the effect of R on the residuary resistance is neglected.
If we consider the wetted surface area S approximated according to the simpli-
fied Taylor’s formula (Lewis 1988)

S=CV-L (2.8)

where C;=f(B/T,C,,), and the frictional coefficient Cy, is taken for turbulent flow
according to Prandtl:

C, =0.072-R"? (2.9)

2 Sometimes called “form” resistance, though correctly the residuary resistance is ship’s “fotal
form dependent resistance or pressure resistance.”
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then it is concluded that, for an increase of length with the ratio:

A=LiL, (2.10)

where (...), holds for the parent hull and (...), for the present hull, the frictional re-
sistance Ry increases with the ratio:

(R, [ (Rp), = A7 2.11)

Assuming the residuary resistance coefficient to be a function of // number:

3 (2.12)
G=f(C)=CF/,

where the exponent a is typically taken between 3 and 5, depending on F, and hull
form, the ratio for the residuary resistance is concluded:

(- 2.13
(R, | (R)y = A" (@13)
where 3<a<5
thus, a reduction of the residuary resistance by the ratio A™! to A2
For the total resistance it follows:
(RT )1 = (RF )0 A 4 (RR )0 AT (2.14)

Therefore, for typical ship lengths L and Froude numbers F, 20.15 the reduction of
the residuary resistance Ry with an increase of A is more drastic than the increase
of the wetted surface, and of the frictional resistance Ry, resulting in the decrease of
the total resistance.

The historical Fig. 2.8 from David W. Taylor (1943), which is based on the anal-
ysis of systematic towing experiments of ship models for full scale naval vessels
of constant displacement 30,000 t and 29 kn speed, shows the minimum total re-
sistance for a length of L~300 m, as well as the drastic reduction of the residuary
resistance with the increase of length.

Obviously, the trend of these curves may change for other ships, according to the
percentage share of the R, and R, components in the total resistance R (Fig. 2.8).

Thus, for small Froude numbers (£0.15), as is the case for example for tankers/
bulk carriers, the frictional resistance constitutes the primary part of the total resis-
tance (~80% R;), while for relatively fast ships (£ >0.25), the conditions are just
reversed (see following figure and Table 2.3) (Fig. 2.9).

Apart from the indirect influence of length on the R, and R, resistance com-
ponents, it is important to attempt to avoid unfavorable Froude numbers, around
which the superposition of the primary bow and stern wave systems leads to tuning,
resulting in an increased wave resistance Ry, This means, when the wave crest/
trough of the generated/shipbound bow system coincides with the corresponding
crest/trough of the stern system, this leads through superposition to a tuning, re-
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Fig. 2.8 Effect of length
on the resistance of a ship

with constant displace-

ment A=30,000 t and speed 4
V=29 kn according to DW

Taylor (1943)
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sulting in a wave system of increased wave amplitude; consequently, it causes an
increase of wave resistance. The latter corresponds to the energy loss of the ship in
view of the disturbance of the calm water surface and it is proportional to the square
of the amplitude of the generated waves. These phenomena are now elaborated in
more details.

A: Slow cargo ship Rezidual Rezizstance
B: Transoceanic passenger ship

C: Small passenger ship or cruiser
D: Torpedo boat

ar 4z a3 o% a5 )

Fig. 2.9 Percentage shares of frictional resistance and residuary resistance for different ship types
and characteristic Froude numbers by F. Horn (1930). 4 Slow cargo ship, B Transoceanic passen-
ger ship, C Small passenger ship or cruiser, D Torpedo boat
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Fig. 2.10 Wave systems for a double-wedged model according to Wigley. (Lewis 1988)

It is well-known from analytical and experimental studies that the symmetrical
pressure distribution arising around a double-wedged body, with parallel midbody
(see Fig. 2.9 according to Wigley in Lewis 1988), which sails with constant forward
speed on the calm water surface, is the cause for initially two wave crests at the bow
and aft perpendiculars and an extended trough along the ship’s parallel midbody
(Fig. 2.10a).

The system (a) as shown in Fig. 2.10, which is also known as “primary wave
system,” travels at the same speed as the vessel, so that it stays at the same position
with reference to the moving ship; due to the double symmetric pressure distribu-
tion around the ship, this wave system does not cause any resistance as long as the
ship moves with constant forward speed (assuming inviscid, ideal flow). However,
this primary wave system is the underlying cause for the following four “second-
ary” wave systems:

1. The bow wave system (b), starting with a crest

2. The fore shoulder system (c), starting with a trough
3. The aft shoulder system (d), starting with a trough
4. The stern wave system (e), starting with a crest

Considerably behind the ship, all four above secondary systems (b) to (e) acquire
pure sinusoidal form of decaying amplitude and a length that corresponds to the
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Fig. 2.11 Wave systems behind a pressure point moving at constant speed ¥, according to Lord
Kelvin (1887). (see Lewis 1988)

length of a free surface wave travelling at the same speed V as the ship. For such
waves on the free water surface the following relationship applies:

A, =Qn/ gV’ (2.15)

where 4 = length of a free surface wave with velocity /" in deep water.

According to the theory of Lord Kelvin (1887) a singular “pressure point” mov-
ing on a straight line with velocity 7 on the free water surface creates two wave
systems behind itself (Fig. 2.11). As seen in the figure, the characteristic model of
the Kelvin waves is composed of two subsystems:

* One transverse system that starts with a crest or trough at the pressure point (de-
pending on the pressure value, positive or negative) and which has a wavelength,
as given above; crests and troughs are indicated by dotted and full lines; and

* One diagonally moving divergent wave system bounded by two straight lines
forming an angle of 19°28’ (deep water hypothesis) with respect to the straight
travelling line; crests and troughs are indicated as above.

Assuming the aforementioned “primary” pressure system (a) in Fig. 2.10 composed
of an infinite number of Kelvin “pressure points”, then obviously the number of the
generated secondary systems (b) to (e) increases accordingly. However, even the
simplified modeling/superposition of only two basic waves, namely that of the bow
wave (b) and that of the stern wave (e), leads to the essence of the reasoning regard-
ing the causes of wave resistance (Figs. 2.12 and 2.13).

As shown in the detailed Fig. 2.10, the superimposition of the secondary wave
systems leads to a non-symmetric profile of the wave surface (and of the pressure
distribution) around the ship. Due to the corresponding non-symmetric pressure
distribution, a net longitudinal force results, opposite to the direction of the ship’s
motion. This force is known as “wave (making) resistance”.

If the ship speed changes, the length of the secondary wave systems will change
accordingly, whereas the wave generation points remain unchanged; this leads to
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Fig.2.12 aSchematic diagram of simplified superposition of the ship’s bow and stern wave systems.
b Wave systems of a container ship, generated numerically with 3D panel method (SHIPFLOW).
¢ Wave systems of a catamaran, generated numerically with 3D panel method (SHIPFLOW®)

Fig. 2.13 a, b, ¢ Photographic and stereographic imaging of generated wave systems of a ship
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Fig. 2.14 Analysis of the components of wave resistance for a ship model with parabolic water-
line. (Lewis 1988)

a modification of the resulting superposition of the wave systems and of the cor-
responding wave resistance.
The nondimensional wave resistance coefficient takes the form:

c, :y,fﬁ (2.16)
o

Apart from its dependence on the ship’s hull form, it shows strong fluctuations as a
function of the ship’s speed and of Froude number, in accordance with the outcome
of the superposition of the secondary wave systems (tuning or attenuation). A typi-
cal example for the behavior of C| =f{(F’) for a ship model with parabolic waterline
is given in Fig. 2.14; it shows the contributions from the transverse and divergent
wave systems to total wave resistance.

In order to obtain a favorable ship operational region with respect to Froude num-
ber, that is, to have a relatively reduced wave resistance, we need to ensure at least
the tuning of the bow (b) and stern (e) wave systems so that they cancel each other,
thus to achieve wave attenuation. Mathematically, the ratio of waterline length L, ,
which corresponds approximately to the distance of the wave generation points of
the two systems, to the half wavelength 4 must be an odd number, namely:

Ly /(054)=@Qn+1), n=1,2,3... 2.17)

On the contrary, for adverse Froude number operational regions this ratio should be
an even number.

We present in Table 2.2 the adverse and favorable regions of Froude numbers, as
derived from model experiments; they are approximately confirmed by applying the
above simplified relationships between Ly, and 4.

If during the selection of the ship’s length it is found that the ship’s operating
region is located within the limits of unfavorable Froude numbers, it is possible to



2.3 Selection of Length 87

Table 2.2 Adverse and —
favorable regions of Froude F=V/ ‘/g Lep
numbers in terms of wave Adverse regions (tuning) 0.45-0.50, 0.29-0.31, 0.23

resistance for normal ships . bl regions (attenuation)  0.33-0.36, 0.25, 0.21

avoid or mitigate the undesirable interference of the generated wave systems with
the following measures:

1. Change of length?
2. Smoothing of hull shoulders
3. Change of speed

Table 2.3 presents typical operating points of common ship types. It can be observed
that the operating points of certain vessels are in the undesirable Froude number
regions. However, it is noted that in these cases either the percentage share of R,
in total resistance is small (low Froude number), or it concerns ships of medium to
small absolute speeds combined with small lengths (fishing vessels). As regards
naval ships, with F >0.5, there it is attempted to mitigate the tuning phenomena of
the bow and stern wave systems with appropriate smoothing of the hull.

Critical-boundary and economic speed We may select the appropriate length in
conjunction with the hull form coefficients C; or C, and the corresponding speed,
using the basic formula of Alexander (see Eq. 2.1):

V(kn)/ Lyt = 2(K, ~ C,) (2.18)

Table 2.3 Percentage contribution of frictional resistance to the total resistance and typical operat-
ing points of modern ships in terms of Froude number. (Schneekluth 1985)

F, (R/R)) (%) Cy=fF) L*\ L*(0.5),) Ship type

0.15 80 Crest 5.0 10 Large size tanker (VLCC)
0.19 70 Trough 4.5 9 Medium size tanker

0.23 60 Crest 3 6 Medium speed cargo ship
0.25 60 Trough 2.5 5 Fast cargo ship

0.29-0.31 50 Crest 2 4 Fishing ship

0.33-0.36 40 Trough 1.5 3 Fast cargo ship/Reefer
0.40 Crest 1 2

0.50 30+35 Crest 0.64 1.28 Naval ship/cruiser

0.563 Trough 0.5 1

L* distance of the crest of bow wave to trough of stern wave system, L*=Ly,
Ay length of generated waves =(2n/g)V?

3 However, an increase of length has typically significant negative side effects on some ship
weight components (especially on structural weight and payload) and construction cost, as has
been stated already.
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where

K,=1.08 for trial speed V (trial)
=1.05 for service speed V (service),

or Troost’s formula:
Vo(kn)/ /Ly (f) = 1.85-1.6C, (2.19)

where

V: service speed,
=0.94 V', (trial speed),

In this respect, we define a speed limit (boundary or critical velocity) in relation
to the ship’s characteristics, expressed here by L and C,, the exceedance of which
leads to a rapid increase of the required propulsion power.

It can be shown that while the part of the required propulsion power, which cor-
responds to the frictional resistance, increases approximately with the exponent 2.8
with respect to speed, the corresponding residuary resistance has an exponent that
may be even more than 5. Thus, it is concluded that for the propulsive power P:

Poc V", where n >3

As a boundary or critical speed we define the speed the excess of which is related
to an exponent greater than 3:
n(V<Vy)=3

A simple descriptive explanation for the boundary speed is the abrupt drop of the
British Admiralty constant at that speed:

3A2/3
C, = VA (2.20)
P
see C\ =/ (), Fig. 2.15 (F. Horn* 1930). Likewise, we may see the same effect by
observation of rapid increase of the circular total resistance coefficient ©, namely
o= R, 1000
A K?
© 00rr: Tefers to ships with a standard length of 400 ft.
R, (tonf), A (tonf), V' (kn)

Anglo-Saxon units: 1 tonf =1 long ton =1.016 metric tons.

4
K=05834—

4 Fritz Horn (1880-1972): Eminent German professor of ship theory at the Technical University of
Berlin; before becoming professor in 1928, he worked for the German shipbuilding industry and
the navy; his main contributions are in the theory of antirolling tanks, propeller theory, including
the theory of ducted propellers, and wave induced vibrations.
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Fig. 2.16 Characteristic curves of the Anglo-Saxon circular total resistance coefficient © for vari-
ous types of ships with indication of service speed. (Lewis 1988)

It is logical to note that the “service” speed is (almost) always chosen to be small-
er than the “critical” speed by a certain percentage, depending on the form of the
curve P=f(V)or C, =f(F) (see Fig. 2.16). In this way the ship can be operated eco-
nomically in speed regions with relatively reduced resistance, and it is possible to
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recover potential delays during a voyage, that is, by slight increase of the speed with-
out significant increase of the required propulsion power (and fuel consumption).

The trial speed of a ship, which is regarded approximately 6 % higher than the
service speed, is usually very close to the critical speed. Therefore, assuming that
the operational conditions are identical to those at the trials (in particular: calm and
deep water; clean hull; no wind, waves, or currents), it is concluded:

P(V.)=1.25P(V) (2.21)

as long as the trial speed V;,=1.06 V, and the corresponding horsepower increases
with an exponent of at least 4 in terms of speed.

However, under service conditions there is normally a resistance increase caused
by hull fouling, weather conditions, etc., which is in the range of 10-25%. Thus, it
may be argued that, in practice it requires approximately the same horsepower as
for the 6 % higher trial speed to achieve the service speed under service conditions.

Conclusions

1. The selection of the ship’s length, with the least resistance/powering criterion in
mind, is based on the value of the ship s relative speed, that is, the Froude num-
ber that correlates the speed with the length, rather than on the absolute speed.

2. Relatively slow vessels, with a small operational Froude number (up to about
0.20), exhibit a high percentage of frictional resistance, in relation to their total
resistance (see Table 2.3) and require, for the reduction of frictional resistance,
minimum wetted surface for given displacement, which geometrically corre-
sponds to short and full hull forms®, that is, very high C;, and C, coefficients, but
relatively small lengths L and low slenderness coefficients L/ V'3,

3. Relatively fast ships (F,20.25), on the contrary, with a significant proportion of
wave resistance, require relatively slender hulls, that is, low C, and Cj, coefficients,
high slenderness coefficient L/ V'3, appropriate lengthwise distribution of displace-
ment, with the center of buoyancy abaft of midship and relatively large lengths L.

2.3.2 Effect of Length on the Ship’s Strength
and Structural Weight

In order to explore the influence of length on the ship’s longitudinal strength and
structural weight, we consider the ship in a simplified manner, namely as a slender

5 Note that the hull form with smallest wetted surface for given displacement volume is the sphere
(or floating half-sphere). This fact led recently designers to look into innovative hull forms of slow
steaming cargo ships with ellipsoidal characteristics around amidships, which proves beneficial
both with respect to low resistance and minimum ballast water requirements (see the E4 contain-
ership concept by G. Koutroukis and A. Pavlou of NTUA-SDL, VISIONS European academic
competition 2011).
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Fig. 2.17 Consideration of
the ship’s hull as a bending
beam

bending beam (see Fig. 2.17), for which the following relationship applies
(Fig. 2.18):

o(x,z)=M(x)z/I1(x) (2.22)

Fig. 2.18 Bending deflection (vertically magnified) of a containership in hogging state—calcu-
lated stress distribution (colored levels) by Finite Element Method (FEM). (Source: Germanischer
Lloyd)
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Fig. 2.19 Typical loading conditions and associated buoyancy and load distributions for the lon-
gitudinal strength of a ship (Lewis 1988)

where

o:  bending stress at point (x, z)
M:  bending moment at point (section) x
I:  moment of inertia of the beam’s (ship’s) cross-section at x

The slender bending beam assumption for the ship is acceptable particularly for
ships with high L/B and L/D ratios. The high levels of bending stress arise at the
midship region in case of both still water bending (Fig. 2.19a) and for typical bend-
ing of the ship in waves.

In particular, two extreme situations are usually examined, namely considering
the ship (“frozen”) as travelling on the crest or the trough of a following/stern wave
of approximately the same length and speed as the ship; in the first case a buoyancy
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excess presents around the midship section, when the crest of the loading wave is
close to the midship section (/#ogging); in the second case, the buoyancy excess is
situated at both ends of the ship, which implies that the wave trough is at the centre
of the ship (sagging) (Fig. 2.19b and c).

The maximum bending moment occurs at the midship section and it can be ap-
proximated by the following approximate formula (see Strohbusch® 1971):

M, =M(x=L/2)=CAL (2.23)

where

C: constant dependent on ship type, loading condition, wave length and height.
Typical approximate values for the full load condition and main engine amid-
ships or slightly abaft are listed below.

For fully loaded cargo ships in general we have (approximately):

C  =0.012 (calm water)—generally for cargo ships
=0.025 (“hogging”, additional moment)
=—0.013 (“sagging”, additional moment).

For fully loaded tankers we have:

C  =-0.006to +0.003 (calm water)
=0.020 (“hogging”, additional moment)
=—0.028 to —0.020 (“sagging”, additional moment).

In the process of the ship’s preliminary design, a more precise examination of the
ship’s longitudinal strength is required, namely the evaluation of the sum of acting
bending moments (and of vertical shear forces) under the various loading condi-
tions and for navigating in both calm water and waves, according to the specifica-
tions of recognized classification societies.

Among these conditions, the maximum still water bending moment and vertical
shear forces result from the differences between the longitudinal distributions of buoy-
ancy and weight of the ship on the basis of refined hydrostatic calculations, which are
routinely conducted by use of standard naval architectural software packages.

For the additional bending moments at midship from the loadings in waves the
latest specifications of the International Association of Classification Societies
IACS (IACS UR S-11) can be used, namely

M (kNm)=—110 C I? B(C, +0.7)107 (sagging moment)  (2:24)

M, (kNm)=+190 C L’ B C,10” (hogging moment) (2.25)

¢ Erwin Strohbusch (1904-1980) Leading German professor of ship design at the Technical Uni-
versity of Berlin after WWII; before becoming academician, he worked as naval architect in lead-
ing positions at the German Navy and at the Henschel aircraft industry as aerodynamicist and
aircraft designer.
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and C=10.75-(3- L/100)"* for 90 < L <300 m

=10.75 for 300 < L <350 m
=10.75-[L/150-2.333]°  for 350 < L <500 m

Thus, from the sum of the bending moment in calm water and in waves (taking into
account the sign, which assumes positive values in case of tensile stress on the deck)

M, =M, +M, (2.26)

it is concluded for the maximum bending stresses on the deck and bottom of the
midship section:

G, = M

tot

/W, <175N/ mm®  (for common shipbuilding steel) (2.27)

where

WL2 : section modulus:IM/z1 5

- distances of deck and bottom respectively from the neutral axis

z
12
I, : moment of inertia of midship section.

For the moment of inertia of midship section the following minimum value results
as requirement:

I, >3CLB(C, +0.7)(cm*) (2.28)

Effects of changing length Examining each of the aforementioned boundary load-
ing conditions, for the ship moving in calm water or waves, we assume that the
displacement A is fixed, as are the distribution of weights and buoyancy and the
resultant loading curve of the ship’s hull as a bending beam. Therefore, any changes
in the bending moment M(x) are simple functions of the length.

Considering an increase of the length by the ratio A=L /L, (subscript 1: exam-
ined length, 0: original length), an increase of the bending moment by the same ratio
is concluded:

M, =AM, (2.29)

Case A Assuming that for the ship under design, the displacement A, beam B, draft
T, and the midship section (area and boundary profile) are fixed. The effects of a
length change by the ratio 4 are explored. Because of the fixed displacement, beam,
and draft, it is clear that:

Cy, = (1/ D)Cy, (2.30)
Provided that the midship section is fixed in terms of area and shape (profile), then

the sectional modulus will remain unchanged, but the bending stresses will change
by the ratio A:
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=MW, =M, W, =20, 23D

If we request that the stress level remains unchanged (similar construction mate-
rial), namely:
0, =0,

the moment of inertia must satisfy the following relation:

1, = Al

Considering for the simplified calculation of the moment of inertia of the midship
section of the ship a tubular type bending beam of sectional area 4, perimeter p,
and average thickness ¢:

[=kd,d*=kprd (232)

where

d = distance of the extreme structural points (the ship’s deck or bottom) from the
neutral axis,
x = form coefficient of midship section.

It shows for constant midship section, that is, constant x, p, and d, and constant ratio
(1/1):
=41,

In conclusion, for maintaining the same level of bending stress it is required to in-
crease the average thickness t by the ratio of lengths.
If the structural ship weight is expressed in the following form:

W, = K, A, t (2.33)
where
Ay:  area of hull surface,
t:  average plate thickness
K,;: form coefficient specific to midship section and ship type
it may be concluded for the ship under study:
I/VH1 — KH .AH .tl — Z’KH .AH .tO (234)

The area A4,; can be approximated by Taylor’s formula, which originally applies
only to the hull’s wetted surface, but can be herein extended for an assumed water-
line at the deck height level:
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A, =C, VL (2.35)
where
Cy=/(B/D,Cyp) (2.36)

However, it has been assumed that the midship section remains constant and the
same applies to its area and perimeter, that is, B/D, C,,,=C,(T=D) and C,; con-
stant. Thus, it is concluded for the hull surface:

A = Cu VL =24, (2.37)

and for the weights:

Wy = 4Ky .\/Z.AHO = AB/ZWHO (2.38)

In conclusion, if the displacement, beam, draft and midship section remain un-
changed, an elongation of the ship by the ratio of lengths A means an increase of the
the ship’s structural weight of the main hull (without superstructures) by 4*? and a
decrease of the block coefficient Cy; by the ratio (1/4).

Case B: Assuming that the displacement A and the block coefficient C, remain
fixed, while the product B-T varies inversely proportional to the length, that is:
A=A,
Cy = CBD
(BT), = (1/ 2)(BT),.
It is also assumed that for small changes of the dimensions the specific form coef-

ficient K, for the calculation of the steel structure weight stays unchanged.
Ifitis required to maintain the same bending stress level o, =g, then it is concluded:

Mz, 11,)=M,(z,/1,) (2.39)

where
I, :k1 Dt 'dlz
(P! py) < (B, /B)) < (I,/T,) <1/4/2
(d, /dy) o< (T,/T,) < 1/~[A
k =k,

Thus, we have for the moment of inertia:

I, =k, pyty 'doz AT (2.40)

and due to
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(z,/2y) o< (L[/Ty) o= A
(M, /M,) < A

we obtain for the average plate thicknesses:

tl — /12 .tO (241)

Finally, substituting the last relationship into the equation of the steel structure
weight of the main ship hull:

W = Ky Ay 1, (2.42)

where

Ay = A Ay

(for small changes of dimensions B, D and coefficient C,

Mp» SE€ case A), it is con-
cluded:

W, = A7 Wy (2.43)

Thus, in the case that Cj; is kept fixed during the length elongation with the ratio
2, the increase of weight W, is more drastic (e</>?) than in case A (o< 2*?), where
we had reduction of Cj, by the ratio (1/4) for fixed beam, draft and midship section.

Conclusions

1. As will be shown in Chap. 6, the cost of the steel structure of a ship is closely
related to its weight. Therefore, a relatively high structural weight, as the result
of an elongation at the expense of other characteristics of the vessel (see above
elaborations), generally involves higher construction cost. Consequently, it is
appropriate to keep the length as small as possible’.

2. Besides the longitudinal strength, which was examined in this section and con-
cerns the structural design of all ship types, the equally important torsional
stresses of open-deck ships, such as containerships, LASH, etc., are also directly
dependent on the length of the vessel.

3. The possible shift of displacement from the longitudinal direction (decrease
of length) to the transverse (increase of beam) or vertical directions (increase
of 7) is beneficial for the longitudinal strength, but implies a shift of longitu-
dinal strength problems to corresponding ones in the transverse direction; this
requires special attention to the ship’s structural design, but can be today readily
addressed by modern FEM and other methods (see, for example shallow water,
beamy large tankers) (Fig. 2.20).

7 Experience says: the smallest ship (least length) fulfilling shipowner s requirements is generally
the best (“optimal”).



98 2 Selection of Main Dimensions and Calculation of Basic Ship Design Values

Fig. 2.20 Combined tor-
sional and bending stresses
on a containership (Study

by Finite Element methods;
Source: Germanischer Lloyd)

9200 TEU Container Vessel

2.3.3 Effect of Length on the Outfitting Weight

As a general rule, increase of the length implies an increase of equipment and outfit-
ting weight.

Examining the effects of an average increase of length on the various compo-
nents of the equipment on board it is observed that it causes an

» Increase of the length of the piping systems (cargo, ballast, fire-fighting, etc.),
cables, A/C airways, insulations, etc.

 Increase in the lateral profile area of the ship above waterline, resulting in an in-
crease of the equipment number relevant to the ship’s class, hence of the weight
of anchors, chains, winches, etc.

* Increase of lateral profile area of the ship below waterline, resulting in increased
demand for the ship’s rudder area (the area ratio needs to remain constant, see
Sect. 5.3).

It is assumed that the increase of the outfitting weight depends on the length ratio
A=L,/L, with an exponent a.,:

W, o A (2.44)

An increase of the weight W ;. generally implies an increase of the ship’s construc-
tion cost (increased cost for materials and manhours for fitting).

2.3.4 Effect of Length on the Weight of Propulsion System
and Fuel Consumption

As has been already detailed in Sect. 2.3.1, for ordinary ships with a Froude num-
ber /7 >0.15, an increase of length generally leads to a reduction of the ship’s total
resistance for given speed and displacement. Due to the resulting reduction of the
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required propulsion power, a decrease of the weight of propulsion installation and
reduction of weight of carried fuel (for fixed service range) are concluded. This re-
sults in a reduced cost for purchasing the main engine, and a reduced operating cost
in terms of the consumption of fuel, lubricant oil, etc.

2.3.5 Effect of Length on the Exploitation of Spaces
and General Arrangement

The length of a cargo ship has a significant effect on the hold arrangements and the
technique of the cargo-handling system. Thus, the number and length of the cargo
holds, and the corresponding openings of the hatches, are directly related to the
ship’s length as well as to the size and location of the engine room.

Particular requirements concerning the configuration of hold spaces generally
occur for heterogeneous cargoes, relating to the type, the form and size of break
cargo, and to a lesser degree for homogeneous cargoes, namely for the mass bulk
cargoes (dry or liquid) or for unitized cargoes.

The requirement for a specific number and size of holds or hatches, always re-
lates to a minimum lower limit for the feasible length, while permitting the loading
of various types of cargos and ensuring full holds.

Especially for bulk cargo carriers and particularly ore carriers, the requirement
for an odd number (3, 5, 7, 9) of holds (so that it is possible to arrange an “alternate
hold loading” due to strength and stability considerations) is an important factor for
the length determination (Fig. 2.21).

Also, for ships carrying standardized large cargo units (unitized cargo), such as
standard containers (ISO-Containers), barges, trailers, vehicles, and trains, namely
containerships, LASH, Ro/Ro, car carriers/ train carriers, the relationship of the
length to a multiple of the individual standard cargo length requires the selection of
the ship’s length within a certain limits, with little freedom to balance any differ-
ences to the desired length at the ends of the ship and the engine room.

Finally, for LNG-tanker, in the case of using spherical-LNG tanks, the hold
length results from the ship’s beam, due to the common tank diameter in both trans-
verse and longitudinal directions and the given number of tanks in longitudinal
direction (Fig. 2.22).

s

o M e

Fig. 2.21 Alternate hold loading for heavy ore cargo (fully loaded)
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LNG tanker (side view)

Bridge LNG Tanks

Fig. 2.22 LNG tanker (side view)

2.3.6 Other Factors Affecting the Selection of Length

1. Behavior in waves To avoid intense motions/accelerations in waves, which,
beyond unfavorable structural loadings, lead to added resistance and additional
powering in waves, thus also to voluntary or involuntary speed loss, regions of res-
onance of ship motions (of heave, pitch, and roll, which are characteristic by their
natural periods/frequencies) should be avoided. In determining the ship’s length,
we are mainly interested in possible resonance in head seas, which primarily induce
pitch and heave motions. Figure 2.23 (Lewis 1988) shows that, for a wavelength to
ship length ratio L,,/L=1.0 to 1.3 a resonance takes place and excessive values for
both heave and pitch motions, which are mathematically coupled.

Of course, in practice it is difficult to avoid the resonance at certain wavelength,
due to the existence of many wavelengths in the spectra of natural seas on earth,
where seagoing merchant ships may operate. However, one may try to avoid res-
onance with the waves of higher energy density (at the significant wave period/
length of known routes). These considerations are valuable for navigational areas
for which sufficient statistical data of local wave spectra are available (especially
for coastal ships) and they are anyway taken into account in naval ship design.

2. Freeboard The length significantly affects the freeboard of a ship, as it is the
basis for calculating the basic freeboard in accordance with the Load Line Regula-
tions (ICLL), see Sect. 2.19.

3. Passing limits of routes See dimensions of known canals/narrow straits, etc.
(see Sect. 2.2).

2.3.7 Ship Length Estimation Using Empirical Formulas

Common empirical methods for estimating the length L are as follows:

a. Using coefficients (L/V '3) for various ship types

b. Using semi-empirical mathematical formulas from statistical analyses that are
based on purely economic criteria

c. Using semiempirical mathematical formulas derived from statistics of existing
ships (based on hydrodynamic and economic criteria)

d. Using empirical diagrams for different types of ships



2.3 Selection of Length 101

.25 Fn=0.25
+ o +
1001
<
N &.75 -
E - o
b g I I
.50L - ‘\r
HEORETICAL STATIC
RESPONSE
250
~
P
Ol 1 1 1 1 | | 1 1 1 | 1
1.5
1250
100
o
‘)
N 751
S50
25 —
# -~ “—THEORETICAL STATIC RESPONSE
0 [ 1 I 1 I 1 | 1 | L
.50 75 1.00 1.25 150 175 200
L,/

Fig. 2.23 Amplitude of pitch motion 6, and heave motion z_ of a Series 60 (C,=0.60) model in
head waves with amplitude ¢ and length Ly, at different Froude numbers. (Lewis 1988)

Applications

a. After the prediction of the displacement and displaced volume V, it is possible to
estimate the length by using the slenderness coefficients L/V ** from Tables 2.4
and 2.5 or from similar ships (see values in Appendix A).

b. Formula of “length of minimum building cost” according to Schneekluth (1985)

L=A".V".C (2.452)

where

L: length between perpendiculars (m),
A: displacement (t),
V. service speed (kn) or

L=122-A"V".C (2.45b)
for speed V' in m/s
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Table 2.4 Hull form coefficients and ratios of main dimensions for merchant ships (synthesis of
original data by Strohbusch 1971, updated by Papanikolaou by use of IHS Fairplay World Ship-
ping Encyclopedia, v. 12.01, 2011). Given upper and lower boundaries correspond to the standard

deviation from the regression line of sample ships, as shown in Appendix A

Ship type Hull form Ratios
coefficients of main
dimensions
Gy Cy Cy Cyp L,/B B/T L/ V'3
Fast seagoing  0.57-0.65 0.97-0.98 0.56-0.64 0.68-0.74 5.7-7.8 22-2.6 5659
cargo ships
Slow seagoing  0.66-0.74 0.97-0.995 0.65-0.73 0.80-0.86 4.8-8.5 2.1-23 52-54
cargo ships
Coastal cargo  0.69-0.73 —0.985 0.58-0.72 0.78-0.83 4.5-5.5 2.5-2.7 4.2-48
ships
Small short sea 0.61-0.63 0.82-0.85 0.51-0.53 0.65-0.70 5.8-6.5 3.3-3.9 6.3-6.6
passenger
ships
Ferries 0.53-0.62 0.91-0.98 0.50-0.60 0.69-0.81 5.9-6.2% 3.7-4.0 6.2-6.9*
5.2-5.4b 5.7-5.9°
Fishing vessels  0.61-0.63 0.87-0.90 0.53-0.56 0.76-0.79 5.1-6.1 23-2.6 5.0-54
Tugboats 0.61-0.68 0.75-0.85 0.50-0.58 0.79-0.84 3.8-4.5 24-2.6 4.04.6
Bulk carriers ~ 0.79-0.84 0.990— 0.72-0.86 0.88-0.92 5.0-7.1* 2.1-3.2 4.7-5.6
0.997
Tanker F 0.835— 0.992— 0.82-0.88 0.88-0.94 5.1-6.8 24-32 4556
=0.15 0.855 0.996
Tankers F 0.79-0.83  0.992— 0.78-0.86 0.88-0.92 5.0-6.5 2.2-29 4552
=0.16—0.18 0.996
Fast seagoing  (0.55)° 0.96-0.985 (0.53)° 0.68-0.72 6.7-7.2 2.8-3.0 6.1-6.5
reefers 0.59— 0.57-
0.62 0.59
2 For L>100 m
bFor L=80-95m
¢ Cp, Cy3<0.57

Table 2.5 Hull form coefficients and ratios of main dimensions for merchant ships (synthesis of
original data by Strohbusch, 1971, updated by use of IHS Fairplay World Shipping Encyclopedia,
v. 12.01, 2011). Given upper and lower boundaries correspond to the standard deviation from the
regression line of sample ships, as shown in Appendix A

Ship type Ratio of main

dimensions

L,/D Fep-%oLpy L,-%L,,
Fast seagoing cargo ships 9.9-13.5 5.1-6.3 20-25
Slow seagoing cargo ships 5.8-7.0 30-35
Coastal cargo ships 10.0-12.0 up to 7.0 40-50
Small short sea passenger ships 10.4-11.6 6.6-7.9 20-25
Ferries 8.6-10.3 7.0-10.0 25-35
Fishing vessels 8.2-9.0 8.0-8.5 15-25
Tugboats 7.7-10.0 8.2-10.2 20-30
Bulk carriers 10.5-12.8 4449 50-60
Tankers F,=0.15 12.0-14.0 3.64.5 50-60
Tankers F,=0.16-0.18 10.5-12.8 4449 50-60
Fast seagoing reefers -11.0 5.6-6.6 10-15
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For both cases C takes the following value:

C=32 for C, = 0.145/ F,

_32— G*0S oo L04s/F
(0.145/ F,)+0.5

The above constraints in the formula for the C,; are understood approximately.
The basic limitations for applying the above empirical formula are as following:

. A>1,000 t.

. V corresponding to 0.16<F <0.32.

. Cy within the boundaries 0.48<C,<0.85.

. Proportional correction of the constant C (increase) for restrictions on B and T
and high ratio of volume below D to displaced volume (V/V).

5. Correction of constant C (decrease) for the existence of optimized bulbous bow.

AW N —

The constant C can be alternatively calculated by using the following formula (Friis
etal. 2002):

C=34-(A-10")/10° for 1,000t <A < 201,000t
=32 for A > 201,000t

The above formula by Schneekluth (1985) is the result of statistical analysis of
data of optimized ships with respect to only construction cost. However, taking
into account as well the operating cost, which is equally important for the owner’s
interests, an increase of about 10 % of the length resulting from the above formula
is recommended (which leads to lower resistance, reduced propulsive power and
fuel cost).

c¢. Formulas from statistical analyses of data of existing ships®

1. Ayre’s formula for length estimation:

Ly, /' V"7 =333+1.67V /L, (2.46)
2. Posdunine/V. Lammeren’s formula for length estimation
Ly, /V”=CV/¥+2) (2.47)
where

C  =7.62 (all types, Posdunine)
=7.16 (cargo ships, V. Lammeren)
=7.32 (fast twin-screw ships, V. Lammeren)
=7.92 (fast passenger ships, V. Lammeren)

3. Volker’s formula for length estimation

L, /V?=C+45V/\g-V"” (2.48)

8 All below formulas refer to the data of old ships; they deliver in general larger lengths than used
today in practice; they are, however, a good yardstick for evaluating possible ship lengths at the
conceptual design stage.
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where

¢

=3.5 for dry bulk cargo ships/containerships
=3.0 for reefer ships
=2.0 for fishing/short sea cargo ships.

Notes on units in formulas 1 to 3 (Eqs. 2.46, 2.47, 2.48):

o, W N —

- L(m); V (kn)
. V: displaced volume (m?); V (kn)
. g (m/s?): gravitational acceleration; V (m/s): design speed (service)

. Use of diagrams for various types of ships

. Figure 2.24: Relation of L, and of L*B-D to the required hold capacity for tank-

ers (Lamb 2003).

. Figure 2.25: Relation of the ratios L,,/B and L,,/D to the required hold capacity

for tankers (Lamb 2003).

. Figure 2.26: Relation of the L, (B and D) to the required hold capacity VREQ for

cargo ships according to Watson and Gilfillan (1976).

Instructions for use graph 2.26

3.1. Estimation of VREQ based on the required capacity GRAIN (+1 to +2%) or
BALE (+11 to +12%), for example 20,000 m?.

3.2. Assumption of L/B and B/D based on similar ships, for example L/B=6.5
and B/D=1.8.

3.3. Assume the engine room position to be abaft or 3/4 of length abaft; here, for
example, 3/4 L abaft amidships.

3.4. Find hull’s total volume below the main deck (abscissa) V,,, for example
27,560 m®, and the corresponding engine room volume, V,,=V ,—V,, for
example, 7,560 m?.

3.5. Find the product of (L x B x D) (ordinate), for example 38,760 m?, based
on the approximation of the block coefficient Cyat the height of D, for
example 0.70. The latter may be estimated based on Cy, for the draft 7, see
2.9, and use of the side graph of Fig. 2.26 (bottom left of Fig. 2.26).

3.6. Find the main dimensions of L, B, and D from the side graph of Fig. 2.26
(top left), for example L,,=139.8 m, B=21.5 m, D=12 m, where the straight
lines L/B=6.5 and B/D=1.8 can be replaced with other values, which cor-
respond to respective similar ships.

. Figure 2.27: Approximations of L, coefficient L-B-D and the ratio L,,/B for

ships carrying standardized containers as a function of the total number of trans-
ported TEU containers (Twenty Feet Equivalent Unit ISO standardized boxes of
20 ft length, 8 ft breadth and 8 (8.5) ft height).

. Figure 2.28: Relation of the displacement A to the length L, (a), the coefficient

L-B-D to the installed power (b), and the ratio /D to the waterline length L, (c)
for tugboats (Lamb 2003).

. Figure 2.29: Relation of the main dimensions and other characteristics for North

Sea fishing vessels to the volume of fish hold (refrigerated hold) (Henschke
1964).
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Fig. 2.25 Relation of the ratios L,,/B. a and L,,,/D. b to the hold capacity for tankers. (Lamb 2003)
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Fig. 2.27 Relations of (a) length L, (b) volumetric numeral Z-B-D and (c) the ratio L,,/B to the
total number of transported TEU containers for containerships. (Papanikolaou 2014)
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Fig. 2.29 Relationships of the length L, to other dimensions and basic characteristics for North
Sea fishing vessels. (Henschke 1964). (1. Overall length, 2. Beam (maximum), 3. Average draft, 4.
Fish hold volume, 5. Displaced volume, 6. Installed engine power)

7. Figure 2.30: Relation of L, B, and D to the refrigerated hold capacity for fishing
ships (Lamb 2003).

8. Figure 2.31: Relation of L
(Lamb 2003).

9. Figure 2.32: Statistical averages of slenderness coefficients of oceangoing ships
according to Volker (1974).

os» B, and T to deadweight for Chemical Tankers

e. Recommended procedure for the determination of length

el. Approximation of L based on the slenderness coefficient (see procedures (a)
and (c))
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Fig. 2.30 Relationships of length L, beam B, and side depth D to refrigerated hold capacity for
fishing vessels. (Lamb 2003). (length (m) (a), beam (m) (b), side depth (m) (c))

e2. Examination of the resultant L based on the “least cost” formula according
to Schneekluth (b)

e3. Examination of the resultant L based on the empirical diagrams (d)

e4. Examination and adjustment of L with regard to the physical, passing con-
straints: physical limits of channels, canals, ports, slipways, or docks of the
shipyards
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Fig. 2.31 Relationships of length L, (a), beam B (b), and draft T (c) to deadweight for chemical
tankers. (Lamb 2003)
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Fig. 2.32 Average slenderness coefficients of ocean-going ships according to Volker (1974)

e5. Examination of L with respect to the required number of transverse bulk-
heads according to the specifications of a recognized classification society?;
possible adjustment of the length in cases of marginal exceedance of the lim-
it for certain required number of bulkheads (bulkhead/steel weight savings)

e6. Examination of L, in conjunction with side depth D, regarding the ratio of
(L/D) that needs to be below certain limit according to the rules of specific
classification society

e7. Examination of L with respect to the possible occurrence of resonance of
ship motions in typical waves in the region of operation (to avoid 4,,~L);
this only applies to vessels with special requirements in terms of seakeeping,
such as passenger ships and naval ships in general

e8. Examination of L with respect to the superposition of the generated bow
wave, stern wave and shoulder waves for certain speeds of the ship due to
possible excessive increase of wave resistance; indirectly, examination of the
appropriateness of the operational Froude number

In the preliminary design stage, the above process is limited to the first six steps
only (1-6).

° Every ship must have at least one collision bulkhead, one after peak bulkhead, and one bulkhead
at the fore and aft boundaries of the engine room. In case the engine room is placed astern, the
after-peak bulkhead coincides with the aft bulkhead of the engine room. The total number of bulk-
heads as a function of ship’s length L in accordance with the regulations of, for example, Lloyd’s
Register is as follows:

L<65 m, N=3 (4); 65 m<L<85 m, N=4 (4); 85 m<L<90 m, N=5 (5); 90 m<L<105 m,
N=5(5); 105 m<L<115 m, N=5 (6); 115 m<L<125 m, N=6 (6); 125 m<L<145 m, N=6 (7);
145 m<L<165 m, N=7 (8); 165 m<L <190 m, N=8 (9); L>190 m, N as appropriate.

The above applies to ships with engine rooms placed astern (in parenthesis the corresponding
number of bulkheads for the engine room placed amidships).
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2.4 Slenderness Coefficient L/V 13

The Slenderness or sharpness coefficient L/ V!> or the inverse of this value’s third

power V/L? which is often referred to as volumetric coefficient (and is preferred in
Anglo-Saxon countries), expresses the hull slenderness, especially in combination
with the prismatic coefficient CP. Generally, high values of slenderness coefficient
and low C, values imply fine-lined hulls generally for fast ships (Fig. 2.33).

2.4.1 Influence on the Ship’s Resistance

The influence of the slenderness coefficient on the ship’s wave resistance is
obvious, especially for fast ships. This can be easily concluded both from the
phenomenological point of view (see Sect. 2.3.1), and practically from the appli-
cation point of view, namely when using well known semiempirical formulas for
calculating the residuary resistance, for example according to the method of Guld-
hammer (FORMDATA), where the slenderness ratio is a basic parameter.

For fast ships, a high slenderness coefficient leads to a reduction of the intensity
of the generated, ship-bound waves, and consequently of the wave resistance; gen-
erally, it contributes to a reduction of the ship’s form (or residuary) resistance, thus
beyond the wave-making resistance also of the pressure viscous resistance.

For relatively slow ships, with low wave resistance percentage values, the re-
quirement for a least wetted surface for given displacement (what minimizes the
frictional resistance) leads to a length that is as small as possible and results in ships
with small lengths, comparably large beams and drafts, as well as high fullness, that
is, high block coefficients and relatively low slenderness coefficients.

Fig. 2.33 Examples of effect of slenderness ratio and prismatic coefficient on hull form. (a) Fine-
lined hull form, high L,,/V'3 and low C,, typical for fast ocean liners, naval ships etc. (b) Short
and sharp at the ends hull form, low L,,/V' and low C,,, typical for fishing and offshore support
vessels, etc. (¢) Full hull form, high L,,/V'?3, and high C,, typical for slow cargo ships, bulkcarri-
ers, tankers etc.
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2.4.2 Effect on the Ship’s Structure

In consistency with the effort to minimize the frictional resistance for relatively
slow ships with the distribution of displacement over a relatively short length, large
beam, and draft (hence also of side depth), it is concluded that low slenderness
coefficients combined with high block coefficients, lead to relatively simple and
economical structures. The increased distribution of displacement in the transverse
direction may be limited in extreme situations by transverse strength problems that
require special transversal strengthening.

2.4.3 Approximate Values

Approximate values of the slenderness coefficient for common ship types are given
in Tables 2.6 and 2.7 (and in Appendix A).

In the preliminary design phase and especially for deadweight carriers (see
Sect. 1.4.2), it is appropriate to preliminarily estimate the length through the slen-
derness coefficient of similar ships. The resulting length can be examined by well-
established empirical or semiempirical formulas (see Sect. 2.3).

2.5 Selection of Other Main Dimensions

After the preliminary estimation of the ship’s length (see Sect. 2.3) and of the block
coefficient C; (see more details in Sect. 2.10), as well as of the displacement (see
Sect. 2.1) (in the case of deadweight carriers), we commonly proceed with the se-
lection of the beam B and draft 7, which are directly related to each other, namely
through

BT =V/(L-Cy). (2.49)

The basic factor that influences the selection of B and 7'is at first possible topologi-
cal limits of the route, that is restrictions on the beam in terms of the passage of
canals and channels, for example for Panamax ships (passing through the Panama
Canal, B, _=32.31 m/106 ft). Also, there may be limitations for the ship’s opera-
tional draft due to the ship’s approach to river estuaries, transiting through canals or
channels, calling at certain ports of limited depth (for example for Panamax ships,
T, ..=12.09mor39ft 6in).

The minimum values for the beam are determined by the requirements for ad-
equate stability, while for the draft the main requirement arises from the need of
fitting a propeller of as large as possible diameter (for achieving higher efficiency).
This applies particularly to ships of increased towing power (like tugboats and fish-
ing vessels).
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Table 2.6 Hull form coefficients and ratios of main dimensions for merchant ships (synthesis of
original data by Strohbusch, 1971, updated by Papanikolaou by use of IHS Fairplay World Ship-
ping Encyclopedia, v. 12.01, 2011). Given upper and lower boundaries correspond to the standard
deviation from the regression relationship of sample ships, as shown in Appendix A.

Ship type  Hull form Ratios
coefficients of main
dimensions
C, Cy Cy Cyp L/B B/T L,,/V'"?

Fast seago- 0.57-0.65 0.97-0.98 0.56-0.64 0.68-0.74 5.7-7.8 2.2-2.6 5.6-5.9
ing cargo
ships

Slow seago- 0.66-0.74 0.97-0.995 0.65-0.73 0.80-0.86 4.8-8.5 2.1-2.3 52-54
ing cargo
ships

Coastal 0.69-0.73 -0.985 0.58-0.72 0.78-0.83 4.5-5.5 2.5-2.7 42438
cargo
ships

Small short 0.61-0.63 0.82-0.85 0.51-0.53 0.65-0.70 5.8-6.5 3.3-39 6.3-6.6
sea pas-
senger
ships

Ferries 0.53-0.62 0.91-0.98 0.50-0.60 0.69-0.81 5.9-6.2* 3.7-4.0 6.2-6.9*

5.2-5.4° 5.7-5.9°

Fishing 0.61-0.63 0.87-0.90 0.53-0.56 0.76-0.79 5.1-6.1 2.3-2.6 5.0-5.4
vessels

Tugboats 0.61-0.68 0.75-0.85 0.50-0.58 0.79-0.84 3.8-4.5 24-2.6 4.0-4.6

Bulk 0.79-0.84 0.990— 0.72-0.86 0.88-0.92 5.0-7.1* 2.1-3.2 4.7-5.6
carriers 0.997

Tankers 0.835— 0.992— 0.82-0.88 0.88-0.94 5.1-6.8 24-3.2 4.5-5.6
F =0.15 0.855 0.996

Tankers 0.79-0.83  0.992— 0.78-0.86 0.88-0.92 5.0-6.5 2229 45-52

F =0.16- 0.996
0.18
Fast seago- (0.55)¢ 0.96-0.985 (0.53)¢ 0.68-0.72 6.7-7.2 2.8-3.0 6.1-6.5
ing 0.59— 0.57-
reefers 0.62 0.59
2For L>100 m

®For L=80-95 m
¢ Rarely: C,, C;<0.57

Regarding the influence of B/T ratio on resistance, the frictional resistance,
which is directly related to the wetted surface of the hull, is minimized for a B/T
value around 2.5 and approximately the same applies to the residuary resistance, if
there are no other restrictions or requirements on the absolute B and 7T values.

Thus the B/T ratio is usually selected close to 2.5 and possible exceedances are
usually due to restrictions relating to limitations of the draft (always occurring for
large tankers and bulk carriers) or due to particular, enhanced requirements on sta-
bility (for example for ROPAX ships). Note that significantly smaller values than
2.5 are rare.

The beam can be determined based on the L/B ratio of similar ships (see
Table 2.6) and following this the draft 7’ can be approximated through the chosen
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Table 2.7 Hull form coefficients and ratios of main dimensions for merchant ships (synthesis of
original data by Strohbusch, 1971, updated by use of IHS Fairplay World Shipping Encyclopedia,
v. 12.01, 2011). Given upper and lower boundaries correspond to the standard deviation from the
regres-sion line of sample ships, as shown in Appendix A

Ship type Ratio of main

dimensions

LPP/D FFP'%LPP LP'%LPP
Fast seagoing cargo ships 9.9-13.5 5.1-6.3 20-25
Slow seagoing cargo ships 5.8-7.0 30-35
Coastal cargo ships 10.0-12.0 up to 7.0 40-50
Small short sea passenger ships 10.4-11.6 6.6-7.9 20-25
Ferries 8.6-10.3 7.0-10.0 25-35
Fishing vessels 8.2-9.0 8.0-8.5 15-25
Tugboats 7.7-10.0 8.2-10.2 20-30
Bulk carriers 10.5-12.8 4.4-4.9 50-60
Tankers F,=0.15 12.0-14.0 3.64.5 50-60
Tankers F,=0.16-0.18 10.5-12.8 4.4-49 50-60
Fast seagoing reefers -11.0 5.6-6.6 10-15

B/T ratio. The influence of L/B on the ship’s resistance is not straightforward, like
that of the slenderness coefficient L/V'3, though one would generally expect that a
lower L/B ratio affects negatively ship’s wave resistance. However, for a given draft
T, length L and displacement, an increase of beam B, or reduction of the ratio L/B,
means reduction of the block coefficient C,and consequently possible reduction of
the total resistance (see example, see Sect. 2.6.2).

The above considerations apply mainly to “normal” general dry cargo ships or
liquid cargo ships without special requirements in terms of the transported cargo
type or stability. However, for cargo ships transporting standardized/unitized cargos
of fixed size (linear dimension ships) , for example containerships, Ro-Ro, etc., the
beam generally changes stepwise, depending on the number of transversely stowed
standardized (unitized) cargo, for example for containerships of about Panamax
size:

B=3n+22m (2.50)

where 7 is the number of transversely stackable standardized containers under deck
(TEU containers; standard cross-section in feet: 8'x 8" and up to 8.0' x8.5").

The beam’s influence on stability, especially on the initial stability (metacen-
tric height GM ) is drastic, given that a small increase of beam leads to signifi-
cant increase of BM (see Sect. 2.6).

Regarding the selection of draft, the factors that have significant influence are
briefly listed as follows:

» Large draft contributes to the selection of propellers of higher efficiency due to
the possible fitting of a large diameter propeller (low thrust/load coefficient) and
low number of propeller revolutions (rpm); it allows, also the fitting of larger
rudders for improved maneuverability.
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» Large draft requires strengthening of the ship’s structural elements in the bottom
area and lower hull shell.

» The resulting freeboard of the ship, defined as the difference between the se-
lected draft and the upper side of the bulkhead deck (side depth D), must be in
any case greater than the resultant minimum freeboard value derived from ap-
plication of the International Load Line Convention regulations.

As to stability, the influence of an increase of draft is complicated and is certainly
associated with possible changes of other dimensions, that is, of the ship’s length
and in particular the ship’s beam:

» If other ship sizes (such as L, B, and water plane area) are assumed fixed, but the
displacement increases (due to the draft increase), then the metacentric radius
BM will decrease. The same will happen even more drastically, if for a given
displacement and length, the beam of the ship decreases in parallel to the in-
crease of the draft (in order to keep the block coefficient unchanged).

 Ifthe side depth remains fixed and the freeboard is at acceptable level, the maxi-
mum value and the range of the righting arm will decrease due to premature
immersion of the deck edge into water. For certain hulls, where the immersion of
the deck follows the emergence of the bottom, just the opposite may happen.

* An increase of the distance of the center of buoyancy from the base leads to in-
creased KB ; thus, a possible reduction of BM may be partially balanced by the
increase of KB resulting in an increase or decrease of KM depending on the
hull form.

A large draft may be excluded due to topological limiting requirements of routes.
A useful formula for the selection of B and T through the ratio (L/B) is concluded
from an algebraic processing of the definition of Cy:

e
V=LBTCy=LC,/[(L/B} B/T]=B/T=—+—2_  (25])
(L/B)°V
which in combination with the equation

v
L-C,

BT = (2.52)

leads to the values for B and T (two equations for two unknowns).

The effect of changing B and T by 0B and 07, respectively on the stability can
simply be examined on the basis of the resulting changes of the metacentric radius
BM (see Sect. 2.6) :

SBM 0B oOT (2.53)

For fixed V and T, the approximation formula may be simplified:
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5BV __ o8 (2.54)

BM B

and assuming KG unchanged (5K_Gz 0) the following important formula is
derived:

S(GM) = 8(BM) = Ws%}g (2.55)

Therefore, an increase of beam by 10% leads approximately to an increase of GM
by 30%.

Finally, for the selection of the side depth D the key point is to achieve the re-
quired hold volume of the ship and to satisfy the Load Line regulations, namely,
to reach the required minimum freeboard. Other influential factors are as follows:

* An increase of the side depth D involves an increase of the ship’s gravity center
KG and consequently a reduction of GM (negative influence on the initial
stability). However, as to the large angle stability, we have an increase of the
range of the righting lever due to the delayed immersion of the side deck and of
the superstructures in water.

* An increase of D involves an increase in the modulus of the midship section.
Therefore, for fixed L, due to the reduction of the occurring bending stresses on
the ship’s extremes (deck and bottom), there is a possibility to reduce the thick-
ness of the plating and hence of the weight of the steel structure (see Sect. 2.7).

The L/D ratio can be selected from similar ships or in accordance with typical val-
ues of Table 2.7.

2.6 Selection of Beam

As has been pointed out earlier, the proper procedure of selecting the ship’s main
dimensions and of other fundamental ship values is to proceed, after the determina-
tion of the length, with the selection of the block coefficient Cy, and thereafter of the
beam, together with the draft. The selection of the C;; coefficient will be elaborated
later in Sect. 2.10.

Assuming that the length L and the block coefficient C; are known
(predetermined), as we may assume this also for the ship’s displacement A in first
approximation (and for the corresponding displaced volume V), then the following
relationship holds for the product B-T:

\Y%
L-C

B

BT =
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that is the selection of beam B can be accomplished on the basis of the product B-T.
Thereby changes of the beam require inversely proportional changes in the draft and
indirectly of the side depth D (due to the minimum freeboard requirements).

Alternatively, the beam selection can be done through the L/B ratio, either by us-
ing data of similar ships (see Table 2.7), as explained previously, or by using some
relationships, which are presented below and are deduced from the analysis of data
of ships built in the 1990s. These relationships provide the L/B ratio as a function of
length L (m) (Friis et al. 2002).

For cargo ships with 50<L<200 m:

L/B=4+0.015-(L+17) (2.56)

For reefer ships with 60<L <180 m:

L/B=4+0.014-(L+11) (2.57)

For containerships with 100<L <200 m:
L/B=4+0.009-(L+42) (2.58)
For containerships with L>200 m:
65<L<7.1
For bulk cargo carriers with L>120 m:
L/B=6
For tankers:

L/B=55

For LPG and LNG ships with L>100 m:
L/B=5.7+0.002-(L-100) (2.59)

For Ro—Ro cargo ships with L>80 m:
L/B=5.5+0.0036-(L—41) (2.60)

For ROPAX ships with L>80 m:
L/B=55+0.0033-(L-141) (2.61)

Similar set of data and relationships for various types of ships are also listed in
Appendix A.
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Fig. 2.34 Effect of change of beam on transverse stability

2.6.1 Effect of Beam on the Ship’s Stability

To examine the influence of a change of the beam on stability, it is considered that
the increase of beam is accompanied by a corresponding reduction of the draft, so
that the displacement remains unchanged (see Fig. 2.34).

The ship is examined as inclined at an angle ¢ and with an initial waterline WL,
and center of buoyancy B, . At first, an increase of the beam implies an increase of
the displaced volume by (V,+V,). However, it is considered that the ship’s draft de-
creases accordingly, namely becoming 7", so that the corresponding lost displaced
volume V, balances the above increase (V,=V,+V,).

The increase of the beam involves though an increase of the ship’s steel weight
by W,, if we request an unchanged level of the ship’s strength with respect to a
maximum level of stresses on the ship’s structure (see Sect. 2.6.3). This results in a
new, weight increasing change of the ship’s draft to the level of 7' and the difference
between the new and initial displacement (before the beam increase) is:

SW =W, +W, W, (2.62)

where

W, =wV , W,=w-V,, w: specific water density
W,: increase of steel weight due to increase of beam

Considering b, b,, and b,, namely the distances of the exerting centers of buoyancy

of volumes 0V, V, ‘and V, from the vertical line, which passes through the original
center of buoyancy, we find for the shift of B, :
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SB = VVl'bl _sz'bz + §W'b0
’ W+,

(2.63)

where

W,=wV: initial displacement,
W,+ W,.  new displacement.
If it is assumed that there is no change of displacement, that is there is no weight

increase W, from the beam increase, because, for example, of a possible simultane-
ous reduction of the ship’s side depth, it is concluded:

W =W, +W,
and
W -b —W,-b,+ W -b
58(0: 1 1 ZWZ 0
0

The influence of an increase of the beam on the ship’s initial stability, that is the
GM, can be analyzed as follows.

We consider that the ratio of change of beam = B,/B, is given; furthermore, the
displacement and the other main dimensions L and 7 remain fixed. Then, the verti-
cal prismatic coefficient Cy,,, remains unchanged:

Vi _ @) oy G
- - ( PV )0 -
Ay T (Cyp), (Cyp)o

(Cov), =

Thus the block coefficient due to the beam increase is concluded:

Cy), = v, = Vo = (o), (2.64)
LBT, BL,B,T, yij
and accordingly the water plane area coefficient:
(Cup)r = (Cyp)y B
Recalling the well-known relation:
GM = KB+ BM - KG (2.65)

where according to Morrish

KB=T(2.5-Cy)/3 (2.66)
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or

=T—(1/3){(T/2)+(V/ Ay)} (2.67)

and

KG = kDD, (2.68)

where k: coefficient obtained from similar ships (see Table 2.15, Sect. 2.10.6); it is
noted that neither KB nor KG are directly dependent on the beam B. Thus, look-
ing into the analysis of BM :

Bi=1,/V (2.69)

We assume for the moment of inertia of the water plane area about the longitudinal
axis:

I =k, LB (2.70)
where k;: form coefficient of specific water plane = 0.04+-0.06 for ordinary water
plane of shiplike forms.

For constant values of V, it may be assumed that for small changes of B, the
coefficient k. remains unchanged, thus:

(Ir), =k L '331 =k;-L 'ﬂ3B3 = (IT)o'ﬁ3

If we set:

(BM), = (BM), + 8(BM) = (I,.), | V = ' (BM),

and
B=(B,+6B)/B,=1+35B/B
S =1+36B/B+...

it is concluded that:

8(BM)/BM =3-6B/ B

and if the vertical distribution of weights is assumed unchanged, that is 5(%) =0,
we obtain consequently:

8(GM)= 6(BM) = BM36B/ B
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Fig. 2.35 Effect of increas- @
ing the beam on stability for 1 \—
constant midship section ; ~ -

area—premature immersion - T = @'
of deck edge

i

Therefore, it is concluded, from the above hypotheses that an increase of beam by
5% leads approximately to an increase of GM by about 15 %.

In the above reasoning the draft was considered fixed, but we had a change of
C, by the ratio 1/8. If on the contrary the draft changes by the ratio (1/8) and C;; re-
mains fixed, like the displacement, then, with the increase of beam we have a small
decrease of KB (due to the reduction of T), a drastic increase of BM, as above, and
finally a relative reduction in KG , all this leading again to a significant increase
of GM .

Regarding the stability at large angles, if in parallel to the beam increase the draft
decreases accordingly, and consequently the side depth, so that the displacement
remains constant, the edge of the side deck apparently will immerse in water at
smaller angles. However, for fixed midship section area but increased B/D ratio, this
results in general in an increase of the range of stability as well as in a larger peak
value (GZmax) of the righting lever, so as to compensate for the negative effect of
the premature immersion of the side deck (Figs. 2.35 and 2.36).

2.6.2 Effect of Beam on the Ship’s Resistance

Generally it may be expected that an increase of the ship’s beam or the B/T ratio
leads to higher resistance (primarily due to the increase of wave resistance) and
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Fig. 2.36 Effect of increasing the beam on righting/restoring arm 1= GZ(¢): increase of value of
initial stability (GM') and usually increase of GZmax and of the range of the stability (increase
of angle of vanishing stability ¢.)
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hence of the required propulsion power. But such considerations are very general
and prove often not true, if other ship dimensional parameters, in addition to B/7,
are not taken into account in parallel.

For fast ships with a large proportion of residuary resistance, it has been shown
that an increased beam generates more intense free surface disturbances and waves,
thus higher wave resistance; this is due to larger inclinations of the waterlines with
respect to the ship’s symmetry plan and direction of advance. On the contrary, for
slow ships (small Froude number) with relatively high frictional resistance percent-
age, it is recommended (for given displaced volume) to target an as small as pos-
sible wetted surface, which implies a ratio (B/7) corresponding to approximately
2.5 and a block coefficient of C;=0.80 (noting the block coefficient of a float-
ing semisphere=7/4)'". However, it is considered that for fast ships (larger Froude
number) the total resistance is also minimized for B/T=2.5.

From the research of Mumford and Moor it was shown for the dependence of
the ship’s total resistance on changes of beam and draft (see Papanikolaou 2009a):

x »
&(z} (1] @71
Re)y \ B ) \T,
where the semiempirical exponents x and y are given in the above table as a function
of the Froude number and ship type (Table 2.8). The below semiempirical coef-
ficients of Mumford were recently revised for Ro-Ro cargo and Ro-Ro passenger
ships (Alissafaki 2013) (below Table 2.9).

Let us now have a look at the following seemingly hydrodynamic “paradox”
that should defy the general impression of a negative effect of low L/B on the ship’s
resistance. If in parallel to the increase of the ship’s beam the hull form changes in
such a way that the design draft remains constant (and the same is assumed for the
displacement and the length) then despite the reduction of the L/B ratio and the in-

crease of B/T ratio a decrease of Cy (and C,) and often a reduction of the residuary
resistance is obtained. The following example of a reefer cargo ship, for which the

Table 2.8 Exponents by Mumford x=A(F), y=A(F,) for cargo ships and fishing vessels

F, <0.24 0.25 0.26 0.27 0.28 0.29
Cargo ship X 0.85 0.85 0.85 0.85 0.85 0.85
y 0.52 0.53 0.55 0.64 0.74 0.78
Fishing vessel  x 0.74 0.74 0.74 0.74 0.74 0.745
v 0.60 0.60 0.60 0.60 0.60 0.60
F, 0.30 0.31 0.32 0.33 0.34 0.35
Cargo ship X 0.855 0.880 0.945 1.00 - -
y 0.80 0.80 0.80 0.80 - -
Fishing vessel  x 0.78 0.84 0.90 0.95 0.995 1.00
y 0.60 0.60 0.60 0.60 0.60 0.61

10Tt is can be readily shown that the (semi)sphere is the solid with the minimum surface area for
a given enclosed volume.
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Table 2.9 Exponents by Mumford x=£(F,), y=f(F,) for Ro-Ro cargo and Ro-Ro passenger ships
F 0.18 0.19 0.20 0.21 0.22 0.23

Ro-Ro ship 0.743 0743 0747 0755 0770  0.794
0368  0.371 0377 0384 0395  0.408
0.807  0.801 0796  0.794  0.797  0.802
0307 0309 0313 0317 0324 0333
F 0.24 0.25 0.26 0.27 0.28 0.29

Ro-Ro ship 0.818 0.835 0.854 0.893 0.963 1.053
0.423 0.440 0.461 0.486 0.513 0.540
0.807 0.815 0.835 0.874 0.925 0.975
0.344 0.358 0.374 0.393 0.413 0.432
F, 0.30 0.31 0.32 0.33 0.34 0.35
Ro-Ro ship 1.140 1.202 1.233 1.238 1.229 1.217
0.564 0.583 0.600 0.616 0.632 0.652

1.012 1.032 1.039 1.039 1.040 1.046
0.450 0.467 0.484 0.503 0.524 0.550

Ro-Ro passenger ship

=R o=

Ro-Ro passenger ship

=R e o=

Ro-Ro passenger ship

R o=

resistance has been calculated according to the well-known Taylor—Gertler semiem-
pirical method, verifies the above consideration (Tables 2.10, 2.11, and 2.12).

Table 2.10 Variation of B L/B 6.5 7.0 75
and C, times L: fixed B/T 32 3.0 2.8
C, 0.56 0.60 0.65
(Ro) 0.80 1.00 1.32
(Ry),
Table 2.11 Variation of L L 124 132 140
and C, times B: fixed 1/B 6.6 7.0 7.4
L/V,, 5.9 6.3 6.7
b 0.64 0.60 0.57
(Re) 1.42 1.00 0.79
(Ry),
Table 2.12 Variation of L L 124 132 140
and B times C,: fixed B 20.1 18.9 17.8
L/B 6.2 7.0 7.85
B/T 32 3.0 2.8
(Ry), 1.18 1.00 0.93

(Ry),
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Given Initial Data

A =9.480t V. =9200m
Ly=132m LIV13=63

B =189m LB =70

T =63m BT =30

C, =0.603 C, =0.585
€, =0.970

v =22kn F,_ =0315

Parametric changes It is considered that the draft 7"and the coefficient C}, remain
fixed, hence:

(V/T-C)=L-B-C, : fixed

1. Variation of B and C,, times L: fixed (Table 2.10)
2. Variation of L and C,, times B: fixed (Table 2.11)
3. Variation of L and B times C,,: fixed

Conclusions (by inspection of results of Tables 2.10, 2.11, 2.12)

1. Increase of the length always positively affects the resistance (reduction).

2. Reduction of C,, implies also reduction of the resistance.

3. For given length (and drafi), increase of beam, but also reduction of C,, means
reduction of the resistance (see values in the above Table 2.10).

4. The influence of B/T on resistance (see above Tables 2.10 and 2.11) is herein
almost negligible.

5. Note that the above conclusions cannot be generalized for other case scenarios,
especially for ships designed for different Froude numbers, e.g. for tankers.

2.6.3 Effect of Beam on the Ship’s Structural Weight

To investigate the beam’s influence on the steel weight we assume at first that the
moment of inertia of the midship section can be expressed approximately by the
formula'! (see Sect. 2.3.2):

1=kd d>=kptd

where

d: distance of the midship section’s extremes from the neutral axis

' Assuming ship’s structure represented by a bending beam and her midship section approximated
by the cross section of an equivalent tubular beam, of mean thickness ¢ and perimeter p.
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: cross area of the structure at the midship section
cross-section’s perimeter

average thickness

form coefficient accounting for the form of the midship section

SRS I

Assuming that the bending moment and the level of stresses on the midship section
remain unchanged, which results from the requirement of fixed length, and addi-
tionally that the distribution of the structural elements of the ship’s structure and the
form of the midship section do also not change significantly, which means that the
distance d and the form coefficient k£ remain constant, the following is concluded:

p-t: remains unchanged.

Thus if we can set approximately for the perimeter:

p=2(B+D)

or for the under study ship:

p,=2B,+D)

and in particular if the side depth remains unchanged, that is it does not decrease
inversely with beam’s increase:

p,=2(B,+D)=2(B+B+D) (2.72)

it is concluded from the requirement:

(pt),=(p1),

Lo+ oB
Po (B+D)

due to

for the average thickness:

f 58 ) 5B

— =1+ =1- +...

t, (B+D) (B+D)
Thus, if the steel weight of the main hull is approximated with the formulas (see
Sect. 2.3.2)

W, =k, At,
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where the area of the ship’s hull is assumed according to Taylor as following:

Ay =CyIVL

with

Cy = f(B/D’CMD)

it is concluded for the weight:

W), =kyNV-L(Cy),t, (2.73)

From the last relationship it is shown that:

The hull surface area increases with the increase of the ratio B/D, as shown by
the dependence of the C; coefficient.

With the increase of beam by 0B the average thickness of the plates decreases,
provided that the side depth D and the ratio L/D are constant.

The above two changes act in a counterbalancing way with respect to the steel
weight, resulting usually in a slight weight increase due to the more drastic in-
crease of the hull surface area.

Provided that the side depth does not remain constant, but decreases inversely
proportional with the increase of the beam, an increase of the plate thickness
results, due to the increase of the ratio L/D, and of course an increase of the steel
weight follows.

Finally, an increase of beam around the midship section generally results in sig-
nificant changes in the distribution of loadings due to higher concentration of
weight and hydrostatic forces at this ship position. Thus, an increase of the bend-
ing moment at the midship section is concluded, resulting in a requirement for
additional increase of the average thickness of the plates so as to achieve the
required modulus and keep the maximum level of stresses unchanged; in view
of the above, an increase of the steel weight and hence of the cost of the ship is
concluded.

2.6.4 Other Factors Affecting the Selection of the Beam

1. Behavior in waves: When determining the ship’s beam based on initial stability

criteria, that is aiming at a satisfactory GM , the behavior of the ship in waves
and in particular the roll motions must be taken into account. For safety and
operability reasons, such as avoidance of passengers’ and crew’s nausea, wave
induced loadings on the ship’s structure, equipment and cargo, speed loss due to
excessive motions and added resistance in waves, problems of dynamic stability,
and possible capsizing, we should be aiming at:
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* Reduced roll motion amplitudes

* Reduced accelerations due to roll motion, especially in the transverse direc-
tion at larger distance from the vessel’s rolling axis (e.g., deck area, where
containers may be stowed)

The roll motion period of the ship depends at first on the period of the incident sea
waves, exciting the ship’s motions. However, if we restrict ourselves to the consid-
eration of the most critical situation of resonance/tuning of the incident wave period
with the natural rolling period of the ship, where the motions and accelerations are
maximized, we may consider the natural rolling period of the ship

T, = 27, (2.74)

JeGM
where
T, (second): natural period of rolling,

i (meter): radius of the mass moment of inertia of the ship including the hydro-
dynamic, added mass moment, about the rolling axis

i,=k,B
where
k, =0.32-0.45"2, depending on the type and size of the ship,
i =0.38B (average value)

g (m/s?: acceleration of gravity
GM (m) : metacentric height.

If we assume that: GM o B3 and i(p o< B,it is concluded that:

B 1
T¢°<—°<—

oM B

that is, relatively large beam and high GM lead to small natural period of roll,
which may be tuned with low wave periods, corresponding to short-length waves
(Lewis 1988).

Low rolling periods induce high transverse accelerations, especially at points far
away from the rolling axis (higher up on the ship’s deck/superstructure). The ship’s
rolling axis is not fixed, but changes continuously its position in between the ship’s
still water plane and the vertical position of the center of mass of the ship. Indicative

12 Low values hold for ships with their mass (ship’s light ship mass plus deadweight) being con-
centrated in the holds region, for example bulkcarriers, particularly ore carriers; high values that
may exceed even 0.45 hold for ships with voluminous and very high up extended superstructures,
for example large cruise ships and to a certain extent RoPax ships.
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Table 2.13 Typical natural

" . Cargo ships 12-8 s
roll periods for various C | hi 710
types of merchant ships oasta Cargo Ships s
Bulk carriers 12-20's
Tankers ~20s
Reefer ships 16-18 s
Cruise ships ~20s
RoPax ferries 10-14 s
Trawler/fishing vessels 10-13 s
Open sea tugboats 8-12s

values for the natural period of roll motions of common types of commercial ships
are listed in Table 2.13.

Finally, Kempf recommended the use of the so-called “roll number” (German:
“Rollzahl”), which is defined as:

e Tl (2.75)

NB-GM

which is a nondimensional value and varies between 8 and 14 for ships with good
performance in waves. It is observed that for modern RoPax ships the value of R is
often smaller than 8 due to the stringent requirements of intact stability regulations
(requiring high GM).

The negative effect of large amplitude roll motions on the operability of ships,
especially those transporting sensitive cargos, passengers, or of naval ships, can
be mitigated significantly by installing antirolling devices, such as antirolling fins,
antirolling tanks, or/and simply bilge keels.

2. Restrictions of beam for certain ship types:

»  Ships transporting standardized and bulky cargos (break bulk and unitized
cargo), such as Ro-Ro, Ro-Pax, containerships, LASH, rail ferries, etc., re-
quire beams corresponding to the specific number of units of stowed cargo in
the transverse direction. For container ships there is some degree of flexibil-
ity because of the existence of the side tanks and the relatively small width of
a standard container (8 ft).

* Restrictions may apply to ships that operate through specific canals or chan-
nels (e.g., PANAMAX and SUEZMAX ships) or are being serviced by spe-
cific slipways of yards.

*  From the restriction of draft for certain ship types, such as large tankers, bulk
carriers, reefer ships, river ships, an increase of beam, or of the B/T ratio may
be concluded, which leads often to undesired high values.

3. Maneuverability performance:

» Itisconsidered that in general the reduction of the L/B ratio (increased beam)
leads to an improvement of maneuverability of the ship, particularly regard-
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ing the turning ability within a small diameter circle, in contrast to the course
stability, which becomes generally worse.

2.7 Selection of the Side Depth

The side depth D of the ship’s main deck is crucial for two fundamental ship properties:

» The available holds’ volume
» The achieved freeboard

It is obvious that the selection of the side depth is inherently linked to the permis-
sible draft. Indirectly it is related to the ship’s length, in consideration of the ship’s
longitudinal strength, and beam, in terms of the stability of the ship.

It is considered that the side depth is the “cheapest” and less problematic main
dimension of a ship. In particular, increase of side depth by 10% causes an increase
of the steel weight by 8 % for L/D=10 or by 4% for L/D=14 (Schneekluth 1985),
that is, the achievable volume increases more rapidly than the resultant increase
of the ship’s structural weight; consequently it is appropriate to prefer an increase
of the ship’s side depth rather than changes of other main dimensions, in case the
ship’s hold volume is inadequate.

2.7.1 Effect of Safety Regulations on Side Depth

The selection of side depth is significantly influenced by the following regulations
regarding safety and operation:

1. The International Load Line Convention (ICLL 1988) that determines the free-
board deck and the permissible freeboard, namely the allowable difference
between side depth and draft.

2. Regulations regarding the watertight subdivision of ships (International Conven-
tion for the Safety Of Life at Sea—SOLAS), which determine the subdivision
(or bulkhead) deck of the ship. This regulation mainly affects the selection of the
side depth of passenger ships, but also of some types of cargo ships, such as tank-
ers longer than 150 m (ship of type A according to the Load Line Convention)
and other dry cargo ships (type B ships) with reductions of the required freeboard
(B-60 and B-100 bulk carriers). Certainly, when deciding on the watertight subdi-
vision of a ship based on the floodable lengths curve, a relatively high position of
the bulkhead deck and fewer bulkheads should be preferred, rather than vice versa.

3. Regulations of tonnage measurement (National and International Regulations—
tonnage mark) affect the position of the main deck less than in former times,
due to the more rational method of determining the ship’s enclosed—exploitable
spaces regardless of the existence of “tonnage openings” (see older types of
cargo ships with a “shelter” deck, Antoniou and Perras 1984).
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4. Regulations of classification societies specify an upper limit for the L/D ratio,
which usually ranges between 14 and 16. If the upper limit of L/D=14-16
(depending on the classification society) is not observed, then a dedicated
examination of longitudinal strength and approval by the classification society
is required. Particularly for certain small coastal ships or barge and bulk carriers
operating in sheltered areas (e.g., Great Lakes ships), L/D ratios up to 20 have
been approved in the past by some classification societies (e.g., ABS).

2.7.2 Effect of Side Depth on Hold Volume and Arrangement

As stated before, an increase of the side depth involves an increase of the available
hold volume or of the capacity factor (Rdumte), which expresses the ratio of the
available grain hold volume to the ship’s deadweight. Thereby, while an increase of
the ship’s length involves in general the synchronous increase of the ship’s displace-
ment, the increase of the ship’s side depth results in an expansion of the available
volume vertically and has no significant direct influence on the ship’s displacement,
besides causing a small increase of the ship’s steel weight, if all the other dimen-
sions remain constant. The height of the ship’s main hull is very important for cargo
ships, which, depending on the type of carried cargo, may be horizontally subdi-
vided by intermediate decks at different levels.

Typically we refer to Ro/Ro cargo ships, ferries, reefer ships, as well as to
conventional general cargo ships, which, for easy stowage and unloading reasons,
dispose intermediate decks through which the ship is subdivided in the vertical di-
rection. Obviously, the number and the exploitable height of the intermediate decks
are determined by the cargo type and stowage method. Thus, while for general
cargo ships there is some flexibility as to the available height of decks, this is not the
case for Ro/Ro ships, car/train ferries, and reefer ships, where the height is deter-
mined by the cargo’s standard dimensions and stowage/loading—unloading method.

Finally, for bulky cargo units, with standard dimensions, there are specific re-
quirements as to the height of the side depth. Typically, the side depth of ships
carrying standard containers is determined by the number of vertically stackable
containers (height of 8" to 8.5" per unit). Here, the height of the coamings of the
hatchways as well as the height of double bottom are taken into account. With the
same criterion in mind, modern multipurpose/semi-container ships dispose similar
side deck heights, so as to enable them to transport an integer number of containers
in the area of the openings of their hatchways.

2.7.3 Effect of Side Depth on the Ship’s Stability

The influence of the side depth on the ship’s stability is complex and should be ex-
amined separately for the initial stability and stability at large angles.



134 2 Selection of Main Dimensions and Calculation of Basic Ship Design Values

With side depth’s increase, the steel weight of the structure above main deck
increases, resulting in raising the corresponding center of gravity. Also, the weight
centers of superstructures and outfitting increase accordingly, leading to an increase
of the ship’s total KG in both light ship and fully loaded conditions. Thus, for small
inclination angles, an increase of the side depth generally reduces the values of re-
storing moment (reduction of GM ) until the angle corresponding to the immersion
of the main deck’s edge.

After this angle, however, a significant increase of the stability righting arm is
achieved, as well as an expansion of the region of positive values of restoring mo-
ment (range of stability), compared to the original ship.

Special attention should be paid to the selection of the side depth of RoPax ships,
given that this value determines the main car deck, up to which the ship is con-
sidered vertically watertight. After the tragic accident of the RoPax ship Estonia
(1994) very strict regulations on damage stability were established, explicitly tak-
ing into account the effect of possible water flooding on car deck due to sea wave
impact in case the outer shell of RoPax ships is damaged (the so-called Stockholm
Agreement, Papanikolaou 2002). The amount of water assumed flooding the car
deck is a function of both the significant wave height in the area of ship operation
and her freeboard in damaged condition'3. Therefore, the selection of the ship’s side
depth (and her freeboard along with the selection of draft) is the result of a com-
bined study of Load Line Regulations and damage stability requirements.

In conclusion, an increase of the ship’s side depth adversely affects the stability
at small inclination angles, whereas for large angles it has a positive effect when
accompanied by sufficient freeboard. Generally, the magnitude of the side depth is
determined by the amount and stowage of the transported cargo; possible stabil-
ity problems in the course of ship design must be treated with other, more drastic
means, for example adjustment of the ship’s beam.

The selection of the freeboard, and thus of the difference between side depth and
loaded draft, is addressed later in more details in Sect. 2.19.

2.7.4 Effect of Side Depth on the Ship’s Structural Weight

If we assume the ship to be a bending girder (beam) (see Sect. 2.3.2) and examine
its longitudinal strength, it is clear that with the increase of the side depth D and
reduction of the ratio L/D, a reduction of the bending stresses in general occurs due
to an increase of the girder’s modulus, while the bending moment remains constant
for fixed length.

The sectional modulus of the girder increases due to the shifting of the masses
of the deck and the ship’s bottom away from the neutral axis. Thus, the thickness of

13 Maximum significant wave height, to be considered, is 4.0 m (for North Sea conditions); below
1.5 m sign. wave height, it is assumed that no water can flood the car deck of a RoPax ferry, if it
complies with SOLAS 90 damage stability regulations.
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the plates can be reduced, and the steel weight per cubic meter volume, decreases
significantly as well as the corresponding construction cost.

As we have elaborated previously, if we set for the steel weight of the ship (see
Sect. 2.3.2):

W, = ky- Ayt

where

Ay hull shell surface area

t: average thickness of plates

ky: form coefficient of specific midship section

and the hull shell surface area is approximated by:
A, =kyp-L=k 2(B+D)L
where p: perimeter of midship section, it is concluded for the weight:

W, =a-t+b, Dt

that is, the weight increases with the thickness ¢ and side depth D. However, given
the moment of inertia of the midship section:

I o< pt-d® o< pt-D*
and the modulus
W=1/de ptdeo ptD
it is concluded for the bending stresses at the midship section (see Sect. 1.1.2)

max

w o CwW

M _ AL

As A, L, and C are fixed, it is clear that

1 1

O o< o< 3
ptD  a-tD+b-t-D

That is, if the level of the stresses is considered unchanged, the reduction of the
thickness t is very significant and inversely proportional to side depth D leading
to a reduction of ship hull’s steel weight W ,. Nevertheless, this result is based on
simplified assumptions and may slightly change in practice, but without changing
the identified general trends.
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2.8 Selection of the Draft

As mentioned earlier, during the selection of the beam, following the estimation
of the displacement, length and block coefficient, the product BT is considered
known. Thus, the selection of the beam (see Sect. 2.6) involves indirectly the selec-
tion of draft, namely through the selection of typical values of the B/T ratio (see
Table 2.6, Sect. 2.3), assuming that the product B - T'is not known from other sourc-
es. Also, following the selection of side depth, the maximum permissible draft is
determined by the required freeboard, which is calculated based on the length L, the
side depth D, C,, and various other ship particulars. The main factors affecting the
selection of draft are analyzed in the following.

2.8.1 Effect of Draft on Resistance and Propulsion

The draft of the ship appreciably affects the components of the total resistance, that
is the frictional and wave resistance, of both slow and fast ships.

As indicated in Sect. 2.6.2 regarding the reduction of frictional resistance, which
dominates the total resistance for relatively slow ships of small Froude number, it
is required to achieve a minimum wetted surface area, which can be shown to be
associated with values B/T=2.0-2.5, depending on the C; and the form of sections
at the ship’s both ends.

In addition, in order to minimize the wave resistance, we aim at shifting dis-
placement away from the water plane downwards, which results in slender hulls.

It has been verified by experiments that a ratio B/7 around 2.5 serves best not
only frictional resistance but also wave resistance aspects.

From the propulsion point of view, one as large as possible draft is always sought
aiming at the fitting of a large diameter propeller, with good efficiency in view of
the resulting moderate loading on the propeller blades and the low turning of the
propeller (low RPM). This general rule applies to all types of ships and especially
to towing ships (tug boats and fishing vessels). It should be, however, taken into
account that for not fully loaded or bow trim conditions, a large diameter propel-
ler tends to emerge more frequently than a smaller one. Finally, on certain types of
ships it is not possible to install a large diameter propeller because of the required
high RPM of propeller and engine (small boats), or in case of multipropeller ships.
Generally, for twin-propeller ships the ratio B/T is higher than the corresponding
one for single-propeller ships (>2.6 vs. 2.1-2.5).

2.8.2 Effect of Draft on Stability

The influence of draft on the stability is not as obvious as that of the beam and side
depth. From the relationship:

GM = KB+ BM - KG,
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it can be at first concluded that an increase of the draft positively affects ship’s
initial stability, as it essentially implies an increase of KB. If the increase of draft
is coupled with a swift of displacement towards the design water plane (V-type
sections), namely by increasing the fullness of the water plane and beam, the influ-
ence on the initial stability is drastic because of the synchronous increase of BM,
whereas the KG does not increase significantly.

However, it should be noted that beyond the design process, where the displace-
ment is presumed fixed, if we examine the stability for various loading conditions,
the change of BM should be considered through

BM =

~

T

v

namely, for an increased draft the increase of I is usually less drastic than the in-
crease of displacement V, so as to conclude to a decrease of BM , hence of GM 4.

2.8.3 Influence of Draft on Seakeeping and Maneuverability

The influence of draft on the ship’s seakeeping performance is particularly impor-
tant for the light loaded condition, for example ballast condition.

In order to avoid intense slamming in the ballast condition, the minimum draft
at the bow should be:

7. 20.02L (2.76)

Furthermore, in order to avoid the emergence of the propeller (propeller racing), the
minimum draft at the stern is recommended to be:

T, 2D, +e+0.4m 2.77)

where

D,: propeller diameter
e: distance of the lower tips of the propeller blades from the baseline,

=0.1-0.2 m (for ships without rudder-post).

Finally, in order to achieve sufficient maneuvering capability, the product of (L - 7),
that is the longitudinal projection (lateral plan) of the wetted hull surface, should be
proportional to the projected rudder area A4:

LT 0. 50 (2.78)

R

14 Considering also the parallel change of KG as a function of ship’s draft, especially its significant
increase when moving from the light to the full load condition, it is obvious that the stability of a
ship in ballast condition is generally less problematic than in full load condition.
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where the values on the right are determined by the ship type (lower limit values: best
maneuvering ships, like tug boats; upper limit: fast passenger ships, tankers, etc.).

2.8.4 Influence of Draft on Strength

In view of the negative influence of large lengths on the longitudinal strength and on
torsional stresses (see Sect. 2.3.), the trend in certain modern ship designs is evident
to account for relatively large drafts (and beams). Of course, this leads to higher
hydrostatic pressures at the bottom, the strengthening of which involves an increase
of the ship’s steel weight.

However, if the other dimensions remain unchanged (or may be even reduced),
the latter effect is not significant, compared to similar increases of weight due to
changes of other dimensions. It should be noted, however, that if the beam increases
in parallel to draft, in view of the large projected areas at the ship’s bottom, it is
likely that problems of “transverse strength” arise, which may require additional
strengthening and may result in increases of the steel weight. In this case, however,
a parallel decrease of the ship’s length may be expected, what counterbalances this
likely steel structure weight increase.

2.8.5 Effect of Route Limits

The draft is the main dimension of every ship that is most affected by the restric-
tion of depths of navigating routes. The permissible ship draft is determined by
the governing depths in the calling ports, entrance ways to ports, channels, canals,
estuaries, bays, and narrow sea straits, considering in addition the effect of natural-
periodic (e.g., tidal effects) or irregular fluctuations of sea surface. Generally, an
increase of draft is undesirable by ship operators because of introduced limitations
of navigation.

Restrictions on draft automatically lead to increases of other dimensions, mainly
of beam (see Table 2.7, Sect. 2.3, shallow draft tankers and bulk carriers).

Characteristic limits of well-known channels, canals, rivers (Figs. 2.37, 2.38,
and 2.39):

* Panama Canal: 7< 13 m (under dredging, up to 15.2 m until 2014)
» Suez Canal (Egypt): T<18 m (1984)

* Northeast Sea Channel (North Europe): 7<9.5 m

* Canal St. Lorenz (USA—Canada): 7<7.6 m

» Estuary of La Plata River (South America): <8.2 m



2.8 Selection of the Draft

139

Fig. 2.37 The Panama Canal

Fig. 2.38 Geography of the Panama Canal

A diagram of the
Panama Canal

———  Maln ship route

o Banana Cut
(service route)
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Fig. 2.39 Satellite photo-
graph of the Suez Canal

2.9 Selection of Hull Form Coefficients

With the determination of the ship’s block coefficient Cj,, which generally expresses
the fullness of the wetted part of the ship’s volume compared to the volume of a
rectangular parallelepiped of the same main dimensions L, B and 7, the other hull
form coefficients, such as the midship section coefficient C,,, the prismatic coef-
ficient C,, and finally the water plane coefficient C,,, have been essentially also
determined.

The coefficients affecting the selection of Cj, also influence the selection of C,,
since both coefficients do not differ significantly, for common values of the midship
section coefficient C,, varying between 0.94 and 0.99 for cargo and passenger ships
(see Table 2.6); we may recall the well-known relationship

C,=C,/C,
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However, in a sense, the selection of C,

C, =V /(L-4y) 2.79)

where 4,, is the midship section area, should precede that of Cj, because C, ex-
presses more properly the fullness of the hull of the ship under study compared to
that of a prismatic hull, of basis area 4,, and height L. Particularly, small C, means
a concentration of displacement amidships and slender ends, whereas a large C,
corresponds to a relatively small midship section area, an even distribution of the
displacement longitudinally and an extended parallel body amidships.

The midship section coefficient CM

C, =A4,/(BT) (2.80)

expresses the fullness of the midship section area in relation to the area of the cir-
cumscribed rectangle of the same B and 7. Besides certain relatively small vessels
with special requirements on stability and propulsion, namely need for sufficient
draft for the installation of a propeller of as large as possible diameter, all other
ships have very high C,, values (see Table 2.6). Small vessels that are exceptions
from the above rule are fishing boats, tugboats, pilot boats, etc., with relatively
small C,, (up to 0.70). For those vessels the difference between Cy and C, is sig-
nificant and attention should be paid during the preliminary design stage, when
interpreting corresponding values.

Following empirical data of vessels without bottom deadrise, as it is common for
large cargo ships, the following formulas, which correlate Cy; with Cj, are recom-
mended for use (Table 2.14):

For ships with a small L/B and bottom deadrise (such as fishing boats, tugs) the
use of data from similar ships is recommended.

Finally as to the selection of the waterplane area coefficient Cy,,, which influ-
ences the stability and wave-making resistance of the ship, both the fullness of the
hull, namely Cy (or C,) coefficient, and the form/character of the sections, also
the bow type, should be taken into account. Generally the Cy,, coefficient varies
according to the variation of Cy, (C}).

The following formulas are concluded from empirical data:

a. U-type sections

Cyp = 0.778C, +0.248 (2.81)
Cyp = 0.95C, +0.17(1-C,)"*(Schneekluth) (2.82)
Table 2.14 Empirical data V. Lammeren C =09+01C
of vessels without bottom H. Kerlen CE: 1.006—0.0](3)56 CB—s.se

deadrise HSVA Tank (Hamburg) C, =11 +(1-Cy)*)
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b. Normal sections

Cyp = (1+2C5)/3 (2.83)

c. V-type sections
Cyp =0.743C, +0.297 (2.84)
Cyp = (142C, /{/C,, ) /3 (Schneekluth) (2.85)

The above formulas are valid for cruiser stern ships, or ships with transom stern of
limited extent. Newer constructions, with intense transom lines at waterline, have
usually higher Cy, values, as can be seen from comparisons with similar ships.
Typical values of the Cy;, coefficient are presented in Table 2.6, Sect. 2.3.

2.10 Selection of Block Coefficient CB and Prismatic
Coefficient C,

The block coefficient Cy (see Papanikolaou 2009a, Vol. 2 for all definitions) rep-
resents the ratio of the ship’s displaced volume to the volume of the circumscribed
rectangular parallelepiped with dimensions L (usually L), B, and T It can easily be
shown that the Cj, is the product of the prismatic coefficient C, and midship section
coefficient C,, (Fig. 2.40), i.e.,

Cy = C,-Cy,, where Cy = andC, = ——

\%
LBT A, L
Thus, if the midship section coefficient C,, does not change significantly, as typi-
cally happens to large and mainly bulky vessels, the C,, and C, coefficients can be
considered to be equivalent in terms of their meaning with respect to the slenderness
of the hull form, exhibiting comparable values.

The prismatic coefficient C, represents the ratio of the displaced volume to the
volume of a prism with the basic area 4,, (midship section area) and the height
(=length) L (see also the following sketch; Fig. 2.41).

C, describes the degree of concentration of the ship’s displacement with respect
to the midship section; however, the lengthwise distribution of the displacement
cannot be concluded uniquely based on the value of C, only. Nevertheless, small
C, generally indicates a ship with a relatively large area 4,, and concentrated dis-
placement around the midship section (thus slender ends), whereas large C, means
evenly distributed displacement along the ship length and long parallel body around
the middle of the ship with short and bulky ends.
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Fig. 2.40 Hull form coefficients Cy and C,

a2

Fig. 2.41 Definition of sectional area curve

Particular attention is required when evaluating the true meaning of the informa-
tion that the values of the coefficients C;; and C, contain, especially when dealing
with small vessels such as fishing boats, tugs, and speedboats. Here, the significant
effect of the relatively small C,, must be assessed in parallel (see Fig. 2.42).
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Fig. 2.42 Representativeness of block- and prismatic coefficients with respect to ship’s hull form

Thus, in the above cases, while for the two hulls with T, <7, the prismatic coef-
ficient remains, in both cases, almost unchanged (and the displacement also does
not change), the block coefficients C;, differ significantly (Cy,>Cy,).

In conclusion, the prismatic coefficient describes more effectively the form of
the hull and any review of the ship’s hull geometry must take into account, in addi-
tion to Cy, also the values of the coefficients C;, and C,,.

The slenderness ratio L/V ' complements the quantitative description of the wet-
ted hull of the ship. The following examples demonstrate the importance of the coef-
ficient C, and ratio L/V ' in the assessment of the hull geometry of various types of

ships:

a. Ocean liner—fast passenger ship: L,,/V 3=7.2, C,=0.57
b. Fishing vessel—tugboat: L,,/V '3=5.2, C,=0.62
c. River boat—cargo ship: L,,/V'3=6.8, C,=0.85

From the above examples it is concluded that, only high values of slenderness ra-
tios, accompanied by small C,, lead to slender hulls.

2.10.1 Effect of C, and Cy on the Ship’s Resistance

The influence of C, and C;, coefficients on the ship’s resistance is significant. How-
ever, the factors affecting the selection of C, (and Cy) differ depending on the cor-
responding operational Froude number.

For relatively slow ships (low Froude number), we try to minimize the wetted
surface, as the objective is herein to keep the frictional resistance as low as possible,
as in the total resistance breakdown this resistance component prevails significantly
over the wave-making resistance. Thus, relatively high coefficients C}, (and C};) and
large midship sectional areas are concluded for tankers and bulkcarriers (C, and Cy
up to 0.88, C,, up to 0.99).

For relatively fast ships (high Froude number) it is necessary to reduce the more
significant wave resistance as much as possible. The objective herein, is to control/
tune the superposition of the various ship generated wave systems, especially those
created at the ends (bow and stern) and the shoulders of the ship. The concentration
of displacement in the middle of the ship generally leads to a smoothing of the
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Fig. 2.43 Regions of variation of prismatic and volumetric coefficients for built ships by Saun-
ders. (Lewis 1988)

shoulders and of the intensity of the corresponding secondary wave systems (see
Sect. 2.3). For each length and displacement, thus for a given slenderness ratio,
there is an optimal C,, as function of the Froude number, leading to a minimum wave
resistance. Generally, for high Froude numbers, a low optimal C, is concluded (see,
for example, resistance curves of the systematic hull form series DTMB by Taylor—
Gertler and FORMDATA by Guldhammer in Schneekluth 1985). However, if the
Froude number exceeds a certain limit (/7 >0.33), the total resistance only slightly
varies with C,, while for F >0.46 it decreases slowly with increasing C,. For ships
with bulbous bow, the above limits may be shifted to higher values.

From the diagram below (Fig. 2.43), which shows the variation of C, and of the volu-
metric coefficient versus the Froude number for built ships, the following is concluded:

1. Slow ships (F <0.24): The prismatic coefficient is chosen to be relatively high,
and in particular higher than the hydrodynamic optimum. Hence, the frictional
resistance is minimized and the relatively low wave resistance does not increase
significantly. Non-hydrodynamic aspects, such as construction cost and space
exploitation, are positively affected by large C, and dominate the selection of C,,.

2. Fast ships (0.24<F _<0.36): In this region it is appropriate to choose C, follow-
ing hydrodynamic performance criteria, i.e., with a view of minimizing resis-
tance. Thus, typical C, values are actually close to the hydrodynamic optimal
ones, given that the operational cost (greatly affected by powering and fuel con-
sumption) can be shown equally important to the construction cost.
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3. High speed craft (0.36<F <0.46): It can be seen that in this region the total
resistance varies only slightly with C,, thus the selection of C, may be deter-
mined by other factors (including dynamic stability aspects).

4. Speedboats and small crafts (F,>0.46): For speedboats and small crafts the
model experiments show that the total resistance decreases slightly with increas-
ing C,. Again other aspects determine the selection of C,, with dynamic stability,
lift and trim considerations now dominating.

2.10.2 Effect on the Seakeeping Performance

Besides low calm water resistance and propulsive power, the ultimate goal of a
good ship hull designer is to achieve good performance in natural seaways, namely
small ship motions (pitch, heave, roll, etc.) and accelerations (vertical and transver-
sal), low added resistance and powering in waves, thus good seakeeping.

It is well known that large ship motions due to heavy seas, especially pitch-
ing and heaving, lead to added resistance and powering (added resistance can
make up to 70% of the calm water resistance). Model experiments conducted by
Todd (Schneekluth 1985) with a cruiser ship model of C;=0.5 travelling in head
seas with constant propulsion power have shown that for an incident wave length
A=1.05 L, which corresponds approximately to the resonance region of heave/pitch
motions, the involuntary loss of the ship’s speed was 22% or dV'=0.22 V; while
for C;=0.7 (cargo ship) and the same displacement and length, the measured speed
loss was 55% or dV=0.55 V. In addition to the above involuntary speed loss at
constant propulsive power, dynamic loading on the steel structure, bow slamming,
propeller racing, nausea of passengers, excessive loadings on the cargo, etc., may
lead the ship’s master to a voluntary reduction of the speed (decrease of propulsive
power supply) to mitigate these phenomena.

The pitch motions of a ship take place about a time varying transverse axis,
which passes near the center of floatation of the still waterplane and are the result
of the forces and moments exerting on the vessel due to the changes of the hydro-
dynamic pressure distribution along the ship at her actual position with respect to
the incident wave!s.

Generally, the influence of C, on the amplitude of the resulting heave/pitch
motions is not straightforward. The amplitude of the motions (and hence of accel-
erations) depends largely on the bow configuration/form (below and above water-
plane), the length and the speed of the ship, as well as on the characteristics of the
incident wave (height, heading and period/wavelength).

Apart from the unclear influence of a small C, on heave and pitch motions, it has
been shown that a small C, tends to increase the probability of green-water. Thus,
a relative increase of freeboard and of bow height is required, to counteract this

15 The heave/pitch motions of a ship are strongly coupled to each other and generally have com-
parable values of natural period, which makes the tuning/resonance of both motions with the en-
countered wave very undesirable. This can be overcome only by changing the course and/or the
speed of the ship.
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Fig. 2.44 Double amplitudes and phase lags of pitch and heave motions for two Series 60 models
(a), (b) and one cruiser ship model (¢) in head seas. (Lewis 1988). Parameters: Ratio of the inci-
dent wave length A to the model length L and model speed; wave height for (a) and (b) is 1.25 in.
and (c) 1.43 in. (model scale)

negative trend, as well as appropriate shaping (flare) of the bow sections above still
water level. The study of the ship’s seakeeping, thus also parametric studies regard-
ing the effect of the ship’s main design parameters on seakeeping, can nowadays
be conducted by advanced numerical simulation methods and systematic model
experiments (Fig. 2.44).

2.10.3 Effect on the Construction Cost

The construction effort to meet the requirements of a given hold volume (e.g., as de-
termined by the transport capacity of the ship), increases for slender, sharply formed
ships in terms of the weight of steel processed and the extent/weight of outfitting.
Generally, slender ships are characterized by larger steel areas per unit enclosed
volume (especially for the outer hull shell), due to larger linear dimensions than bulky
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and relatively short ships of the same displacement. Thus, regarding the construction
effort and related costs, relatively high C, and Cj, coefficients should be favored.

2.10.4 Effect on the Exploitation of Spaces

The exploitation of hold’s volume, especially with respect to the transport of stan-
dard/unitized and nonstandard break bulk cargoes (beyond the transport of contain-
ers that are transported in dedicated cellular type holds) significantly depends on the
hull form of the ship and therefore on C, and Cj.

The ideal hold space is bounded by large, unobstructed, and flat surfaces, both
on the bottom and on the sides (vertical walls). Thus, small C, and C;; coefficients,
particularly in combination with V-type sections, seriously constraint the exploita-
tion of spaces other than in the midship part.

Ships carrying standardized containers have the following peculiarity: whereas
they carry a cargo that would best fit in boxlike holds and likewise hull form, their
relatively high speed (and Froude number) calls for relatively small C, and Cj co-
efficients; the practical solution to this problem is that at the ends of the ship the
container cells are adjusted to the nonvertical side walls, so that losses of the ex-
ploitable volume are minimized to the extent possible (stepwise arrangement of
containers, see below example of 3,400 TEU containership, Fig. 2.45).

Likewise, Ro-Ro ships and car ferries, with small C, coefficients dispose re-
duced exploitation of the lower deck spaces in the bow region, because of their rela-
tively high speed and sharp entrance of the waterlines in this region (see, Fig. 2.46).

GENERAL ARRANGEWENT

eyt
| 1L L
B IR

H 1R8] 0o ! |
8 = memr = ——————— A | -

H i R | |
ey b (- 4+«

Fig. 2.45 General arrangement of 6300 TEU Containership (Shipyard Hyundai Heavy Industries
Co. Ltd.)
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Fig. 2.46 General arrangement of a RoPax ship, Joint Industry-University RTD project EPAN—
transport, NTUA-Elefsis Shipyard (2005-2007)

2.10.5 Effect on the Stability

The initial stability of the ship (GM=KM—KG=KB+BM~KG), the vertical posi-
tion of the buoyancy center (KB), and the moment of inertia of the waterplane
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about the centerline (/;, thus also BM) can be positively influenced by small C,
coefficients, which are combined with relatively large draft and beam as well as
V-type sections.

Summary—Conclusions

Likewise in the selection of length, the basic factor affecting the determination of
the C, (and C,,) coefficient is the low resistance (and powering) of the ship, for the
required speed, and in combination with the pre-estimated length, for the given
Froude number. Generally: high Froude number requires a low Cy (and C,) coef-
ficient for a hydrodynamically optimal ship.

Other factors affecting the selection of Cj; are: the weight and the cost of steel
structure, the exploitation of cargo spaces, and the seakeeping behavior of the ship
in waves (the motions and accelerations at various points of the ship, as well as the
added resistance due to her motions in waves). In practice, like with the selection
of the ship’s length, Cy, is selected differently from the optimal one with respect to
least resistance, namely, usually larger values than those corresponding to hydrody-
namically optimal solutions are preferred.

2.10.6 Approximate/Semiempirical Formulas

Common ways of estimating the value of Cj, are:

A. Using semiempirical mathematical formulas from statistical data of built ships
(considering both hydrodynamic and economic criteria).

B. Using semiempirical mathematical formulas from statistical analysis of ships of
“minimum building cost for given deadweight (DWT) and speed.”

C. Using diagrams based on mathematical formulas according to A or from statisti-
cal data of similar ships.

Notes

A. The employed semiempirical formulas have the following general form (in met-
ric system):

Cy =K, -K,F, - K3E12 (2.86)
where the coefficients K|, K,, K, are listed in Table 2.15 below (they may refer to
the ship’s trial speed V., or service speed V =0.94 V).

Table 2.16 summarizes similar, well known formulas given in the Anglo-Saxon/
British Imperial system (7 [kn] and L [ft]), which take the general form:

Cy =K, -K VL (2.87)

where V is mainly the trial speed, unless otherwise noted.
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Table 2.15 Coefficients of semiempirical formulas for the calculation of C; (metric system units)

Formula K, K, K, Comments

Horn 1.06 1.68 0 Single-screw ships, service speed
Ayre 1.08 1.68 0 Single-screw, trial speed

Ayre 1.09 1.68 0 Twin-screw, trial speed

Heckser 1.00 1.44 0 Single-screw, trial speed

V. Lammeren 1.08 1.68 0.224 Single-screw, trial speed

Table 2.16 Coefficients of semiempirical formulas for the estimation of Cj; (Anglo-Saxon system
of units)

Formula K, K Comments

Alexander and Watson 1.06 0.500 0.65<V /<L <0.8 (cargo ships)
1.03 0.500 v /L >0.89 (fast cargo ships)
112 0.500 v /L <0.65 (slow cargo ships)

Silverleaf and Dawson 1.214 0.394 bulky ships, C;>0.75, length L[m]

Chirila 1.225 0.378 bulky ships, C;>0.75, length L[m]

Troost 1.156 0.625 Service speed V=0.94 V.

B. The below given formulas are derived from optimization studies of ships with
respect to minimum building cost for given deadweight and speed (Schneekluth
1985):

c, =214 L/B+20 (2.88)
F 26
0.23 L/B+20

c, =B LB+20 (2.89)
FP 26

The formulas are valid for 0.14 </’ <0.32 and are limited to ships with 0.48 < C, <0.85.

C. Finally, the following diagrams or comparable graphs of C,=f (F) as a function
of the ship type (see Figs. 2.47 and 2.48) can also be used.

2.11 Midship Section Coefficient C,,

The midship section coefficient C,,, which, as mentioned above, connects the most
important hull form coefficients C and C,, can be selected quite freely by the
designer, taking into account some basic factors such as low resistance, ease for
construction, space exploitation, and sufficient stability.For a given midship section
area A,,, B, and T, thus also fixed C,,, the possibility of alternative configuration
of the midship section is associated with the selection of the bilge radius and the
deadrise of the bottom (see Fig. 2.49).
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C,, to avoid tuning of ship generated, bound waves according to Baker and Kent (b) Regions for
the selection of C; and statistical data according to Danckwardt for slow (4) and fast (B) ships

2.11.1 Effect on Resistance

The influence of C,, on the total resistance of a ship is considered to be small, but

results indirectly through the C,, for given displacement and main dimensions. The
individual effects of C,, are:

a. For slow ships with substantial frictional resistance, a minimization of the wet-
ted surface is targeted. Therefore, for unrestricted beam and draft, and assum-
ing an optimal B/T around 2.25, it can be demonstrated that the optimum C,, is
about 0.80'°, as the wetted surface is getting minimal at this range. However, as
the draft is often limited (for large ships and generally for Ro-Ro/RoPax ferry
ships, due to the enhanced stability requirements and consequently the B/7T ratio
is larger than optimal), significantly larger C,, than 0.80 results in practice.

161t is reminded that the midship sectional coefficient of a half sphere, which is the solid with
minimum surface for given volume, is 7/4=0.7854.
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Fig. 2.49 Relationship of bilge radius and deadrise to ship’s midship section coefficient

b. Generally for given displacement and main dimensions, i.e., given C,, an
increase of C,; causes an increase of the wetted surface area, lengthening of the
transverse flow streamlines, and stronger irregularities in the distribution of the
velocity field around the hull, which all contribute to increased frictional and
eddy (pressure—viscous) resistance components.

. On the other hand, for fast ships, where the objective is to minimize the wave-
making resistance, it is sought to shift the displacement as downward as possible,
even accepting an increase of the local sectional breath over the draft, compared
to that at the waterline, thus forming the hull so that eventually C,,>1.0 (for

‘bulbous’ type sections). Also, due to the increase of the length of entrance of
the sectional area curve, for increased C,, and midship sectional area, a wave-
making resistance reduction may be expected (see Fig. 2.50).

d. The water flow in the transverse direction especially in the bilge area, is signifi-
cantly disturbed for large C,, and small bilge radius, resulting in flow separation,
generation of eddies, and an increase of corresponding resistance components.
Thus for given C,,, it is appropriate to seek a sufficient bilge radius and small

deadrise of the bottom.

2.11.2 Effect on Construction Cost

The construction effort and particularly the required man-hours for the steel struc-
ture manufacturing are reduced in dependence on the extent of fitted flat panels, on
the limited number of plates and reinforcements to be bended, and the extent of the
ship’s parallel body having a constant bilge radius for a certain length of the ship.
Thus, a larger possible C,,, small bilge radius (circular instead of parabolic form),
and a small or zero deadrise of the bottom, are targeted from the easiness and cost

of construction point of view.
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Fig. 2.50 Distribution of sectional area for the same displacement and main dimensions, but dif-
ferent C,,

2.11.3 Effect on Space Exploitation

Especially for ships transporting break or unitized cargo, the demand for larger hold
volumes, and flat and rectangular hold surfaces, leads to large C,, coefficients, with
a small bilge radius, vertical walls, and long parallel body around amidships.

For containerships, because of the transportation of standard containers in the
cells and the unique size of container boxes, it is not recommended to select C,, with
criterion the possible fitting in holds of a limited number of additional boxes, which
would lead to large C,, values and a small bilge radius; it is rather better to look at
the negative effect on the ship’s resistance/powering, what is significant for fast!’
cargo ships, like for containerships.

2.11.4 Effect on Stability

It is possible to increase the initial stability of the ship with an increase of the verti-
cal position of the center of buoyancy and the increase of the breadth on the ship’s
loaded waterplane. This leads to V-type sections, large drafts, and small C,, coef-
ficients.

If the midship section area 4, is presumed given, then for fixed draft T, an in-
crease of the beam B leads to a reduction of C|, and a significant increase of the
initial stability due to the increase of moment of inertia /. (see Fig. 2.51a).

Also, again for given 4,, and fixed beam, increase of the draft T leads to a reduc-
tion of C,, and small increase of the initial stability due to the rising of KB (see
Fig. 2.51b).

Both the aforementioned effects are important for vessels with special stability
and propulsion requirements (enabling the fitting of as large as possible propeller

17 The introduction of “slow steaming” in container shipping in recent years partly affected these
considerations; it is noted, however, that despite “slow steaming” in practical operation, contain-
erships continue to be designed as “fast” cargo ships, but taking into account a “slow steaming”
operation over certain period of their “life cycle.”
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diameter that requires large draft) , such as tugboats and fishing ships, for which we
observe small C; coefficients in practice.

2.11.5 Effect on Seakeeping Performance

Generally, ships with small C,, coefficients are sensitive to roll motions due to the
reduced damping for the rotational motions about the longitudinal axis. The damp-
ing is proportional to the resistance resulting from the transverse water flow and
obviously it increases for large coefficients C,, (‘squared’ sections) and small bilge
radius (triggering flow separation).

The normal way of increasing roll damping is to install bilge keels or vertical
keels (to small boats), and to larger ships to fit stabilizing fins and antirolling tanks.

The bilge keels’ width is usually about or larger than 2 % of the beam of the ship,
or 30% of the bilge radius of the midship section. Their length is about 25 % of
the ship’s length. The design and proper fitting of the bilge keels are only possible
through the conduct of model experiments (or numerical computations CFD) due to
the required alignment with the streamlines around the hull so as to avoid the strong
increase of pressure—viscous resistance of the vessel when sailing in calm water
(Figs. 2.52 and 2.53).

The aforementioned factors, which are in a sense contradictory and mutually
exclusive, have in practice led to the following options:

* Generally the C,; coefficient is chosen according to the Cj and decreases for
small C, and high Froude numbers (see Figs. 2.54 and 2.55).

* For small high speed craft with Fn>0.40 the C,, may also be reduced for stability
reasons.

* Below the limit of C};=0.65, as shown in Fig. 2.33, it may reach values of 0.50,
so as to satisfy the requirements on stability and sufficiency of deck area. This
applies, in moderate form, to fishing and tug boats.
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Fig. 2.52 Bilge keel on a
tug boat

Fig. 2.53 Fin stabilizer on a
cruise ship
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Fig. 2.54 Midship section coefficient versus block coefficient
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2.11.6 Approximation Formulas

A. Coefficient C,, (large ships without deadrise)
Van Lammeren

C,, =09+0.1C,. (2.90)

Kerlen (1979)
C,, =1.006—0.0056C,;° (2.91)

Laboratory HSVA (Hamburg)
C, =1/(1+(1-Cy)*) (2.92)

The above formulas can be applied to relatively large ships with a normal L/B ratio.

Tables (see Table 2.6)
Large ships

Cy, =0.93 to 0.997

Small craft (tugs, fishing boats, small ferries)

C, =0.71009
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Table 2.17 Typical sizes r. [m] d. [m]

of bilge radius and bottom - £

deadrise Cargo . 2.0-2.7 0.0-0.2
Tankers and bulk-carriers 2.0-3.0 0.0
Reefers 2.0-2.7 0.0-0.5
Passenger ships 3.5-5.5 0.0-0.5
Ferries 3.5 0.0-0.6

B. Bilge radius (Schneekluth—without deadrise)
B-Cy
L b
( + 4) Gy
B

If the above formula is applied to ships with deadrise of height d,, then the coef-
ficient C;; should be corrected as follows:

Ty=

C, =0.5+0.6.

C, = CyT/(T-0.5d,) (2.93)

The following relationship between C,, and r, (empirical) is valid for ships without
deadrise (Table 2.17; Fig. 2.56):

1 s (2.94)

042
040 \
|
038
Ia.?s
&
034
2FtE)
B = CM B-1-gr
. 4 R:
A = 4R ﬁIT'T'%’-‘L

y
Rk. = rB Ri -v-'%r(f- i) -ﬂ)

0 Q0 Q0 43 0k a5 Q06 07 006 QU9 a=fy
! 2

d

Fig. 2.56 Bilge radius and deadrise according to Henschke (1964)
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C. Typical sizes of bilge radius and bottom deadrise

2.12 Waterplane Area Coefficient Cy;,

The Cy,, coefficient, which expresses the degree of fullness of the waterplane area in
relation to the circumscribed rectangle of length L and width B, is significantly influ-
enced by the form of the transverse sections and by the coefficients C, and C,, (C,).

Usually, the Cy,,,, coefficient is selected in the preliminary design context so that
the stability requirements are satisfied, i.e., namely relatively high C,, values are
selected, which affect negatively the ship’s resistance (wave-making).

It is however more appropriate to consider in the preliminary selection of
Cyp values around the lower typical limits and develop the shiplines almost
independently from a pre-selected C,,, value. This leads to hydrodynamically fa-
vorable shiplines, without the C,,, value being a constraint for achieving adequate
stability. Problems of insufficient stability should be rather treated with more drastic
means, for example, change of the main dimensions (beam), of weight distribution,
of sectional form character, etc.

2.12.1 Effect on Stability

The beam and the waterplane area coefficient influence decisively the calculation of
the transverse moment of inertia of the ship’s waterplane area, namely, for a given
displacement, the magnitude of the vertical distance of the transverse metacenter
from the buoyancy center BM . Accordingly, the length and the Cy;,,, coefficient af-
fect the value of the longitudinal metacenter BM, .

It is obvious that the moment of inertia of the waterplane area increases as the
coefficient C,, increases, likewise the values of BM and BM,. Meanwhile, as-
suming constant sectional areas, thus, for given displacement and distribution of
it, an increase of Cy,, leads to V' sections with high center of buoyancy, namely to
increase of KB. Overall an improvement of the form stability results, namely of
KM, which is mitigated somewhat by the less pronounced increase of KG, due to
the application V type sections.

The influence of C, on stability can be approximated as follows: The transverse
moment of inertia /. is considered at first to be known from the formula:

I =Cy 1

where
I.,: moment of inertia of the circumscribed rectangle of length L and width B,
which is equal to B3-L/12

C .

- coefficient of specificity of form of waterplane area, C; <1.0.

IT—

If we set: I,=Ayp 1y
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where Ay, waterplane area, 7. radius of inertia of waterplane, and consider it
according to Hovgaard:

1 = B(0.0106+0.0727C,, )",

then it is concluded for the coefficient of specificity of form:

Crp = Cyp (0.1272+0.8724C,,,) (2.95)

Accordingly it applies to the longitudinal moment of inertia:

I =C 1. = AWP'rLz

where I, ,=B-L*/12 and r, =L(0.091C,,,—0.013)"2.
Thus, the specificity of form coefficient for the longitudinal moment of inertia
is given by:

Cy = Cyp (1.092C,,, —0.156) (2.96)

The relationship of coefficient Cy,, with the transverse waterplane specificity of
form coefficient C,; is given in the following figures for typical single-screw and
multi-screw ships versus the prismatic coefficient C, (Fig. 2.57).

In the preliminary design stage, the initial stability may be approximated by us-
ing the above figures as following.

From the well-known formula of Morrish it shows:
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Fig. 2.57 Waterplane area specificity of form coefficient C;. vs. C,,, and C, for single- and twin-
screw ships
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g7 YT,V
3\2 4,

and based on the approximation of coefficient C;; the moment of inertia /. is con-
cluded:

I, =C,-L'B/12

The metacentric radius is determined by:

BM=1I,/V

and consequently the metacentric height:

KM = KB+ BM

Based on the estimation of KG (see Sect. 2.15) the resulted GM can be evaluated
by:
GM = KM -KG

which should not be smaller than about 0.06B in general, whereas other more spe-
cific stability criteria also apply regarding the min GM value (see Sect. 2.18).

2.12.2 Effect on Resistance, Propulsion,
and Seakeeping Performance

The influences of Cy,, on the various aspects of the ship’s hydrodynamic perfor-
mance (resistance, propulsion, behavior in waves) are diverse and complicated.

For relatively slow ships, high prismatic coefficient values and an almost evenly,
lengthwise distributed displacement lead to a center of buoyancy (and center of
flotation in general) forward of amidships; the waterplane lines are very full, espe-
cially forward of the midship section. The local waterplane area coefficient, forward
of midship, can reach values of 0.90 to 0.95 (tankers and bulkcarriers). In this way
the wetted surface of the ship’s hull is minimized, for given displacement, and the
frictional resistance is reduced.

On the other hand, abaft the midship section, the fullness of the waterplane lines
and the local C, value declines (to about 0.80) so as to achieve a favorable flow to
the propeller and to avoid strong flow separation (which increases the eddy/pressure
viscous resistance) .

For relatively fast ships, with a significant percentage of wave-making resis-
tance, high Cy;,, values will lead to the generation of intense local waves at both
the entrance and the run of the waterlines, as well as around the shoulders. An
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extremely sharp waterline at the ends is favored to avoid intense waves in the bow
and stern region; however, this may result particularly to more pronounced local
waves around amidships. Generally, for a given speed (Froude number) and beam,
the optimal Cy,, values decrease with the increase of Froude number.

As to the influence of Cy,, on the ship’s performance in waves (motion ampli-
tudes and phases, added resistance in waves), it has been observed in experiments
and computations that high Cy,, values, i.e., very full waterplane lines at the bow,
have negative influence on seakeeping, especially on the sailing of the ship in head
seas due to likely slamming problems etc.

2.12.3 Approximation Formulas

In general, the waterplane fullness coefficient Cy, is a function of block coefficient
C and of the character of the ship’s sections. Special types of ships with a large L/B
ratio are likely to have both U and V sections, whereas a small L/B ratio is mainly
associated with intense V sections. In addition, ships with relatively small B/T ratio
are combined with high Cy,, values to achieve sufficient stability and deck area.

The basic empirical formulas for the approximation of Cy, in the preliminary
design phase are:

Intense U type sections

Cyp =0.95C, +0.17(1- C,)'"” (Schneekluth) (2.97)

or

Cyp = 0.778C, +0.248

Normal sections

Cyp = (1+2Cy)/3 (2.98)

Intense V type sections

Cyp = (142C,/Cy)/3(Schneekluth) (2.99)

or

Cyp = 0.793C,, +0.297.

The formulas are applicable at first only to ships with cruiser stern. Ships with tran-
som stern generally have higher Cy;,, values. For ships with significant overhang of
the wetted part of the stern beyond the aft perpendicular, the correction of the Cy,
with the following coefficient is applied:
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K =1+ C,(0,975Lyy, — Lpp)/Lyp (2.100)
2.12.4 Conclusions

a. To achieve satisfactory form stability, the increase of beam B should be pre-
ferred, which affects more drastically the moment of inertia of the ship’s water-
plane area, rather than the C,.

b. In the preliminary design phase and when using approximate formulas the selec-
tion of high C,, values must be avoided, as these values may be reduced in the
course of the ship’s design (development of ship lines), resulting in poor stability.

c. In the transom stern case, which is always accompanied by high Cy, values, it
needs to be considered that a possible stern emergence due to trim, motions in
waves, etc., will cause a considerable loss of waterplane area and hence of stabil-
ity (drastic GM reduction). In specific seaway conditions (following and head
seas), this may lead some ships to severe roll motions (Mathieau instabilities and
parametric roll phenomena) .

2.13 Determination of the Main Dimensions Through
the Ship Design Equation

The “design equation” (in German Entwurfsgleichung, Schneekluth 1985) leads to
the determination of the main dimensions of a study ship through the selected ra-
tios of main dimensions and form coefficients of similar ships. In case of lack of
data from similar ships, then empirical formulas and data from empirical diagrams,
which are supposed to be applicable to the current ship type, can certainly be used.
The “design equation” is derived from the already known “displacement equa-
tion” (see Appendix C). As is well known, it holds for the displacement (weight):

A= py,gV* (2.101)

where

Pgy: density of sea water

A*:  volume of displaced water =C,-L-B-T-k,

k,: coefficient of correction of the displaced volume (design—molded volume)
for average shell thickness, appendages, etc. (see Sect. 2.15).

Introducing the ratios L/B and B/T, which, as known, significantly influence both
the ship’s resistance (L/B) and stability (B/T), the form of the displacement equation
can be rearranged as follows:

A= py,-g-(L/B)yB*[B/(B/T)]-Cyk
SW B A

or
A= pyy-g Cy[(LIB)/(BIT)|-B*k,
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Thus, the following expression is concluded for the beam:

B A(B/T) . (2.102)
povgCy(LIB)K,

thus, the beam is the only unknown in the above displacement equation, assuming
the right hand side known.

Likewise, for known (L/B) and (L/T) ratios from similar ships, the following
expression for the ship’s length is concluded:

. [A-(L/B)(L/T) r
Psw & Cyk,

As mentioned earlier (see Sect. 2.1), for deadweight carriers the estimation of dis-
placement A through the transport capacity (DWT) is readily possible; also, the ra-
tios (B/T), (L/B) and (L/T) and Cj coefficient can be estimated from data of similar
ships.

For volume carriers the above methodology may be modified by including (in-
stead of the displacement) the underdeck-volume, V, namely the ship’s displaced
volume up to a waterline at the height of the main deck:

V, = Cyp-L BD

where Cgp: hull coefficient for a waterline at the height of D (main deck) (see
Sect. 2.15.4 approximation formulas, function of Cy).
Thus, we have for the beam

. [m} 2.103)
C,,(L/B)

Assuming that the required volume V|, can be estimated for the volume carriers (see
Sect. 2.17.2), the further process resembles the previously described for deadweight
carriers, provided that the ratios (B/D), (L/B) and the Cy, are known from similar ships.

2.14 Preliminary Estimation of Propulsive Power

During the ship’s conceptual/preliminary design, the exact knowledge of the re-
quired propulsive power for achieving the speed specified in owner’s requirements
is not required; this also applies to the other hydrodynamic ship characteristics,
which relate to the selection of the propeller and the rudder.

In a ship’s initial design phase, which eventually aims at a first approximation of
the ship’s total weight (including the weight of the machinery installation and the
approximate required engine room volume) and of the corresponding displacement
of the ship, a preliminary estimation of the ship’s propulsive power is enough for
the calculation of the weight (and engine room volume) of the propulsion plant and
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fuel. This approximation can be based on empirical formulas, data of similar ships
or diagrams deduced from statistical data for various types and sizes of ships.

Commonly used approximate methods'® for the estimation of the preliminary
propulsive power P (installed power) of the ship are:

a. British Admiralty formula

B A2/3V3

C
p

(2.104)

where
A:  displacement [t], V: speed[kn], P: installed power in [HP] or [kW].

The Admiralty constant C, can be calculated from data of similar (parent) ships
based on the same reference units for A, V and P, [tons], [kn], and [HP] or [kW]. In
the use of this method it is tacitly assumed that the parent (similar) ships have simi-
lar hull form and not significant differences in the Reynolds and Froude numbers
(i.e., the length and speed must be about the same). The formula can be used for the
estimation of the brake horsepower P, or shaft power Pg or delivered or effective
power, depending on the availability of data from the parent ship; also, the constant
can be given in other units, for example, V[m/s], P[kW], assuming that Cy is ap-
propriately defined and used.

Variation of the Admiralty formula by Volker (1974):

0.567773.6
AV

_ = AOS636 10 (2.105)
16711,

D

where A[t], VTkn], P[kW] (see also Fig. 2.58 by Volker (1974), P,[HP]).
A similar to the British Admiralty constant was more recently introduced by
Heickel (Papanikolaou 2002):

K:(ﬁ/PB)]/S'VT’ (2.106)

where A is the displaced volume in m?, ¥ the trial speed in [m/s] and Py the brake
horsepower in [kW] (Fig. 2.59).

18 The following semi-empirical methods proved in practice satisfactory for the for more precise
calculation of the total resistance and powering of common types of ships in the preliminary design
phase:

Holtrop, J., Mennen, G. G. J., “An Approximate Power Prediction Method,” Journal Interna-
tional Shipbuilding Progress, 29(335), July 1982.

Holtrop, J., “A Statistical Re-analysis of Resistance and Propulsion Data”, Journal Interna-
tional Shipbuilding Progress, 31(363), November 1984.

Hollenbach, U., “Estimating Resistance and Propulsion for Single-Screw and Twin-Screw
Ships in Preliminary Design”, Proc. of the 10th ICCAS Conference, Cambridge, MA, June 1999.
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b. Use of diagrams and empirical formulas

The use of the following empirical diagrams by MAN B&W and Harvald is recom-
mended for dry cargo and liquid cargo ships with common type of propulsion plants
(Figs. 2.60, 2.61, and 2.62).
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bl. Estimation of the installed horse power of modern ships by MAN B&W

Diesel A/S (2005)
Figs. 2.60 a,b,c,d,e
Figs. 2.61 a,b,c,d
Figs. 2.62 a,b,c

SMCR = f(TEU, V),
SMCR =f(DWT, V),
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where SMCR: specified maximum continuous rating
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b2. Estimation of the installed horse power of ships according to Harvald

where Py: break horse power

Fig.2.63 B, =f(A4,V,L/V"),
Fig.2.64 P, =f(A,V,L/IV"),
Fig. 2.65 B, =f(4.V,L/V"),

C, = 0.60
C, =0.70
C, =0.80
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Fig. 2.62 Diagrams of installed propulsion power for Bulk Carrier versus DWT and speed V'
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Limits of parameters

TEU =(400) to 18,000

DWT =(2,000) to 580,000 t

14 =(11) to 26.5 knots

A =(100) to 100-10* t (Figs. 2.63, 2.64, and 2.65)
LIV'3 =4.0,5.0, 6.0 (Figs. 2.63, 2.64, and 2.65)

C, (=0  =0.6,0.7,0.8 (Figs. 2.63, 2.64, and 2.65)
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Fig. 2.63 Diagrams of installed propulsion power [kW] versus the displacement A [tons], velocity
V [m/s] and slenderness ratio L/V'?, C;=0.60 acc. to Harvald
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Fig. 2.64 Diagrams of installed propulsion power [kW] versus the displacement A [tons], velocity
V [m/s] and slenderness ratio L/V'3, C,=0.70 acc. to Harvald
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Fig. 2.65 Diagrams of installed propulsion power [kW] versus the displacement A [tons], velocity
¥ [m/s] and slenderness ratio L/V'3, C,=0.80 acc. to Harvald



2.15 Estimation of Ship Weights 175

2.15 Estimation of Ship Weights

The as accurate as possible approximation of the various weight groups of the ship,
and the position of their centroid, is a very important step in both the preliminary and
the final ship design stage. Likewise, any inaccuracy and mistakes have significant
influence on the achieved transport capacity, as on the speed, stability, and safety of
the ship'®. Also, due to the indirect association of the ship’s construction cost with the
acc. to Harvald ship weight, particularly the structural steel weight, the as possible
accurate assessment of the various weight groups is already of great importance in
the preliminary design phase, because it concerns the terms of the initial tender of a
shipyard to the interested shipowner.

2.15.1 Definitions of Ship Weight Components

The displacement equation may be analyzed as following:

A=W =W, +DWT (2.107)

displacement (weight of displaced water)
total, sum of weights of the ship (weight)
weight of light(empty) ship (sometimes LS)
transport capacity, deadweight.

SIIP
i..

a. Analysis of light ship weight W,

Definition of W, It corresponds to the weight of the finished, fully equipped,
and seaworthy ship without supplies and payload. In this weight the following
machinery supplies are included: lubricants and cooling water of machines, feed
water of boilers, weight of liquids in pipes. The weight | corresponds roughly to
the ship’s delivery state from the shipyard to the shipowner.

Analysis of W,

W, =W, +W, +R (2.108)
where
W,  weight of hull,
W,, weight of machinery

R reserve (margin/ tolerance of estimations)

19 Whereas small inaccuracies in the estimation of ship’s weight may be balanced by slight chang-
es of ship’s draft, this is very different when dealing with the proper estimation of weights of
submarines, as there the imbalance of the sum of weights and displaced volume trivially leads to
submarine’s inability to float in neutral equilibrium. Additionally, it must be ensured that in all
cases the center of the overall mass must be below the center of displaced volume for the subma-
rine to be stable (have positive stability).
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Analysis of Wy The hull weight ¥, can be further broken down into:

2.109
Wy =Wsr +Wor ( )
where:

We:  weight of steel structure

Wy weight of outfitting

Definition of Wsr It includes the weight of all elements of the steel structure of
the ship and corresponds approximately to a shipyard’s steel work. In addition to
all the plates and stiffeners of the ship, the following components are included in
this weight group as well: the mounting base of the engine, the superstructure and
deckhouses, even if they are of different materials (e.g., aluminum), the masts, the
rudder, the rudder shaft, the hatch coamings, the bulwark.

Definition of W, It includes the weight of all fittings to the “naked” ship and
also all detachable outfittings of the ship except for the machinery outfitting (see
Table 2.30) for description of elements of W, ,). Certain elements of the W, can
be taken as well within W, for example, the masts and the rudder, noting that it
depends on the practice of the shipyard or designer.

Analysis of W,

Wiy =Wy +Was + Wi (2.110)
where
Wi Mmain machinery weight
W, shaft of propeller and propeller weight
Wyg: rest machinery weight

Definition of W, It includes the weight of the main engine and gearbox (if
any), for turbine driven ships the weight of the turbine, the gearbox and boilers
respectively.

Definition of W, . It includes the weight of pumps of any kind, any piping inside
the engine room, funnels, main electric generators (the emergency electric gen-
erator is very often included in W), transformers and switchboards, any support
mechanical components of the main engine, etc.

Definition of R The reserve (tolerance/margin of uncertainty) R is set in the pre-
liminary design to cover possible inaccurate initial approximations of the various
weight groups. Typical values of R, in the preliminary design stage in [%] W, are
1-2 % for simple structures (tankers and bulkcarriers) and 2—-3 % (up 6 % according
to Schneekluth) for more complex ships. With the progress of the design the reserve
R diminishes and converges to the tolerance of construction, which covers the
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differences with respect to the estimated weight of the processed materials and out-
fitting coming from external suppliers or which are produced by the shipyard itself.
During the final phase of the design, the value of R is 0.5—1 % for simple ships and
1-2% of W, for complex ones (e.g., passenger ships, reefers, containerships, etc.).

As to the impact of the center of gravity/mass of R on stability, it may be as-
sumed that the vertical position of the weight center of R is located 20 % higher
than the estimated KG of the vessel, but the longitudinal position is assumed the
same as the estimated longitudinal gravity/mass center of the ship.

b. Analysis of deadweight DWT

DWT =W, +W, +W,, + W, + W, +B (2.111)
where,
W, o weight of the payload (for cargo ships: cargo payload, for Ro-Ro ships:

weight of carried vehicles)

We:  fuel weight, including fuel reserve and lubricants

Wer: weight of provisions and water supplies

W, weight of passengers and luggage (persons & effects); cargo ships may carry
up to 12 passengers; for passenger ships, this weight may be included in the
payload

W.x: weight of crew (including their luggage)

B: weight of nonpermanent ballast (water), whenever is required in the fu/l

load condition (design draft)

2.15.2 Initial Estimation of Weights and Their Centroids

During the initial estimation of displacement, especially when it comes to cargo
ships (dry or liquid cargo), it is possible to approximate the weight of lightship W,
or the ratio (DWT/A), through coefficients, which are dependent on the ship type,
Froude number, and the size of the ship (in terms of transport capacity). Such rela-
tionships are well known for long time (e.g., Volker (1974), or see Table 2.1), but
they are not recommended for volume carrier ships, where the decisive elements
of the ship size are the large deck areas, extended large superstructures, or high
horsepower, as happens with passenger ships, ferries, tug boats, having all a small
(DWT/A) ratio.

Typical values of (DWT/D) are given in Table 2.1 (Sect. 2.1) for various types
ships according to Schneekluth (1985) and others, as well as given in other course
supporting material of the author (Papanikolaou and Anastassopoulos 2002).

Regarding the initial estimation of the vertical position of the mass center of the
fully loaded ship, the use of the following relationship between KG and the side
depth D is proposed:
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KG =C-D, (2.112)

where the modified side depth Dy is defined as

Dy = D+V/(Ly,B) (2.113)

and V: volume of superstructures and deckhouses.

The C coefficients may be taken according to Dudszus and Danckwardt (1982)
as the following typical values (Table 2.18):

As to the vertical position of center of gravity of the various groups of weights,
the following data of Table 2.19 according to Schneekluth (1985) can be used.

Likewise, in the support material to the course Ship Design and Outfitting 1
(Papanikolaou and Anastassopoulos 2002) approximate values for the vertical and
longitudinal position of the centers of various groups of weights and types of ships
are given according to E. Strohbusch (1971).

2.15.3 Factors That Affect the Values of the Weight Coefficients

When using empirical coefficients for the approximation of the various weight cat-
egories, see Sect. 2.15.2, we must pay attention to the indicated upper and lower
limits of the magnitudes in Tables 2.18 and 2.19, as well as to the specific features
of the concerned ship in the context of the same ship category. For the proper se-
lection of coefficients, it is not sufficient to use average values between the given
limits; instead, the following criteria must be taken into consideration:

a. General effects regardless of ship type

al. Absolute size: With the increase of the absolute size of a type of ship, generally
the weight coefficients of the ship decrease due to the following reasons:

» All structural elements that support local loads remain the same and therefore
smaller ships are charged proportionally with more steel weight,

* Generally areas/surfaces increase with A?3

* The number of crew and the extent of their accommodation increase slightly or
not at all, when increasing the ship’s size (stepwise change)

* The propulsive power increases with A>?

Table 2.18 Coefficients C for the Passenger ships 0.67-0.72
estimation KG for various ship Large cargo ships 0.58-0.64
types Small cargo ships 0.60-0.80
Bulk carriers 0.55-0.58
Tankers 0.52-0.54
Fishing vessels 0.66-0.75

Tug boats 0.65-0.75
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Table 2.19 Vertical position of center of gravity of weight groups W,

/4

o Wy W, for the main

ST

types of commercial ships as a percentage [%] of the corrected side depth (strength deck) D—
Synthesis of data by H. Schneekluth (1985)

Ship type Lower limit* W, Wor Wy W,

Cargo ships 5,000t DWT  60-68 110-120 45-60 70-80
Coastal cargo 499 GRT 65-75 120-140 60-70 75-87

ships

Bulkcarriers 20,000t DWT 50-55 94-105 50-60 55-68
Tankers 25,000t DWT 60-65 80-120 45-55 60-65
Containerships 10,000 t DWT 55-63 86-105 29-53 60-70
Ro-Ro L=80m 57-62 80-107 33-38 60-65
Reefers 300,000 ft3 58-65 85-92 45-55 62-74
RoPax ferries 65-75 80-100 45-50 68-72
Trawlers L=44m 60-65 80-100 45-55 65-75
Tug boats® P,=500kW  100-140 70-80 60-70 70-90

2 Smaller ships within the same category (lower limit) generally have higher positions of centers
of weights
® For the tugboats the upper values correspond to vessels with extended forecastle

Thus, for example, a large tanker will be generally having values in the lower lim-
its of the cited weight coefficients, while the opposite holds for a smaller one. Of
course, this is not the general rule for all types of ships. For example, larger multi-
purpose cargo ships may dispose additional cargo handling facilities and equipment
(derricks/cranes of heavy lift capacity, reefer spaces, etc.), thus they may be propor-
tionally heavier than smaller ones.

a2. Effects on steel weight:

Through the exploitation of developments of technology and of computational/
optimization methods regarding the ship’s structural design, modern shipbuild-
ings are generally lighter than the corresponding older ones with comparable
capacity/specifications. It should be noted, however, that for some types of ships
(such as tankers), the development of more stringent safety regulations over the
years (in particular the marine environment protection regulations, MARPOL
and OPA90 introducing double-hull concept for tanker ships) led to increased
steel weight requirements, for tankers of the same transport capacity. It may be
anticipated, however, that increased requirements and savings through optimiza-
tion and new technologies acted counterbalancing in the historical development
of the structural steel weight of tankers.

The use of lightweight materials is notable, especially in the superstructure of
passenger ships; also, the increased use of higher tensile steel (particularly in
high stress areas of the structure of large tankers, bulkcarriers and container-
ships) led to a relative reduction of structural weights for many ship types.
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Table 2.20 Effect of speed on the light ship weight. (Strohbusch 1971)

Cargo ship Tanker Bulk-carrier
F, 0.18 0.25 0.16 0.19 0.18 0.21
WL/A [%] 28 38 16 24 24 27
W, /LBD [kp/m?] 150 190 110 140 130 155

The given data refer to relatively old shipbuildings from the 70s and are of interest only in view of
the qualitative effect of changing the concerned parameters. Generally, the weight coefficients of
the light ship have reduced significantly over the years due to optimization of the steel weight and
the use of higher tensile steel, especially for tankers and bulkcarriers. Indicative values for modern
tankers of double-hull concept are, see Lamb (2003): W, /A [%], W,/L B D [kp/m* ], F, [-]=23.3,
119, 0.18 (PANAMAX), 14.2, 79.9, 0.15 (SUEZMAX), 13.3, 74.4, 0.14 (VLCC)

» Additional weights may arise due to various strengthenings for specific operat-
ing conditions of the ship, such as:

— Navigation in ice; for example, an ordinary cargo ship may need additional
steel weight strengthenings of +40 to 50 t, as specified by the classification
societies’ rules

— For lifting of heavy weights, local strengthening of up to +80 t

— Owner’s specific additional requirements up to 2~3% W,.

The number of decks and bulkheads, if deviating from ‘normal’ practice, affects
also the steel weight.

Effect of speed: A high Froude number requires slender hull form (high slenderness
ratio) and consequently causes an increased W, /A and also a change of W, /(LBD).
While the corresponding decrease of the block coefficient Cycauses an increase of
the ratio W, /A, generally the ratio W, /(LBD) may decrease, if the main dimen-
sions remain constant, which means that the reference displacement is reduced, as
well as the transport capacity of the ship (see Table 2.13). For keeping the same
transport capacity, the dimensions would need to be changed, thus the weight will
be finally increased. In addition, an increase of the Froude number implies an in-
creased machinery weight and generally increased values of weight coefficients
W, /Aand W, /L B D (see Table 2.20).

Effect of the main dimensions: An increase of the absolute size of the ship, namely,
as expressed by the increase of the product L-B-D and a reduction of L/D or Cp,
affect with decreasing trend the coefficients W, /(LBD) (see Table 2.21).

a3. Effects on the weight of accommodation and outfitting:
Determinant factors regarding the values of the corresponding coefficients are
the followings

* Number of passengers and crew

* Accommodation quality

* Type and number of loading/unloading equipment
» Extent of reefer cargo spaces, if any

» Extent of insulation works etc.
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Table 2.21 Effect of main dimensions on the weight of steel structure and outfitting. (Strohbusch
1971)

Bulk-carrier

LBD [m’] 110,000 200,000

C, 0.85 0.75 0.85 0.75

W /LBD [kp/m’]  L/D=14 116 108 113 106
L/D=13 111 104 109 103

W, /LBD [kp/m’] 17 13

Comments made for tankers in footnote to Table 2.20 hold also herein. Characteristic values for
modern large size bulkcarriers: W,/L B D=76.1 [kp/m® ] for L B D=282,000 m?

In general, the coefficients decrease with the increase of the absolute size of the ship
(see Table 2.21).

ad. Effects on the machinery weight
The basic influencing factors as to the coefficients for the machinery weight are:

» Required speed and installed engine power

* Type of main engine (diesel low turning speed—medium speed—high speed,
turbine) and transmission mode (with or without gearbox)

» The position of the engine room significantly affects the coefficient for the
weight of shaft (and propeller) W,

» The type of ship and the required electric power for servicing auxiliary facilities
significantly affect the W}, coefficient (rest machinery), for example, passenger
and reefer ships.

Indicative values for the ratio of the installed power of the main engine to the ship’s
displacement are shown in the following Table 2.22, with the following notes:

+ MONOHULL-AQUASTRADA: Large (L>100 m), high speed (V>40 kn) mo-
no-hull type RO-RO passenger ship built by the Italian shipyard RODRIQUEZ
(1993)

* CATAMARAN: twin-hull type ship for medium (seldom slow) and high speeds
(planning or semi-planning/semi-displacement mode) with hybrid development
features

* SWATH (Small Waterplane Area Twin Hull): Hybrid type CATAMARAN with
small waterplane area for (low), medium to relatively high speeds (up to 35 kn
absolute speed, depending on ship size); characterized by excellent seakeeping
performance, while sustaining high speed

» SES (Surface Effect Ship): Hybrid type CATAMARAN with air cushion support
for high-speeds (/>40 kn)

* WAVE PIERCER: Hybrid type CATAMARAN with very sharp entrance of the
waterlines and wave-piercing protrusion at the bottom of the two hulls bridg-
ing deck in the bow region, for high speeds (¥>35 kn, depending on ship size;
Table 2.23; Fig. 2.66)
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Table 2.22 Ratios of installed propulsion power to displacement weight for various types of
ships—synthesis by IHS Fairplay database (2011) and A. Papanikolaou (2002)

Ship type P/A[PS/t]
Fast cargo ships (and containerships) 0.7-1.6
Slow cargo ships 0.4-0.6
Coaster cargo ships 0.4-0.6
Bulkcarriers 0.1-0.5
Tankers 0.10-0.35
Reefer ships 0.7-1.6
Fast passenger ships (non-high speed craft)

Large 1.4-3.3
Small 1.6-3.3
Medium to slow passenger ships

Large 1.1-1.2
Small 1.0-2.8
Tugboats (seagoing) up to 6.0
Advanced Marine Vehicles (very high speed crafts)

MONOHULL-AQUASTRADA =36.5
CATAMARAN =25.0
SWATH =20.0
SES =35.0
WAVE PIERCER =26.0
HYDROFOIL =63.0

Advanced Marine Vehicles (AMV): These are generally high speed ships and boats of unconven-
tional design and high operational performance (see also the following graph by A. Papanikolaou
for the route of developments)

Table 2.23 Comments on the development chart of Advanced Marine Vehicles (AMVs)
(Papanikolaou 2002)

1.

ACV: Air Cushion Vehicle - Hovercraft, excellent calm water and acceptable seakeeping
(limiting wave height), limited payload capacity.

ALH: Air Lubricated Hull, various developed concepts and patents, see type
STOLKRAFT.

Deep V: ships with Deep V sections of semi-displacement type acc. to E. Serter
(USA) or of more planing type, excellent calm water and payload characteristics,
acceptable to good seakeeping, various concepts AQUASTRADA (RODRIQUEZ,
Ttaly), PEGASUS (FINCANTIERI, Italy), MESTRAL —~ALHAMBRA (BAZAN,
Spain), CORSAIR (LEROUX & LOTZ, France).

FOILCAT: Twin hull (catamaran) hydrofoil craft of KVAERNER (Norway), likewise
MITSUBISHI (Japan), excellent seakeeping (but for limited wave height) and calm
water characteristics, limited payload.

LWC: Low Wash Catamaran, twin hull superslender semi-displacement catamaran
with low wave-wash signature of FBM Marine Ltd. (United Kingdom), employed for
river and closed harbour traffic.

LSBK: Lings Stufen- Bodenkanalboot- Konzept, optimized air-lubricated twin hull
with stepped planing demihulls, separated by tunnel, acrodynamically generated
cushion, patented in Germany.

MIDFOIL: Submerged Foil-body and surface piercing twin struts of NAVATEK-
LOCKHEED (USA).
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Table 2.23 (continued)
8. MONOSTAB: Semi-planing monohull with fully submerged, stabilizing stern fins of
RODRIQUEZ (Italy).

9. MWATH: Medium Waterplane Area Twin Hull Ship, as type SWATH, however with
larger waterplane area, increased payload capacity and reduced sensitivity to weight
changes, worse seakeeping.

10. SES: Surface Effect Ship, Air Cushion Catamaran Ship, similar to ACV type concept,
however w/o side skirts, improved seakeeping and payload characteristics.

11. SLICE: Staggered quadruple demihulls with twin struts on each side, acc. to
NAVATEK-LOCKHEED (USA.

12.  SSTH: Superslender Twin Hull, semi-displacement catamaran with very slender long
demihulls of THI shipyard (Japan), similar to type WAVEPIERCER.

13.  STOLKRAFT: Optimized air-lubricated V-section shape catamaran, with central body,
reduced frictional resistance characteristics, limited payload, questionable seakeeping in
open seas, patented by STOLKRAFT (Australia)

14.  Superslender Monohull with Outriggers: Long monohull with two small outriggers in the
stern part, EUROEXPRESS concept of KVAERNER-MASA Yards (Finland), excellent
calm water performance and payload characteristics, good seakeeping in head seas.

15. SWATH Hybrids: SWATH type bow section part and planing catamaran astern section
(STENA’s HSS of former Finyards, Finland, AUSTAL hybrids, Australia), derived from
original type SWATH & MWATH concepts.

16. SWATH: Small Waterplane Area Twin Hull Ship, synonym to SSC (Semi-Submerged
Catamaran of MITSUI Ltd.), ships with excellent seakeeping characteristics, especially in
short period seas, reduced payload capacity, appreciable calm water performance.

17. TRICAT: Twin hull semi-displacement catamaran with middle body above SWL of FBM
Marine Ltd. (United Kingdom).

18.  TRIMARAN: Long monohull with a pair of small outriggers, introduced by Prof. D.
Andrews—UCL London (United Kingdom), tested as large prototype by the UK Royal
Navy (TRITON), similarities to the Superslender Monohull with outriggers concept of
KVAERNER-MASA; excellent calm water performance; problematic seakeeping in
oblique and beam seas; concept later developed and as pentamaran (with two pairs of
outriggers).

19. TSL-F - SWASH: Techno-Superliner Foil version developed in Japan by shipyard consor-
tium, submerged monohull with foils and surface piercing struts.

20. V-CAT: Semi-displacement catamaran with V section shaped demihulls of NKK shipyard
(Japan), as type WAVEPIERCER.

21. WAVEPIERCER: Semi-displacement catamaran of INCAT Ltd. (Australia), good seakeep-
ing characteristics in long period seas (swells), good calm water performance and payload
characteristics.

22. WEINBLUME: Displacement catamaran with staggered demihulls, introduced by Prof.
H. Soding (IfS-Hamburg-Germany), very good wave resistance characteristics, acceptable
seakeeping and payload, name to the honour of late Prof. G. Weinblum.

23.  WFK: Wave Forming Keel High Speed Catamaran Craft, employment of stepped planing
demihulls, like type LSBK, but additionally introduction of air to the planing surfaces to
form lubricating film of micro-bubbles or sea foam with the effect of reduction of fric-
tional resistance, patented by A. Jones (USA)

24. WIG: Wing In Ground Effect Craft, various developed concepts and patents, passenger/
cargo carrying and naval ship applications, excellent calm water performance, limited
payload capacity, limited operational wave height, most prominent representatives the
ECRANOPLANS of former USSR.
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b. Specific effects on various types of ships

bl. Cargo ships: This paragraph applies only to cargo ships built under the pro-
visions of the old tonnage/capacity regulations, distinguishing between “open”
or “closed” type tonnage measurement (see Antoniou and Perras 1984). For the
conversion of a cargo ship of open-type tonnage measurement to a corresponding
ship of closed-type and for the same principal dimensions, the weight W, would
increase by about 8 %, the W, by 10% and the displacement by 16 %, as well as
the draught. It is estimated that with this conversion the transportation capacity may
increase by about 20%. In conclusion, a ship of “closed type” prevails in terms
of weight distribution and exploitation (DWT) in comparison to an equivalent of
“open type” measurement. However, in the new international tonnage regulations
the distinction between “open” or “closed” type measurement has been removed
and a consistent way of measurement of the ship’s enclosed volume and tonnage
came into force. Essentially, ships measured with the new international tonnage
regulations correspond to ships of former “closed” type in terms of weight distribu-
tion and exploitation of capacity.

b2. Tankers, Bulk carriers: Generally, the weight W relatively decreases with the
increase of absolute size. However, due to limitation of drafts (what means increased
beam and may be increased length), this trend can reverse for very large ship sizes.

b3. Reefer ships: They are distinguished by their relatively high steel weight due to
the slenderness of the hull form; they also have relatively high machinery weight
due to the relatively high speed (large installed engine power); also relatively high
outfitting weight, due to the weight of reefer facilities/outfitting (including in-
creased electric energy consumption). In conclusion it shows a relatively large light
ship weight and low ratio DWT/A (deadweight to ship displacement).

b4. RoPax/Ro-Ro ferries: Basically the same comments, as to the reefer ships, ap-
ply also to RoPax ships, though the reasons are partly different: their increased
weights in the outfitting weight category are due to the large extent of accommoda-
tion spaces, the increased need for electrical energy (lighting, air-conditioning, etc.)
and Ro-Ro loading outfitting (ramps etc., if not counted in the steel weight). Hence,
they also dispose high lightship weight and small ratio DWT/A (classical volume
carrier).

The above comments are expressed quantitatively with the shown typical values of
weight coefficients in Table 2.1 (Sect. 2.1).

2.15.4 Structural Weight

As defined in Sect. 2.15.1, the weight of the ship’s structure W, includes the steel
weight of the main hull, of the superstructures (even if party of wholly not made
from steel, for example, light weight superstructures from aluminum alloys), as well
as of some heavy steel fittings (like masts or derricks, etc.), which could be as well
have been included in the W .
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A. Simplified methods for W, calculation (preliminary design phase)
Al. Method of Harvald and Jensen (1992) (see Friis et al. 2002)

The method is based on structural weight data of ships built in Danish shipyards;

the data involve a large number of ships built in the decade of 80ties and until the

early 90ties. The method uses as a basis the approximate enclosed volume of steel

structure V., which includes the volume of the main hull, of the superstructures and

deckhouses; furthermore, a coefficient for the steel structural density Cy is employed.
We assume

V. = LBD + Volume of superstructures and deckhouses

and
Wy =DWT,Cs =W [V, Wy =Wy

We may use the following diagrams, in which the steel structural coefficient Cg is
given as a function of displacement A (Fig. 2.67), of W, (=DWT) (Fig. 2.68) and
the enclosed volume of V. (Fig. 2.69).

The curves in Fig. 2.67 can be mathematically expressed also by the relationship:

Cy(8) = Cyy +0.064 exp(—0.5log,, A +1——0.1(log,, A—2)>*)  (2.114)

The C, for various types of ships is given in the following table (Table 2.24;
Figs. 2.68 and 2.69).

From the analysis of data (regression fitting), the following approximate rela-
tionships are obtained, expressing the DWT and the enclosed volume V. as a func-
tion of displacement A.

Cargo ships and bulk carriers
W,=0.1951. A"

V. =12.127+ A**

Tankers

W, =0.4464+A""

V. =4.674.A""

Rail ferries

W, =0.00363- A"

V. =1951.A""

A2. Method of Cubic Number Coefficient CNC

Assumption The W, weight varies proportionally to the product of the main
dimensions L-B-D, expressing approximately the enclosed volume of the ship’s
structures:
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Fig. 2.67 Steel structural weight coefficient Cg versus displacement A by Harvald and Jensen.
(Friis et al. 2002)

ene =l
LBD

Application Given the W, L, B, D of a parent, geometrically similar, ship (index
0), it is assumed for the under design ship (index 1):

(VVST )1 = (CNC)O 'Ll 'Bl .Dl

Corrections For differences of the ship’s main characteristics fr om those of the
parent ship, the cubic coefficient of CNC can be corrected as following:

CNC = (CNC), K, K, ...K,
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Fig. 2.68 Steel weight coefficient Cg versus the DWT by Harvald and Jensen. (Friis et al. 2002)

1. Correction for different Cy:
K, =(1+0.5Cy), /(1+0.5Cy),
2. Correction for different L/D:
K, =(L/D),/(L/D),.

Comments

1. The method is simple and satisfactory, if there are sufficient data from similar
ships available.
2. The accuracy of the method is sufficient for the initial design stage.
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'tl;;l‘)slse (,Zfzﬁipfs° for various Ship type Cy, (tm?)
Support vessels 0.0974
Tugs 0.0892
Cargo ships (3 decks) 0.0820
Cargo ships (2 decks) 0.0760
Cargo ships (1 deck) 0.0700
Tankers 0.0752
Bulk carries 0.0700
Product carriers 0.0664
Train ferries 0.0650
VLCC 0.0645
Reefers 0.0609
Passenger ship 0.0580

Rescue vessels 0.0232
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A3. Difference Method

Assumption The W, weight results from the corresponding weight of a parent
ship; individual differences of the main dimensions, of hull coefficients and of local
structural strengthenings are taken into account as following:

W)y = W)y I+C +C, +...+C)(1+C,)

Corrections-Coefficients

Correction for different length, SL=L,~L, C,=1.006L/L,
Correction for different breadth, 6B=B,—B, C,=0.7 6B/B,
Correction for different side depth, 6D=D,—D, C,=0.40D/D,
Correction for local strengthening components as to the length C,=045C,
Correction for local strengthening components as to the breadth C;=035C,
Correction for local strengthening components as to the side depth C,=0.65C,
Correction for different Cy, 6C;=Cyy —Cp, C,=036C,
Comments

1. All correction coefficients C, can be positive or negative according to the sign of
the differences L, 6B, 6D and 5Cy, (increase of decrease of relevant dimensions).

2. The method is easy to use and generally well applicable in the initial design
phase, assuming the availability of satisfactory parent ship data.

3. The method proved very effective in computer-aided optimization procedures of the
ship’s initial design, in which the ship’s main dimensions are varied parametrically.

4. The following effects are not included: effect of differences in the draft, in the
extent of superstructures, and in the number of decks (as applicable).

A4. Watson's Method (Watson and Gilfillan 1976)

Assumption The W, weight can be calculated based on the equipment index/
numeral £ (Equipment Numerical) of the ship as defined by Lloyd’s Register (LR):

N1 N2
Ey=L(B+T)+08L(D—-T)+0.85) hl, +0.75Y h, 1,

i=1 i=1

where

Ny, h,,1,;; number, height and length of deckhouses®

12 "1i°
N,, h,, L,;; number, height and length of the superstructures?!

20 By definition, the breadth of deckhouses can be up fo 0.92 B.

2! The breadth of superstructures is larger than 0.92 B according to the provisions of the Interna-
tional Tonnage Measurement regulation.
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Application Through Fig. 2.70, where the W is presented as a function of £, the
corresponding weight for a standard block coefficient C;*, at the height 0.8D, equal
to 0.70, can be calculated:

Wi )* =1f(Ey),Fig.2.70
Correction For the ship’s C,* (0.8D) # 0.7, the following correction applies:

(W) = (Wi Y(1+0.05(C, *~ 0.7)

where the coefficient Cg *(0.8D) can be approximated through the value of
Cy,(T=D)

Cy*=C, +(1-C,)(0.8D—T) /3T

100000  E e i 0 3 S - >
——  Standard Block Coefficient 0.70 at 0.8D y
B 1T 7
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Fig. 2.70 Steel weight W, versus outfitting index E by Watson. (Watson and Gilfillan 1976)
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Table 2.25 Steel weight coefficient by Watson (1998)

Ship type Average value  Fluctuation K Lower limit £, Upper limit £
K [+]
Crude oil tankers 0.032 0.003 1,500 40,000
Chemical tankers 0.036 0.001 1,900 2,500
Bulkcarriers 0.031 0.002 3,000 15,000
Containerships 0.036 0.003 6,000 13,000
General cargo 0.033 0.004 2,000 7,000
Reefers 0.034 0.002 4,000 6,000
Coasters cargo 0.030 0.002 1,000 2,000
Offshore supply vessels 0.045 0.005 800 1,300
Tugs 0.044 0.002 350 450
Trawlers 0.041 0.001 250 1,300
Hydrographic vessels 0.045 0.002 1,350 1,500
RoPax 0.031 0.006 2,000 5,000
Passenger ships 0.038 0.001 5,000 15,000
Frigates/corvettes 0.023

The above coefficients refer to structures built from 100 % mild shipbuilding steel. Given that a
series of ship types today are built to some extent from higher tensile steel, the resulting weights
by use of the above coefficients are expected to be slightly higher than today’s standards (e.g., for
tankers, bulkcarriers, containerships)

Comments

1. The method is simple and generally applicable in the initial design phase.

2. Due to its simplicity some basic ship features are neglected, which however may
significantly influence the final estimation of the steel weight; for example, par-
ticularities of some ship types, number of decks and bulkheads etc.

3. The method has been improved by more recent studies of Watson (1998), namely:

(W )*= KE\°, where K is listed in Table 2.25.
AS5. Danckwardt’s Method (Danckwardt 1961, Journal Schiffbautechnik)

Assumption The weight ¥, can be calculated as a function of the required vol-
ume of cargo spaces V., which includes the grain hold volume, the net volume of
refrigerated cargo spaces (inside of insulation) multiplied by 1.3 ~1.5 (correspond-
ing to the grain volume of refrigerated spaces) and finally, the volume of tanks out-
side the engine room and double bottom and between the forward and aft collision
bulkheads.

The ratio W, /DWT is given as a function of DWT for various V/DWT values
(see Fig. 2.71) for cargo ships up to DWT=18,000 t. The curves are valid for “ordi-
nary/standard” cargo ships with two decks and for a number of watertight bulkheads
in conformity with standard classification societies’ rules; the ship is assumed to
be a cargo ship without passengers, without any special strengthenings and fully
welded. The installed power of the propulsion plant is assumed to correspond to
about 0.7 [HP] per [ton] DWT.
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Fig. 2.71 Steel weight W versus the DWT and volume V . for dry cargo ships by Danckwardt.
(Henschke 1964)

Corrections

1. Number of watertight bulkheads different from the regulations of classification
societies, weight increase 0 /DWT:

+One bulkhead: 0.25%DWT
+Two bulkheads: 0.31%DWT
+Three bulkheads: 0.50%DWT

2. Strengthening for navigation in ice:

+2t0+9%DWT

3. Strengthening for transportation of heavy bulk cargoes (ores)

up to +6% DWT

4. Strengthening for equipment of heavy lift derricks/cranes:

up to +4% DWT
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Fig. 2.72 Correction of steel weight by Danckwardt for number of decks different from the stan-
dard. (Henschke 1964)
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Fig. 2.73 Correction of steel weight by Danckwardt for quality of accommodation different from
the standard (valid for up to 12 passengers). (Henschke 1964)

5. Number of decks different from the standard two (2): correction in accordance
with Fig. 2.72.

6. Number of passengers up to 12: correction in accordance with Fig. 2.73.

7. Correction for the size of engine room different from the standard, which cor-
responds to P/DWT=0.7 HP/ton, according to Fig. 2.74.

Note:

(1) This method is mainly applied to general cargo ships, with good results, though
basic data of method are outdated.

(2) The reported corrections can be used in combination with other simplified meth-
ods, if the corresponding under assessment structural component of the parent
ship is common.

A6. General comments on the simplified methods for W, calculation (preliminary
design phase)
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Fig. 2.74 Correction of steel weight by Danckwardt for main engine power different from the
standard. (Henschke 1964)

It is considered that the accuracy of the approximation of W, through the above
simplified methods is in the range of £ 5 %, but in practice for ships with special fea-
tures the difference may be up to 8 + 10 %. Such special conditions are for example:

» Differences in the requirements of various regulations (classification societies,
national and international organizations).

» Effect of new regulations, for instance, the requirements of MARPOL for tankers
concerning the use of segregated ballast tanks directly led to an increase of the
number of tanks and consequently of the steel weight. Furthermore we have seen
in recent years an increase of the steel weight of tankers with the implementation
of OPA 90 and the revised MARPOL regulation (introduction of double-hull/
skin tankers).

» Effect of technological developments: the steel weights generally decreased in
recent years (though one needs to consider the counteracting weight increase
due to the continuous introduction of new, more stringent safety regulations),
for all types of ships, in view of improved methods for calculating the ship’s
strength (e.g., finite element methods) and optimizing the ship’s structure for
least weight; also, in view of the use of alternative materials other than the
common mild shipbuilding steel, at least in some parts of the structure (higher-
tensile steel for the strength deck and double bottom of tankers, bulkcarriers,
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containerships, etc; aluminum alloys in the superstructures of passenger
ships). Thus, comparing the steel weights of ships built during the 60s and
70s (for the same transportation capacity) with the contemporary ones, the
values are actually today reduced, despite the weight increase due to the in-
troduction of double skin hulls for tankers, or due to the more recent introduc-
tion of the Common Structural Rules of IACS class societies for tankers and
bulkcarriers.

B. More advanced methods of W, calculation (preliminary design stage)
B1. Strohbusch’s Method (Tech. University Berlin, 1928)

Feature Generalized method of relatively high accuracy, assuming that the struc-
tural plans of characteristic sections of a parent hull (or of the actual ship) are
available.

Application

1. Calculation of the steel structural weight per meter of ship length for a limited
number of characteristic sections of the ship.
2. Graphical representation of the curve dW /dx=wq(x) over the ship’s length
(see Fig. 2.75).
. Calculation of the area under the curve, which corresponds to W
4. Addition of individual weights that are not taken into account in the weight per
meter of length calculation of wg,. [ton/m].

Wy,

W

Wsr = J. dx = J- Wer (x)dx Ez Wer (x,)0x,

@ (L) ™)

B2. Vollbrecht-Tobbicke s Method (1937—1948)

Feature Generalized method of satisfactory accuracy, if there are data from similar
ships available.

TTTTYTY

T

Fig. 2.75 Steel weight calculation by the method of Strohbusch



2.15 Estimation of Ship Weights 197

Application

1. Calculation of the steel weight for 1 m length of the midship section (similar to
the method Strohbusch): (w,) @ [ton/m]
2. Calculation of W, for the ship based on the relationship:

Wer=(wgp) W L-C

where the constant C depends on the ship type, the ship’s block coefficient and
any special/unique features of the ship under design. This method can easily be
adapted to various types of ships, if there are available data of parent ships for the
approximation of C.

B3. Schneekluth’s Method (Tech. Hochchule Aachen, 1967) (Schneekluth 1985)

Feature Synthetic method of good accuracy especially for dry-cargo ships (origi-
nally the method was developed for such ships); however, it is possible to apply it
also to other ship types (e.g., tankers). It does not include the weight of superstruc-
tures, which can be calculated by the method of Miiller—K&ster (see Sect. 2.15.4,
B4).

Assumptions (Original Method)

1. Dry cargo ships with continuous deck and bulkheads extending to the same deck

2. Constructional elements, for example, plate thickness, number of bulkheads,
height of double bottom, in according to the Germanischer Lloyd Classification
Society, Regulations of 1967, Class 100 A4

. Hull form of the ship without a bulbous bow or rudder heel

. Single-screw ships driven by diesel engines and with the engine room abaft

5. Breadth of hatchways approximately 0.4B+1.6 m and overall length of hatch-

ways approximately 0.5 L
6. Included components of the steel structure:

W

* High tanks in the engine room

+ Strengthening/coamings of hatchways

» Engine casing construction

* Bulwark of a length of 0.9 L

 Chain locker, chain pipe, strengthening of anchor winch
* Rudder bearings and shaft tube

7. The weight coefficients Csrt, given below, were increased by 10 % to account for
the following elements that are not calculated individually:

* Increased plate thickness (margin against corrosion)

* Local reinforcements

» Heavier construction beyond regulations

* Main engine foundation/bearings, masts, derricks, rudder body

8. The following weights are not included:

» Hatch covers
» Specific reinforcements for high speed and high propulsive power
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* Special constructions (e.g., high tanks beyond the standard in the engine
room)

» Superstructures and deckhouses (see later on Miiller-Koster’s method,
Sect. 2.15.4, B4)

Required data for the application

L[m]: length between perpendiculars (ELpp)

B[m]:  breadth

Tm]: design draft

D[m]:  side depth of the uppermost continuous deck
Cyl—]:  block coefficient at design waterline (draft 7)
Cypl—1:  block coefficient at height D

wl—l:  midship section coefficient

Se[m]:  sheer height at FP

S,[m]:  sheer height at AP

A
b[m]: camber height at the midship section

n[—]: number of decks

V[m?’]: volume below the uppermost continuous deck

If not known at the early design stage, the volume V; can be approximated with the
following formula:

Vy,=V,+V +V, +V, (2.115)
where
V,, = L-B-D-Cyy(volume up to D)
with
Cop =C, (T)+C (D-T)/T(1-Cy)
and
C, = 0.25 for ships with sections of small flare above waterline
= 0.40—0.7 for ships with significant sectional flare
Furthermore,

V, = L;-B(S; + S, )-C, (increase of volume due to sheer) (2.116)

with Lg: length of sheer extent (SL,,) C, = Cy,>* /6 =1/7

V,=LBbC, (2.117)
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(increase of volume due to deck camber) with

C,=0.7Cyy

and
N

VH :zlﬂi'bﬁi’hu (2.118)

i

(increase of volume due to hatch coamings) with

Iy length of hatch i
by;: breadth of hatch i
hy;: height of hatch/coaming i

N: number of hatches

Application The W', without the weight of superstructures is given as a function
of the estimated total volume V; [m*], of a coefficient of specific unit weight C'
[ton/m?] and of various corrections:

T

Wiy = V,Clyp [1+0.033(L/ D~12)][1+0.06(n~ D/ D,)]-
[1+0.05(1.85— B/ D)]-[1+0.2(T / D —0.85)]-
[0.92+(1—C,,)*]-[1+0.75C,, (C,, —0.98)]

where Dy=4 m and L/D2>9.
The values of the coefficient C' [ton/m’] as a function of the ship type are:

Ship type Length range
Normal cargo ship 60-180 m
C's;=0.103[1+17(L—110m)?*] - 107

Reefer ships 100-150 m
C4;=0.106100.116

Passenger ships 80—150 m
Cer=0.113 t0 0.121

Bulkcarriers 150-300 m
C4p=0.10810 0.117

Tankers 150-350 m

Cir=0.112+ L [m] - 10*- (0.95+1.05)

While the original formula of Schneekluth was applied only to general dry cargo
ships it was later on extended to other types of ships with relatively good success.
In general, the following applies:
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1.

2.

For RoPax and ferry ships the use of the above relationship for passenger ships
may be problematic, due to the significant reinforcement of decks for transport-
ing heavy vehicles and the diversification of their structure.

For containerships a special relationship is given later on.

Corrections The weight of the ship’s steel structure Wy, calculated by the above
formula, should be corrected as follows:

1
2

. For transverse construction/strengthening system: +2.5% Wsr
. For the existence of bulbous bow: +0.4-0.7% Wsr or consider the additional

weight as a function of the bulb’s volume: +0.4 t/m3

Comments

1.

The method was essentially developed following the approach of Strohbusch
(see B1). The results from systematic calculations for different ships were syn-
thesized in the above formula.

. The advantages of this method are:

» Relatively simple calculations with good results,

* Can be easily coded in design computer programs,

* Possible application to cargo ships with uncommon main dimensions and
block coefficient

. For the weight of superstructures, which is not included in the basic method, the

method of Miiller-Koster (see Sect. 2.15.4, B4) can be used

. For calculating the steel structural weight of ships transporting standardized con-

tainer (containerships), the above general formula shall be amended as follows:

W = V, C's [1+0.002(L —120)*1[1+0.057(L / D—12)]:
[30/(D+14)]*[1+0.1(B/ D—2.1*1-[1+0.2(T / D=0.85)]-[0.92 + (1= Cy )*]

where

C’¢; =0.090+0.100,average : 0.093.

Constraints of Application (containerships)

L

B

=100-250 m
=up to 32.25 m (Panamax)

L/B  =4.7-7.63 (small feeder ships: up to 4.0)

L/D =(8.12)-15.48 (lower limit of ship type: 10.0)
B/D =1.47-2.38

B/T =2.4-3.9 (for T=0.61D)

C

=1.84-2.98 (for T=0.80D)

s —0.52-0.716

(Extrapolation for small violations of the above limits is possible)
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Table 2.26 Weights of container cell guides

Container Weights of cell guides [t/TEU]
Type Length Fixed Detachable
Ordinary 20’ 0.70 1.0
Ordinary 40’ 0.45 0.7
Refrigerated 20" 0.75 -
Refrigerated 40’ 0.48 —

Corrections (containerships):

1. For the exclusive use of a normal, mild shipbuilding steel (the formula applies to
L=100-180 m)

W’ [%]=3.5L"> =10)[1+0.1(L/ D—12)]
ST

2. For trapezoidal midship section (containerships): generally reduction of W'g,:
W' [%]=—5

3. For raised double bottom beyond the regulations of Germanischer Lloyd clas-
sification society: for an increase of double bottom height by 6%, and increase
of double bottom volume by 6V, it shows:

(W’ 18V, )(40+0.5 8hy,)107°[t/m’]

4. The weights of container cell guides are commonly included in W’ ;. Typical
numbers of these weights are (Table 2.26):

5. The weights of the ducts of the cooling system (for reefer containers) and of the
lashing equipment on deck are usually included in W, (see Sect. 2.15.5).

Center of weight W'sr

In Schneekluth’s method the approximation of the vertical position of mass center
of W'y, (without superstructures) is also included:

—, L ’ DS
KG'1%D] = 44+0.1550.85-Cp){ - | |

where

(Dy/D)=1+CX(S. +S,)/6D
S BD F A

(applies to ships with sheer extending up to at least amidships).
Corrections

1. For transverse framing-system of construction/strengthening: —1% D
2. For bulbous bow: —0.4% D
3. For L/B#6.5: £0.8% D per 6(L/B)=+1.0
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4. ForL#120 m: +1% D for L=60 m and —1% D for L=180 m

B4. Weight of superstructures and deckhouses by Miiller—Késter (Miiller—Koster
1973, Journal Hansa; Schneekluth 1985)

To calculate the total structural weight of the ship it is necessary to add the
weight of superstructures and deckhouses to the main hull weight W', as calcu-
lated by Schneekluth.

Following Miiller-Koster, this weight can be calculated as a function of the en-
closed volume of the superstructures and in dependence on the location of the struc-
tural elements of superstructures and deckhouses.

ST

Superstructures

According to the International Load Line Convention (ICLL), structures on the
main deck (freeboard deck) with a distance of their side walls from the ship’s side
less than/equal to 4% B are assumed to be superstructures in the sense of ICLL.
Such superstructures are:

a. Forecastle:

The volumetric weight (weight per volume unit) of a forecastle is:

Crorecaste = 100kp/m’*for ship length L >140m
130 kp/m’*for ship length L =120m.

Assumptions

Height of forecastle : /i zpoasrs = 2.5 t0 3.25m

Lengthof forecastle : /,oppoagry = upto 0.2 Ly,

Corrections

OCropecastie[Yo]up to —=10%, for Iy, = 0.33L,,
OC onpeastie[Y0] = —5%t0 —10%, for A, > 3.25m.

b. Poop?%:

Cpoop 75kp / m’

22 The poop deck is technically a raised stern deck that is rarely found on modern ships. In older
sailing ships it could be seen as the elevated roof of the stern or “after” living quarters, also known
as the “poop cabin”. Also, with the helmsman at the stern, an elevated position was ideal for both
navigation and observation of the crew and the sails. In modern history of shipbuilding, it could be
seen until the 1960s on the “three island” type cargo ships, with the bridge and engine amidships
(raised quarterdeck), and forecastle and poop decks at ship’s ends. This concept was gradually
displaced (and practically today disappeared) by the classical modern cargo ship arrangement,
with the engine and bridge/superstructure placed astern, and having a ‘flush’ deck (extending
unbroken from stem to stern, with no raised forecastle or quarterdeck) or keeping the forecastle at
ship’s bow region.
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Assumption The poop extends up the forward bulkhead of the engine room, for
engine room located abaft.

Corrections If the poop extends above a hold:
0C,00p[%0] = +20%

Deckhouses

a. Houses with living quarters: Deckhouses extending over more than one deck
are not considered as one single structure, but as consisting of several individual
quarters, which are classified according to their vertical position above the main
(uppermost continuous) deck. The weight of each quarter depends on its enclosed
volume, but also on its structural density, which is clearly a function of the vertical
position of the quarter and considers the loading of quarters located above the quar-
ter in question. Quarters of superstructures, which are located directly on the main
deck, are characterized as belonging to layer I (vertically extending up to Deck I),
the ones above it to layer II, etc. (see sketch) (Fig. 2.76).

It is understood that if a deckhouse is located on the poop (or forecastle accord-
ingly) then it begins with layer II.

The weight of the deckhouses depends on the following factors:

*  Way of construction

» Length of ship

* Number of higher decks

» Height of decks

» Length of internal separating walls, if they are from steel/metal.

* Ratio of the upper deck (ceiling) area 4, including the area of uncovered exter-
nal walkways, to the actually covered (bottom) area of each deck 4.

The following Table 2.27 gives the deckhouse weight per volume unit (structural
density) as a function of the ratio 4,/4,, and layer position.

— Layer V (Wheelhouse)
- Layer IV
— Layer Il
AO - Layer Il
™ ]
—- Layer |
Ay

Fig. 2.76 Definition of individual layers for the calculation of the deckhouse weight by
Miiller—K6ster
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Table 2.27 Volumetric weight coefficients of deckhouses Cp,, [kp/m?] as a function of the position
and 4 /A, ratio according to Miiller—K&ster

Layer | 11 11 v Wheelhouse
Ay/4,,

1.0 57 55 52 53 40

1.25 64 63 59 60 45

1.5 71 70 65 66 50

1.75 78 77 72 73 55

2.0 86 84 78 80 60

225 93 91 85 86 65

2.5 100 98 91 93 70

The weight of a deckhouse section at the height/layer I to IV or at wheelhouse
level is given by:

where

Cpulkp/m]:

k k,k,:

1,723

Wou = Con Ay ok, 'k, ks

volumetric weight coefficient, given in Table 2.15; interpolation is
possible for intermediate 4,/4,; values

mean area value: 0.5 (4,+4,))

height of deckhouse

corrections

correction for deckhouse height different from 2.6 m, namely
k,=1+0.02 (h—2.6 m)

correction for nonstandard length of internal walls (4.5 time of deck-
house section length)=1+0.05(4.5—=1//[,,), where 1: total length of
internal walls, 1,,,: total length of deckhouse section

correction for ship length significantly different from L,,=150 m,
ie., for 0L,,>+30 m

=0.95 for L,,=100 m=1.10 for L,,=230 m

(interpolation for intermediate values possible).

The above relationships apply to superstructures and deckhouses with accommoda-
tion facilities regardless of their definition according to the ICLL regulations (for
forecastle-poop, see previous references).

b. Winch houses: The volumetric weight coefficient of winch houses can be calcu-
lated by the following empirical formula:

Cyn [ kp/m* | =48+44, / A4, (4,14, +8)+18(150m* = Vi )/ Vi,

where

Vium’ = A, hy, (max :150m’)
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Table 2.28 Correction factor [ ifing capacityof 10 20 80 100 130 150
for winch houses of derricks  jarrick [t]

k 1.0 1.02 1.10 1.15 130 1.50

the volume of the winch house.
The winch house weight is given by:

Wan = Cym 'VWH *,

where

k,: correction factor for winch houses of derricks with lifting capacity over 10 t,

according to Table 2.28.

In case of very heavy lift derricks, which require special reinforcement of the foun-
dations of the winch house, as well as of the winch basement, the above weights
must be increased up to 70 % Wy,
The above formulas apply to the following values of 4/, hy,, Vigy:
A,/ 4,=10+3.0
/- =2.6+32m

\Y =50t0200m’

WH

When calculating the Cy,,, the V ,,, must not exceed 150 m’, i.e., the value of the

term in the last parenthesis of the formula should not be negative.
Weight centers of superstructures and deckhouses

For the vertical position of the weight centers, which are estimated as percentages
of the height / of each deckhouse, and are calculated for deckhouses extending over
more than one deck, for each section separately, it is assumed:

0.76-0.82 h, for deckhouses with internal walls
0.70 h, for deckhouses without walls

BS5. Other advanced methods

a. Steel structural weight by Puchstein (1961) (Henschke 1964, Vol. 2, p. 457)
Application

“Standard” general cargo ships

Advantages

* High accuracy, but not for modern shipbuildings without the revision of indi-
vidual coefficients and methods.

* Detailed breakdown of the weight of the steel structure into the weight of build-
ing blocks, which are approached separately (double bottom, shell plating, bulk-
heads, decks, strengthenings, superstructures and accommodation).
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» The analysis of the steel structure into blocks facilitates the estimation of the
centers of weight components.

Disadvantages

» Relatively tedious work

It does not consider the longitudinal framing construction system.

» The individual elements of the method are to a great extent outdated; they can be
updated/revised if there are available comparable data from similar ships.

Accuracy According to Puchstein: +1%
(only if data for modern ships are available).

Conclusions The obtained distribution of the steel weight of the individual compo-
nents of the steel structure for the main ship hull (dry cargo ship) is very valuable:

Double bottom (includes the corresponding external shell) 25-35% Wy,
External shell 22-35% W,
(includes sections/frames, without double bottom)

Bulkheads 4-8% W
Decks (includes deck strengthenings) 20-36% W,
Other reinforcements (includes internal structures) 3-18% Wy,

b. Steel Structural Weight by Sturtzel (1952) (Handbuch der Werften; 1959,
Schiffahrts-Verlag Hansa, Hamburg)

Disadvantages Outdated data based on riveted shipbuildings; apply only indirectly
to welded constructions.

c. Steel Structural Weight by Roster-Krause (1929-1952) (Henschke 1964,
Vol. 1, p. 549)

Disadvantages Older data of Roster (1929) were revisited by Krause (1952); how-
ever, they do not correspond to modern constructions.

C. Analytical methods of calculating W,

Cl. Method of Blohm & Voss Shipyard by Carstens (1967, Journal Hansa,
Schiffahrtsverlag HANSA, Hamburg)

Features Generalized method of wide applicability, where W, is given as a func-
tion of the hull area and of the structural components.

Advantages

* High accuracy, wide applicability to different types of ships
» Detailed data on the effect of specific features of the construction, which can be
used in combination with other methods:

Disadvantages

» Laborious work proportional to the targeted accuracy of the calculations
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D. Weight of other components of the steel structure (Dudszus and Danck-
wardt 1982, Journal Schiffstechnik p. 243; Journal Hansa, 1975, Schiffahrtsverlag
HANSA, Hamburg, p. 417):

Additional components of the steel structure, which must be taken into account in
the calculations, except for a few methods that inherently include them (e.g., C1),
are elaborated in the following.

1. High fuel tanks: Their weight is calculated based on the weight of their side-
walls (panel area), +30 % for strengthening.

2. Additional bulkheads: Their weight is obtained from the weight of the required
plating, +40-60 % for the strengthening. For less bulkheads (with classification
society’s approval), we can reduce correspondingly the W, which was esti-
mated in advance.

3. Strengthenings for heavy loads: For heavy cargo loads in view of heavy bale
cargo or ores special strengthening is required, especially of double bottom,
according to the regulations of classification societies.

4. Absence of planking of cargo hold floor: Strengthening of cargo ships’ holds’
floor by 2 mm (according to GL), if planking overlay is missing; increase of
strengthening by 5 mm or even more, if crab cranes or bulldozers are used for
unloading.

5. Height of double bottom: If the double bottom height exceeds the standard
size, for example, in Schneekluth’s method the corresponding one specified by
GL rules, an additional weight per unit volume difference of 100 kp/m? must be
taken into account. Assumption: longitudinal frame strengthening except of at
the ends of the ship, where transverse section framing prevails.

For the transverse framing construction system of double bottom, the volumetric
unit weight is approximately:

Cpulkp/m* 1= 100 + 0.5k, /(B ) wory according to GL

Assumption Floor plating on each section and lateral side girders every 4 m
approximately. If the lateral side girders are fitted more densely, the coefficient Cy
must be increased by +30 %.

The volume of the double bottom can be approximated by?*:

Vou[m’1=L-B-hyy, - [Cy — 0.4(T — iy, 1/ [T>(1- Cy )]

where A,,[m] the maximum height of double bottom.

23 The minimum double bottom height for dry cargo and passenger ships, as specified in SOLAS, is
B/20 or 2 m, whichever is less (but not less than 760 mm). For RoPax ships with large lower holds,
this changes to B/10 and 3 m, whichever is less (SOLAS 2009). The minimum requirements for
tankers are led down in MARPOL.
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Table 2.29 Ice strengthening according to classification societies

Ice classes

Germanischer E El E2 E3 E4 Icebreakers for navigation in North. and
Lloyd South Pole

Finish Lloyd IC 1B IA IA Super

W' [%] 1-2 4 8 13 16 up to 180

6. Engines’ foundation: For particularly powerful engines, especially heavy slow-
speed diesel engines without gearbox, an enhanced strengthening of their foun-
dation by approximately 3.6 kp/kW is required, or to be taken according to the
formula:

W [t/ KWI=27/[(n+250)(15+ P, 107°)]

where n [RRM]: number of engine revolutions per minute, P, [kW]: engine break
horsepower.

7. Hatch coamings: Continuous hatch coamings: ~0.090 t/m’. Noncontinuous
coamings: ~0.060 t/m3: The values refer to the volume enclosed by the coam-
ings of the hatchways above the deck.

8. Reinforcements for corrosion: If anticorrosion measures were considered
appropriately, for example, the use of special coatings, the reinforcements of the
plate thicknesses due to corrosion can be neglected, which leads to a reduction
of Wy,. For a large tanker this can be: —3 to —5 % of the W, (main hull).

9. Strengthening for navigation in ice (Table 2.29)

E. Reduction of structural weight—Use of higher-tensile steel and aluminum
alloys

In addition to the significant effect of the main dimensions, particularly of L and D,
and form coefficients, particularly of Cj;, on the steel/ship structural weight, the lim-
ited use of alternative materials or higher tensile steels in certain cases, next to the
common shipbuilding steel (mild steel), can reduce the ship’s total structural weight
and has a positive effect on the position of the center of gravity of the hull structure.

El. Use of higher-tensile steel

Higher tensile steels (HTS), with a yield strength (YS) of 315 to 355 MN/m? or
[MPa] and ultimate tensile strength (UTS) of up to 620 [MPa], compared to the
common (mild steel) shipbuilding steel (YS 235 to UTS 490), are used /ocally in
merchant shipbuilding with special requirements on strength, for example, in the
bottom/deck areas of large tankers VLCC and ULCC, bulkcarriers and container-
ships, as well as in structural blocks of large offshore structures. According to avail-
able data of actual constructions (Lamb eds. 2003), the proportion of higher tensile
steel in large tankers is between 10% and 38 % in extreme cases. It is estimated
that using higher tensile steel locally on a tanker or a bulk-carrier (deck and bottom
areas), the steel weight can be reduced by about 5~7%. Certainly, higher tensile
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steels, along with titanium alloys, constitute the main construction material for na-
val submarines and other warships.

The negative aspects and some attention points of using higher tensile steel are
summarized in the following:

* As the modulus of elasticity of higher tensile steel does not change significantly
in comparison to the corresponding one of mild steel, it is not possible to reduce
the plate thicknesses directly proportional to the higher tensile strength, because
loadings on compression stresses (buckling problems) remain roughly the same,
thus it would lead to serious strength problems, if plating is strongly reduced.
The buckling issues require additional thicknesses/reinforcements, resulting in a
mitigation of the weight savings from using higher tensile steel.

» The fatigue strength of higher tensile steel is not significantly higher than that of
the common mild steel.

» The corrosion of the plating over the years does not change significantly, thus
practically the effect is more drastic since it leads to further reduction of an
already reduced thickness of plating.

» There are surcharges on the construction cost, not only because of the increased
material cost, but also due to the required extra effort in working hours for the
welding.

* Finally, there were, in recent time, reports about problems regarding the quality
of some newbuildings and conversions of large tankers and bulkcarries that were
attributed to the quality of fitted HTS. Because a HTS construction is compa-
rably more dependent on the quality of the fitted material, this is a very serious
point of concern that needs to be carefully considered in the selection and quality
control of the used steel material.

Some of above mentioned problems regarding the use of higher tensile steel, and
generally regarding the sufficiency of strength of recent shipbuildings, led the
classification societies of IACS (http://www.iacs.org.uk) to revise their regulations
by introducing in year 2006 the Common Structural Rules (CSR) for the construc-
tion of tankers and bulkcarriers. These rules are in the direction of more rigorous
construction and increased plating thicknesses. This was also in line with a pro-
posal of the Greek delegation to IMO (together with Bahamas Islands) to consider
the adoption of improved construction standards for new buildings (Goal Based
Standards-GBS; Fig. 2.77).

E2. Use of light metals

Light weight materials, like aluminum, or better aluminum—magnesium alloys, are
used for the construction of deckhouses and other individual structural components
(e.g., funnels) of the ship’s structure. Furthermore, they are the main construction
material®* for small vessels (up to L=40 m) and high speed crafts in general.

24 It should be noted that the largest ship ever built entirely from aluminum alloy was the high-
speed hybrid SWATH catamaran “HSS1500” of STENA LINES, with LOA 126 m, beam 40 m and
service speed 40 knots (Fig. 2.78).
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Fig. 2.77 Corrosion margins for tanker SUEZMAX (DWT: 158,000 t) according to old class
society regulations (upper figure) and the new regulations (bottom figure) of IACS (Common
Structural Rules). (Paik et al. 2009)

Compared to steel, important physical properties of aluminum are the reduced
modulus of elasticity, namely it is only about 30% compared to that of steel, the
reduced specific weight (also about 30 %), the reduced tensile strength (depending
on the alloy), and the low melting point.

As to the other features, it is worthy to note the higher acquisition cost of the
material and the difficulties with its processing (increased cost in man-hours due to
special welding and further processing).

In addition, because of the low melting point, fire safety regulations prescribe a
special thermal insulation for aluminum-alloy structures, which requires an overlay
of aluminum walls, forming the borders of fire zones on board; this overlay is usu-
ally made of sheets of steel preventing the spread of fire to other zones.
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Fig. 2.78 All aluminum alloy high-speed hybrid SWATH HSS1500 of STENA Lines

The connectivity/foundation of the aluminum-structure on the remaining steel
structure (if any) requires special care, because of problems with welding (use of
riveted joints with plastic insulation or use of contemporary cladding technologies).

Finally, it can be considered that with the use of aluminum alloys, for exam-
ple, for deckhouses, the corresponding weight will be reduced by approximately
45-50%, while the resulting cost per unit weight can be 5-7 times higher than
that of the corresponding steel construction (up to 10 times for shipyards with less
expertise in aluminum processing) (Fig. 2.78).

F. Approximation formulas
1. Dry Cargo Ships

Wehkamp—Kerlen (Tech. Hochschule Aachen, 1985, for the weight of main hull,
without superstructures)

W,ST = 0-0832'A.e—5.73~AA10—7
A=1,,BC, /12

Carreyette (Watson and Gilfillan 1976, RINA)

Wy = C2*(LB/6)D*70.002(L/D)* +1
2. Tankers
Det Norske Veritas (1972)

W’ = ALy + (1009 —0.004 L/B) - 0.06 - (28.7 — L/D)]
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where
(0.054+0.004-L/B)-0.97
= 078
0.189-(100L/D)
o =0.0290+0.00235-4-107, for4<6-10°t
o, =0.0252-(4-107)%, forA>6-10°t
Limitations:
L/D=10+14
L/B=5+7
L=150+480m
Assumptions:

» Use of mild steel

» Without superstructures/deckhouses

» Concerns old designs, without taking into account the influences of MARPOL,
OPA90 and more recent CSR regulations.

Sato

C 1/3 B
We =| 2| |5.11L7° —=+2.56L°(B+ D)’ 107
0.8 D

3. Bulk-Carriers
Det Norske Veritas (1972)

Wy =4.274-2°%-L-(1215-0.035-L/BY
|(0.73+0.0025L/B)-(1.0+ (L —200)/1800)
+(2.42-0.07L/D)-(1.146 —0.0163L/D)

where Z[m?]: modulus of midship section

Limitations:
L/D=10+14
L/B=5+7
L=150+380m

Murray (Trans. IESS, 1965)

Wy = 0.0328- L' (B+ D +T/2)-(0.5-C, +0.4).
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where L: length in foot (1 ft=0.3048 m)

4. Containerships

Chapman (Univ. of Newcastle upon Tyne, 1969)

VVST — 00209 .LPP1.759 .BO.712 .D0.374

Miller (Univ. of Michigan, 1968)

W = 0.000435(L-B-D)" -(0.675+0.5C, )-[0.00585(L / D —8.3)"" +0.939]

5. Various types of ships by Watson and Gilfillan

The following relationships were derived from the analysis of data of 70 (seventy)
vessels of 14 (fourteen) different types.

Wy =Wy, (14+0.5(Cyy 5 — 0.70)

where
0.80D-T
CB(J,SD = CB + (1 - CB )T
VVSI — kEI.36
E=L(B+T)+0.85L(D-T)+0.85%(l,h)+0.75%(l,h,)
l,,h :length and height of superstructures
1,, h, :length and height of deckhouses
Remarks
1. The basic form of all these formulas is:

Wy =L"B*-DCy-e.
In some formulas, where CBd is missing, it is understood that the result is valid
for characteristic block coefficients of relevant ship type.

. All formulas are based on the metric unit system, unless otherwise indicated.
. The accuracy of the formulas can be satisfactory (about +10%), in all cases

for which the ships under design do not differ significantly from the “standard”
designs of the individual types. However, given that most of the above formulas
were developed based on data of the 70s, the resulting weights can be relatively
high for today’s standards, in view of the general weight reduction due to the
optimization of the structural weight with modern calculation methods and the
extensive use of higher tensile steel (tankers, bulk-carriers).

. All formulas can be easily programmed in computer codes for the optimization

of the main dimensions in the preliminary design stage of a ship.
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5. In all formulas with W', denotes the weight of the steel structure of the main
ship hull without the superstructures and deckhouses.

2.15.5 Weight of Equipment and Outfit

The weight of equipment and outfitting .. (Outfit Weight) of accommodation and
overall ship arrangements, as defined in Sect. 2.15.1, generally includes the weight
of all outfitting/equipment fitted to the “naked” ship hull, except for the machinery
equipment.

In recent years we observe generally an increase of this weight category, mainly
due to the improved quality of accommodation, for example, extension and en-
hancement of outfitting of crew’s accommodation spaces, of sanitary facilities, of
air-conditioning, and insulation against temperature changes and noise. The abso-
lute increase of the weight of accommodation is not compensated by the incurred
reduction of the crew number (for cargo ships).

As to the other equipment and outfitting beyond accommodation, a similar
increasing trend is observed, particularly in comparison to data of the preceding
20 years, due to the increased weight of the cargo hold hatch covers (as applicable),
the improved capabilities of cargo-handling means (higher lifting capacity of der-
ricks and cranes), and the improved safety of firefighting facilities (CO,-installa-
tions and insulations).

Certain structural components, such as stairways, derrick posts, rudder, steel
hatch covers of holds, can be included either in W, or in W, following the prac-
tice of the yard or designer.

The incorporation of the various outfitting components to W, can be done in
accordance to two general rules:

1. As to the subject of work of the various production units of the yard, for example
machinery workshop, carpenter shop, etc. (see Table 2.30, for example).

2. As to the functionality of each element or group of elements (Table 2.31 of
Schneekluth (1985), for instance).

The latter classification method facilitates the overall processing/production pro-
cedure in the shipyard, when ordering and installing the equipment: external sup-
pliers/outsourcing, preparation of work/specification of equipment, construction/
fabrication/acquisition/implementation-fitting/costing.

It is known that because of the nonuniformity/disparity of the W, elements
it is not possible to develop unique methods for calculating the W, as for the
steel structural weight. In case of lack of comparative data from similar ships, one
may resort to empirical formulas or coefficients for various types of vessels (see
Tables 2.1 and 2.19), or diagrams from statistical data for specific types of ships.

Finally, the accurate calculation of the weights comprising the W is only possible
with the breakdown of the major outfitting weight groups, into individual weight com-
ponents. The latter are estimated based on corresponding specifications of the shipyard



2.15 Estimation of Ship Weights 215

Table 2.30 Grouping of outfit weight components as products of corresponding shipyard’s work-
shops or of external suppliers

I Heavy carpentry/wood work: wooden decks, planking of holds, of refrigerated spaces
and double bottom, wooden hatch covers, wooden bulkheads, wooden deckhouses,
and nonwooden plating of holds (by aluminum or composite materials sheets)—con-
temporary specific weight values at the lower limit of Table 2.32

I, Insulation work: Insulation weight as a function of type of insulation material and less of

insulation thickness. Typical values: Vy y./LBD=0.82-0.35 or insulation weight/
V net net = 3080 kp/m?

11, Coating and anticorrosion work: coatings, paintings, asphalting, paving of floors, and
walls

111 Minor wood work: internal accommodation walls, doors, furniture of accommodation

spaces, carpeting of interior floors, curtains, upholstery, glass work. Typical specific
weight/accommodation spaces’ area: 60—70 kp/m?

v Piping works of ship: piping for ballast, stripping, firefighting, freshwater-seawater,
heating, scoopers, venting pipes, etc; all valves, bolts, etc; sanitary utensils, heating
radiators; high values in the table for tankers and passenger ships due to extensive
piping work

\% Machining work: steel doors, covers of hatches and bulkhead openings, etc.; stairs;
machining work of interior accommodation arrangements, utensils for kitchen use and
hotel functions (cookers, washing machines, etc.). Ducts for natural ventilation and
air conditioning. Current values are at the upper limit of the table because of use steel
hatch-covers; limited use of wood

VI Cargo handling equipment: without masts (see steel structure), winches and derricks/
cranes (see VIII?), all the cargo handling components, namely derrick brackets, ropes,
pulleys, hooks, chains, etc.; accurate estimation by specification of derrick/crane
numbers, lifting capacity and external suppliers information

Vil Towing and docking/mooring equipment: except for the winches (see VIII?), all towing
and docking/mooring equipment. The given values in the table decrease with the
absolute size of the ship

VI,  Refrigeration equipment: for reefer cargo spaces

VI,  Other auxiliary machinery: rudder gear, winches for all uses (anchors, loaders, life-
boats), air conditioning, firefighting. Electrical installations. Communication facili-
ties. High values in the table for cargo ships with heavy lifting equipment, refrigerated
spaces; also, high values for passenger ships due to the extensive installations of
electrical, air conditioning, firefighting, and communication equipment

Only for electrical installations: cargo ships: 0.8—1.4 kp/m?, tankers: 0.7—1.0 kp/m?,
reefer ships: 1.0-1.5 kp/m?, passenger ships: 3—4 kp/m?; out of these weight values,
50-80 % concern the weight of cables

Weight of refrigeration units for cargo spaces depends on the net volume to be cooled:
Weight/Vy , o, =20-30 kp/m?

X Other equipment: anchors, chains, ropes, canvas, life-boats, navigation marking equip-
ment, tools, supplies, kitchenware, mobile equipment for accommodation spaces—
high values for passenger ships

or relevant information of external suppliers (detailed design phase). Certainly, this
work is very laborious and usually the final outcome does not reach the accuracy of the
steel or machinery weight estimations. However, the implementation of modern com-
puterized systems in the production process of shipyards enables the recording, classifi-
cation, and post-processing of individual outfitting items relatively easily (Table 2.29).
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2.15 Estimation of Ship Weights 217
Table 2.31 (continued)
7 ENERGIE- 8 SCHIFFSFUHRUNG 9 INVENTAR
ERZEUGUNG
1 _Elektrisch _B1 Lichter,Signalanlagen 91 Zimmermann
711 Generatoren B11 Lichter 911 Leinen
713 Gleichrichter 814 Signale 912 Allg. Inventar
715 Stromspeicher B19 Kleinteile 913 Verbrauchsstoffe
718 Kleinteile 916 Materialmitgaben
917 Werkzeuge
319 Unte
72 Hydraul.+Pneum. 82 Navigation 2 Rett
721 Aydraulik 821 Kompasse 321 Rettungsinventar
723 Pneumatik 822 Selbststeuer-Anlagen 922 Feuerldschinventar
728 Rohrleitungen 823 Funknavigation 926 Werkzeug
828 Rohrleitungen + 929 Unterbringung
Kleinteile
73 Dieselantrieb 83 K do-Anlagen 93 Sonderinventar
1 Motoren B31 Sprechanlage
732 Luft + Abgas 833 Alarmanlage
733 Kraftstoff 838 Kleinteile
735 Kihlung
738 Rohrl.+Kleint.
74 Dampfantrieb 84 Funkanlage 94 wWirtschafts-Inventar
841 Funkanlage 941 Deck
842 Fernsehen 942 Messen
843 Telefon 943 Xammern
944 Reinigung
947 Werkzeuge
949 Unterbringung ~
75 Schaltanlage "85 Rufanlage 95 Maschine
751 Schalttafeln 851 Kammer-Rufanlage 951 Instrumente
752 Verteiler 953 Verbrauchsstoffe
753 Schaltgerite 954 Werkzeug + Gerdt
754 MeBgerite 955 Ersatzteile
758 Xleinteile 959 Unterbringung
76 Kabelnetz B6 Uberwachung
761 Stromerzeugung 861 Masch.-Uberwachung
762 Stromverteilung 862 Fernmef-Anlagen fir
n. Abschnitten Tanks + Bunker
768 Kleinteile 863 Sonstige Uberwachung
B68 Rohrl.+Kleinteile
77 Beleuchtung 87 Automation 97 Elektriker
771 Bauptbeleuchtung | 871 Uberwachung 971 Instrumente
772 Notbeleuchung 872 Fernbedienung 976 Werkzeuge
778 Kleinteile B78 Rohrleitungen 979 Unterbringung
+ Kleinteile
78 Abgas-u.Hilfskess| 98 Nautik
981 Nautisches Inventar
982 Laternen
983 FT-Inventar
989 Unterbringung

Explanations: 0 general cost items (studies, preparation of production process, launching, ship
delivery, and administration), / outline of ship hull components, 2 outline of outfitting for ship
operation, 3 outline of outfitting for servicing the payload, 4 accomodation, 5 propulsion, 6 supply
of water and air, 7 power generation, & steering and navigation, 9 spare parts, tools, utensils for

accomodation, etc.
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Table 2.32 Specific weight coefficients w for outfitting components w=weight/L B D [kp/m?], D:
side depth of strength deck (see Table 2.30) for ordinary merchant ships by E. Strohbusch (1971)

Ship type Cargo Tanker Reefer Passenger
Group

I 1.5-6 0.5-1 1.5-5 8-14
11, - - 10-26 -

11, 4-7 1-2 4-7 4-10
I 5-6 1-2 6-8 8-12
v 1.2-1.5 2.5-5 1.2-1.5 5-6
\% 2-4 1.5-2 2-4 10

VI 2.5-4 0-0.1 1 0.5
VII 1-1.5 0.3-0.5 1-1.5 1
VI, - - 6.5-10 -
VIIL, 4-7 1.5-2 4-7 1220
IX 2-3 1-1.5 2-3 34

A. Use of coefficients

In case of lack of other data from similar ships, the designer may use empirical
coefficients, as in the listed tables (Tables 2.1, 2.32, and Papanikolaou and Anas-
tassopoulos 2002), or the references mentioned below.

These coefficients depend mainly on the ship type, on ship size and the outfit-
ting quality. Of course, the employed coefficients should be appropriately adapted
to the characteristics of the ship in such a way that they remain nearly constant for
ordinary sizes of each ship type.

Provided that there are approximate data from similar ships available, their ad-
aptation to the subject ship can be done by use of relational coefficients, as outlined
in Appendix C (relational method of Normand).

Though outdated, the main references in the open literature regarding the appro-
priate use of coefficients for the calculation of ¥, are the following:

a. Henschke, Vol. 2, p. 465: Adapted coefficients to be multiplied by (L-B-D).

b. Weberling, Handbuch der Werften (HdW), Vol. VII, p. 50-52 and HdW, Vol. V
II1, p. 144 (tankers and reefers)

c. Watson-Gilfillan, RINA 1976: Adapted coefficients to be multiplied by L-B in-
stead of L-B-D

d. Krause, in Henschke, Vol. 2, p. 94: Adapted coefficients referring to the holds
volume V ; reference to the analysis of the main groups of ¥,

e. Danckwardt: Adapted coefficients referring to the holds volume , the deadweight
DWT and the number of crew (see Figs. 2.79, 2.80, and 2.81).

g. Henschke: Adapted coefficients to be multiplied by (L-B-Dg)*?

where Dy means the corrected side depth D, which accounts for the average height
of the superstructure. The latter corresponds to the superstructure volume divided
by the deck area.
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Fig. 2.79 Weight of outfitting versus the hold volume ¢ and the ratio ¢/DWT for dry cargo ships
according to Henschke (1964)
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Fig. 2.80 Weight of accommodation outfit dependent on crew seniority vs. DWT for cargo ships
by Henschke (1964)
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Fig.2.81 Additional weight of accommodation outfit for 12 passengers vs. the DWT by Henschke
(1964)
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B. Approximate formulas (preliminary design stage)
Cargo Ships

Wor =Ko'L'B
where

Ko; = 0.40 - 0.45t/m” (general cargo ships)
= 0.34 —0.38t/m*(container ships)
= 0.22 — 0.25t/m* (bulk-carrier, L = 140m)
= 0.17 — 0.18t/m* (bulk-carrier, L = 250m)
= 0.28t/m’ (tanker, L = 150m)
= 0.17t/m’(tanker, L = 300m)

Dry cargo ships according to Henschke-Schneekluth (see Fig. 2.50, without ac-
commodation)

_0.0724-V,/DWT)’ +0.15
1-log, V. ‘

c

WOT

where

V[m3]: hold volume (Grain)
V/DWT [m?/t]:  capacity factor.

This formula is valid for capacity factors in the range of:

12 < V/DWT[m’ /] < 2.4.

Reefer cargo ships according to Carreyette (Transaction of Royal Institute of Naval
Architects 1976, p. 134)

Wy = A-(L/100)" + B(V,/1000)*

where

L: length between perpendiculars

V.. total gross volume of reefer spaces/holds
A =550

B =163

Assumptions (Reefers)

* L=90+165m
* Ships built in the 60s



2.15 Estimation of Ship Weights 221

Passenger ships (without vehicles, passengers in cabins)

Wor =Kor - 2, Vi
where

K, =0.036+0.039t/m’
z Vi = total gross registered volume (GRT)in[m’].

RoPax-Passenger Ships

The above coefficient K. is modified for passenger/RoPax ships and passenger
ships of restricted voyages (without cabins) as follows:

Ko =0.04+0.05t/ m’

C. Use of approximate diagrams

The outfit weight W, of cargo ships can be also approximated by analyzing it into
one part which is dependent on the size of the ship, for instance, the hold volume or
the DWT, and another one that refers to the number of crew or the specific require-
ments of the owner.

For dry cargo ships, the first weight part of W can be obtained from Fig. 2.79
as a function of the hold volume V. and the ratio V./ DWT (see Henschke 1964).

Herein, we assume an ordinary ship with two decks, steel hatch covers on the
uppermost deck and wooden cover for the intermediate deck. Correction for a third
deck will be: +5-10%. Likewise, corrective increases are required for ships with
extra wide hatch covers, which also require larger, non-wooden covers for the inter-
mediate deck openings.

The second part of W, that depends on the number of persons on board (crew
and possible passengers) can be obtained from Figs. 2.80 and 2.81 that account for
the quality of accommodation for the persons on board.

The below Fig. 2.82 provides the ratio of W to Ly, B as a function of length
Ly, for various types of ships, while from Fig. 2.83 the W can be obtained as a
function of the product L-B for passenger ships.

Similar diagrams also exist for other types of ships, such as tankers and bulk-
carriers (see e.g., Lewis 1988; Henschke 1964), however, the more outdated data
in Henschke (1964) are inferior to those resulting from application of the foregoing
methods (A and B) in terms of accuracy.

D. Detailed calculation of groups of outfit weights

The following W, estimation method was proposed by Schneekluth (1985); it
forms an intermediate approach in between the detailed calculation of the individual
outfit weights and the approximate methods (A to C). The accuracy of the method
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2002)
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is satisfactory for all design stages, beyond the preliminary phase. Besides the cal-
culation of weights, this method also facilitates the estimation of the weight centers.
The main principles of the method are:

1. Certain groups of weights of W, ,, distinguished by their relatively large absolute
weight (e.g., hatch covers, loaders, etc.), can be calculated accurately from the
very beginning, avoiding approximation errors by use of empirical coefficients.

2. Coefficients are used only for those groups of weights of W, for which the
conceptual reduction to certain characteristic sizes of the ship, for example, the
accommodation area, is possible and known, without large uncertainty. In addi-
tion they can be used for onboard equipment that is independent of ship type.

3. If several weight subgroups are calculated approximately, there is a high prob-
ability that the errors in the individual estimations are heterogeneous as to their
sign. Thus, compared to an approach referring the total I, through coefficients,
one may expect a balancing of differences resulting from the individual esti-
mations (errors of opposing signs partially cancelling each other). The method
applies primarily only to general cargo ships and containerships; however, the
extension to other types of ships with corresponding adaptation of required
changes appears possible.

D1. Weight groups of W by Schneekluth

I. Hatch covers

II. Cargo-handling equipment
III. Accommodation

IV. Other weights.

D2. Approximations of weight groups

I. Hatch Covers: This group includes all weights of the hatch covers, and their
built-in driving system (Table 2.33; Figs. 2.84 and 2.85).

Malzahn’s Formula for the Single—Pull system with a load of 1.75 t/m?

Table 2.33 Weight of weathertight Single-Pull hatch covers versus hatchway size and vertical
loading due to deck-containers.

Weight [kp] per meter of hatchway length

Hatchway breadth [m] 6 8 10 12 14

Normal load 1.75 t/m? 826 1,230 1,720 2,360 3,150

Load by one layer of 826 1,230 1,720 2,360 3,150
containers?

Load by two layers of 945 1,440 2,010 2,700 3,550
containers

220 ft (TEU) containers are assumed having a weight of 20 t.
® For the “Piggy Back” system reduction of weights by about 4 %
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Fig. 2.84 Single-pull weather-deck hatch cover

Fig.2.85 Piggy-back hatch
cover ///E7

W, /1, = 0.0533b," + &b, -0.065

where
W, weight of cover [t]
ly: length of cover [m]

by breadth of cover [m]
0b: difference in breadth beyond 12 m.

For pontoon type covers, the weight estimated by the formula of Malzahn can be
reduced by up to approximately 15 % (Table 2.34; Fig. 2.86).

Table 2.34 Weight of nonweathertight hatch cover of foding type
Weight [kp] per meter of hatch breadth

Breadth of hatch [m] 6 8 10 12 14

Normal load? 845 1,290 1,800 2,440 3,200
Use of forklift® 900 1,350 1,870 2,540 3,360
Two layers container® 930 1,390 1,940 2,600 3,460

2 Normal load for a deck height up to 3.5 m (GL).

b Forklift trucks of a total weight of 5t, with rubber wheels.

¢ 20 ft container (TEU) and 20 t/TEU.

4 The total weight of the hatchway covers on general and multi-purpose cargo ships or semi-
containerships can reach values of up to 50% of W .
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Fig. 2.86 Folding type tween [ #¥ |
deck hatch covers -

Tween decks (Nonweathertight covers—folding type design)

I1. Cargo-handling equipment: This group includes: Derricks, winches, deck
cranes, planking of hold, lashing units of containers; however, without the derrick’s
mast that is typically included in Wg,. For Ro-Ro ships, all the ramps, external or
internal, are included in this subgroup of weights.

Lightweight of derricks and cranes® (Fabarius, Handbuch der Werften, Vol. VII,
p. 168 Henschke, Vol. 2, p. 97)

Weights are functions of lifting capacity and boom length. For rotating cranes, the
following applies(Table 2.35; Figs. 2.87 and 2.88):

Table 2.35 Weight of rotating cranes by Fabarius. (Schneekluth 1985)
Maximum lift weight [t] Maximum span [m] Structure’s height [m] Crane Weight [t]

1 10 3.7 10

2 10 3.743 7-11
- 14 43-5.0 813
3 10 3.74.5 811
- 16 43-5.0 10-15
5 10 3.7-5.1 10-15
- 16 4.7-6.3 13-16
7.5 14.5 59 20

- 16 6.5 21

25 A derrick is a lifting machine for hoisting and moving heavy objects, consisting of one or more
movable booms equipped with cables and pulleys and connected to the base of an upright sta-
tionary mast. The movements of the boom (up-down-sideways-lift of weight) are supported by
winches. A crane is a contemporary development of the derrick; in difference to the derrick, the
movement of the boom is enabled by its turning base and the hoisting and moving of objects by
means of cables attached to the boom.
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Fig. 2.87 Outdated and contemporary general cargo ships equipped with conventional derricks
(left) and turning cranes (right) respectively

Fig. 2.88 Heavy lift Stiilcken
derrick®

Heavy lift derricks

The weights of derricks and cranes are generally functions of their lifting capac-
ity, lifting speed and type of winches. Approximate values: 0.16—1 t per t of lifting
capacity. More detailed descriptions and data may be found in Papanikolaou and
Anastassopoulos (2002).
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Planking of holds

Modern cargo ships are constructed without interior planking of the holds unless
required by the owner. However, for the planking of the sides of hold spaces, with
wooden planks, the required wood volume can be approximated by the projected
area of the hold multiplied by a mean thickness of 50 mm. The same can be applied
to the planking of the bulkheads. In the calculated weight a margin of 10 % is added
for the fittings.

For the planking of hold’s floor, usually pinewood is used, namely longitudinal
planks of thickness 80 mm can be fitted, which are supported at each frame by
transverse battens, of 40 mm x 80 mm cross section.

Lashing units of containers

For containers on deck the weight of lashing equipment needs to be added, that is
(Figs. 2.89, 2.90, and 2.91),

0.024 t/TEU (container 20")
0.031 t/FEU (container 40)
0.043 t/TEU (mixed loading with TEU and FEU)

Ramps of Ro-Ro ships

Exterior ramps

Fig. 2.89 Container lashing
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Fig. 2.90 Ro-Ro loading F
ramp

Fig. 2.91 Ro-Ro interior
ramp

length 5 m: ~ 0.3+ 0.4 t/m’
20m: ~0.4+0.6 t/m”
50 m: ~ 0.55+0.75 t/m?

Interior ramps
length 15 m: ~ 0.15+0.25 t/m’
50 m: ~ 0.30+0.40 t/m’

III. Accommodation: This group of weights referring to the accommodation quar-
ters of crew and passengers, includes:

* Separation walls of superstructures, if not included in W,
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» Panelling/insulation of interior rooms

+ Sanitary installations and related pipes

* Doors, windows, other coverings of openings
» Heating, ventilation, air conditioning

» Kitchenware and other household utensils

* Furniture and arrangements of spaces

» Lighting and cables

All the weights included in this group can be calculated through the corresponding
volume of the fitting or through the respective accommodation area. Characteristic
values are:

Small to medium size cargo ships

160 to170 kp/m’
or 60 to070 kp/m’

Large cargo ships, tankers

180 to170 kp/m’
or 60 to070 kp/m’

Notes

1. The above specific weights generally increase for improved accommodation
quality.

2. The values also increase for ships of absolutely large size and for corresponding
very large accommodation areas (e.g., mega cruise ships).

3. For passenger ships, the values depend directly on the quality of the passengers’
accommodation; the use of data from similar ships is essential.

IV. Other weights
The following items belong to this group:

* Anchors, chains, hawsers

* Anchor-handling and mooring winches, bollards

» Steering mechanism (excluding rudder)

» Refrigeration equipment

 Insulating works beyond interior accommodation

» Rescue equipment and launching systems

» Bulwarks, stairs, doors and covers beyond indoor accommodation area
» Fire-fighting systems

» Pipes, bolts, valves, gauges (outside the engine room and accommodation area)
* Hold ventilation

» Navigation facilities and signalling equipment
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* Tools of deck crew

As in the previous category, the weight of this group is mainly a function of the ship
size; it is independent of ship type.

Approximation formulae

Wy =(LB-D)"-C,, where C, = 0.18+0.26 or
Wy =WeC,, €, =10+12

where, W ko W, are given in [t] and L, B, D in [m]
General comments

The present method of splitting the W, into four subgroups can be modified for
other ships than general cargo types of ships, such as reefers and tankers, by creat-
ing additional subgroups for the reefer cargo holds and the piping system of tankers,
respectively.

E. Centre of weights of W (Weberling, Handbuch der Werften, Vol. VII, p. 56 &
Vol. VIII, p. 138)

General principles

1. If the weight components of outfitting were calculated individually, for example,
by method type D or even in a more elaborate way, then the mass centre of the
group W, can be estimated through the balance of the sum of the individual
moments.

2. If the weight W, has been approximated globally, then it can be further analysed
by breaking it down into subgroups and by taking the corresponding moments
following method A.

3. If there are data from similar ships for the W group, they can be used as first
approximations.

4. Typical values for the vertical mass centre of the W group

Dry cargo ships:

KG o =(1.00+1.05) D
Tankers:
KG;=(1.02+1.08) D

where the corrected side depth Dgq was already defined before.

5. For the initial estimations, relevant tables of reference Papanikolaou and Anas-
tassopoulos 2002 (see also Table 2.19) are very useful.

2.15.6 Weight of Machinery Installation

The weight of the machinery installation, which can be decomposed (see definition,
Sect. 2.15.1) into:



2.15 Estimation of Ship Weights 231

Table 2.36 Weight J#,,,, for various types of main engines of merchant ships. The power given in
the table is the maximum continuous rating (MCR)

Type of engine Power (kW) Weight (t/kW) RPM
Slow-speed diesel 2,000-5,000 0.015-0.022 250-175
5,000-10,000 0.022-0.029 175-100
10,000-70,000 (84,420%)  0.029-0.039 100-80
Medium-speed diesel 600-17,000 (20,000) 0.009-0.018 900400
High-speed diesel (MTU type)  240-9,100 0.003-0.004 >1,000
Gas turbines (LM type) 4,412-42,160 0.001 >3,600

2 The world’s largest diesel engine in the year 2010 was the Wirtsilae-Sulzer RTA96-C marine
diesel engine of about 84,420 kW (113,210 HP) @ 102 RPM delivered horsepower

W =W + Wys + Wi

where

WMM:
WMS:

Wur:

weight of main engine
weight of shaft and propeller
weight of rest mechanical components,

includes the following weights:

* Main engine installation, consisting of the main engine(s) with reduction gear
units (only for non-low-speed diesel engines), or of turbines with boilers (W)

* The exhaust system (W} ,,)

» The propellers and the transmission system, that is, propeller shaft(s) and shaft
bearings, including stern—tube bearing (W, )

* The electric generators, the cables to the switchboards/transformers (W)

* Pumps, compressors, separators (W} ,.)

» Pipes in the engine room (with fillings), also (often) piping of double bottom for
pumping fuel or ballast (W, ;)

* Desalination/drinking water production equipment (W} ,,)

* Sewage disposal system (W, ;)

» Other equipment of the engine room: ladders, floor gratings, heat and noise insu-
lations (W)

+ In addition, usually: central refrigeration facilities (for reefer ships); outfitting of
cargo pump room (tankers; W), if not included in the W)

Factors affecting the weight of machinery installation

1. Type of main engine: Diesel of slow-speed, medium-speed, high-speed (small
vessels), diesel-electric propulsion, steam turbine, gas turbine (mainly for naval
ships); affects W, ; (Table 2.36)

2. Ship type and type of carried cargo, for example, passenger ships and reefer
cargo ships have a high demand on electrical energy (high W,,.). Also, diesel
engine-powered tankers need a special boiler to produce steam for the cargo
discharging pumps, the heating of cargo and cleaning of tanks (affects W, ).

3. Number of propellers (affects W, )
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4. Position of engine room (affects W,,., because of the length of the propeller
shaft)

5. Owner's special requirements concerning the disposition of backup machines/
components, electric generator sets, etc

Methods of calculating weight W,

A. Approximation of the total weight of W, or the subgroups W,,.,, W s, Wy
based on empirical coefficients (initial study)

B. Calculation based on known individual weights that constitute the W, (final de-
sign phase)

C. Calculation based on comparable data of similar engine installations (initial
study)

D. Approximation leading to a relationship to the weight of the main engine (initial
study)

E. Calculation based on a breakdown of W,, into subgroups (advanced stage of
design study)

A. Approximation method based on empirical coefficients (initial study)

During the preliminary design stage, W, can be approximated through empirical
coefficients referring to the W,,,,, W, s, and W, ., subcomponents that make up the
W,, (see Table 2.37). These coefficients, which refer to the various types of ships,
are normalized partly by use of the installed propulsion power (W, and W, ) or
by the volumetric product L-B-D—alternatively the propulsion power—for the W, .,
weight.

B. Calculation Based on Known Individual Weights

In the final design stage, rarely for merchant ships, but extensively in the study of
naval ships and submarines, the weight of the engine installation is calculated by
summing up all individual weights that make up the W,,. During this laborious work
the following points must be taken into account:

1. In the weight of pipes, boilers, and settling tanks located in the engine room,
which comprise (W,;,), the weight of contained liquids (water, oil, and lubri-
cants) must be added.

2. Particularly, as to the weight of the rest machinery installation (W, ,), all indi-
vidual weight components of the engine room equipment must be added.

C. Calculation Based on Comparable Data of Similar Machinery Installations

Provided that comparable data of similar engine plants are available, we must pay
attention to the following points:

» Type of main engine (diesel, turbine, etc.)

» Subtype of main engine (diesel engine cylinders “in serial arrangement” or V-
type, steam pressure turbine)

* Number of revolutions of engine and propeller
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Table 2.37 Coefficients of weight groups of machinery installation for merchant ships according

to E. Strohbusch (1971)

Ship type Cargo ship Tanker Reefer ship Fast pas- Fast small pas-
senger ocean senger ship
liner

Coefficient

w, (kp/m?) 10-15 3-5 20-25 15-25 25-45

w, (kp/HP) 35-50 25-35 50-70 20-30 30-55

w; (kp/HP) 5-10 4 8-10 8 5-10

w, (kp/HP) Low-speed Steam turbine Low-speed Steam Medium-speed

diesel 20-25 diesel turbine engine with
engine engine 20-25 gearbox:
3040 3040 22-30
New technology:
12-17
w, (kp/HP) 85-90 55-60 90-110 50-60 70-80

1. Analysis of machinery weight:

W = W T Was * Mg

weight of main engine(s) and gearbox(s) (for turbo machinery: turbines, gearbox, boilers)

W

Wys:  weight of propeller shaft and propeller(s) (includes: all shaft bearings, including crank-
shaft and stern-tube bearings)

Wyr: Wweight of rest machinery installation components (support equipment for the operation

of main engine: fuel pumps, pumps for lubrication oil, cooling water, evaporators, etc.
Piping of engine room for fuels, lubricants, cooling, steam, etc. Exhaust ducts, funnel.
Boilers. Ventilation ducts of engine room. Mobile tanks of engine room, pumps for bal-
last, stripping, firefighting, engine room fresh water. Main electrical installation, electric
generators, transformers, switchboards. Engine room tools.
2. Definitions: w, =W, /LBD, w,=W,./SHP (SHP: shaft horse power), w,=W,/SHP,

W, =Wy /SHP, wy= I, /SHP

 Size of ship and engine room
* Magnitude of propulsion power

* Magnitude of electrical power generation (Henschke 1964, p. 467; Watson and
Gilfillan 1976, p. 292; Buxton, Transactions RINA 1976, p. 316)

Approximation Formulae
Diesel Engines for Cargo Ships:
Watson—Gilfillan

Wyultl= CMDPBO89

where

Py (kilowatt):  break power of main engine
Cyp=0.21 (medium-speed diesel)
=0.30+0.50 (low-speed diesel)
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Steam Turbines for Cargo Ships according to Buxton
W, [t]= Cyy B,

where

Py, (kilowatt):  delivered power at the propeller
Cyyr=10.2 single-screw
=14.1 twin-screw
=5.8 small ships

The above-introduced coefficients C,,, and C,,; can be actually adjusted to the par-
ticularities of the subject ship, based on the data of similar machinery installations.

Typical values for the machinery weight of slow-speed and medium-speed diesel
engines are:

100 —140kp/kW, for powers of 3,000 — 20,000 kW,

while the average value for turbocharged diesel installations of power 3,000—
12,000 kW is: 130 kp/kW.

D. Approximation based on the weight of main engine

The basic reasoning of this method is similar to that of the previous section. On
condition that there are comparative data from other ships with similar machinery
installations, the calculation of the ¥}, weight is reduced to the weight of the main
engine (plus gear unit, if any), which can be calculated accurately from the manu-
facturers’ lists, especially for diesel-engine ships.

According to Watson and Gilfillan, the total weight of diesel-engine installations
can be approximated as follows:

Wy = Wt + Warest » Where

Wy =12(MCR, / RPM, + MCR, | RPM, +...+ MCR,, / RPM,, ), where

MCR;: MCR of engine (i), RPM: revolutions per minute of engine (i), N: number
of engines

0.70

Wresr = Co (MCR)™™ , where

C_ = 0.69 (bulkcarriers, cargo, and containerships)
= 0.72 (tankers)
= 0.83(passenger ships and ferries)
= 0.19 (frigates and corvettes, for MCR in kilowatt)
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Typical values of specific weights (kp/kW) of marine diesel engines are given in
the following; note, however, that they do not include the weight of lubricants and
cooling water:

Slow-speed diesel (110-140 RPM) 35-46 kp/kW
Medium-speed diesel (400-500 RPM in series) 15-20 kp/kW
Medium-speed diesel (400-500 RPM V type) 11-15 kp/kW
High-speed diesel (1,000-2,600 RPM)—Ilarge ones >4 kp/kW

For directly driven diesel-engine installations (low-speed diesel), W¥,, weight can
also be calculated as follows (Schneekluth 1985):

Wy = Cuilu
where
Wy\:  main engine weight (tonnes)

Cy, =2.2+3.6, average value = 2.6.

The coefficient C,;, can be adjusted to the under design ship based on comparable
data of a parent ship.

For indirect diesel engine installations (medium-speed diesel with gear units) it
applies correspondingly:

Wy = CM2 (WMM + WMG)

where W, ,: weight of gearbox, including clutch (tonnes)

Cy, = 3.5(upperlimit of C,,).

The weight of the gearbox (and clutch) can be calculated based on the manufactur-
ers’ catalogues and is a function of the main engine’s power, the developed thrust of
the ship, input/output revolutions per minute, and the construction method (layout
of gears, way of housing—cast or welded).

For gearboxes with welded housing and 100 RPM exit speed (to the propeller),
the specific weight is 3—5 kp/kW, while for a casted housing the weight is up to
three times higher (see Henschke 1964, pp. 87-93).

For propeller speeds n, larger than 100 RPM, but within the typical limits of
merchant ships, the specific weight of the gearbox in (kp/kW) is about: is about:

(3.4 t0 4.0)100/ n, (RPM)
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Nevertheless, calculating the weight of the gearbox and that of the required clutch
separately, if the latter is not integrated in the gear unit, the specific weight in-
creases by the factor two (see Ehmsen, HAW XII, p. 250 (Handbuch der Werften,
Schiffahrtsverlag-Verlag HANSA, Hamburg) and Volume 2 in Papanikolaou
2009a).

For turbine ships, indicative values for the specific weight of the total engine
plant range between 15~19 kp/kW. This weight includes: steam turbines, gearbox-
es, boilers with water, and condensers. Its analysis shows that about 50 % of this
weight refers to the weight of the boilers filled with water.

E. Calculation based on the breakdown of the W, into subgroups

This method combines the use of accurate individual weights, if they can be calcu-
lated, and the use of empirical coefficients for the more complex subgroups.

H. Schneekluth (1985) proposed to analyze the machinery weight by dividing it
into four subgroups:

I.  Engine installation.

II.  Electrical generator units.

II. Other weights except I & 11

IV. Specific weights for ships of special mission

I. Engine installation

I1. Main engine: from manufacturers’ catalogue

12. Gearbox—clutch: from manufacturers’ catalogue

I3. Shaft (without bearings)

a. Diameter propeller shaft end: According to the regulations of recognized clas-
sification societies, for instance, according to GL, for materials (like propeller
shaft’s higher tensile steel) with a tensile strength 700 N/mm? the following is
concluded:

dy(m) =11.5(B,/n,)"

where
Py (kilowatt):  delivered power at the propeller

n, (RPM): propeller revolutions per minute

b. Weight/length of shaft:

Wy /Iy = 0.081(P, /1, )"

where

/ length of shaft

SH*
14. Propeller (s)
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The weight of ordinary manganese bronze propellers may be estimated by:

Wi = KPDP3 (t)

where
D, (meter): diameter of propeller

d A z-
K, =551 85de 222
D, T4, 10

This holds for fixed-pitch propellers with z blades and areas (4/4,) (according to
Schneekluth 1985) and

K, =0.12—-0.14, controllable-pitch CP propellers (merchant ships)
0.21-0.25, controllable-pitch CP propellers (naval ships).

Alternatively, according to E. Strohbusch (1971), for fixed-pitch propellers:
Wer = DP2 dg (A 14, +0.2) K, (1)

where K,'=1.2-1.3 for manganese bronze propellers
I1. Electric generator units (Schreiber, Journal Hansa 1977, p. 2117)

The approximation of the weight of the electric generator units (gen-sets) can only
be done if we know the required electrical energy and the units’ total power.

The electrical energy balance of a ship, which leads to the estimation of the
required powering supply for electricity, must be done for the following operating
conditions of the ship:

1. Sailing at design speed, en route

2. Course on alert/maneuvering, limited waters
3. Loading and unloading with own means

4. Immobilization (docking)

Usually for a commercial cargo ship the condition (2) is the most crucial in terms of
requirements for electricity power.

Based on the required electrical power/energy, where all losses as well as the
extent of simultaneous use of the various energy consumers should be included, the
required power of the electric generators can be estimated.

The weight of the electric generators installation is a function of the way electric-
ity is being generated:
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* (1) Connection of the electrical generator(s) through a gearbox to the propulsion
machinery (shaft generator). This may cover parts of the electrical energy needs.

* (2) Diesel-engine powered generator set by use of medium-speed/high-speed
diesel engines.

In the second case, the weight of the diesel engine/generator unit (gen-set) may be
approximated by:

W.,/P=15+P/70(kp/kW)

where P (kilowatt): power of the individual generator set.

In case of (1) significantly smaller weights are concluded, because of the higher
efficiency of the main diesel engines. However, this option requires the existence of
controllable-pitch propellers so that the speed/revolutions of the propulsion engine
driving the electrical generator can be kept constant, when slowing down the ship;
on the other hand, for the standby/maneuvering/anchoring mode, when approaching
to the port or in case of emergency, it must be switched to an independent electric
generator unit (2), but to a limited extent.

III. Other weights

This category includes all the weights of the machinery installation that were not
mentioned in I and II, that is, pumps, pipes, boilers, exhaust absorbers, cables, split-
ters, spare parts, ladders, gratings, day tanks, gas containers, condensers, separators,
oil coolers, water cooling system, engine room control system, noise, and thermal
insulation of the engine room.

Typical values: W, /P, =40—-70(kp/kW)
where the lower limit applies to large installations of over 10,000 kW, as a function

of the engine room volume.

IV. Specific weights (only for certain ship types)

e a. Tankers

— Cargo pumps and pipes
— Steam generating boilers (heating of cargo, tank cleaning) 120-180 kp/kW

* b. Reefers

— Cooling system (without air ducts): weight per net refrigerated volume (Net—
Net) 14 kp/m?

* . Refrigerated cargo containerships

— Refrigeration facilities: indirect cooling 1 t/FEU container; direct cooling
0.7 t/FEU container
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— Ducts of chilled air: indirect cooling 0.8 t/FEU container; direct cooling 1.3 t/
FEU container

Additionally the weight of the thermal insulation of reefer cargo is mentioned,
though it belongs to the W . group.

* 50-60 kp/m? volume net-net (refrigerated cargo)
* 1.9 t/FEU container (bananas; containership)
» 1.8 t/FEU container (meat; containership)

2.15.7 Analysis of Deadweight DW'T

In the case of cargo ships, the owner usually predefines/specifies the total dead-
weight DWT, rarely the payload weight 7| ,. However, independently of the knowl-
edge of the total value of DWT in the initial design phase, this DWT value must be
broken down into its components and be carefully analyzed. This enables a better
estimation of the mass centers of the various DWT components and of the influence
of individual weight elements, which constitute the DWT, on the arrangement of
spaces of the vessel (e.g., tank spaces for fuel, ballast, etc.) and on the overall ship
design and performance.

It is estimated that the deadweight of a ship decreases with the increase of the
ship’s age, namely by approximately 5 %o in the first year and by 0.5 %o over the
next years, due to the increase of the light-ship weight W, . Typical reasons for the
increase of W, are: paintworks, corrosion of plates, added spare and reserve equip-
ment, and waste and residues of liquids, especially in the bilges and other waste
tanks.

DWT has already been defined in Sect. 2.4.1 as follows:

DWT =W o+ W+ Wy + W, + W, + B

Payload
The payload may be defined as the difference:

Wiy = DWT — (W, + Wy + W, + W + B)

where the individual weights W, W, and B are calculated in the follow-

oo W W
ing:

CR>

Weight of fuels W, (includes also the weight of lubricants)
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The required fuel is calculated for a round trip from/to the departure/replenishment
port (without refueling), unless the owner specifies this differently. The required
fuel can be approximated by the following formula:

Wy, = (PB,l bty + By, bty I 1 )'C'IO’6

where

Wy,:  weight of fuel (tonnes)

Py, required power of main engine (depending on speed and operating condi-
tions) (kilowatt)

Py, average required power of electrical generators (kilowatt)

t: time of a roundtrip voyage (hours) based on the service speed and operating
range = range(sm)/service speed(knots)

ty: operating time of electric generators (hours) = t1 + time at port

by specific consumption of the main engine (gram per kilowatt-hour)

b, specific consumption of auxiliary engines for electric generators (gram per

kilowatt-hour)
Ng: average efficiency of electric generator units
Margin reserve: C=1.2-1.4

The constant C refers to the reserve for overconsumption due to change of course,
unpredictable waiting, assistance to other ships in case of emergency, and residues
in the tanks (24 %).

It is assumed that the influence of the sea state, winds, and hull fouling on fuel
consumption has been already accounted for during the estimation of the service
speed and the corresponding required propulsion power.

The specific weight of fuel and lubricant oils varies significantly, depending on
their quality and use.

On average we have:

Marine diesel oil (MDO fuel) 0.85 t/m?
Heavy fuel oil for slow-speed diesel engines and boilers (HFO fuel) 0.92-1.02 t/m?
Lubricant oil 0.928 t/m’

For cargo ships it may be considered, as to the consumption of auxiliary engines,
that this corresponds to 5—7 % of the required fuel for the propulsion engine.

In addition to the above consumptions, the corresponding values for heating
must be added, if it was not included in the consumption of the auxiliary machines
(central heating) or the heating is provided by exploitation of the engine’s exhaust
gas’ high temperature. Likewise, for tankers the production of steam for cleaning/
heating of the cargo tanks should be added.

The specific consumptions for different types of main engine installations
are shown in Fig. 2.92, as a function of the type of main engine’s type (diesel of
slow- and medium-speed, steam turbine, and gas turbine) and its loading rate. It is
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Fig. 2.92 Specific fuel consumption and thermal efficiency coefficient of marine engines. / gas
turbine, 2 steam turbine 12 MW, 3 steam turbine 30 MW, 4 medium-speed diesel engine, 5 slow-
speed diesel engine

evident that for diesel engines the minimum specific consumption corresponds to
approximately 85 % of the MCR of the installed power, while for turbo engines the
minimum consumption corresponds to 100% loading. Nevertheless, regardless of
manufacturer, the specific consumption is absolutely minimal for low-speed diesels
(~ 170 g/kWh; today down to about 155 g/kWh), followed by medium-speed diesels
(~190 g/kWh; today down to 175 g/kWh), the steam turbines (290~330 g/kWh,
today down to 250 g/kWh, depending on the power magnitude, the loading, the
type and manufacturer) and finally, the gas turbines (300~350 g/kWh, today down
to 270 g/kWh). It should be noted that beyond the specific fuel oil consumption
(SFOC), of interest for the cost of fuel’® is the type of fuel consumed, with heavy
fuel oil (HFO for low-speed diesel engines and steam turbine boilers) being the
least expensive per ton fuel, followed by marine diesel oil (MDO, for medium- and

26 Indicative Fuel Oil Prices (June 2014): Heave Fuel Oil (IFO380) Singapore: 617.50 USD/ton,
Rotterdam: 602.50 USD/ton, Houston: 612 USD/ton, Marine Diesel Oil (MDO): 915.50 USD/ton.
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high-speed turning diesel engines). Modern marine gas turbines can run a wide
variety of fuels.

Weight of lubricants W,
This concerns the weight of lubrication oil. The consumption is:

Diesel engines: 0.15 gr/kWh circulation lubricant
0.6—1.4 gr/kWh cylinder lubricant

(note that medium-speed diesel engines without crosshead require cylinder lubri-
cants also for the circulatory system).

Turbines and gearboxes:
0.1-0.2 g/kWh

The weight of the lubricants corresponds approximately to 3—5 % of the fuel weight
(diesel engines) and is usually in the order of 20 t for medium-speed and 15 t for
low-speed diesel engines. When carrying out an accurate calculation for the size of
the related tanks for lubricants, based on the kilowatt-hour, it is recommended to
take into account the consumption for about 50 journeys.

Water supplies
We distinguish the following types and qualities of onboard water:

 fresh water, drinking, and cleaning water,

» feeder water for boilers and cooling network,

» seawater for sanitary tanks, if fresh water is not used,
* Dballast water

Typical values
Freshwater:

Drinking:  10-20 kg/person/day
Cleaning: 120 kg/person/day, if the accommodation has showers,200 kg/person/
day, for accommodation with bath tubs.

Feeder for the boilers: 0.1 kg/kWh plus the liquid for filling the network.

The water supplies of a ship are usually not sufficient for the entire duration of a
voyage. The needs are partly covered through the refilling at intermediate ports or
through the production of fresh water with onboard seawater desalination plants.
Contemporary desalination equipment aboard ships allows freshwater produc-
tion from seawater using either a thermal or a membrane type (reverse osmosis)
desalination process. In the thermal distillation process the seawater evaporates
and the vapor condenses thereafter producing clean freshwater. More efficiently,
evaporation is conducted at low pressure so that the heat of the engine’s cooling
water can be used for the heating process. Particularly, evaporation of seawater at
40°C occurs at 93 % vacuum. Thus, the cooling water of the main engine (with exit
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temperature of about 32 °C) requires a little reheating by about 8 °C to be used for
the desalination process. It is estimated that with 1 kg oil for the additional heat-
ing, it is possible to produce this way 100 kg of freshwater (Schneekluth 1985).
Nowadays, multistage evaporators are commonly used aboard passenger ships,
with increased needs for fresh water, whereas tube bundle evaporators are prevail-
ing aboard cargo ships. (see Meier-Peter and Bernhardt 2009).

As for the drinking water, the requirements in terms of quality are nowadays
enhanced so that the refilling from ports with adequate sanitary conditions is pre-
ferred.

Note that for a standard cargo ship the amount of carried fresh water is in the
range of 80—100 t; however, the needs of passenger ships, particularly of cruise
ships, are much higher. Depending on the size and type of ship, desalination plants
of production capacity between 5 and up to 100 t water per day are installed onboard
modern ships, with the large passenger ships standing on the top of consumers.

Weight of supplies—food

The weight of supplies/food is estimated by roughly: 7—16 kg/man/day. This weight
concerns not only daily consumption, but also the reserve for delays of voyage,
deterioration of food, and delays of supply.

Weight of passengers and luggage

Passengers: 75 kg/passenger
Luggage: 20 kg/passenger, for short trips60 kg/passenger, for long voyages;
holds also for crew members.

Weight of ballast water

It should be considered that for a well-designed cargo ship, in the design load condi-
tion?’, ballast water should not be necessary. The carriage of ballast water negative-
ly affects the ship’s economy both with respect to the additional carried weight (at
the expense of not carried payload), the associated fuel cost and the cost of ballast
water treatment (see, IMO Res. MEPC. 173(58), 2008b).

Typical reasons that lead a designer to the planning of ballast are:

 insufficient stability, especially after the consumption of fuel/supplies (end of
voyage)

» Dbalancing of trim, especially for ships with the engine room abaft

* to increase the draft at bow/stern and avoid slamming and propeller racing phe-
nomena

27 Exceptions to the rule are the containerships, especially when in the full load/design condition
they are expected to carry many containers on deck (causing a high center of ship’s mass). This
leads to a significant amount of ballast in the full load/design condition, to ensure adequate GM;
consequently, for a given DWT, the overall payload capacity decreases. Recent containership de-
sign developments and ship design optimizations/innovations, however, look for minimum ballast
(zero ballast ships).
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» to smoothen the longitudinal stresses due to uneven cargo hold loading (e.g. ore
carriers, containerships)
 to avoid kipping and dumping during ship launching

In addition, the international regulations of MARPOL specify for tankers over
20,000 t DWT that the trim is limited, namely 67'<0.015 L, for the ballast condi-
tion.

The distribution of adequate ballast tank space along the ship and the provision
of sufficient amount of ballast water results from the requirements of the extreme
ballast condition.

If we assume that in ballast condition it is required that we have:

+ abaft: full immersion of propeller
+ forward: T>0.02 L,

then it is concluded for the ballast water weight:

Wy=Ay —(DWT, +W,)

Wy ballast water weight
Ag: displacement in ballast condition
DWT,: sum of rest fuel, rest payload, remaining supplies and weight of crew with

luggage
W light ship weight

The desired average draft in ballast condition is:
T, =(D, +e+0.02L)/2

where

D,: propeller diameter
e:  distance of lower extremity of the propeller blades from the base.

The displacement in ballast condition is:

Ag=wgy, ' L'BT,Cyy

where

wew:  specific weight of seawater
Cap: block coefficient in ballast condition= C, —C [(T -T, ) /T] -(1 - CB)

where
Cy: block coefficient for design draft
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T:  design draft
C:  constant ~0.4.

Thus, the minimum amount of carried ballast in the ballast load condition is this
way estimated and helps the designer to plan for sufficient tank space and arrange-
ments of ballast tanks.

Permanent ballast

Permanent ballast is required for certain types of ships, for example, sailing boats,
and often for converted ships?®, with stability problems. This ballast weight is gen-
erally not included in the DWT, but in the weight of the steel structure (eventually
the ship’s light-ship weight). Marine concrete is often used as permanent ballast
material because of its low cost. It is mainly placed on the ceiling of the double
bottom; a specific marine concrete ballast weight of about 4 t/m?® can be achieved,
whereas with the use of heavy BaSO, (barium sulfate oxide) the specific weight can
reach values of 4.6 t/m?. In some converted RoPax ships, permanent ballast can also
carried in the form sea water, which is placed in permanent ballast tanks, the latter
are “sealed” by the authorities to avoid stability problems by improper use during
operation.

2.16 Verification of Displacement

Based on the approximations of the individual weight components of the ship
(Sect. 2.15) and given her deadweight DWT (for ordinary cargo ships), the total
weight of the ship under consideration is expressed as:

A=W_+DWT

where

W, light-ship weight

W, =Wy+Wo +W, +R

We  weight of steel structure
Wy weight of outfitting

28 In the past and in many countries around the world, it was popular to covert cargo ships (mainly
general cargo type of ships) into passenger ships (mainly RoPax ships) by keeping the main hull
unchanged. Trivially, with the added high superstructures typical to passenger ships, the stability
of these ships could only be kept within regulatory margins by adding permanent ballast. In many
cases this was accompanied by more severe design measures, like the fitting of streamlined “spon-
sons” on the ship’s hull, increasing the ship’s breadth and form stability. The latter design measure
was also applied independently of the carried permanent ballast.
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W,  weight of machinery and propulsion plant

R: margin—tolerance
and

DWT:  DWT=W, o+ Wyt Wy + W+ Wey +B

W, o  payload weight

We: fuel/lubricant weight

W weight of provisions and water

Wy we%ght of passengers a1.1d their baggage
Wy  weight of crew and their baggage

B: weight of nonpermanent ballast (water), for a specified draught and satis-
factory stability and trim.

The comparison of the sum of the weight components, namely A, with the weight of
water displaced by the vessel’s hull shows to what extent the approximations of the
weight components are in line with the designed hull.

A=wy, 'V’
where
wey:  specific weight of sea water
=1.025 t/m? (mean value)
A" corrected moulded hull volume
= CBLPPBTK
K: moulded hull correction coefficient, accounting for an average thickness of

the ship’s outer shell plating
=1.0035 for tankers

=1.005 for cargo ships

=1.006 for shortsea cargo ships
=1.007 for containerships

If the difference between A (the ship’s weight) and W, V' (weight of displaced
water) is within the margin R of I, , the design can proceed to the next phase. Other-
wise, if the A weight exceeds the displacement more than the R, the hull must be mod-
ified accordingly to balance the difference. The margin of tolerance of R varies (see
Sect. 2.15.1) between 1~3% W, , in the preliminary design phase, while according
to other sources (Schneekluth) it could reach 6 % W, (for more complicated ships).

2.17 Verification of Holds’ Capacity

2.17.1 Definitions

a. Gross volume (German: Bruttoladeraum) V,.: Corresponds to the holds’ volume
bounded by the outer edge of the holds’ frames, of the deck beams or the inside
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Fig. 2.93 Holds’ volume for

bulk (grain) and bale cargo 'ﬂ/l”—‘__—\_'
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edge of the shell plating, of double bottom, of bulkheads and of the ceiling deck;
it includes the volume occupied by the frames and strengthenings or other struc-
tural fittings that is not deducted?’

Dimension units: (m3) or (),  m¥=35.32 {3
Symbol/relationships: V =V, (V,: molded hold volume as calculated by inte-
gration of sectional areas)

b. Grain volume (German: Kornladeraum) V,.: Corresponds to the volume that
grain (or liquid) cargo occupies when filling the hold, that is, it is equal to the
gross volume defined in (a) subtracting the volume of strengthenings and other
fittings (e.g. holds’ planking)(see Fig.2.93).

C. Bale volume (German: Stiickgutvolumen) V ,: Corresponds to the holds’ volume
that is bounded by the inside edge of the plating of the double bottom or its
planking, the inside edge of the deck beams, the inside edge of the side strength-
enings of the hold or section and finally the inside edge of the side planking or
the bulkheads’ strengthenings.

Units: (cubic meter) or (cubic feet)
Symbol/relationships: V,=(0.90+0.93) V. (lower limit: for sharp/slender
ships)

d. Net hold volume (reefer ships) (German Netto-Volumen) V,: It refers to the
holds’ volume for refrigerated cargo and is bounded by the inside edge of the
insulation planking of the hold space.

Units: (cubic feet) or (cubic meter)

Symbol:  V

29 This volume corresponds to the holds’ volume resulting from the ship capacity curves, thus
by integration of the areas of the sections belonging to and bounding the respective hold (see
Sect. 2.17.2).
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Fig. 2.94 Holds’ net volumes for refrigerated cargo

€. Net-net volume (reefer ships) (German: Netto-Netto-Volumen) V. It corre-
sponds to the net volume defined in (d) subtracting the volume occupied by the
refrigeration facilities (e.g., ducts of cooling air, coolers, etc.) (see Fig. 2.94).

Units:  (cubic feet) or (cubic meter)
Symbol/relationships:  V=(0.60-0.63) V (horizontal ventilation)
=(0.65-0.69) V (vertical ventilation)
f. Capacity coefficient (German: Rdumte) and stowage factor: The capacity coef-

ficient is defined as the ratio of the holds’ volume (usually bulk-grain volume) to
the deadweight of the ship

R=V,, /| DWT.



2.17  Verification of Holds’ Capacity 249

The capacity coefficient is an attribute of the ship. Instead, the stowage factor
(SF), which corresponds to the required hold volume per ton of cargo, is an at-

tribute of the cargo.
Units:

Examples (Capacity factor)

(cubic meter per ton) or (cubic feet per ton)

General cargo ship 1.6-2.0 m’/t
(55-72 f3/)

Small-medium tanker 1.3-1.4 m/t

(<100,000 t DWT) (45-49 /1)

Large tanker 1.2-1.25 m/t

(>100,000 t DWT) (43-44 6/1)

Examples (SF)

Light cargoes SF>2.0 m3/t

Citrus and other fruits 2.0-2.5 m¥/t

Cotton goods 2.2-2.8 m¥/t

Coking coal 1.95-2.78 m/t
Tobacco 3.00-5.00 m3/t
Bananas (in boxes) 3.25 m/t
Semiheavy cargoes 1.25<SF<2.0 m/t

Grains 1.2-1.8 m¥/t
Sugar (in sacks) 1.29-1.34 m/t
Coal 1.18-1.33 m¥/t
Coffee 1.61-1.75 m’/t
Wines 1.39-1.53 m3/t

Heavy cargoes SF<1.25 m¥/t

Cements

Ores

Crude oil

Steel panels
Electrical cables

0.64-0.78 m3/t
0.34-0.50 m3/t
0.91-1.00 m3/t
0.60 m*/t

0.85-1.12 m’/t

g. Gross tonnage (German: Bruttoraum): It is the result of application of rel-
evant national and international fonnage measurement regulations and forms
an important information element regarding the size (fotal enclosed volume) of
the measured ship. This value corresponds to the enclosed volume of all closed
spaces of the ship (that is, not only of the holds), without this correspondence to
be mathematically conclusive, due to the exclusions of certain spaces (e.g., fore/
aft peak tanks, ballast tanks, wheelhouse, galleys, and public areas). The gross
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tonnage forms in general a reference baseline for determining the number and
composition of the crew, the implementation of safety regulations, for determin-
ing the ship’s classing fees, as well as other costs (taxes, insurance, transit fees
of canals, etc.).

Units: GRT (gross register tons) or GT (gross tonnage), IRT =100 ft*=2.832 m*

h. Net tonnage (German: Nettoraum): Like the gross tonnage defined in (g), the
net tonnage is the result of application of relevant tonnage measurement regu-
lations and is a representative quantity for the “economic value” (commercial
exploitability) of the ship. The net tonnage is calculated from the gross tonnage,
which is reduced by some “deductible” spaces that are not exploitable for cargo
transport (e.g., the machinery space, spaces of pump rooms/auxiliary machinery,
and crew accommodation) . The net capacity cannot be smaller than 30 % of the
gross tonnage. The magnitude of the net tonnage/capacity is used, like that of the
gross tonnage, to calculate various fees, for instance, port charges, etc.

Units: NRT (net register tons) or net tonnage (NT)

The international regulations of tonnage measurement of ships (International Ton-
nage Measurements of Ships) may be found on IMO’s website (http://www.imo.
org/Conventions); they apply to all ships longer than 24 m and built after 18 July
1982. In accordance with these regulations, the following relationships between the
ship’s tonnage and the ship’s main characteristics apply:

Gross Tonnage (GT)

GT =(0.2+0.02log,, V)V

where V is the volume of all the enclosed spaces of the ship.
Net Tonnage (NT)

4d Y’ N
NT =K,V, (—d +K | N +—=
3D 10

where

4d Y’
(a) The coefficient (3_D) should not be larger than 1.0.

4d )’
(b) The coefficient K,V (5] must not be smaller than 0.25 GT.

(c) The net tonnage NT must be greater than 0.30 GT.

V. = total volume of holds’ space (cubic meter)
K, =0.2+0.02 logl0 V,
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5GT+1000

1000

= draught®® at amidships

= side depth to the uppermost deck at amidships

= number of passengers in cabins with more than eight passengers

= number of the remaining passengers

+N, = total number of passengers that the ship can carry in accordance with

her safety certificate. For passenger numbers N, + N, less than 13, thus
in case of cargo ships, then the N, and N, are set to zero.

N

=12

== z0

It is obvious, that the “physical capacities of the holds” defined by the volumes (a)
Vg (b) Vi and (¢) V; have nothing to do with the tonnage capacities determined
in accordance with the tonnage regulations defined in (g) and (h).

Beware of nonscientific literatures/references:

Ship capacity or tonnage of 1 t usually means:

 tankers, bulkcarriers: t DWT

* ROPAX/cruise ships: GRT

» general cargo ships: t DWT, rarely GRT
» warships: tons A (displacement).

2.17.2 Calculation of Hold Volume

A. Volumetric/capacity curves

Provided that there is at least a preliminary shiplines plan (or sketch) of the subject
ship, then the calculation of the hold volume and the volumetric distribution of
spaces can be derived through the “volumetric/capacity curves.”

The volumetric/capacity curves plan (German: Raumkurvenblatt), are drawn
with the same ordinates as the corresponding curves of sectional area lengthwise
for the various draughts concerned, but herein at the level of double bottom, of
intermediate deck positions and of the uppermost deck (see Fig. 2.95).

In the volumetric/capacity curves plan, which resembles the sectional area curves
plan, the boundaries of the various hold spaces are also sketched, for example, the
deck and bulkhead boundaries; furthermore, there is information about the usability
of the spaces and the corresponding exploitable volume (see example).

The areas below the volumetric/capacity curves correspond to the volume of the
indicated spaces; volume numbers can be easily obtained by integration of the areas
using Simpson’s rule or a mechanical planimeter (in old times). The concept of
capacity curves can be successfully used both in the initial design, and in advanced
stages, if the shiplines are available. The volumetric/capacity curves plan is also
useful for a rapid assessment of the longitudinal position of the center of DWT

30 Summer draught or subdivision draught (RoPax ships) amidships.
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Fig. 2.95 Volumetric/capacity curves plan of a cargo ship. The dashed lines in the plan indicate
the available space for bale cargo (Vy,, o). The numbers (in cubic meter) show the available vol-

ume for bulk cargo (V. n)> and in parentheses the volume of bale cargo (V)

through a moment balance of the longitudinal moments of the various DWT weight
components.

B. Below main deck volume (initial design phase)

The volume below the main deck forms the basis for the approximation of not only
the hold volume, but also of the engine room spaces, of double bottom and of other
tanks. Furthermore, it is a necessary element for calculating the ship’s steel weight
(see Sect. 2.15.4, B3).

If during the early design phase (feasibility), the preliminary shiplines (or hydro-
static diagrams) are not available, the following simplified procedures are proposed
to approximate the volumes.

B.1. Cubic coefficient method

Provided that there are sufficient comparative data from one or more similar ships
it is possible to define the cubic coefficient:

_ (o,
& LyB,"D,
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where

Ve comparable hold volume (grain or bale),
L, B, D length, beam, and side depth,

O parent ship.
Thus, it is concluded for the subject ship’s (index 1) hold volume:

(Vo) = CVC "L'B,"D,

If additionally a side view of the parent ship is available, from which it is possible
to identify the fotal length of the cargo hold spaces L., then the above coefficient is
better defined with respect to this length, that is:

C/VC — (VC )0
Ley By D,
and
(V) =C'p L oyB "Dy
where
L.,: total length of hold spaces of the subject, under design ship.

B.2. Method of circumscribed parallelepiped (mainly applies to cargo ships with
engine abaft)

Gross hold volume

where

Vg Gross hold volume defined in Sect. 2.17.1.a.,

L.:  overall length of cargo hold spaces,

B:  beam of ship,

Dy:  raised/corrected side depth for sheer/camber of deck,

Dy = D+0.08(S, +S,)

Iy average height of double bottom (including possible planking)

Cy o Local fullness coefficient of hold volume,
=(Cy+2)/30r
= (Cyp +1.05)/2

Vi volume of hatchways.
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B.3. Approximation method of Schneekluth

The method refers to the total volume below the main deck and has been earlier ap-
plied in calculating the steel weight (see Sect. 2.15.4, B.3).

The basic formula for the total volume below the main deck, V., is expressed

un
as:
Vipb =V, +V +V,+V,
where
V,, = L-B-D-Cy, (volume up to the height of D)
where
Cop =Cy+C,[(D-T)/T]{1-Cp)
and

C, = 0.25 for hulls with small flare above waterline
= 0.40 for hulls with large flare above waterline

Vi =L'B-(S;+S§,)/6 (volume between D and a deck line accounting for longitudinal
sheer of the deck, as applicable);

alternatively,
Vs =LgB(S: +5,)C,
where
C,=Cyl/6=1/7
Ly length of sheer

Vy=LB-b-C, (volume due to a beamwise deck camber)
where

b:  height of camber (=0.02-B)

C,=0.5+0.6
V,;: hatchways’ volume=L B A,
L,;: overall length of hatchways
B: overall width of hatchways

=

=R

average height of hatchways’ coamings.
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Based on the volume below the main deck V.., the hold volume can be calculated

as percentage of V} ,, namely: w
Vi, =kVy,
where
k=0.6+0.77

The coefficient £ must be verified based on data of similar ships.
B.4. Approximation method based on displacement

Again the total volume under the main deck V,, is sought.
The requested volume V|, is supposed to consist of two parts

Vo =V+V,y
where
V: displaced volume at design waterline
V.w:  hull volume between design waterline and main deck

The latter term is calculated as:

Vi =LB(D=T){Cyp +Cypp )/ 2+ Vs +V,

Cyp:  Wwaterplane area coefficient=(1+2C})/3 (for nonpronounced sections, see
Sect. 2.9)

Cypp:  deck waterplane area coefficient (=1.0)
Vg additional volume due to sheer profile (see B.3)
\7% additional volume due to hatchways (see B.3)

B.5. Method of Carstens (cargo ships, aft engine room, see Carstens 1964, Journal
Schiff and Hafen, p. 619).

2.18 Verification of Stability and Trim

One of the most important steps in the preliminary ship design stage is the verifica-
tion/control of the ship’s stability (to a lesser degree of the ship’s trim, except for
special cases) for the ship under consideration.

In the initial design stage it is sufficient to examine the intact®' stability for small
inclination angles (initial stability), what is essentially the control of the adequacy

31 Intact stability: the stability of the ship assuming her buoyant hull intact.
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of the metacentric height GM. The stability control is complemented in the next
steps of the design by examining the ship’s stability curves (stability for large incli-
nation angles); the latter requires an accurate knowledge of the ship’s hull geometry
that is usually not available in the first stage of design. In later stages of ship design,
the ship’s damage® stability also needs to be verified/examined against set damage
stability criteria. Detailed reviews on the ship’s stability, on calculation methods of
the ship’s stability and the in force stability criteria are given in the listed references
Lewis (Vol. I, 1988), Papanikolaou (1982), Rawson and Tupper (1994). In section
2.18.8 of this book, the intact stability criteria of IMO are elaborated, whereas,
in Appendix E a review of developments of the ship’s damage stability criteria is
presented.

At the stage of initial design, it is recommended to apply simplified formulas
or diagrams/charts for the assessment of the ship’s initial stability. As we know the
metacentric height is derived as the difference between the ship’s form and weight
stability:

GM = KM -KG

where the vertical position of the mass center of the vessel KG may be considered
as approximately known (see Sect. 2.15.2), while the vertical position of the (trans-
verse) metacenter:

KM = KB+ BM

is calculated through the estimation of vertical position of the center of buoyancy
KB and vertical distance of metacenter from the initial center of buoyancy Bif
(transverse metacentric radius). Both values, unless more accurate data of the hull
are available, are usually approximated through semiempirical/mathematical for-
mulas as a function of the already known main particulars and hull form coefficients
of the ship, what is elaborated in the following.

2.18.1 Vertical Position of Buoyancy Center

Normand I:

KB=T(0.9-0.36C,,)

Schneekluth:

KB=T(0.9-0.3C,, —0.1C;)

32 Damage stability: the stability of the ship in case of loss of her watertight integrity (LOWI).
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Normand II:

KB=T(5/6-C,/3Cy,)

The accuracy of the above formulas for ordinary ship hulls is in the range of 1%
of T (according to Schneekluth). The third expression (Normand II) requires the
knowledge of the waterplane area coefficient C,,, which is often not known in the
initial phase, namely prior to fixing the character of the sections (U or V), thus may

change easily.

2.18.2 Metacentric Radius

All known approximation formulas for the metacentric radius BM =1./V, are
based on the appropriate approximation of the transverse moment of inertia /;, of
the waterplane. The transverse moment of inertia can be easily deduced from the
moment of inertia of the waterplane of the circumventing parallelogram, having the
same length and beam like the ship’s waterplane; thus, considering that transverse
moment of inertia of the circumventing parallelogram is L-B3/12, we may correct
it to account for the actual form of the waterplane, as expressed by the correction
coefficient C, =f( Cy;;). Thereby the following expression is concluded:

. I .R3 2
Biol_c kB2 B
v 'LBTC, '12TC,

where the correction coefficient C, =f(Cy,,) is calculated as follows:
Normand

C, =0.096+0.89-C2,

Schneekluth
¢ = C&/i
Bauer

C, = 0.0372(2C, +1)’

Dudszus—Danckwardt

C, = 0.13C,, +0.87C2, £0.005
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Murray, for trapezoidal waterlines
C, =0.53C, - 1.

All the above formulas were successfully implemented in practice; however, they
do not directly apply to modern ship hull forms with wetted transom stern, thus
some caution is necessary when using them..

2.18.3 Vertical Position of Metacenter

In the early design stages, because the waterplane area coefficient is not known, it
is possible to approximate KM using other known features of the ship. From the
combination of relationships for KB and BM the following expression is derived:

— B . -2 09-03C,-0.1C
KM = B |:C] GGt - B}

B/T

where

C,: describes the waterplane area’s lengthwise distribution and its sharpness near
the should ers of the ship

=0.078 for waterlines without parallel body

=0.083 for rectangular waterlines (barges)

=0.078+L,/L,;0.005 generally,
where

L .

o length of parallel body of the waterline, with

LP/LPPEO.6+O.7 for CP:0.8
=0.4+0.5 for CP:0.7
=0.2+0.3 for CP:0.6

=0-+0.1 for CP:0.5

(approximation of L, when other data are missing)

G, :(CWP / (CWP )NORM )
where:
(CWP )NORM = le“
Cyp: givenor equal to (Cypyopy

a=1.5 for Cy,p>(Cyp)norm

=1.0 for Cy,, <(Cypnorm
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The above standard (norm) waterplane area coefficient (Cyp)yory COTTESponds to
nonintense sections of U and V types. However, since there are very pronounced V
sections with large flare near the waterline for some ships (e.g., tugboats or modern
containerships), it may be assumed that:

Cup = (Cyp )yopy +0-05.

In addition, for the application of the above formula for KM, normal hull form and/
or stern without intense, extended or wetted transom, is assumed.

Finally, it is assumed that the extent of the stern abaft of the aft perpendicular
does not exceed 2.5% of the waterline length (maximum difference between Ly,
and L,,;,). If this limit is not observed, the used hull coefficients Cy; and Cyy,, should
be corrected as follows:

C’y=CyL,, /10975L,
C’yp = CypLyp /10.975L,,

2.18.4 Approximation of Stability at Large Inclination Angles

If during the initial design stage proves necessary to estimate the stability beyond
the region of small inclination angles, the restoring arm may be approximated by:

h=GZ =(0.5BM tan®> o+ GM )'sin ¢
= O.SW{p3 +G_M(p (for small angles @).

The application of the above formula assumes for the hull of the ship:

 vertical sections (wall-sided) around the waterline
» nonimmersion of deck’s edge and non-emergence of bottom’s bilge extremes.

The formula is valid for angles of ¢ <10° with good accuracy, even for nonvertical
sections around the waterline. For larger angles various approximation methods
can be used, but their accuracy is not proportional to the required effort for their
implementation.

Nevertheless, two useful methods are listed below for further study. They are
based on a systematic examination of the influence of the ship’s hull form on the
ship’s stability:

*  Weberling, Dr.-Ing. thesis, TH Aachen 1974, New Ships 1975.
* H. E. Guldhammer (1979).

The latter method is based on the well-known, systematic hull form series of FOR-
MDATA, which is widely applied to the hull form design of various types of ships
in the last decades.
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Table 2.38 Conversion factors of hydrostatic data for geometrically similar ships

Conversion factor C(a,f,y)

Waterplane area, Ay, af
Longitudinal position CF of waterline, LCF A
Longitudinal moment of inertia, / B
Transversal moment of inertia, 7, ap?
Sectional area, 4g Ly
Sectional area moment, Mg By
Displacement, V ofy
Longitudinal position CB of buoyancy, LCB “
Vertical position CB of buoyancy, KB 4
Transversal metacentric radius, BM Py
Longitudinal metacentric radius, a?ly
Moment to change trim, MCT ~ BM1 a*
Force to change displacement

TPI (tons per inch change of draught) or

TPC (tons per centimeter change of draught) o f
Hull form coefficients, Cy, Cp, C,,, Cyp 1

2.18.5 Using the Hydrostatic Data of Similar Ships

Provided that the hydrostatic data of a parent ship are known, for example, the
hydrostatic diagrams of a ship similar to the one under design, namely, with the
same hull form coefficients, similar sectional character, but different main dimen-
sions (homologous distortion, see Chap. 4), then the following coefficients can be
used to convert the hydrostatic data from the parent ship, subscript 0, to the under
design ship, index 1. The method is valid approximately for ships without absolute
correspondence in the sectional form, as long as the general character is maintained
(Table 2.38).

Longitudinal scale: a=L,/L,
Transversal scale: B=B\/B,
Vertical scale: y=T,T,
General conversion formula: (),=0)y e, B, p).

2.18.6 Effect of Changing the Main Dimensions

During the initial phase of design, the qualitative knowledge of the effect of pos-
sible changes of the main particulars on the initial stability, namely, on GM, is
particularly useful.

Assuming that the displacement and the coefficients C,; and Cy,, do not change,
so are the ratios:
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KB/T,KG /D, BM | (BM )\
KB/T,KG/Dand BM | (BM ),

where ( BM Inorm = B*12-T Cy, then the following useful expressions according to
Munro-Smith (Henschke 1964) are concluded:

6(GM)_ KB o7, (| BM |85 _BM o1 _KG or
GM GM T GM)B GM T GM T

Thus, if we set additionally the draft fixed (67=0), as well as the side depth D
(0D=0), we obtain:

10098 _jpolSM 1
B GM 2(1+BG/GM)

[%]

whereas for constant beam (0B=0) and 67/T=0D/D we have:

L1009 ZqpodSM Lo
T GM 1+2BG/GM

For the above relationships it has been assumed that the Cj coefficient remains
constant. Therefore, as the 7 or B change, it is assumed that the length changes in-
versely proportional so as the displacement and C;; to remain fixed.

Now, in case we assume:

V,L,Cy,and C,,fixed,

and

OB/B=-0T/T=-8D/D

the following is concluded

10028 = _1009L 2100SSM Lo,
B T GM 3+4BG/GM

In case of

V,L,C;, C,,, and Dfixed,
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but
OB/B=-0T/T
it shows:
10028 2 100 _qpolSM L o,
B T GM 3+4BG/GM -KG/GM

Finally, for

V,L,T,D, and C,, fixed

as well as

5B/B=-6C,/C,

the following is concluded:

10028 ~ 1005537 /| Y
B 34y,

+ 3WJ (%)

2.18.7 Typical Values of Metacentric Height

In the context of verification/examination of the initial stability during the con-
ceptual/preliminary design stage of a ship, it is usually sufficient to compare the
resultant GM value with some typical values of similar types of ships, as shown in
Table 2.39.

High GM values ensure satisfactory stability and safety for the ship against
capsize only if they are accompanied by a sufficient range of positive restoring
arm curve for large inclination angles; it should be noted, however, that large GM

Table 2.39 Typical GM values for modern ships in the departure, full load condition

General cargo ships >0.4-0.9 m
Containerships >0.3-0.6 m
Short-sea cargo ships >0.4-1.0m
Tankers 1.0-6.0 m
Bulk carriers 0.6-2.0 m
Reefer ships 0.7-1.1 m
Tug boats 0.8-1.3 m
Fishing vessels 0.7-1.2m
Passenger ships (oceangoing) 1.0-2.5m
Passenger ships (limited waters) 0.5-1.5m
Passenger CATAMARAN ships >10m

SWATH type Passenger ships 1.5-2.5m
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ITAL FLORIDA
TRIESTE

Fig. 2.96 Shift of deck containers due to excessive transverse accelerations

values trigger intense roll motions and transverse accelerations on the ship’s deck
(and higher positions), in view of the relationship:

T = B/INGM

where T : natural roll period of the ship.

For large values of GM, that is, small roll period T, the resultant transverse ac-
celeration on the ship’s deck (and higher positions) in resonance situation (i.e., for
wave excitation period close to the ship’s natural roll period), becomes particularly
pronounced resulting in nausea or injuries of passengers and crew, the shift or dam-
age of higher up stacked cargo (e.g., deck containers, Fig. 2.96, shift of vehicles
onboard Ro-Ro ships, etc). -

In conclusion, it is recommended that the GM values should not be unreason-
ably high, but certainly, in any case, regardless of the type and size of the ship, not
to be less than about 0.30-0.35 m in departure and design loading condition.

33 The transverse acceleration at certain position of a rolling ship is proportional to the distance
of the reference point from the ship’s rolling axis (which is assumed passing near the ship’s mass
center), and is inversely proportional to the square of T, (or directly proportional to square of the
circular roll frequency w,=2n/T,). Obviously, the transverse acceleration increases with larger
distances from ship’s roll axis and lower values of T,
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2.18.8 Verification of Stability

The verification of a satisfactory status ship’s stability refers to the sufficiency of
the ship’s stability (and floatability) in intact and damage condition with respect to
the requirements of specified stability criteria, as laid down in regulations devel-
oped and approved by the International Maritime Organisation (IMO). We will be
limiting in the following our deliberations to the intact stability criteria, as neces-
sary in the frame of the ship’s preliminary design, and refer to Appendix E with
respect to the evolution of the criteria for the ship in damage condition.

IMO’s Maritime Safety Committee adopted in its 85th session the presently
valid International Code on Intact Stability, 2008 (2008 Intact Stability Code,
IMO 2008c¢), taking into account technical developments to update the 1993 In-
tact Stability Code (resolution A.749(18)) and later amendments thereto (resolution
MSC.75(69)). The 2008 IS Code provides, in a single document, both mandatory
requirements and recommended operational provisions relating to intact stability,
like general precautions against capsizing (criteria regarding metacentric height
(GM) and righting lever (GZ)); weather criterion (severe wind and rolling crite-
rion); effect of free surfaces and icing; and watertight integrity.

The 1S2008 Code contains intact stability criteria for the following types of ships
and other marine vehicles of 24 m in length and above, unless otherwise stated:

1. cargo ships;

2. cargo ships carrying timber deck cargoes;

3. passenger ships;

4. fishing vessels;

5. special purpose ships;

6. offshore supply vessels;

7. mobile offshore drilling units;

8. pontoons; and

9. cargo ships carrying containers on deck and containerships.

The below general criteria regarding the properties of the righting arm curve in
intact condition apply to all ships, except for stated otherwise:

a. The area under the righting lever curve (GZ curve) shall not be less than
0.055 m-radians up to ¢=30° angle of heel and not less than 0.09 m-radians up
to 9=40° or the angle of down-flooding ¢, if this angle is less than 40°.

b. Additionally, the area under the righting lever curve (GZ curve) between the
angles of heel of 30° and 40° or between 30° and ¢, if this angle is less than 40°,
shall not be less than 0.03 m-rad.

c. The righting lever GZ shall be at least 0.2 m at an angle of heel equal to or
greater than 30°.

34 g, is an angle of heel at which openings in the hull, superstructures or deckhouses which cannot
be closed weathertight immerse. In applying this criterion, small openings through which progres-
sive flooding cannot take place need not be considered as open.
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Fig. 2.97 Severe wind and rolling (weather criterion)

c.

The maximum righting lever shall occur at an angle of heel not less than 25°.
If this is not practicable, alternative criteria, based on an equivalent level of
safety®®, may be applied subject to the approval of the administration.

The initial metacentric height GM shall not be less than 0.15 m.

The below weather criterion considers the case of severe wind and excessive roll-
ing motions due to the excitation of incoming waves (refer Fig. 2.97) and applies to
special ship types and to floating vehicles:

10.

11.

12.

13.

The ship is subjected to a steady wind pressure acting perpendicular to the
ship’s centerline which results in a steady wind heeling lever (Z_));

from the resultant angle of equilibrium (¢,), the ship is assumed to roll due to
wave action to an angle of roll (¢,) to windward. The angle of heel under action
of steady wind (¢,) should not exceed 16° or 80 % of the angle of deck edge
immersion, whichever is less;

the ship is then subjected to a gust wind pressure which results in a gust wind
heeling lever (/_,); and

under these circumstances, area b shall be equal to or greater than area a, as
indicated in Fig. 2.97 below:

where the angles in Fig. 2.97 are defined as follows:

¢, = angle of heel under action of steady wind
¢, = angle of roll to windward due to wave action
¢, = angle of down-flooding (¢,) or 50° or ¢, whichever is less,

35 Refer to the Explanatory Notes to the International Code on Intact Stability, IMO 2008a (MSC.1/
Circ.1281)
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where:

of = angle of heel at which openings in the hull, superstructures or deckhouses
which cannot be closed weathertight immerse. In applying this criterion,
small openings through which progressive flooding cannot take place need
not be considered as open

pc = angle of second intercept between wind heeling lever / , and GZ curves.

The wind heeling levers [, and [ , referred to in points 1 and 3 above are constant
values at all angles of inclination and shall be calculated as follows:

| . Pra*z
*1,000% g * A
l,=15%(m)

(m)

where:

P = wind pressure of 504 Pa. The value of P used for ships in restricted service may
be reduced subject to the approval of the administration

A = projected lateral area of the portion of the ship and deck cargo above the water-
line (square meter)

Z =vertical distance from the center of A to the center of the underwater lateral
area or approximately to a point at one half the mean draught (meter)

A = displacement (tons)

g = gravitational acceleration of 9.81 m/s?.

Alternative means for determining the wind heeling lever (/) may be accepted, to
the satisfaction of the administration.
The angle of roll (¢,) referred to in point 2 above shall be calculated as follows:

@ =109%k* X, * X, *\/r*s (degrees)

where:

X, = factor as shown in Table 2.40
X, = factor as shown in Table 2.40
k = factor as follows:

k = 1.0 for round-bilged ship having no bilge or bar keels

k =0.7 for a ship having sharp bilges

k = as in Table 2.40 for a ship having bilge keels, a bar keel or both

r=0.73+0.6(0G / d)
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Table 2.40 Values of factor X| X, k, and s

Bld X, Cy X, 4, %100 k T s
Ly, *B

<24 1.0 <0.45 0.75 0 1.0 <6 0.100
2.5 0.98 0.50 0.82 1.0 0.98 7 0.098
2.6 0.96 0.55 0.89 1.5 0.95 8 0.093
2.7 0.95 0.60 0.95 2.0 0.88 12 0.065
2.8 0.93 0.65 0.97 2.5 0.79 14 0.053
2.9 0.91 >0.70 1.00 3.0 0.74 16 0.044
3.0 0.90 35 0.72 18 0.038
3.1 0.88 >4.0 0.70 >20 0.035
32 0.86

34 0.82

>3.5 0.80

Intermediate values in these tables shall be obtained by linear interpolation

with:
OG=KG—d,

d =mean moulded draught of the ship (meter)
S = factor as shown in Table 2.40, where T is the ship roll natural period.

In absence of sufficient information, the following approximate formula can be
used:

Rolling period
2*C*B
T = ———(second)
NGM
where:

C=0.373+0.023(B/d)—0.043(L,, /100).

The symbols in Table 2.40 and the formula for the rolling period are defined as
follows:

L, = length of the ship at waterline (meter)

B =moulded breadth of the ship (meter)

d = mean moulded draught of the ship (meter)

Cy = block coefficient ()

A, = total overall area of bilge keels, or area of the lateral projection of the bar keel,
or sum of these areas (square meter)

GM= metacentric height corrected for free surface effect (meter).
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Special Criteria for Certain Types of Ships
Passenger Ships

Passenger ships shall comply with the general criteria and the weather criterion re-
quirements. In addition, the angle of heel accounting for the crowding of passengers
to one side as defined below, shall not exceed 10°.

A minimum weight of 75 kg shall be assumed for each passenger except that this
value may be increased subject to the approval of the administration. In addition,
the mass and distribution of the luggage shall be approved by the administration.
The height of the center of gravity for passengers shall be assumed equal to:

* 1 m above deck level for passengers standing upright; account may be taken, if
necessary, of camber and sheer of deck
* 0.3 m above the seat in respect of seated passengers.

In addition, the angle of heel account for turning maneuver shall not exceed 10°
when calculated using the following formula:

2
M, =0200%—2 %A *(KG—%J

‘WL

where:

M, = heeling moment (kilonewton-meter)
V. = service speed (meter per second)
Ly, = le.ngth of ship at waterline (meter)
A = displacement (tons)

D = mean draught (meter)

KG = height of center of gravity above baseline (meter).
Oil tankers of 5,000 t DWT and above

Oil tankers®® shall comply with the provisions of regulation 27 of Annex [ to MAR-
POL 73/78 (which lead to the same general intact stability requirements on GZ, as
outlined above) .

Cargo ships carrying timber deck cargoes

Cargo ships carrying timber deck cargoes shall comply with the general criteria
and the weather criterion requirements unless the administration is satisfied with
the application of alternative provision, laid down in the IS2008 code.

Cargo ships carrying grain in bulk

The intact stability of ships engaged in the carriage of grain shall comply with the
requirements of the International Code for the Safe Carriage of Grain in Bulk ad-
opted by resolution MSC.23(59).

36 Oil tanker means a ship constructed or adapted primarily to carry oil in bulk in its cargo spaces
and includes combination carriers and any chemical tanker as defined in Annex II of the MARPOL
Convention when it is carrying a cargo or part cargo of oil in bulk.
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High-speed craft

High-speed craft’’ constructed on or after 1 January 1996 but before 1 July 2002, to
which chapter X of the 1974 SOLAS Convention applies, shall comply with stabil-
ity requirements of the 1994 HSC Code (resolution MSC.36(63)). Any high-speed
craft to which chapter X of the 1974 SOLAS Convention applies, irrespective of its
date of construction, which has undergone repairs, alterations or modifications of
a major character; and a high-speed craft constructed on or after 1 July 2002, shall
comply with stability requirements of the 2000 HSC Code (resolution MSC.97(73)).

Containerships greater than 100 m

Requirements for containerships®® over 100 m in length regarding the GZ curve
properties are as following:

a. The area under the GZ curve should not be less than 0.009/C m rad up to ¢p=30°
angle of heel, and not less than 0.016/C m rad up to ¢=40° or the earlier defined
angle of flooding ¢, if this angle is less than 40° .

b. Additionally, the area under the GZ curve between the angles of heel of 30° and
40° or between 30° and ¢, if this angle is less than 40°, should not be less than
0.006/C m rad.

c. The righting lever GZ should be at least 0.033/C m at an angle of heel equal or
greater than 30°.

d. The maximum righting lever GZ should be at least 0.042/C m.

e. The total area under the righting lever curve (GZ curve) up to the angle of flood-
ing ¢ should not be less than 0.029/C m rad.

Since the criteria in this section were empirically developed with the data of con-
tainerships less than 200 m in length, they should be applied to ships beyond such
limits with special care. In the above criteria the form factor C should be calculated
using the below formula and the definitions of Fig. 2.98:

_d i[&f 100

B \kGlc, J\V'L

where:

d = mean draught (meter)
D’ = moulded depth of the ship, corrected for defined parts of volumes within the
hatch coamings according to the formula:

b= pan[ 2B (2%)
B, L

3T High-speed craft (HSC) is a craft capable of a maximum speed, in meter per second (m/s),
equal to or exceeding: 3.7 * V167 where: V = displacement volume corresponding to the design
waterline (cubic meter).

3% They may also be applied to other cargo ships in this length range with considerable flare or
large water plane areas.
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Fig. 2.98 Definition of parameters for the intact stability form factor C of containerships. (The
shaded areas in Fig. 2.98 represent partial volumes within the hatch coamings considered contrib-
uting to resistance against capsizing at large heeling angles when the ship is on a wave crest. The
use of electronic loading and stability instrument is encouraged in determining the ship’s trim and
stability during different operational conditions)

D = moulded depth of the ship (meter);

B, =moulded breadth of the ship (meter);

KG = height of the center of mass above base, corrected for free surface effect, not
be taken as less than d (meter);

Cy = block coefficient;

C,, = water plane coefficient;

I, = length of each hatch coaming within L/4 forward and aft from amidships
(meter);

b =mean width of hatch coamings within L/4 forward and aft from amidships
(meter);

h  =mean height of hatch coamings within L/4 forward and aft from amidships
(meter);

L =length of the ship (meter);
B =breadth of the ship on the waterline (meter);
B_ = breadth of the ship on the waterline at half mean draught (meter).
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2.18.9 Verification of Trim and Bow Height

We assume that in the design loading condition the ship will not present any unde-
sirable trim°, may be by taking a limited amount of ballast water*.
From the well-known relationship for the trim at small angles:

M

t

A 'G_ML

where M_: trim moment, GM | : longitudinal metacentric height,
it is concluded with

G_MLEWL'FT/Z

and

BM . =0.07-L* / T (Schneekluth)

where

L=Ly,

the resulting trim ¢ for nonbalanced trim moments M,

Regardless of the existence of trim, the minimum height of the bow of the ship,
as the one defined at the ship’s forward perpendicular (see Fig.2.99), is specified in
the International Load Line Convention:

Minimum bow height
Ships with L <250 m:

A vus et

085D

Fig. 2.99 Bow height 7, at the forward perpendicular

3 A small stern (rarely bow down) trim is often desirable and generally acceptable.

40 A significant amount of ballast water in the design loading condition may be necessary for
some types of ships, like containerships, carrying a significant number of containers on deck.
Modern ship design concepts aim at significantly reducing the amount of ballast water both in the
design load and the ballast condition, thus reducing both fuel cost and incurring additional cost for
ballast water treatment in view of IMO’s guidelines on ballast water management (latest, IMO-
MEPC.173(58), IMO 2008D).
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Fig. 2.100 Statistics of bow heights of passenger/ferries with forecastle. (Tagg et al. 2001)

F> 56.L(1 _L).&
500/ C, +0.68
where F; (millimeter), L (meter).
Ships with L>250 m:
1.
= 7000-i
C, +0.68

In both formulas, the minimum Cj, is considered as equal to 0.68.

The aforementioned formulae apply to existing ships in accordance with the old
Load Line regulations (see Sect. 2.19 for the most recent changes). In the above
Fig. 2.100, we can observe statistical values of bow heights of passenger/ferry ships
according to Tagg et al. (2001):

Concluding remarks on the verification of stability and trim

It is clear from the above deliberations in this section that the verification/examina-
tion of the ship’s stability and trim during the preliminary design stage is limited
to the control of the ship’s behavior in intact condition and for small inclination
angles (initial stability and trim). The examined values are determined by the wet-
ted (buoyant) part of the ship’s hull (in calm water). In order to examine the stability
of the ship at large inclination angles, the knowledge of the ship’s hull above the
design waterline*!, including her freeboard, are necessary. Finally, for examining
the ship’s damage stability, the internal subdivision of the ship, including the posi-
tion of watertight transverse and longitudinal bulkheads, of decks, openings and
down-flooding points, is required.

41 Including the location of nonwatertight openings of the ship’s outer shell.
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2.19 Freeboard and Sheer

2.19.1 Factors Affecting the Freeboard

» Large freeboard ensures large reserve buoyancy and increased the ship survivability
in case of hull damage. It also improves the ship stability at large inclination angles.

 Sufficient freeboard improves the ship’s behavior in seaways. Particularly, it pro-
vides improved safety against wetting of the deck, damage of deck cargo (deck
containers) and likely water ingress into the ship’s holds from incoming, high
waves.

* Because of the pitch-axis location in general abaft of the midship section and
consequently the more intense bow motions, a higher freeboard at forward per-
pendicular is required.

* This increased freeboard is also necessary in the “critical region” around the
ship’s forward perpendicular, namely, for approximately 15% of the ship’s
length, which is so specified in the Load Line Convention*?.

The bow height, measured at forward perpendicular between design waterline
(summer load line) and the ship’s weathertight deck (e.g., forecastle), rarely exceed
8-9% of the length L. Generally, this percentage reduces with the increase of the
absolute ship size. Fast ships need to have relatively higher bows, compared to the
slow ones, because of higher “swell-up” of the generated bow wave and likely more
intense bow motions.

The following figure presents the statistics of freeboard heights for various
shiptypes on the basis of data of of IHS Fairplay World Shipping Encyclopedia, v.
12.01, 2011 (Fig. 2.101).

The latest Load Line Regulations (ICLL 1988, Regulation 39) specify as mini-
mum freeboard at the forward perpendicular, for normal trim, the following:

2 3
F = 6075(L)—1875(i) +200(i)
100 100 100

X {2.08 +0.609C, —1.603C , —0.0129 (dAD

1

42 The International Load Line Convention has a long history, starting in 1890, when the first
rules for a minimum freeboard for all ships departing from British ports (thanks to the British
politician Samuel Plimsoll) were established. The first form of relevant international regulations
was agreed in 1930 by 54 countries. In the framework of the International Maritime Organization
(IMO), the first International Convention on Load Lines (ICLL) was first approved on 5 April
1966 and entered into force on 21 July 1968. Some changes followed in 1971, 1975, 1979, 1983,
and 1995, which never entered into force because of lack of enough flag state acceptances; the
1966 ICLL provisions were amended by the adopted Protocol of 1988, which entered into force
on 3 February 2000. The intention of the Protocol of 1988 was to harmonize the requirements of
the Convention on the survey and certification with the corresponding requirements of SOLAS &
MARPOL 73/78. The Protocol of 1988 was once more amended by the 2003 Amendments, which
were adopted with the Resolution MSC.143 on 5 June 2003 and entered into force on 1 January
2005, as well as with further Amendments adopted with the Resolution MSC.172 on 9 December
2004 and which entered into force on 1 July 2006.
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Fig. 2.101 Statistics of freeboard height of dry cargo and liquid cargo ships (analysis of data of
THS Fairplay 2011)

where

F, (millimeter): minimum bow height

L (meter):
B (meter):
d, (meter):
G,
C .

wf*

length for freeboard calculation

breadth for freeboard calculation

draft at 85 % of the side depth D

block coefficient according to Regulation 3

waterplane area coefficient of the fore body (from midship to
forward).

wa :%

A ; (square meter): waterplane area of the fore body at draft d,.

The ICLL regulations state that if the minimum value of the bow height at FP is
achieved by consideration of a sheer, then the same height must extend over at least
15% L from the forward perpendicular. In addition, if the height is measured with
respect to an existing forecastle, then it is appropriate for such a forecastle to extend
over at least 7% L aft of FP.

Similar specifications for a minimum height of the ship’s stern do not exist. How-
ever, it is assumed that the resulting height will be at least equal to the freeboard
at the ship’s midship section. Furthermore, if the above bow height is achieved as
freeboard at the ship’s midship section, it is obvious that generally the provision of
an additional sheer at the freeboard deck for the satisfaction of Load Line Regula-
tions is not required.
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Table 2.41 Typical values of bow height and of height of the strength deck for various types of
merchant ships; synthesis of data by E. Strohbusch (1971) and partly revised according to IHS
Fairplay World Shipping Encyclopedia, v. 12.01, 2011)

Ship type
Ly,/D Frp (m) Frp=%oLpp

Fast seagoing cargo ships 9.9-13.5 13.0-18.5 4.9-17.5
Slow seagoing cargo ships 12.0-13.0 6.3-7.9
Coastal cargo ships 10.0-12.0 3.545 Upto 7.0
Small short sea passenger ships 10.4-11.6 6.0-7.0 6.6-7.9
Ferries 8.6-10.3 7.0-10.0 7.0-10.0
Fishing vessels 8.2-9.0 5.0-6.5 8.0-8.5
Tugboats 7.7-10.0 4.6-7.4 8.2-12.0
Bulk carriers 10.5-12.8 4449 8.8-10.5
Tankers 12.0-14.0 3.6-4.5 9.4-11.7
Fast seagoing reefers ~11.0 5.6-6.6 7.2-8.8

Typical values for the bow height and the height of the strength deck (which is
not necessarily the freeboard deck) for common types of merchant ships are listed
in Table 2.41.

2.19.2 Verification of Freeboard

The calculation and verification of the allowable freeboard, namely of the permit-
ted vertical distance of the upper edge of the freeboard deck (typically: uppermost
continuous and watertight deck) from the upper edge of the corresponding load
line (generally: at the design draft of the ship), are governed by the regulations of
the International Convention on Load Lines and determine the maximum allowable
loading draft of the ship. Naval ships, fishing vessels and boats of length smaller
than 24 m are generally exempted from the implementation of these regulations. A
numerical example of the application of the ICLL regulations to cargo ships is given
in reference Papanikolaou (2009a, Vol. 2).

In the initial design stage, the examination of the freeboard aims at verifying the
compatibility of the initially estimated principal dimensions and of other fundamen-
tal ship values, such as of the ship’s length L, side depth D, draft 7, block coefficient
CB, and of the extent/type of the ship’s superstructures. In particular, the validity of
the selection of the ship’s side depth D is confirmed by the simultaneous control of
the following ship characteristics:

* hold volume (see Sect. 2.17)

» freeboard (see current paragraph, Sect. 2.19.2)
» ICLL regulations

* stability (see Sect. 2.18).

The ultimate objective is to achieve a minimum, buy sufficient freeboard and to en-
sure satisfactory reserve buoyancy in case of hull damage and internal flooding. The
corresponding freeboard deck, from which the freeboard is measured, is in general
identical to upper watertight boundary of ship’s watertight bulkheads (bulkhead
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Fig. 2.102 RMS Titanic departing Southampton on 10 April 1912 (last voyage)

deck)®. For tankers (category “A” ships according to ICLL, namely, ships carrying
exclusively liquid cargo), reduced freeboards are specified according to the regula-
tions, because of the small permeability of the fully loaded ships (in case of hull
breach) and of their watertight subdivision. Reduced freeboards are also specified
exceptionally for bulk carriers, if proven to be safe (do not sink or capsize) in the
case of flooding of one (B-60 ships) or two neighboring (B-100 ships) compart-
ments, except for the engine room.

It is noted that for Ro-Ro passenger ships the freeboard deck is identical to the
ship’s main car deck (which is also the ship’s bulkhead deck) (Fig. 2.102)*.

Satisfactory freeboard allows:

» Prevention of deck wetness and entrance of water into the ship through unpro-
tected or nonwatertight openings

43 The ICLL regulations define the freeboard deck as the uppermost continuous deck of the ship,
which is exposed to the weather and the sea. Thus, the freeboard deck is at least weathertight,
but generally also watertight. Exceptionally, the authorities may permit the freeboard deck to be
a lower deck (and not the uppermost, continuous deck), which must be continuous between the
peak ballast tanks of the ship (fore and aft-peak bulkheads). In this case the space above this lower
placed freeboard deck and up to the deck above it is treated as superstructure.

4 [synthesis from Wikipedia] RMS T7itanic was a British passenger liner that sank in the North
Atlantic Ocean on 15 April 1912 after colliding with an iceberg during her maiden voyage from
Southampton, UK to New York City, USA. The sinking of Titanic caused the deaths of 1,502
people in one of the deadliest peacetime maritime disasters in modern history. On her maiden voy-
age, she carried 2,224 passengers and crew. The RMS Titanic was the largest ship afloat at the time
of her maiden voyage and was thought to be unsinkable due to her very dense subdivision. She was
lacking, however, a watertight bulkhead-deck and this was the main reason for her sinking. One
of their most important legacies was the establishment in 1914 of the International Convention for
the Safety of Life at Sea (SOLAS), which still governs maritime safety today.
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» Protection of crew working on deck

» Safety of cargo stowed on deck (e.g., deck containers)

» Increase of the range of stability for large inclination angles
» Satisfactory stability in damage condition.

If during the control of the ship’s freeboard a significant failure is identified, which
cannot be compensated with small design corrections, such as changing of deck
sheer, small changes in the extent of superstructures, it is always recommended to
increase the side depth D. However, as the steel weight will simultaneously slightly
increase, this will result to a larger draft, compared to the original one, so that the
change of D cannot be fully transferred to a “gain” in terms of freeboard. On the
other side, if during the examination of the hold volume the space proves sufficient,
then the proposed increase of D can be accompanied by a corresponding reduction
of length L; the latter will eventually result in a reduction of the required freeboard
(see Table 2.42 of basic freeboards), while the structural weight of the ship may

Table 2.42 Freeboard table according to ICLL
Length of ship (m)  Freeboard for type “A” ships (mm)  Freeboard for type “B” ships (mm)

24 200 200
30 250 250
40 334 334
50 443 443
60 573 573
70 706 721
80 841 887
90 984 1,075

100 1,135 1,271

110 1,293 1,479

120 1,459 1,690

130 1,632 1,901

140 1,803 2,109

150 1,968 2,315

160 2,126 2,520

170 2,268 2,716

180 2,393 2,915

190 2,508 3,098

200 2,612 3,264

210 2,705 3,430

220 2,792 3,586

230 2,875 3,735

240 2,946 3,880

250 3,012 4,018

260 3,072 4,152

270 3,128 4276

280 3,176 4,397

290 3,220 4,513

300 3,262 4,630

310 3,298 4,736

320 3,331 4,844

330 3,358 4,955

340 3,382 5,055

350 3,406 5,160

360 3,425 5,260

365 3,433 5,303

Freeboards at intermediate lengths of ship shall be obtained by linear interpolation
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remain fixed or be even reduced. It is assumed that the increase of D and the conse-
quent increase of the center of mass of the ship KG, do not create significant initial
stability problems (GM requirement) for the study ship (see Sect. 2.18).

In general it can be concluded that “volume carriers” (see Sect. 1.3.7.2) due
to the nature of the transferred cargo (low specific weight, high stowage factor)
rarely exhibit problems on satisfying the requirements of the Load Line Regula-
tions, namely, they do not fully exploit the allowable margin of draft, in terms of the
Load Line requirements (or their actual freeboard is larger than the minimum one).
On the contrary, “deadweight carriers,”, which carry relatively heavy cargoes and
for which the adequacy of hold volume is not an issue (e.g., tankers and bulkcarri-
ers), reach the limit of minimum allowable freeboard of the Load Line Convention
in terms of their design draft. The same is often valid for Ro-Ro passenger ships
carrying heavy trucks, especially for those which are conversions of originally other
types of ships.

Existing regulations appear to penalize the relatively large ships (or favor small-
er ships) since the specified values for the basic freeboard for small ships (L <65 m)
is less than/equal to 1% L, while the corresponding required height for ships with
approximate L>120 m is more than 1.5% L (see Fig. 2.103 and critical review,
Sect. 2.19.4).

Simplified calculation of freeboard

In the context of conceptual/preliminary ship design, the accurate calculation of the
required freeboard in accordance with the ICLL regulations presents difficulties due
to the unavailability of certain necessary data.

If comparable data from similar ships are used to determine the ship’s principal
dimensions, it is rational to assume that the estimated ratio (D/T) will be a guide
for the determination of the anticipated freeboard, without of course excluding dif-
ferentiations with respect to the implementation of precise regulations to that ship.
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Table 2.43 Corrections a,, for the simplified calculation of the freeboard of general cargo ships
without superstructure amidships by Danckwardt

L
Lpp (m) C,<0.68 C,=0.80
150 1.335 1.36
140 1.335 1.34
130 1.298 1.32
120 1.280 1.30
110 1.261 1.28
100 1.243 1.26
90 1.225 1.24
80 1.206 1.22
70 1.188 1.20
60 1.170 1.18

For the initial approximation of the freeboard of general cargo ships, the follow-
ing simplified method by Danckwardt (Henschke 1964) can be applied®. In this
method the ratio (D/T) is calculated as follows:

1. Ships with forecastle but without superstructure amidships:

D/T=a,—0.10( / Ly,)

where

a, =f(Lyp Cp), see Table 2.43

L = overall length superstructures between the perpendiculars
Remarks:

i. For C; values between 0.68 and 0.80 it is proposed to interpolate the values in
the table.

ii. For lengths L,, and coefficients C, significantly beyond the given limits
(Lpp=150 m and C;=0.80) extrapolation is not recommended.

2. Ships with forecastle and superstructure amidships:
where

= f(LP’L/D, Cp), see Table 2.44,
=f(L/D, Cy), see Table 2.44.

The above method can be best used for general cargo ships and relatively small
tankers/bulkcarriers with good results (according to Danckwardt +2 %).

45 The method refers actually to the “three island” ship concept, characteristic to ships with fore-
castle, bridge/superstructure amidships and stern poop.
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Table 2.44 Corrections a, and coefficients b, for the simplified calculation of the freeboard of
general cargo ships with forecastle and superstructure amidships by Danckwardt

Cp 0.68 C=0.80
L,, [m] L/D L/D
10 125 |15 10 12.5 15

150 1.370 1.350 1.396 1.408 1.428
140 1.357 1.337 1.381 1.389 1.402
130 1.342 1.322 1.364 1.369 1.376
120 1.324 1.310 1.343 1.350 1.350
110 1.298 1.293 1.320 1.327 1.325
100 1271 1.269 1.294 1.302 1.300
90 1.245 1.242 1.262 1272 1.276

Corrections b,

L/D Cg 0.68 | Cp=0.80

10 0.152 0.150
12.5 0.170 0.200
15 0.202 0.224

Alternatively, it is suggested to use the following simplified diagrams that take
into account only the main corrections on the basic freeboard resulting from the
Regulations (see Figs. 2.104, 2.105, 2.106, 2.107, 2.108, 2.109, 2.110, and 2.111
according to Danckwardt). The freeboard of dry cargo and liquid cargo ships (tank-
ers) is given as a function of length L, the L/D ratio and a presumed normal extent
of the superstructure (/i/L,,). Because the diagrams are for standard block coeffi-
cient Cyo55m)=0-68, the values need to be increased according to the corrections of

Figs. 2.110 and 2.111.

2.19.3 Sheer

» Application criteria: The existence of a sheer on the upper decks of the ship, that
is, an upward slope of the centerline of the ship’s deck from amidships towards
the ends, significantly improves the seakeeping characteristics of the ship and in-
creases the reserve buoyancy at the ends. In view of this, earlier built ships were
all designed with sheer. Newer buildings, particularly tankers, bulkcarriers, con-
tainerships, Ro-Ro, etc., do not dispose a sheer, thus simplifying the construction
(reducing building cost) or for operational reasons (e.g., car ferries: problems
with the lashing/fastening of vehicles). However, it is possible to have straight
line sheer (instead of the parabolic type) at the ends of the ship, for example,
in the forecastle region, what still improves the ship’s seakeeping behavior in
waves, whereas the ship’s construction remains in this respect simple. Particu-
larly for small ships with special requirements on seaworthiness, such as fishing
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vessels, tugs, offshore supply vessels, etc., the existence of a sheer is absolutely
necessary. The sheer also affects the ship’s stability at large inclination angles
and slightly the position of the floodable lengths’ curve, as well as the resulting
position of the watertight bulkheads, as they are required.

* Load Line Regulations: The ICLL Load Line Regulations (Reg. 38) specify for
ships without or reduced sheer, in comparison to those with normal sheer, in-
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creases in the required freeboard. In contrast, for increased sheer beyond the
standard values, reductions of the freeboard are allowed. The standard/normal
sheer is given by two parabolic parts, which extend to the forward and aft part of
the ship. The focal point of the above parabola (zero sheer) is at amidships. The
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normal aft sheer at AP is 50 % of the fore sheer at FP. The height of the standard
fore sheer is:

S, (millimeter) = 50(% + 10)
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where L (meter) is the length of freeboard calculation.

The following Fig. 2.112 presents typical sheer curves, regardless of the nor-
mal ones according to the Load Line Regulation, for various ship types. It is noted
that for fast ships, the region of minimum sheer is abaft of the midship (~15-25%
L); the same applies to tug boats. Also, the relationships for the fore and aft sheer
height, as percentage of length and among themselves, vary according to the ship’s
speed and the requirements for adequate seakeeping behavior.

* Deck sheer: The sheer is measured at the side edge of each deck with respect to
the waterline taken as basis for the calculation of freeboard. It should be noted,
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Fig. 2.112 Dimensionless sheer curves for various ship types

due to the existence of a camber typically across the ship’s weather deck, that the
resulting line of the deck at centerplane should be faired (see Fig. 2.113).

Uppermost decks exposed to weather (weather-decks) without sheer, but with
transverse camber, have an even deck at the centerplane, while the deck line at
the sides results from the height of the camber at the centerplane (usually b=B5/50,
where B(x): breadth of reference deck).

The sheer of other decks except for the weather or freeboard deck, is obtained
as follows:

* Decks above the weatherdeck, for example, superstructure decks, are usually
constructed with the same sheer like the weatherdeck. However, on ships with
intense sheer, for example, tugboats, fishing vessels, etc., these decks are con-
structed without sheer (at least the deck which accommodates the wheelhouse).

* Decks below the weatherdeck are generally constructed without sheer. This en-
ables the exploitation of the additional stowage volume at the ends, and this is
exempted from the tonnage of the ship. An exception here are passenger ships,

Fig. 2.113 Fairing of lines of Deck at Center Line
deck with sheer and camber L

Deck Edge

|
/
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when the second deck is their bulkhead deck, namely, the basis for calculating
the floodable length. As is well known, the floodable lengths increase, if there
is sheer, so it is not advisable to ignore the sheer in this case. Certainly, when it
comes to car ferries, with zero sheer on the bulkhead deck (corresponds to the
car deck), the distances between the watertight bulkheads are in anyway greatly
reduced.

2.19.4 Critical Review of the Load Line Regulations (Abicht

etal 1974)

An analysis of the ICLL Regulations may be skipped in the context of the current
textbook (see Antoniou and Perras 1984). However, regarding the effect of these
regulations on the design of a ship, the following is noted:

1.

The relationship of the required freeboard to the ship’s length specifies for small
ships not only absolutely, but also as a percentage of length, small freeboards
(see Fig. 2.103, percentage basic freeboard for ships of type B). This appears to
be contrary to the principle of ensuring sufficient buoyancy and seaworthiness
for all ships independently of their size, while allowing smaller boats to operate
in relatively heavier seas (on the master’s responsibility). It should be noted,
however, that this is directly related to the level of operational risk of the ship
sailing in normal and severe environmental conditions; from the point of view
of regulations, it is generally accepted that a larger ship should be safer than a
smaller one. Consequently, the risk levels should be reduced when increasing the
size of the ship, such as when increasing the number of people on board (see new
probabilistic regulations on damage stability, SOLAS 2009).

. The specified relationship of freeboard with a series of technical characteristics

of the ship, for instance, the ship’s type (A or B), size, superstructures’ extent and
sheer, does not always reflect the ship’s actual safety requirements, which would
result from a first principles study (seakeeping calculations) and correlation of
the above parameters in a rational/scientific way.

. The required survivability level, in case of damage, for large tankers (type A

ships, L>150 m), although logical, does not fit to the general context of the ICLL
regulatory framework, nor explains the exclusion, from similar requirements
regarding the watertight subdivision, of other risky ships, for example, small
short-sea cargo ships.

. Generally, the international regulations on load lines (ICLL) and stability after

damage (SOLAS) should be harmonized into a unified regulatory framework.
Relevant consultations among the working group committees of the Interna-
tional Maritime Organization IMO have not yet led to practical results.

Despite these critical points, taking into account the recent amendments of the cur-
rently in force ICLL Regulations, it is considered that the safety of in-service ships
is satisfactorily covered by existing regulations. However, the appropriate imple-
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Fig. 2.114 Load Line Mark
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mentation of the load line regulations in practice (control of the “actual” freeboard,
Plimsoll’s mark, Fig. 2.114) relies on the reliability of the various inspection bodies
(local port/coast guard authorities); bad ship operation and improper inspections

may lead occasionally to disastrous consequences (accidents from overloads of
ships).



References 291

References

Abicht W et al (1974) Annalen der 75 Jahre Schiffbautechnische Gesellschaft (STG), p 187 ff.

Alissafaki A (2013) Research on alternative methodologies in estimating the Energy Efficiency
Design Index (EEDI) for Ro-Ro cargo ships & Ro-Ro/Passenger ships. MSc thesis, Ship De-
sign Laboratory, National Technical University of Athens

Antoniou A, Perras P (1984) Ship design—special chapters, (in Greek: MeAétn tov [ThAoiov—
Ewwa Kepdiaia). Rev. 2. Foivos, Athens

Buxton IL (1976) Engineering economy and ship design. The British Ship Research Association
(BSRA), 2nd edition

Dudszus A, Danckwardt E (1982) Schiffstechnik—Einfithrung und Grundbegriffe (in German).
VEB Technik, Berlin

Friis AM, Andersen P, Jensen JJ (2002) Ship design (Part I & II). Section of Maritime Engineer-
ing, Dept. of Mechanical Engineering, Technical University of Denmark, ISBN 87-89502-56-6

Froude W (1868) Experiments on the surface-friction experienced by a plane moving through
water. In: British Association for the Advancement of Science Report, 42nd Meeting. (“Law of
Comparison” in Memorandum to Mr. E. J. Reed, Chief Constructor of the Royal Navy, dated
Dec. 1868, “The Papers of William Froude”, 1810-1879, RINA, 1955.)

Germanischer Lloyd Ed. Board (2009) Rules and guidelines: I—ship technology, part 0—clas-
sifications and surveys, part 1—seagoing vessels, IACS Common Structural Rules and Com-
plementary Rules, information on recent IMO legislation, publ. GL Hamburg (http://www.
gl-group.com)

Guldhammer HE (1979) CRS-diagrams for design calculations of the stability of ships. Ocean
Eng 6(6):581-592

Harvald SA (1984) Resistance and propulsion of ships. Wiley Interscience, Hoboken

Henschke W (1964) Schiftbautechnisches Handbuch (in German) vol II. VEB Technik, Berlin

Hollenbach U (June 1999) Estimating resistance and propulsion for single-screw and twin-screw
ships in preliminary design. Proc. of the 10th ICCAS Conference, Cambridge

Holtrop J (Nov 1984) A statistical reanalysis of resistance and propulsion data. J Int Shipbuild Prog
31(363):272-276

Horn F (1930) Ship towing tests (in German: Schiffsschleppversuche), Sonderdruck aus Handbuch
der Experimentalphysik, vol 4, part 3, Akademische Verlagsgesellschaft, Leipzig

Kelvin L (1887) Ship waves, Transactions Inst. Mech. Engineers, London

Koutroukis G, Pavlou A (2011) Innovative container ship design concept E-4, VISIONS European
Academic Competition 3rd place, NTUA-SDL

Holtrop J, Mennen GGJ (July 1982) An approximate power prediction method. J Int Shipbuild
Progr 29(335):166-170

IHS (2011) Fairplay World Shipping Encyclopedia version 12.01. http://www.ihs.com/products/
maritime-information/ships/world-shipping-encyclopedia.aspx

International Convention on Load Lines ICLL (1988) IMO Protocol relating to the International
Convention on Load Lines 1966

International Maritime Organization, IMO (2008a) MSC.1/Circ.1281 Explanatory notes to the
international code on intact stability

International Maritime Organization, IMO (2008b) Res. MEPC.173(58) Guidelines for ballast wa-
ter sampling (G2)

International Maritime Organization, IMO (2008c) Res. MSC.267(85) Adoption of the Interna-
tional Code on Intact Stability (2008 IS CODE)

International Maritime Organization, IMO (2013a), MARPOL 73/78, Consolidated Edition 2013

International Maritime Organization, IMO (2013b) SOLAS, Consolidated Edition, 2013, Consoli-
dated text of the International Convention for the Safety of Life at Sea, 1974, and its Protocol
of 1988: articles, annexes and certificates

International Towing Tank Conference (2008) ITTC symbols and terminology list, version 2008.
http://ittc.sname.org

Kelvin Lord (1887) Ship Waves, Transactions Inst. Mech. Engineers, London


http://www.gl-group.com
http://www.gl-group.com
http://www.ihs.com/products/maritime-information/ships/world-shipping-encyclopedia.aspx
http://www.ihs.com/products/maritime-information/ships/world-shipping-encyclopedia.aspx

292 2 Selection of Main Dimensions and Calculation of Basic Ship Design Values

Lamb T (ed) (2003) Ship design and construction. In: SNAME, revision of the book: D’ Arcangelo
AM (ed) (1969) Ship design and construction. SNAME, New York

Lewis EV (ed) (1988) Principles of naval architecture, Vol I—III. In: SNAME, revision of the
book: Comstock DP (ed) (1967) Principles of naval architecture. SNAME, New York

Loukakis T, Perras P (1982) Ship hydrostatics and stability (in Greek: Yopootatikiy & Evotdbdeia
IThoiov). Sellountos, Athens

Meier-Peter H, Bernhardt F (eds) (2009) Compendium marine engineering: operation-monitoring-
maintenance. Seehafen, Hamburg (5.1.2, ISBN 978-3-87743-822-0)

Paik JK, Kim DK, Kim MS (2009) Ultimate strength performance of Suezmax tanker structures:
pre-CSR versus CSR designs. Int ] Marit Eng 151, Part A2, 2000

Papanikolaou A (1982) Buoyancy and stability—floating and underwater vehicles (in English)
University Lecture Notes, Look Lab. Rep. No. 52, University of Hawaii

Papanikolaou A (2002) Developments and potential of advanced marine vehicles concepts. Bul-
letin of the KANSAI Society of Naval Architects, no. 55, pp 50-54

Papanikolaou A (2004) Entwurf und Sicherheit von Ro-Ro Fahren, Handbuch der Werften, Band
XXVI (in German)—Design and Safety of Ro-Ro Passenger Ships. Lecture notes (in Eng-
lish), postgraduate school, Kasetsart University-Bangkok, EU Programme ASIA link ASI/B7-
301/98/679-044

Papanikolaou A (2009a) Ship design—methodologies of preliminary ship design (in Greek:
Mehém [Thoiov—MeBodoroyieg [Tpoperéng [Mhoiov). SYMEON, Athens, Vol 1, ISBN 978-
960-9600-09-01 & Vol. 2, ISBN 978-969-9400-11-4

Papanikolaou A, Anastassopoulos K (2002) Ship design and outfitting I (support course mate-
rial), rev. 2 (in Greek: MeAét ko E€omhopdg [Thoiov 1, Mebodoroyia [Tpoperétne, Tvikoyn
Bonbonuatmv) National Technical University of Athens, Athens

Rawson KJ, Tupper EC (1994) Basic ship theory, vols I & II, 4th edn. Longman, Scientific &
Technical (in Greek. edited by Papanikolaou, NTUA 2002)

Schneekluth H (1985) Ship design (in German). Koehler, Herford

SOLAS (2009) International Maritime Organization, IMO, SOLAS, Consolidated Edition, 2009,
ISBN: 978-92-801-1505-5

Strohbusch E (1971) Entwerfen von Schiffen I—IV. University Lecture Notes (in German), Tech-
nical University Berlin

Tagg R, Bartzis P, Papanikolaou A, Spyrou K, Luetzen M (July 2001) “Updated Vertical Extent of
Collision Damage”, Proc. 2nd Int. Conf. On Collision and Grounding of Ships, Copenhagen

Taylor DW (1943) Speed and power of ships. Wiley, New York

Volker H (1974) Entwerfen von Schiffen (in German) Handbuch der Werften, vol XII, HANSA.
Hamburg

Watson D (1998) Practical ship design, Elsevier Ocean Engineering Book Series, ISBN
0080429998

Watson DGM, Gilfillan AW (1976) Some ship design methods. Trans. RINA, London, pp 279-324



Chapter 3
Ship’s Hull Form

Abstract A fundamental task of the ship designer is to develop the best possible
hull form on the basis of certain known (preliminarily determined) dimensions and
integrated hull form characteristics, such as ship’s length L, beam B, draft T and hull
form coefficients, slenderness ratio, etc., considering the following fundamental
factors/criteria:

a. Resistance and Propulsion in Calm Water
Particular attention should be paid to:

— Superposition/tuning of the generated transverse, ship-bound wave systems,
namely of the bow, the stern, and the shoulder wave systems (see Sect. 2.3.1).

— Favorable/smooth flow around stern shoulders and avoidance of flow separa-
tion (causing increased eddy resistance).

— Favorable/smooth incident flow to the propeller and rudder.

Comment: Besides ship’s hull form, the resistance of a ship is significantly influ-
enced , by ship’s main dimensions L, B, and T, her displacement and its distribution,
as well as the mutual relationships thereof (ratios of main dimensions, slenderness
ratio). Therefore, possible mistakes in choosing the proper values for the above
dimensions cannot be corrected even with very careful shaping of the vessel’s hull.

b. Stability/Floatability in Intact and Damage Condition: Is strongly influenced
by the form of the waterplane area (Cy;), the form of sections below and above
still water level (SWL), the type of the stern, etc.

c. Seakeeping Performance/Behavior in Waves:
Particularly with regard to:

— Ship motions and loads in waves

— Slamming phenomena and emergence of propeller (propeller racing)

— Added resistance in waves

— Roll motions and dynamic stability, likely capsize/foundering in waves
— Bow diving and deck wetness phenomena (green water) by high waves

The above listed phenomena are affected in addition to the main dimensions,
particularly by:

— Displacement (total ship’s weight and its distribution)

A. Papanikolaou, Ship Design, DOI 10.1007/978-94-017-8751-2_3, 293
© Springer Science+Business Media Dordrecht 2014
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— Coefficients C; and C,,

— Longitudinal center of floatation (LCF)

— Sections’ form character above design waterline (particularly at the bow) and
freeboard/bow height

— Bow/stern form

d. Maneuvering Capabilities:
Concerning in particular the following ship properties:

— Course keeping
— Maneuverability

Influenced by:

— Lateral plane projected area of ship’s hull below waterline (value of a- LT
and centroid of this area).

e. Volume of Holds/Cargo:
It is referring to:

— Dimensions of holds’ spaces
— Position of holds’ openings/hatches
— Available volume of holds

It is affected particularly by:

— Coefficients C, Cy, (C, at the level of D), and C,,
— Length of parallel body
— Sections’ form/character

f. Construction Aspects and Cost:
Is relating to:

— Simplicity and ease of construction
— Construction cost

and is influenced basically by the same factors as stated above for the volume of
holds (see (e)).

In the framework of development of a ship’s hull form the determination of
the following quantities is additionally required:
— Longitudinal position of the buoyancy center and the center of floatation
— Vertical position of buoyancy center
— Length of vessel’s parallel body
— Length of entrance/run and angle of entrance/run (slope) of sectional area curve.

In the same context the following qualitative characteristics of the vessel’s hull
are determined:

— Distribution of displacement, form of sectional area curve, and shape/profile
of shoulders
— Character and form of sections of wetted and above waterline hull form
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Character and form of the design waterline (DWL) and waterlines around
DWL

— Shape of the bow part of the vessel

Shape of the stern part of the vessel

Configuration of deck’s sheer and determination of freeboard height

3.1 Distribution of Displacement

The distribution of displacement in the longitudinal direction is an important factor
affecting the resistance of a ship.

From the preliminary stages of design, it is considered that the main dimensions
L, B, T, and the displacement V are known. The distribution of the displacement
is expressed by the longitudinal sectional area curve, given that the area under this
curve is equal to the displaced volume and its longitudinal extent equal to the length
of the vessel (L, length between perpendiculars L,).

3.1.1 Shape of Sectional Area Curve

The sectional area curve (SAC) of the vessel’s hull is directly related to the determi-
nation of the following values (see Fig. 3.1):

» Longitudinal position of center of buoyancy (LCB), which corresponds to the
longitudinal centroid of the area under the curve SAC

* Parallel body length L, corresponding to the part of ship’s length for which we
have constant sectional area

* Length of entrance L, and length of run L, which are defined as the correspond-
ing lengths of the fore and abaft parts of the vessel’s sectional area curve, with
gradually decreasing sectional areas, moving from amidships toward the ends.

---—-————LR.—..' --]-P--. : LE
N T T
~
X * 9
Lep

Fig. 3.1 Distribution of sectional area (SAC) and definitions
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Fig. 3.2 Distribution of sectional areas of DTMB model Series 60 (Lewis 1988)

The beginning of the length of entrance is approximately at the fore end of the
parallel body (forward shoulder), whereas the corresponding length of run is
measured from the aft end of the parallel body (astern shoulder). Obviously,

L,+L.+L; =L,

* Angle of entrance of the sectional area curve at the forward perpendicular i, (see
Fig. 3.2; Table 3.1) or the ratio t according to Taylor (see Fig. 3.8)

* Angle of run of the curve at the aft perpendicular

A characteristic example of sectional area curves (displacement distribution) of the
well-known Series 60 ship models (David Taylor Model Basin DTMB—USA) is
given in Fig. 3.2.

The corresponding basic geometric features of the above Series 60 hull forms
(C;=0.60-0.80) are as follows:

Observing the characteristics of the above figure of the sectional area curve of
Series 60 models and the data listed in Table 3.1 we note the following:

a. High block coefficients, for example, C,=0.80, are accompanied by low slen-
derness coefficients L/V'3 and longitudinal center of buoyancy LCB forward of
the midship section (optimum position 2.7% L, forward of midship section),
while the corresponding Froude number of similar hull forms (slow cargo ships)
is relatively low.

b. Low block coefficients, for example, C,=0.60 (fast cargo ships, passenger
ships) are accompanied by high slenderness coefficients and LCB aft of the mid-
ship section (optimal position 1.69 % L, behind the midship section). The cor-
responding Froude number is here relatively high.
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Table 3.1 Particulars of Series 60 models

Cs 0.60 0.65 0.70 0.75 0.80
Cm 0.978 0.982 0.986 0.990 0.994
Cp 0.614 0.661 0.710 0.758 0.805
L/B 6.50-8.50 6.25-8.25 6.00-8.00 5.75-7.75 5.50-7.50
B/T 2.5-3.5 2.5-3.5 2.5-3.5 2.5-3.5 2.5-3.5
L/Vis 5.60-7.50 5.32-7.16 5.05-6.84 4.79-6.55 4.55-6.27
A/(L/100)3 67.8-162.4 78.0-190.3 89.3-222.4 102.0-259.3 116.2-302.4
@ 6.20-7.20 6.03-7.04 5.90-6.98 5.78-6.88 5.71-6.84
Lp, pct Lep o 3.5 11.9 21.0 30.0
LCB, as pct | 2.48A to 2.46A to 2.05A to 0.48F to 0.76FA to
of Lrp from 0.52F 1.37F 2.55F 3.46F 3.51F
m Lep (optimum (optimum (optimum (optimum (optimum
1.69A) 1.014) 0.254) 2.60F) 2.70F)
ig° 6.2-8.7 7.3-9.6 9.7-12.9 19.8-25.9 38.9-47.8

A displacement in long tons

(9)=5/v*3 wetted surface coefficient

L, parallel body length of the vessel L

LCB longitudinal position of center of buoyancy (= 4B)

ie° angle of entrance of sectional area curve at the fore perpendicular

3.1.2 Longitudinal Centre of Buoyancy (LCB)

a.1. Effect on Resistance and Propulsion The longitudinal position of the buoy-
ancy center expresses the degree of concentration of the lengthwise distribution of
ship’s displacement. This, in combination with the prismatic coefficient and the
slenderness coefficient of the vessel, affects directly the generation and intensity of
the ship-bound wave systems at the fore and aft shoulders.

It is evident that a position of center of buoyancy too much in front of the amid-
ships triggers the generation of intensive waves around the bow shoulders, whereas,
on the contrary for an extreme position aft of amidships the risk for flow separation
and creation of vortices in front of the propeller is increased, which has negative
effects on the propulsive efficiency (see Sect. 2.3.1).

Consequently, by determining the longitudinal center of buoyancy, it is attempt-
ed to control the superposition of the locally generated, secondary ship-bound wave
systems and particularly of the systems of the bow (with that of the fitted bulbous
bow, if any) and those of the shoulders. This applies mainly to fast vessels associ-
ated with comparatively high values of wave resistance.

The recommended optimal values for the longitudinal center of buoyancy, which
have been derived from systematic experiments or numerical investigations, generally
tend toward the stern, as the Froude number increases or the hull coefficient decreases
(see Fig. 3.3 by Danckwardt (qualitative optimal LCB = f (C,)), Figs. 3.4 and 3.5).

Overall, for Froude numbers F =0.22-0.25, the optimum position is around
amidships and more forward, whereas for F, =0.30 and higher, the optimal location
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Fig. 3.5 Approximate optimal longitudinal position of center of buoyancy vs. Froude number
according to Guldhammer—Harvard (1974)—Hull form series FORMDATA (Friis et al. 2002)

moves to the aft. Thus, depending on the prismatic coefficient, LCB reaches values
of —=2.5% to — 3.0% L,, aft of amidships, whereas for F, = 0.15, the optimal posi-
tion is approximately +2.0% L, forward of amidships. Analogous values result
from observations of comparable data of the systematic series of Series 60 models
(see Table 3.1), the hull form series of Wageningen-Lap and FORMDATA.

a.2. Effect on the Exploitation of Holds The exploitability of hold spaces, particu-
larly regarding the stowage of break cargo, is influenced negatively by an extremely
aft position of the buoyancy center, when accompanied by low block coefficients. In
addition the stowage is affected adversely by sharply formed cross sections (e.g. V
type sectional forms) associated with insufficient floor area at the bottom.

a.3. Effect on the Trim For ships with the engine room abaft, a buoyancy cen-
ter position intensely forward can lead to severe difficulties to control the trim for
certain loading conditions, e.g. for the ballast condition (with resulting strong stern
trim) or for loading conditions at the end of the voyage (fuel tanks empty), or for
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uneven distribution of ship’s weight, of cargo and fuel. The problem can be gener-
ally addressed with appropriate ballasting, assuming sufficient ballast tanks along
ship’s length.

a.4. Conclusions The process of assessing and determining ship’s LCB should be
as following:

1.
2.

3.

Estimation of the desired LCB based on the least resistance criterion.
Configuring the general arrangement of the ship so that the longitudinal gravity/
mass center LCG of the ship is close to the desired LCB, i.e., LCG = LCB.

If step 2 requires significant changes in the general arrangement, the mutual
approach of LCG and LCB is recommended with the simultaneous change of the
distribution of weights and distribution of displacement (i.e., of LCB).

. In practice, due to the different loading situations, continuous changes of LCG

and LCB and the establishment of trim during ship’s operation are inevitable.
Aft/stern trim is acceptable if it does not exceed certain limits (see, e.g., MAR-
POL regulations for tankers t,<0.015 L in the extreme ballast condition, which
ensures sufficient immersion of the propeller). It is true that with the introduction
of a bulbous bow, as a way of reducing ship’s wave resistance (see Sect. 3.4), the
volume of forepeak tank is increased, thus large ballast water space and suffi-
cient trim moment are disposed for the balance of stern trims. This is particularly
evident for ships with the engine room astern and LCB forward of amidships
(e.g., tankers and bulkcarriers).

. General approach to the positioning of LCG by redistribution of cargo and avoid-

ance of severe LCG changes:

a. Consider the carriage of relatively heavy cargo in the middle part of the ves-
sel. This is achieved by:

— Forming the bow without sheer, having short forecastle and no cargo hold
in the bow region

— Placement of the bow collision bulkhead as abaft as possible (at the limit
of the Classification Societies’ requirements)

— Considering higher double bottom at the forward cargo holds

— Selecting compact propulsion plant with small required area/volume of
machinery and installation of the fore engine bulkhead to the aft as possible

b. Disposal of ample spaces for supplies and fuel, beyond the minimum values,
for the flexibility to carry fuel and supplies at various longitudinal positions
as to easier balance undesirable trims in the operation of the ship due to fuel
consumption etc.

c. For particularly heavy cargos, such as ores or crude oil, since some holds may
be left empty (ore carriers), the position of the LCG can be effectively con-
trolled with a corresponding redistribution of the cargo load. However, this is
almost impossible in practice for break bulk, general cargo ships and box type
cargo carriers, as their cargo in principle is transported as homogeneous cargo
without differentiation of weights, except for heavy cargo units.
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6. It is an established opinion of experts that the empirically recommended optimal
LCB values for ships without a bulbous bow can be also applied to ships with a
bulb. For ships with very protruding bulbs in front of the forward perpendicular,
Schneekluth (1985) proposed the shift of the optimum LCB obtained for ships
without a bulb ahead of the original optimal position by 50 % of the protruding
length of the bulb.

3.1.3 Parallel Body Length (L,)

The parallel body length (L) of the ship is defined as that part of the ship length
for which the sectional area curve is constant, i.e., horizontal, around the middle of
the ship.

b.1. Effect on Resistance As a general rule, an increase of the parallel body extent
causes a relatively sharp expansion of the sectional area curve when moving from
the ends toward the midship; this is also visible in the corresponding shiplines of
the hull (sharp shoulders). For a given displacement, an increase of L, implies an
increase of the prismatic coefficient C, and hence of the resistance, especially of
the wave resistance component. However, for low speeds/Froude numbers, due to
the significant frictional part of the total resistance, which is not much affected, the
effect of L, on the required propulsion power is relatively small.

b.2. Effect on the Construction and Exploitation of Hold Spaces It is obvious
that the construction of the parallel body of a ship is simple and hence economi-
cal, due to the possibility to use identical structural elements (plates, stiffeners,
3D building blocks) for a significant part of the ship’s volume and this facilitates
automatized production procedures.

The exploitation of hold spaces in ship’s parallel body proves optimal, because of
the almost rectangular cross-section of the parallel body, with small curvature radii
at the bilge region and hardly any elevation at the bottom.

b.3. Conclusions—Recommendations

1. Generally the consideration of a parallel body for a ship under design is only
recommended for low Froude numbers (F <0.24).

2. The recommended/proposed L, length increases as the Froude number reduces.
Simultaneously, the recommended longitudinal buoyancy center LCB moves
forward and the parallel body length L, extends more to forward than to aft Fig. 3.6.

3. Approximate empirical L, values

AYRE

F,=0245 =L, =0
=015 =L,=047L
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German Schiffbaukalender (1942)

F=0.255 =L,=0
Forlow F, = L, up to 0.32L

Series 60
C,=0.60,L, =0
C; =0.65,L, =0.035L
C,=0.70,L, =0.110L
C, =0.75,L, =0.210L
C, =0.80,L, =0.300L
Statistical Data
Slow cargo ships L,=0-0.10L
Tankers and bulk carriers =0.30-040L
Coasters =0.10-0.15L
Other ships without a parallel body

4. A designer must pay attention to the difference between ship’s parallel body and
the parallel section of the design waterline (see Chap. 4).
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3.1.4 Length of Entrance (L) and Length of Run (L) of the
Sectional Area Curve

The length of entrance (L) and length of run (L) of the sectional area curve deter-
mine approximately the position of the forward and astern shoulders of the ship and
the following is obvious:

L+L,+L,=L

The following figure shows the recommended values of L, L, and L, by Lindblad,
as well as their relative position with respect to amidships versus the prismatic coef-
ficient C,, (for L/B=7) (Fig. 3.7).

As long as the L/B ratio is less than 7, the decrease of L, is recommended, i.e.,
for L/B=6.7 a reduction by about 3 % is recommended. The same applies to higher
Froude numbers. However, the figure is not suitable for general use because of the
many involved parameters.

c.1. Influence on Resistance The basic principle for selecting the length of en-
trance L, is the minimization of the generated transverse bow Kelvin type wave sys-
tem (starts with a crest at the bow) through the superposition with the corresponding
system of the bow shoulder (starts with trough).

The ultimate objective is certainly to reduce the wave resistance. Thus, we obtain
due to the relationship (see Sect. 2.3)

081 | 0.32 Lep : | o.'raao : 0.240 0750 Lg LR

Cp 080 0.325 0.435 | 0.240 0737
o079 | 0.335 ‘-._\ | 0.420 .-'I 0.245 0732
078 0.355 0.350 f 0.255 0718
077 | 0.370 | 0370 / 0.260 0.702
o e e
0.75 : | : : 0.641
e
0.73 - 1 ? : 0.785
072 0.400 | 0.270 0.330 0.825
071 0.410 0.230 / 0.360 0878
070 0.420 | 0200 | 0.380 0.905
069 | 0.430 | 0.165 _}f 0.405 0.842
068 | 0.440 |\ 0125 / 0.435 0.989
0.67 0460 0'.090/ 0.450 1.000
066 0.465 | 0060 0.475 1002
0.85 . ! L L

AP. 01 0.2 0.3 0.4 [0y} 06 07 0.8 0.9 F.P.

Fig. 3.7 Lengths of entrance, run and parallel body of sectional area curve versus prismatic coef-
ficient C, by Lindblad (for L/B=7)
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Fig. 3.8 Superposition of
bow and fore shoulder wave
systems for L =) (‘—-_}-\N—_—/

Lg/L = Aw/L = 2F,>

where A _: length of generated waves=(2n/g)V?, V: ship speed

or

for Lg/L =0.16, 0.25, 0.42,

F, =0.16,0.20,0.26.

With the same reasoning the superposition of the forward shoulder wave system
with that of the stern shoulder could be attempted, i.e., the following should apply

(L +L,)/L=\,, /L=2nF’

However, the effect of this superposition will be not particularly drastic, because of the
highly faired/streamlined stern shoulder to avoid the flow separation in the stern region.

It is recalled that, in the above elaborations the corresponding lengths apply only
to a single design speed, due to the direct relationship between length of the gener-
ated waves and ship’s speed.

In the course of the selection of the length of run L, we should attempt to avoid
pronounced hull form changes at the stern and aim at a relatively smooth stern
shoulder, thus as large L, as possible should be aimed, to avoid high eddy resistance
due to flow separation. Known approximation semi-empirical formulas for L, are:

L, =4.08,/4,, (by Baker)
L, =3.2:vBxT/C,(by Alsen)

c.2. Conclusions

1. Shaping of forward shoulder: It is recommended to avoid pronounced hull extru-
sions for deliberately triggering an intense forward shoulder wave system that
could be superposed to the generated bow wave for wave attenuation at a single
speed, as this might lead to a severe tuning of the wave systems at other speeds.

2. Shaping of stern shoulder (hip): A smooth hull shape at the stern shoulder is rec-
ommended for all types of ships, in particular for bulky ships (tankers), to avoid
the separation of streamlines in view of the resulting intense flow acceleration
in transverse direction (leads to abrupt increase of pressure, flow separation and
generation of eddies).
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3.1.5 Angle of Entrance/Run of Sectional Area Curve

The definition of the angle of entrance of the sectional area curve is shown by the
following figures for ships with and without the bulb. The angle of entrance is
namely defined via the tangent to the sectional area curve at the fore perpendicular.
The well-known ratio of entrance, introduced by D. Taylor is namely:

t = A,,/4,, (ships without bulb)

t= % (ships with bulb)
M B
where
A,;:  Area of midship section
App: Height amidships of the tangent to the sectional area curve at the fore per-
pendicular amidships (see Fig. 3.9)
Ay Area (a fictitious area, see Fig. 3.9b) of bulb cross section at the fore
perpendicular.

From classical theoretical considerations of the eminent German hydrodynamicist
George Weinblum' and experimental results of D. Taylor, the qualitative diagram
Fig. 3.10 was developed,” which relates the ratio t with the prismatic coefficient C,.

Observing the Fig. 3.10, it is noted that in addition to the recommended high val-
ues (t) for large coefficients (C,), an increase of t for small C, coefficients (<0.63)
is also recommended (with t=0, for C,=0.63), which may be interpreted as an
indirect recommendation for fitting bulbous bows to fast vessels (reduction of wave
resistance). The above are confirmed by the i values for Series 60 models listed in
Table 3.1.

Recommendations for the Entrance of the Sectional Area Curve (see Figs. 3.11
and 3.2)

1. For small F, numbers (high C,), a straight to convex entrance shape of the sec-
tional area curve (vessels without bulbous bow) is recommended.

2. For high F, numbers (low C,), a concave form is proposed at the entrance, with
a progressive shift of the curvature’s inflection point aft wards, as the F, number
increases.

Recommendations for the Run of the Sectional Area Curve (see Fig. 3.2)

1. To avoid flow separation at the stern and an increase of the eddy resistance, a
smooth as possible run of the sectional area curve is recommended.

! Georg Weinblum (1897-1974): Renowned German hydrodynamicist and former professor of
ship theory at the University of Hamburg; before becoming professor in Hamburg after WWII he
worked as researcher at the DTMB in Washington D.C; his main contributions are in the theory of
ship’s wave resistance and its relationship to ship’s hull form, what has been considered as a first
approach to modern numerical hull form optimization methods.

2 The diagram is of historical value and is believed to have been developed after WWIL. Source of
information are the lectures of Prof. E. Strohbusch on ship design (1971).
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3 Ship’s Hull Form
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Fig. 3.9 Definitions of angle of entrance of sectional area curve for ships without (a) and with (b)

bulb. (Lewis 1988)
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Fig. 3.10 Qualitative rela-

tionship of optimal angle of
entrance with the prismatic dq4=——
coefficient acc. to G.
Weinblum t

Fig. 3.11 Entrance of the
sectional area curve |

F.P.

2. For low and moderate Froude numbers, a straight to slightly concave curve
shape is suggested, while for high Froude numbers a more intense concave form
resembling S is proposed.

3.2 Form of Waterlines

The relationship of the form of the design waterline (CWL or DWL: Construc-
tion and Design WaterLine) and indirectly of the neighboring waterlines (i.e., those
parallel to the design waterline, but close to above/below it) to the other hull form
curves of the ship, such as sectional area curve, the profile of bow and stern and the
character of the sections (U or V) is obvious, even for fixed lengthwise distribution
of displacement (given sectional area curve).

Criteria of Shaping of Waterlines
A. Hydrodynamic Aspects
a.l. Entrance of Design Waterline

* Low F_numbers: convex form

* Medium and high F_ numbers: concave form

* Very high F : straight (large L/B for fast ships) to concave form (small L/B)
(Fig. 3.12).
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Fig. 3.12 Angle of entrance of design waterline o, =f(C,), Series 60

The angle of entrance of DWL should be approximately as follows (Heckser 1939):

C, 055 065 075 0.85
o [°] 8 10 21+24 37

The above values apply to hull forms with L/B="7. For L/B # 7, the angles can be
corrected as following:

t =t *
an (0i) = tan (0t )L/B

where o *: angle of entrance of waterline for L/B=7. It should be noted that modern
ship hull forms with intense V sections at the bow have slightly higher oy, values than
the proposed ones by Heckser. In addition, in recent years the new type of parabolic
bow for low-speed bulky ships (tankers, bulk-carriers) has been developed, with
nearly vertical entrance of the corresponding waterline (0, =90°, see Sect. 3.4).

a.2. Entrance of Neighboring Waterlines: With the exception of ships with bul-
bous bow, the angle of entrance of waterlines below the DWL must decrease, com-
pared to that of the corresponding DWL, whereas, for the above DWL waterlines
the angle gradually increases.

Nevertheless it should be noted that for certain types of ships, e.g., liner ships,
which are seldom fully loaded, hence they do not sail at the design waterline, or for
tankers in ballast condition, the shape of the waterlines near the DWL is as impor-
tant as that of the design waterline.

Ships with bulbous bow are distinguished for their very small angles of entrance
at the design waterline and the progressive increase of this angle above and below
the DWL, particularly in the bulb region, where it reaches 90°.

a.3. Curvature Radius of DWL Entrance: While the design radius of curvature
of the DWL entrance at the bow can be theoretically assumed very small to zero, in
the actual construction/manufacturing a feasible, minimum radius of curvature will
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Fig. 3.13 Bow panels clo-
sure at design waterline using
stem-beams of circular cross
section

be practically achieved. This is in practice implemented by use of beams of circular
cross section for the closure of the bow panels around the DWL (stem of the ship).
The diameter of the cross section of these circular stem-beams can be 3—4 times the
thickness of the plate panel ends (see Fig. 3.13).

The gradually increasing radius of curvature of the part of the bow above the
design waterline can reach 4% B (for C;=0.72) at deck level, while significant ex-
cesses beyond this limit are not recommended due to possible slamming problems
at the bow (in view of the resulting large sectional flare of the bow above the design
waterline) and the associated increased hydroelastic structural loads/vibrations and
the added resistance, when sailing in waves.

a.4. Run of Waterlines: To avoid flow separation and the generation of vortices
in the aft ship section it is suggested by Baker that the angle of run of waterlines
shall not exceed approximately 20° at any point of the waterline. Of course, this
is practically not always possible, particularly for bulky ships; thus, a shift of the
region with pronounced changes of the waterline’s slope to the aft as possible is
recommended, in order to limit the extent of flow separation at the stern. This is
expected particularly in case of ships with transom stern. As to the flow separation
at ship’s stern it should be noted that the stern of single-propeller vessels is more
favorable compared to that of twin-propeller ships. In addition, because the stream-
lines around ship’s hull follow primarily ship’s diagonals, and to a lesser degree
the waterlines, it would be more appropriate to apply the aforementioned thoughts
equally to the shaping of the diagonals.

a.5. Length of Parallel Body of Waterline:

Typical values L,(CWL)/L,, (%)
Fast cargo ships 20-25
Slow cargo ship 30-35
Coasters 40-50
Tankers, bulk-carriers 50-60
Reefers 10-15
Fast passenger ships ~15
Slow passenger ships 20-25
Ro-Ro passenger ships 25-35
Small ferry ships 20-25
Trawlers 15-25

Seagoing tug boats 20+30
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Fig. 3.16 Qualitative varia-
tion of LCF and LCB with ! 1CB
respect to ship’s draft A 5

——— CWL

H

Base

a.6. Half-Breadths of Design Waterline, Series 60: In Figs. 3.14 and 3.15 the
half-breadths of the waterlines for hulls of Series 60 are given as a function of the
prismatic coefficients of entrance C, and run C,, (Figs. 3.14 and 3.15).

a.7. Centroid of Waterplane Area—Center of Floatation (CF): The longitudinal
position of the centroid of the design waterplane CF (center of floatation) is usually
located astern of the center of buoyancy. In addition, depending on ship’s draft, the
longitudinal position of CF, compared to that of the center of buoyancy LCB, is
generally more aft for the large drafts, while in relatively low drafts and waterlines
this relationship is reversed (see Fig. 3.16).

The above elaborations are of special importance for the balance of the longitu-
dinal moments that may arise for various loading conditions, bearing in mind that
the axis of (hydrostatic) trim passes through the CF.

a.8. Waterplane Area Coefficient CWP: It has already been discussed in
Sect. 2.11.4.

B. Effect of CWL on Stability The effect of the waterplane area coefficient Cy,
and of the form of CWL on the stability is well known from prior comments on the
coefficient C,,. In general, with an increase of C,, (full type waterlines) improve-
ments of the form stability are achieved due to the increase of the transverse moment
of inertia (and of BM), while for constant sectional areas and intense V-type sec-
tions we have simultaneously an increase of the vertical position of the center of
buoyancy (KB).

C. Influence of CWL on Trim and Seakeeping For small angles of trim and
as long as the hydrostatic phenomena are concerned, the transverse axis of ship’s
trim passes through the center of flotation (CF). Hydrodynamic phenomena, as
presenting with dynamic pitch motions when the ship is sailing in waves, depend
also on the form of CWL. The axis of dynamic pitch is not easy to be determined
(it is time-varying), although located near the axis of hydrostatic trim (CF) and
in between to ship’s mass center. The axis of pitch is of particular interest for the
determination of the motions of bow (slamming phenomena) and stern (propeller
racing phenomena).
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Fig. 3.17 Basic types of ship f a

b d, ¢ c
sections / /
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3.3 Form of Sections

Besides the prismatic coefficient C, and the slenderness coefficient L/V'" the type
of sections, i.e., the transverse sections of ship’s hull, provides the essential charac-
ter of the vessel’s hull form.

3.3.1 Types of Sections

Typical examples of sections of modern ship types are sketched in the following
Fig. 3.17.

The common classification of the various types of ship sectional forms is given
in the following:

U type

. Vitype

Rectangular (midship sections)

. Circular type (nearly constant radius of curvature, for sailing yachts)
Hard-chine (with one or two chines, application especially to high speed boats)
Bulbous type (applications: to bow and stern region, but in older times also
applicable to the midship section of passenger ships and warships).

o a0 o

3.3.2 Midship Section Form

* General Comments: Regarding the selection of the midship sectional area co-
efficient C,,, as well as of the bilge radius r, and the deadrise d,, relevant com-
ments were made earlier in Sect. 2.11.
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b c

Fig. 3.18 Entrance ways of sections. a Flat keel. b Demanding vertical keel. ¢ Simple vertical keel

LIf/rr

Fig. 3.19 Basic midship section forms

* Entrance Ways of the Bottom of Midship Section: For ships with a flat keel,
(i.e., for all large ships) and elevated bottom (with deadrise) it is recommended
that the deadrise starts from the edge of the keel (see Fig. 3.18a). In contrast,
for small vessels, with vertical keel, it is appropriate to avoid demanding curva-
tures to the keel, because it will not improve significantly the flow around the
keel, whereas it will cause difficulties in the construction/fitting of the keel (see
Fig. 3.18Db, c).

» Sides of Midship Section (Fig. 3.19):

a.
b.

Common midship section with vertical sides

Bulbous underwater section to improve the stability at small drafts according
to the German Naval Architect Foerster (applied to old transatlantic passenger
ships). Also, it offers the possibility of fitting additional underwater armor to
the hull (old warships).

Flared V section (ferries, icebreakers, flare especially above the waterline)

. V sections below the waterline and vertical sides at and above the waterline

(applied to some containerships, see lines drawing of contemporary German
containership, Sec. 3.4). They ensure reduced GM for 