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PREFACE

During the last century the science and technology of ships and marine structures experienced
extremely great progress, and thus created the modem shipbuilding, shipping and ocean industries.
The relevant achievements were a part of the driving sources, which changed the whole world and the
society. Among the efforts towards these achievements was the creation of “The First International
Symposium on Practical Design in Shipbuilding” in 1977 in Tokyo. Later on it became a series of
symposia, PRADS as the abbreviation. Last century seven PRADS symposia were held in Tokyo (77
and "83), Seoul (’83 and "95), Trondheim (*87), Varna (’89), Newcastle ("92) and The Hague (’98).

This proceedings contains the papers presented at “The 8th International Symposium on Practical
Design of Ships and Other Floating Structures” held at Shanghai Everbright Convention & Exhibition
Center, China on 16-21 September 2001. This is the first of the PRADS Symposia in the 21st century.

The overall aim of PRADS symposia is to advance the design of ships and other floating structures
as a professional discipline and science by exchanging knowledge and promoting discussion of
relevant topics in the fields of naval architecture and marine and offshore engineering. Inline with the
aim, in welcoming the new era this Symposium is particularly for an increase in international
cooperation and giving a momentum for the new development of design and production technology of
ships and other floating structures for efficiency, economy, safety, and environmental production.

The main themes of this Symposium are Design Synthesis, Production, Hydrodynamics,
Structures and Materials of Ships and Floating Systems. Proposals for over 270 papers from 26
countries and regions within the themes were received for PRADS’2001, and about 170 papers were
accepted for presentation at the symposium. With the high quality of thc proposed papers the Local
Organizing Committee had a difficult task to make a balanced selection and to control the total number
of papers for fitting into the allocated time schedule approved by the Standing Committee of PRADS.

Volume [ of the proceedings covers the subjects about design synthesis, production and part of
hydrodynamics. Volume II contains the subjects for the rest of hydrodynamics, structures and
materials.

On behalf of the Standing Committee of PRADS and the Local Organizing Committee of
PRADS’2001, we would like to thank all the participants for their great contributions to the successful
symposium. The full support from the sponsors, Mechanical and Vehicle Engineering Division of
Chinese Academy of Engineering, Chinese Society of Naval Architects and Marine Engineers, and
Chinese Institute of Navigation are greatly acknowledged. Sincere gratitude is also extended to China
Ship Scientific Research Center, Shanghai Jiao Tong University and other institutes and shipyards in
China, who have helped the preparation of this Symposium.

You-Sheng Wu
Wei-Cheng Cui
Guo-Jun Zhou
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Standing Committee. The Symposium gained the generous support of many sponsors. They are listed
together with the membership of the committees in the following.

HONORARY ADVISORY COMMITTEE

Mr. Rong-Sheng Wang, President, Chinese Society of Naval Architects and Marine Engineers
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ABSTRACT

This paper presents the development of safety culture and ship & offshore installation design standards.
It is based on the demand of the development of ship, offshore engineering technology in 21st century
and introduces a new design concept — safety, environmental protection and economy. It also briefly
introduces what China Classification Society has achieved in this respect.
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1 INTRODUCTION

Since mid seventeenth century when class came into existence, classification societies have been
making every effort to prevent safety at sea and marine environmental protection. With the
development of scientific technology and ship & offshore installations design standards, new
technologies have been woven into class rules.

For the past half century, conventional technology has been challenged by information technology.
Rule-making and survey which are carried out by class has changed radically. The challenges becomes
even greater with ships becoming bigger, transportation becoming specialized.

With all these developments, design technology has undergone great change. In order for shipbuilders
to obtain greater profit, systematic and standardized ship & equipment design has become increasingly



important. In addition to safety requirement, there are increasing demand from shipping companies for
operability and economy, which poses challenge to design technology.

The International Association of Classification Societies (IACS) has been working hard in this respect
and set up new standards regarding ro/ro ships, bulk carriers, tankers and materials application. IACS
is playing a significant role in reducing maritime disasters. Some of its technical standards have been
incorporated into the mandatory requirements of the International Maritime Organizations(IMO).

In 1999, IMO decided, as part of its safety objective for the new millenium (W. O’neil, 1999), to take
effective measures to identify at an early stage the factors affecting maritime safety, which is one of the
most far-reaching policies ever established since mid 90s in 20® century. This means that Formal
Safety Assessment (FSA) will be adopted as a methodology to assess rule-making process in the areas
to which IMO attaches great importance. The key of FSA is to carry out risk assessment and
management to human element, ship type, especially passenger ships including high —speed crafts,
bulk carriers and tankers. IMO is endeavoring to increase the awareness of safety culture and
environmental protection, not to make new rules but improve the implementation of the existing rules.

IMO’s endeavor has been firmly supported among shipping industries. An effective way towards
better implementation is to have dialogue with the experts from classification societies. The focus of
discussions is as follows :

- How to define substandard ship

- How to reduce maritime accidents arising from the fact that new construction of bulk carriers
engaged in unrestricted navigation areas is slowing down and existing bulk carriers that
cannot be alternated are in poor condition.

- Shipbuilders adopt class rules as minimum construction standards to reduce costs while cost
will increase once ship owners raise the standards.

- Absence of unified loading manual.

- Upon delivery of vessels, the scope of application such as sea condition restrictions, corrosive
environment, is not in line with the requirements of ship owners

- Absence of powerful computer software designed for loading/unloading operations

- Whether and how can class be involved in the safety guarantee and conditions of delivered
vessels provided by shipbuilders.

- How to solve the inconsistency between corrosion margin and reduction of structural
scantlings resulting from direct calculation.

- How to solve the decrease of structural fatigue strength as a result of new design approach.

- Ballast exchange and induced cracks

Insurers are also concerned when facing such serious situation (M. Marshell, 1999). The International
Underwriting Association (IUA) put forward its definition of substandard ships. “Substandard” cannot
be defined by degree of compliance with rules and regulations. “Substandard” is the status of the ship
that poses threat to safety. To be specific, it includes the following implications:

- the events leading to accidents or vessels failing to survive harsh environment such as heavy
seas.

- the events deteriorating accidents if happens.



Substandard is a comprehensive concept. Some even propose a four “M” definition:

- Maetal: improper design leading to poor working environment such as improper use of high
tensile steel, which result in vibration and noise.

- Machinery: technical status of main engine and shafting

- Men: technical competence, training and health (including mental health) of seafarers

- Management: all parties involved in maritime safety, including shipping companies, ships.

Therefore, substandard is not only applicable to ships, but also to flags, port states, class, shipping
companies, seafarers and technical factors including ship type, age, and economic elements. Today. it
is not justifiable to blame one single party for an accident.

All the above-mentioned organizations, together with insurers, P&I(Premiumé&Indemnity),
shipbuilders, cargo owners, charterers, maritime courts, maritime arbitration organizations, banks,
training institutes, link up the maritime safety chain. All the interrelating partners must fulfil their
share in maritime safety.

Maritime safety culture replaces the traditional safety concept. Today maritime safety and
environmental protection are associated with ship’s quality, shipping quality, the condition of waters,
maritime biology, resource recycling, risk (assessment) management and investment, and associated
with the responsibilities of everybody involved. The concept of safety culture has been incorporated
into design standards of ships and offshore installations,

This paper will further illustrate the interrelationships between maritime safety culture and
development of ship and offshore installations design standards.

2 ACCIDENT AND CASUALTIES - THE DRIVING FORCE TO IMPROVE SAFETY AND
ENVIRONMENT PROTECTION STANDARDS

In shipping history, people had not paid much attention to maritime safety for centuries until Titanic
disaster.

Today, great changes have taken place in maritime world. The international maritime industry does not
tolerate loss of vessels, offshore installations, loss of life and damage to the marine environment. In the
past ten years, a large number of intemational conventions, regulations have come into force after all
the accidents. There are too many conventions and IMO has decided to shift its focus from making
new rules to implementation of existing rules.

Lesson has been learnt from the loss of over 100 bulk carriers and 500 seafarers in 1990°s. Improper
design, irregular loading, untimely maintenance and pursuit of nothing but commercial interests will
lead to accidents.

Lessons have been learnt from the loss of Estonia in Baltic sea in 1995 that aside from improving bow
and stern door structure, great attention should be paid to the monitoring and management system of a



vessel.

Lessons have been learnt from the losses of Leader L and Erika in recent years that ships under poor
maintenance will pose great threat to safety at sea and marine environmental protection.

Statistics show that 80% of marine accidents are caused by human elements, which has been widely
accepted among the maritime world.

Maritime safety chain provides a sound base for prevention of marine accidents. To ensure chain is
working well, efforts must be make in all associated areas, such as ship and offshore installation design
standard, quality assurance audit, management of maritime administrations and recognized
organizations, training and examination of seafarers. Regional PSC MOU (Port State Control
Memorandum) has also played an active role in promoting maritime safety and environmental
protection.

Ship age is another key element leading to marine accidents. Therefore, safety control of ships within
her life span is put on the top of the agenda. There is detailed analysis of the age of the world fleet as
follows.

The youngest fleet is container fleet, 50% of which are under 5 years of age. Bulk carrier fleet is older,
30% of which are under 5 years and the average age is below that of the total world fleet. General
cargo ship fleet comes last, 7% of which are under 10 years of age and only 2% under 5 years. This
implies that general cargo fleet is shrinking and will be gradually replaced by containers including
semi-containerships and multi-purpose vessels. The same thing happens to refrigerator ships. More
seriously, world passenger ships are aging rapidly, 44.3% of which are above 25 years. Although there
have been new constructions in the near decade, however the situation can not be changed quickly.

To solve the above problems, actions must be taken in two aspects. One is that new construction
standards should be reviewed and improved, such as requirements for tanker to have double hull, and
requirements regarding longitudinal strength, local strength including transverse bulkhead and double
bottom, bow/stern door of ro/ro ships. The other is to review the technical status of existing ships
including survey scheme and inspection method. Due to the implementation of IMO resolutions
concerning transverse bulkhead between No.l and No2 holds and new strength requirements for
double bottom of No. 1 hold of bulk carriers, bulk carrier losses have been drastically reduced.
Requirements for longitudinal strength and fatigue strength of tankers are under review. Enhanced
Survey Program (ESP) of bulk carriers and tanker as well as Condition Assessment Scheme (CSA) to
tankers will come into force shortly. The revised 13G of MARPOL will lead to the fact that a large
number of tankers will be phased out.

It is true that any accidents will bring about the improvement of ship and offshore installation safety
standards, design standards and management. Accidents are the driving force of better safety and
environmental protection standards,



3 SAFETY CULTURE AND DEVELOPMENT OF SHIP AND OFFSHORE INSTALLATIONS
DESIGN STANDARDS

3.1 Maritime safety culture

As | have mentioned previously, safety chain promotes safety culture. Maritime safety culture can be
defined as spirit of safety at sea and the associated systems, behaviors. The spirit of safety at sea means
the objective of safeguarding of safety at sea and prevention of marine pollution. To pursue such an
objective, all the partners involved in the safety chain take their own responsibilities in the context of
safety culture.

3.2 Extension of implication of maritime safety culture

Safety cuilture is evolving. Half of centuries ago, safety at sea was regarded as the responsibility of
shipping companies and ships. Share of responsibility was not clear and not many parties were
involved. Safety chain was not in place due to lack of insight and low level of scientific technology.
Conventions and regulations did not have substantial content and class rules and regulations were far
from mature. For one hundred years, class rules had relies on experience or a combination of
experience and theory.

Today, it is changing. With the rapid progress of technology, globalization, development of information
technology, ship and offshore engineering technology has developed into a systematic science. The
rapid progress of ship and offshore engineering technology has promoted the development of
shipbuilding industry, shipping industry and seaborne transportation. Safety chain has involved more
and more parties in the areas of shipowning, administration, maritime economics, management,
ideology, media and many others (See Fig.1). A well-functioning safety chain has greatly enriched the
maritime safety culture (Li Kejun, 2001).

The discussions about substandard ships has gone more extensively and extensively and brought about
the discussions on quality shipping, which is beyond technical considerations. Quality shipping is an
extended concept. In addition to the four “Ms”, it includes the concept of quality control. All partners
are part of the quality system. In IACS, some members have acquired ISO9000 certificates aside from
IACS QSCS certificate. Some shipping companies are working towards 1SO/14000 and ISO/18000 in
addition to ISO/9000. Quality shipping is also a part of safety culture.

One of the characteristics of modern society is associated with risk and risk-assessment. Classification
societies have introduced the methodology of risk assessment to its rule-making process. Risk
management has become a major part of safety culture.
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3.3 Classification society — a major role in safety culture

Class has been working towards safety at sea and environmental protection for many years. For half a
century, class has been widely recognized by the intemational maritime world for being
internationalized, impartial and authoritative. Class nowadays is providing service for the maritime
industry with its technical expertise in the following aspects:

Continuously improving rules and regulations in response to the development of ship & offshore
installation design. Class rules reflect the most advanced technologies and researches. For the recent
ten years, direct calculation and software adopted by class has contributed to solving the problem of
increasing ship size, which is recognized by the International Ship and Offshore Structures Congress
(ISSC). Class is also making efforts to increase transparency in its technical services.

Class has started to incorporate its services into risk management recently and become a technology
producer rather than a mere technology verifier. Awareness of service provider has been enhanced.
Through IMO ISM Code audit and certification, class is playing a significant role in promoting the



safety system of shipping companies and ensuring their safety system to be in compliance with
international standards. Under IMO Resolution A. 739 (18) and A. 789 (19), class is carrying out
survey authorized by flag administrations and consequently taking its share of risk.

Self-discipline and continuously improving its survey and assessment method should comply with
quality shipping requirements. QSCS (Quality System Certification Scheme) is one of the major step
forward taken by IACS in this respect, including establishing Codc of Ethics, Vertical Contract Audit,
Enhanced Survey Program, Transfer of Class Agreement, and recently contributing to Condition
Assessment Scheme. Some of the above are made mandatory by IMO.

3.4 Development of ship and offshore installations design standards in 21st century

As mentioned above, the international maritime world has come to know the fact that safety culture is
taking form. Maritimc safety culture and standard making are complimentary. Maritime safety culture
has affected the development of ship and offshore installations design standards in the following
aspects.

Risk management has been introduced into design standards, which indicates that a completely
technical standard is not sufficient, while comprehensive, economics-wise standards in compliance
with basic safety standard are needed. FSA is applied as one of the major methodologies regarding risk
management, which has a significant influence on rules and regulations. Now, FSA is applied to areas
of explosion prevention, fire protection, collision and grounding prevention.

The information technology (IT) and database developments have led to changes in design standards
for ships and offshore structures. The following research areas with IT development have achieved
substantial progress.
- design within the ships’ life, such as
fatigue design,
crack extension design,
ultimate strength design;
- application of new materials including consideration for geometry non-linearity, material non-
linearity;
- wave-loading from 2D linear, 2D non-linear to 3D linear, 3D non-linear;
- transportation under high or low temperature for asphalt carrier, LPG and LNG;
- vessels of special purposes such as SWATH and WPC;
- direct calculation of vessels of large size, such as VLCC, ULCC, large sized bulk carriers and
container vessels.

Great progress has been made in terms of techniques, such as application of high tensile steel,
segmented and integrated construction, laser, equal-hydronium welding, cutting welding robots to the
following areas (Wu Yousheng et. al., 1999):

- Moulding technics simulation;

- Precision control design;

- Disfigurement disciplinarian prediction;

- Improvement of fatigue strength at nodes by Titania Inertia Gas (TIG) and ultrasonic technology.
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Today, ship & offshore engineering design have developed from singularity to complexity, from
ambiguity to accuracy, from safety to safety economics. It is predictable that in the 21st* century, ship
& offshore installation design standard as well as design technology will develop at a rapid speed.

3.5 Initiatives taken by classification societies with regard to services

To reduce the freight cost, it is inevitable to increase the size of the ships. VLCC, large-size container
ships and bulk carriers are the main force of the international shipping. The development of building
technology of such ships will remain the prevailing trend for a considerable period in the future. In my
opinions, it is in such areas that classification societies should remain their advantages at the following
aspects in order to provide better services. The objective of these initiatives is to:

- promote the scientific research and rules formation, so that classification societies are equipped
with an ability in structural design and strength analysis of ships with added hi-tech and hi-value,
and that the rules and guidelines affected can meet the present application on the one hand and are
forward-looking on the other;

- train a contingent of well qualified bellwethers and followers in science and technology;

- search and conclude the new mode of operation in rules and research by focusing on the customer
and market needs, its main contents being as follows:

- to integrate the updating requirements of IMO & IACS into the service plans, including:

- longitudinal strength of bulk carriers;

- bulkhead and double bottom strength of bulk carriers;

- hatch cover strength of bulk carriers;

- deck load of bulk carrier;

- longitudinal strength of oil tankers;

- fatigue strength of oil tankers;

- TACS unified requirements concerning tanker structural scantlings;
- effect of diminution allowance on structure strength;

- research on application of FSA;

- calculation methods and criteria for longitudinal strength and partial strength of large-size
container ships;

- direct calculation software developed by classification societies;

Based on the above, we believe that new type of ships (embodying safety, environmental protection
and cost-effectiveness) should be developed, which meet the following latest requirements:

- present international conventions;
- ship building rules in force;

- better cost-effectiveness as required by the using purpose (suitable main scantlings, energy-saving,
excellent loading, etc.) ;

- structural type and corresponding standardization;

Appropriate class notations are to be assigned to the above ship type.



4 CONCLUSION

In conclusion of the above, maritime safety culture is taking shape on the basis of maritime safety
chain, which is characteristic of the human advancement and will definitely create a deep influence on
the development of the specifications for designing the ships and offshore installations in the 21st*
century. The continuable marine production must be on the basis of maritime safety chain combined
with consideration of economic influence in order to reach the objectives of both quality shipping and
environment protection. CCS is determined to develop the maritime safety culture together with other
partners on the same chain to make it the common fortune of the human beings and to create a safer
and cleaner ocean in the 2 1st* century.
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ABSTRACT

The topic of this lecture is the Structural Safety of Ships. This is a very broad topic and this lecture
will focus on tankers and bulk carriers, two ship types that have been the subject of structural safety in
recent years. It is interesting to explore the motivating forces behind many of the technical
developments that have affected structural design and safety of tankers and bulk carriers over the years
by considering:

e What were the economic and regulatory forces driving technical change?
e How did the industry respond to these forces?

e  Where do we stand today?

e And, what are the implications for the future?
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1 HISTORICAL PERSPECTIVE

I would first like to give a historical perspective on how the design and safety of tankers experienced
the greatest changes during the last 40 years.

I will begin with the 1960’s and 1970’s, which were a time of incredible growth in the field of ship
technology, particularly in tanker design. This growth was economically driven as it was a period of
rapid developments in the economies of Europe, Japan and America.

In the decade of the 1960’s oil consumption increasing at more than 7% annually. As a result tanker
demand increased an annual average of more than 12%.

These economic driving forces promoted the most dramatic changes in tanker design that the marine
industry has ever experienced. The 50,000 dwt super tanker became the 250,000 DWT VLCC and
500.000 DWT ULCC.
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These changes, while initiated in the 1960’s continued to influence tanker designs and tanker safety
into the first half of the 1970’s. However a single event in March 1967 began a shift from primarily
economic driven change to primarily regulatory change.

That event was the grounding of the 119,000 DWT tanker, Torrey Canyon, off the southwest coast of
England. For the first time the tanker industry and the public realized the unfortunate impact of a large
tanker grounding on the marine environment. Also in a one week period in December 1969, three very
large tankers experienced significant explosions while water washing crude oil tanks during the ballast
voyage. One of the ships was severely damaged that it sunk, the other two were badly damaged.
Studies later indicated that the large cargo tanks could actually have layers of hydrocarbon vapors,
which were in the explosive range. It was also learned that water washing could build up charges of
static electricity to cause such explosions to occur. A concerned industry would soon develop Inert
Gas Systems as the solution to the explosion problem.

These events, the grounding of the Torrey Canyon and the VLCC explosions, changed the primary
driving force for technical safety changes in tanker design from economic to regulatory.

2 TANKER DESIGN AND THE MARPOL CONVENTION

Following the grounding of the Torrey Canyon, public pressures began to build on governments to
revise the standards for designing and operating oil tankers. As a result, the International Convention
for the prevention of Pollution from Ships was held in London in 1973.

The resulting MARPOL 73 Convention and amendments established the need for segregated ballast
tank capacity for new tankers over 73,000 deadweight tons, to be implemented in a phased manner by
1979. The amendments placed a limit on the size of cargo oil tanks, set limits on the oil outflow in the
event of a collision or grounding, and set other operational requirements to minimize pollution.

In December 1976, the oil tanker ARGO MERCHANT ran aground off the East Coast of the United
States. The vessel subsequently broke up releasing all of its cargo, which fortunately, did not pollute
the U.S. shores. However, in the next three months there were 14 more tanker related incidents off the
U.S. coast, of which eight were serious.

Following these incidents, the U.S. government threatened unilateral action to require double bottoms
to reduce accidental oil outflow, if the international shipping community did not improve tanker
regulations and pollution prevention measures. In response, the International Maritime Organization
(IMO) scheduled the Tanker Safety and Pollution Prevention Conference for February 1978.

Shortly after the opening of that conference, the 250,000 ton AMOCO CADIZ grounded off the coast
of Brittany, releasing its entire cargo into the English Channel and onto the beaches of France. This
insured the decade of the 70’s would be one of unprecedented regulatory change for the tanker
industry.

The Convention on Tanker Safety and Pollution Prevention of 1978 dealt with a wide range of issues
involving requirements for segregated ballast tanks, clean ballast tanks, crude oil washing and inert gas
systems. These changes were directed at both new and existing tankers.

The outcome was a complex compromise that established protocols to both MARPOL 73 and SOLAS
74. Protective location of segregated ballast was accepted as a substitute for a double bottom
requirement on new tankers, which was being proposed by the U.S. Inert gas systems and crude oil
washing were also required for new tankers. Inert gas systems or crude oil washing were required to



be retrofitted on existing crude oil tankers, and redundant steering gear facilities were required on all
new and existing tankers.

With the new 1978 protocols to MARPOL and SOLAS, it was hoped that these new regulations would
mark an end to regulatory driven changes. [t was hoped that by tightening the standards on the design

of the tanker structure, the seaways would be made safer and significantly less polluted. Fortunately it
did for a while, lasting through most of the decade of the 80's

But that peace came to an end in March of 1989, when the oil tanker EXXON VALDEZ, which met
the requirements of the 1978 protocols to MARPOL, ran aground in Prince William Sound, Alaska.
The regulatory breather was over and the call for stricter regulations started over again.

3 THE U.S. OIL POLLUTION ACT OF 1990

As result of the VALDEZ oil spill, the U.S. Congress passed the Qil Pollution Act of 1990. OPA-90,
as it is commonly referred, set double hull requirements for all new tankers operating in U.S. waters
and mandated a phase out of existing single hull tankers. In its final impact, OPA-90 also prompted
the 1992 amendments to MARPOL mandating double hull tankers or equivalent designs throughout
the world.

Unfortunately the decade of the 90’s had not seen much relief in regulatory pressures. There was the
grounding of the oil tanker BRAER off the Shetland Islands, and the grounding of the oil tanker SEA
EMPRESS off the coast of Wales.

4 NEW EMPHASIS ON THE HUMAN ELEMENT

Following OPA-90 and the requirement for double hull tankers, the regulatory pressure had shifted to a
new emphasis on the human element in the marine safety equation. Within IMO, two initiatives were
developed. One was the International Safety Management (ISM) Code, which defined a management
system approach for the management and operation of all vessels. The other was major revisions to
the Convention on Standards of Training, Certification and Watchkeeping (STCW) of Seafarers.
While this has very little to do with technical design change in a direct sense, greater attention was
being given to the human aspects of marine safety, since it is known that about 80% of accidents is due
to human error.

5 RECENT CASUALTIES

Unfortunately tanker disasters resulting in oil pollution still make the news today. From December
1999 through January 1 2001 there were five major casualties that occurred in European waters. In
December 1999, the 25 year old 37,000 dwt single hull tanker ERIKA broke in half and sank 40 miles
off the coast of Brittany France, spilling over 10,000 tons of heavy fuel oil, resulting in the pollution of
the coastline. Other recent tanker casualties were:

e [EVOLI SUN - an 11 year old chemical tanker that sunk due to internal flooding, likely due to
structural failure.

e CASTOR - a 23 year old product carrier that had a 20 meter crack develop across its deck.
Fortunately it did not sink.



e KRISTAL - a 27 year old product tanker that sunk due to cargo overloading.
e BALU - a 24 year old chemical tanker that sunk without a known cause.

Many of these recent casualties were old tankers, and there is now a renewed concern about the
structural safety of aging tankers.

5.1 Aftermath — More Tanker Regulations?

With so many structural failures in older ships, the impact on the call for regulatory change is as great,
if not greater, than that which occurred after the AMOCO CADIZ grounding in 1977. Now ten years
after the passage of OPA-90 in the U.S., IMO is now considering accelerating the phase out scheme of
single hull tankers to be more in line with OPA-90 in the U.S.

6 BULK CARRIER SAFETY

Whereas the tanker safety problems have been largely focused on the prevention of accidental oil
pollution to the marine environment, the safety problems being experienced by bulk carriers has
focused on the large number of seafarer lives being lost.

There have been numerous casuaities in the late 1980’s and continuing to the present. What the
casualty statistics tell us is that bulk carriers are at higher risk as they get older. Single side skin bulk
carriers carrying high density cargoes such as iron ore are at a higher risk than when carrying other
lower density cargoes, and many of the casualties were related to flooding or structural failures in No.
1 hold.

During the period from 1983 to 1998, 48 bulk carriers were lost with many seafarer lives also lost. A
possible loss scenario is that water enters a cargo hold as a result of fractures in the side shell, or loss
of side shell plating in the forward hold in heavy weather. Seawater fills the hold causing the
transverse bulkhead to fail with progressive flooding of an adjacent hold, resulting in the sinking of the
ship. Under this scenario the bulk carrier losses can be attributed to an initial failure of the primary
watertight barrier, such as shell plating or hatch cover - followed by failure of the secondary watertight
barrier, such as a transverse bulkhead. A key issue regarding the bulk carrier casualties has been the
effect of cargo hold flooding on the structural survivability of these ships, which has not been covered
by existing rules and regulations.

Why many bulk carriers suffer damage to the side shell plating can be explained by considering the
stiffness of its cross section. The lower portion of a bulk carrier’s cross section consists of a double
bottom and hopper tanks that are very rigid and stiff. The upper portion is also very stiff due to the
upper wing ballast tanks. Both upper and lower portions are connected by the side frames, which are
the weakest links in the structure. When carrying heavy iron ore, the bottom deflects causing the side
frames to deform inboard. The external action of sea pressure and waves causes further deformation
of the frames inboard. In addition if there is ballast water in the upper wing tanks, there is further
bending and compressive loads on the frames. The upper and lower ends of the side frame

attachments to the topside and hopper ballast tanks are therefore very critical areas affecting bulk
carrier safety.



7 1ACS AND SOLAS REQUIREMENTS
7.1 Existing Bulk Carriers

To reduce the risk of failure in older ships, LACS introduced new Unified Requirements to reduce the
risk of progressive flooding in existing bulk carriers. To prevent progressive flooding due to sea water
in No. 1 Hold, the corrugated transverse bulkhead between the first two cargo holds, and the double
bottom in way of the first cargo hold had to comply with new strength requirements assuming that No.
1 cargo hold was flooded. A damage stability review had to be performed with No.1 Hold flooded,
and more frequent and close-up surveys of critical areas such as side frames and side shell had to be
made.

7.2 New Single Side Skin Bulk Carriers

The IACS requirements for new single side skin bulk carriers address the following structural areas:
e increased requirements for the strength of side frames

e longitudinal strength of vessel to withstand any hold being flooded

e transverse watertight corrugated bulkhead strengths of all cargo holds to withstand hold flooding
e double bottom strength to withstand hold flooding

increased strength requirements for hatch covers in forward holds

7.3 SOLAS Regulations

At a SOLAS Conference held at IMO, in November 1997, a new Chapter XII on bulk carriers was
added in SOLAS. The regulations/requirements are essentially similar to the IACS requirements.
Compliance with IACS requirements is also required.

8 SAFETY IN CARGO HANDLING

Proper loading guidance is very important to safe cargo handling. The loading and discharging of
cargo can be a very significant factor affecting the structural safety of bulk carriers. This is especially
so in the case of dense cargoes such as iron ore.

How the ship is loaded and unloaded has not always been appreciated at the cargo terminals, where a
10-15 percent overload of a given hold has been known to occur. For a large bulk carrier such a
discrepancy can amount to 5,000 tons of cargo in a hold. The magnitude of forces and stresses that
can develop during cargo handling can be very significant, and marginal errors in loading can be
catastrophic.

The importance of controlling the loading and discharging in the proper sequence so as not to
accidentally overload the ship is extremely important. Bulk carriers have broken their backs due to
improper cargo loading and discharging of holds. To increase the safety during cargo handling,
loading Instruments are required for all bulk carriers of 150 meters and above. Existing single skin
and new bulk carriers are to have a loading manual with typical loading and unloading sequences.

9 DOUBLE HULL BULK CARRIERS

Another approach to increasing the structural safety of bulk carriers is to consider the double hull bulk
carrier. Some of the structural benefits of a double sided bulk carrier when compared to a single side
skin bulk carrier are that the double side eliminates the exposed, damage-prone side frames and their
end attachments. It also protects against corrosion and mechanical damage



18

The smooth tank surface provides a better quality surface preparation and coating application. The
stiffer double side structure also eliminates the flexing or fatiguing of the side frames. Although the
initial costs for a double hull bulk carrier will be higher than for a single side skin bulk carrier, the life
cycle costs may be less beecause of lower maintenance and repair costs.

10 BALLAST WATER MANAGEMENT

Another area of loading and discharging aboard ships that can affect structural safety of both tankers
and bulk carriers is the handling of ballast water. This concern has developed as a result of new
regulations for ballast water management. The purpose of ballast water management is to prevent the
spread of harmful aquatic species in ports. The regulations require ships to exchange ballast in open
waters (away from ports) before entering a port. Some examples of harmful aquatic species are zebra
mussels, which rapidly multiply and clog pipes and attach themselves to ships. Inthe U.S. it is
estimated that the zebra mussel alone has caused more than US$5 billion in damage to water pipes,
boat hulls and other surfaces in the Great Lakes region.

How did ballast water management come about? Beginning in 1989 governments started to institute
regulations to protect local jurisdictions from introduction of unwanted marine organisms. IMO
adopted guidelines for management of ship ballast water in 1997. There is now a growing list of
countries imposing mandatory national and local requirements, including Canada (‘89), Australia (‘92),
Great Lakes (*93), Israel (‘94), Chile (‘95), Alaska and Great Lakes (amended) (‘96), New Zealand
(‘98). IMO is now progressing toward ever widening international regulations.

There are five approaches to minimizing unwanted organisms from ballast water:

(1) Retention of ballast on board - this is practically not feasible, as there is not sufficient ballast
reception facilities in ports.

(2) Reducing organize taken on board - this can be done whenever practical by delaying the loading of
ballast until the ship is in open ocean waters. Ballasting should be avoided in very shallow waters,
in stagnant areas, in the vicinity of sewage outflows and dredging operations, in areas where
organisms are present, etc

(3) Exchange of ballast at sea - these methods are about 95% effective in eliminating aquatic
organisms.

(4) Shipboard ballast treatment - although ballast water treatments are currently being investigated,
none has yet been shown to be practical or cost effective for general use by most ships (biocides,
separators, ultraviolet light)

(5) On-shore ballast water treatment has advantages to shipboard treatment. However, many ships do
not currently have the capability in their piping system to discharge water ashore.

Exchange of ballast at sea is presently the most practical approach. There are two methods used. One
is the Sequential Empty and Refill Method wherein ballast tanks are completely emptied and refilled
with open-ocean water. The other is the Flow Through (or Overflow) Method wherein open-ocean
water is pumped into a full ballast tank, overflowing the tank to three times the tank capacity.

In the sequential method, emptying of certain tanks may lead to significantly reduced stability, higher
stresses, high sloshing pressures, and/or reduced forward drafts. A secondary effect of reduced
forward draft would be an increased probability of bow slamming.

The flow through method achieves 95% replacement. Applying the method does not alter the stability,
stress, and ship attitude. Venting and overflow arrangements for each tank must be reviewed to insure
that flow through is a practical alternative. It is also important to assess piping and overflow



arrangements to insure tanks will not be over-pressurized. There are also safety concerns associated
with the flow through method in that it may be necessary to remove manhole covers or butterworth
openings to assure sufficient venting. This practice is labor intensive, and the overflow on deck is
prone to icing in cold environments. The safety concerns associated with Ballast Water Exchange is
representative of a case where regulations made to improve safety in one area - protection of the
marine environment, can possibly adversely affect safety in another area - structural safety.

11 FUTURE DIRECTIONS IN STRUCTURAL SAFETY

Looking back at developments in ship structural safety, one can conclude that structural safety has
been largely reactive, rather than pro-active. In some cases this is necessary because the types of
problems encountered were new and unexpected, such as the fatigue problems in VLCCs. Once the
causes of the problems were identified, appropriate changes were made to avoid those problems,
thereby increasing structural safety. Factors not relating at all to structural safety, such as the sudden
increase in size and number of tankers, led to an increase in the number of accidents and much larger
oil spills when an accident occurred. That led to increased awareness of tanker safety and
environmental protection that resulted in new regulations intended to reduce the frequency of
accidents and reduce their consequences. Those changes also produced an improvement in structural
safety.

11.1 Risk-Based Safety Standards

The definition of “risk” that is commonly used today is expressed mathematically as frequency (or
probability of occurrence) times consequence. Thus efforts to reduce the frequency of accidents and
reduce their consequence can be considered as efforts to reduce risk. Conversely, if safety is improved,
one can assume that risk is reduced. Certainly, structural safety is not the only aspect of shipping
which relates to risk, and in fact I believe it is a smaller part of the risk equation than many other
factors such as human error and operational issues. However, the concept of risk assessment and risk
management is something that enables us engineers to consider structural safety in the context of the
whole safety equation. Classification societies, regulatory bodies, and ship owners are now attempting
to place safety in the context of overall risk. This is a new way of looking at structural safety, and one
which [ am sure will be both challenging and rewarding. It will be a gradual evolution in which new
technology, new methods and greater understanding of risk concepts, coupled with experience and
knowledge, will be used to refine and improve future standards of safety.
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ABSTRACT

In the present paper the trends of the development of international economy and trade at the beginning
of the new Century are briefly analyzed. Seven major features of international shipping business are
discussed in detail. It is also mentioned how a global shipping business operator, taking COSCO as
an example, should act to meet the new challenges.
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1 TRENDS OF INTERNATIONAL ECONOMY AND TRADE AT THE TURN OF THE
CENTURY

The overall picture of international economy and trade is quite rosy despite of the increasing
uncertainties in world economy at present.

(1) Although the world economy is slowing down, the international economic outlook is quite
healthy. With that several important economic regions keep growing, the development
momentum will not be reversed.

Ever since 90’s of the last century, the world economy was slowing down as a result of the regional
turmoil in Southeast Asia. But this is a global cyclic economic recession. In fact, the key macro
economic indicators showed at the opposite that the inflation and interest rates are relatively low
worldwide, government deficits significantly reduced, and the environment of domestic demand and
external sale quite relaxed. Thanks to institutional innovation, technological innovation and
optimization of industrial structure, many economies have become more robust, with the IT-centered
hi-tech industries constituting the major driving force behind. Those Asian countries, which bore the
brunt of the financial crisis, still possess great potential for recovery because their economic basis
remains relatively intact. Japanese economy will finally be brought back to normal when structural and
institutional problems are solved, bringing new stamina to the world economy. Many experts predict
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that the world economy is heading for a third golden age after pre-WWI period and 1950-1973 period,
with world average at around 4%.

(2) With major breakthrough in service trade liberalization, world trade will keep a steadfast
development characterized by openness, fair competition and steady growth.

Openness: The three fundamental agreements of telecommunication, 1T and financial services settled
under WTO framework, which is distinguished by wide coverage and rapid opening up process, mark
the penetration of world trade liberalization from cargo trade to service trade. Regional economic
organizations have expedited the process of economic corporation. Special attention should be paid to
Euro which embodies the voluntary delegation of national sovereignty of the member states, which is
unprecedented in modern history. It will definitely cast profound influence on global and regional
economic integration. Moreover, modern IT has already grew out of the traditional concepts of time
and space. The interaction of technological advance and trade liberalization has enlarged the economic
arena of many countries.

Competition: There is an intensified rivalry on market, assets and resources. The Southeast Asian
financial crisis has triggered the reshuffle of world trade relations. And the competition among
developing countries has become fiercer. The US’ sustained attack on external trade has resulted in
constant friction with Japan, Europe and new economies. Traditional trade protectionism, though still
in low profile, will find its way in the WTO clauses. Raised technological and environmental standards
have formed ‘green barrier’. Those developing countries find their competitive edge blunted when low
salary fails to bring about advantages. Things like policy, law and institutional system, which used to
fall into the category of national sovereignty, have become the new focus for international trade.

The openness and fair competition will contribute to the steady development of world trade. The
concepts of market, trade liberalization, and technological information, as well as cross border
management of those multinational companies, cross border M&As and development of regional
organizations have sped up the free flow of commodity, service, asset, technology, human resources
and information in the world. The optimization of the allocation of resources, further classification of
the jobs, and the expansion of market capacity will definitely push forward the steady development of
world trade. It is estimated that world trade will grow at 6-7% on a year-on-year basis, 2-3 percentage
higher than the growth rate of world economy. Service trade will grow 1-2 percentage faster than cargo
trade.

2 FEATURES OF SHIPPING INDUSTRY AT THE TURN OF TWENTY-FIRST CENTURY

The development of the global shipping industry mainly depends on the development of the
international trade, and the development of international trade is mainly based on the development of
the international economy and politics. In a short time, the global shipping industry is usually effected
by some bursting forth incidents in the international economy and politics. But in the long run, the
development of the global shipping business mainly depends on the general trend of international

economy and trade. We can see the features of shipping industry at the turn of the twenty-first century
as below:

(1) The volume of the international trade will continue to grow steadily; the freight rate and
quality of the transportation required will be increased constantly.

With the global economic technology developing quickly, the knowledge contained in merchandise
and the value added in is increasing apparently. Therefore the volume in tons per unit in GDP is
decreasing, which causes the increasing rate of the shipments in tons lower in a short time. But in a
long term the volume of the international trade will continue growing steadily as a result of
globalization, the freight rate will increase, and the quality of transportation increases as well. In the
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meantime the price of the raw commadity in the international trade will be decreasing. Accordingly, as
a shipping company we should watch out the changes in the shipments’ structure in the international
trade, to adjust our transportation structure on time, to improve the method of transportation, and to
obtain much higher freight rate, i. e., the high value-added commodities, to improve and assure the
freight quality.

(2) The international transportation will enter into the era of comprehensive transportation, to
accomplish the logistics system modernization.

With the development of international economy and trade, more and more transnational companies are
requiring shipping companies to provide the global transport services. After the bulk carrier
specialization and containerization, the international shipping is entering into the era of modern
logistics. In the 21 century the new transport means will turn so many isolated transport methods into a
whole system. In the future one shipping company should operate every method of the transportation.
The carrier will not only transport the commodities from port to port, but also from door to door, from
point to point.

Actually many large shipping groups have already made the modem logistics as their strategy. For
instance, Maersk has announced that logistics will be their important business in the future. OOCL has
planned to tumn into a whole logistics provider in five years. NOL has changed their strategy to
increase their logistics income ratio from 8% in 1998 to 30% in 5 years, and to decrease their
owned-ship ratio as well. With the expansion of the value chain, those shipping companies who have
developed the logistics services are lifting the competition platform from low level price-competition
to the total logistics services value-competition. The shipping companies are facing more and more
pressure from the lowering their cost and improving their services.

At the same time, the port is no longer the terminal of transportation, but only a part of the whole
transport chain in international trade. As a result, for the time being the function of port will be
changed completely and revolutionarily to comprehensive transportation center. The shipping
companies are and will be increasing investment in port development.

(3) The international shipping market is becoming “ the buyer’s market”. The competition in
shipping industry is getting more and more intense. Shipping companies are providing the “mass
customization” services, introducing larger and higher-speed ships, and pushing forward the
development of middle-sized and small-sized ships in the meantime.

Currently the global shipping has already turned into the “buyer’s market”. With the development of
the shipping industry, the “buyer’s market” is furthering and the competition in shipping industry is
getting heated. The shippers will require the carriers more and more specialized services, such as
providing express services and calling fewer ports. On the other hand, the carriers will provide more
and better services to satisfy the shippers’ specialized services requirement. In order to provide the
specialized services, and accomplish their own scale-economy as well, some shipping companies
with foresight are ready to provide the “mass customization” services, which can satisfy both sides. To
provide the service, the ships are getting larger and pushing forward with the middle-sized and
small-sized ships’ development in the meantime.

At the same time ship’s speed is increasing. At the moment, the designed speeds of post-panamax
containership are between 25-27 knots. According to some reports, many shipyards and shipping
companies are designing the ships whose capacity is 8000~12000 TEU, and the speed is up to 30 knots.
Norasia has already operated a 1400 TEU ship with 25 knots speed; Fastship has also planned to
develop the 38 knots speed container ship in the transatlantic service. Their aim is not only to compete
with other liners, but also to contend for the air freight market.
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(4) Shipping companies are building a global information network shared by different companies
all over the world.

As we all know, the New Economy is based on the information technology. It is the high-developed
information technology that gives birth to the New Economy. The shipping companies should also
harvest the benefit that IT brings. The shipping companies should attach more importance to the
modemization of the information system, because a modernized information system will help shipping
companies make better use of resources and become more competitive.

The Japan Maritime Research Institute recently conducted a general inquiry on the development of
information system. About 20 liner companies responded to the inquiry. The result showed that 23% of
the companies had built up the central information-process system, 31% had built up regional
information system, and the remaining 46% had both systems. 85% companies provided booking and
inquiring service via Internet. 31% had yield management system, other companies were developing
such systems. So information technology has become a key measure for shipping companies to cut
management cost, improve service quality, and get competitive edge.

(5) Trends of cooperation will be further developed from slot chartering to setting up alliance.

There have been tens of major mergers in international shipping industry recent years, such as P&O
and NEDLLOYD in September of 1996, NYK and SHOWA in June of 1998, MOL and NAVIX in
April of 1999. Some major acquisitions such as APL by NOL in April of 1997, and Sealand by Maersk
in July of 1999.

(6) The role of liner conferences are gradually decreasing

The shipping policies of EU and US tend to be more and more liberalized, rendering a heavy blow to
liner conferences. The emergence of Asian liner shipping carriers poses tremendous pressure on
traditional liner conferences. And the fast development of global alliances also leaves liner conferences
less active. You can see the changes in recent years from the evolution of liner conference
organizations on the East-West trunk services.

The FEFC, based in London, was divided into 3 parts in 1992, namely MJEFC, WRA and EMA. In
1994, Mediterrancan Westbound Liner Conference became independent, with JMFC of
Japan/Mediterranean trade and AMRA of Asia/Mediterranean trade as parts of it. On the Far
East/North America trade, liner conferences have lost their binding power as freight cartels as a result
of the implementation of OSRA in May 1999, which allows ship owners to form service contract with
shipper. Therefore, many freight conferences have decided to dissolve. Up to now, three conferences of
ANERA, TWRA and Intra-America conference have stopped operation, and JUEFC has decided to
stop setting price. TSA and WTSA nevertheless are still playing an active role.

(7) Shipping industry will be more and more liberalised, and the policy of free port will be
pursued by quite a number of countries.

With the further development of world economic globalisation and trade liberalisation, international
shipping will be further opened up, which in turn will prompt the adjustment of shipping policies.
Traditional ways of protection have found their way in other forms, e.g., indirect hidden supporting
measure vs. direct economic subsidy, and technical and environmental measures vs. administrative
protection.

“Free port” is a highly efficient international trade policy aimed at promoting trade, developing
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regional economy and improving shipping services. It has a wider coverage than ordinary bonded
warehouse, and is free of the custom supervision policy, which is quite common in the latter form.
With the opening up of shipping industry and the reform of shipping policies, more and more countries
will gradually phase in this free port policy.

3 COSCO GROUP IN THE TWENTY-FIRST CENTURY

COSCO Group was established in 1961. After 40 years of development, the group, who owns and
operates some 500 vessels in different sizes and types with total carrying capacity of more than
20mdwt, has successfully developed itself into a large-scaled shipping conglomerate, offering services
in over 1200 ports in more than 150 countries or regions. Here, I would like to express my sincere
gratitude to all of you in the field of shipbuilding and shipping industries. Thank you for your
consistent understanding and support for the development of our businesses in the past 40 years!

As a global ocean shipping operator, COSCO has already set the goals on how to develop itself in the
new century. Under the new strategic plans, the group will continuously focus on ocean shipping as the
core business by upgrading its competitive presence in the industry, further expand modern logistics
business, embody itself to create outstanding capability against rivals through rationalizing,
reorganizing and making full use of shipping resource as well as logistics resource. To split them into
details, we intend to fix on these aspects as follows:

(1) To strengthen our core ocean shipping businesses

COSCO will continue to focus on developing container liner business while strengthening dry bulk
sector and actively expanding tanker and specialized shipping businesses at the same time. What we
need to do right now is to update and optimize the chain of shipping and value industries in such areas
as fleet structure, voyage coverage, information technology, port service facilities, sales, marketing &
canvassing system and so on. While keeping owned vessels operating profitably, we will manage to
improve our financial performance by taking control of transportation demands, which are a bit more
than what we actually can handle. We will adopt flexible policies of vessel-chartering tactic in
accordance with the changes of market demand and supply, aiming at annually increasing the
proportion of chartered vessels. As to the adjustment of voyage structure, more efforts will be made to
the issues of network-planning and deployment of resources, sticking to the strategy of setting up
transshipment hub around the world. Furthermore, much attention will be paid to obtaining long-term
contracts and fundamental customs by providing with value-added and discrepancy of services in the
field of sales & marketing sector. In short, COSCO will enable itself to meet the challenge of
international merge and consolidation wave, gradually changing its position to a cooperative operator
from an independent one, gradually improving the quality of our services. We are confident that we
should have the capability of becoming one of the first-class shipping companies in the world.

(2) To expand modern logistics businesses

Being involved in logistics business has been identified as the inevitable choice to cater to the trend of
the times and market competition. It is also regarded as the critical step for the realization of
development strategy in the new century. COSCO's basic idea of dealing with modern logistics activity
is based on the powerful shipping business at its core, making full use of the global abundant logistics
resources, setting customer's satisfaction as our ultimate goals. The customer service portfolio begins
with transportation. Then it will be expanded to such areas as storage, products-processing, cargo
delivery before it finally goes through the most span of life of an product like production, circulation,
distribution and consumption. COSCO will put emphasis on improving its capability of profitability
and market competition by means of providing with value-added services, strengthening its presence
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as a global operator and gradually transiting itself to an international logistics provider. To serve this
goal, the group will speed up its efforts to make out and conduct the strategy of modem logistics plan.
Followed by the adjustment of structure, COSCO Logistics Group is about to set up with the support
of transnational supply chain management companies, advanced information technology as well as
global logistics B2B service platform, being designed to provide with products or services capable of
resolving problems across the board and rapidly pushing forward the development of logistics business
in the end.

(3) To optimize the land-based activity

COSCO will continue to adjust its business structure, targeting land-based activity as one of its
important core of profits since this sector is now on the way of transiting from diversified pattern to a
more concentrated one. Priority will be given to real estate, industry, finance and those which are more
likely to gain heavy returns in profits. To set land-based business as example, COSCO will pay special
attention to selecting project which should be independent or reverse to the fluctuation tendency of
shipping industry with high potential of growth as well whenever we intend to get into a new game.
These areas including information, environmental protection, energy-saving, new materials etc. are
believed to have great complementary to ocean shipping business. In the short run, the expansion of
information network turns out to be the main task in line with the requirement of company's strategic
plan. In the course of running a new business, COSCO will gradually establish a set of systems which
can assess risk of an investment project and help create a new profit channel.

(4) To reinforce the construction of network

The essence of the times of knowledge economy is a sort of the economy based on network. As a
result, to reinforce the construction of network is sure to be not only the radical choice for COSCO
positively facing up to the times of knowledge economy, but also the key to upgrading the presence as
an international logistics provider. On the other hand, the task mentioned above is also the pressing
matter at the moment in a move to carry out and push forward the strategy of technology innovation.
COSCO is planning to optimize the layout of the current network, intensify the construction of
COSCO Network on the internet basis, implement the integration of established network, aiming at
building up a comprehensive network system capable of serving people both at home and aboard to
take advantage of services for better distributing shipping and logistics resource worldwide.

Looking ahead to the new century, COSCO will continue to abide by the rules and regulations issued
by Intemnational Maritime Organization (IMO) and SOLAS concerning the safety sailing and
environment protection drive at sea around the world. In fact, some shipping arms of COSCO Group
have already successfully achieved the certificates of International Safety Management Codes (ISM)
and ISO9002 for quality service assurance, becoming one of the professional shipping companies with
high levels of management.
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A CONSIDERATION OF LIFE CYCLE COST OF A SHIP
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ABSTRACT

In order to look all phases of a product life and to analyze the cost effectiveness elements, life cycle
cost of a product has been widely studied. In case of a ship, it consists of fabrication phase in shipyard,
such as design and fabrication, and maintenance phase in service, such as inspection, repair and
painting, So far life cycle cost of a ship has been calculated by the summation of fabrication cost and
maintenance cost by the end of her life. Although it is desirable to be able to estimate the life cycle
cost of a ship, when she is born in a shipyard, the estimation is very difficult due to the variety of
levels of fabrication and the maintenance. In this paper main items of fabrication cost and maintenance
cost of a VLCC are analyzed focusing in hull structure part, based on the actual data from shipyards
and ship owners and the relations between these costs are studied.

KEYWORDS

Life cycle cost, Design, Fabrication cost, Higher tensile strength steel, Steel structure, Maintenance
cost, Corrosion, Painting

1 INTRODUCTION

Ships are international commodities, which are freely sold and bought in the world. Ships are built in
shipyards with the highest shipbuilding technology in the world and delivered to ship owners. Some
ships are in service on the regular routes and others are in service on the irregular routes.

Transportation fees are decided in accordance with the laws of supply and demand of ships in the
world markets. In consequence all the prices, including those for ship building, running, maintenance
and selling to the other owners, are decided on these laws. With the participation of speculations these
prices show big scale of amplitudes.

In the heavy storms of economic situation there have been many speculators who bought ships, when
the prices of ships were at the bottom, made moderate maintenance on them and sold them to get big
amount of profits, when their prices sharply rose. They regard the ships as the objects of speculation.

However, during these economic fluctuations the prices of building and maintenance of ships are kept
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rather in steady levels.

Big portions of fluctuation of prices are compulsorily absorbed by the profits of shipyards. The
advanced technologies in the present days are surely applied to the new ship building and the reduced
costs are shared by shipyards and ship owners.

The quality of ships at the delivery time is above the standard level, which is kept by the rules and the
inspections of ship classification societies. After the delivery some ship owners intend to keep their
ships for more than 20 years, the others are planning to sell their ships to get profit after using them for
a few years. Then their attitudes for the inspections and maintenance of their ships are quite different.
The former plan to increase the plate thickness above the rule scantlings and to raise the grade of
painting specification at the construction stage, anticipating the wastage or crack initiation of hull
structural members due to corrosion in service stage.

For ship owners the expenditures of ships are the summation of building cost and running costs,
including inspection, maintenance cost, insurance, fuel and personal expenses of seamen. If the
running costs are required much more than standard level on cheaper building cost, then life cycle cost
will be increased. It should be emphasized that the importance of total summation of expenses, i.e.,
life cycle cost should be understood by the management of shipping companies.

On the other hand, the shipyards can not be released from the ships which they built. Fabricators have
legally “ Product Liability (PL)” on their products. Apart from this problem, shipyards must positively
recognize the meaning of life cycle cost of ships in order to utilize the limited resources of the earth.

In this paper the life cycle cost of a VLCC is studied. To avoid the diffusion of the problem, steel
structural members of VLCC are intentionally focussed and the life cycle cost is limited to the
summation of building cost and maintenance cost of structural part of the hull. However the idea will
be applicable to engine and outfitting parts of ships.

2 BUILDING COST

Building cost means total cost expended in a shipyard for building a ship. This is a part of life cycle
cost and occupies a big amount. It is considered that building cost occupies about 2/3 of life cycle cost
and maintenance cost occupies about 1/3. Table 1 shows the break down of the building cost of a
VLCC with double hull.

TABLE |
BULDING COST OF A VLCC WITH DOUBLE HULL

Items Ratio(%)
Steel 20

. Main engine 10
Material OthersL 30
Total 60
Fabrication 30
Design S
Charge S
Total 100




2.1 Material Cost

Material cost of a ship occupies a big amount and reaches to 50~60 % of the total building cost, as
shown in Table 1. Among material costs, steel cost is the biggest one and occupies 35 %. For example,
in a VLCC with double hull, thirty and some thousand tons of steel is used and 30~80 % of them is
higher tensile strength steel.

The cost of main engine occupies about 15 % and those of other outfitting occupy about 50 %.
2.2 Fabrication Cost

Fabrication cost occupies more than 30 %. Among them hull structural part occupies about 50 % and
outfitting part occupies about 15 %, depending on the features of ships.

2.3 Design Cost

It is said the ratio of design cost against the building cost of a ship is about 5 %. Design, although a
simple word, continues from basic design through yard plans in shipyard, so it is a long duration
before the completion. Design of ship is divided into two stages, basic design and detail design. It
takes 2~3 months for basic design 6~8 months for detail design. Consequently design duration and
costs vary in accordance with the features of ships.

2.3.1 Basic design

After the building contract is signed the basic characteristics of the ships are decided by basic design to
satisfy the specifications attached to the contracts. Basic design consists of total design, hull structural
design, outfitting design(hull part and machinery part) and electric design. The basic design cost is less
than 10% of the total design cost. However by this basic design, 90 % of the total building costs of a
ship is decided, so it is the most important division.

2.3.2 Detail design

This is the design for the actual building of ships and divided into functional design and fabrication
design. Number of design plans of detail design exceeds some ten thousands sheets. The costs of
detail design occupy 90 % of total design costs.

2.4 Influence of Application Ratio of Higher Tensile Strength Steel

The application ratio of higher tensile strength steel is between 30~ 80 % of total structural steel,
depending on the requirements of ship owners. Figure 1 shows the results of the cost study on the
application ratio.

(1) By increase of the application ratio of higher tensile strength steel from 23 % to 80 %, total steel
weight decreases by about 6 % and material cost decreases by about 1 %.

(2) Fabrication cost decreases by about 1 % due to the change of the welding metal volumes and the
reduction of the plate thickness.

(3) Design cost is not influenced by the application ratio of higher tensile strength steel.

(4) Finally the cost reduction by the application of higher tensile strength steel is about 1 %.
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Figure 1: Influence of application of higher tensile strength steel

3 MAINTENANCE COST

Maintenance costs are influenced by the management policies of ship owners. Consequently the ship

ages vary from 10 and several years to more than 20 years. Here age of 20 years is taken as standard

life length.

3.1 Inspection

By IMO rules every ship classification society makes close up survey. In order to make this easier the

inspection stages are installed in the double hull of VLCC, as shown in Figure 2. Using these stages

close up survey is made in every part of structures.
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Figure 2: Maintenance stages in double hull of VLCC
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Inspections are generally made at periodical survey and intermediate survey in accordance with ship
classification rules. In some ships self inspections are made by ship owners and crews. By utilizing this
information the scopes and costs of repairs are estimated. Also necessary materials and manpower can
be previously prepared in ship yards.

It is almost impossible to make close up survey in all the holds and tanks at every inspection, so close
up survey is divided into several times to concentrate on a few tanks. Maintenance costs include these
inspections but comparatively small to the maintenance costs.

3.2 Repair

Repair cost is divided into general repair cost, which is periodical expenditure and special repair cost,
which is required for a big failure at every few years.

In case of hull structural part, the number of failures suddenly increases after 10 years, as shown in
Figure 3 (Nippon Kaiji Kyoukai, 1995). This is due to the influence of corrosion. Figure 4 indicates the
same tendencies in general ships and VLCC but the average numbers of failures of VLCC are bigger
than in general ships(Nippon Kaiji Kyoukai, 1995). Old aged ships have 10 failures per a year in
average.

Consequently general repair cost is estimated to be 0.1 ~ 0.5 % of building cost per one repair. Special
repair cost is not necessarily required for every ship but it rises to a big amount, once a big failure
occurs.

Special repair cost is covered by insurance, if it is due to natural disaster.
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N.B:USF; unavailability due to structural defect.
Figure 3: Frequency of failure per ship-year Figure 4: Frequency of failure due to fatigue

v.s.ship’s age(for all ships) and corrosion of VL.CC per ship-year
3.3 Corrosion protection

Corrosion protection is very important. Paint films of ballast tanks are generally damaged after about
10 years and corrosion of steel structures starts. Plates are generally renewed one after another, if their
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thickness reduced 30 % by corrosion in accordance with the results of inspections.

The weight of renewed steel plates of a VLCC reaches a big amount per a year, if their painting films
are not specially maintained in good condition.

4 TRADE OFF OF COST-RISK

It is a very difficult question how long the lives of ships are. They are influenced not only by technical
matters, but also by political ones. Some ship owners invest enough money to building cost, expecting
the less troubles in future and pay good attention for the maintenance of ships to keep their good
conditions. The others repeat buy and sell of ships in short cycles to get profit from the market. It is
difficult to judge their policies and to decide the best ships’ lives.

Now let’s compare which is a better way of maintenance from view point of life cycle costs of a
VLCC at 10 years and 20 years, between by an ordinary painting or by heavy duty painting.
Periodical survey is made once every S years and intermediate survey is made every 2 years.

The maintenance by an ordinary painting is based on the following assumptions,
(1) Number of average failures is 3 per a year until 10 years and 6 per a year after
10years.
(2) Steel weight of 20 tons is renewed at wasted structures due to corrosion every year after 10 years. It
is equal to 0.25% of building cost.

From the above assumptions the life cycle cost, including building cost and maintenance costs are
summarized in Table 2 for 10 years and 20 years.

If heavy duty painting is applied to this VLCC with the increase of painting cost of 20 %, which is
equal to 1 % of building cost, it is estimated that the number of failures decreases by 50 % until 10
years and is kept O after 10 years.

The life cycle cost, including building cost and maintenance costs are summarized in Table 2 for 10
years and 20 years

TABLE 2
COMPARISON OF LIFE CYCLE COST OF A VLCC BETWEEN PAINTING METHODS

Ordinary painting | Heavy duty painting |
10years 20years 10years | 20years
Building cost 100 % 100 % 100.50 % | 100.50%

Period. surv. 0.50% 1.00% 0.50% 1.00%
Interm. surv. 0.63% 1.25% 0.63% 1.25%
Repair cost 0.38% 3.63% 0.19% | 0.19%

101.51% | 105.88% | 101.82% { 102.94%

Then life cycle costs of both cases are shown in Figure 5. This figure shows that the life cycle cost of
a VLCC with heavy duty painting is smaller than that of ordinarily painted VLCC by about 3 % at 20
years. Balancing point appears soon after 10 years. Of course there are many factors, which influence
the life cycle cost, such as ratio of interest, chartering fee, oil price, etc., but it may be said that good
painting will reduce life cycle cost in 20 years.
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Figure 5: Comparison of life cycle cost by painting cost

5 CONCLUSIONS

In this paper main items of fabrication cost and maintenance cost of a ship are analyzed and studied,
based on the actual data from shipyards and ship owners.

From these studies the following conclusions are obtained.
(1) Material cost occupies 60 % of building cost. Although basic design cost occupies

0.3 %, it decides 90 % of total building cost.
(2) By increasing the application ratio of higher tensile strength steel from 23 % to 80 % of hull
structural steel, total steel weight is reduced by about 6 % and building cost is reduced by about 1 %.
(3) Life cycle cost should be taken into account in shipbuilding and ship management.
(4) For good maintenance of ships corrosion protection by painting is very important.
By applying heavy duty painting to VLCC at the building stage the life cycle cost will be reduced by
about 3 %, compared with an ordinarily painted one.
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ABSTRACT

Wuhan Steel Company (Group) is one of the biggest steel factories in china. Large amounts of raw
material-iron ore used in this factory are imported from oversea. How to reduce the high producing
cost is a key problem. A new kind of shipping system composed of river-sea-going ore barge fleet has
been put forward to solving the problems such as high producing cost, environment pollution, etc. The
key technology of the system is to develop a new kind of barge which can be used to form a large
inland water pusher barge fleet and is suitable for navigating at sea. A typical pusher barge fleet at sea
is selected to test on full scale by which the reforming has been taken to the barge. Then a model test
has been carried out to check the reforming effects. In this paper, the conditions and results of tests are
described. Some useful conclusions are given so that they can be applied in renovation of existing
integrated barge.

KEYWORDS

Shipping system, River-sea-going ore barge, Full scale test, Model test, Renovation of existing
integrated barge, Pusher-barge-line, Integrated fleet

1 INTRODUCTION

Wuhan Steel Company (Group) is one of the biggest steel factories in china. Large amounts of raw
material-iron ore used in this factory are imported from oversea. The present shipping route includes
three steps. The first step is from oversea mining place to the coastal harbor of China — BEILUN by
150000~-300000DWT cargo ships. And then 20000~30000DWT cargo ships are used to transport iron
ore from BEILUN to inland port like SHANGHAI port, NANTONG port, ZHENJIANG port. At last,
the iron ore are transported from inland port to the destination by integrated barge fleet. It is not
difficult to see from above that the steel producing cost is very high. It is a major problem that how to
reduce the producing cost for WSC. For shipping unit, giving the best service to the users is certainly
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its duty. A detail tech-economic analysis has been taken to the transportation system of iron ore. Then a
new kind of shipping system has been put forward to solving the problems such as high producing cost,
environment pollution, etc. That is the river-sea-going ore barge fleet system. The key point of the
system is to develop a new kind of barge which can be used to form a large inland water pusher barge
fleet and is suitable for navigating at sea. A typical pusher barge fleet at sea is selected for full scale
test to examine the possibility of using this barge fleet to consist a large freshwater pusher barge fleet.
The reforming has been taken to the barge according to the full scale experiment and a model test has
then been carried out to check the effects of the reforming. The research achievement has been applied
to the renovations of existing integrated barge, and the operating of the system has proved its success.

2 FULL SCALE TEST AND ANALYSIS

The full scale test consisted of two parts. The first part was carried out on the sea, where the sea barge
was pushed by the sea pusher. The second part was carried out on the river, where the sea barge was
pushed as one of a part of large fleet by the river pusher. The ships concerned with test are listed in
table 1. In order to test performance for different forms of fleet and reduce impact to the production
plan, the form of fleet was altered in the test. The hybrid forms are listed in table 2.

The item of test includes fleet speed to the water, fleet speed to the bank, mooring force, manoeuvering
test, operating test, etc. The equipment that used for the test includes KGP-912 navigating GPS,
LS25-3 velocity-type flowmeter, marine radar,CK08 Sensor, UCOM-8L strain-gauge, C12 gyroscope,
CKO6 rudder sensor, SC— 16 oscillograph etc.

3 ANALYSIS OF TEST RESULTS

The river-sea-going barge in the test was typical barge for pusher-barge-line of marine route, where
there is a large groove in the stern of the barge to install the pushing frame. That caused rough vortices
behind stern of the barge. As we know, for large fleet, the formation of the barge is more important
than the unit barge as velocity as concerned. The ideal formation for large fleet is so-called integrated
tug-barge system. To pusher- barge fleet on the sea, the aft part of the barge and the fore part of the tug
must transit smoothly so as to keep lower resistance. From resistance and propulsion point of view, the
hybrid fleet on the river route is not ideal. Table 3 shows the working status of main engine on the river
route.

TABLE 1
SHIP FOR FULL SCALE TEST
21075
Ship name gggggi 21264 | 21078 41013 1006 22019
21198
Ship type Barge B:'irge B.arge B‘arge Pusher Pusher
(sea) (river) (river) (river) (sea) (river)
Loa 79.2m 75m 75m 67.5m 32.56 m 462 m
Breadth 16m 133 m 13m 10.8 m 820m I0m
Depth 4.5m 34m 3.5m 3.5m 420m 38m
Draft 35m 2.62m 2.6m 24m 332m 36m
Deadweight 3134t 1500t 1500t 1000t
Power —_— —_— _— — 1227kW 1942kwW
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TABLE 2
RECORDS FOR TEST
Anchoring times Consumin Times for
Route & Date Forms of fleet Times [ Loading N fuel &1 formation work
waiting 2
&unload
PAOTAIWAN~
BEILUN [C=tee6| 83005 | 12.5h] 1h 21h 2.25 0.5h
(11.28~11.29)
BEILUN ~
PAOTAIWAN | ™686_ | 83005 | 2lh | Oh Oh 325 0.5h
(11.29~11.30)

PAOTAIWAN~NA I 83002 !
NTONG 14h Oh 10h | 250kg/h 2.5h

(t30~122) | C22eee ] 83005 ]

NANTONG~ 83002 ] 83005

MA’ANSHAN | [T2s640_ | 21075 [ 21264 ] | 40h Oh 11h | 285kg/h 6h

(12.2~12.4) 21198 I 21078

MA’ANSHAN~ ] 83005 | 21264 |

TONGLING [T2sera | 21075 | 39.5h Oh Oh 27%eg/h 1.5h

(12.4~12.5) 21198 21078 l

TONGLING~ 83005 21264

JIUJIANG (226491 21075 [41013] | 23h | Oh Oh | 282kgh 3.5h

(12.5~12.7) 21198 l 21078 l
JIUJIANG~ 21264 | 41013

HUANGSHI 83005 | 24h Oh Oh | 2553kg/h 4.5h

(12.7~12.8) [ 21198 21075

HUANGSHI]~ 21264

WUHAN 22049 83005 | 21h | 20h Oh | 252kgh 1.5h

(12.8~12.9) I 21198 | 21075 |

TABLE 3
WORKING STATUS OF MAIN ENGINE ON RIVER ROUTE
Route Relative fuel unit consumption output power/specified power
PAOTAIWAN~NANTONG 1.0 54%
INANTONG~MA’ANSHAN 1.14 62%
MA’ANSHAN~TONGLING 1116 60.7%
TONGLING~JIUJIANG 1.128 61.3%
JIUIING~HUANGSHI 1.021 55.5%
HUANGSHI~-WUHAN 1.008 54.8%

The test result shows that the formation of the barge has great influence on the resistance and
propulsion. In order to increase the efficiency of the transportation, the stern of river-sea-going barge
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and the formation of the barges should be improved to reduce the resistance of the fleet.

The mooring force was measured when navigating on the route of NANTONG~PAOTAIWAN. When
the test was carried out, the wind speed reached up 6~7 Beaufort scale. The maximum force was
31.2kN while rudder angle was 0 degree and 147.96kN while the angle was 25 degree, 274.4kN
breaking force of mooring steel hawser was enough for the fleet under the test condition.

4 RENOVATION OF EXISTING INTEGRATED BARGE

Considering shipowner’s assign condition and the restricting of the CHANGJIANG route, two kinds of
3000t and 5000t integrated barges are selected as investigation targets. As two kinds of barge were
originally designed to navigate on the river route, the strength are unsuitable for the sea route. In order
to navigate on the route of BEILUN to PAOTAIWAN(belonging to the shelter sea area), the shell and
bottom structure of the 5000t barge must be replaced, that is too expensive for shipowner. For the
3000t barge, a few modifications such as reducing the cargo hatch opening and structural strengthening
can make it suitable for the sea route. So the 3000t integrated barge was selected at last to renovate.
The cross sections of 3000t barge are shown in figure 1.

According to the full scale test, the prototype of the sea barge is not ideal for the hybrid fleet on the
river route. It is necessary to redesign the after bodyline. The simply cutting stern and the tunnel cutting
stern were designed to contrast with the prototype. The abridged drawings are shown in figure 2. The
main dimensions are listed in table 4.
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Figure 1: The cross section structure

(3)

(1) prototype  (2) simply cutting stern  (3) tunnel cutting stern

Figure 2: Abridged drawing of stern
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TABLE 4
MAIN DIMENSIONS OF THE PROTOTYPE AND RENOVATION

Type of barge prototype renovation

Length overall 75.00m 79.00m

Length on waterline 73.50m 77.50m

Breadth 16.00m 16.00m

Depth 4.50m 4.50m

Draught 3.80m 3.50m

The model test was carried out by three kinds of stern. The results are demonstrated in figure 3.

Some conclusions can be drawn from the test:

1) Comparing with the prototype, in the full scale, the resistance of the simply cutting stern reduce 15%
at speed 10km/h.

2) The resistance of the tunnel cutting stern reduces 19.3% at speed 10km/h comparing with prototype.
3) In order to ensure the freeboard on the sea area route, the deadweight for the tunnel cutting stern
barge has to reduce 130t. Under this condition, the resistance can be reduced 26.9% at 10km/h.
Considering the resistance and the cost for the rebuilding, the simply cutting stern was selected as the
renovated barge’s bodylines. The structure and other performance were designed based on the direct
calculation or related regulations. The rebuilding barge was suitable for coasting line. The structure and
the general arrangement are shown in figure 4.

i
| Resistance of full scale
12000
| 10000 | - )
| 1 . :
i | ~®—simply cutting
| g Bang: | stern
% §000 + ~—a—tunnel cutting
I i stern
G 4000 | / —&—prototype
4 { # —
2000 |
0 e e
1 6 8 10 12 14
Speed (km/h)

Figure 3: Test result

5 CONCLUSIONS

The pushing frame for the sea is reliable. It is convenience for the tug and barge to connect or separate.
The frame makes the tug and barge linked rigidity as whole in the transverse direction while can roll in
the longitudinal direction, which can ensure the safety of the fleet when navigating on the sea.

The current speed range measured in the test is from 3km/h to 13kmv/h. It is difficult for hybrid fleet to
navigate counter-current flow in high flow speed. In order to navigate safely all the year, the design
speed should be higher than 14km/h, But too high design speed is not suitable from economic point of
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view. The design speed for the fleet must be considered carefully. A reasonable choice is to select a
lower design speed, and by decreasing the barges of fleet or reducing cargo in high flow speed.

The typical barge bodylines for pusher-barge-line of marine route is not perfect for the large river
pushing fleet. Renovating simply cutting stern is better, but it is still not perfect for the large river fleet.
In order to invent ideal river-sea going fleet system, further researches must be taken on the new kind
of pushing frame and ship form.
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OPTIMIZATION OF A WAVE CANCELLATION
MULTIHULL SHIP USING CFD TOOLS

C. Yang, R. Lshner and O. Soto
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ABSTRACT

A simple CFD tool, coupled to a discrete surface representation and a gradient-based optimization
procedure, is applied to the design of optimal hull forms and optimal arrangement of hulls for a wave
cancellation multihull ship. The CFD tool, which is used to estimate the wave drag, is based on the
zeroth-order slender ship approximation. The hull surface is represented by a triangulation, and almost
every grid point on the surface can be used as a design variable. A smooth surface is obtained via a
simplified pseudo-shell problem. The optimal design process consists of two steps. The optimal center
and outer hull forms are determined independently in the first step, where each hull keeps the same
displacement as the original design while the wave drag is minimized. The optimal outer-hull
arrangement is determined in the second step for the optimal center and outer hull forms obtained in
the first step. Results indicate that the new design can achieve a large wave drag reduction in
comparison to the original design configuration.

KEYWORDS

Hull form design, Hull form optimization, Wave cancellation multihull ship, Trimaran, Wave
resistance, CFD tools, Slender ship approximation, Surface parameterization.

1 INTRODUCTION

A small-water-plane area, tri-hull ship, termed the wave cancellation multihull ship (or trimaran),
offers the possibility of dramatic wave drag reduction due to wave cancellation. Experimental evidence,
e.g. by Wilson et. al. (1993) indicates that indeed these gains are achievable. From a design point of
view, an important question that requires attention is how to deal with these types of multihull ships
inside a general design framework. For example: should one optimize hull position and shape at the
same time, or first oblain an optimal placement of hulls, followed by an optimal hull shape? The
answer is not obvious.

As a first attempt to solve such a general design problem, a two-step design process is employed in the
present paper. The optimal center and outer hull forms are determined independently in the first step.
where each hull keeps the same displacement as the original design while the wave drag is minimized.
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The optimal outer-hull arrangement is determined in the second step for the optimal center and outer
hull forms obtained in the first step. The present hull form optimization uses a gradient-based
technique, which requires a field solution for each design variable. A very simple CFD tool based on
the zeroth-order slender ship approximation is ideally suited for such an optimization technique
because of its extreme simplicity and efficiency. It has been shown in Yang et. al. (2000) that this
simple zeroth-order slender-ship theory, first given by Nobless (1983), is adequate for the purpose of
determining the optimal hull arrangements for a wave cancellation multihull ship. This simple CFD
tool has also been used with success for hull-form optimization in Letcher et. al. (1987) and Wyatt and
Chang (1994).

The hull surface is represented by a triangulation. This triangulation can be used to evaluate the wave
drag using present CFD tool. In order to obtain smooth hulls in the optimization process, the (very fast)
pseudo-shell approach developed by Soto et. al. (2001) is employed. The surface of the hull is
represented as a shell. The shell equations are solved using a stabilized finite element formulation with
given boundary conditions to obtain the rotation and displacement fields. Almost every grid point on
the hull surface can be chosen as design parameter, which leads to a very rich design space with
minimum user input.

The optimal outer-hull arrangement for the optimal center and outer hulls is determined by searching
the entire parameter space for each given Froude number for the purpose of minimizing the wave drag,
that is evaluated very efficiently using the present simple CFD tool. Results indicate that the new
design can achieve a fairly large wave drag reduction in comparison to the original design
configuration.

2 OPTIMAL SHAPE DESIGN

Any CFD-based optimal shape design procedure consists of the following ingredients:
- A set of design variables that determine the shape to be optimized;
- A set of constraints for these variables in order to obtain sensible shapes;
- An objective function [ to measure the quality of a design;
- A field solver to determine the parameters required by / (e.g. drag, lift, moment, etc.),
- An optimization algorithm to determine how to change the design parameters in a rational and
expedient way.

The present hull form optimization uses a gradient-based technique. The gradients are obtained via
finite differences. This implies that for each design parameter, a field solution has to be obtained,
making the use of extremely fast solvers imperative. One optimization step may be summarized as
follows:
- Evaluate the objective function 7 for the original geometry 5 .
- Evaluate the gradient of the objective function for each design variable k = I, N
a) Perturb the coordinates of the k-th design variable in its deformation direction by a
small & the rest of design parameters are not moved;
b) Solving the pseudo-shell problem using given boundary condition; this yields a new
perturbed geometry Z_;

c) Evaluate the objective function I' for the perturbed geometry X, ;
d) Obtain the gradient of the objective function with respect to the k-th design variable by
finite differencesas (I1-1) /¢ .

- Make a line search in the negative gradient direction to find a minimum.
The detailed discussion about this approach can be found in Soto et. al. (2001). In the sequel, we
describe the objective function, the surface representation and the CFD solver used.
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3 OBJECTIVE FUNCTION

From an engineering perspective, it is important to reduce the wave drag while still being able to
achieve a given displacement. For this reason, the objective function used for hull shape optimization
is given by:

I—wnc—'.”+a) 1 .—Vl
C, vV

where C,, and C;, are the wave drag coefficient and its initial value, ¥ and ¥* the hull displacement

and its initial value, and 0<w,,@.<1 are relative weights. It was found to be very important to cast the
optimization function in this non-dimensional form. Otherwise the weights @, » have to be adjusted for
different geometries.

4 SURFACE REPRESENTATION

There are many ways to represent surfaces. Analytical expressions given by B-Splines, NURBS or
Coon’s patches are common. Another possibility is to take a surface triangulation and then allow every
point on the surface to move. This discrete surface representation can always be obtained from
analytical surface descriptions, and, for sufficiently fine surface triangulations, provides a very rich
design space with minimal user input. For this reason, this discrete surface description is used in the
present work.

During optimization, the individual points on the surface may move in such a way that a non-smooth
hull is produced. In order to obtain smooth hulls, the (very fast) pseudo-shell approach developed by
Soto et. al. (2001) is employed. The surface of the hull is represented as a shell. The movement of
points is recast as a forcing term for the movement of the shell. The shell equations are solved using a
stabilized finite element formulation with given boundary conditions to obtain the rotation and
displacement fields. The boundary conditions in a shape optimization problem are dictated by the
design parameter displacement and the geometrical constrains. In the optimal design process, the user
only needs to generate the original surface mesh and a few design variables. The rest of the design
parameters and their respective deformation modes can be generated automatically by the method.

5 CFD SOLVER FOR WAVE DRAG REPRESENTATION

Consider a ship advancing along a straight path, with constant speed U, in calm water of effectively
infinite depth and lateral extent. The x axis is taken along the path of the ship and points toward the
ship bow, the z axis is vertical and points upward, and the mean free surface is the plane z=0. Non-
dimensional coordinates (x, y, z) and velocities (%, v, w) are defined in terms of a characteristic length
L (taken as the length of the center hull for a wave cancellation multihull ship) and the ship speed U.
The wave drag Cy is evaluated using the Havelock formula

kd,
G-t g (12
P Usz r o k-v
for the energy radiated by the far-field waves. Dy is the wave drag and v is defined as
1 U
=— ith F=— 1b
v T wi \/g"L (1b)

Furthermore the wavenumber k in Eqn. 1a is defined in terms of the Fourier variable S as

KB Y=v+ Jul+ B} (Ic)
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S, and S; are the real and imaginary parts of the far-field spectrum function S = S(a, f) where a is
defined in terms of the Fourier variable S as

a (B)=\kB)/F (1d)

This relation and expression Eqn. 1¢ follow from the dispersion relation ‘q?=k.

The wave spectrum function S = S,+i S; in the Havelock integral (Eqn. la) is approximated here by
the zeroth-order slender ship approximation defined in Noblesse (1983) as

S = Jnxelr 2+i(a x+ f y)dA + FZ J(nX)Zlye:(a x+f y)dL (2)
L r

Here, dA and dL stands for the differential elements of area and arc length of the mean wetted hull
surface 2 and the mean waterline 7, and n * and ¢ ” are the x and y components of the unit vectors,
i=(n*,n”,n*) and r = (1*,¢”,0), normal to the ship hull surface 2 and tangent to the ship waterline
I, 7 points inside the flow domain (i.e. outside the ship) and 7 is oriented clockwise (looking down).
Thus the wave spectrum function S in the Havelock formula for the wave drag is defined explicitly in
terms of the ship speed and the hull form in the zeroth-order slender ship approximation.

The present wave cancellation multibull ship (see Wilson et. al. (1993) and Yang et. al. (2000))
consists of one main center hull centered at (0, 0, 0) and two identical outer hulls centered at (a, +b, 0).
In the first step of the optimal design process, the wave drag for each individual hull is evaluated using
Eqns. 1-2, and the center hull and the outer hull are optimized independently for the purpose of
minimizing the wave drag of each hull.

In the second step of the optimal design process, the total wave drag Ci for the optimal center and
outer hull forms obtained form the first step needs to be computed so that an optimal arrangement of
the outer hull with respect to the center hull can be determined. The total wave drag Cy for such a
wave cancellation multihull ship can be expressed as (see Yang et. al. (2000))

C, =C5 +2C5 +C,, (3a)
where C,, and C}, are given by

v kdp 7 o2

C, =— ST +SF 3

v Lo 6748 (3b)
v kap 2 2
C, =— — (S7T+S?

veo Lo @S (30)

and represent the wave drags of the center hull and of an outer hull, respectively. The spectrum
functions S =S; +iS° and S° =S” +iS’ are defined by Eqn. 2 in which X, I"are taken as Z,, I or 5,
I ie., the wetted surface and waterline of the center hull or the outer hull. The component
C;, accounts for interference effects and is defined as
c, =5"; [N % {gcos(2bﬂ )+ 4% cos(aa Ycos(bB )+ A’ sin(a Ycos(bf )} (3d)
where 4, A® and 4” are defined as
4] [ +(S)?
ARy =858 +8°S? (3e)
A S;SP -S:S’

It is noted that the wave spectrum functions S° and S° are independent of the parameters a and b

within the current approximation. Therefore, the wave spectrum functions S¢ and S° defined by Eqn.
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2 and the related functions 4, A® and A’ given by Eqn. (3¢) similarly need to be evaluated only once
per Froude number.

6 NUMERICAL RESULTS AND CONCLUSIONS

The first design problem considered here is to determine the optimal hull arrangement for the original
wave cancellation multihull ship for the purpose of minimizing the wave drag of the ship. Figure |
depicts the experimental values of the residuary drag coefficient Cr given in Wilson et. al. (1993) and
the corresponding predictions of the wave-drag coefficient Ci given by the present method for the four
hull arrangements. These hull arrangements correspond to a@=-0.128, -0.205, -0.256, -0.385 and
5=0.136 for all four cases. In this figure, the Cp and the Cy are nondimensionalized in terms of the
surface area of the wetted hull, in the usual fashion. In the rest of the figures, the Cy is defined by Eq.
la. It can be seen that the Cy predicted by the present method is in fair agreement with the
experimental Cp. In particular, the variation of Cz with respect to the Froude number F is well
captured by the theory. The present method may therefore be used for the purpose of determining the
optimal arrangements of the outer huils.
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Figure |: Calculated wave drag and experimental residuary drag

The hull arrangements within the range of —0.75<4<0.75 and 0.1 <4 <0.3 with Aa=0.025 and
Ab =0.01are studied for 38 values of Froude numbers with0.2147 = F, < F, < F;; =0.5426 . For

a=0.75, the sterns of the outer hulls are aligned with the bow of the main center hull; similarly, the
bows of the outer hulls are aligned with the stern of the center hull if ¢=-0.75. This study represents
61x21=1281 hull arrangements and 61x21x38 = 48678 evaluations of Cy. The optimal hull
arrangement for the speed range F, < F, < F,; approximately corresponds to a=0.55, b=0.11. Fig. 2
depicts the variations, with respect to the Froude number F, of the “no-interference wave-drag
coefficient”, Cy, +2C;, and of the wave-drag coefficients Ci** and Cjy°* associated with the best and
worst hull arrangements found within the region. Fig. 2 also shows the wave drag-coefficient curve
C™(F) for the optimal hull arrangement (a=0.55, #=0.11). The wave-drag coefficient curve
C'™ (F) corresponds to a hull arrangement that remains fixed over the entire speed range, while the

curves Ci' (F)and C,”™ (F)are associated with hull arrangements that vary with speed. The large
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differences between Cp* and C,;”* apparent in Fig. 2 demonstrate the importance of selecting
favorable hull arrangements. Indeed, Fig. 2 shows that the ratio, C,;™ / C,*"', approximately varies
between 2 and 6 within the speed range considered. Fig. 2 also shows that the wave-drag curve,

worst

Cr™(F) , is significantly lower than the curve C,”*(F) corresponding to the worst hull
arrangements, and even the curve corresponding to the no-interference wave drag C,, +2C,,, over
most of the speed range. In fact, the curve CP™(F) is remarkably close to the curve
CE*" (F) corresponding to the best hull arrangement at every speed, over a broad speed range.
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Figure 2: Wave drag coefficient for different hull arrangements

The second design problem considered here consists of two steps. The optimal center and outer hull
forms are determined independently in the first step using present optimization technique. The center
and outer hulls of the original wave cancellation multihull ship are used, respectively, as starting
baseline hulls in the optimization cycles. During the optimization process, each hull keeps the same
displacement as the original design while the wave drag is minimized. There are 76 design variables
for the center hull and 64 for the outer hull. Four design cycles are required for each hull form
optimization.

The optimal center hull (4) is obtained by minimizing C;, (F) for one Froude number, F=0.5, and the
optimal center hull (B) is obtained by minimizing C,, (F)for five values of Froude number, F=0.3,
0,35, 0.4, 0.45, 0.5. Fig. 3a depicts the predicted wave-drag-coefficient curves corresponding to
theoriginal center hull and two optimal center hulls. Fig. 3a indicates that the wave drag associated

with the optimal center hull (4) is reduced tremendously in comparison to the original center hull when
the Froude number is above 0.4. However, the wave drag is increased slightly at lower Froude
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Figure 3: Wave drag coefficient for original and optimal hulls

numbers. Fig. 3a also indicates that the wave drag associated with the optimal center hull (B) is
reduced over almost the entire speed range in comparison to the original center hull. As expected, the
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wave drag reduction for the optimal center hull (B) at high Froude numbers is not as pronounced as
that for the optimal center hull (4). Similarly, the optimal outer hull (4) is obtained by minimizing
C;. (F) for one Froude number, F=0.35, and the optimal center hull (B) is obtained by minimizing

C, (F) for two values of Froude number, F=0.3, 0,35. Fig. 3b depicts the predicted wave-drag-

coefficient curves corresponding to the original outer hull and two optimal outer hulls. Fig. 3b
indicates that the optimal outer hull (B) has a larger wave drag reduction than that of the optimal outer
hull (4) over almost the entire speed range in comparison to the original outer hull. Therefore, the
optimal outer hull (B) and the optimal center hulls (4) and (B) will be used further on as two optimal
hull design cases for determining the optimal hull arrangements. The optimal center and outer hulls
are shown in Fig. 4.

Original outer hull
Orginal center hull

Optimal outec hull (A

Optimal center hull

optimal outer hull (B)
optimal center hull (B)

Figure 4: Original and optimal center and outer hulls

The optimal hull arrangement is determined in the second step of the design process using the hull
forms obtained in the first step of this design problem. The same methodology and notations,
described in the first example, are used hereafter for the combinations of two optimal center hulls and
one optimal outer hull, i.e., optimal hull (4) (optimal center hull (4) and optimal outer hull (B) ) and
optimal hull (B) (optimal center hull (B) and optimal outer hull (B) ), for the purpose of minimizing the
wave drag of each new wave cancellation multihull ship. The optimal hull arrangements for the
optimal hull (4) and (B) approximately correspond to @=0.65, b=0.11 and a=0.60, 5=0.11,
respectively. Fig. 5 depicts the variations, with respect to the Froude number F, of the computed
wave-drag coefficients associated with the optimal hull arrangements obtained for the original hull
(a=0.55, =0.11) and optimal hull (4) (a=0.65, =0.11) and optimal hull (B) (¢=0.60, 5=0.11), and the
wave drag coefficients associated with the experimental arrangements for the original hull. Fig. 5
indicates that the optimal hull (4) can reach large wave drag reduction when the Froude number is
above 0.4, and the optimal hull (B) can achieve noticeable drag reduction for almost the entire speed
range. Fig. § also shows that the fourth experimental arrangement (¢=-0.385, 5=-0.136) are the best
one for the purpose of minimizing the wave drag at higher Froude numbers in comparison to the other
three experimental arrangements. Fig. 7 depicts the wave drag reduction for the optimal designs of the
original hull, optimal hull (4) and optimal hull (B) with respect to the fourth experimental arrangement
(a=-0.385, =-0.136) of the original hull. This figure shows that these three designs can reduce drag
for almost the entire speed range. The maximum wave drag reductions for these three designs are
approximately 20%, 56% and 40% in high-speed range, and 71%, 76% and 87% in low- speed range.

In summary, the present simple CFD tool, coupled to a discrete surface representation and a gradient-
based optimization procedure, can be used very effectively for the design of optimal hull forms and
optimal arrangement of hulls for a wave cancellation multihul]l ship. Results indicate that the new
design can achieve a fairly large wave drag reduction in comparison to the original design
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configuration. This optimization technique can be readily used in the routine single hull or muitihull
ship design to minimize the wave drag.
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Figure 5. Wave drag coefficient for different hull Figure 6: Wave drag reduction for different
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ABSTRACT

The development of the LBR-5 “Stiffened Panels Software” is included in the development of a new
design methodology to ease and to improve preliminary studies of naval structures and floating
hydraulic structures. The ultimate target is to link standard design tools (steel structure CAD, hull form,
hydrostatic curves, floating stability, weight estimation, etc.) with a rational optimization design
module and a minimum construction cost objective function. This paper focuses on the “Module-
Oriented Optimization” methodology and on the rational constraints. LBR-5 allows, as of the first draft,
an optimization of the scantling of the structure's constituent elements. Relevant limit states of the
structure are taken into account thanks to a 3D rational analysis of the structure. The optimization
module is composed of 3 basic modules (OPTI, CONSTRAINT and COST).

KEYWORDS

Optimization, Prelimipary design, Stiffened structure, Construction cost, Design methodology.
Rational constraints, Structural constraints, Limit states.

1 INTRODUCTION

Floating structures are complex structures, generally composed of strongly stiffened plates, deck plates.
bottom plates. and sometimes intermediate decks, frames, bulkheads, etc. Optimization of these
complex structures is the purpose of this paper.

Structural design is always defined during the earliest phases of a project. It is thus not difficult to
understand why a preliminary design stage optimization tool is attractive. This is precisely the way the
LBR-5 optimization software for stiffened structures was conceptualised (Rigo 2001.a). “LBR-5" is
the French acronym of “Stiffened Panels Software”. Our target is to link standard design tools (stee]
structure CAD, hull form, hydrostatic curves, floating stability, weight estimation, etc.) with a rational
optimization design module and a minimum construction cost/weight objective function. LBR-5 is this
rational optimization module for structures composed of stiffened plates and stiffened cylindrical
shells. It is an integrated mode! to analyze and optimize naval and hydraulic structures at their earliest
stages: tendering and preliminary design. Initial scantling is not mandatory. Designers can start
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directly with an automatic search for optimum sizing (scantling). Design variables (plate thickness,
stiffener dimensions and their spacing) are freely selected by the user.

LBR-5 (Figure 1) is composed of 3
basic modules (OPTI, CONSTRAINT
and COST). The user selects the
relevant constraints (geometrical and
structural constraints) in external
databases. Standard constraint sets are
also proposed to users.

This paper describes briefly the
rational optimization procedure, the
innovative concept and methodology,
and the way they are implemented. It
focuses on the “Module-Oriented
Optimization” concept and on the
CONSTRAINT module. The LBR-
5’s major uniqueness is how the
different modules interact.

A detailed application on the
optimization of a floating storage
offloading unit (FSO) and the
relevant  information on  the
mathematical algorithm of the OPTI

module are available in Rigo (2001.b).

Detailed information on the COST
module is available in Rigo (2001.c).

As its advantages appear mainly at
this level, application fields of LBR-5
include hydraulic structures and naval
structures  and concern  the
preliminary design stage. It is indeed
during the first stages of the project
that flexibility, modelling speed and
ease of use provide precious help to
designers. At this moment,few
parameters/dimensions have been
definitively fixed and a coarse
modelling by standard finite elements
is often unusable. For ships, the
application domain is clearly the
ship's central part (cylindrical and
prismatic zone of cargo ships,
passenger vessels, etc.). This zone is
the most important in length for the
big floating units.
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Figure 1: LBR-5 flow chart including some
available sub-modules (constraints and cost data).
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For smaller units (sailboats, small craft, etc.), the cylindrical zone is smaller, or even non-existent. In
this case, the LBR-5 model can be used to perform transverse cross-section optimization (midship
section).

The module can also be used in the final stage of the project to perform a general verification or to
refine the scantling. In addition, LBRS can be advantageously used for education and training purposes,
for instance to support lectures on ‘Ship Design Methodology’, ‘Structure Analysis’, ‘Ship
Optimization’, etc. Many papers and books have been written on design philosophy and methodology,
both present and future. The most well known methodology for the design of naval and marine
structures is the "Design Spiral". Despite its age, it is still used. However the current tendency is to
break with this design process and move towards "Concurrent Engineering”. A comprehensive
bibliography review related to design methodology is presented in Rigo (2001.c).

LBR-4 (Rigo 1992), the previous version of the “stiffened panel method” for elastic analysis of
stiffened structures, was the starting point for the development of the LBR-5 optimization module
presented in this paper. The role of LBR-4 is to provide a fast and reliable assessment of the stress
pattern existing in the 3D stiffened structure.

The LBR-5 software is the result of the integration inside the same package of the LBR-4 (Rigo 1992)
and CONLIN (Fleury 1988) software and constitutes a new tool to achieve scantling optimization of
midship section. Methods similar to LBR-5 are proposed by, for instance, Hughes and al (1992) and
Rahman and al (1995). LBR-S is essentially preliminary design oriented. The structure modelling is
simple and fast, but not over-simplified.

The optimized scantling can be obtained within a couple of hours (maximum 1 day for complex
structures if starting from scratch). LBR-5 does not have the capability of a finite element analysis and
is restricted to prismatic structures and linear 3D analysis. But, on the other hand, LBR-5 uses explicit
exact first order sensitivities (derivatives of the constraint and objective functions by the hundreds of
design variables). Heavy and time consuming numerical procedures are not required. Sensitivities are
directly available as the method is based on an analytic solution of the differential equations of
cylindrical stiffened plates using Fourier series expansions. So, sensitivity formulations are known
analytically. In addition LBR-5 does not need to use the concept of local and global design variables.
Due to the efficient CONLIN mathematical optimization algorithm (convex linearization and dual
approach), optimization of the full structure can be performed with hundreds of design variables and
constraints using less than 10~15 global structure re-analysis.

2 LBR-5 AND THE CONCEPT OF “MODULE-ORIENTED OPTIMIZATION”

A multi-purpose optimization model, open to users and compatible with different codes and
regulations must contain various analysis methods for strength assessment that could be easily
enriched and complemented by users. The user must be able to modify constraints and add
complementary limitations/impositions according to the structure type studied (hydraulic, naval,
offshore structures, etc), the code or the regulation in force and to his experience and ability in design
analysis. The objective is to create a user-oriented optimization technique, in permanent evolution, i.e.
that evolves with the user and his individual needs. We define this as “Module-Oriented Optimization".

The LBR-5 optimization model is based on this new concept and is composed of several modules.
Neither the module number nor their type is imposed. At the start, the whole model is made up of 3
basic modules (Fig. 1) and forms the framework of the tool (COST, CONSTRAINT and OPTI).

Around the COST and CONSTRAINT modules there are a large number of sub-modules. Each of
these sub-modules is specific to a type of constraint. In principle, it is necessary to have at least one



54

sub-module for each constraint type. To date, only a limited number of modules are available (in
general 1 or 2 for each constraint type). It is up to the user to complete, adapt and add new modules
according to his specific requirements (type of structure, codes and regulations to be followed,
technical and scientific level, available hardware, etc.). The objective is to enable the user himself to
build the tool he needs.

Figures | and 2 show the basic configuration of the LBR-5 software with the 3 fundamental modules
(COST, CONSTRAINT and OPTI) and the "DATABASES" in which the user can do his "shopping”,
i.e. chdose the relevant constraints and cost data. After selecting the geometrical and structural
constraints and cost assessment tools in the databanks.

3 DESCRIPTION OF THE 3 BASIC MODULES: OPTI, CONSTRAINT AND COST

The problems to be solved can be summarised as follows:

Xi i=1,N, the N design variables,
» F(X) the objective function to minimize,
= GX) < CM j=iM the M structural and geometrical constraints,
= Ximin < Xi € Xjmax upper and lower bounds of the X; design variables:

technological bounds (also called side constraints).

The structure (Figure 3) is modelled with stiffened panels (plates and cylindrical shells). For each
panel one can associate up to 9 design variables (X;). These 9 design variables are respectively:
o Plate thickness (/),
e For longitudinal members (stiffeners, { Secondary Langitadion iflener

crossbars, longitudinals, girders, etc.):

- web height and thickness (2, 3),

- flange width (4),

- spacing between 2 longitudinal members (5
¢ For transverse members (frames, etc.):

- web height and thickness(6, 7),

- flange width (8),

- spacing between 2 transverse frames (9). Figure 3: Basic stiffened panel (or basic element).

The OPTI meodule (Figure 2) contains the mathematical optimization algorithm (CONLIN) that
allows solving non-linear constrained optimization problems. It is especially effective because it only
requires a reduced number of iterations. In general, fewer than 15 iterations (including a structure re-
analysis) are necessary, even in presence of several hundred design variables (X;). CONLIN is based
on a convex linearization of the non-linear functions (constraints and objective functions) and on a
dual approach (Fleury 1989). This module uses as inputs the results/outputs of the two other basic
modules, i.e. CONSTRAINT for the C(X;) constraints and COST for the F(X;) objective function. Due
to the choice of a dual algorithm (CONLIN), the treatment of side constraints (X; min and X; ma) is
particularly easy. Thus we can dissociate them from other constraints (C; (Xi) < CM;), which is
particularly attractive.

The COST module: In 2001, even for a first draft, a least weight optimization process can no longer
be justified and should be replaced by a least construction cost or, even better, by a minimum global
cost (including operational costs). To link the objective function (Euro) to the design variables (X;), the
unit costs of raw materials (Euro/Kg), the productivity rates for welding, cutting, assembling, etc.
(man-hours/unit of work = m-h/unit) and labour costs (Euro/m-h) must be specified by the user (Rigo
2001-c). These unit costs vary according to the type and the size of the structure, the manufacturing
technology (manual welding, robots, etc.), the experience and facilities of the construction site, the
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country, etc. It is therefore obvious that the result of this optimization process (sizing optimization)
will be valid only for the specific economic and production data under consideration. Sensitivity
analysis of the economic data on the optimum scantling can also be performed, thus providing the
manager with valuable information for improving the yard.

The CONSTRAINT module (see next section) helps the user to select relevant constraints within
constraint groups at his disposal in a databank (Figure 1). In fact, the user remains responsible for his
choice. However, in order to facilitate this selection, several coherent constraint sets are proposed to
the user. These sets are based on national and intemational rules/codes (Eurocodes, ECCS
Recommendations, Classification Societies, etc.). The user must first choose the types of constraints
(yielding, buckling, deflection, etc.) then, for each type of constraint, select the method, the code or the
rules to use and finally the points/areas/panels where these constraints will be applied.

4 STRUCTURAL AND GEOMETRICAL CONSTRAINTS

Constraints are linear or non-linear functions, either explicit or implicit of the design variables (X;).
These constraints are analytical “translations” of the limitations that the user wants to impose on the
design variables themselves or to parameters like displacement, stress, ultimate strength, etc. Note that
these parameters are functions of the design variables. So one can distinguish:
- Technological constraints (or side constraints) that provide the upper and lower bounds of the
design variables (for example: Ximin = 4mm £ X; < Ximax = 40 mm).

- Geometrical constraints impose relationships between design variables in order to guarantee a
functional, feasible, reliable structure. They are generally based on “good practice” rules to avoid
local strength failures, or to guarantee welding quality and easy access to the welds. For instance,
welding a plate of 30 mm thick with one that is 5 mm thick is not recommended.

- Structural constraints represent limit states in order to avoid yielding, buckling, cracks, etc. and to
limit deflection, stress, etc. These constraints are based on solid-mechanics phenomena and
modelled with rational equations. By rational equations, we mean a coherent and homogeneous
group of analysis methods based on physics, solid mechanics, strength and stability treatises, etc.
and that differ from empirical and parametric formulations.

The list of the structural constraints included in the LBR-5 model is intimately bound to the types of
structures targeted by this research. Let's recall that these are mainly metallic, prismatic (box girders)
and stiffened (orthotropic) structures used for hydraulic and marine structures. Thcse structures are
composed of stiffened panels that are either cylindrical or plane. The panels are joined one to another
by generating lines (edges of the prismatic structure) and are stiffened longitudinally and transversely

(Fig. 7). Stiffened A Bulkbead

o Stiffened longitudinally:
- by stiffeners,
and/or

- by crossbars and girders, prompt A
elements of strong rigidity.
e Stiffened transversely:
- by transverse bulkheads,

and/or B

- by the main transverse framing, Main Frame

and/or

- by secondary or local transverse stiffeners. Figure 4: A stiffened panel.

When going from the "local” to the "general" (Figure 4), one differentiates three types of constraints:
constraints on panels and components, constraints on frames and transversal stiffening, and constraints
on the global structure.



Panels are limited by their lateral edges (junctions with other panels, AA" and BB") either by
watertight bulkheads or transverse frames. These panels are orthotropic plates and shells supported
on their four sides, laterally loaded (bending) and submitted, at their extremities. to in-plane loads
(compression/tensile and shearing).
Global buckling of panels (including the local transverse frames) must also be considered.
Panel supports, in particular those corresponding to the reinforced frames. are assumed infinitely
rigid. This means that they can distort themselves significantly only after the stiffened panel
collapse.

o i \Y
The frames take the lateral loads (pressure, dead weight. etc.) and are therefore submitted to
combined loads (large bending and compression). The rigidity of these frames must be assured in
order to respect the hypotheses on panel boundary conditions (undeformable supports).

The ultimate strength of the global structure or a section (block) located between two rigid frames
(or bulkheads) must be considered as well as the elastic bending moment of the hull girder (against
yielding).

The limit states that will be considered are:
- A service limit state that corresponds to a situation where the structure can no longer assure the
service for which it was conceived (examples: excessive deflection cracks).
- Anultimate limit state that corresponds to collapse/failure.

It is important to differentiate service limit states to ultimate limit states because safety factors
associated to these two limit states are generally different.
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Structural modelling of the structure
and its components.

Level 2 The whole panel (suffencd orthotropic panel}

4.1 Ultimate Limit States

Figure 5 presents the different structure levels: the global structure or general structure (level 1), the
orthotropic stiffened panel (level 2) and the interframe longitudinally stiffened panel and its simplified
modelling: the beam-column (level 3 and 3bis). The relations between the different limit states and
structure levels can be summarised as follows:

® [ evel | Ultimate bending moment of the global structure (hull girder): M,
® [evel 2:  Ultimate strength of compressed orthotropic stiffened panels ( 0 ).
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0 ,=min[0, (modei),i=a,b.candd. the 4 considered failure modes]
W [eve]l 3: Mode a: Global buckling.
Mode b: P, of interframe panels (beam-column or orthotropic models)
- plate induced failure (buckling),
- stiffener induced failure (buckling or yielding).
Mode c: Instability of stiffeners (local buckling, tripping. etc.).
Mode d: Yielding.

To avoid constraints related to the “a” mode, one generally imposes a minimal rigidity for the
transverse frames so that an interframe panel collapse (mode b) always appears before global buckling
(mode a).

In the LBR-5 model, all the available constraints are classified as follows:

1. Stiffened panels constraints:

Upper and lower bounds (X,,,, < X £ X_...).

Maximum allowable stresses against yielding.

Panel deflection (local deflection).

Buckling of unstiffened plates,

Local buckling of longitudinal stiffeners (web and flange).

Ulti limit S
1.6.  General buckling of orthotropic panels (global stiffened panels).
1.7. Ultimate strength of interframe longitudinally stiffened panel.
1.8. Torsional-flexural buckling of stiffeners (tripping).

2. Frames constraints

e b=

E

2.1. Upper and lower bounds (X,,,, < X < X,.00)

2.2, Minimal rigidity to guarantee rigid supports to the interframe panels.

2.3. Allowable stresses under the combined loads,

Ul limi

2.4, Frame buckling of the compressed members and local buckling (web, flange).

3. Qeneral constraints

Service limi
3.1. Allowable stresses,
3.2. Global structure deflection and relative deflections of components and panels.

|

3.3. Global ultimate strength (of the hull girder/box girder) between 2 frames or bulkheads.

5 CONCLUSIONS AND FUTURE DEVELOPMENTS

Within the framework of the new “Module-Oriented Optimization” concept. the multi purpose LBR-3
optimization model is presented in this paper. The COST, CONSTRAINT and OPTI modules are the 3
basic modules. The global optimization process is presented including an emphasis on the
CONSTRAINT module. Main characteristics of the LBR-5 are:

- Preliminary design oriented (easy and fast modelling, reduced amount of input data, etc.),

- Structure optimization at initial design (initial feasible scantling is not required. etc.),

- Least construction cost and least weight objective functions,

- Rational formulation of the constraints (technologic, geometric and structural constraints),

- User oriented (user constraints can be easily implemented).

- FEfficient and reliable optimizer (only 10~15 iterations are necessary to get the optimum),
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- Large structures can be studied (100 panels, 900 design variables and 5000 constraints to cover up
to 10 loading cases).

A major aspect is how to integrate the LBR-5 module with existing tools (CAD, etc.). This work is
now under completion with the collaboration of industrial partners. Using new interfaces, LBR-5 will
be able to receive the geometric data (node co-ordinates, scantling, etc.) from, for instance. an
AUTOCAD, FASTSHIP, MAXSUREF file or even by a simple EXCEL or ASCII file.
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ABSTRACT

In order to complete the fine optimization of ship hull lines, a classified optimization procedure is
developed in this paper. Altogether 5 levels are included in this procedure. Level 0 is optimization of
hull dimensions based on the method of experience or statistical formulae. Levels I, 2 and 3 are
optimizations of naked hull lines, local hull lines and appendage lines respectively. The method of
Navier-Stokes equations is used with thick-layer approximation and integral numerical approach for
Level 1, with thick-layer approximation and differential numerical approach for Level 2, and with
partly-parabolic approximation and differential numerical approach for Level 3. Level 4 is optimization
of finalized hull lines by using model test with flow field measurements. The practical design of ship
hull has shown that CFD code is applicable for optimization of ship hull lines in the view of hull
resistance performance.

KEYWORDS

Hull resistance, Regressive analysis, Reynolds Average Navier-Stokes equations, Integral numerical
approach. Differential numerical approach, Optimization procedure, Ship design.

1 INTRODUCTION

The optimization of ship form is a traditional approach in ship design and one of contents is the
optimization of ship hull lines. It can be seen that the optimization technique is continuously improved
along with the development of engineering science especially with the development of computer and
numerical techniques,

So called optimization of ship hull lines may be regarded as lines fairing only, but this is not
comprehensive both in theoretical category and in engineering practice. In fact optimization or fairing
of ship hull lines can not be seen as pure mathematical or geometrical problem because it should
satisfy so many engineering requirements, such as loading, general arrangement, hydrodynamic
performance, and structure consideration. From this viewpoint it may be more suitable that the
optimization approach is called the weighing design for ship hull lines.
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Preliminary optimization approach of ship hull lines is based on design experience such as the method
of parent ship, which can provide so much information not only in design but also in operation.
Secondary optimization approach of ship hull lines is set on model tests such as the series tests of ship
model, which can directly give the result of optimized lines. In above optimization approaches the
main mathematical tool is the regressive analysis based on the least square method. Those approaches
used to play an important role in ship design before 1960’s as so many ships have been built with big
batches which are based on the series model tests, such as well known Series 60, BSRA Series, SSPA
Series and so on.

In recent 20 years one may find two important changes: the dimensions of newly built ocean-going
ships were gradually increasing and the techniques of Computational Fluid Dynamics (CFD) were
developing. The former led to the difficulties of applying the methods based on experiences and the
latter gave a space to employ the theoretical methods to optimize ship hull lines. To compare with
model test CFD is provided with excellence of economic aspects and celerity. And the predicted
accuracy by using CFD in ship hydrodynamic performance depends on the level of CFD code. It
should be pointed out that CFD can not always be substituted for model tests, but CFD can concentrate
model test with the least scale. In the ship designing practice some of CFD codes have been
successfully applied to alternate design of ship hull lines and the final result may be determined by
Experimental Fluid Dynamics (EFD). The fine optimization of ship hull lines is aimed at traditional
optimization method. The optimized objects may not only include dimensions and naked lines of hull
but also include local lines and hulls with appendages.

In the present paper an optimization method of ship hull line design for improving resistance
performance is presented computational example exhibits favorable results. Some of criteria used to
distinguish the ship hull lines are discussed.

2 CLASSIFIED OPTIMIZATION

In the different design stages the optimization approach with different levels can be used for efficiently
designing the ship hull lines.

2.1 Optimization of Hull Dimensions (Level 0)

So many regressive results can be applied to mathematical models when optimization of ship hull
dimensions is made. Such as BSRA Series (Wang and Huang, 1993), Series 60 (Wang, 1980), Series of
Fishing Boats (Wang and Huang, 1977), ships with homogeneous hull and high speed (Wang and Xu,
1996) and so on are frequently used at the preliminary design stage. The objective function is the total
resistance (coefficient) or the residual resistance (coefficient) and the optimized objects include
principal dimensions and coefficients of hull form.

2.2 Optimization of Naked Hull Lines (Level 1)

A calculation of thick dimensional boundary layer on ship hull with special velocity profiles and eddy
viscosities (Wang and Long, 1989; Wang and Wan, 1989 and Wang and Long, 1992) and with the
integral numerical method is employed to determine the viscous resistance. In addition, the Michell
integral is used to predict the wave-making resistance. The objective functions are the viscous

resistance (coefficient) and the wave-making resistance (coefficient) and the optimized object is naked
hull lines.



61

2.3 Optimization of Local Hull Lines (Level 2)

Reynolds Average Navier-Stokes (RANS) equations with 2-turbulence model and linear free surface
boundary condition, together with the differential numerical approach (Wang and Wan, 1991; Wang
and Wang, 1994, Wang and Wang, 1995; and Wang and Wang, 1996) are applied to simulate flow
around ship hull in time domain. The objective functions are the viscous resistance coefficient and the
wave-making resistance coefficient, with the local hull lines being the optimization object.

2.4 Optimization of Appendage Lines (Level 3)

Partly-parabolic type of Navier-Stokes equations with 2-turbulence model by use of differential
numerical approach with the pressure marching or the finite-volume method (Wang and Cai, 1998; Li,
Lin and Wang, 1997; Li, Lin and Wang, 1998) is used to simulate flow considering the interaction
between hull and propeller. The objective functions are the viscous resistance (coefficient) and the
wake fraction and the optimized objects are local hull lines, appendage lines and propeller set.

2.5 Optimization of Finalizing Hull Lines (Level 4)

Model test is employed to confirm the optimization result. In fact the information both for the
optimized model and for the modification of tested model can be obtained from the computations
based on Leve! 2 and 3.

At present the relative accuracy of predicting resistance performance by using CFD code can be
ensured, that means it could be used to make comparison with different models. But the final
prediction of hull resistance should be determined by use of model test. Up to now the CFD code can

predict the resistance performance of ship hull with model size (Re = 10°~7) and thus the model test
can be carried out under the same scale of computational model. The prediction of resistance

performance for a ship with full scale (generallyRe = 108_9) should consider the scale effects.

Ship designers hope that the resistance performance could be directly predicted by a suitable CFD
code, and hence the requirement of model test could be minimized. However this objective may only
be partly achieved for some of series ships and for ships that have support from big relative database.
For new ship form developing the model test is necessary and all of CFD’s results must be validated by
model tests.

3 APPLICATION

DSMT tanker model as an example of optimization process is provided as follows. The optimization of
Level 2 has been made after Level 0 and /.

3.1 Hull Lines Parameters

TABLE ]
THE PRINCIPAL PARAMETERS
L/B BIT v/ C,
5.5 3 0.009 0.8158

The bow and stcrn have been modified based on the parcnt ship, and four hull lines schemes have been
provided as follows:
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Scheme 1: the parent ship of DSMT tanker
Scheme 2: the DSMT tanker with modified bow (raising the center of gravity of bulbous bow)

Scheme 3: the DSMT tanker with modified stemn (increasing the value of a/b)
Scheme 4: the DSMT tanker with modified bow (raising the center of gravity of bulbous bow) and
modified stern (increasing the value of a/b)

TABLE 2
PRINCIPAL DIMENSIONS OF BOW AND STERN FOR 4 SCHEMES
Scheme 1 Scheme 2 Scheme 3 Scheme 4
Block Coefficient C, 0.8158 0.8159 0.8159 0.8160
L1, 0.16 0.16 0.16 0.16
Parameter h /T 0.489 0.485 0.489 0.485
of Bow b...'B 0.1684 0.169 0.1684 0.169
s,/s 0.00607 0.00612 0.00607 0.00612
Parameter alb 0.412 0.412 0.538 0.538
of Stem hy/h, 1.00 1.00 1.00 1.00

1,11 op : the ratio of length of bulbous bow to length between perpendiculars.

h, /T : the ratio of distance from draft to the position where bulbous bow is widest to design draft.
b / B : the ratio of the maximum width of bulbous bow at 2cro station to molded breadth.

S, /s : the ratio of the transection area of bulbous bow at zero station to the midship section area.

a/b : the ratio of the minimum width to the maximum width at the defined station of the bulb stern.
h, / h, : the ratio of the height of the bulb stern’s center to that of the propeller’s axis above the baseline.

3.2 Model Test and Calculation

The model test and calculation have been made under 15°C freshwater. The results have been shown in
Table 3.

TABLE 3
DATA FOR MODEL TEST AND CALCULATION
Scheme 1 Scheme 2 Scheme 3 Scheme 4
Model | Calculat | Model | Calculat | Model | Calculat [ Model | Calculat
Test ion Test ion Test ion Test ion
Cp X 10 3.334 3.230 3.334 3.229 3.334 3.228 3.227
C., X10° 0.8278 0.8277 0.8344 0.8313
C, X10 0.155 0.151 0.179 0.175
1+k 1.216 1.215 1.217 1.216
C, x10° 4.376 4.213 4314 4,208 4.420 4.241 4233
1-w 0.7343 0.498 0.498 0.605 0.485 0.485
a 1.1647 1.198
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3.3 Analysis

For Scheme 2, the pressure coefficient C, (ratio of dynamic pressure to 0.5pv?) is lower than that

of Scheme 1 at the same height around the bow (Figure 1). This is favorable to reduce the viscous
pressure resistance. And the free surface elevation (FSE) at the same position is lower than that of
Scheme 1 (Figure 2). This is favorable to reduce the wave-making resistance from the aspect of energy.
So the resistance performance of Scheme 2 has been improved.

0.8 : ‘ ‘ Scheme 1
4 - Slenc 2
0.4 03 -
0.2 0.1

0 2T 00 =
020 02 04 A1 03 0
o4 design draft 0.5 raft

@ ®)
Figure 1:Distribution of C, along Z-axis at 19-station (a) and 192/3 -station (b)

For Scheme 3, the gradient of pressure along X-axis at the same height is greater than that of Scheme 1
(Figure 3). In addition, the pressure coefficient C, is lower than that of Scheme 1 at the same height
around the stern (Figure 4). These are unfavorable to reduce the viscous pressure resistance. And the
free surface elevation at —1/2 -station has increased about two percent. This is unfavorable to reduce
the wave-making resistance from the aspect of energy. Thus, the resistance performance of Scheme 3

has not been improved. But the results of model test show that the propulsive performance of Scheme
3 has been bettered.
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Figure 2: The free surface elevation (Fse) Figure 3: Distribution of C, in the vicinity
along Y-axis at 191/ 4 -station of 1-station

For Scheme 4, it synthesizes Scheme 2 and 3. Analyses have also been made based on the distribution
of the pressure coefficient around the bow or stern and the free surface elevation. Results have shown
that the resistance of Scheme 4 is increased, but not so much as Scheme 3 because of the different
bulbous bow.
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Figure 4:Distribution of C, along Z-axis at 3/4 -station (a) and 1-station (b)

4 CONCLUDING REMARKS

Based on above analyses and results of the example some conclusions about CFD approach in the view
of hull resistance performance can be drawn as follows:

The resistance performance can be appraised by the calculated results such as the distribution of
pressure coefficient and the information of free surface elevation at any position. The separation of
flow(d6/dx = 0) can be determined by the calculated information about the momentum thickness

8).

The results from model test and calculation have the same tendency for resistance and wake
distribution. The calculated results can be obtained more easily and quickly, moreover the information
from calculation is much richer. Thus, it is feasible that the CFD approach could be used to make the
optimization of ship hull lines in the view of resistance performance.
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ABSTRACT

This paper presents a parametric modelling approach to the design of ship hull forms which allows to
create and vary ship hulls quickly and efficiently. A design-oriented parametric definition language is
introduced which features high-level descriptors of hull characteristics well-known in naval
architecture. A modelling system is presented that produces a complete mathematical description of
the hull via geometric optimisation, enabling effective shape variations by keeping selected parameters
constant while adjusting others automatically. All curves and surfaces yield excellent fairness.
Examples illustrate parametric shape design and variation. Thus, the parametric modelling approach
provides the ideal basis to hydrodynamic optimisation and one week ship design.
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Hull form design, Parametric modelling approach, Geometric optimisation, One week design

1 INTRODUCTION

In order to be competitive on the market, preliminary ship design has to be performed in continually
decreasing time spans. Accurate estimation of weights, building cost and performance are essential for
the success of a bid. Decision-taking at the early design stage fixes the major expenses while
uncertainties about the upcoming costs have to be reduced as much as possible. A considerable number
of design alternatives and their thorough evaluation increases the competitiveness of a shipyard.
Selecting a design from a larger stock or being able to create designs of high quality on demand offers
a huge advantage. The ultimate goal of advanced modelling systems for future developments is to
provide a complete generic model for the entire ship which includes production as well as lifecycle
costs. However, software tools applied in the preliminary design phase today generally feature a
different view of ships than geometric modelling systems. Moreover, using state-of-the-art computer
simulations, for instance CFD and FE methods, require a complete geometric representation of the ship
~ mostly in discretized form.

This paper therefore aims at introducing a new approach to hull form design based on a parametric,
design-language-oriented definition. Different descriptors used by the various partners involved in the
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design process have been analysed and a top-down hierarchy of design elements has been identified.
Within the novel approach the high-level descriptors used in the shipyard’s daily optimisation process
can be translated directly into a geometric definition. Physical properties of the hull shape are
maintained automatically and the resulting curves and surfaces yield excellent fairness. The naval
architect’s craftsmanship of geometric modelling has become part of the internal generation process
without compromising his or her freedom of creativity. The flexible set of parameters and the fully-
automated adoption of patch arrangement makes the program a powerful tool. The designer can thus
concentrate on the optimisation of the ship to improve its performance and thereby its value as well as
the competitiveness of the designing yard.

In the sections to come a classification of design language is presented. Subsequently, the modelling
approach and the hierarchical character of design parameters and their implementation in the
generation process of complex hulls are outlined. Global variations induced by single parameter
changes as well as local changes typically applied in the hydrodynamic optimisation process illustrate
the applicability of the parametric design methodology.

2 DESIGN LANGUAGE

The geometric design of ship hull forms consists of several subsequent procedures based on a wide
range of abstraction levels. The description of specific properties of a ship may vary from a global
expression like a post pan max container carrier with drafi restriction to a mathematical detail like the
weight of the second-to-last control point on that frame should be slightly decreased. Both descriptions
are needed to carry the necessary information from one partner to another without burdening the
communication with excessive data.

The view on a ship, and therefore the language applied for its description, depends basically on the
context which governs the particular situation. While at the global level of description the appearance
of a ship dominates the vocabulary, at the stage of hydrodynamic optimisation the communication on
the basis of functional descriptors, e.g. form parameters, is more useful. The CAD-system which is
applied to model the ship shape again requires a completely different language since it is based on
patch arrangements, vertex coordinates and weights defining the hull by means of a specific
mathematical method.

The modelling process of a hull can be performed independently at any of these three levels. The
selection of features used to describe the hull form at any of these levels has to follow a topological
description. For a better distinction let us introduce three topology levels that we call

® Topology of Appearance,

° Topology of Design and

. Topology of Representation.

All three levels are applied within the design process in close relation, see Figure |.

Applying state-of-the-art CFD-programs represents today’s standard for performance evaluation of
ships in the early design stage. Due to their reliable ranking, see e.g. (Harries and Schulze 97), they
can be utilized in the optimisation process. Shape variation and decision-taking is generally performed
on the basis of functional descriptors — at the level of topology of design, i.e., the second level in
Figure 1. However, the numerical simulation programs (CFD) require a complete geometric
description stemming from the lowest level, i.e., the third level in Figure 1. Even though the simulation
expenses in terms of computing time play a significant role, the implementation of the desired shape
variation is of even higher magnitude since it is usually brought about by hand. Consequently, the
limited period of design refinement restricts the number of iterations possible and systematic variations
cannot be performed in general.

The different languages applied to the description of ship characteristics represent a major bottleneck
in hull form development. Design decisions are usually taken on a more abstract level and the lack of
automated mapping of functional descriptors into a corresponding mathematical representation makes
optimisation a time-consuming, highly interactive process. In most cases no comprehensive
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optimisation process is achieved. In order to improve this situation the new method of hull modelling
is developed such that the design-oriented parameters are directly translated into a mathematical hull
representation. New geometry generation procedures based on hierarchical rules ensure variability and
applicability of the approach.

3 MODELLING APPROACH

Traditional CAD-based geometric modelling is characterized by employing mathematically defined
curves and surfaces which are manipulated by means of a graphical user interface (GUI). The model
generally consists of a considerable number of free variables which have to be modified in a highly
concerted manner. The initial set-up of a feasible arrangement of entities requires knowledge about
both the ships topology of appearance and the mathematics of its representation. Once the set-up is
done for a specific hull form, global changes cannot be accomplished easily and modifications of
functional parameters remain time-consuming tasks.

3.1 Requirements of the Mathematical Representation

For further utilization within the design process a complete geometric model — in the meaning of a
computer internal representation (CIR) — is required. CAD-models based on B-spline technology are
employed successfully in many marine-related software packages. The B-splines’ advantageous
characteristics with regard to local shape control, internal continuity and variability makes them a

powerful element for all kind of shape representations.
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Figure 1: Levels of topology

The arrangement of surface patches for a feasible representation of a given shape depends basically on
shape characteristics which make up the general appearance of the hull, e.g. flat areas, knuckle lines,
curved regions. Moreover, gaps and overlaps within the representation have to be avoided which
possibly leads to a more complicated arrangement, depending on the complexity of the desired shape.
The quadrilateral nature of standard B-spline surfaces may cause additional subdivisions to avoid
discontinuities in unfavourable regions. An example surface patch arrangement for a fast RoRo-ferry is
depicted in Figure 2. In addition to these formal requirements, the resuiting surface has to display
excellent fairness, which normally is realized interactively by the designer who creates the CAD-
model. Manually, however, these requirements are typically non-trivial to fulfil. Naturally, any
automated hull generation process has to accomplish a result which complies with these requirements,
too.
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Figure 2: Example surface patch arrangement
3.2 Parametric Design Approach

The modelling technique presented in this paper is based on a parametric curve generation approach
developed by Harries and Abt (1997) and has been successfully utilized for the generation and
automated optimisation of bare hulls by Harries (1998). The method utilizes a parametric curve
generation process where the vertices of all B-spline curves are computed from a geometric
optimisation, employing fairmess criteria as measures of merit and capturing global shape
characteristics as equality constraints. Properties of the hull, such as the shape of the centerplane curve
or the shape of the deck for instance, are represented as curves created from form parameters.
Parametric curves — e.g. for the flare angle or the submerged sectional area — reflect the properties of
the sectional shape of the ship at any longitudinal position. Once this set of so-called basic curves is
created from the specified input, a numerical algorithm is applied to create a set of sections at selected
locations and, subsequently, a skinning (Woodward 1988) is performed to create a surface definition
from the skeleton of design sections. A suitable arrangement of design sections is determined
automatically from an analysis of the basic curves.

The geometric modelling system developed by the authors — called FRIENDSHIP-Modeler — is based
entirely on parametric principles. The parameterisation is implemented on the basis of a user-readable,
marine design-oriented model-file. An excerpt of a model-file is depicted in Figure 3.

The model-file features a number of blocks representing elements from a very high modelling level,
i.e,, levels 1 and 2 of Figure 1. In the example principle dimensions and selected properties of the
midship section and the design waterline are displayed. The entire model-file features between 30 and
about 150 parameters, depending on the desired detail of specification. While some of the parameters
are mandatory for the generation process many are optional. If a parameter is not specified, either its
value is set to a default or, alternatively, a change in topology is performed, depending on the
modelling context. An example for the creation and modification of a midship section is given in
Figure 4 to Figure 7. The rule-based generation process is described in the following paragraphs.

// PRADSG1, Ferry variation, March 01
(e principle dimensions -
MAIN {
length 176 n // to forward perpendicular
lax 0.5 MAIN.length
lenOfPar 0.0 L]
beam 25 n
draft 6.4 L]
freeboard 12 n
}
L A i pidship section ----------m-mmmmr
MIDSEC {
draft 1.0 MAIN.draft
beamAtDec 1.0 MAIN.beam
freeboard 1.0 MAIN.freeboard
beamAtDul 0.9 MAIH.beanm
}
//- -- design waterline -----—-------
DWL {
angleAtEntrance 11 deg
areaCoeff 0.65

Figure 3: Part of the FRIENDSHIP model file



71

3.3 Rules of Creation

Instead of expecting a comprehensive specification of each element utilized to model the desired shape,
an inverse procedure is applied to most features within the FRIENDSHIP-Modeler. A midship scction
for instance could be specified and set up with just a single information, namely the beam at the design
waterline. Without any additional information, all necessary parameters would be derived from the
principle dimensions, see Figure 3. The parameters draft, beam and freeboard have been included in
the MIDSEC block in order to simplify the picture. Any additional information given by the user
specializes the shape of this design feature and possibly induces changes in topology. Figure 4 shows
the extract of the midship section’s block complemented by a parameter called deadrise. lts default
value is zero but here it has been modified to 4°. Figure S extends the specification by a straight part at
its bottom. The corresponding shapes of the initial section and the modified ones are depicted in Figure
7.

/7 midship section

MIDSEC ¢
draft 1.8 HAIN.draft /7
beamftDec 1.0 MAIN.beanm 7/
Freeboard 1.0 HAIN.freeboard //
beanAtdwl 0.9 HALH.beam 17
deadrise 4 deg

Figure 4: Midship section specification (Part 2)

1/ midship section

HIDSEE ¢
draft 1.0 HAIN.draft 17
beanAtDec 1.0 HAIN.beam /7
freeboard 1.0 WAIN.freeboard //
beamAtDwl 6.9 HAIN.beam 17
deadrise i deg
flatDfBottom 0.6 HAIN.beam

Figure 5: Midship section specification (Part 3)

As stated above, the generation process follows a methodology which depends on the existence of
specific parameters. According to the naval architects’ language, a set of parameters has been
introduced and chosen as the basis for a generation hierarchy. Figure 3 to Figure 5 depict the
parameterisation of the midship section applying parameters located at a similar priority level. Other
parameters exist at higher and lower levels, respectively. The parameter for the design waterline beam
for example is located one level below since a combination of draft, a large deadrise angle combined
with a straight part from the flat of bottom may cause a dependency. (For conventional merchant ships
this case is not relevant.)

/7 - midship section -----
MHIDSEC {
draft 1.8 HAIM.draft 17
beamAtDec 1.6 HAIN.beam /
freeboard 1.0 HRIN.freeboard 7/
beamftDwl 9.9 HAIN.beam 124
deadrise 4 deg
flatofBottom 0.6 HRIN.bean
bilgeRadius 3.2 n

Figure 6: Midship section specification (Part 4)
In contrast to the set of coexisting parameters in the previous figures, an example of a higher level
parameter is the bilge radius, see Figure 6. Stating a bilge radius dominates the generation process and
causes the parameters for the flat of bottom and the beam at the design waterline to be overruled and,
thus, ignored. In addition, a straight part for the flat of side is created which makes the section become
a typical midship section.
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The midship section has been selected to demonstrate the different levels of priority in the generation
process of the hull shape. Every single parameter that is part of the vocabulary available in the model
has to be related to a set of rules embedded in the generation process.

4 EXAMPLE

To demonstrate the performance of the entire modelling approach, two different shape variations —
namely global and local modifications — are presented. The change of global parameters depicts the
capabilities of shape generation in the early design phase. Local changes of hydrodynamic relevance
have been selected to demonstrate the applicability of the modelling approach for automated shape
variation without shape deformation.

4.1 Variation of principle dimensions

At the early stage of preliminary design the appearance of the ship is specified and some of the
principle dimensions have to be initialised and, possibly, fixed. Typically, a subset of important
parameters suffices to capture the requirements resulting from the transportation task. The freedom for
shape variations is substantial and yet all desired geometric attributes are readily available in full detail.
Once the model-file is created with a limited set of parameters, a complete geometric description can
be created on demand. The values of parameters can be specified either in absolute terms or relative to
others. Figure 8 shows three shape variations of a fast RoRo-ferry in side view. The picture shows (i)
the ferry of 176 m in length without a parallel part, (ii) the hull after introducing a parallel midbody of
40 m in length, and subsequently, (iii) the geometry after a draft reduction from 8.4 m to 6.4 m. In the
side view the relation of parameters can be seen: The aft end of the bulb fairing shifted upwards as the
draft was reduced while the position of the bulb top was defined in absolute terms and, therefore, did
not change in this example.

%\\\ _,:;

Figure 8: Global shape variation in side view
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Figure 9: Global shape variation in perspective view
The rendered view depicted in Figure 9, shows the same hull variations as displayed in Figure 8. The
automated adoption of the topology of representation is illustrated here clearly. The hull in the
foreground, featuring no parallel midbody, consists of less surface patches than its two variations with
a parallel part.

4.2 Bulbous Bow Variation

After several principle dimensions have been fixed as a result of economic and/ or hydrodynamic
optimisations, a subsequent improvement of the hydrodynamic performance is usually carried out to
refine the design. Parameters typically used for the manipulation of wave resistance are related to the
shape of the bulbous bow. Also, to increase the propulsive efficiency a stern gondola could be subject
of changes. Figure 10 presents a variation of a single geometric parameter of the bulbous bow, namely
the buttock angle of the bulb contour at the forward perpendicular. The parameterisation of the bulb is
closely related to the parameters proposed by Kracht (1978). All of them have been implemented and
can be applied in any suitable combination. In addition, the contour of the bulb can be defined by a
number of parameters, defining the slope of the buttock, the location of the top of the bulb as well the
length and height of the fairing into the bare hull. The bulb is regarded as a blister-type appendage and
its volume is specified by means of a separate sectional area curve.

- v
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Figure 10: Local shape variation of the buttock angle at the FP
The variation depicted in Figure 10 features a variation of the buttock angle from 5° through 10° to 15°
of buttock slope.
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5 OUTLOOK

A new approach to parametric hull form design has been presented. Three prominent levels of
topology have been introduced — Topology of Appearance, Topology of Design and Topology of
Representation. These levels serve to characterize more clearly the various stages of specification,
definition and realization typical of today’s ship design process, comprising the complete spectrum
from the abstract description to the mathematical detail. The new modelling approach is placed at the
intermediate level of topology of design. Form parameters are utilized as the descriptors to express
design ideas. They can be specified flexibly and problem-dependently. A hierarchical, context-related
and rule-based system has been presented to support the naval architect, the hydrodynamicist and the
designer in their mutual task to create, vary and optimise the hull geometry quickly and effectivety.
Examples are given to illustrate the design philosophy and to demonstrate the applicability of the
method. The approach is well-suited for the integration into formal techniques of systematic
optimisation.

Further work is needed to accommodate additional hull features like appendages, gondolas etc.
Moreover, current and future applications focus on the automated optimisation of the hydrodynamic
performance associated with the hull geometry, covering calm water resistance and propulsion as well
as seakeeping.
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ABSTRACT

This paper presents the requirements and design for a new hydrographic survey vessel for the Royal
Netherlands Navy (RNLN). Based on the mission of the ship, a dedicated integrated hydrodynamic
study was conducted at MARIN to verify compliance of the design with all requirements. Using this
approach, an optimum balance between hydrodynamic, operational and economical requirements was
found.
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1 INTRODUCTION

The operational and technical necessity to replace two existing North Sea hydrographic survey vessels
(HSV) of the Royal Netherlands Navy initiated a materiel project for two new vessels. The primary
mission of these vessels will be carrying out hydrographic surveys to comply with civil and NATO
commitments. These tasks will in particular be carried out in the Netherlands part of the Continental
Shelf and in the area of the Netherlands Antilles and Aruba. Secondary tasks consist of general
military support tasks, assistance in calamities, and support in typical coast guard operations. The
development of a more rational design method (see Wolff (2000)) as well as the operational
experience within the hydrographic service of the RNLN have resulted in a clear and complete set of
operational requirements regarding the hydrodynamic performance. The approach taken and described
has lead to a balanced design between those hydrodynamic performance aspects and cost.

2 THE REQUIREMENTS
2.1 Propulsion

A) Cruising speed at least 13 kn in calm water with 6 months fouling allowance.
B) The ship should be able to sail for prolonged periods at low speeds, e.g. 1.5 to 2 knots and at
intermediate speeds during surveying, i.e. between 4 and 9 knots.

2.2 Manoeuvrability

A) Good manoeuvrability and course stable in particular for typical surveying speeds (4 — 9 kn).

B) For 95% of the time within 5 m lateral distance deviation during trackkeeping for conditions up to
BfS, 2 kn current and sea state 4 (Hgig = 1.88 m, T; = 6 s).

C) During autopilot sailing, less than 5° heading deviation, in the same environmental conditions.

D) The ship should be able to turn 180° and change tracks that are 100 m apart within 5§ minutes.

E) Unassisted berthing or unberthing should be possible in wind speeds corresponding to up to Bf7.

F) Buoy handling in winds up to Bf7 combined with up to 2 kn current, with less than 10 m
positioning deviation relative to the sea floor.

2.3 Seakeeping

The ship has to be able to perform measurements during 128 days/year on the Netherlands part of the
Continental Shelf (NCS). Given per year a total of 210 sailing days and 30 days transit to and from the
measurement location, 10 days loss due to technical reasons and 16 days for secondary tasks, there is a
number of 154 survey days available. This leads to the conclusion that the maximum allowable
downtime due to ship motions on the NCS equals 17%. The seakeeping requirements for the new
hydrographic vessel are much more stringent than for the current survey vessels. The ships to be
replaced are on average capable of 103 measurement days/year corresponding to a downtime of 33%.

2.4 Sea Conditions

Looking at available wave statistics on the operational area, a probability of exceedance of 17% for the
Netherlands coastal waters leads to a significant wave height of 2m. In the more northerly part of the
NCS this probability leads to a significant wave height of 3 m, so the requirement of 128 hydrographic

survey days can be met if the ship motion behaviour meets the criteria for seastates up to maximum sea
state 4
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2.5 Criteria

A) Significant vertical motion amplitude of the echosounder/sonar < 1.0 m for heave compensation
B) Allowable roll angle of echosounder/sonar and for launching and retrieving RIB < 5°

C) Criteria for security / operability of the crew

Significant pitch amplitude <3.5°

At the location of the RIB / sloop, measurement analysis work spaces, deck spaces for launch and
retrieval of buoys and the bridge:

Significant amplitude vertical accelerations < 2 m/s?

Significant amplitude of lateral accelerations <1.5 m/s* (on the bridge < 2 m/s?)

D) General criteria:

Green water over the bow < 30 times/hour, on the aft deck < 1 time/hour

Slamming < 20 times/hour

3 DESK STUDY

Extensive desk studies have been conducted in the early phase of the project. The first analysis
comprised a feasibility study of the application of an existing conventional, single-screw, single-rudder
ship for the purpose. Compliance with the staff requirements was verified for this ship. The desk study
showed that the existing ship could be adapted in such a way that all requirements were met.

The second, more elaborate, desk study was conducted to determine the operability of the ship and
which propulsion and steering arrangements could be applied. Pods and thrusters prove to be
promising for application to various ships and therefore the idea arose that those concepts might be
advantageous. The propulsion and steering arrangements comprised the following concepts:

o Single-screw single-flap rudder

e Single pod

e Twin screw/twin rudders

e Twin pods

o Single propeller with wing thrusters arrangements.

3.1 Seakeeping

The main dimensions of the hull form resulted from operability requirements, the required deck width
and stability requirements. Operability is defined here as the proportion of time the ship is able to
successfully accomplish its missions for given combinations of sea area, speeds, and headings, see
Lloyd (1989) and NATO STANAG 4154. The complement of operability is referred to as downtime.
For the above mentioned ship motion criteria and wave statistics the downtime in bow quartering and
head waves is governed by the vertical motion limits of echosounder and sonar. For beam and stern
quartering waves, the vertical motions continue to affect the downtime together with lateral
acceleration limits. The limiting roll angle affects the downtime in stern quartering waves as well.

In a hull form variation study, length, displacement, C, and the draught were varied to investigate their
effects on operability. Also, a pram shaped aft hullform was evaluated and applied because of its
beneficial effect on vertical motions (Blok and Beukelman (1984) and Kapsenberg and Brouwer
(1998)). Finally, the study resulted in the following dimensions and coefficients for further model
testing.

TABLE 1
MAIN PARTICULARS OF THE SHIP.
75m A 1850 t Cy 0.47
| B 12.8m LCB 36.02m Cm 0.80
4m Cwi 0.80

The calculations also showed the importance of effective anti roll tanks (ART) for beam and stern
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quartering waves, which would therefore receive special attention in the seakeeping experimental
program.

3.2 Hull form optimisation and propeller verification

The mission profile of this vessel was rather complicated. Good propulsive efficiency is required while
at the same time the wake field of the ship has to allow for the design of a low noise signature
propeller. Above all, excellent steering ability was demanded.

The concept with wing thrusters was believed promising, as the wing propulsors might be sufficient to
achieve the survey speed, whereas the central propeller needs to deliver the thrust for normal transition
speed. For full speed all three propulsors would be used, filling the gap between 9 and 13 knots by the
thruster power enabling direct diesel drives for all shafts. Unfortunately, it was found that the power
for the wing thrusters was too little to fill the gap. The single pod arrangement was dismissed because
of the high associated costs and minimal advantage of applying a single pod over a single propeller-
rudder configuration. Finally, the twin screw exposed shaft arrangement failed in efficiency compared
to a single screw arrangement, so that the single screw concept was chosen. The shaft power demand
of all the four concepts can be found in Figure 1 below.

As the cavitation inception speed of the design affects the noise signature to a large extent, special
attention was paid to the wake field of the vessel. In this regard, a single screw design usually suffers
from a wake peak in the top and bottom position. Aiming at a minimisation of this peak, an open shaft
layout was designed. At MARIN, good experiences exist with such a design from former projects and
therefore it was applied in this project.
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Figure 1: Shaft power of the four investigated concepts.

The lines of the ship were verified by applying MARIN’s potential flow code RAPID. The wave
patterns have been evaluated for design speed and survey speed. It appeared that further optimisation
of the lines was not profitable.

3.3 Dynamic Tracking, Position Keeping and Manoeuvring

During the desk study, the following calculations were carried out to verify compliance with the
requirements, for all steering arrangements:

e Standard zig-zag, turning circle and reversed spiral manoeuvres, to verify the directional stability
and controllability of the ship.

e Track change ability simulations, to determine the time required sailing from one survey track to
the next.

e Dynamic tracking manoeuvres, to verify the ability of the ship to follow a pre-defined track, in
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wind, waves and current.

e Dynamic positioning simulations, to verify the ability of the ship to hold station in wind and
current.

Based on the standard manoeuvres and the track change ability manoeuvres with the SurSim
simulation program, it was concluded that all steering arrangements provided a controllable ship, with
a slight preference to podded propulsion. The application of a sufficiently large centre line skeg
however, proved to be necessary to ensure the directional stability of the ship.

Using dynamic tracking and positioning simulations, conducted with the MARIN program DPSIM, the
deviations from the track and steering actions were compared for all steering arrangements. By
applying the appropriate controller coefficients, the ship met the requirements, irrespective of the
steering arrangement. The difference between the final results of the configurations was small and
therefore no conclusions were drawn regarding the best arrangement.

Besides the above mentioned simulations, also calculations were conducted to determine the required
bow thruster power in order to be able to berth or unberth without tug assistance up to BF7.

4 MODEL TESTS

Based on the desk study results, in combination with operational and economic requirements, the
single-screw, single-rudder option was selected for the model test phase of the project. The complete
model tests program was based on the results of the desk study, concentrating on risk areas and
therefore minimising the number of tests.

4.1 Calm Water

A paint smear test was conducted in order to position the appendages such that least resistance and
disturbance of the flow was achieved. The speed-power relation and propeller hull interaction was
determined by means of resistance and propulsion tests. Finally, a wake survey was conducted to
determine the essential wake distribution.
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Figure 2: Result of the wake survey

The results presented in Figure 2 were found to be very favourable for a single screw vessel, showing
that the solution of exposed shafts even for a single screw vessel is worthwhile, when cavitation
inception is an item that needs to be considered.
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4.2 Propeller design

Propeller performance calculations were conducted using MARIN’s computer programs TIPVCI and
DESPRO, together with knowledge from individually and systematically tested propellers, such as the
B-series. Parameters that were varied were the diameter, blade area, blade number and pitch
(distribution). When the inception speed of tip vortex cavitation was accepted as the determining
criterion, a 7 bladed propeller with a pitch of about 1.3 was found to be favourable from cavitation
point of view. It was found that a diameter of 2.75 m should be applied. Although the propeller tips
touch the boundary layer of the hull, the lower rotation rate in this case is beneficial.

4.3 Manoeuvring and Dynamic Tracking

The manoeuvring tests were conducted to verify the conclusions drawn during the desk study and to
obtain more accurate information regarding the manoeuvring characteristics. As was predicted in the
preliminary analysis, the ship complied easily with all manoeuvring requirements. Although not
applicable to this ship, the manoeuvring characteristics also complied with the draft IMO Resolution
A.751(18) requirements (1993). During the model test phase, also dynamic tracking (DT) tests in wind
and waves with correction for current were conducted, to verify compliance with the dynamic tracking
requirements. After proper calibration of the DT control system, it was found that the requirement was
met:

TABLE 2
FINAL RESULTS OF DYNAMIC TRACKING TESTS IN WIND, WAVES AND CURRENT
Otrack deviation Crudder angle Requirement exceeded
23 m 8° 3.1 % of the time

With the model tests uncertainties during the desk study were removed and the vessel demonstrated
excellent manoeuvring and trackkeeping characteristics. It was found that with a single-screw/single-
flap rudder arrangement, the dynamic tracking requirements were met, resulting in a cost-efficient
solution.

4.4 Seakeeping

In the desk study phase of the design, two anti roll tanks were foreseen, each 2.4 m long. This was also
the configuration tested. In a later stage it became apparent that it was impossible to maintain the lower
ART in the general arrangement, a decision which was partly compensated for by lengthening the
upper anti roll tank by 25%. The model test results on roll damping showed significantly lower roll
damping characteristics than the initially predicted roll damping. Figure 3 shows the corrected final
downtime analysis for the enlarged anti roll tank. The correction was made using the model test results.
By a variation of the GM value in the operability calculations, the lower KG limit was derived from
the criterion that at 45 and 60 degrees the 17% downtime should not be exceeded. The seakeeping test
results in severe head seas also led to the decision to increase the bulwark and the addition of a
breakwater on deck.

A comparison with the current survey vessels showed the desired increase in operability for the final
design, for the greater part caused by the main dimensions, but also through the optimised hull form as

it resulted from the variation study'. With the exception of beam waves, the operability requirement of
83% is met for all wave headings.

' The calculated downtime for the current survey vessels was verified with the experience of the hydrographic service, and
confirmed for head and bow quartering wave headings
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Figure 3: Downtime analysis for enlarged upper ART

5 CONCLUSIONS

Traditionally applicable only to propulsive performance, the hydrodynamic design based on clear
definitions of operability requirements and mission criteria have made seakeeping and manoeuvring
oriented design decisions easier through a quantitative description of performance throughout the
design process. By utilising available knowledge, dedicated computational tools and verification by
model tests, a balanced design that met all the numerous requirements was obtained.

Based on the desk studies, a single-screw single-rudder configuration with open shaft arrangement was
chosen for the propulsion and steering of the ship. During the model tests, it was found that this
steering arrangement could be used successfully to comply with the dynamic tracking requirements,
resulting in a cost-effective solution. For further improvement of the operability an anti roll tank was
installed.
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ABSTRACT

The Yellow Sea between Korean peninsula and northeast China possesses a strong hinterland
composed of major industrial complexes and cities of the neighboring countries. With recent economic
growths of the countries, trade volume in the Yellow sea region is rapidly increasing and hence
necessitate an introduction of efficient and integrated logistics systems for the region.

Incheon Metropolitan City is a geopolitical center of the Yellow Sea region as well as the sea and air
gateway to the Korean capital area. In the present paper, a passenger catamaran has been planned to meet
economical and natural requirements for operation in the city. Hull forms of the catamaran and their
resistance characteristics in both deep and shallow waters are studied through model experiments and
numerical simulations to determine its practical applicability.

KEYWORDS

Hull form design, High speed, Catamaran, The Yellow Sea, Shallow water, Model test, Numerical
simulation

1 INTRODUCTION

The Yellow Sea region, encompassed with Capital and major cities of Korea as well as the key cities
and industrial complexes in northeast China, possesses a great economic power and a vast population.
The region is expected to emerge soon as a major trade area in the world and it becomes more
important for prosperities of both countries in the new century. Incheon Metropolitan City (hereafter
Incheon) is located at the geopolitical center of the Yellow Sea region and has been served as a
gateway from the sea to the central Korea where almost half of the total population inhabits. The role
of the city becomes more important with recent opening of Incheon international airport (hereafter
ICN) at Young-jong Island aiming a hub port of the Northeastern Asia.

In the present paper, hull forms of a passenger catamaran for operation in the sea routes inside and
vicinities of Incheon have been studied. The routes between ICN ~ main Incheon, ICN ~ Kyung-In
Canal ~ Seoul (Han River) and Duk-Jeok Island ~ main Incheon, among others, have been selected for
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the purpose. The water is relatively calm for the most part of the routes but is shallow with extreme
tidal differences reaching almost 10meters in some places. The size of the canal gates and bridges
across the Han River further restricts the size of the ships operable in the routes. With careful
investigation on the natural condition of the routes and various economic aspects, principal dimensions
of a catamaran carrying 300 passengers at relatively high-speed ranges have been selected. [Chun &
Lee (1999)] Total of three hull forms of the catamaran have been studied and their resistance
characteristics are investigated experimentally and numerically.

2 HULL FORM DEVELOPMENTS
2.1 CATA1& IT

The initial hull form, CATA 1 has been derived from a project done by a group of undergraduate
students. In the project, a 1/100th scale model of a 165m long wave-piercing catamaran with a center
bow and for operation in ‘ICN ~ main Incheon’ route had been manufactured and tested by the group
in the model basin of the Inha University. The ship may not be appropriate for the general use in
Incheon area mainly because her draft is too large and too fast to operate in the river and the canal. But
it can be a good starting point, however, especially in calibrating numerical and experimental tools and
procedures for predicting catamaran performances operating in the shallow water. [Millward (1984)]

The model is assumed to be a 1/20th scale model of a 33m long catamaran running at 30 knots. The
principal dimensions and body plan are shown in Table | and Figure 1, respectively. In the figure, L
denotes the length between perpendiculars, B the breadth, T the draft, B, the breadth of a demi-hull, S
the distance between centerlines of demi-hulls, A the displacement and ¥ the design speed of the
catamaran.

TABLE 1
PRINCIPAL DIMENSIONS OF CATA | 1.7 WL
L (m) 33.0 " / 7/
B (m) 12.0 10 WL
T (m) 1.7 . V/
By (m) 2.0
L/By 16.5 ’J
S/L 03] 3 BASE LINE
Aftons) 152.3 10 BL F_ 1.0 B.L
Vikts) 30.0

Figurel: Body plan of a demihull of CATA 1

Since it have been already known that CATA I has a profound fore shoulder and subjected to
comparatively high resistance, the hull form has been modified for comparison purpose with aids of
the numerical code, INHAWAVE, to have a better performances and named as “CATA 1I”. In
INHAWAVE, flows are assumed to be incompressible and inviscid and so three-dimensional Euler
equations are used as the governing equations. A finite difference method based on a marker-and-cell
in the variable rectangular mesh system is implemented in the numerical scheme. [Kim & Lee (2000)]
The cross sectional area curves and body plans of the CATA I and Il are compared in Figure 2 and 3,
respectively, in which CATA 11 apparently has smoother distribution of cross sectional area.
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Figure 4: Comparison of computed wave height profiles of CATA I and II for shallow and deep
water conditions (S/L=0.26)

The computed wave profiles of CATA I and II for S/L = 0.26 indicate that bow and shoulder waves of
CATA II are reduced with the modifications for both deep and shallow water conditions as shown in
the Figure 4. Here, ‘shallow’ refers water depth of 8m, the mean water depth of the planned routes and
which corresponds to the depth of 0.4m in model scale. A 1.65m long wooden model of CATA II is
made and undergoes a series of tests in the towing tank of Inha University equipped with an adjustable
false bottom. The results for CATA I and II are compared in the figures below. Figure 5 compares the
residuary resistance coefficients Cz of CATA I and II for demi-hull spacing S/L of 0.17 and 0.26 and
for various ship speeds V. The figure shows that CATA II experiences lower residuary resistance for
both water depths in the whole speed ranges of the tests. The reductions in the residuary resistances
reach almost 10% near the Froude number of 0.5 but it reduces to 1~3% near 0.8, the design speed of
the catamarans. Figure 6 shows, however, the trim and sinkage of the models indicating that the hull
attitudes are almost similar for the tested range. Effective horsepower of the two ships at the various
speeds are given in the Figure 7 where CATA II shows about 3% gains over CATA I at the design
speed of 30 knots.

22 CATA I

With successful application of experimental and numerical methods in predicting performances of the
catamarans, CATA III, a new practical hull form for use mainly in the ICN ~ Kyung-In Canal ~ Seoul
(Han River) route is designed. Principal dimensions and body plans of the CATA III are shown in the
Table 2 and Figure 8, respectively where the length and draft of the ship has been reduced but the
breadth increased than before to meet the limitations imposed by the canal and the river. The design
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speed also has been reduced to 25 knots but even the speed may not be reached at the Han River since

the mean depth of the river decreases to 2m at some locations in dry seasons.

c, X 1000

Figure 5: Comparison of residuary resistances of CATA I and I (demi-hull spacing S/Z = 0.17, 0.26)

Figure 7: Effective horsepower of CATA I and CATA II
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Figure 6: Comparison of hull attitudes of CATA I and II (demi-hull spacing S/L = 0.17, 0.26)
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TABLE 2
PRINCIPAL DIMENSIONS OF CATA III \ ﬁL\ / 2.5 WL
2.0 WL
L (m) 30.00 .R/ §
B (m) 10.26 9 o oWl
T (m) 1.00 7
By (m) 2.759 AP % Rase Line
L/Ba 10.875
S/L 0.26 1.0BL ¢ 1.0BL
Atons) 110.8
(kts) 25.0

Figure8: Body plan of CATA III

In the initial stage of the CATA 111 design, numerical computations are done to simulate the flow fields
around several hull forms running both in deep and shallow waters and those for the finally chosen
hull form are shown in Figure 9.

a) Deep water b) Shallow water

Figure 9: Free surface deformation around CATA III at the design speed for shallow and deep water
conditions (S/L = 0.26, Fn = 0.750)

A 2m long model of CATA III is made of wood and tested in the towing tank. Now, the depth of the
shallow water is set to be 2m, the mean depth of the river and Figures 10 and 11 show the results.
Figure 10 shows the residuary resistance and effective horsepower. The curves for shallow water at the
high-speed range are obtained for comparison purposes only and it does not mean that the catamaran
will run so fast in the river or canal. The rapid increase in Cr curve of the shallow water is evident
around Fn=0.26, corresponding to the critical speed. The hump and hollow in the curve for deep water
near F1n=0.4 is believed to be from the interaction between wave systems generated by each demi-hull.
After that, residuary resistance coefficients decrease with increase of speed until those for the deep and
shallow water become almost equal over the speed range exceeding the design speed Fn=0.75.
Effective horsepower at the shallow water become lower than those at the deep water if Frn exceeds 0.4.
The estimated EHP curve of the CATA III indicate that two 1500 kw water jet is enough for achieving
design speed of 25 knots if np is assumed to be 0.49 and sea margin 10%.
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Figure 10: Coefficients of residuary resistance and effective horsepower of CATA III for shallow and
deep water conditions( S/L = 0.26)

Figures 11 shows trim and sinkage curves, respectively. It is seen that the trim and sinkage for the
shallow water are rapidly varies near the critical speed and CATA III will be operate mostly in trim by

stern condition
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Figure 11: Hull attitudes of CATA III for shallow and deep water (S/L = 0.26)

Figure 12 compares effective horsepower per unit displacement for CATA I, II and III. The power
needed for CATAIII is apparently higher than those for CATA I and II as expected by considering the
fact that L/B, of CATAIII is less than two thirds of the values for CATA I and II. But comparing to a
catamaran of similar size operating at the open sea and selected for the comparison purpose, CATIII
requires similar power per unit displacement at the same design speed in spite of the fact that she is

designed to operates in the restricted water.
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Figure 12: Comparison of Effective Horsepower per unit displacement

3 CONCLUSIONS

Hull form of a passenger catamaran has been derived to meet economical and natural requirements for
operation in the planned routes. The hull forms and their hydrodynamic characteristics both in deep and
shallow waters are investigated through model experiments and numerical simulations to determine its
practical applicability. It is found that the approach in which numerical and experimental methods
incorporating is beneficial in the initial design stage of a catamaran. The hull form of the catamaran
obtained with the approach seems to show relatively good performances.
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ABSTRACT

In China there are some rivers located in mountain area and its valley appears to be V or U type
alternatively, where there are many beaches, quick and disorder waters, narrow course, curved channel.
greater changes of depth in different seasons and so on. As far as the waterways with shallow and rapid
current having characteristics described above is concerned . it is a key problem how to development
new lines plan of cargo ship with high performance. In this paper a new afterbody of cargo ship in
Wujiang, one of the typical rivers with shallow and rapid current , which is called tunneled combined
with twin-stern is presented. By means of model test in tank., it is proved that in waterways with shallow
and rapid current, the tunneled combined with twin-stern is one of the better ship types with high
performance. It’s synthetical index of speed performance is smaller than tunneled stern which was
excellent ship types in Wujiang river in the past.

KEYWORDS

Waterways with shallow and strong current. High performance, Model test in tank, Hull form. Cargo
ship

I PREFACE

In China there are some rivers located in mountain area and its valley appears to be V or U type
alternatively, where there are many beaches, quick and disorder waters, narrow breadth of course. curved
channel, greater changes of depth in different seasons and so on. As far as the waterways with shallow
and rapid current is concerned , it is a key problem how to development new lines plan of cargo ship with
high performance. In this paper a new hull form of cargo ship in Wujiang which is a typical river having
characteristics described above is presented by means of model test in tank.

2 DESIGN OF NEW AFTERBODY
2.1 The Assumption of New Afterbody

Waujiang is a tributary of Yangtse River. According to the shipping practices of many years it is proved that the
afterbody with tunneled stern is better hull form of cargo ship in this River. The typical afterbody plan of *150t
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barges " is given in figure] and it’s main particulars is shown in table]1. When this type of stern is applied in shallow
waterway, the diameter of propeller can be increased so that the propulsive efficiency of ship is raised. Because
enough water flow passing through propeller can be pledged by tunnel , ship still has steady propulsive efficiency and
then it is adopted widely in rivers with shallow and rapid current. But along with the advance of technology and
appearance of new ship types, the tunneled stern presents some defects such as higher resistance, lower propulsive
factor, etc. So it is necessary to quickly develop new hull forms of cargo ship in Wujiang instead of tunneled stern.
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Figurcl: Afterbody plan of tunneled stern

TABLEI
SHIP’S MAIN PARTICULARS
Afterbody Tunneled stern Tunneled combined with twin-stern
Length overall (Loa) 35.70m 39.75m
Length on waterline(Lwy) 34.50m 39.00m
Breadth moulded(B) 6.60m 7.00m
Depth(D) 2.10m 2.18m
Draught(T) 1.60m 1.40m
Displacement( A) 244.04t 235.50
Block coefficient(Cp) 0.67 0.62
Longitudinal prismatic coefficient (Cp) 0.677 0.623
Main Engine Type 6135ACaB 6134AZCaB
Power(BHP) 294.2kW 294.2KW

Since 1980, a new afterbody of twin-stern has been applied widely in cargo ship, passenger ship and so
on in the middle and lower reaches of Yangtse River. By using twin-stern, propellers work in high wake
region. So ship’s quasi-propulsive coefficient(QPC) is higher. But in this afterbody ship’s D/T is still
smaller than 1, where D/T is the ratio of diameter of propeller to draught of ship. Because in waterways
with shallow and rapid current, the power of main engine is higher in general to resist rapid current. In
order to improve ship’s propulsive performance, the diameter of propeller is usually greater than
draught . While that is not contented by means of twin-stern.

As stated above, each afterbody has advantages and disadvantages. It is a key problem how to develop
an afterbody that has merits of two types of stern above. From the point of view of higher wake and great
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diameter , We assume a new afterbody which is defined as tunneled combined with twin-stern.
2.2 The Determination of Main Parameters of New Ship Types

As aresult of limitations of Wujiang waterways, length overall(Loa) and breadth are not greater than
40m and 7m apart. While draught is ought to be alterable so as to fit the great changes of water depth
from Jow water to flood all the year round and to enhance the transport benefit. As far as block
coefficient(Cp) is concerned, it effects velocity and cargo capacity by a long way. Because waters is
quick and disorder and depth of waterways alters consumedly in different seasons in Wujiang , the
velocity in deep and calm water is required to be high and not lower than 19 km/h. So Cp must be
selected to be smaller on condition that the capacity is enough to carry cargo. Longitudinal prismatic
coefficient (Cp) is determined considering the appropriate matching with Cg and good resistance
performance. Furthermore we must choose longitudinal buoyancy center (Xg) from layout and floating
state of ship.

On the basis of above consideration, ship dimensions is optimized by tech-economic evaluation in
order to ensure safety of shipping and improve ship’s tech-economic performance. Then new lines plan
having tunneled combined with twin-stern is drawn. The main particulars of ship is shown in tablel and

the new afterbody plan is given in figure 2.
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Figure2: Afterbody plan of tunneled combined with twin-stern

3 MODEL TEST AND ANALYSIS

In order to know if the performance of new afterbody is better than tunneled stern, model experiment
istested intank. By self-propelled model test, the propulsion factor of actual ship with two afterbodys in
deep water are listed in table 2 in which the propellers are outwards. At one time, their propulsion factor
in shallow corresponding to different speed are shown in table 3, where the ratio of water depth to ship
draftis 1.5.

From table] we can see that the propulsive performance of tunneled combined with twin-stern is better
than one of tunneled stern in deep water. While seeing table 3 shows that, two afterbodys have similar
propulsive performance in shallow water.

By resistance test , the curves of R/D to Fn in deep and shallow water are given in fig.3 and fig. 4
respectively, where R/D is the resistance in kilogram over displacement in ton. and Fn is Froude number.
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[t shows that the difference of resistance performance between tunneled combined with twin-stern and
tunneled stern is small at same Fn,

TABLE 2
PROPULSION FACTOR OF TWO AFTERBODY IN DEEP WATER
Afterbody Tunneled stern Tunneled combined with twin-stern
Propeller type B4-41 B4-55
Propeller diameter (D) 1.35m 1.40m
speed of actual ship (V) 19.60km/h 21.25km/h
Draft of actual ship (T) 1.60m 1.40m
Trust deduction fraction () 0.2546 0.2308
Wake fraction (@) 0.2572 0.2635
Relative rotative efficiency (77,) 1.0352 1.03780
Hull efficiency (77, ) 1.0036 1.0440
quasi-propulsive coefficient (QPC) 0.5438 0.6220
TABLE 3
PROPULSION FACTOR OF TWO AFTERBODY IN SHALLOW WATER (H/T=1.5)
A" 8.1942km/h 9.2667km/h 10.3793km/h 11.4719km/h
! 0.2595 0.2878 0.2844 0.2831
@ 0.2598 0.2725 0.2864 0.3675
Tunneled n 1.0017 1.0139 1.0222 1.0257
afterbody R
Ny 1.000 0.9790 1.000 1.0467
QPC 0.5600 0.5458 0.5315 0.5300
t 0.2885 03183 0.3160 0.3200
tunneled
combined | @ 03025 0.3220 03180 03170
with 7 0.9860 10200 1.0350 1.0330
twin-stem R
My 1.0201 1.0055 1.0029 0.9956
QPC 0.5600 0.5560 0.5400 0.5000

In order to compare their performance of speed further, a synthetical index noted k is introduced which is
defined as:

K=Pp/(AxV)
Where Pp — delivered power at propeller in kW.
A — displacement in ton.
V — speed of ship in Km/hr

From the above expression we can see that the more smaller value of k is, the more higher performance
of speed is. By calculation according to test results, the curves k~Fn are given in figure5. By comparing
tunneled combined with twin-stern to tunneled stern , we can see that the synthetical index of speed
performance (k) of the former is smaller than one of the latter. The new hull form of tunneled combined
with twin-stern is one of high performance hull form in shallow and strong current indeed.
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4 CONCLUSIONS

On the basis of above analysis stated over . It can concluded that
1. Along with the advance of technology and appearance of new ship types. the tunneled stern presents
some defects such as lower propulsive factor, etc. So it isn’t best cargo ship types again in Wujiang.
a typical waterways with shallow and strong current.

. Although ship types of twin stern is higher wake, it isn't fit to apply in shallow and strong current
because of lower D/T.

.In order to increase the diameter of propeller and improve propulsive performance. tunneled
combined with twin-stern is a better ship types having high performance in shallow and strong
current,

~
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THE IMPACT LOAD OF WING-IN-GROUND-EFFECT CRAFT IN
WAVES AND APPLICATION OF HYDRO-SKI
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ABSTRACT

Wing-in-ground-effect craft (WIG) has been accepted by more and more countries because of its high
speed like an airplane but low cost as a ship, and also because of its outstanding performance of safety
and concealment. However, some technical problems must be solved to get a large and practical WIG,
first of all is the prediction and reduction of hydrodynamic impact load in rough sea. An effective
method has been proposed to calculate the impact load of WIG in waves. The theoretical research
quite agrees with the result of model test. Furthermore it is effective for WIG to reduce its impact load
in waves by using hydro-ski.
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1 FOREWORD

Wing-in-ground-effect craft (WIG) has been accepted and attached importance to by more and more
countries because of its high speed like an airplane but low cost as a ship, as well as its outstanding
performance of safety and concealment. It has been regarded as a new kind of carrier-platform of 21
century with a good future for either military or for commercial purpose.

Now, many countries such as Russia, China, Japan and America are studying this new kind of ship, but
only Russia has built out their applied large WIG of about 100 to 400 tons weight which has already
been used in naval'l”.  After all, some key technical problems such as impact load in waves,
structure design rule, automatic pilot and aerodynamic layout with high efficiency must be solved to
get a large WIG. Furthermore impact load in waves is one of the most important technical problem
among them.
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2 IMPACT LOAD IN WAVES

A WIG flies just over sea surface, impact load in waves during different phases like takeoff, landing
and cruising should be considered. However research shows that the most serious impact happens
when WIG land on rough sea. So it is the main problem to discuss in this paper.

3 THEORY FOR IMPACT LOAD IN WAVES

It's lucky that there are many research results of seaplane that is effective to be used as reference in
WIG study. According to experience of seaplane, impact load is the most serious load that a WIG
should sustain. Furthermore, it is the most serious situation when step of WIG hull impact on sea
surface s\y}mmetrically. Von-Karman and Wagner's impact theory of wedge has been used in research of
seaplane"’.

The main difference between WIG and seaplane is that WIG is required to sustain higher sea state in

operation, including its landing. Furthermore, WIG always flies close over sea surface. It is more

frequent to encounter waves during flight. This situation must be considered in the research. In this

paper, correction about three aspects based on Wagner's theory is considered as follows:

(1) Wave effect on impact load must be considered accurately.

(2) Change of aerodynamic lift will affect impact load remarkably, so it must be considered in the
research!.

(3) At relative low speed, the effect of hull bilge immersion should be taken into account.

3.1 Basic Assumptions and Coordinate System
3.1.1 Basic assumptions

(1) WIG hull is regarded as a rigid body.

(2) Inential force is governing while buoyancy and viscous can be neglected during landing course.

(3) Due to the time is short enough from the moment of beginning landing to the biggest overload
reached, velocity parallel to keel can be regarded as a constant.

(4) Hull rotation, which doesn't affect impact load much, can be neglected in analysis when WIG
landing, that is to say trim angle is regarded as a constant at that time'®!,

3.1.2 Coordinate system

Oxy is a fixed coordinate system where ox is an axis settled on undisturbed free surface along the
direction of velocity and oy is vertical downward. 0,s¢ is moving coordinate where o,s is parallel to
keel with positive direction forward and o, ¢ is an axis vertical to keel with positive direction upward,
the origin o, is at stern.The coordinate systems are shown in figurel.

3.2 Motion Equations and Impact Load
3.2.1 Motion equations

Forces acted on WIG are shown in figure 2. Basal equations for landing are listed as follow:
\"%
-—Y,=F+L-W
g 2—D
LT =M, 2—2)
—Xe =F

X

23
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where: W: landing weight of WIG(kg) L: aerodynamic lift (kg)

Les longitudinal moment of inertia about CG ~ (kgxm? )

Xeg . ycg

F

x

«ceeleration of CG  (m/S*) T :angular acceleration (rad/s’ )

. K, :component of impact force (Fn) along x and y axis (kg)

2 —2 Ax%n=ER

/ -
i \,U/’ t . Vetane ..:.:......,

Figure 1: Coordinate system Figure 2:  Forces acted on WIG

Xeg =0, T =0, L=pW, Fy=F,C0ST  because of mentioned assumption, then basal equations can
be written :

w
i F cost+(p-1)W
4 (2—4)

3.2.2Fn

According to strip theory, immersed hull is cut into many elements (ds - length of strip piece) and
every element is regarded as a two-dimensional wedge, then hydrodynamic force acted on whole body
can be get:

F, = p(A)dF, (2—5)
©(A") is a correction coeflicient of three-dimension flow, dF, is the hydrodynamic force acted on ds.
Base on principle of momentum, there is:

F :(p(x')(]:t;@*—dnc_[m ds) (2—6)
n at W
M e(x)
Empirical formula for ¢(A")according to Pabst's experimental research of plate 6] .
1 0425
o) =[— 1 a-——1) (2—7)
1+(— +—
+( )\,) A+ X
A=A+ cq)(%)] (2—8)

where: - efficient length-beam ration X - average length-beam ration ¢=0.4
(2) Added mass for two-dimensional wedge
Hull's added mass (my,,) is different with or without bilge wetted, both of them are discussed here:

(a) m,, without bilge wetted
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According to reference M and 1 m,, for two-dimensional wedge is:

m, = ZCEBF (2-9)

at the moment of bilge wetted: m, = % b2{f(B))* tan’ B (2—10)

(b) m,, with bilge wetted

m,, with bilge wetted which doesn't take free surface into account has been obtained according to
Bobyleff's theory, while the one with consideration of free surface has not existed, it can be calculated
by the sum of my and am,, where m, is added mass at the moment of bilge wetted andam,, is
additional one which can be get with reference of Bobyleff’s theory.

when a two-dimensional wedge is moving in fluid with a velocity of &, force acted on hull of unit
length is :

/. =B§(§)’b (2—11)
B is a function about deadrise (8 ) ) according to momentum theorem, there is:
m, =mw+Am_,=—’;—”b’[f(ﬂ)tanﬂ]2+3§b’(%-mn7ﬂ) (2—12)

(¢ ) m,, for random section shape
m,, for random section shape before its bilge immersed is
y

f10}.

m 3 y
_— = (2—
M ZCAsinzrcoszr-[:CBdb 2713
Cg is planing lift coefficient in calm water 00 then:
- CC’ S ©om
=@(L’ - —*-dc’ 2—14)
F, = o( )[f lamdm”z;f —d 4

The change of surface rising is rather small when immerging depth is large enough, so it can be

regarded as a constant, assume: Q’ = z; , then:

gY—(P tanty Yo y

m, _ .
wntd§]+(p N (2—15)

3.2.3 Solution of motion equations

From Eqn.2-15, Eqn.2-16 can be get:

y ., (p-Dg - ge(X)m,,

. 2 n g ' mw YN | B . v - ' mw ’
(y+Kv,) [l+¢(l)WfEd§ 1+xy,)?]  Wsint+p(A )gsmrf o df

(2-16)

This formula can be solved by numerical integration, then the changing value of Y, and y about t
is obtained finally.

3.3 Impact Load in Waves

WIG must operate on rough sea where the impact load is much bigger than the one on calm water.
Motion parameters such as trim angle, track angle and downward velocity will change randomly
because of random encountering waves, so lots of mathematics statistic must be done to predict impact
load accurately. From viewpoint of engineering usage, the biggest load is the impact load
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corresponding to the largest slope angle, which is regarded as the most dangerous situation for
structure. It is assumed that + is initial trim angle, v,is initial track angle, V, is horizontal velocity,
V, is vertical velocity, ¢is maximum wave slope, with consideration of waves, the comresponded
effective initial parameters can be get:

effective trim angle: v =v-0 effective horizontal velocity: V=V, +/-Vy,
effective track angle: ye=0 +1g"(Vy/V,)  effective vertical velocity: V.=V cos 8 «(V,+/-V,)sin 8
the largest wave slope: 6 =tg"(nh/ 1) wave velocity: v, ~1251"

where 'h’ is wave height and 1 is wave length, so method for impact load in calm water can be used for
that in waves with effective parameters mentioned above.

4 COMPARISION BETWEEN RESULTS OF THEORY STUDY AND MODEL TEST

TABLE 1
ACCELERATION EXTREME COMPARISION IN CALM WATER
Trim Horizontal | Vertical Acceleration extreme of CG(g)

No. ??g)le v:::;;i)‘y Vzl:,zi)ty theoretical | experimental Error
result result (%)

1 0.728 13.84 0.979 1.569 1.516 53

2 1.56 13.79 0.848 1.371 1.327 44

3 1.46 12.70 0.870 1.579 1.630 =5.1

4 395 12.00 1.153 2.070 2.047 23

5 395 12.04 1.175 2.115 2.198 -3.8

Comparision between the result of theoretical research and model test is shown in table | and table 2.
Main dimensions of calculated model is:
Length L=0.sm Beamn v=0.28m Deadrise 8=15° Weight a=25kg

TABLE 2
ACCELERATION EXTREME COMPARISION IN WAVES
Trim Horizontal Vertical Slope Acceleration extreme of CG(g)

No. ?:‘ g;e z;ll/t;():ity z;lllzc):ity ??g)le theoretical experimental Error

result result (%)

i 4.16 14.36 1.63 344 6.90 6.88 0.3
2 5.41 14.71 1.36 438 5.89 6.56 11.4

3 6.66 14.63 1.60 438 7.20 6.79 5.7

4 7.28 14.96 1.04 5.15 5.08 5.10 0.3
5 7.90 15.08 1.10 4.38 6.75 5.73 15.1

( wave height h=210mm, wave length L=6.1m)
The theorctical result is quite agree with the test one. Error in waves is a little bit large than in calm

water, the main reason of this is wave encounter phase being not accurate. So a conclusion can be
drawn that the method provided here could reach the need of engineering usage.

S SOME PARAMETERS' EFFECT ON IMPACT LOAD
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5.1 Motion Parameters

a WIG model test with different motion parameters include v,, v, t,has been conducted. According to
the result of calculation, n ma (Maximum impact overload coefficient) increases rapidly along with
increasing v, and the relationship of them is almost in proportion to v, In fact, if v,=const, the
amount of v, varies with the vertical velocity component directly (v,= v, 1g¥ ), that is to say impact
overload is proportional with vertical velocity square and this is just agree with the result of wedge
impact theory. The n ma also rises rapidly along with the increasing v,. When v, is fixed, the change of
v, actually means the change of vertical impact velocity, if v,is small enough, as v, increases, nmax
will rise a little bit, when v ,increases not too large. But n sy will rise with y ;obviously wheny ,is large.
The nmax rises a little bit along with + when v, is fixed, so the influence of «is rather small than
that of v,.

5.2 Effect of Hull's Main Parameters

The important hull parameters are deadrise 8 and beam-loading coefficient Cp. If 8increase, amax will
decrease, this phenomenon will be more evident with small 8. Small C, doesn't affect impact load
evidently according to the result of calculation, only when Cy, gets to a larger value, impact overload
begins to decrease. Critical value of C, Which n ey begins to decrease notably is about 4.0, If there is
Cy, =18, the n ma decreases about 50%, so Cp, >18 is an ideal situation, in this case, n e can decrease
more than 50%.

6 PRIMARY STUDY OF HYDRO-SKI

How to reduce impact load in waves is one of the most important problems which should be solved for
large WIG in service. Besides theoretical prediction and influence rule research, hydro-ski is a kind of
efficient method to reduce impact load. Theoretical and experimental research for plate-ski which has
been used by Russia on its large WIG, or for strut-type-ski shows that hydro-ski is efficient for WIG to
reduce impact load in waves.

6.1 Impact Load with Plate-ski

Model test about impact load with changing attachment of both plate-ski and strut-type-ski have been
carried out and the results show that ski can reduce impact load efficiently like what we have imagined.

6.2 Planing Resistance during Takeoff with Plate-ski

Model test on resistance of ski has been carried out 10 study the effect of plate-ski on planing resistance,

the result shows:

(1) Influence of plate-ski on planing resistance at low speed (vm<2nvs) is not evident.

(2) At relatively high speed (Vm>2ny/s) lift/drag ratio will increase and this will be more evident under
the condition of rather small trim angle (). In general, the sum of t and o whichis the angle of ski
installed is favorable at about 10 degrees.

(3) Ski which is installed near CG can make lift center moved slightly on planing surface when the trim
angle changes, this is good for longitudinal stability during takeoff.

7 CONCLUSION AND RECOMMENDATION

(1) Theorical method proposed in this paper for predicting impact load in waves has been proved by
model test to have enough precision for engineering application.

(2) Hull parameters’ selection is one of efficient ways to reduce impact load of WIG.

(3) Controlling motion parameters reasonably can also reduce impact load.
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(4) Tt is efficient for WIG to reduce impact load by installing plate-ski near CG, there is no harm to the
performance of takeoff including resistance and longitudinal stability.

(5) It can be seen from the result of theoretical analysis that impact load reducing is limited because
plate-ski's breath is rather large and the distance between ski and hull bottom is too close, so it's
necessary to develop a new kind of ski with better performance of impact such as strut-type-ski.
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ABSTRACT

Following the established 3-stage R & D program of super-high-speed ships, a study on the conceptual
design of a large-size super-high-speed foil catamaran containership has been performed as the 3rd(the
final) stage work utilizing the accumulated experience and technology. In this paper, some main
features in the conceptual design shall be briefly discussed together with the present technical problems
in realizing actual ships.
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1 INTRODUCTION

Hyundai Maritime Research Institute(HMRI) prepared a Three-Stage R and D Program for super-high-
speed ships in 1990 and has actively carried out the research works following the established plan. As
the largest single shipyard in the world, however, the ultimate goal of the research is in the development
of large-size super-high-speed ships. In this respect, the first and the second stage studies for the
development of small and medium size super-high-speed ships are regarded as the intermediate steps to
achieve the above goal. Therefore, the decisions on ship type and main characteristics have been made
considering the ultimate goal.

In order to increase ship speed significantly, it is necessary to prevent the rapid increase of resistance.
This purpose could be achieved in different ways. One way is to utilize the dynamic or static lift effects.
For dynamic or static effect ships, however, it is extremely difficult to increase the ship size beyond a
certain limit, which is regarded as the fatal disadvantage of these types of ship.

On the other hand, the hull form of displacement-type catamaran ships could be made very fine so as to
achieve the goal of high speed by preventing rapid increase of wave resistance. Among many practical
advantages of catamaran ships, the most noticeable merit is in the fact that ship size could be easily
increased without any limitations and without sacrificing any other characteristics.
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The general advantages of catamaran ships could be still further improved by properly combining the
hull itself supported by buoyancy and the hydrofoil system which produces dynamic lift. During
normal sailing, desired part of the ship hull would be lifted up above free-surface by the dynamic lift.
Therefore, hull resistance would be decreased and ship speed could be increased. Furthermore, the foil
system significantly improves ship's seakeeping quality in heavy weather, since the system acts as the
motion control device.

The 3-stage super-high-speed ship R & D Program has been completed successfully. Numerous
research reports and papers have been prepared and presented[l - 9]. This study is the third stage(the
final stage) research work and deals with the conceptual design of OLarge-Size Super-High-Speed
Foil Catamaran Containershipd. Actually, conceptual design works for 4 different ships have been
carried out in the final stage study, that is, about 1,000 TEU - 60 knot ship and about 4,000 TEU - 50,
60 and 70 knot ships. Due to limited space, however, only the brief summary of the design features for
4,000 TEU - 60 knot foil-catamaran containership shall be presented and discussed in this paper.

2 SELECTION OF MAIN CHARACTERISTICS

Catamaran ships have many practical advantages such as large deck area, high stability, superior
maneuverability, easy operation and maintenance, etc. Different from conventional mono hull ships,
therefore, the container loading capacity(number of containers) for catamaran ships is not determined
by deck area or stability, but by weight. The average weight of 7.5 tonnes per 20-foot container was
selected in this study. To determine ship length and breadth, about 4,000 twenty-foot size containers
were arranged on the deck. From this investigation, appropriate ranges of ship length(LPP) and
breadth(BR) were obtained.

Hull weight was estimated iteratively. Higher tensile steel(AH32) was selected as hull material. Main
engines were selected from the power estimation made from the results of the previous studies[9]. The
amount of fuel was calculated with the selected engine and the estimated power. All the weight
components were summed up to figure out the overall ship weight, that is, ship's displacement. The
above procedure had to be repeated several times.

With the displacement and the initial ranges of dimensions obtained in the above process, the principal
characteristics were determined utilizing the result of the “Study on the Optimum Dimension Selection
and the Resistance Prediction of the Displacement Type Super-High-Speed Ships”[7], and are
summarized in Table 1.

TABLE 1
SUMMARY OF PRINCIPAL CHARACTERISTICS
Length between perpendiculars (LPP) 240.0 m
Breadth (BR) 60.0 m
Demi-Hull Beam (B) 16.0 m
Draft (T) 10.0 m
Number of 20' Containers about 4,000
Design Speed 60.0 knot
Cruising Range 8,000 NM

3 HULL FORM DESIGN AND BARE HULL RESISTANCE TESTS

Hull form design is one of the most important technologies in the shipbuilding industry. The authors,
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long engaged in this industry, have made much efforts to the research on the hull form design
technology. As the result, several different theoretical methods have been prepared and published by
the authors. As far as the authors' knowledge is concerned, no analytical optimum hull form design
method practically exists in the world except the authors' works. Recently, the authors have developed
a theoretical hull form design method for displacement type super-high-speed ships utilizing the
“Minimum Resistance Theory” and “Sectionally-Varying Hull From Equation”[8]. This method
quickly produces displacement type super-high-speed ship hull forms which not only possess superior
resistance characteristics, but also require almost no correction or adjustment. The hull form design
concept and the method have been presented several times and shall not be discussed in this paper.

To improve effectiveness of the study, it was decided to first carry out the study on the demi-hull
forms and to design the catamaran ship hull form utilizing the result of the demi-hull form study. As
discussed earlier, the ship type in this study is the type whose resistance is greatly decreased during
normal sailing, since designated part of the ship hull is lifted up above the free-surface by the dynamic
lift. Therefore, it does not have much meaning to optimize the hull form for the full load condition.
The primary importance is to design the hull form to have the least resistance in the normal sailing
condition when desired part of the ship hull is lifted up. In order to do that, the optimum ratio between
buoyancy and lift should be known in advance. However, it is not known in the initial stage. From
the previous experiences, therefore, the buoyancy/lift ratio has been tentatively selected as 40 : 60.

In principle, two optimized hull forms were designed first - one for the full load condition(upper hull
form) and the other for the normal sailing condition(lower hull form), and the upper and the lower hull
forms were combined to a single hull form. In this way, total 4 demi-hull forms were prepared. Model
tests were carried out for 4 demi-hull forms, and the test results were compared. One best hull form
was selected focusing the performance characteristics to the condition of desired buoyancy/lift ratio.
The catamaran ship hull form was designed based on the selected demi-hull form, and is shown in
Figure 1.

All the model tests were carried out in deep water towing tank of Hyundai Maritime Research
Institute(HMRI). Since model tests for the demi-hull forms were regarded as qualitative ones, small
models of 2.5m length were manufactured using wood and polyurethane. For the catamaran hull form
tests, 6.0m long ship model (0=1/40) was manufactured using wood.
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Figure 1: Catamaran Ship Hull Form

4 STUDY ON THE OPTIMUM BUOYANCY/LIFT RATIO

As the ship hull is lifted up above free-surface, the hull displacement is decreased, and hence, the hull
resistance is also decreased. On the other hand, resistance of the hydrofoil system is increased as
dynamic lift is increased. The sum of these two resistance components, that is, the sum of the hull
resistance and the foil system resistance is the overall resistance for buoyancy/lift combination ships.
The overall resistance varies according to the buoyancy/lift ratio. In general, therefore, the
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buoyancy/lift ratio exists at which the overall resistance for the given ship speed becomes minimum.
This ratio is the optimum ratio. Figure 2 shows the concept of the optimum buoyancy/lift ratio. It is
important to design the hydrofoil system to produce the lift as much as the amount designated by the

optimum ratio.
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Figure 2: Concept of the Optimum Buoyancy/Lift Ratio
The general method to find out the optimum ratio is as follows :

- pre-select several buoyancy/lift ratios

- design several hydrofoil systems for each of ratios

- manufacture ship and foil system models

- conduct model tests for all the combinations of buoyancy/lift ratio and foil systems
- analyze the test results and determine the optimum ratio

The above procedure could possibly be carried out only by an expert who possesses the high level
technologies on the buoyancy/lift combination ship and the foil system. Furthermore, it will take
enormously long time and high cost to carry out the model tests for such numerous combinations. In
practice, therefore, it is almost impossible to perform the above procedure.

In the way of long continuous studies on super-high-speed foil catamaran ships, however, the authors
have developed a theoretical and empirical method that quickly determines the optimum buoyancy/lift
ratio with sufficient practical accuracy. It is considered that the authors’ method is the only method in
the world which could determine the optimum buoyancy/lift ratio without model tests. This method is
being actively utilized in actual designs.

In order to determine the optimum buoyancy/lift ratio, a number of ratios should be pre-selected
systematically and resistance components for the following items should be calculated for each of
pre-selected ratios :

- bare-hull resistance

- foil resistance

- side strut resistance

- center strut resistance (if any)
- blockage resistance at corners

The overall resistance is obtained by summing up the resistance components, and the buoyancy/lift
ratio versus overall resistance curve could be prepared. The optimum ratio is the ratio where the
overall resistance becomes minimum in the curve. The method of calculation or estimation for each of
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resistance components shall not be discussed in this paper due to limited space. In this study, the
optimum buoyancy/lift ratio is found to be 45 : 55, which is very close to the initial estimation of 40 :
60.

5 HYDROFOIL SYSTEM DESIGN

Hydrofoil system for large-size foil catamaran ships are mainly consisted of forward foil, aft foil, side
struts which connect foil to ship hull and one or two center struts. Basically, hydrofoil system should
be designed to satisfy the following two conditions in normal sailing :

- the system should produce as much lift as the amount designated by the selected buoyancy/lift
ratio
- forward and aft foils should properly share the lift to maintain the desired dynamic trim

In fact, it is very difficult to design the optimum hydrofoil system for foil catamaran ships. First of all,
accurate estimation of the effect of free-surface on the hydrodynamic characteristics is very difficult.
Interactions between ship huil and foil system, and between forward and aft foils are very complicated.
Due to such complicated physical phenomena, no proper method has been practically existed to predict
the performance characteristics or to determine characteristics of a foil system. Along the course of
extended research works on the super-high-speed foil-catamaran ships, however, the authors have
prepared a practically accurate method to predict the hydrodynamic characteristics or to determine
main characteristics of a hydrofoil system operated in the vicinity of free-surface[10 - 12]. This
method has been actively utilized in the actual design of various foil systems. In this study, the
hydrofoil system has been designed to produce the lift equivalent to 55% of ship's design displacement
and to maintain the even keel state during normal sailing from the stationary state of 0.5 degree trim by
stem.

6 PREDICTION OF THE TRIAL PERFORMANCE

The final catamaran ship model with the designed foil system was manufactured and shown in Figure
3. Detail model tests were carried out with this final ship model. Figure 4 shows the catamaran ship
model test in 60 knots with the hydrofoil system. It is clearly visible in Figure 4 that ship hull is
properly lifted up above the free-surface with the desired dynamic trim.

Figure 3: Catamaran Ship Model Figure 4: Catamaran Ship Model Test
with Hydrofoil System with Hydrofoil System

In order to predict the trial performance, the air resistance has been estimated and incorporated. Figure
5 shows the resistance prediction during sea trial. Figure 5 also shows the available thrust of very large
capacity waterjet(KaMeWa 25580 waterjet ) for the fixed power. The trial ship speed is determined
from the resistance and the thrust curves in Figure 5..
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Figure 5. Trial Resistance and Available Thrust

7 CONCLUSIONS

In this paper, the study on the conceptual design of very large-size super-high-speed foil catamaran
containership with about 4,000 TEU loading capacity and 60 knot ship speed has been very brief
discussed. From the result of the study, the following conclusions could be made :

- If five large-capacity waterjets such as KaMeWa 25580 type each coupled with 60,000 kW gas
turbine such as GE LM6000 + type are installed in each of demi-hulls, the ship would achieve the
speed of about 58 knots. This is rather conservative prediction.

- If the overall system is more carefully optimized utilizing the experiences in this study, the object
ship is expected to achieve more than 60 knots of ship speed with the above propulsion system.

- The reduction in resistance from that of bare hull due to the hydrofoil system is about 10% for this
object ship, which is considered to be very small compared with those for small size ships. The
effectiveness of the hydrofoil system is reduced as the ship size is increased.

- For the object ship, the design speed of 50 knot may be more practical. It is estimated that eight
60,000 kW gas turbines and two 6,500 kW auxiliary diesel engines are required to achieve higher
than 50 knots of ship speed.

- Through the execution of the 3-stage R & D program, a vast amount and high level experiences
and technologies have been developed and accumulated for the design of buoyancy/lift
combination type super-high-speed ships, that is, super-high-speed foil catamaran ships.
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ABSTRACT

The reduction of resistance with lubrication of an air cavity and the similarity relations involved are
investigated with a series of towing tank tests on geometrically similar models. Three geometrically
similar models of different size are tested in the towing tank of Seoul National University. The results
indicate that an introduction of air cavity by artificially supplying air beneath the bottom of a model
ship with a backward-facing step is effective for reduction of the model resistance. The areas of air
cavity and the required flow rates of air, both of which are directly related to the effective wetted
surface area and the overall energy saving are found to be dominated by the Froude number scaling,
Both the traditional two-dimensional method and Telfer’s three-dimensional method seem to be
applicable to the extension of the model resistances in the tested range if corrections are made to
account the changes in the frictional resistance caused by the changes in the effective wetted surface
area. Based on the findings obtained above, a small test boat of practical size is constructed and the
effect of air cavity on the reduction of ship resistance is studied. The results will confirm the results
found in the model tests and assure the practical applicability of the air cavity for the resistance
reduction of a real ship.

KEYWORDS

Air lubrication, Frictional resistance, Drag reduction, Bottom Step, Geometrically similar models,
Model experiment, Scale law

1 INTRODUCTION

The researches on drag reduction of displacement type ships have been focused mainly on reduction of
wave resistance or form drag, and many valuable concepts are derived already and practically utilized
to achieve the high energy efficiencies from the modern hull forms. On the contrary, however, little
attempts have been made to reduce the frictional resistance in spite of the fact that the frictional
resistance occupies a major portion of the total resistance of conventional ships. In these days, with
increase in the understanding of the phenomena involved in the friction and the harsh request for
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energy efficiency from economical and environmental considerations necessitates more rigorous effort
for reducing the frictional resistance.

Among several mcthods for frictional drag reduction, reducing the effective wetted surface area by
covering some portion of the hull surface with air film is conceptually easy to understand [Bushnell &
Hefner (1990)]. These air films can be generated through a natural intrusion of the air into the bottom
of the ship, but frequently formed more effectively by an intentional introduction of the air near the
step formed under the hull bottom. The wake of this step provides spatially fixed circulating flow
region behind the step. If air is supplied inside of this circulating region, water is displaced gradually
by air behind the step and eventually a single air cavity of nearly steady state can be formed [Knapp et
al. (1970)]. When the size of this air cavity is large enough and sufficiently stable, a significant
reduction in wetted surface area can be obtained. The reduction has been reported to reach up to 20%
of the total resistance with a careful arrangement of the steps and an appropriate supply of air {Jang &
Kim (1999)]. However, the application of same idea to the reduction of frictional resistance of a real
ship requires more thorough understanding on the similarity relation.

In the present work, the effect of the step on the cavity formation is studied experimentally with the
geometrically similar models equipped with air supplying devices and backward-facing steps on the
bottom. In the first stage, the role of the key parameters, such as the step heights and the flow rates of
air at various advancing speeds of the models are examined. And then, scaling laws goveming the
cavity area and the flow rate of air is sought. And then, the extrapolation procedure of the total
resistance is studied with two-dimensional and three-dimensional estimation methods. In order to
complete the study, a small test boat is constructed and the trials are underway.

2 RESISTANCE REDUCTION OF GEOMERICALLY SIMILAR MODEL SHIPS
2.1 Geometrically Similar Models

Three geometrically similar model ships have been manufactured to investigate the effects of air
lubrication on the resistance reduction. Shells are made of transparent plastic to observe the shapes of
the air cavity beneath the hull easily. As shown in Figure 1, the fore part of the model has a simple
shape consisting of developable surfaces and the after part has a prismatic hull form. Two parts are
manufactured separately to allow easy adjustment of the step height.

m.u,o\ .

Figure 1: Body plan of geometrically similar model ships

Longitudinal strips are attached along the bilge of the after hull at the both sides to prevent air leakage
and to minimize any three-dimensional effects occurring in the flow behind the step [Jang & Kim
(1999)]. The three model ships are named as “L”, “M” and “S” representing large, medium and small,
respectively and the principal particulars are shown in Table 1.
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TABLE 1
PRINCIPAL PARTICULARS OF GEOMETRICALLY SIMILAR MODEL SHIPS
Model Name L M S
Scale Ratio, A l 1.33 2
LwL  (m) 1.8 1.35 0.9
Breadth, B (m) 0.4 0.3 0.2
Dratf, T (m) 0.0756 0.0567 0.0378
Step Height, h  (mm) 5 3.75 2.5
Deadrise, o (°) 10

2.2 Air Cavity and Scale Law

From the previous experience, it is known that area of the air cavity formed behind a step usually
increases with increase in flow rates of air but do not above a certain flow rate of air, i.e., the critical
flow rate of air. The amount of drag reduction also ceases to increase at the critical flow rate of air and
so increase in flow rate of air beyond the limit is useless. The critical flow rates of air for each
geometrically similar model ships have been measured over the range of the Froude number,
Fn =0.35~0.6. The flow rate of air, Q,,, non-dimensionalized with V,,, the towing velocity of the
model ship, B, the breadth of a model ship, and A, the step height as shown in Eqn. 1[Sato et al.
(1997)] and the results are summarized in Figure 2.

v QAI
C, =—5— 1
“ v, Bh M

The area of air cavity, A, at the critical flow rate of air is measured and also shown in Figure 2 in the
form of the ratio A_/S where S is the wetted surface area when air is not supplied. Both the figures(2a

and 2b) show that scale effects are not dominant and the two variables Cpy and 4¢ /S have almost
identical values for all three models at a given Froude number.
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Figure 2: Critical flow rate of air and area of air cavity dependent on Froude number

In Figure 3, observed shapes of air cavities formed under the bottoms of three models at the Froude
number of 0.595 are shown when air is supplied at their critical rate. The length scales are non-
dimensionalized by the step hcight in the figure and the shapes of the air cavities are almost same
except the region near the stem where the air cavities are unstable and hard to measure the shapes
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exactly. Therefore, it is concluded again that the Froude number scaling rules the phenomena and
viscosity and surface tension can be neglected at the critical flow rate of air.

Step Starboard side Stern end
40 - —
Fn=0.595 s0q  Air cavity e e et
1 ] i
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Model L, V,=2.5 mis 1
—————— Model M, V,,=2.1651 m/s a0 Ai . e
-30 cav =
------ Model S, V,,=1.7678 m/s r iy SNl
-40 —_— I o
0 50 100 150
Step Portside xh Stermn end

Figure 3: Air cavity shapes formed behind the step under the bottom of each model at Fn = 0.595
2.3 FEstimation of Resistance for Larger Geometrically Similar Models from Smaller Ones

In two-dimensional approaches, resistance of a real ship can be estimated from the values obtained in
model tests with the Froude’s similarity law and model-ship correlation line [Lewis (1988)]. If the air
cavity covering the hull surface is geometrically similar and hence the reduction in the wetted surface
area is, the total resistance coefficient, C, can be estimated by the two-dimensional method shown in
Eqn. 2 in which C, is the frictional resistance coefficient and C, is the residuary resistance
coefficient. In three-dimensional method, resistance of a real ship may be estimated with Eqn. 3.
However, it is difficult to adopt the original Prohaska’s method since the form factor % is difficult to
define in this case since the effective hull shape due to the air cavity will become quite different if
Froude number changes. The difficulty can be partly overcome if Telfer’s approach is used since
form factors are defined at each Froude number in there[Tanaka (1991)].

§-4
Cr = S =Cp +C,y )

S—A. ,
¢, = g : (l+k)C,, +Cy 3)

O

Based on the above discussions, accuracies of the two proposed methods(two-dimensional and Telfer’s
three-dimensional) are examined by predicting the resistance of different models. For the purpose, the
resistance of the largest model “L” is predicted from the results obtained for the medium and small
model “M” and “S”, respectively by using the Eqn. 2 and 3. The ITTC 1957 curve has been used as the
model-ship correlation line. The results are shown in Figure 4 where the resistance of model “L”
without supply of air is also presented for comparison. It is seen that approximately 10% of the total
resistance of the model “L” is reduced and both the two and three-dimensional method give reasonably
good estimations. The results of the three-dimensional analysis indicate that a considerable amount of
the resistance reduction comes from the non-frictional components. It is possible that the air cavity is
playing a certain role in smoothing the flow behind the step but more careful study to identify the
cause and to accommodate the effect of changes in the wetted surface area in the resistance prediction
procedure will be necessary.
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Figure 4: Resistance coefficients of model “L” estimated from the test results of model “M” & “S”

3 APPLICATIONS TO A TEST BOAT

A small test boat equipped with an outboard engine of 15 hp is built with fiber reinforced plastic to
examine the practical applicability of the air lubrication method. The length of the test boat is 3.16 m
and the breadth is 1.089 m. As shown in the body plan of Figure 5, a step is placed at the bottom in the
vicinity of the midship and air is forced into the holes located at the step. The boat has a wedge shaped
barriers at the both sides to prevent the air from leaking. The hull form also allows natural ventilation
from the front of the step if possible. Figure 6 shows some pictures of the test running made so far and
the trials are still underway.
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Figure 5: Body plan of the test boat for applications of air lubrication

Figure 6: Runmng tests of the test boat in the Han River

3.1 Estimation of Air Flow Rates for the Test Boat

Tests for model “S™ have been performed to estimate the flow rate of air adequate for the test boat. The
scale ratio, A between the model and the test boat has been selected by considering the speed limit of



118

the towing carriage. Since the model “S” is not geometrically similar to the test boat and a small block
is attached as shown in Figure 7 to make the bottom of the model “S”, on which air cavity forms,
similar to the shape of the test boat. The flow rate that provides the maximum cavity area is
determined based on the procedure mentioned earlier and the results are summarized in Table 2.

Partition block for making a division

Figure 7: Body plan of the modified model “S” for estimating flow rates of air for the test boat

TABLE 2
ESTIMATION OF CRITICAL FLOW RATES OF AIR FOR THE TEST BOAT
A c Model (4 =19.5) Test boat
nh Qv Criea! V (m/S) QAI!, Criical (l / min) \' (ktS) Q/ﬁr, Crincal (l / mln)
9.9814  Less than 0.0119 1.398 Less than 0.1 12 Less than 170
13.3085 Less than 0.0089 1.864 Less than 0.1 16 Less than 170
16.6356  0.0107~0.0143 2.330 0.15~0.2 20 250~340
19.9627  0.0119~0.0149 2.796 0.2~0.25 24 340~420
224581  0.0185~0.0212 3.145 0.35~0.4 27 590~670

4 CONCLUSIONS

Three geometrically similar models are made to investigate the scale law governing the air lubrication.
Air is supplied behind a step placed on the bottom of the model and relations between flow rates of air
and the shapes and areas of air cavity as well as the resistance reduction are observed.

1t is found that there exist critical flow rates of air for each Froude number above which no significant
changes in shape of cavity or reductions in the resistance occur. The critical rate and cavity area
depend on the Froude number and scale effect is not dominant. If air is supplied above the critical rate,
the shapes of air cavity generated on the geometrically similar models are also similar. If it is assumed
that the wetted surface area decreases as much as air cavity area, conventional methods for resistance
extrapolation may also be applied to the ship with air cavity.

A test boat of 3.16m long is constructed to examine the practical applicability of the air lubrication and
trials are going underway. The results will help understanding of scale law for air lubrication.
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ABSTRACT

Planing hybrid hydrofoils or partially hydrofoil supported planing boats are hydrofoils that
intentionally operate in what would be the take off condition for normal hydrofoils. They offer a
performance and cost that would be appropriate for some ferries, light cargo and recreational vessels.
The stepped hybrid hydrofoil configuration made its appearance in the high speed boat scene in the
late nineteen thirties, but never was widely used. It is a solution to the problems of instability and
inefficiency that has limited other type of hybrids. The purpose of this paper is to reintroduce this
concept to the marine community while proposing what the authors believe address the problems that
initially limited this concept.
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1 BACKGROUND

A hybrid hydrofoil is a vehicle combining the dynamic lift of hydrofoils with a significant amount of
lift from some other source, generally planing lift. The attraction of hybrid hydrofoils is the desire to
meld the advantages of two technologies in an attempt to gain a synthesis that is better than either one
alone. Partially hydrofoil supported hulls mix hydrofoil support and planing lift. The most obvious
version of this concept is a planing hull with a hydrofoil more or less under the center of gravity.
Karafiath (1974) studied this concept with a conventional patrol boat model and a hydrofoil. His
studies revealed many configurations were unstable in pitch. The subject of this paper is a particular
configuration of partially hydrofoil supported planing hull that addresses the pitch instability issue.

The authors initially became involved with the hybrid concept when working on FMC’s High
Waterspeed Test Bed (HWSTB) for the US Marine Corps, which was a hybrid with an aft hydrofoil
and a forward planing surface. The HWTB project is beyond the scope of this paper, but the concept
worked. A half scale demonstrator representing a 66,000 lb. armored vehicle made 35 knots true
speed. The authors independently developed the stepped hull concept from this system before
discovering that it was previously developed and actually in service, but for some reason, never found
a niche and has disappeared. This paper is intended to reintroduce the hybrid hydrofoil concept to the
marine industry and to provide some inspiration to others. We believe that there were critical issues
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creating difficulties for the early steeped hull hybrids and that this is why they are not now common,
despite their obvious potential. We also believe that we have solved them, and present our suggestions.

2 PITCH INSTABILITY

Pitch instability is the chief issue in a hybrid hydrofoil. Planing hybrid hydrofoils can exhibit a
dynamic pitch instability similar to porpoising. This phenomenon can be best understood for a
nominal configuration with a single hydrofoil beneath the center of gravity of a planing hull. If such a
configuration is slightly disturbed bow up from an equilibrium position, the lift on both the foil and the
hull will increase. The hull accelerates upwards and the intersection of the water surface and the keel
moves aft. This develops a bow down moment, but at a relatively slow rate. By the time the bow
drops enough to reduce the excess lift, the vessel is well above the equilibrium position, and the
keel/waterline intersection is well aft. It falls back down toward the equilibrium position bow down,
as if it had tripped on its stern. Then, it carries through equilibrium, takes a deep dive and springs up
again. This cycle repeats, each time growing more severe. The only way that this motion can damped
is if the hull provides enough damping to prevent the increasing overshoot. Note that this is a smooth
water instability and occurs with only a nominal initial disturbance.

3 STEPPED HULL

The stepped hull concept is obvious from this discussion. The foil is at the extreme stern of the vehicle
and a step is provided forward of the CG. The step confines the planing lift to the forward part of the
hull so that the relative position of the center of gravity, the step and the foil control the proportioning
of lift between hull and foil. Bow up pitch of the vehicle produces a strong bow down moment,
directly proportional to pitch, that reduces the pitch much more rapidly than the movement of the
center of planing lift. The step also means that the running attitude of the planing hull can be set at a
trim producing optimum lift. (This is the whole point of a stepped planing hull.)

The authors developed a simple program, discussed in more detail in Barry and Duffty (1999), using a
standard Blount and Fox (1976) approach to calculating planing forces combined with standard
methods form DuCane (1974) and Hoerner (1958) for calculating foil forces. The input and output

parameters are per figure 1. The coordinate system is fixed to the vehicle with the origin at the
step/keel intersection.

The terms used in the figure are:

BX Planing beam, the effective beam of the each hull, generally the beam at transom.
B The deadrise at the station chosen for effective beam.

Stagger Location of the foil fore and aft, negative if aft of the step or transom.

Gap Location of the foil below the transom, negative if below.

Dekalage The angle of the nominal foil midline to the coordinate system.

LCG The longitudinal ccnter of gravity, positive if forward of the step.

Le The length of the wetted chine, including wave rise.

Lk The length of the wetted keel.

Drag The angle of the keel with respect to the coordinate system.

T Trim of the coordinate system from the dynamic waterline, positive bow up.

Draft Draft of the origin below the dynamic waterline.
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Resistance results from this program are shown in figure 2 for a boat with characteristics as follows:

Length O.A 20 Ft
Weight 2,000 Lb.
LCG, forward of the extreme aft end of the boat | 7 Ft.
Planing Beam 6 Ft.
Deadrise 15 Degrees
| 1
600 Lbs. Drag Conventional Planing Monohull

-3 Dekalage

200 - * 0 Dekalage -2 Dekalage

1D
20 Knots | Dekalage 30 40

Figure 2 - Resistance results

The hybrid version has its step eight feet forward the extreme aft end of the boat and is equipped with
a pair of two foot span by half foot chord foils at the extreme rear end one half foot below the baseline.
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The foil section is the NASA GA(W)-1 section (McGhee and Beasley, 1973). The foil dekalage is set
for several values. It is important to note that an incorrect dekalage angle results in larger drag than
the comparable planing hull. In fact, further investigation of this configuration shows that the
maximum proportion of foil lift is not associatcd with the minimum total drag. This is thus not an
optimum configuration in some more fundamental way, though it is superior to the planing (only) hull.
This shows the first lesson we have learned: The numerous parameters available in this concept allow
many configurations, few of which are optimal and some of which are quite poor. Computer
simulation is vital to optimizing a hybrid hydrofoil, even at the most basic level.

4 FOILS

The use of the NASA GA(W)-1 is worth discussing further as we believe the use of this type of foil is
another issue critical to the success of the concept. This section is one of a class of supercritical
sections that are designed by computer to achieve maximum lift coefficient (above 2.0) with minimum
possibility of stall. They achieve this by reducing the peak suction near the tip and “filling in” the
suction aft, so that the total area of high suction is increased without severe peak. This is achieved by
retaining significant thickness aft, often terminated in a reflex curve, hence the term “barn roof”
section. Since hybrids will operate at high angles of attack and low speed during take-off, foil stall is
a significant problem and makes takeoff difficult (especially considering propulsion effects).
Cavitation is also reduced, at least for the relatively low speeds that hybrids operate.

5 DYNAMIC STABILITY

Though it seems unlikely that a stepped hybrid will develop pitch dynamic instability, there is a
definitive criteria. Martin (1978) developed the theoretical methods of determining stability for high
speed planing boats, producing two equations, one in pitch moments and one in heave forces, each
with various cross products wherein pitch and heave kinematics produces heave forces and vice versa.
Extending these equations to the case of a hybrid hydrofoil only requires adding the foil dependent
terms. These terms are available from standard ship control methods. For example, pitch moment due
to pitch angle is simply the lift curve slope of the foil times the stagger and pitch moment due to pitch
rate is lift curve slope times stagger squared. Such a set of equations has to be numerically solved, so
no insight can be gained directly by examining an analytic solution. Instead, numerous systematic
variations have to be examined. However, the two exemplar terms are the main damping effects, and
they will be very large in any practical stepped hybrid, so smooth water stability is almost guaranteed.

6 SEAKEEPING

Many high speed craft are limited by motion in waves rather than power. Methods to analyze motions
will be required to determine limiting conditions for crew and passengers, and structural loads. Martin
(1978) demonstrated how this proceeds for pure planing craft by extension of the stability method.
This can be extended in a similar fashion by adding the foil terms for forces and moments from waves,
but is worth noting that the foil excitation due to waves is relatively small because the foil is effected
only by the orbital velocity of the waves and very slightly by the elevation of the foil beneath the
waves. The velocities are small compared to the vehicle speed and the effect of elevation is minimal if
the foil is in submerged below a chord length. The particle velocity effects and wave height effect also
are opposed, so the net force is even smaller. It is difficult to make general predictions about the
seakeeping of stepped hybrid hydrofoils because this is profoundly affected by optimization, but there
are two important points that suggest good seakeeping is possible:
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First, let's examine what has become the norm for planing and semi-planing craft designed for good
motions in waves. Motions in head seas dominate the problem of seakeeping for fast craft, because at
high speeds, all seas are head seas. Offshore racing craft, and "wave-piercing”, catamarans both
approach the problem of reducing motions in head seas in the same way, by moving the sensitive load
as far aft as possible and by reducing the rate of lift force with respect to immersion of the forward
sections, usually by making them narrow, with high deadrise. To a certain extent then, seakeeping and
planing efficiency must be traded off, paying for one with the other.

Also, if a planing hull strikes a wave, the force induced on the hull by the wave is still primarily at the
intersection of the hull and the instantaneous water surface. As the hull travels, this intersection moves
aft, and the force becomes larger as the hull gets wider and deeper and the hull both rotates backwards
and heaves up, thereby producing large combined accelerations. In contrast, a stepped hybrid hull will
initially rotate, but the rotation will increase the angle of attack of the aft foils, which lifts the vehicle
bodily upwards from the rear and reduces pitch acceleration. The hull is therefore "anticipating” the
oncoming wave and goes over it. This motion has to be carefully tuned to the anticipated wave
environment for optimum performance, but it is clear that a properly designed stepped hybrid
hydrofoil would have excellent motions. Since this behavior is enhanced by high lift in the foil, good
seakeeping is associated with good lift efficiency, rather than degraded by it.

Second, with the wide range of parameters available to the designer, it is clear that there is
considerable latitude to optimize for motions. A hull form with very high deadrise, low freeboard
planing hulls forward and foil support aft could be developed with very good motions because the foil
would bear the majority of the load and the hulls could be relatively inefficient, hence relatively soft
riding. In a pure planing hull, the designer has to lose efficiency by accepting a high deadrise, soft
riding hull. The cost of non-optimum lift production for the sake of seakeeping would be much less
for a hybrid hydrofoil.

7 PROPULSION

A problem of hybrids is that of propulsion: Getting the force into the water often requires passing it
through the struts which is costly in terms of money, appendage drag, complexity and efficiency.
Hydrofoils use mechanical, electric and hydraulic drives to props on foil pods, jets taking suction
through the foil, and shafts from the hull. Each of these methods has problems. There is some
consolation that the struts of a hybrid are somewhat shorter, but this is only important for through-strut
jet drives, and jet drives require higher flow rates for efficiency at the lower speeds of a hybrid.

However, unlike a pure hydrofoil, a hybrid can be propelled by hull mounted components. A jet drive
could be mounted in the forward planing hull and discharge at the step. A prop shaft could penetrate
through the step as well or surface piercing props could be mounted on or below the raised tail and dip
down to the water. This gives some added versatility to the hybrid concept that a pure hydrofoil
doesn't have. The choice of propulsion method is economic and operational and will be determined by
the mission. The hybrid offers wider latitude for less costly methods than a pure hydrofoil, but requires
an innovative approach to the issue.

8 EXPERIMENTS

The authors have had limited funds and time to explore this concept, but with the help of those
acknowledged have been able to experiment with a few small unmanned and manned models. The
latter experiments have produced two final significant insights. First, one manned model exhibited
severe, uncontrollable broaching instability due to the combination of a narrow planing surface and
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forces similar to those reported by Blount and Codega (1992) originating in the curved bow sections
forward. Based on this, the authors are convinced that the preferred hull form is in fact essentially a
“three point catamaran™ comprising two slender hulls forward and the foil aft between the extension of
the centerline of the hulls. The other point should have been obvious upon retrospection, but became
evident when some models either failed to lift or lifted only with great difficulty (their announcement
of takeoff was accompanied by a radical change in the engine sound which was the clue): The
propeller is very heavily loaded at the low takeoff speed as it is operating at much lower advance ratio
than the propulsion system is optimized for. This can prevent the engine from achieving full power
when it is most needed.
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Figure 3 Stepped Hull Hybrid Hydrofoil Catamaran Ferry Concept

Any practical hybrid will have to have a propulsion system that will not overload the engine in the
takeoff condition. This can be achieved by two speed gearboxes (which have recently become
available), surface piercing drives forcibly ventilated by propulsion machinery exhaust or by use of jet
drives. which have other advantages as well.

9 HYBRID HYDROFOIL FERRIES

A high speed ferry is one obvious applications for the hybrid hydrofoil stepped hull concept. A ferry is
a single speed vehicle, and the hybrid concept is well suited for this. Most practical new ferry routes
in require a speed on the order of thirty to forty knots to compete with automobiles provided the speed
can be achieved at an acceptable level of cost and reliability. This appears to be the optimum range for
this concept, so a stepped hybrid may be able to achieve a lower cost and better reliability at these
speeds than hydrofoils, SES's, or planing boats. The stepped hybrid concept is much less dependent on
size for speed and seakeeping than a conventional planing hull, so smaller, less expensive ferries are
feasible. This allows either more ferries on a given run or use of ferries for runs with much less traffic.
A number of high speed ferries are limited by wake damage to the shore. As a result, they can only
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run at speed for a small portion of the route. A hybrid should produce substantially less wake than a
planing monohull or even an SES because the foils generate substantially smaller waves. QOur concept
of a passenger ferry for a typical San Francisco Bay Area route as described in Barry and Duffty (1999)
is shown in figure 3 above.

10 CONCLUSIONS

The stepped hull hybrid hydrofoil has merits in reduced resistance compared to planing hulls at lower
complexity than pure hydrofoils. It also has merits in seakeeping and other operation areas. Its current
status may be due to being eclipsed by the pure hydrofoil or by problems in takeoff stall, roll
instability or propulsion matching. But it should not be viewed as a partial step to the hydrofoil, and
there are solutions to these other problems. It is a valid concept with its own special characteristics
and capabilities and merits consideration. Hybrid hydrofoils especially merit consideration for high
speed ferry service for partially sheltered runs where seakeeping is a consideration but not an
overriding one, there are factors limiting size on a given run, such as traffic dispersion and moderately
high speeds are required.
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THE DESIGN OF TRIMARAN SHIPS: GENERAL REVIEW AND
PRACTICAL STRUCTURAL ANALYSIS

T. Coppola, M. Mandarino

Dipartimento di Ingegneria Navale, University of Naples “FEDERICO II”
Via Claudio 21 80125 Naples Italy

ABSTRACT

In the last years, the applications of fast commercial transport at sea have aroused an increase of high-
speed ships demand. More in particular mono-hull and catamaran passenger ships, in service on brief
routs, are able to halve, respect to the conventional ships, the voyage times.

More of recent, the attention has been moved on multi-hull vehicles with function also of container

ship in service on transoceanic routs.

In this respect, the trimaran configuration seems to be more encouraging to combine greater demands

of space and high speeds.

The main characteristics of a trimaran can be so synthesized:

e The main-hull is more slender than the actual mono-hull (L/B would change among 12 and 18),
with a consequent wave resistance reduction.

e Two lateral hulls with very small displacement than that one of the main hull; their fundamental
function is that one of maintaining a sufficient stability of the ship and furnishing a bigger decks
area.

The main objective of the paper is to validate the greater advantages offered from the trimaran ships,

for commercial, tourist and naval fields: better available surface for decks; reduced interference of

weapon systems; large flight deck area; possibility of realizing multifunctional naval ship (i.e. frigates
with particular characteristics of air, surface and A.S. zone defense).

In this respect firstly, an investigation has been carried out, on the possible fields of applicability of the

trimaran ships; then models of global maximum loads have been proposed.

A discussion has been carried out about the preliminary design of trimaran. Particularly the autonomy

problem and the hull forms optimization problem have been treated. In addition, a method has been

developed for the global load evaluation.

The numerical example show that the torsion stresses are negligible for trimaran; the shear and

bending stresses are instead very relevant and decide for the transverse strength of trimaran.

KEYWORDS

Trimaran. Global Loads, Design, Structures, Main-Hull, Multi-hulls, Outriggers, Naval.
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1 INTRODUCTION

It is well known that there is a greater demand of data and acceptable techniques for the preliminary
design of fast ships. In the same time there is an increase of interest for trimaran ships design, duc to
the business that they offer for bigger spaces and higher speeds.

Actually intensive researches concern the minimization of the total resistance by the optimization of
the main hull and outriggers form, of the longitudinal and transversal outrigger positions, of the ratio
between the main hull and the outrigger displacement. The peculiarities of trimaran vessel furnish two
main applications: the first one in the military field, like polyvalent frigates, and the second onc in the
commercial and tourist fields, like ferries or passengers ships in service on brief routs.

As far as the naval field is concerned, the presence of a great deck area consents to amplity, the active
defense component, with all the advantages for efficiency and operational flexibility. It also allows, the
installation of more efficient weapon systems of modular type and a better disposition of operational
and life spaces (figure 1).

L
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Figure 1: General Layouts of 160 m trimaran frigate

The conformation of the hull assures an elevated stability, a good seakeeping behavior and
consequently a greater efficiency of the weapon systems. The lateral hulls also assure a protection of
the main hull.

2 PRELIMINARY DESIGN OF TRIMARAN SHIP: AUTONOMY, GENERAL LAYOUT,
FORMS AND GEOMETRY OF THE HULLS

According to a different comfort request and, consequently, a different voyage tolerable time on board
of a fast ship, by a passenger and a driver, the following upper limits of autonomy can be assumed, for
a transfer velocity of about 40 Knots:

- 250 nautical miles for the tourist application;

- 400 nautical miles, for commercial application.
As far as the naval field is concerned, elevated autonomy is required for carrying out long distance
missions.

In the commercial and tourist fields, the following ranges can be estimated from the market trend:
length between 85 m and 150 m; velocity between 36 to 45 knots and with medium load capacity of
about 1000 passengers and 250 cars.

General layout study and preliminary choice of the arrangements for tourist and commercial
application can be carried by the following criteria: -Minimum area available for each passenger; -
Area of the car decks according to the load capacity; -Shipping from stern on the main deck garage: -
Height of deck garage of Sm at least, for bus or T.L.R..



129

Starting from the following parameters ranges, allowable in literature: (when the m and o suffixes are
adopted to denote the main hull and the outriggers respectively):

TABLE 1
MAIN AND SIDE HULL PROPORTION RANGE

viJeL | WL [ B/, [ el [ @wr), | &1, [ gl

Min 0.25 12 1.3 0.35 12 0.4 0.35

Max 0.6 18 25 0.65 35 2 0.7

With: V= velocity, L= length of water line; T= Immersion; Cg = Block coeflicient; g= gravity
acceleration; and assuming the following resistance relation, for 64 hulls:

RT=R CBmA2) 80, CRor2) o2 (
T T(Am, Bmy(T)m) o BO’(T)O,Lm) )

A minimization procedure can be carried out, when the L, and V values are known (and constants),

and the interference resistance is neglected. The consequent results of a trimaran of 120 m in length
and with velocity of 36 knots are shown in the table two.

TABLE 2
MAIN AND SIDE HULL RESULTS
Aty | L(m) B T Cs L/B BT |
Main-hull | 1662.2 | 120 | 104 2.6 050 | 11.54 4
Outrigger | 4375 | M1 204 | 1.02 | 045 | 201 2

With effective power of 11534 MW.

3 SOME CONSIDERATIONS ABOUT THE GLOBAL LOADS

The absence of structural experimental data for trimaran obliges to deduce the loads formulas from
those ones obtained for the more tested catamarans, when an initial structural model has to be obtained
and verified, in a first step of the structural design.

As far as the transverse global loads are concerned, it may be interesting to synthesize the principal

concepts on which the register formulas for catamarans are based (A.B.S 1997).

¢ The sea loads are applied on the middle plane of each hull, with the same values. They are
decomposed, as usual, in the buoyancy and hydrodynamic forces.

¢ The hydrodynamic forces can be considered as derived from the superposing of those ones
generated by the heaving and the pitching or the rolling motions.

¢ The pitch and roll rotation axes are assumed coincident with the longitudinal and the transverse
central axes, respectively.

¢ The pitch (res. roll) inertia forces are considered transversally (res. longitudinally) uniformly
distributed, and longitudinally (res. transversally) linearly distributed.

¢ The transverse and longitudinal inertia moments are assumed according to the previous distributions
of the inertia forces.

¢ The most significant conditions for the determination of the bending moment, the shear force and
the torsion moment, are assumed generated by, respectively, the only heaving, the heaving coupled
with rolling and the heaving coupled with rolling and pitching. In all these conditions, the heaving
inertia loads and the gravitational ones are considered transversally uniformly distributed, the



buoyancy forces S are assumed as concentrated; in the only last case the hydrodynamic forces are
regarded as uniformly distributed on the middle part of the impacting hull.
¢ The heaving hydrodynamic forces are always given by:
E - 2)
h 2g an g
with ‘acg 8= vertical acceleration in the centre of gravity. The pitch and roll hydrodynamic forccs are

opposite and their moduli are assumed equal to Fy,: Fp= Fr=F}; the pitch and roll moments are then

given by A a(gg and A a(gé respectively, where b and L are the distance between the centrelines of

the two hulls, and the ship length.

The previous hypotheses imply the load distributions represented by Fig. 2,3and 4, and consequently
the following expressions of the considered internal force and moments:

M(x)=§-]};(1+acg)(bx—x2) (3)
A4 1 3 1
T(x):—Tx+Aacg(§—?x)(5+%) 4)
L
Mi=dacgy (5)

where the last relation has to be applied to every section between the impact hull and the centre of the
hull.
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Staring from these catamaran formulations, their extension to the trimaran study requires some
hypotheses, according to the substantially different configuration of the trimaran. They regard the
barycentric acceleration, the distribution of the hydrodynamic forces between the main hull and the
outriggers, the assumption of the critical load conditions, and can be summarized as it follows:
1. The maximum allowable value of the dcg acceleration, is expressed, according to the rules for high
speed crafts, by:
LV

acg = S m (6)
this relation can be applied separately to the main hull and the outriggers, but it falls when applied to
the entire trimaran, because it doesn’t consider the interaction between the hulls.

Assuming for the absolute values of the dcg variations the same linear law as for dcgs gives:



dego ~9cegm Acgo~dcgm
acg=acgo_—L=acgm+— (7)
Lo Lm
1+ 1+
L"I LO
2. The hydrodynamic forces are proportional to the displacements, as the buoyancy ones, what
furnishes:

A
Fpm = _°—Vo”cg =YVmacg
1+2-—
Vm
(8)
a4
Fho = v acg=YVodcg
2+ 2
Vo

with : y= sea weight density ; 4,V ,,V,, = trimaran displacement and displacement volumes of the

outriggers and the main hull.

3. As far as the critic conditions individuation is concerned, two cases are considered for the shear
force and the bending moment (res. the torsion moment):

I) the heaving and roll (res. heaving, roll and pitch) hydrodynamic forces acting on the raising

outrigger, are opposite (as for the catamarans);

IT) the roll (res. roll and pitch) hydrodynamic force acting on the impacting outriggers is equal to the
sum of the buoyancy and heaving forces on the same outrigger.

As far as the transverse bending moment is concerned, it has to be considered in conjunction with the

shear force: the effects of the roll inertia and hydrodynamic forces on the transverse bending moment

are null only at the middle section, which isn’t necessarily the most stressed section (as for the
catamarans).

4. In both previous cases, the hydrodynamic forces are assumed uniformly distributed on the fore part
(relatively to the centre of the trimaran) of the main hull and the impacting outrigger, when the
torsion moment has to be calculated.

5. For the longitudinal and transversal inertia moments (respectively I and 1; ), the following

expression are utilized:
- Ab?
12g

— A 3 3 3
1, —m[VML_ +8v (L, +L ") (10)

Where L, and L,, are the length of the fore and aft parts of the outrigger (relatively to the centre of

&)

the trimaran). What implies the following expressions for the inertia loads intensity:
I. Transverse shear force and bending moment

c(x)=A””‘g 12 Yo ) case (11)
i b ble+2\7D)

A 12 1+a v
cg o
C.(x)=;[ a +— B Oy 11 case (12)
: % bV 42V
m o

1. Transverse torsion moment
a) On the outrigger
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¢ (x)= ——2——x8 (13)

b) On the main hull
av .
¢, (1) =———"—x$ (14)
gL (V +2V )
m\" m 0

(v L 2+4v L L
0 m fo/ \q

cggFLm 3Tsv (L 3+La03)_r case

With: 3 (15)

3V L 2a +6V L L (+2a
m m cg fo N

v L 3+8v 340 3
m m o(Lfo a0 )

g Il case

Applying these hypotheses gives the following expressions for the internal force and moments:
¢ Transverse shear force and bending moment

I case

b av,(1+2a,)
X )Va v,+2v,) '

T(x)=-§(%—x)(l+acg )+ 6A4a (16)

PV, +2V,)

(—v—fz—v)[v 1+2a)+V (1+a,)}x<0

4 b_Y .4V b g
M(x)—zb(1+acg(2 x) 2—b—(V——o)a"‘(b —3b'x+4x )+

a4av b
2% (142 Z_ .
(VM+2V°)( + a“(z x) ;x20
- an

Av, b AV, (I+a, )
(VM+2V0)(1+2a"(3_x] (V + 2V ) X <0
ZAV0(1+a ) 0
4 b 6V, b W +2v ) *°
T(x)='E(I'FGQIE—X]{['Fw[E'FX)] (v +2V) (18)

Al+ay)ix<o

A b 7 av l+a,
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1I case

2A(I+aq)—v"—£-x ;x20

v, b AV,
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¢ Transverse torsion moment

The M, values for a section between the impacting outrigger and the main hull, are given by :

I case
. AV,a, (Lp+ L)V, L 449, L 1f0)
M= 2vo){Lf" LV, +8v. (0, + 1) @0
Il case
AV, (1+2a )0, (L, +0,)[3,Lay +6V,L,L,(1+2a,) o
TV, +2vV) 2 3L, v L +8v, (L +1,)

4 NUMERICAL EXAMPLE

In order to demonstrate the practical applicability of the 2-21 relations, a numerical example has been
developed and applied to the trimaran frigate of the figure 1.
The results obtained are the following:

TABLE 3
FIRST CASE: TRANSVERSE SHEAR FORCE, BENDING MOMENT AND TORSION MOMENT
x =20 4 5 6 7 8 9 10
T(x) (M 2270.70 1983.03 1691.45 1396.0 1096.68 783.49 486.45
M(x)(T m) 7773.80 5646.60 3809.04 2264.99 1018.33 72.91 -567.38
x=<0 -4 -5 -6 -7 -8 -9 -10
T(x) (1) -2079.90 -1827.0 -1577.98 | -1332.81 | -1091.52 -854.1 -620.54
M(x)(T m) 8702.18 6749.05 5046.87 3591.80 2379.95 1407.46 670.46
Mt() =2659.16 T m
TABLE 4
SECOND CASE: TRANSVERSE SHEAR FORCE, BENDING MOMENT AND TORSION MOMENT
x 20 4 5 6 7 8 9 10
T(x) (T) 2374.57 2068.0 1753.0 1430.0 1099.0 760.53 413.5
M(x) (T m) 7268.70 5046.79 3135.57 1543.12 277.51 -653.17 -1240.85
x =<0 -4 -5 -6 -7 -8 -9 -10
T(x) (1) 11976.0 | -1742.12 | -1516.25 | -1298.44 | -1088.7 -887.1 -693.54
M({x)(T m) 7268.70 5046.79 3135.57 1543.12 277.51 -653.17 -1240.85
Mt() =4967.01 T m
As far as the acg value is concerned, the following procedure has been carried out:
S v 0.771 S ___V 1.137¢g= 0919 (22)
= =0. JAcog = =I. = =0.
acgm ~ Il Jfr; 8:d¢cgo TV \/E g =acg g

with: §1=0.65[0.2+(0.6/ Y, JE;)]=°‘29] ; S5 =0.65[0.2+ (0.6/%/L—0)]=0.24

what implies, according to the rules formulations: §; =S, =0.32.
Starting from the previous values of T(x), M(x), Mt() and acg , give the following ones for the
maximal stresses:
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Torsion stress: oiq =0.4N/mm"2; Bending Stress: & = 80.64N/mm"2
103.96N/mm~"2 on the cross deck bottom;
141.19 N/mm”2 on the neatral axis.
The Von-Mises stress for the bending- shear stress is given by:
197.29N/mm"2 on the cross deck bottom
244 56N/ mm~2 on the neutral axis.
The existence of the last stress implies the utilization of high stress steel.

Shear Stress: 7=

9id
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ABSTRACT

In this paper a trimaran ship equivalent to a typical high speed craft in service in the bay of Naples has
been considered. Two vessels having different only outrigger hull forms have been designed on the
basis of required lay-out, of the limits in the main dimensions and of the available data from existing
design.

Calm water resistance model tests have been carried out for two main purposes:

Firstly, the investigation has been carried out on a large model in order to verify the influence of the
main hull trim and of the outrigger hull form and position on the trimaran hydrodynamic resistance.
Secondly, the investigation has been carried out on two geosim models of a trimaran hull configuration
with the goal to compare the ITTC’57 with the ITTC’78 model-ship correlations.

For this last purpose a form factor of the trimaran has been determined by different methods. The
results show that the ITTC’57 could be preferable to ITTC’78 model-ship correlation, in the higher
Froude number range.

KEYWORDS

Trimaran, Passenger ferry, HSC, Resistance test, Model-ship correlation

1 INTRODUCTION

The last years have seen a remarkable increase in the number of high speed craft operating all over the
world. The current trend in high speed vessels, especially for coastal car-passenger ferries has led to
the search for-hull forms with superior characteristics.

Several comparisons among multihull and the monohull ships, on the basis of equivalent service
capabilities, have highlighted the advantages of each hullform; the catamaran is known to be very well
adequate to the above mentioned service.

Furthermore, in recent years, interest about the trimaran ships has been growing because of the
advantages due 1o their large deck area and to the increased stability under damaged conditions. In
addition, by making the main hull very slender and optimising the wave drag by means of side-hull
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form and position, the total resistance could be the same or even smaller in comparison with the
equivalent catamaran or monohull.

In this work the results of towing tank trimaran resistance tests performed at University of Naples are
presented. The first part of the research programme has dealt with the modification of transverse and
longitudinal position of outriggers in order to minimise the total hydrodynamic resistance through
favourable wave interference among the hulls and favourable effect of the lift. The influence of the
side hull form on the total resistance has been considered testing two different outrigger forms. Special
attention has been focused on model ship correlation; resistance data of two trimaran geosim models
have been analysed through the ITTC-57 and ITTC-78 correlation procedure.

TABLE 1
PRINCIPAL CHARACTERISTICS OF THE TRIMARAN IN FULL SCALE

MAIN HULL SIDE HULL SIDE HULL TRIMARAN
(series 64 (series 64 derived (Wigley) (series 64
hullform) hullform) hullform)
Length over all (m) 47.700 23.850 23.47 47.700
Length waterline (m) 46.940 23.470 23.47 46.940
Draught (m) 1.668 0.463 0.463 1.668
Wetted surface (m’) 194.8 252 29.4 245.2
Displacement (t) 120.489 4.259 5.300 129.007
Max speed (kn) 40
CB 0.45 0.35 0.43
L/B 14.070 21.500 21.500
B/T 2.000 2.356 2.356
Fn 0.958 1.356 1.356
Beam waterline (m) 3.336 1.092 1.092

2 THE TRIMARAN MODEL CONFIGURATION

The resistance model tests were carried out on trimaran ship design whose main characteristics are
reported in Table 1. A round bilge transom stern displacement hull with high length to beam ratio was
selected from series 64 as the main hull. Two different side hull forms were selected: one was the well
known Wigley mathematical form and the second one was derived by geometrical affinity from the
series 64. Each outrigger hullform had length equal to one half of the main hull length and
displacement equal to 4 % of the main hull. The trimaran hulls body plan is shown in Fig. 1.

Figure 1: Trimaran hulls body plan
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3 RESULTS AND DISCUSSION
3.1 Static Trim Optimisation

The first objective of the work was to test the influence of the main hull trim and of the side-hull
position on the hydrodynamic resistance. Five trim positions of the main hull were tested (level trim 0°,
aft trims + 0,5° and + 1°, forward trims — 0,5° and —1°). The minimum resistance for high values of the
Froude number occurred at aft trim of + 1° so all trimaran configurations have been subsequently
tested with this static trim.

3.2 Side Hull Positions
The tests on the optimisation of the trimaran side hull location were carried out with the outrigger hulls
derived from series 64 considering three lateral positions (clearances) y/L = 0.10; 0.11; 0.12 for a

given longitudinal position x/L. = -0.0625 and four longitudinal positions (staggers) x/L = +0.25; 0; -
0.0625; - 0.125 for a given clearance y/L = 0.10 (fig. 2).

Figure 2: Trimaran configuration; staggers and clearances.

3.3 Resistance Test Results
The measured total resistance of the model was expressed in non-dimensional form as

Cr=Ry/ 0.5 p SV? )

Calculated Cy values for the tests carried out on trimaran model A=10 for different configurations are
shown in Fig. 3 and Fig.4.
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The effect of the running trim on the resistance was also investigated and the trim was measured for all
the tests. Figures 5 and 6 show the difference At between the running trim and the trim at rest. There is
an evident correlation between the running trim and the trimaran resistance; this last decreases as
AT (positive when bow up) increases.
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For the tested clearance 0.10 (Fig. 3) we have the minimum resistance for the stagger -0.125 in the
Froude number range 0.70-1.00 probably due to a larger lift effect than in the other trimaran
configurations. However, the lay out of the stagger -0.125 can be considered of hard realisation for a
trimaran in the full scale. Therefore the following resistance model tests were carried out considering
only two more realistic staggers 0 and -0.0625. Due to interference phenomenon the hydrodynamic
resistance decreases when increasing clearance (Fig. 4).

In the trimaran with Wigley outriggers only one configuration has been considered (Clearance 0.10,
stagger 0) and it has been tested in the Froude number range 0.60-0.80; its resistance is about 2.5 %
lower in comparison with trimaran with the 64 derived outriggers (Fig. 7).
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Figure 7: Comparison between the Wigley and Series 64 outriggers

Due to a large spray observed at Fn > 0,80, no other model tests were carried out on Wigley side hull
trimaran. This phenomenon, the operating Froude number range of the trimaran ship (0.80-1.00), and
design considerations suggested that the Wigley side hull is not realistic, so no further experiment on
this huliform was carried out.
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4 MODEL-SHIP CORRELATION

The main purpose of the investigation carried out testing two trimaran geosim models has been to have
useful information on the model-ship correlation for this vessels at high speed.

In order to verify the validity of the ITTC’57 correlation methodology, the analysis of the geosim
models results was performed using the residuary resistance coefficients Cgr calculated by the
expressions:

Crery (Fn) = Cyery (Fn, Rn) - Cgery (Rn) )
Crm = Crmy Sy /Sy + 2 Creoy S0y / Sy 3)

where the suffix code T, M, O are referred to trimaran configuration, main hull and outrigger
respectively.

Because the side hulls are only 50% of the length of the main hull, the frictional resistance coefficient
Crm) of the trimaran has been determined by considering the Cggy) for the main hull and the Cyo) of
the outriggers at the same speed multiplied by the ratio of their wetted surface areas.

The Cr values have been obtained from the ITTC 1957 correlation line.

In fig. 8 the results of the so obtained residual resistance coefficients for the model with scale ratio A=
10 are compared with the results relative to the model A = 20 tested in two different towing tanks. As
can be seen in the figure there are significant differences of Cgr between the two models for Fn<0.65,
but very small differences in the range of Fn 0.70 — 1.00.
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Figure 8: Comparison between geosims results - ITTC-57 correlation

The analysis of the geosim model results was also performed with ITTC 78 correlation methodology.
For this purpose a form factor k was determined only for the model with scale ratio A=10 by transom
emerged model tests carried out at low speeds, with a wire fitted, as turbulence stimulator.

The analysis of the trimaran resistance model data was conducted using the expression

Cw(Fn) = Cr(Fn, Rn) - (1+k) Cr (Rn) @
where:
Cw wave resistance coefficient
Cr frictional resistance coefficient according to ITTC’57 corrclation line
1+k = 1.19.

The value of the form coefficient has been obtained both by Prohaska method and by Hughes method
(Fig. 9) enveloping the total resistance coefficient C1 versus Reynolds number. As shown in fig. 10,
the differences between the wave resistance coefficients of the two geosims are significant in the
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whole tested Fn range, and the wave resistance coefficients C,, relative to the model scale A = 10 are
about 10% larger than the coefficients C,, relative to model scale A= 20.

Anyway as the wave resistance coefficient of the two models in scale » = 10 and A = 20, should be the
same at equal Fn, the form coefficient 1+ k (Fn), function of Froude number, has been also determined
by the relation

1+k(Fn) = (ano)'cmo) ) (CrarCipio) (5)
So obtained values of 1+k (Fn) are very close to the value one in the Fn range 0.70 — 1.00; this could

be considered as confirmation of the equality of the wave resistance with the residuary resistance
coefficient for the tested trimaran configuration.
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5 CONCLUSIONS

Systematic resistance model tests have been carried out for a trimaran ship equivalent to operating
high speed craft.

Different locations of side hulls were tested; the optimal position was identified as well as the
correspondent running trim.

At the designed high Froude numbers of the considered trimaran, the Wigley side hull form seems not
realistic. However, because of a lower total resistance this side hull form could be adopted at lower
Froude numbers.

The investigation on the model ship correlation by the geosim model tests highlights that the ITTC’S7
is preferable to ITTC 78 methodology in the range of Fn = 0.70 — 1.00; the opposite is true for Fn <
0.60.

The results of this research are valid only for the examined hull forms. Further research will show if
the obtained results are applicable to other trimaran hull forms.
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ABSTRACT

This paper summarises the results of a research program on high speed trimarans, jointly performed at
Genoa, Naples and Trieste Universities. Two geosim models of a trimaran hull (scale ratio A = 10 and
A = 20) equivalent to high speed vessels operating in the bay of Naples have been built. Resistance
tests were carried out in order to assess the best trim and configuration as regard the hydrodynamic
resistance. Wave pattern experimental research was also carried out for the main hull, for the outrigger
and for the best obtained trimaran configuration. Besides, seakeeping tests have been executed in head
regular waves on the main hull and on the trimaran configuration. Some of the obtained experimental
results have been analysed and compared with corresponding data relating to catamaran and monohull
with equivalent service capabilities.

KEYWORDS

Trimaran mode! tests, Resistance, Seakeeping, HSC comparison.

1 INTRODUCTION

Various hull forms have been proposed in recent years to satisfy the world trend for high speed
maritime transportation, especially in the field of passenger/vehicle ferries. The demand for fast sea
transportation has led to a significant growth of interest in multi-hulled ships. An interesting possibility
seems to be the trimaran, for a more convenient accommodation layout and for the increased stability
also under damaged conditions. Besides, a trimaran configuration with the optimum position of the
side hulls can produce a beneficial wave interference at a given speed and could also offer powering
benefits when compared to conventional monohull and catamarans.
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In order to minimise the total hydrodynamic resistance, a theoretical and experimental research on the
optimal position of the outriggers should be carried out with designed realistic hull forms and
dimensions of the main hull and of the outriggers.

The wave making interaction between the main hull and the outriggers has been investigated by model
tests. In addition, the wave pattern resistance of the isolated main hull, of the isolated side hull and of
the whole trimaran configuration have been measured using capacitive probes and applying the
longitudinal cut method, as proposed by Sharma (Eggers et al. 1967).

The seakeeping characteristics are also very important for the comparison among different ships,
therefore seakeeping tests were conducted both on the main hull and on the trimaran configuration.

The aim of this paper is to provide some hydrodynamic characteristics and to compare the considered
trimaran with equivalent monohull and catamaran ships.

2 RESISTANCE EXPERIMENTAL RESULTS

The resistance model tests were carried out on two geosims of a trimaran configuration which was
developed on the basis of the requested layout, of the limits due to service considerations and of data
available from existing designs. The principal dimensions for the larger model of the main hull and of
the outrigger are reported in table 1.

TABLE 1
PRINCIPAL CHARACTERISTICS OF THE TRIMARAN MODEL (SCALE A=10)

MAIN HULL SIDE HULL TRIMARAN
(series 64 (series 64 derived (series 64
huliform) hullform) hullform)
Length waterline (m) 4.694 2.347 4.694
Draught (m) 0.166 0.0463 0.166
Wetted surface (m”) 1.948 0.252 2.245
Displacement (kg) 120.489 4.259 129.007
Beam waterline (m) 0.332 0.109

At first, for the investigation of the total hydrodynamic resistance, tests were carried out only on the

larger models for the following cases:

- several different static trim positions of the isolated main hull and of the outrigger to find the best
trim for the trimaran;

- several trimaran configurations (three different clearances and four staggers for a given clearance)
with the purpose to verify the influence of the side hull location on the hydrodynamic resistance.
All the experimental results of these model tests have been given in previous papers.(Bertorello et al.
2001). Then, the wave pattern tests were carried out on the geosims of the isolated main hull of the
isolated outrigger and of the trimaran configuration relating to the best clearance (y/L = 0.12) and the

best realistic stagger (x/L=-0.0625) as shown in fig. | and determined by previous tests.

Measurements of wave pattern resistance were performed at the towing tanks of Naples and Trieste
Universities, by using four capacitive probes in different transverse positions. The wave pattern
resistance was calculated using the longitudinal cut method.. The waves were measured at transverse
distances y corresponding to ratios y/L ranging from 0.25 to 0.55; these values assure adequate wave
pattern records far from the model boundary layer and sufficiently long to avoid an immediate wave
reflection. The wave components were calculated up to wave propagation angles of about 85° tc
include the most of the energy content.



Figurel: Trimaran hull: staggers (x) and clearances (y)

Fig. 2,3,4 show the total resistance coefficient Ct obtained from tests carried out on larger models of
the isolated main hull, isolated side hull and trimaran configuration respectively, in the velocity range
of 4.00-6.75 m/s. In the same figures the comparison between the residuary resistance coefficient Cg,
obtained using ITTC 57 friction line, and the wave pattern experimental resistance coefficient Cwp,
determined from the wave pattern analysis, can be observed.
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By analysing the results given in these figures it can be observed that the trend of the residuary
resistance and of the wave pattern resistance curves versus Fn agree well each other, the gap between
the two curves could be considered nearly constant. The energy loss due to this part of resistance is a
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high percentage of the residuary resistance (50-80%). This percentage increases with I'n. Anyway the
average percentage of the residuary resistance is about 25% of the total.

The interference phenomenon was also investigated for the optimised trimaran configuration. For this
purpose the wave pattern and the residuary non interference resistance coefficients were determined by
the expressions:

C* weeny = Cweemy " SemySeny + 2 Cweeoy SiovSer (H
C* rery = Crowy SemySen + 2 Creoy Scoy/Smy (2)

Were the suffix, codes T, M, O refer to trimaran, main hull and outrigger respectively.

The differences ACwpry = Cwpery - C* weery and - ACgrery = C gery - C*rery between the resistance
coefficients of trimaran configuration and corresponding non interference resistance coefficients arc
due to interference phenomenon. Figure 5 shows the percentages  ACwper /C*wper) and
ACgery/C*rery versus Fn. From the obtained results it can be seen that in the optimised configuration of
the examined trimaran, the wave making interaction between the main hull and the outriggers reduces
the wave resistance in the Fn range 0.70-1.00. The most beneficial interference results for I'n ~ 0.90,
and this value could be a reference in the design procedure of an operating trimaran.

3 SEAKEEPING TESTS

The seakeeping tests have been carried out in the basin of the University of Trieste ( 50.00 m x 3.10 m
x 1.50 m). The experiments were carried out in head regular waves generated by a plunger wave maker.
Because of the small tank a light weight carriage was used and its acceleration and deceleration were
controlled by a specific software. Heave, pitch and added resistance have been measured; the added
resistance was calculated subtracting the resistance measured in calm water.
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The tests were carried out on the main hull and on the aforementioned optimised trimaran
configuration for A/L=0.5-1.5.The seakeeping experiments carried out so far are to be considered as
preliminary, in fact only a trimaran configuration, the one optimised with respect to resistance has
been considered. To have a first rough indication about the comparative behaviour of a trimaran ship
in waves, with respect to a single hull, also the isolated main hull of the trimaran itself has been tested
for the same wavc lengths. First results of this experimental investigation are reported in fig. 6 and 7.
In fig. 6 the heave response operators L/a and in fig. 7 the pitch response amplitude operators are
shown (in non-dimensional form with respcct to the wave amplitude a and the wave steepness ka
respectively, as usual). From the reported results is hard to try any definite conclusion, but, in general
the lower values resulting from the trimaran curves can be noted.

4 HIGH SPEED CRAFT COMPARISON

The trimaran model resistance results have been utilised for a comparison with the equivalent
catamaran and monohull ships using the results obtained from previous model tests (Brizzolara et al.
1998; Cassella et al. 1998). Fig. 8 and fig. 9 show the residuary resistance to displacement ratios and
the total full scale resistances respectively. Model data have been analised by ITTC'57 friction line.
From the figures we ean note the different trend for the curve relative to the monohull. It must be noted
that this vessel presents an hard-chine hull whereas the catamaran and the trimaran have round bilge
hull forms. It can be supposed that, at the higher Froude numbers the monohull is subjected to some
hydrodynamic lift. From fig 8 a relevantly lower residuary resistance is highlighted for the trimaran,
on the contrary the monohull definitely presents the higher resistance.

Due to the effects of different waterline lenghts and wetted surfaces, smaller differences among the
values can be observed in fig. 9. However, the same ranking among the various types of hulls

is generally evidenced, with the trimaran always presenting the lowest resistance up to Fnv=v/(gV
= 3 while, for Fnv>3 the monohull ship seems to become the best performance.
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5 CONCLUSIONS

Systematic model tests have been carried out on a trimaran hull equivalent to operating high speed
catamaran and monohull ships. Resistance and wave pattern tests have been carried out separately on
the main hull. on the outrigger and on the trimaran. Seakeeping tests have been also carried out on the
main hull and on the trimaran for A/L. 0.5-1.5. The resistance results have been analysed by ITTC 57
model ship correlation.

From the results of this experimental research program the following consideration can be derived:

- due to very slender hulls the wave resistance of the considered trimaran is a low percentage of the
total resistance;

- the wave interference phenomenon is generally beneficial:

from the comparison with monohull and catamaran, the trimaran seems preferable in the Fnv range -
1.8-3.0.Then for Fnv>3 the monchull ship seems to become the best hullform.

Preliminary seakeeping tests in regular waves show very significant differences of heave and pitch
motions of the trimaran with respect to those of its main hull. The reported data seem to indicate a
significant beneficial effect of the outriggers on the seakeeping performances. Further study is
however necessary to confirm these results and to evaluate other configurations with different
outrigger position so to have indications also for what seakeeping optmisation is concerned.
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HULL FORM DEVELOPMENT AND POWERING PERFORMANCE
CHARACTERISTICS FOR A 2,500TON CLASS TRIMARAN
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ABSTRACT

This paper presents the results of hull form design and powering performance for a 2,500ton class
trimaran. A series of resistance tests and numerical calculations have been conducted to figure out the
influence of side-hull forms, longitudinal and transverse locations on the resistance characteristics of
the trimaran. And the propulsion test was conducted to investigate the propulsion efficiency of the
trimaran, and the powering performance of the trimaran was compared with that of the similar
mono-hull ships in full scale. From the research it was found that the longitudinal location of side-hull
had a large influence on the resistance characteristics of the trimaran while the side-hull form and
transverse location had a small influence on it. The trimaran showed favorable resistance performance
when the side-hull was located near the stern, which was resulted from the fact that the side-hull stem
was located near the primary wave hollow generated by the main hull. The powering performance of
the trimaran was superior to that of the similar mono-hull ships above the middle speed range.

KEYWORDS

Trimaran, Side-hull, Optimum Location, Powering Performance, Resistance, Wave Interference

1 INTRODUCTION

The demand for high-speed ships has been increased in the car/passenger ferry market during last
decade. Many different types of ship concept and hull forms have been considered to meet the demand.
Among them, the trimaran, which consists of a slender main hull and two very fine side-hulls, is one of
the most interesting hull form. The trimaran has several advantages over other hull forms, such as low
resistance at high speeds, easy arrangement on wide deck, superior seakeeping performance in waves,
high survivability in damaged condition and reduction of thermal signature and radar cross-section etc.
On the other hand, the trimaran has several disadvantages, such as increase of hull weight, difficult
handling in harbor etc. The feasibility studies and the application examples on the trimaran were
introduced in recent FAST symposium and etc. In particular, many researches on the trimaran and the
construction of “RV Triton” in U.K. is very encouraging the possibility for the future warship.
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The present work is to develop a 2,500ton class trimaran and to quantify the powering performance of
it. A series of resistance tests and numerical calculations were carried out to investigate the influences
of side-hull form and the location of side-hull on the resistance characteristics of trimaran. Also, the
propulsion test was conducted to investigate the propulsion efficiency of the trimaran, and the
powering performance of it was compared with that of the similar mono-hull ships in full scale.

2 PRINCIPAL DIMENSIONS AND HULL FORM DESIGN

2.1 Principal Dimensions

Hull form should be designed to satisfy the whole hydrodynamic performance at design spced, where
the resistance performance is very important. In particular the main hull and side-hull should be
optimized at the same time to ensure the excellent resistance performance for the trimaran. The key
parameters for trimaran design are main hull length to beam ratios, side hull length and location etc.
The principal particulars of the 2,500ton class trimaran are shown in table 1, which are decided from
the concept design referring to the design requirement and the ‘RV Triton’.

TABLE 1

PRINCIPAL PARTICULARS OF THE 2,500TON CLASS TRIMARAN
Item (unit) Main Hull Side-Hull Trimaran
Displacement (ton) 2,324 176 2,500
Length between perpendiculars (m) 120.0 45.0 120.0
Breadth (m) 9.0 1.8 30.0
Depth (m) 12.0 12.0
Draft (m) 42 2.5 42
Block coefficient 0.50 0.423
Water-plane area coefficient 0.7745 0.9
Mid-ship section area coefficient 0.8468 0.5
izzr))gitudinal center of buoyancy 248 0.0
Cruising speed 18 knots (Fn=0.27)
Maximum speed 30 knots (Fn=0.45)
Propulsion Twin propellers, diameter = 3.0m

2.2 Hull Form Design

The wave resistance of the main hull affects dominantly on the resistance performance of the trimaran.
Therefore, it is very important to find out the hull form with excellent resistance performance for the
design of main hull form at initial design stage. A displacement type hull, which was recently
developed as a high-speed hull in KRISO, was selected as a parent ship of the main hull. Three kinds
of side-hulls (inboard, symmetry and outboard type) with a wedge shape were designed referring to
Ackers.(1997). Figures | & 2 show the graphic model of the trimaran and the definition of the
side-hull location at each. Figure 3 shows drawings of main hull and three kinds of side-hull.

3 MODEL TEST AND NEMERICAL METHOD

The numerical and experimental studies were conducted to figure out the influences of side-hull form
and location on the resistance characteristics of the trimaran. And the propulsion test was also
conducted to investigate the propulsion efficiency of the trimaran.
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Figure 1: Graphic design model of trimaran Figure 2: Definition of side-hull location
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Figure 3: Drawing of a 2,500ton class trimaran (main hull and three side hull forms)

The 1/16.667 scale trimaran model was manufactured to carry out the resistance and propulsion tests.
Based on the Froude’s assumption and 1957 ITTC model-ship correlation line, the full-scale values
were predicted from the resistance tests. The scale effect correction was carried out based on the 1978
ITTC Performance Prediction Method.

The numerical method to calculate the wave resistance was developed by Kim, et al. (1998). The
method adopted the first order panel method, which was developed by Hess and Smith. For the free
surface effects, the pioneering paper by Dawson demonstrated the promising results of the free-surface
panel method. Furthermore, Xia, Raven and Kim extended and refined the method. The present
method is based on the numerical schemes of the above-cited papers. For the free surface treatment
basically the well-known Dawson's approach is adopted in the present method. To enforce the
radiation condition the present method employs Dawson's 4-point upwind-difference operator in a
longitudinal direction. For a transverse direction 3-point central-difference operator is used.
Furthermore, the collocation points are shifted upstream in order to smooth out the source strengths
and to prevent the upstream waves at high speeds. The shifted distance is usually about 10%~30% of
panel length. To take into account the transom stern effect, the Cheng's method based on dry transom
assumption is used in the present approach. Due to the transom stern of the main hull, the static
pressure component of a main hull is included by somewhat adhoc fashion when calculating the wave
resistance of a trimaran.



Iigure 4: Running trimaran model with outboard type side-hull (30 knots, Ys/Lpp=0.125, Xs/Lpp=0.3)

4 RESULTS AND DISCUSSION
4.1 Effects of Side-liull Form

Three kinds of side-hull forms (inboard, symmetry and outboard type) were investigated to figure out
the influence on the resistance performance of the trimaran. Model tests and numerical calculations
were carried out at the side-hull location Xs/Lpp=0.3 in length and Ys/Lpp=0.125 in beam. Figure 4
shows the running trimaran model with outboard type side-hull at 30 knots. It was observed that the
outboard and inboard type side-hull made the stem wave spray outward and inward at each. However,
the symmetry type side-hull showed the moderate stem wave. Figure 5 shows the residuary resistance
coefficient (Cg) curves obtained from model tests. Figure 6 shows the comparison of calculated wave
patterns between the inboard and outboard type side hull at 30 knots, where was no significant
difference in global wave system except local wave change. Figures 7 & 8 show the calculated wave
resistance coefficient (Cw) curves together with Cr values at 18 knots and 30 knots at each, which
show very good agreement in tendency. From the above results, it was found that the symmetry shape
among the three side-hull forms has a favorable resistance characteristic comparatively though there
were no big differences among them.

Vomdgity, Fre0.4b

—=——— Main Hull only

—e— Symmetry

—~—a—— Outboard
{nboard

20
V(knot)

Figure 5: Cp curves for three side-hull forms Figure 6: Comparison of wave patterns
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4.2 Effects of Side-hull Location in Longitudinal Direction

Longitudinal location of side-hull was investigated to figure out the influence on the resistance
performance of the trimaran. Model tests and numerical calculations were carried out for the side-hull
location at Xs/Lpp=-0.15, 0.0, 0.15, 0.30 & 0.45 in length and Ys/Lpp=0.125 in beam. Figures 7 and 8
show very good agreement between the calculation and the experiment at 18 knots and 30 knots at
each. It is almost possible to select the optimum longitudinal location by numerical calculation. Figure
9 shows the Cpr curves obtained from model tests. The differences were caused by the wave
interference according to the longitudinal locations of side-hull. Figure 10 shows the comparison of
calculated wave patterns for the side-hull locations Xs/Lpp=0.36 and 0.075, which shows big
difference in wave system. It can be found from the wave system that the former shows favorable
wave Interference but the latter shows nearly the worst case.

From the above results, it is found that the optimum longitudinal location is related with the ship’s
speed. And the trimaran shows a favorable resistance performance when the side-hull moves toward
the stern of main hull at high speeds. However, it is supposed that the optimum longitudinal location is
near Xs/Lpp=0.3 if the ship’s constraint conditions etc. are considered.
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Figure 9: Cy curves for side-hull locations in length Figure 10: Comparison of wave patterns
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4.3 Effects of Side-hull Location in Transverse Direction

Numerical calculations were carried out to investigate the effect of the side-hull’s transverse location
on the wave resistance characteristics of the trimaran. The trimaran with symmetry type side-hull was
used for the calculation. Figure 11 shows the calculation results for the transverse locations
Ys/Lpp=0.125~0.225 while the longitudinal Jocation is fixed at Xs/Lpp=0.15 at 30 knots. Figure 12
shows the calculated wave height for the main hull only in transverse direction at main hull center
Xs=0.0, which corresponds to the 0.1Lsige-nun aft of side-hull. From these two figures it seems that the
wave resistance is related with the wave height a little, which the side-hull stem encounters.

The maximum difference of the wave resistance coefficient Cw due to the transverse locations does not
exceed 10% of that due to the longitudinal locations.

Trimasan - Destroyer
(Frn0.45, V=30kis)

. Xs/Lpp=0 10 |
— Symmatry S«da Hull ) !
er |
PR S //\ |
-~ ya i
LV \
S \. omsl /
vl e ; Xs=0.0
v L L | ! ko Pt ; i |
0y EERE) CER) 0175 0z 0225 D2s o 3 =3 i
Yeidpp Yalpp
Figure 11: Calculated Cw curve according to Figure 12: Wave height generated by main hull
the transverse locations of side-hull in transverse direction (30 knots)

4.4 Discussion on the Optimum Location of Side-hull

The present topic is to find out the easy way to predict the optimum location of side-hull at initial
design stage. The resistance characteristics of trimaran are highly affected by the wave interference
between the main hull and the side-hull. Therefore, the optimum location of side-hull is supposed to be
the place where the waves generated by the main hull and the side-hull cancel out each other. Figure
13 shows the wave profile generated by main hull at 30 knots (Fn=0.45) and five locations of side-hull
at the transverse location Ys/Lpp=0.125. This relative location seems to show a close relation with the
wave resistance as shown in figure 8. Therefore, it can be said carefully that the trimaran has favorable

resistance performance when the side-hull stem is located near the primary wave hollow generated by
the main hull.
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Figure 13: Relation between wave profile and side-hull location (30 knots)
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4.5 Comparison of Powering Performance

Figure 14 & 15 show the comparison of Cg curves and Admiralty coefficients (Cadm) for the trimaran
and the similar mono-hull ships, respectively. The propulsion efficiency of trimaran is almost same as
the others. The trimaran shows good powering performance in most speed range though the wetted
surface area is increased by 28% comparing to the others.
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Figure 14: Comparison of Cg curves Figure 15: Comparison of Adimiralty coefficients

5 CONCLUDING REMARKS

The 2,500ton class trimaran was designed and the powering performance was investigated. The
results obtained from the research can be summarized as follows.

- The longitudinal location of side-hull has a large influence on the wave resistance of the
trimaran while the side-hull form and transverse location has a small influence on it.

- The symmetry side-hull shows comparatively good performance on wave resistance among
three kinds of side-hull forms.

- The optimum location of side-hull is changed according to the ship’s speed. Then the optimum
location moves to the stem or stern part as the trimaran runs fast.

- The trimaran shows favorable resistance performance when the side-hull stem is located near
the primary wave hollow generated by the main hull.

- The trimaran is superior to the similar mono-hull ships in powering performance exccpt the
low speed range though the wetted surface area is increased by 28% comparing to the latter.

- The optimization of principal dimensions and the hydrodynamic performance including
seakeeping and maneuvering characteristics for the trimaran should be studied synthetically.
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DESIGN RECOMMENDATIONS FROM THE FPSO - FATIGUE
CAPACITY JIP
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ABSTRACT

A joint industry project on the Fatigue Capacity of FPSOs has been carried out with 19 participants
from oil companies, designers, shipyards and classification companies in the period 1998 -2000. The
main objective of the project was to reduce the risk for fatigue cracks and fracture in FPSOs. The
project provides small scale and full scale S-N data on typical fatigue sensitive details in FPSOs and
tankers. It also provides improved information on the important link between S-N data and finite
element analyses for fatigue life assessment. Finally it provides data to assess more reliable the risk for
unstable fracture of FPSOs when fatigue cracks are present in the structure. This paper provides links
to other sources where a more detailed description of some of the main achievements have been
presented.

KEYWORDS

Fatigue, FPSO, Fatigue testing, S-N data, Hot spot stress, Finite element analysis, Fracture.

1 INTRODUCTION

A joint industry project on the Fatigue Capacity of FPSOs has been carried out with 19 participants
from oil companies, designers, shipyards and classification companies in the period 1998 - 2000. For
background and a more detailed description of the scope of work for this project see Lotsberg (2000).
For an overview of work performed see also Lotsberg (2001). (FPSO = Floating Production Storage
and Offloading unit).

The main objective of this project was to reduce the risk for fatigue and fracture in FPSOs.

Finite element analysis (FEA) is becoming a design tool also for fatigue assessment of FPSOs. In order
to have a reliable analysis procedure it is important that there is a proper link between the calculation
of hot spot stress and the hot spot stress implicit the S-N curve that is used for assessment of fatigue
damage. Therefore hot spot stress evaluation from FEA and corresponding S-N curves were important
issues in this project. Also FEA of a number of FPSO details were performed to derive stress
concentration factors that can be used for efficient fatigue design of FPSO structures. These items are
described more in detail in this paper. Unstable fracture may initiate from fatigue cracks at welded
connections with materials showing a low fracture toughness. This issue was also investigated in this
project. Reference is made to Pisarski (2001) for further details.
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2 DESIGN RECOMMENDATIONS
2.1 Hot Spot Stress Analysis

The hot spot stress in tubular joints has the last 25 years been derived by some extrapolation of the
measured/calculated stress at the hot spot region back to the weld toe. The local stress effect due to the
weld is accounted for in the S-N curve. Similar concepts were also investigated in the present project,
ref. Fricke (2001). Three different methods for derivation of hot spot stress (geometric stress) were
investigated:

e Linear extrapolation of stresses to the weld toe from stress at distances 0.4*t and t from the toe (t =
plate thickness). This method is recommended by the International Institute of Welding (ITW).

o Linear extrapolation of stresses to the weld toe from stress at distances 0.5*t and 1.5*t from the toe.
This method is used by some of the Classification Companies.

o Stress at a distances 0.5*t from the weld toe. (No extrapolation).

For analysis by shell elements the distance to the stress read out points is measured from the
intersection lines as the weld is not normally included in the model. For analysis by solid elements the
distance to the stress read out points is measured from the weld toe.

It should be noted that the finite element modelling might influence the calculated stress at the hot spot
region. Parameters effecting this are:

e type of element used,

e size of elements at the hot spot region,

e how the stresses are derived from the analysis (Gaussian stress, nodal stress etc.).

See Fricke (2001) for recommendations on finite element modelling for derivation of hot spot stress at
different positions shown in Figure 1.

2.2 8-N Data

Available S-N data from the The Welding Institute were reviewed in terms of hot spot stress S-N
curves. In addition a number of typical ship details were fatigue tested by Hyundai Heavy Industries in
Korea (HHI), (Kim et al., 2000, 2001). Five full scale test specimens as shown in Figure 2 were tested
at DNV laboratories. (Lotsberg et al., 2001). The purpose of these tests was to achieve test data for
calibration of the FEA and for verification of S-N data. Based on the present work the following main
recommendations were drawn by Maddox (2001):

e An extensive database for transverse butt welded joints suggests FAT90 as a suitable hot-spot
stress design curve for plate thicknesses up to 25 mm. This S-N curve corresponds to the D- curve in
DNV (2000) and is approximately the same as the D curve in HSE (1995).

¢ This proved to be consistent with the HHI data and some published data for hot-spot types (a) and
(c) in Figure 1 (i. e. weld end and toe on plate surface respectively) provided the hot-spot stress is
obtained by one of the extrapolation methods.

o However, considering all the published data located, apart from those for doubler plate details, data
for type (c) hot-spots strongly supported lower FAT 80. Further work is needed to resolve this
apparent contradiction.

e Lower FATS80 is recommended if the hot-spot stress is assumed to be that 0.5t from the weld toe.
This S-N curve corresponds to the E- curve in HSE (1995) and DNV (2000).

o Fillet welds that may fail in the throat should be assessed based on the FAT36 design curve when
analysed using the standard method based on the ‘engineering shear stress’ on the weld throat. This S-
N curve corresponds to the W’ curve in HSE (1995) and the W3- curve in DNV (2000).

The fatigue endurance to a 12 mm crack in the full scale tests are shown in Figure 3 for the same
ballast loading. It is observed that the geometry with double bracket design (specimen 1) is favourable
in terms of fatigue life. This comparison is based on sideways pressure. In the case of longitudinal
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loading, the conclusions are likely to be different. (Specimen no 2 was subjected to the loaded
condition and the fatigue capacity is not presented in the same figure as for ballast loading).

2.3 Finite Element Analyses of Details

Different typical ship details were analysed that earlier were missing in design guidance documents to
provide stress concentration factors. As mentioned in the introduction the procedure for derivation of
stress concentration factors are linked to the hot spot S-N curve used. Thus the presented stress
concentration factors are linked to the hot spot stress derivation method.

2.3.1 Cut outs and man holes

Different cut out geometries were analysed by Umoe:

e Circular cut-out with diameter = 600 mm

¢ Rectangular cut-out 600 x 800 mm with rounded corner R = 300 mm

e Rectangular cut-out 600 x 1200 mm with rounded corner R = 300 mm

A number of different stiffener arrangements around the cut out were analysed, see Figure 4. The
analysis procedure and some selected results are presented by Chen and Landet (2001). The following
main conclusions were drawn:

» To insert a plate at the cutout edge is an efficient measure to reduce the stress concentration at the
plate edge.

» A single side reinforcement may not reduce the stress concentration in the plate around cutout edge
due to extra local bending deformation.

» A double side reinforcement will reduce the stress concentration in the plate around cutout edge.

2.3.2 Longitudinal to web frame connections

Five different geometries of longitudinal to web frame connections similar to that of specimen 4
shown in Figure 2 were analysed by Aker Maritime/Maritime Trosvig. The analysis results are
presented by Ulleland et al. (2001). It is shown that the local design of the lug plates is important for
the calculated fatigue life.

2.3.3 Scallops

Different scallop geometries were analysed by Germanischer Lloyd (Sibel et al., 2000). A number of
stress concentration factors were presented.

2.3.4 Topside supports

A number of different geometries (R and ¢) of topside supports were analysed by Bluewater (2000),
see Figure 5. The results were presented in terms of stress concentration factors. It is demonstrated that
the radius and the angle are important parameters with respect to fatigue when considering the force
range from the topside. However, it is of small influence considering the fatigue life due to the stress
range in the deck plate.

2.3.5 Doubling plates

A number of different geometries of doubling plates on deck plates were analysed by Bluewater
(2000). Stress concentration factors and stress intensity factor for some fatigue cracks at hot spots were
derived. For a well defined stress direction a radius of the doubling plates in the order of the plate
thickness is sufficient. A circular doubling plate leads to a larger stress concentration factor than a
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quadratic plate of similar size with rounded corners. The stress concentration factor increases with the
size of the doubling plates.

2.3.6 Hopper knuckle

The effect of fabrication tolerances for a hopper knuckle was investigated in analyses performed by
Lloyd’s Register, see Figure 6. The analysis results are presented by Polezhaeva and Chung (2001). A
load case with motion induced pressure acting inside the ballast tank was analysed. Based on this
analyses it was found that a nominal eccentricity of 0.25 t would result in the lowest stress
concentration factor and the longest fatigue life.

2.3.7 Experience from finite element analyses of the full scale tests

All the full scale test specimens were analysed by shell elements. (Bureau Veritas, Umoe and DNV
performed these analyses). In general there is a very good correspondence between these analyses and
the measured stress for specimens 3-5. There is less good correspondence for specimen 1. It is
observed that it is difficult to model the connection between the bulb and the buckling stiffener
including brackets properly by use of shell elements only. Specimen 4 was also analysed by three-
dimensional finite elcments and there is a very good correspondence with the measured stress, see
Figure 7. Some selected analysis results are presented by Rucho et al. (2001).

3 EXTENSION OF THE PROJECT

A number of participants have shown interest in planning an extension of the project (Phase II).

An extension of the project is planned to contain:

> Further work to achieve a reliable link between calculated stress from FE analyses and S-N data for
fatigue cracks initiating from weld toes and from the roots of fillet welds that is numerical accurate,
robust and efficient to use by engineers.

> Further fatigue testing to achieve S-N data for other typical FPSO details that can be used for
calibration of analysis technology.

» Verification of analysis procedure on full scale test specimens tested in Phase I.

» Methodology for fatigue assessment of the transverse structure of FPSQOs. This includes
determination of local pressure around the mean water level, linearised frequency analyses for wet and
dry areas (non-linear problem), and fatigue testing of capacity of connections subjected to pressure
loading.

» Procedure for inspection and repair of fatigue cracks in FPSOs on the field.

An extension is planned carried out in the time period 2001-2003.
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DESIGN OF FPSO’s BASED ON MANEUVERING STABILITY
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ABSTRACT

Ships have been used as floating units to store, process and transfer oil to shuttle ships. In currents
their movements in the horizontal plane may present an unstable behavior. Based on linear stability
analysis, a procedure is presented here to help the engineer to account for the phenomena in the design
of new units and in the offloading operation. Three examples of application are presented.
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1 INTRODUCTION

An economic and practical solution to store and to process oil exploited in deep water is the use of
large ships as stationary units, provided with large tanks and a processing plant. However, ships
moored to a single point or connected to the sea floor by a mooring system in presence of a current
may adopt an unstable behavior of the motion in the horizontal plane. This is not a new problem, once
the unstable behavior of ships when towed or moving in a channel or even in open seas motivated
many research for a long time (Abkowitz. 1964, 1967, Eda and Crane, 1965).

Bernitsas and Krekides (1985), Schellin, Jiang and Sharma (1987) and Papoulias and Bernitsas (1988)
brought many concepts of the theory of dynamic systems to the analysis of the behavior of moored
ship in currents. After that, many other substantive contributions appear in the literature. More recently
Garza-Rios and Bernitsas (1996, 1998 and 1999) developed some analytical expressions to study the
stability of floating systems based on the Routh-Hurwitz conditions.

Associated to the use of converted VLLC to operate as FPSOs in Brazil by Petrobras, Sphaier.
Fernandes, Correa and Pontes (1996, 1997, 1998, 1999, 2000a, 2000b) developed a maneuvering
model, based on experimental tests carried out in Brazil, and a time domain code to simulate the
dynamics of floating systems. Further, a procedure to analyze the stability of those kind of systems
were developed, consisting on the calculation and the analysis of the eigenvalues. Later on, Matter,
Sales and Sphaier (2001) and Matter, et al (2001b) extended the procedure by developing analytical
expressions for the eigenvalues and their derivatives for SPM (single point mooring), TMS (turret
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mooring system), SMS (spread mooring system) and DICAS systems (SMS with differentiated
compliance). These expressions are here applied to problems involved in the design of new ships, in
the conversion of a VLCC into a FPSO and in the offloading operation, with the objective of
furnishing procedures for the engineers to avoid the undesirable unstable dynamics of a floating
system.

2 EQUATIONS OF MOTION

To study the dynamics of a stationary floating body in the horizontal plane a system attached to the
ship and an earth-fixed system are used (see figure 1). The ship is exposed to a current with constant
intensity C and an angle of incidence a (@ = ¢ means current coming from astern). The ship is moored
to the sea floor by a schematic spread mooring system. Then, the external forces and moments acting
on the ship are the hydrodynamic action due to the current and the reaction due to the mooring system.
The hydrodynamic forces and moments are written as functions of the relative hull-current velocity
and acceleration according to the quadratic maneuvering model developed by Sphaier, Fernandes, and
Correa (1998, 1999, 2000a and 2000b) for stationary floating units. The mooring line forces are
expressed as a function of the distance between the fairleads and the anchor points, calculated from a
catenary’s formulation and considering the drag forces on the mooring lines.

curent

Figure 1: Geometric definition of the mooring system

Setting together the external forces and moments and the inertial terms according to Newton’s second
law, the equations of motion, expressed in the body-attached system, are given by:
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where the parameters m and / are respectively the mass and the inertia of the ship. The components of
the velocities in the longitudinal axis, in the transversal axis and the angular velocity are respectively u,
vand r. The terms Xy, ¥;, and Ny, are the hydrodynamics derivatives related to (). The dots over the
variables means time derivative and » = dy/dlt, and y is the yaw angle. T,, 7, and T, are the reaction
forces due to the mooring system and can be written as:

T, =37, cos(y - f,) @)

T, =-YT -sin(y - B,) 5)

=l
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T, ==Y T [xa,sin(y - B,) + ya, cos(y - B,)) 6)
=l
where n is the number of mooring lines, xa and ya are the longitudinal and the transversal points of the
fairlead, 7, is the mooring line tension (7; = f{Lx)). These expressions, developed for a single ship
system, can be used for a multiple-ship system by considering the coupling of the ships due to the
connection hawser in the terms 7, and 7.

The velocities in both coordinate systems are related by the following expressions:
é+C=u-cos(u/)*v~sin(u/) N
;7= u-sin(y)+v-cos(y) (8)

where & and 7 are the absolute displacement of the ship. The acceleration relation is obtained by the
time derivative of eqns. 7 and 8. Introducing eqns. 7 and 8 in eqns. 1, 2 and 3, the equations of motion
can be expressed as function of the absolute accelerations, velocities and displacements of the ship as:

FEEEDDIY-ww) =0 ©)

The final expression are extensive and are not included in the text, but can be obtained following the
steps presented above (see Matter, Sales and Sphaier, 2001)

3 THE STABILITY ANALYSIS

The stability analysis consists on the observation of the ship movements around the many possible
equilibria, the equilibrium positions of the system, for different incidence angles of the current. The
equations of motions (Eqns. 1, 2 and 3) are expanded in a Taylor’s series around the equilibria and
linearized. The final expressions are similar to:

Wty nt S -Tu=0 (10
LW+l EX W+, N s Sty n—Tv=0 (1
L+t Ertpw+t,n+t St w +t,n—alv=0 (12)

where the 1;;’s are the resultant terms of the linearization. These terms can be obtained analytically as
shown in Matter et al (2001a). The linearized expressions (Eqns. 10, 11 and 12), can be written as:

x=A-x (13)

where x = {q.z,w,& 1, y)" and g, z and w are respectively the time derivatives of & 77and . This is the
classical eigenvalue problem with x = de*'. The eigenvalues A are obtained from the solution of a
polynomial like:

>a, A=0 (14)
k=0

The index 7 is equal to the number of ships times twice the number of degrees of freedom for a single
ship. Sometimes, this polynomial can be solved analytically and then, it is possible to obtain the
eigenvalue derivatives in relation to each parameter of the system and perform a more detailed study of
the stability, including a bifurcation study. Extending the study to the offloading operation, the
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equations of motions have six degrees of freedom and a polynomial of the 12" degree is obtained to
determine the eigenvalues, a very difficult task to be treated analytically. For a single ship in SPM or a
FPSO provided with a turret, there are only three equations of motion and the longitudinal movement
equation is independent of the others and is stable. This reduces the problem to the solution of a 4
degree polynomial. Even in this case a complex algebraic manipulation is necessary to obtain an
analytical solution. However, the use of symbolic computation systems, avoiding the long algebraic
manipulation, makes possible the analytical treatment of this problem. Although, the eigenvalues can
be expressed as functions of the system parameters, the derived expressions arc cven too extensive (see
Matter et al (2001b)).

In the next sections three cases studies concerning the use of the derived expressions in the selection of
stabilizer device for a TMS, in the definition of the main dimensions of the floating unit in the
preliminary design stage and in the analysis of the offloading operation of a DICAS mooring system.

4 STABILIZER DEVICE SELECTION

A very important factor in the design of a FPSO is the longitudinal position of the Turret. If it is
located close to the ship’s bow end, forward of the critical point, the equilibria can be stable in the
horizontal plane, but the ship can be submitted to large vertical movements, which could affect
seriously the structure. On the other hand a central turret makes the system unstable.

Here, the selection of a stabilizer device to be used in a FPSO, to operate in 1000 meters water depth is
presented with the turret positioned at 0.2 L forward of the midship section (astern of the critical point).
The Esso Osaka hull was used as the FPSO with the maneuvering derivatives obtained from Abkowitz
(1980). The position of the critical point a. is expressed by (Sphaier, Fernandes and Correa, 2000a,
2000b):

a - N,+N,, 15
crn }/v ( )
TABLE 1
Eigenvalue | Real Part | Imag. Part Modified Eigenvalue Real Part | Imag. Part
EVI -1.656 9.2050 EVI -1.402 -9.1470
EV2 -1.656 -9.2050 EV2 -1.402 9.1470
EV3 -0.2466 0.0000 EV3 -0.9677 0.0000
EV4 0.6554 0.0000 EV4 -0.1957 0.0000

The eigenvalues obtained from the stability analysis are presented in table 1, showing that the system
is unstable for this configuration since the fourth eigenvalue is a positive real. The use of a stabilizer
device modifies the hydrodynamic derivatives according to the following expressions (Fernandes,
Sphaier and Correa, 1999):

ac
Y,=r," - _o"aL (0)4,'(1 - @)

(16)
o 9C gy a1 -
Y=Y+ P 0)s Ap'(1-w) (17)
N, =N, +fa%<0>s'AR'<l -) (18)
_ (o)_ﬁ_ 12 "] -
N, =N, - Tk 0 4 (1-w) (19

where s’ is the distance between the stabilizer and the midship section, 4’3 the non-dimensional
stabilizer area, w the wake coefficient (set as 0.25) and the derivative of the lifting coefficient with
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respect to the attack angle can be obtained from Thwaites (1987). The substitution of the Eqns. 16 and
18 in Eqn. 15 gives the area of the stabilizer necessary to change the position of the critical point:

(a-r®-NO -N9)

A= (20

OC, .
s 0)-(1-w) (a+s")

To stabilize the system the new device must have a non-dimensional (4,/1.7) area equal to 0.002935
with the aspect ratio equal to 2.4. This means that two rudders (see figure 2) should be used to stabilize
the system, each one 27.0 meters high and 11.2 meters large. The eigenvalues for the modified system
are also presented in table 1. All of them have negative real part confirming that the system is stable.

Side View Sten View
= O 2

. I

o~

Figure 2: Two rudders Configuration

5 PRELIMINARY DESIGN

In the preliminary design stages, a sensibility analysis of the influence the main parameters of the ship
(L, B, T and C}) have on her stability can be performed. Such analysis goes through the estimation of
the hydrodynamics derivatives of the ship from her main characteristics (Clarke et al (1982)).

Stability maps for a 300 kton VLCC, in TMS with the turret positioned at 0.25 L for three different
drafits are presented in figure 3, where the length and the beam of the ship were varied. According to
these figures, for a fixed beam, the range of possible length to have a stable ship, increase with the
decrease of the draft, which means that the stability range increases for greater B/T ratios.
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Figure 3: Stability map for three different drafts

This conclusion associated with the installation of stabilizer devices suggests the use of a ship form
like a barge provided with skegs as stabilizer devices. Such configuration has already been used in the
offshore industry and presents advantages in many aspects such as stability, cost and construction. The
methodology used here can be improved by the use of expressions for the calculation of the
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hydrodynamic derivatives specifically developed for barge-ship forms, although, for the preliminary
design stage analysis, the present results are very satisfactory.

6 STABILITY ANALYSIS IN THE OFFLOADING OPERATION

The stability analysis for the offloading operation with a FPSO (L =320 m, B =52 m, H =21 m.
A =300 kton) , converted from a VLCC to operate in a water depth of 780 meters, connected to a 130
kton shuttle is performed for different incidence angles of the current with magnitude of 2.0 knots. The
mooring system consists of ten lines in the forebody and eight lines in the aftbody with symmetry in
relation to the longitudinal plane in a DICAS configuration. Figure 4a presents the real part of the
twelve eigenvalues as functions of the incidence angle of the current. It can be observed that the real
parts of the six eigenvalues associated to the FPSO are negative for most of the current incidence
angles. The presence of the shuttle introduces an unstable behavior to the system. It should be
emphasized that the shuttle has a stable behavior around the equilibria when connected to a single
point mooring. In order to extend the stability analysis; a time domain simulation is carried out for the
FPSO-Shuttle configuration with a current coming from astern. The results are presented in figures 4b.

- N 2000 FPSO-Shutte System
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Figure 4: a) Eigenvalues of the system and b) Sway versus Surge motion

As observed in figure 4b, the system is unstable. The instability is more related to the shuttle, while the
FPSO shows an almost stable behavior. These results are in agreement with the stability analysis.
Although the FPSO execute small excursions, they are large enough to stimulate the unstable behavior
of the shuttle.

In field operation it is common to use a tug to assist the oftfloading procedure. In this case the tug can
be used as a stabilizer device. For the case simulated above a tension equal to 65 tonf was applied to a
200 meters long cable connected to the stern of the shuttle ship, provided by the tug. The stability
analysis shows that the system is stable around the equilibria, since none of the eigenvalues have
positive real part (real part of the eigenvalues: -0.4087, -0.4087, - 0.2463, -0.2463, -0.3535, -0.3535,
-0.3691, -0.3691, -0.5025, -0.5025, -0.03024, 0.0). The time domain simulation also confirms this.

Acknowledgements

The authors thank ANP (Brazilian National Petroleum Agency) and CNPq (Brazilian National Agency
for Research and Technological Development) for the support to this work.



173

References

Abkowitz, MA, (1964). Lectures on Ship Hydrodynamics Steering and Maneuverability, Report No.
Hy-5, Hydro-og Aerodynamisk Laboratorium, Lyngby, Denmark.

Abkowitz. MA, (1967). Stability and Motion Control of Ocean Vehicles. MIT Press.

Abkowitz, MA, (1980). Mesurement of hydrodindmic characteristics from ship maneuvering trials by
system identification, Transactions SNAME. 89, 283-318.

Clarke. D. Gedling, P and Hine, G, (1982). The Application of Manouvering Criteria in Hull Design
Using Linear Theory, Transactions of the Royal Institution of Naval Architects. UK.

Eda, H and Crane Jr.,, CL, (1965). Steering Characteristics of Ships in Calm Water and Waves.
Transaction of SNAME. 73.

Fernandes. AC and Sphaier, SH (1997). Dynamic Analysis of a FPSO System. /SOPE’97. Hawaii,
USA.

Fernandes, AC, Sphaier, SH and Correa, SHS (1999). The Feasibility of a Central Turret in FPSO
Systems. Journal of OMAE.

Garza-Rios. L.O. and Bernitsas, M.M., (1996). Analytical Expressions of the Stability and Bifurcation
Boundaries for General Spread Mooring Systems, Journal of Ship Research. 40:4.

Garza-Rios, L.O. and Bernitsas, M.M. (1998). Analytical Expressions for Stability and Bifurcations of
Turret Mooring Systems, Journal of Ship Research. 42:3.

Garza-Rios, L.O. and Bernitsas, M.M. (1999). Slow motion dynamics of turret mooring and its
approximation as single point mooring, Applied Ocean Research. 21, 27-39.

Matter, GB. Sales Jr., JS and Sphaier, SH. (2001a). An Analytical Procedure to Analyze the
Maneuvering Stability of FPSO's Systems in the Design Stage. OMAE '2001. Rio de Janeiro, Brazil.

Matter, GB. Sales Jr., IS, Sphaier, SH, Correa, SHS and Masetti, IQ. (2001b). Dynamic Analysis of
the DICAS Mooring configuration for Floating Systems. [SOPE 2001. Stavanger, Norway.

Sphaier, SH.. Fernandes, AC, Pontes, LGS and Correa, SHS. (1998). Waves and Current Influence in
the FPSO Dynamics. ISOPE’'98. Montreal, Canada.

Sphaier. SH.. Femandes, AC and Correa. SHS. (1999). The Unstable Offloading of a FPSO. ISOPE'99.
Brest. France.

Sphaier, SH, Fernandes, AC and Correa, SHS. (2000a). Maneuvering Model for the FPSO Horizontal
Plane Behavior. ISOPE2000. Seattle, USA.

Sphaier. SH, Fernandes, AC and Correa, SHS. (2000b). Maneuvering Coefficients from Model Test
for FPSO’s Station Keeping Behavior. OMAE '2000. New Orleans, USA.

Thwaites. B. (1960). Incompressible Aerodynamics, Reprinted by Dover.






Practical Design of Ships and Other Floating Structures 175
You-Sheng Wu, Wei-Cheng Cui and Guo-Jun Zhou (Eds)
& 2001 Elsevier Science Ltd, All rights reserved

EXTREME RESPONSE AND FATIGUE
DAMAGE OF SHIP-SHAPED FPSO
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ABSTRACT

In the design of ship-shaped Floating Production Storage Offloading (FPSO) systems, a rational
strength assessment is required to ensure structural safety. This paper presents a systematic method to
predict extreme response and conduct fatigue assessment, in which the site-specific wave conditions
and the service history are accounted for. The extreme response is predicted using both short-term and
long-term approaches, and the fatigue strength is assessed using a closed-form spectral fatigue method.
The proposed approach may be applied to newly built or converted FPSOs.

KEY WORDS

FPSO, FP], Extreme Response, Strength, Fatigue

1 INTRODUCTION

A FPSOQ is usually designed for a specific installation site. The site-specific wave environment has to
be taken into account for each design. In addition, if the FPSO is a conversion from an oil tanker, the
evaluation of past fatigue damage is required. This paper aims at developing a reliable and systematic
method with consideration for the long-term wave conditions involved with assessing extreme
structural response and fatigue damages.

To predict the extreme load or extreme structural response, various methods have been proposed (Ochi,
1981). In this paper, approaches based on both long-term and short-term (survival storm) wave data are
recommended, depending on the conditions of application.

In the fatigue-damage, a simplified method is sometimes used, in which a Weibull distribution for the
long-term responses is usually assumed, and Weibull parameters are determined in advance. Due to the
excessive sensitivity of estimated fatigue damage to the Weibull parameters, this kind of method is
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basically not reliable if the Weibull parameters are not exactly known. Providing accurate values for
the Weibull parameters in advance is very difficult because these values are environment and response
dependent (Chen, 1988). In this paper, closed-form spectral fatigue integration is applied.

2 WAVE CONDITIONS

Wave conditions used in the strength and fatigue assessment should cover all operational modes,
including normal operation, transition, and extreme-storm survival conditions. In the following
discussion, both short-term and long-term descriptions of sea states are used.

The slowly varying local sea state can be reasonably assumed to be stationary in a ‘short’ time interval,
for instance, in a three-hour duration. A sea state is usually described by a wave spectrum, which
describes only a short-term sea state. The extreme value based on a short-term sea state is referred to
as shori-term extreme. In predicting extreme responses by the short-term method, an family of
‘extreme’ storm wave speetra based on long-term wave statistics is usually required as the short-term
sea states.

Suitable wave spectra should be chosen to represent the waves for different geographical regions and
wave development stages. For example, the Bretschneider wave spectrum is usually employed to
describe tropical storm waves, such as those generated by hurricanes in the Gulf of Mexico or
typhoons in the South China Sea. The JONSWAP wave spectrum is used to describe winter storm
waves of the North Sea. Both Bretschneider and JONWASP (y =3.3) wave spectra are used in the
following examples to investigate their effects on extreme values and fatigue damage.

To reflect the variation of sea states, long-term description is required. The Wave Scatter Diagram
(WSD) provides a joint probability table of significant wave heights and characteristic periods for a
local site. To obtain a WSD, various short-term wave data are statistically averaged, which have been
accumulated over a long period of time (for example, 10 years or more) and cover all sea states defined
by different combinations of pairs (Hy, 7). Two WSDs are retrieved from ABSWAVE database for
zones W156 and W391. Contours of these WSDs are compared in Figure 1. Obviously, the wave
environment at site W156 is much more severe than that at W391. The extreme value based on the
long-term description of sea states is referred to as long-term extreme. Wave directional probability
corresponding to each WSD table should be provided also. Figure 2 shows the wave directional
probability distributions at these two grid zones with 24 directional divisions (refer to Figure 4). The
time length 7 for each short-term wave record in a WSD should be the same.
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Figure 1: Graphic comparison of Wave Scatter Diagrams for Figure 2: Wave directional
two locations (W156: A site in the North Sea ; W391: A site in probabilities for a FPSO

the Gulf of Mexico)
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A WSD provides a long-term wave description for only one specific region. To assess the fatigue
damage on past route services, additional wave information along the routes is necessary. For this
purpose, a global wave database can be used, from which wave data for any wave zone on the service
route can be retrieved.

ABSWAVE is a global wave database, covering the world’s oceans with 1,103 wave grid zones. It is
derived from a numerically predicted, 10-year averaged hindcast wave database, GSOWM. For each
wave zone, a complete WSD is stored with its associated directional probability distribution of waves.
Figure 3 shows the global wave grid of ABSWAVE and two example ship routes.
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Figure 3: Wave grid of ABSWAVE database Figure 4: A FPSO system and coordinates for
and two example service routes wave directionality and wave spreading

3 HYDRODYNAMIC LOADS AND STRUCTURAL RESPONSES

Determining the stress Frequency Response Function (FRF), H(o; «,, A)), is one of the major efforts in

the strength assessment. The general procedure is

1. defining the major service profiles for a FPSO based on the operations that affect the local deck and
storage tank loads and global motion responses significantly. Typical operations include normal
operation, storm survival condition, loading condition and offloading condition.

2. determining a series of static deck and tank loading patterns A, based on the major service profiles.

3. calculating the hydrodynamic forces on the FPSO and global motion responses under the action of
the mooring system and hydrodynamic forces for each A,,

4. loading the hull-girder structure under each A, wave frequency and wave heading. The following
components should be included (Zhao, 1996; ABS, 1992):

i. static deck and internal tank loads vi. motion induced structural inertial loads and

il. static structural loads internal tank sloshing loads

iil. hydrostatic forces vii. mooring forces

iv. hydrodynamic forces viil. shear forces, bending moments and torsional

v. motion induced hydrostatic restoring moments as structural boundary conditions if the
forces structural model contains middle holds only.

Components i to iii are static and must be included in overall strength assessment. In this paper,
only dynamic components are considered. For ocean-going vessels, ABS uses the Dynamic Loading
Approach (DLA) (Liu et al, 1992) to calculate the wave and motion induced loads. Steps 1 through
4 of the above procedure may be used to extend the DLA to offshore structures.

5. performing structural analysis to calculate stress FRF H(w; o, A)) for each wave frequency o, wave
heading «,, and loading pattern A,. Each combination of (w;a,,A,;) forms a loading case in structural
analysis. The Finite Element (FE) method or other simplified structural analysis can be applied,
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depending on the level of analysis. For example, to check the strength of deck and bottom plating in
the hull-girder strength level, calculations using vertical bending moment and sectional modulus can
provide satisfactory results.

The hydrodynamic force components consist of incident wave forces, diffraction wave forces and
motion-induced radiation forces (added mass and damping forces). The potential theory of fluid
mechanics with boundary element method using source distribution can be applied to numerically
calculate the hydrodynamic forces. Currently, hydrodynamic analysis software using a three-
dimensional modeling (preferred) or two-dimensional strip method is widely applied. A detailed
discussion of numerical techniques and other effects of loads (such as bow flare impacting, bottom
slamming, green water, ice loads, and accident loads) on the extreme response and fatigue are beyond
the scope of this paper, and will not be discussed further.

The wave heading «, is defined with respect to a FPSO (see Figure 4). Depending on the mooring type,
the wave probability at direction o, needs to be converted into FPSO local coordinates. For example, if
the turret-mooring system is adopted, the weathervaning should be considered, and some of the wave
headings can be removed.

The stress FRFs of a deck plating at twenty-four incident wave directions are calculated by using the
2D strip method and cross-sectional modulus for the purposes of illustration (3D hydrodynamic and
FE method can be used for general structural details). With the WSD and the FRF, the spectral density

function Sﬂfu(co) of the responses x (stresses or loads) to a wave spectrum can be determined.

4 EXTREME RESPONSE

Strength analysis generally involves assessing the yielding strength, buckling strength, ultimate
strength and fatigue strength. Details of structural strength and fatigue evaluation may be found in Bai
(2001) and ABS (2000). The first three aspects of structural strength are directly related to the extreme
values of stress responses, which will be discussed in this section. The fatigue strength assessment will
be covered later.
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Figure 5 demonstrates the strength assessment procedure, which uses short-term and long-term
approaches. Ochi (1978) showed that both long- and short- term approaches predict very close extreme
values. Although their extreme values depend on the number of members of the derived spectral
family in their examples, it seems that applying one approach is good enough. However, this is only
true for ideal situations. As a matter of fact, using either approach cannot guarantee conservative
design in practice because of the following reasons:

(a). It is difficult to exactly predict the extreme storm spectrum defined with (H, T). For example, in
different wave development stages or regions of a storm, the characteristic wave period may be
different even with the same Hj.

(b). Structural responses depend on both incident wave height and wave frequency. It is obvious that
an extreme storm may not generate the largest structural response.

(c). The WSD currently used in the long-term extreme prediction may be incomplete to cover all
severe storms (not enough data), while the long-term extreme value predicted is sensitive to those
storms. Therefore, if possible, both short-term and long-term approaches should be used to achieve
conservative design.

4.1 Short-term Extreme Approach

The short-term extreme values can be estimated based on a known initial probability distribution of
maxima. For a response spectrum with € £ 0.9, the probability density function of maxima (peak
values) can be generally represented as

2 2 2
l-¢
p(x)= [ exp(———)+ VI —£2 ——exp( 2x )( =9 (x20) (D
L+V1-g2 [ V2mmg 2e"mg my my e Jmg
. . A r? m22
in which ¢(r)=-— [ exp(-—)dr, €= [1- , where mg, m,, and m, are the moments of
2T o 2 mamy

response spectral density functions of zero-th, second, and fourth order, respectively. The Probable
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Extreme Value (PEV) at possibility level o (risk parameter) can be determined by (Bhattacharyya,

1978; Ochi, 1981)
2ln[ ’ﬂ],/mo for €509 (2)
mq

in which N is the number of observations (or cycles), N = (60)? T—SﬂJﬂ‘-Z— ,and Ty is the time

4n h _ 52 ng
length of wave data, unit of time in hours. When a=1, x,,~x,J,., represents the value that may be
exceeded once out of N observations. a (< 1) is chosen at the designer’s discretion, depending on the
condition of application. Figure 6 indicates the dependency of € vs. spectral peak periods in a WSD. In
this figure, the range of € of the stress responses is mostly between 0.25 and 0.40. It is found that € can
easily be close to 0.4, and an error at the 5% to 10% level could be introduced for N if € is ignored. So
it is suggested that a correction for € should always be used.

(60)* T
2na

xe.ula =

When the short-term approach is used, a design wave spectrum of the extreme storm condition is
usually provided with a long-term extreme value of H; and related 7. Ochi’s (1981) results indicate
that the probability density function of (s, T) takes a bivariate log-normal distribution. A commonly
used approach is to determine the long-term extreme of f first, and then the T is obtained with the
conditional probability distribution p(T1H;) or a simple formula between H; and T based on the wave
steepness.

The long-term PEV of H; with different return periods is listed in Table 1, in which Hj is calculated by
applying the long-term extreme approach discussed in the next section. To determine the extreme wave
environment (two parameter wave spectra in this example) used in the short-term approach, 7 is
required. Table 2 lists the peak periods associated with Hs. The values of 7, are calculated by using
p(T\Hy) at confidence levels 0.5, 0.75, 0.85, and 0.95, separately (Ochi, 1978). Each H; and the related
T, form a wave spectral family, which is used to determine the response spectrum, and finally the
short-term extreme values.

Table 1  Extreme significant wave height Table 3 Short-term stress extreme values
H, (m) with Return period Stress (Kgf/em?)
Wave 20 years 50 years 100 years Method} Wave | Spectrum 156 vear [ 50 year [100 year
w156 17.0 182 19.1 W156] JONSWAP |2021.0]21354|2139.6
w39l 10.2 1.6 12.6 1 | W156 | Bretschneider | 1991.9 | 2121.4 | 2156.2
W391| JONSWAP | 1288.6|1446.911527.6
W391 | Bretschneider | 1211.0] 1372.7 | 1467.4
Table 2 Wave spectral family with di Wi56] JONSWAP |2304.1(24687 [2565.7
¢ f]( : mily with different Hy Il {W156 | Bretschneider | 2081.3 | 2226.6 | 2334.0
s{m s b W391 | JONSWAP | 1381.3|1568.01714.7
Weighting facto
170 | 182 | 194 ighting factor W31 | Bretschneider | 1248.9 | 1412.8 | 1547.2
13.1 13.4 13.5 0.0500
138 | 141 ; 143 0.0560 Table4  Long-term stress extreme values
148 | 150 | 152 0.0875 Stews (Kafiont
T, [157 [ 160 | 162 0.1875 Wave | Spectrum ress (Kglem)  {cycles per
(sec) | 166 | 168 | 17.0 0.2500 20 year| 50 year| 100 year}  hour
18.4 18.7 18.9 0.1875 WI156 | JONSWAP [2476.9{2669.31 28182} 5092
19.7 19.9 20.1 0.0875 W56 | Bretschneider{2166.4]2328.0( 2452.8| 500.9
20.7 21.0 21.2 0.0500 W391 | JONSWAP 11751.6/1982.9}2169.9| 694.0
22.1 22.4 22.6 0.0500 W391 | Bretschneider | 1676.6/11899.11 2079.0| 673.2

To apply Eq. 2, m, and m, need to be calculated properly. Table 3 compares the short-term stress
extreme values of the deck plate obtained by two different methods. Method I uses the weighting
factors listed in Table 2 to calculate the mean values of m, and m,, while method II uses each member
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of the spectral family in Table 2, and takes the maximum. The extreme values provided by the latter
are up to 16% larger than those by the former method. This is understandable because the sample size
(or exposure time) for the latter is relatively larger. In this example, extreme values for Hg with risk
parameter o = | are directly applied. Obviously, the final extreme values of responses are dependent
on the designer’s discretion and choice of Hj.

4.2 Long-term Extreme Approach

To predict a long-term extreme value, a long-term initial cumulative probability distribution function
P(x) of responses is required. Although function P(x) cannot be predicted explicitly due to the
complications of the responses in various sea states, it can be built up approximately through
accumulations of short-term statistical analyses. Generally, P(x) can be assumed to be in the form of
P(x) = 1 - explg(x)) (g020) (3
In practice, a Weibull distribution or log-normal distribution is commonly used for P(x). In this paper a
generalized form suggested by Ochi (1981) is used to achieve higher accuracy in the curve fitting. i.e.,

g(x) = cx™ exp(-px*), in which ¢, m, p, and k are four constant parameters to be determined by

nonlinear least-squared fitting. Once the mathematical expression of P(x) in Eq. 3 is obtained, the
long-term PEV can be determined by

1= (el ) = = @

Here a is the possibility level as in Eq. 2. Here N is the number of observations or cycles related to the
return period. In the design of offshore structures, a return period of 100 years is widely used for
estimating the long-term extreme values. When the WSD is applied, the P(x) above can be obtained by
using the definition of probability density function of maxima

3 gy Pr(wy ) Pr(oty ) Pr(A ) pija (%)

ij.kl
- 5
P(x) I my PO PO PHAD) (%)
1, J Ky

where
Pr(w,): normalized joint wave probability of (Hg(i),T())) or cell w, in WSD, S Pr(w;)=1.
i

Pr(o,):  probability of wave in direction oy, ¥ Pr(c;)=1.
k
Pr(A)): probability (or percentage) of loading pattern A, during service, > Pr(A;)=1.
1

Ayt average number of responses in T corresponding to cell w, of WSD, wave direction a, and
loading pattern A,.
Pux):  the probability density function of short-term response maxima associated with n,,.

Figure 7 displays the long-term p(x) of stress responses to waves W156 and W391. It is obvious that
the wave environment is the dominant factor affecting the long-term probability distribution; the
effects of spectral shape are not significant.

After the mathematical formula of ¢g(x) in Eq. 3 has been determined by curve fitting, the extreme
value can be calculated by Eq. 4. Figure 8 compares the long-term extreme values for wave zones
W156 and W391 using the JONSWAP and Bretschneider spectra. The extreme values of stress
dynamic components are listed in Table 4. By comparing the long-term extreme values to those short-
term extreme values listed in Table 3, it is found that the extreme values provided by the long-term
approach are larger up to 9%. Because the long-term approach uses the probability distribution of
responses directly, it can avoid the uncertainty caused by the choice of extreme H and associated
wave spectral family (a series of T}). Based on this point of view, the long-term approach is more
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reliable than the short-term approach under the circumstances of same environmental information
available.

4.00 20 M
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Figure 7:  Long-term probability density Figure 8:  Long-term extremes of stress for
function p(x) of stress responses for deck plate deck plate with return period: 20, 50, 100 years

5 FATIGUE DAMAGE EVALUATION

The fatigue strength of welded joints and structural details in highly dynamically stressed areas need to
be assessed to ensure structural integrity and to optimize the inspection plan. The analyses of fatigue
strength should be based on the combined effects of loading, material properties, and flaw
characteristics. At the global scantling design level, the fatigue strength check for hull-girder members
can be conducted for screening purposes. At the final design level, analyses for structural notches,
cutouts, bracket toes, and abrupt changes of structural sections need to be performed. In addition, deck
facilities, pipelines, risers, mooring system and its interface structure with the FPSO hull also need to
be designed with adequate fatigue strength.

Stress types commonly used by fatigue analysis based on the S-N curve include nominal stress, hot-
spot stress, and notch stress. Each of these methods has specific applicable conditions. Although
nominal stress is used in the examples, the analysis approach is not limited to any stress type.

5.1 Spectral Fatigue Analysis

Spectral Fatigue Analysis (SFA) based on the S-N curve and Palmgren-Miner’s cumulative damage
hypothesis has been widely applied in the fatigue damage assessment of offshore structures. However,
choosing a proper method is important to avoid unnecessary numerical errors. Figure 9 shows the
procedure for fatigue assessment, which applies the ‘closed-form” integration to eliminate the error due
to numerical integration.

Denote the stress range by s (s = 2a, where a is the amplitude), then the short-term probability density
function p,,{s) can be approximated by the Rayleigh distribution as

)} ©)

pykl(*‘)_ 8's
GU“ G ikt

; ; ; 2 _ ikl ; o .
where G, is the variance of stress responses, i.e., Sw =M . The total damage in 7}, (unit in years)

can be represented by

cnm

D= _s XD =Tp Zk Ifykl Pr(w;; ) Pr(ay )Pr(/\/)l P (3)ds (7N
ij i
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where 77, (unit in hours) is the duration of service T, D, is the long-term based, average fatigue
damage caused by cell w, of WSD in Ty ; f,, is the average number of cycles per unit time of a short-
term response corresponding to cell w, of WSD, wave direction o, and loading pattern A, f,,, = n,, /T
(unit in 1/hour). With Eq. 6, D can be further simplified. For a two-segment S-N curve as shown in
Figure 10, the total damage in 7}, (unit in years) can be represented by

m
T .5
D=-222T(5+ D Jouhgubgn Py o )PRHA 20 )" (8)
r(%+l.0)—%(ST")""r(”’—’z"ﬂ+l.u) .
in which p 4, =1- F(”’U 5 , integral y(p,x):[r""' exp(—r)dr is the incomplete
27 (i}
. 1, s . . : 4
gamma function, and V=V ==( 9 32 in  which the rain flow correction

2 20',]'/(/

Mm.g ) = a(m) + {1 —a(m)}(1 —t:,-jk,)b("') has been introduced to improve the counting of cycles of

the stress fluctuation. A can be determined by curve fitting (Wirsching, 1980) as
a(m)=10.926-0.033m and b(m) =1.587m—2.323 . The two-segment S-N curve consists of the first

segment (K*, m') for 0 < s <s, and the second segment (K, m) for s > s,, where m'=m+Am. Fora
one-segment S-N curve, p,, =1.

From Eq. 7 or 8, the annualized fatigue damage D can be determined by letting 7,=1 year. When D =
1, T, (T’p) becomes the fatigue life 7,. Therefore, after considering the safety factor £, the fatigue life
can be represented as
1

=—= 9

/sD @)
Table 5 lists the fatigue life and annualized fatigue damage with respect to the wave environments
W156 and W391 using the JONSWAP and Bretschneider wave spectra, respectively. In this example,
the S-N curve in Figure 10 is utilized. It is found that the fatigue life under a more severe environment
(W156, in the North Sea) is much shorter than that under a more benign one (W391, in the Gulf of
Mexico). Also, the choice of wave spectrum can have significant effects on the fatigue damage. The
fatigue life predicted by using the JONSWAP spectrum is shorter (worse) than that predicted by using
the Bretschneider spectrum in this example.

T
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Figure 9: Procedure of spectral fatigue analysis

Figure 10: A typical two-segment S-N curve,
N=KS™: (NS) = (10°, 39.8N/mm’]),
(m', K’ )=(5,9.975x10"),(m, K)=(3,0.315x10"")

Table 5 Fatigue analysis results
Fatigue Annualized
Wave Spectrum Life Fatigue Damage
W56 JONSWAP 15 6.615x107
w156 Bretschneider 20 5.030x107?
W391 JONSWAP 795 1.258x10°
W391 Bretschneider 1100 9.093x10*

5.2 Fatigue Damage Assessment for Past Services

For a FPSO conversion, the fatigue damage D,, accumulated during its past route services can be
calculated with theory similar to the above. The only difference is a new WSD should be derived based
on the crossed wave zones in the global wave database and the percentage of time spent in each
crossed wave zone. For an existing FPSO, past site services may have occurred. By adding the site-
specific WSD to the derived WSD, the fatigue damage introduced in the site service is then covered.
Finally, when the derived WSD is obtained, D,, can be calculated with Eq. 7 or 8, and the remaining
fatigue strength D can be represented as

Dp=1-Dy (10)
Similar to Eq. 9, the remaining fatigue life is
I-Dy
Tp=——2t (11)
fsD

6 CONCLUSIONS

A systematic method for FPSO analysis has been developed to predict extreme response and fatigue
assessment under varying wave conditions. The results indicate that:
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e FPSO design is highly wave condition dependent. Both extreme response and fatigue life can be
significantly affected by site-specific wave environments. Collecting accurate wave data is an
important part of the design.

e Wave spectral shapcs have significant effects on fatigue life. Choosing the best suitable spectrum
based on the associated fetch and duration is required.

¢ The bandwidth parameter € of responses is dependent on spectral (peak) period only. The effects of
Hj on £ can be ignored. The value of £ can easily approach 0.6 for waves, 0.4 for stress responses.
In the calculation, € should not be simply ignored; Otherwise, an additional error of 5% 1o 10%
could be introduced.

¢ [n predicting extreme responses, the long-term approach is preferred because it has less uncertainty.
However, the authors recommend using the long-term approach together with the short-term
approach for obtaining a conservative result.

e The short-term extreme approach depends on long-term prediction of extreme wave spectra and
proper application of the derived wave spectral family. It is not necessarily simpler than the long-
term approach.

e In the examples, probable extreme values predicted by long-term approach are larger than that by
short-term approach up to 9% (when a=1).

¢ The proposed method for extreme response and fatigue assessment is reliable and applicable to any
type of FPSO, including FPSO conversions.
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ABSTRACT

In this paper, the drift forces and motions of very large floating structures (VLFS) in head waves are
investigated through numerical simulations and model experiments. Three dimensional numerical
method based on direct integration of pressure is applied to estimate the steady wave drift forces taking
the elastic modes into account. Numerical simulations and experiments are performed with respect to
two different types of VLFS, pontoon unit type and semi-submersible unit type. Consequently, the
different tendency of motion and wave drift force of these two types had been shown. The numerical
results were verified by the corresponding model experiments using large elastic floating models. Based
on the results, the authors conclude that the near field theory is applicable for predicting both hydro-
elastic response and wave drift force of flexible floating structure with fair accuracy sufficiently, the
elastic deformation of structure can be taken into account satisfactorily by using mode superposition
method. Furthermore, the effects of bending rigidity on both motion and wave drift force are discussed.

KEYWORDS

Very large floating structure, Steady drift force, Hydro-elasticity, Deflection, Numerical simulation.
Near field theory, Mode superposition

1 INTRODUCTION

Very large floating structures (VLFS) are expected to become feasible candidates for purpose of

floating airports, agriculture bases, storage facilities and floating piers and so on, especially in areas
where lack adequate land. Nowadays, the possibility of utilization of VLFS had been enhanced

* Formerly Graduatc School of Yokohama National University
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where lack adequate land. Nowadays, the possibility of utilization of VLFS had been enhanced
gradually through recent researches and developments. A varieties of researches on response in waves
can be found (for example, Mamidipudi & Webster (1994), Hirayama & Ma (1995a), Kashiwagi &
Furukawa (1997), Ohkusu & Namba (1998)), however, most of concerns in these studies are paid on
hydro-elastic response, which is considered to be induced by first order wave forces in general. On the
other hand, as many other floating structures, wave drift forces and mooring problem is one of key
points in design. Therefore, an adequate prediction method for the wave drift force is indispensable.
However, for the reason of enormous structure size and complexity arose from the existence of elastic
deformation modes, few studies both theoretically and experimentally are available (Maeda et al
(1998)). Thus, the basic knowledge on wave drift forces as well as wind, current loads on VLFS are
considered to be insufficient from the viewpoint of establishment of the design synthesis.

In this paper, three dimensional numerical method based on direct integration of pressure was applied
to estimate the steady wave drift forces. The results have been verified by the corresponding model
experiments in wave basin using large elastic floating models, which are moored linear springs.
Through the comparisons of numerical and experimental results, the availability of so-called “Near
Field Theory” for predicting wave drift forces had been confirmed. It is shown that bending
distortional modes, which dominate the deflection of structure, can be taken into account successfully
using mode superposition approach. Furthermore, influence of flexibility on drift forces, which might
be great interest of design, is discussed through numerical and experimental results.

The different tendencies of wave drift force of two typical VLFSs, i.e. semi-submersible unit and
pontoon unit supported floating structure are discussed as well as their hydro-elastic responses. The
important factors for design, such as shape of underwater floating unit, rigidity of structure are
investigated consequently.

2 NUMERICAL PREDICTION

In order to predict the hydro-elastic response and drift force in regular waves, a widely used numerical
method, three-dimensional source method was applied. The deformations of elastic structure were
determined by modal analysis approach. By accomplishing these two analyses, hydro-elastic response
can be obtained easily by superposing the necessary modes. As for steady wave drift force, a so-called
“Near Field Theory”, which integrates the pressure of second order on wetted surface, was applied.
The fluid is assumed to be ideal fluid, the motion and wave amplitude are assumed to be small. For the
sake of simplicity, we limit the analysis to heading wave condition here.

2.1 Hydro-elastic Response Analysis

As it is well known, fluid motion surrounding oscillating body in regular waves can be described in
forms of velocity potentials expressed as follows.

¢(x’y’z’t)=|:¢0(x’y)z)+¢d(x;y) Z)+Z¢r(x,y,z)l7,]e""' (l)
r=1

Where, ¢0.84.¢, represents incident, diffracted, radiated wave respectively, p is the principal
coordinate of mode including elastic deformation, m is number of mode (m= 1-6: rigid motions, m>6:
elastic mode). For an undisturbed free surface of incident wave, we can write its potential as follows.

@ cosh kd @)
®, §, x denote angular frequency, amplitude and incident angle of wave respectively, d is water
depth, k is wave number which satisfies @ = kgtanhd .

In general, diffraction and radiation velocity potentials can be determined by solving Laplace Equation
and applying suitable boundary conditions on free surface, sea bottom and wetted body surface. For
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the case of VLFS, the elastic modes can be considered as the manner as in Ma & Hirayama, 1997. In
addition, hydrodynamic force and wave exciting force are evaluated directly; the motions and
deflections can be obtained without many difficulties. The detail formulations are given in our
previous paper (Hirayama and Ma (1995a), (1995b))
In head wave condition, deflection of the structure is mainly caused by vertical bending deformation,
thus, the structure can be treated as an elastic uniform beam with two free ends. Then, vertical
displacement is expressed as following equation.
4 4
oz TEL S f+EIié+kz=q(x,:), (O<x<l) 3)
o dx dx

where p is the mass density, A is the sectional area, 7 is the structural damping coefficient, El is the
bending rigidity, k is spring coefficient of foundation. L is beam length. q(x, t) represents external load
acting at x coordinate. Over-dots denote differentiation with respect to time (t).

According to the principle of mode superposition, the deflection z can be represented as an aggregation
of the product of mode function Z, and principal coordinate p, as shown in Eqn. 2.

2x0=3.2,() p, () @

In this study, we applied the analytic mode functions of beam for Z,. The motion equation of principal
coordinate of mode p, is un-coupled and could be expressed as following.

(ark + Ark )pr + (brk + B,k )p, + (crlr + Crlr )pr - Freio” (5)
Where ay, by, ¢ are the generalized mass, structural damping and stiffness of mode, Ax, By are the

generalized hydrodynamic added mass and damping coefficient respectively. Cy is the generalized
hydrostatic restoring force coefficient. Finally, the displacement of beam can be obtained from Eqn. 4.

2.2 Steady Wave Drift Forces

The steady drift forces in regular waves are the time averaged mean force due to second order pressure,
and the forces can be obtained from integration the pressure on wetted surface (near field method). On
the other hand, far field method is also available which is based on momentum theory (Maruo (1960)).
In that, the momentums of fluid motions in far field are considered in terms of Kochin functions.
However, the near field method provides straightforward way in solving the drift forces and the force
are resolved into each component. Thus, the near field method is applied in this study. By using the
perturbation approach, the final expression of horizontal drift force is given in Eqn.6 (Pinkster (1980)).
Here, the contribution of second order potentials and hydrostatic force due to second order
displacement are ignored.

—2 1 2 _ 1 5,m2 - S S 4Dy — — =a

Fd( ) _W[EPgé"(” -ndl - if—ipiv¢(’)’ -nds - g['[_ XV V™). hds +a X(M'X;)) (6)

In which, 7 is normal vector of the point on wetted surface Sp, ¢, is relative wave elevation, X o

is the motion of CG in space-fixed coordinate system, ¢, is time differential of velocity potential.
X & are first order linear and rotational motion vectors respectively, which satisfied the following
relation.
YO F0 705
X=X +a% xXx 7N
Where, X is position vector of the point on wetted surface.
Once the first order potentials and motions are determined, the drift force will be able to obtained

according to Eqn.6. For very large floating structure, the deformation due to elastic mode should be
included and the results of hydro-elasticity analysis fore-mentioned are utilized.
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3 VLFS MODELS AND EXPERIMENTS

In order to validate numerical results and to clarify the trend of wave drift forces of VLFS, model
experiments were carried out in the towing tank (100m length, 8m width, 3.5m depth) of Yokohama
National University. Semi-submersible units and pontoon units supported elastic floating models were
used in experiments. The models are shown in Figure 1. The measurements of motions and deflections
are also shown in the figure. Each model consists of 36 removable units, 12 lengthwise and 3
widthwise. Semi-submersible type unit is compromised of 4 column footings arrayed squarely and
pontoon type unit is square shaped box with shallow draft. The elasticity of structure is modeled by
connecting the units with aluminum beams transversely and longitudinally at top of supporting unit.
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~ Position Target
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Figure |: Very large floating models (upper: plan view, middle: side view of semi-sub,

lower: side view of pontoon) moored by linear springs
The deflections were detected by using a non-touch type optical sensing system (Position Sensitive
Detector cameras and LED). Two linear springs, pulleys and strings were used to moor the fore and aft
end of the structure longitudinally. Thus, only surge drift motion was prevented by the mooring system.
All experiments were executed in head wave condition. Prior to experiments in waves, free oscillations
were conducted to determine the natural frequencies of rigid motion and elastic vibration modes. The
principal dimensions of models and measured natural frequencies are shown in Table 1. It should be
pointed out that two models are prepared to have same length, width and closed displacement, but the
bending rigidity are considerably different each other, i.e. pontoon type model is more flexible than
semi-submersible type (in air). This also made the free decay tests of vertical motion and vibration
modes to be impossible.

In Figure 2, analytic models for hydrodynamic calculations are shown. The mean wetted surface of
structure is discretized into 1152 panels for pontoon type model and 4608 panels for semi-submersible
type model. Furthermore, a rigid structure, 1/4 part of semi-submersible type model composed from
3*3 units (square shape) is also used to investigate the effect of rigidity on wave drift force.
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TABLE |
PRINCIPAL DIMENSIONS AND NATURAL FREQUENCIES (MODEL SCALE: 1/256)
Semi-submersible unit type Pontoon unit type
Model Prototype Model Prototype
Length (L) 7.1m 1817.6 m 7.1m 1817.6 m
Breadth (B) 1.7m 4352 m 1.7m 4352 m
Depth (D) 0.36 m 922 m 0.10m 25.6m
Draft (d) 0.132m 33.8m 0.034 m 8.6m
Displacement 267.4 kg 4.49x10%ton 301.5 kg 5.06x10% ton
Rigidity (EI/B) | 357.3kgfm | 1.5%x10" kgfm 17.3kgfm | 7.4x10" kgfm
KG 0.27m 68m 0.092m 23.7m
Natural Frequencies (rad/sec)
Surge 0.40 0.025 0.47 0.029
Heave 3.47 0.22 - -
Pitch 3.57 0.23 - -
1¥ Bending 4.52 0.28 - -
| 2 Bending 8.89 0.56 - -
3 Bending 17.95 1.12 - -

4. RESULTS AND DISCUSSIONS
4.1 Motions and Deflections in Regular Waves

Surge motion of pontoon type VLFS is shown in Figure 3 and the vertical displacements at three points
(fore end, midship, aft end) of semi-submersible type VLFS are shown in Figure 4. The experimental
results were obtained from tests in linear transient water waves, although the experimental results
scatter at higher frequencies, the calculations for both rigid motion and deflections agree with
experiments well on the whole. The disagreements in Z-displacement at fore end can be considered as
the non-linear interaction effect of waves and structure, which are not included in calculations.

4.2 Steady Drift Forces in Regular Waves

Steady wave drift forces (non-dimensioned) in surge direction are shown in Figure 5 for pontoon type
VLFS and in Figure 6 for semi-submersible type. On the whole, the correlations between calculation
and experiment are found to be well in agreement. The discrepancies in semi-submersible type are
associated with the accuracy in deflection prediction at fore end for the same reason as mentioned in
previous section. However, different tendency in two type models has been observed. Drift force of
pontoon type is negligibly small in relatively low frequencies (less than 5 rad/sec in model scale) and it
increases from 5 rad/sec rapidly. On the contrary, drift force of semi-submersible changes its value
considerably at relatively low frequencies when wave frequency changes. The frequency dependence
becomes more complicated than pontoon type.

In Figure 6, drift force component corresponded to the terms on right hand side of Eqn.6 are shown. It
can be confirmed that the contributions of relative wave elevation (term 1) and pressure drop due to
velocity potentials (term 2) are dominant components for steady drift forces.

Drift forces of 9 units rigid semi-submersible model (1/4 of VLFS model) are shown in Figure 7. It can
be stated that the agreement between the calculated and experimental results are comparatively well
except frequencies from 5 to 7 rad/sec. For rigid semi-submersible model, the drift force varies its
value with wave frequency remarkably and this could be explained as the effect of wave scattering
phenomenon among columns, which is the well-known fact for first order wave force.
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Figure 3: Amplitude of surge motion of pontoon type VLFS in regular waves
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Figure 5: Wave drift force coefficients of pontoon type VLFS

Finally, the comparisons of experimental results of pontoon and semi-submersible type are plotted in
Figure 8. It is obviously observed that semi-submersible type shows larger drift forces in long waves
but it becomes superior than pontoon type in short waves. According to Table 1, the natural
frequencies of lower bending modes correspond to those wavelengths and the large relative wave
elevation due to the resonant vertical displacement contributes to wave drift forces considerably.
However, we must consider that two structures have different rigidity, i.e. pontoon model is more
flexible than semi-submersible model. As one can expect, the different tendency in elastic response
(especially vertical displacement) affects its drift force, i.e. smaller deflection brings smaller drift force.
Anyhow, this fact should be studied further through parametric calculations.

5 CONCLUSIONS

The steady drift forces and hydro-elastic response of two types of very large floating structures have
been investigated through numerical simulations and model experiments. Based on the results obtained
from the present work, following conclusions are derived.
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(1) Near field theory can predict the steady drift forces on VLFS properly by accounting its elastic
deformation modes. In that, three-dimensional source method is effective in calculation of
hydrodynamic forces.

(2) The rigidity affects both deflection and drift forces considerably, however the flexibility brings
conflicted effects toward deflection and drift force, thus, it is necessary to apply an optimizing
technique from viewpoint of reduction of both hydro-elastic response and wave drift force.

(3) Semi-submersible type VLFS shows smaller drift forces at higher wave frequencies, but larger drift
force at lower wave frequencies than the pontoon type and this depends on the rigidity.
configurations of underwater body of the structures.

(4) The relative motion of structure affect the drift force dominantly for a beam like very large floating
structure in head sea wave condition, thus, it is vitally important to move away the natural
frequency of deflection from the frequency range of incident waves.
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Figure 6: Wave drift force components of rigid Figure 7: Wave drift force coefficients of
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Figure 8: Comparison of measured drift forces of pontoon type and semi-submersible VLFS
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ABSTRACT

This paper deals with the horizontally elastic behavior of a very large floating structure (VLFS)
supported with dolphins under dynamic loads. Eigen frequencies for vertical vibration of VLFS exist
continuously in relatively high frequency zone due to the buoyancy effect. On the other hand, the
lowest eigen frequency for horizontal vibration may appear in the lower frequency zone than the
heave-mode frequency, because of no effect of buoyancy on the horizontal deflection behavior.
Therefore, it is important to investigate the horizontally elastic behavior of VLFS under dynamic loads.
At first, basic studies on the eigen frequency characteristics of a VLFS under trial design are carried
out. The eigen frequency characteristics of a VLFS are investigated by using the combined model
considering the shearing rigidity of the main structure and mooring effects. Effects of mooring
characteristics and structural parameters on dynamic response are also discussed based on results
obtained by using analytical solutions and finite element analyses. Next, a nonlinear finite element
analysis system is developed to simulate the behaviors of the VLFS under dynamic loads. Finally. by
using this analysis system, the response behavior of the VLFS supported with 25 dolphins, which is
modeled as a horizontal elastic plate, supported with springs and dashpots through gap elements were
investigated.

KEYWORDS

Horizontally elastic response. VLFS, Effect of mooring rigidity, Effect of shear rigidity

1 INTRODUCTION

In this paper, the eigen frequency characteristics of a VLFS under trial design are investigated using
the combined model considering the shearing rigidity of the main structure and mooring effects.
Effects of mooring characteristics and structural parameters on dynamic response are also discussed
based on results obtained by using analytical solutions and finite element method analyses firstly. Next.
a three dimensional, nonlinear finite element analysis is used to predict the dynamic response of a
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particular very large floating structure to the dynamic loads. The states of which mooring clearance
and the ultimate strength mooring fender exists are numerically calculated, it is seen that the structure
rigidity has a substantial effect on the result of VLFS mode and the eigen frequency, as well as the
difference response due to the condition of incident wave. It is concluded that design should be
considered with respect to the overall structure dynamic characteristics of the VLFS

2 BASIC STUDY
2.1 Outline of VLFS Under Trial Design

In this study, we deal with a very large floating structure (VLFS) under trial design, which is
developed for the usage of a floating airport, for simplicity, we model the main body of the structure as
beam supported with many dolphins shown in Fig.1 and indicate its main parameters in Table 1.

The dolphins attached to the fender as the shock-absorbing parts at the top end and driven into the base
rock at the bottom end are also model as spring elements as shown in Fig.1. The numerical data for
foundation spring and column elements are calculated out using a three-dimension finite element
method and based on the experiment report” as shown in Table2.

2.2 Eigen Frequency Characteristics

The solution of the real eigenvalue problem is very important for the following time history simulation
analysis which is numerically difficult and time consuming, therefore, we investigate the eigen
characteristics and normal modes of the VLFS by using both theoretical analysis and finite element
methods at first.

For simplicity, we shall model the main structure as Timoshenko’s beam on an elastic foundation, we
can obtain the control elastically deflecting Eq. 1 as following.

4 2 4 2 4
E12+ A%—p](l+i ﬂ-—+ p—{2+kc(v

P ) pl & EI d%
ax’ d kG’ ar*ox* kG o’

I A
KA o' KGA ot (1)

where, v: elastic deflection, ,, : linear density of main structure, g :bending rigidity, k’GA: effective
shearing rigidity, &, : mooring rigidity.

By introducing the following constant variables into Eq. 1, we can re-write it as following.

' a0y ke, Ldtv v, 0%
(a4 2 —tktvealflel— -yt =
a C P gaat prgpta B gathyraifasoroyiaa =0 )

Q =—— y = S = =_°

where KGA» El KGar ° pAr ?E

constant *: # are the component of shearing rigidity and rotating inertia moment respectively, ¢: is
horizontal circular frequency when treating structure as rigid body, 7 is the relationship between
inertia and rigidity, and®- indicates the relationship between bending rigidity and mooring rigidity.

2 pA B =P_1 2 kc o = k, 2 k.
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TABLE 1
NUMERICAL DATA FOR COMBINED MODEL
Fender rod Item Data Units
, Length L 4560 | m
Q“ Breadth B 1000 | m
Beaz Fraonmonal Lincar density of main body p4,, 3713 | 10%kgm
Horizontal bending rigidity E7 , 1.090 | 10" Nm’
o Shearing rigidity & GA 2377 | 10" Nm
Sea Bed )] Foundaton spong
T o TABLE 2
Foundation Koo E3 NUMERICAL DATA FOR FOUNDATION SPRING AND
Kb COLUMN
Distance of the mounting point of {8.45 [37.50166.55[m
e Towl 25sets Dolphin foundation spring (x1,2,3)
Iy Iy ssocse vy ‘ { | Spring rigidity (k1.2.3) X 108|938 [14.9 [934 [N/m
T N e dn e = Teight of dolphin H 25 ™
“€— . Poanon of Dalphine Penetration depth /4 75.0 m
Y Appliod Londs Lincar density of dolphin 5 4, [5.62X 104 ke/m
Figurel Combined model composed of Bending rigidity of dolphin gy, |6.70X 1013 Nm 2
VLFS and mooring system Rigidity of fender rod for weak  {1.35X 107 N/m
mooring
Clearance between fenderand (0.4 m
structure

Let us assume a solution in the form

vi(x,t) =@ ;(x)cos( @ ;1) 3)

where @ (x) is the modes functions, @, is the eigen circular frequency.

By introducing Eq. 3 into Eq. 2, and satisfying the boundary conditions, we obtain the ordinary
eigenvalue equation as following

4

: s P 4
O+ + fHwl -y 1D, —(w”: o} +a’ fww] -’ fra) - k)P, =0

2 “)

The resulting eigenvalue is given by the following
kd
A +l@’ + phw; - I — (L o] +a’ freje; —a’fle) -k =0

@, e

Hence, we conclude the solution

}.Z 2 27 ~1 2.2
1 cos( A, L) cosh( A,L) = (22525 “A3S0Sey Gon 4 1 ysing 4,L) (6)
2A,4,5,5,5,5,

;.Z 1.2 /{Z 2.2
1—cos( A, Lycos( A,Ly= (212258 ¥ a0 Tu g g fysing 4, L)
244,58, 5,8,5, (7)

where 5, = AL+ 6, s, = A1 -8, s, = A+ 6, s, =A1-6,
The detailed theoretic eigenvalue «, can be calculated through the Eq.6 or Eq.7 and the results are

tabulated in Table 3. As comparison, we also give the values obtained by the FEM methods in the
same table.

3 FREQUENCY RESPONSE BEHAVIOR OF HORIZONTAL DEFLECTION
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Frequency response of the elastic horizontal deflection of combined model under regular wave
conditions had been computed using a finite element method, and the results of the response
considering the shearing rigidity of main structure are also obtained. the results of the selected points
are shown in from Fig. 2 to Figure 4.

Fig. 2 and Fig.3 are the frequency response of amplitude of horizontal deflection at the free end and
the center of main structure under low mooring rigidity, Fig.4 is the frequency response of amplitude
of deflection at the top end of dolphin located at the free end of the main structure.

It can be seen that the different harmonic vibration point exists from the dotted line and real line due to
the effects of shearing rigidity of main structure. the difference is bigger in the second eigen circular
frequency than the first one.

On the other hand, it can be seen that the frequency response of amplitude of horizontal deflection is
small except for harmonic vibration points ,but it will become bigger when long wave appears.

4 NONLINEAR DYNAMIC FINITE ELEMENT ANALYSIS

The structure response to a dynamic load under the wave environment will become nonlinear, because
of the existence of clearance between main floating structure and its mooring equipment and the
disability of mooring fender or dolphin when the applied load exceed their ultimate strength. It is
therefore necessary to predict the response in the design, and especially, evaluate the step of mooring
dolphins under a critical status.

Thus, A nonlinear, three dimensional finite element modeling technique was developed for computing
the dynamic response of a very large floating structure with the nonlinear elements. And a series of
computation study were conducted to several sizes of mooring clearance and damaging path of the
mooring equipment due to the difference incident angle.

4.1 Nonlinear Element

In our present work, we deal a combined model consisted of VLFS and its mooring equipment, we
assume the clearance (gap) exists between VLFS and the mooring fender. So the VLFS, under the
wave force applied or enforced displacement of the fender, will moves and deflects until the gap closes
and continues to deflect with the gap closed. The characteristic of fender with clearance can be
simplified as a gap element as shown Figure S:(right) and the image of the fender behavior .can be
illustrated as shown in Figure 5:(left)

On the other hand, the mooring fender has a ultimate strength, they will be broken if the applied force
exceeds the ultimate strength under the severe circumstance, we consider the mooring fender has a
relation between the deformation and applied force as shown in Figure 6. Once the fender is damaged
it will not work, the image of some fender’s behavior on this case can be illustrated as shown in
Figure , and we take it out from model in the next numerical calculating time step. These two statuses
also account for the geometric changes that may occur in the structure.

4.2 Numerical Calculation Method

When considering a problem in which dynamic (time integration) finite element analysis is to be used
as commented above, because of the existence of nonlinear element such as mooring clearance and the
damaged fender, the stiffness matrix is reconstructed in each time step.
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The algorithm used consisted of a modified Newmark’s family of equations with automatic time step
feature and Newton-Raphson‘s Method.

4.3 Calculating Case and Results
4.3.1 Mooring clearance

As a study case, we calculated the time history of combined model under the regular wave force. The
regular force is assumed as following.

F, = F,sin(k x, - () (8)
where F,is wave force, ¢ (=3, ,r, )iscircular frequency of wave force, x, is the coordinates of the
node, &, (=k/cos())is the degree of incident wave.

In numerical computation, we obtained the time history of the axial forces of each mooring fender and
the deflection of the calculating points on the structure. We show only some selected figures due to
page limited.
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Figure is the time history of axial force of fender located at the center of the structure with gap 4.0cm,
it can be seen that the curve of axial force is a discontinuous line due to the existence of mooring
clearance between the fender and the structure, the long period wave curve with short period wave
curve.

Figure and Fig. is the time history of deflection of the free end and the center in the same case. It
should be noted that the two curves are similar but the phase is different, that is, the structure is not
only moving as a rigid body, but also deflecting as an elastic structure. By analyzing the frequency
characteristic of the curve data using FFT program, we got the distribution of frequency spectrum
shown in Fig., it should be noted that the frequency of the first peak and second peak are very close to
the yawing period and the first elastic eigen frequency in the horizontal.
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TABLE 4
CALCULATION CASES FOR MOORING CLEARANCE
Clearanc | Condition for load
e
0.0cm [ Loading period 8.0 (s)
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The elastic deformation and the movement of the structure are also obtained, which are shown in Fig.
12 with the centerline of the structure at some moment, It can be seen that the structure are moving
from the 0-line, and at the same time deflecting horizontally. It can also be seen that the shape of
deflection is similar to the first elastic mode of a horizontal beam.

4.3.2 Ultimate Strength

As the second numerical computation case, the strength of fender were stipulated to a ultimate value,
when the axial force of fender exceed this value, the fender will be dealt as disability, and in the
computing time step the matrix of the stiffness and the mass of the structure will be reconstructed by
excluding this fender element. The angle of incident wave was changed to 30, 45, and 60 degree.

The successively damaged results of fender are tabulated in Table S, and the time history of the
deflection for selected points on the main body are given in Figure and Figure , the time history of
axial force for selected fender is also shown in Figure .

It can be seen that the breach path of mooring fender is different, as well as the time of the first fender,
which is broken, is different according to the incident angle. And the whole breaking process were
divided into four stages in Table 5 according to the damaged time, it should be noted that the
happening time of the each stage for the case of 30 degree incident wave is shortest, and is longest for
the case of 60 degree incident wave, and no fender can survive in both cases.

On the other hand, it can be seen that the deflection response behavior on the structure is different
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from Figure and Figure . The fender, which is damaged, can be conformed from a time history of
axial force like Figure .

5§ CONCLUDING REMARKS

In this study, the eigen frequency characteristics were basically established. and then the nonlinear
three dimension finite element analyzing technique was developed for computing the dynamic
response of a very large floating structure to wave force or combined loads. the case of the existence of
mooring clearance and the case of the geometric changes due to the occurrences of the fender’s
breaking were calculated numerically.

Effects of clearance and its size on the deflection of the structure were studied. Main structure is
oscillating like rigid body, and also deflecting elastically.

Under the extreme wave loads, the survivability of the mooring fender was investigated and the path of
breach can be traced by simulating calculation. Therefore this calculating system can be used to the
design of mooring system and the management of VLFS system.
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ABSTRACT

A model test with the scale ratio of 1/20 was carried out to investigate the hydroelastic response
characteristics of a pontoon type floating structure in waves. In particular, the response-dependence on
the water depth was investigated by the comparison with the other existing experimental results. As
one of the most important findings, it was found that the hydroelastic response of a pontoon type
floating structure decreases as water depth becomes shallow, which can be explained by the decreased
wave exciting pressures and the increased added mass effects of the surrounding water with decreasing
water depth.

KEYWORDS

Hydroelastic response, Pontoon-type very large floating structure, Model tests, Added mass effect

1 INTRODUCTION

The increasing demand for the use of ocean space is accelerating the study on very large floating
structures. Hydroelastic behavior is one of the unique characteristics of very large floating structures
and has been studied by many authors mainly theoretically or numerically (Kashiwagi 1999). The
experiments on this type of structures are difficult because of the huge scale ratio of the real
structure/model and the horizontal/vertical scale. Some experimental works (for example, Yago and
Endo, 1996; Shin et al., 1999) have been done in the recent past in order to validate the theoretical or
numetical approach.

Yago and Endo (1996) carried out tank tests using a scaled model to investigate hydroelastic response
characteristics of the prototype structure that was constructed for the tests of very large floating
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structures at sea by the Technical Research Association of Mega-Float in Japan. The prototype
structure is a pontoon type structure with the dimension of 300m length, 60m breadth, 2m depth and
0.5m draft, and installed at real sea having the water depth of 8m. The scale ratio of the model was
1730, with 9.75m length. A series of tank test were conducted and vertical motions and bending
moments were measured using potentiometers and strain gages, respectively in regular waves. Similar
experiments were carried out by Shin et al. (1999) using a model having the scale ratio of 1/42.857
with 7m length for the same prototype structure and the experimental results were compared with the
analytical ones.

In this paper, the experimental results using the model with the scale ratio of 1/20 for the same
prototype structure were summarized and, in particular, they were compared with the other existing
experimental data to investigate the response-dependence on the water depths chosen for the
experiment.

2 DESIGN AND FABRICATION OF A TEST MODEL

An 1/20 scaled model of the prototype was designed and fabricated considering the size of the wave
tank and capability of the wave maker of the Korea Research Institute of Ship and Ocean Engincering
that has the dimension of 56m length, 30m breadth and 5m depth. The model was built up by
mechanically bolting 15 units of aluminum honeycomb sandwich plates, each unit of which has the
dimension of 1m(L) x 3m(B), using H-beam of the size of 3m length and cross section of 55x3 +39x3
mm. The total thickness of the model was 39mm, in which the thickness of face and bottom plates
were lmm respectively, and that of honeycomb core was 37mm. In order to get the desired draft of
25mm, 593 counter-weights, each having the weight of 1 kg, were uniformly distributed over the
surface of the model. For simulating the dolphin fender mooring system of the prototype, the mooring
device composed of horizontal bar and universal joints was also designed. The complete test model
and the mooring device are shown in the figure 1 and 2, respectively.

Figure 1 : The complete test model

For model tests, it is nearly impossible to fabricate a model to satisfy the similarity laws in both
geometry and strength. In the hydroelastic model tests, it is common to build the model to satisfy the
frequency similarity law between the exciting wave and the structure. The wave frequencies of real sea
wave and the test wave in wave tanks have the following relationship by the similarity law and wave
dispersion relations:

Ve dm =V (e, )
where r is the scale ratio and the subscripts m and p denote the model and the prototype, respectively.
Therefore, the model should be built to satisfy the following relationship in the natural frequencies of
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the model and prototype structure:

Figure 2 : The mooring device for the test

eI = VI X cnre) 5 @)

Since the pontoon type floating structure has very thin thickness compared to length and breadth, it can
be analytically modeled as a thin plate and the hydroelastic motion of it can be described to the motion
of a thin plate. The vibratory frequency of a thin plate can be expressed as follows:

1 ’ El
oL —x _[— 3
-/-Jlmcmre a2 pA ( )

where a, EI and pAd are the length, the bending rigidity and the mass per unit length of a plate,
respectively.

From the equations of (2) and (3), the bending rigidity of the model should satisfy the following
relationship in order to satisfy the frequency similarity law.

(ED), =r’x(EI), @

We have performed the four-point bending tests on four specimens and the vibration test of one
aluminum honeycomb sandwich plate in the air and confirmed that the test model has the 104%
bending rigidity of the design value.

For more accurate model tests, especially in oblique waves, not only the similarity law for bending
rigidity but also the similarity law for torsional rigidity should be satisfied in principle. However, it is
almost impossible to make it so that the similarity law for torsional rigidity is not satisfied.

3 TEST CONDITIONS AND MEASUREMENTS ITEMS

As the water depths for model tests, two conditions were chosen; 0.4m and 1.3m. The water depth
0.4m corresponds to the water depth 8.0m at sea which is the real value of the water depth where the
prototype floating structure has been installed and the water depth 1.3m corresponds to the water depth
26m at sea.

Incident waves having two different angles, 0 degree and 30 degree, were chosen, and the wave
heights of 3cm, 6cm and 9cm, and the range of the wave lengths between 0.05 and 0.9 times of the
model length were generated for the tests.

Vertical displacements of the test model were measured at 39 locations using potentiometers composed
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of pulley and torsional spring and strains due to bending were measured at 40 points using waterproof
strain gages. In addition to this, 3 accelerometers were installed to measure the vertical accelerations
and the absolute wave heights at 8 locations and relative wave heights at 4 locations using wave height
meters were measured as shown in the figure 3.
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Figure 3 : Measurement items and locations

4 TEST RESULTS AND DISCUSSION

To investigate the response-dependence on the water depth, some of the test results were compared
with the existing experimental data which were obtained by using different model scales for the same
prototype floating structure and summarized in the figures 4, 5 and 6. Figure 4, figure 5 and figure 6
show the vertical displacement RAO at the centerline of the test model in regular waves with the
incident angle 0 degree with A_ /L= 0.1, 0.2 and 0.3, respectively. For the comparison of the test data
in these figures, the wavelength in finite depth was converted to that in infinite depth. The main
difference of the present test with the others (Yago and Endo, 1996; Shin, et al., 1999) is that the
present test was carried out in the water depth corresponding to the water depth of the real sea, where
the prototype floating structure is installed, by the similarity law.
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Figure 4 : The Vertical Displacement RAO(A_ /L= 0.1, Incident Angle=0 degree)

From the figures, some important findings are summarized as follows:
1) As generally known, the vertical displacement RAO has the largest value at the stem, and becomes
smaller and has the smallest at the central part, and becomes lager again at the stern part.
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Figure 5 : The Vertical Displacement RAO(A,, / L= 0.2, Incident Angle=0 degree)
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Figure 6 : The Vertical Displacement RAO( 4,/ L = 0.3, Incident Angle=0 degree)

2) The vertical displacement RAO increases with the increase of wavelengths.
3) The vertical displacement RAO decreases in general with the decrease of water depths.

The reason why the vertical displacement RAO decreases with decreasing water depths can be
explained by the fact that the wavelength becomes short in shallow water under the given wave period
and wave with this short wavelength gives a relatively low pressure forces to the floating structure. In
addition to this, the added mass in shallow waters which is much more than that in deep water can be
added to one of the good reasons for the low vertical displacement RAO in shallow waters. As a
reference, the table 1 shows the calculated wetted natural frequencies of the test model in different
water depths obtained by the finite element analysis using MSC/NASTRAN. In the finite element
analysis, the sea bottom was modeled as a rigid wall. As shown in the table 1, the wetted natural
frequencies decrease with the decrease of water depths, which means the increase of added mass of the
surrounding water.

As one of the test results, the typical longitudinal distribution of bending moments is shown in figure 7
and 8. As shown in these figures, the bending moments also increases with the increase of wavelengths.
In the case of head sea, the maximum value occurs at the location of L/4 from the stem. In the case of
oblique sea, the location of maximum value moves from the location of L/4 to the location of 3L/4 as
the wavelength increases.
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TABLE 1
CALCULATED WETTED NATURAL FREQUENCES OF THE TEST MODEL WITH THE
VARIATION OF WATER DEPTH
Calculated Natural Frequencies(Hz)
Order & Mode h=0.4m h=13m h=o
1"(Bending) 0.091 0.112 0.119
2"%(Bending) 0.267 0.328 0.344
3"(Twisting) 0.407 0.470 0.472
4"(Bending) 0.568 0.693 0.715
5T (Twisting) 0.855 0.978 0.981
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Figure 7 : The Longitudinal distribution of bending moments
(h=0.4m, H=6cm, Incident Angle=0 degree)
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Figure 8 : The Longitudinal distribution of bending moments
(h=0.4m, H=6cm, Incident Angle=30 degree)

5 CONCLUSIONS

In this paper, an ocean engineering model basin test with the one twentieth model of the first phase
pontoon of the Mega-Float project in Japan was carried out to investigate the hydroelastic response
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characteristics, especially the response-dependence on the water depth, of a pontoon type floating
structure in waves. Compared with other existing experimental data, it was found that the hydroelastic
response of a pontoon type floating structure decreased as water depth becomes shallow. This result
could be explained by the decreased wave exciting pressures and the increased added mass effect of
the surrounding water with decreasing water depth, which was confirmed by the wetted vibration
analysis using the finite element method.
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ABSTRACT

To realize a very large floating structure (VLFS), it is indispensable to examine various effects of the
VLFS on marine environment. For environmental impact assessment in physical, chemical, and
biological aspect, numerical simulation by means of the coastal ecosystem model is one of the useful
tools. In the present paper, real time simulation is conducted for reproducing the marine environment
around a Mega-Float model, which was moored off Oppama in Tokyo Bay from 1996 to 1998. As a
result, it can be said that the impacts of the Mega-Float model are small because the size of the floating
structure is comparatively small and exchange of seawater is effective in the sea area. Further, through
this study. the present states of numerical simulation and its future assignments are discussed.

KEYWORDS

VLFS, Environmental impact assessment, Numerical simulation, Coastal ecosystem model, Real time
simulation, Mega-Float model, Tokyo Bay

1 INTRODUCTION

To realize a very large floating structure (VLFS), it is indispensable to examine various effects of the
VLFS on marine environment. Technological Research Association of Mega-Float (TRAMF), which
was organized to promote research and development of the VLFS, moored a large floating offshore
structure (hereafter called Mega-Float model) off Oppama in Tokyo Bay from 1996 to 998 (Phase-1).
In this project, a group of university researchers and the TRAMF cooperated to measure water
temperature and salinity continuously around the Mega-Float model (Fujino et al. (1997)). Aside from
this measurement, TRAMF carried out meteorological observations, water and benthic quality
examinations (TRAMF (1998)). After the Phase-1 project, larger floating structure was moored in the
same sea area from 1999 to 2000 (Phase-2), and water quality around the floating structure was
examined (Fujino et al. (2001)).
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TABLE 1
CHEMICAL AND BIOLOGICAL COMPARTMENTS IN COASTAL ECOSYSTEM MODEL
Group Compartment Group | Compartment
Phytoplankton Diatom
Organic Zooplankton Meiobenthos
Matter Particulate Organic Matter Macrobenthos (Deposit-Feeder)
Dissolved Organic Matter Organic Macrobenthos (Suspension-Feeder)
Cell Quota of Phasphorus Matter Acrobic Bacteria
Cell Quota of Nitrogen Anacrobic Bacteria
Nutrient Phosph Aerobic Detritus
utrien A i Anaerobic Detritus
Nitrite Sessile Orpanism
Nitrate Sulfide Sulfide
Oxygen Dissolved Oxygen Thickness | Thickness of the Aerobic Layer

In the meantime, for environmental impact assessment of the VLFS, numerical simulation by means of
the coastal ecosystem model is thought to be one of the useful tools. Recently, the model can reproduce
general variations in marine environment by a method of real time simulation, in which boundary
conditions change every time (Kitazawa et al. (2001)). And several simulations of the coastal
ecosystem around a VLFS are also conducted and its effects on surrounding marine environment are
discussed (Kyozuka et al. (1997), Kitazawa & Fujino (1999)). However, in these simulations, an
imaginary VLFS is installed in the constant condition of marine environment in summer, and
numerical results are not compared directly with the field data around the VLFS. Therefore, the
purpose of the present paper is to simulate the coastal ecosystem around a Mega-Float model by a
method of real time simulation, and to examine the effects of the floating structure on the surrounding
marine environment by direct comparison of predictions with observations.

2 NUMERICAL MODEL
2.1 Coastal Ecosystem Model

Numerical model adopted in the present study is what was used by the authors previously. The model
consists of physical and chemical-biological submodels, the latter of which is divided into pelagic and
benthic submodels. In physical submodel, governing equations are as follows; the equations of fluid
motion, the equation of continuity, the diffusion equations of water temperature and salinity, and the
state equation of water density. And in the chemical-biological submodel, compartments summarized
in Table 1 and interactions among these compartments are taken into account. Time variations of
compartments in pelagic environment (listed in the left side of Table 1) are described by
advection-diffusion equations. These equations in physical and chemical-biological submodel are
solved by a finite difference scheme. Details of physical and chemical-biological submodels refer to
Kitazawa and Fujino (1999), and Kitazawa et al. (2001), respectively. When a Mega-Float model is
assumed to exist, activities of sessile organisms adhering to the floating structure are formulated
according to Kitazawa et al. (2000).

2.2 Numerical Conditions

Figure | shows location of Tokyo Bay in Japan, and modeling of Tokyo Bay and of the sea area
adjacent to the Mega-Float model. The sea area in Tokyo Bay is latticed with square grids in the
horizontal direction, and multilevel model, in which the number of the layers is 10, is adopted in the
vertical direction. To get detailed knowledge on the variation of current speed and water quality around
the Mega-Float model, much finer grids are adopted in the sea area adjacent to the floating structure.
Four kinds of square-grid are used; 1620m (Rank 1), 540m (Rank 2), 180m (Rank 3) and 60m (Rank
4). The Mega-Float model (Length: 300m, Width: 60m, Draft: 0.5m) is moored in the sea area off
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Figure 1: Location of Tokyo Bay in Japan, and modeling of Tokyo Bay and of the sea area adjacent
to Mega-Float model.

Oppama (Rank 4), and the method of installing the floating structure refers to Fujino et al. (1996). At
the bottom surface of the floating structure, the same friction stress as that at the sea bottom is
considered. Further, the Mega-Float model is assumed to block off wind stress, heat and salinity fluxes,
and exchange of oxygen through the sea surface. Predicted water quality and biomass of marine lives
are compared with observations at 11 stations indicated in Fig.1. Stations A and C-E of these stations
are located in the sea area, where the sea surface is covered with the Mega-Float model.

The simulated phenomenon is marine environment in Tokyo Bay from March 1, 1996 to March 1,
1997. To determine the initial condition for this simulation, real time simulation is conducted for three
years using the observed meteorological data and rivers' inflow, until computed annual variation in
marine environment approximately become stable. As numerical conditions for real time simulation, 4
kinds of tidal components, 6 rivers, meteorological data measured every 30 minutes around the
Mega-Float model are taken into account. More details on the numerical conditions are described in
Kitazawa et al. (2001). In the present study, real time simulation is conducted in two cases, where the
floating structure is assumed to exist (Case 1), and where the floating structure is assumed not to exist
(Case 2).

3 RESULTS AND DISCUSSIONS
3.1 The Effects on Oceanophysical Environment

Figure 2 shows the vertical profiles of the flow velocity at Stations C and I in the flood tide on January
9, 1997 (Case 1). The currents in the lowest layer at both stations are a little reduced due to the friction
at the sea bottom. On the other hand, the velocity in the top layer at Station C is much smaller than that
at Station [ because the current under the Mega-Float model is weakened by the friction at the bottom
surface of the floating structure. However, as depicted in Fig.3, residual current is not affected by the
emplacement of the floating structure and directs to the southward as reported by Fujino et al. (1998).
This characteristic of the residual current has an effect on the time variation of water temperature.
Correlation coefficients of water temperature variations at Stations A and B from September 1 to
September 24, 1996 are summarized in Table 2. Time lag indicates the difference between the phases
of time variations at the both stations. If the lag is larger than zero, water temperature at Station A
varies in prior to that at Station B. Correlation coefficients are more than 0.9 in every vertical point and
the lag is smaller than zero. It means that time variation at Station B precedes that at Station A due to
advection of seawater approximately to the southward. Further, absolute values of the lags are large in
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the top layer in both observation and prediction, and at Sm, 7.5m below the sea surface in prediction.
This is because the current is weakened at the bottom surface of the floating structure, and at the sea

bottom, respectively.
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Figure 2: Vertical profiles of the flow velocity at Stations C and I in the flood tide on January 9,
1997 (Case 1).
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Figure 3: Horizontal distributions of residual current in the sea area adjacent to Mega-Float model.

TABLE 2
CORRELATION COEFFICIENTS OF WATER TEMPERATURE VARIATIONS
z (m) Observation Time lag (min.) z (m) Prediction Time lag (min.)
-0.85 0.98 -20 -1 0.93 -20
-2.85 0.98 -10 -3 0.92 -10
-4.85 0.97 -10 -5 0.91 =20
-6.85 0.97 -10 -7.5 0.95 -30
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Figure 4: Vertical profiles of dissolved oxygen in August 27-29, 1996 (Case 1).
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Figure 5: Vertical profiles of phytoplankton, dissolved inorganic phosphorus (DIP), and dissolved
inorganic nitrogen (DIP) in August 27-29, 1996 (Case 1)

3.2 The Effects on Marine Chemical and Biological Environment

Vertical profiles of dissolved oxygen are shown in Fig.4. The observations are what were measured at
Stations A, C, F, and J in August 27-29, 1996 (TRAMF (1998)). The predictions are the averaged
values in the same period at Stations A and J. The amount of dissolved oxygen is a little small in the
top layer at Station A. This is because dissolved oxygen is consumed by respiration of sessile
organisms under the Mega-Float model. Further, vertical profiles of chlorophyll-a, dissolved inorganic
phosphorus (DIP) and nitrogen (DIN) are depicted in Fig.5. The observations are attained at Im below
the sea surface and at 1m above the sea bottom (TRAMF (1998)). The amount of chlorophyll-a is a
little reduced in the top layer at Station A due to filtering of phytoplankton by sessile organisms. As for
DIP and DIN, observed concentrations of them are large under the Mega-Float model because sessile
organisms excrete the nutrients into seawater, however the increases of DIP and DIN are not found in
the prediction. This discrepancy is caused by the uncertain estimation of sessile organisms biomass.
Figure 6 shows time history of sessile organisms biomass at Station E from March 1, 1996 to March 1,
1997. The observation is the average of sessile organisms biomass at 2 points around Station E, and is
indicated by the amount of carbon converted from wet weight of sessile organisms (Tamai (1998)).
Although it is reported that more than half of the observed sessile organisms is dead, the prediction is
underestimated. Therefore, it is important to examine the amount of active sessile organisms and the
ecology of them precisely.

Further, drop of the sessile organisms from the Mega-Float model to the sea bottom affects benthic
quality and lives. Figure 7 shows the time history of macrobenthos biomass from March 1, 1996 to
March 1, 1997. Both observation and prediction are the averaged values at 3 points, and are the sum of
deposit-feeder and suspension-feeder. The biomass of macrobenthos is indicated by the amount of
carbon in the same method as that of sessile organisms. In the numerical results, the biomass of
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Figure 6: Time history of sessile organisms biomass from March 1, 1996 to March 1, 1997 (Casc 1)
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Figure 7: Time history of Macrobenthos biomass from March 1, 1996 to March 1, 1997 (Case 1)

macrobenthos is a little larger under the Mega-Float model because deposit-feeder increases by grazing
bacteria, which multiply by making use of the detritus dropped from the floating structure. However, in
the observation, the biomass of macrobenthos under the Mega-Float model is much larger than that at
the sea bottom in the sea area, where the sea surface is not covered with the floating structure. To
explain this observed result, for instance, change of benthic quality by sedimentation of detritus from
the floating structure should be taken into account.

Finally, the horizontal distributions of dissolved oxygen and phytoplankton variations with the
installation of the Mega-Float model are shown in Fig.8. The variations are expressed in terms of
percentage, which is the ratio of difference in predictions to the predicted value in Case 2. The
difference in predictions is defined by subtracting the values predicted in Case 2 from those predicted
in Case 1. Both dissolved oxygen and phytoplankton decrease by a few percents, however it can be
said that the impacts of the Mega-Float model are small. It is because the size of the floating structure
is comparatively small, and seawater affected by the sessile organisms is transported to the southward
with residual current, which is dominant in the sea area off Oppama.

4 CONCLUSIONS

In the present paper, the coastal ecosystem around a Mega-Float model is predicted by a method of real
time simulation, and the effects of the floating structure on the surrounding marine environment are
discussed. In physical viewpoint, friction stress between the floating structure and seawater reduces the
flow velocity in the top layer. In chemical-biological aspect, the amounts of dissolved oxygen and
chlorophyll-a are a little small in the top layer due to respiration and filtering by sessile organisms,
respectively. And macrobenthos biomass increases by grazing the bacteria. However, it can be said that
these impacts are small because the size of the Mega-Float model is comparatively small and residual
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current toward southward exists in the sea area off Oppama.

Variation =

Casel - (ased
——— %100
Cased

Variation of Dissolved Oxygen (%) Variation of Phytaplankton ()
Figure 8: Horizontal distributions of dissolved oxygen and phytoplankton variations at Im below
the sea surface in August 27-29, 1996

The size of the VLFS, which is expected to be constructed in the future, is perhaps much larger than that
of the Mega-Float model. Further, the extent of the impacts depends on depth of the sea area, speed of
the residual current, activities of marine lives, and so forth. Therefore, as future assignments, the
impacts of the VLFS should be examined with sufficient caution on the size of the floating structurc and
the characteristic of the sea area.
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ABSTRACT

In this paper, the limitation of the zero draft assumption is examined. Then, the elastic motion and the
wave drifting forces of a calculation model with 1000m in length and 250m in width are computed due
to two calculation methods. Three-dimensional singularity distribution method is applied to the
analysis of a finite draft body, and the pressure distribution method is applied to that of a zero draft
body. .

The authors conclude that the zero draft assumption is effective and practical for designing a VLFS in
waves within wave frequency range. The hydrodynamics on a VLFS is calculated by the pressure
distribution method with higher order boundary element in case of the zero draft assumption, while the
three-dimensional singularity distribution method is applied to the finite draft case.

KEYWORDS

VLFS, Very large floating structure, Draft effect, Shallow draft assumption, Hydroelasticity, Elastic
response, Momentum theory, Far field method, Near field method

1 INTRODUCTION

There are many examples on the elastic response analysis of a VLFS(Very Large Floating Structure)
for which the shallow draft assumption is applied. The shallow draft assumption corresponds to the
zero draft assumption. The effectiveness of the zero draft assumption has been confirmed already in
case of rigid body motions on a ship or small scale offshore structure. In the same context, the shallow
draft assumption is considered to be effective even for a flexible pontoon type VLFS without deeper
investigation. However, there have been no big problems occur empirically yet, while there has been a
few examples which investigated the effectiveness of the shallow draft assumption analytically. Kim et
al. (2000) pointed out that there is not big discrepancy in the wave frequency range between the elastic
deformation due to zero draft assumption and finite draft assumption, however, there are some
discrepancy on elastic deformation in lower frequency or on critical angle of incident waves.

In this paper, the authors investigate the applicability of the zero draft assumption to the hydrodynamic
forces on a VLFS. The 3D singular point distribution is applied to the finite draft assumption, while
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the pressure distribution method is applied to the zero draft assumption. The effectiveness of the
shallow draft assumption is compared mainly on the elastic deformation and the steady wave drift
force. The steady wave drift force is calculated by the momentum theory.

Several numerical procedures have been proposed and developed on hydroelastic responses of a
pontoon type floating structure with a finite draft. Those procedures may take much computational
time in the relatively high frequency range. Then zero draft assumption has been introduced in order to
save computational time. (See, Maeda et al. (1996), Kashiwagi (1998), Ohmatsu (1998) and Kim et al.
(1998) ) The zero draft assumption has been partially verified by model tank tests, while the model
tests may have some uncertainty and may not correspond to the full scale wave frequency range. The
application area of the zero draft assumption is still not clear yet. Kim et al. (2000) verified about this
problem, however, there are a few examinations on the zero draft assumption related to an analysis of a
very large floating structure. In addition, few researchers verify the effectiveness of the assumption on
wave drifting forces.

2 THEORY

It is assumed that the fluid is ideal fluid. The hydrodynamic forces are calculated by the linear
potential theory. However the second order wave

excitations are considered by the momentum theory / g

using the linear velocity potentials. The coordinate

system is the right hand Cartesian and the z-axis is / [o——F"Ta .
positive upward. The coordinate system is illustrated in — ° /

Figure 1. In addition, velocity potentials @, pressures P ™™™

and vertical displacement 7 of a free surface or the

structure are defined. Two methods are applied to the i

hydroelasticity analysis for the pontoon type very large — ol s
floating structure. One is the three-dimensional singular = S x
distribution method for the analysis of finite draft bodies. S
Another one is the pressure distribution method for the

analysis of zero-draft bodies. Figure 1: Coordinate system

2.1 Theory for a finite draft body

The 3-D singularity distribution method (3-D SDM) is used in the calculation in which the effect of the
body’s draft is considered. It is very general method for an analysis of hydrodynamic forces on
offshore structure with arbitrary shapes. The authors modified our program code to calculate the elastic
floating structure. The method for an analysis of the elastic motions is same as Nagata et al. (1997).

A theory to analyze the wave drifting force which is called as the second-order wave excitation
generally is explained here. The momentum theory (far field theory) is applied.

The velocity potential ¢ in the fluid field at an arbitrary point is expressed as follows:

#(x y.2)= —H(%nﬁ -4 %)G(x,y,x;x',y',f)dr, (N
Sn

where G is Green’s function. When a distance between the source and observation points becomes
infinity, Green’s functions (in this study) are:
i 1 h) | —2— exp(—iKR + % i
G= 3 o X cosh k(z + h) cosh k(z'+h) KR exp(—iKR + 2 i), 2)
k2 _ K2

_i ' 2 > L
= 2Kexpk(z+z) &R exp(—iKR + 41), 3)
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where eq. (2) is for shallow water depth, and eq. (3) is for deep water depth. Thus, the velocity
potential at infinity field from the floating structure is expressed in the following equations.
for shallow water;

PRI B S & a cosh K(Z'+h) -ikr
Jim == X cosh k(z + h)cosh kh,}” jj( g ¢ ds, (@)
kZ _ KZ

for deep water;
=1 fL Z iy (1% - 4 -2y exp(—i
lgmﬁ =3V 7KR exp(4 I)SU( B & an)exp( iKR)ds . (5)

Now, if Kochin function is defined as follows,
for shallow water;

_ (0% _ coshkgz+h o-ikR
H(K,a)= jj( o) T ds, (6)
for deep water;
¢ 3\ -ikR
H(K,a)= (=2 —¢ —)e"'*d.
(K.) sﬂ( o~ Hone s, (7)
a final equation of the steady wave drifting force of a surge mode is obtained as following equation,
_ PR T e _pPK ga [KR .
Fa= —VJ’H,H, cos 6 - £ 5 == (H, + H Jpar. ®)
While the drifting force of a sway mode is expressed as follows:
_ Pk e _pK ga [KR .
Fy = W_IIH,H, sin M@ Ty —2—;(Hr +H;)=q - )

The variables in the above equations are; o’ is fluid density, ‘g’ is gravity acceleration, ‘@’ is circular
frequency, ‘A’ is water depth, ‘i’ means a complex value (v=1). But, subscript i stands for the
component wave of ‘J” and superscript ‘*’ means a complex conjugate. And, K, k and R are defined as
follows:

sz?z, K=ktanhkh, R=J(x-x)+(y-y)+(z-2).

When the wave drifting forces are computed, the effect of the elastic motion is considered due to
including or not including the radiation component in the velocity potentials.

2.2 Theory for a zero- draft body

The pressure distribution method is applied to the analysis of the hydrodynamic forces and the wave
drifting forces under the zero-draft assumption. The velocity potential is obtained in the following
equation:

¢ (y)==][ p(x.y)Gardy. 10)

Where G is the Green’s function [1] for the shallow draft theory and Sy means an area of a body’s
bottom of a zero draft floating structure.

The steady wave drift forces in regular waves are given by the momentum theory, i.e. the far field
theory as follows.

In this theory, H; is defined as the Kochin function and can be expressed as follows:

H,—(k,-,a,-): IL P (x.,y:)e—ik,(x’cosa,+y’sina,)dSH ) an

Using this Kochin function, steady wave drift forces of surge and sway modes in regular waves are
given as follows:
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Fa = pg K5, 710, 6) (cosai —cose)a, a2)
Fa = pg KKy (7| Ak, 0f (sin i —sin 6)d6 (13)
Where,
- g ( in deep water)
k= - (14)
hcosh? kh
20 =7 ( in shallow water)
2kh + 2sinh kh
and, ‘4’ is the total of Kochin function:
M
A(k"0)= Ho(k.,0)+2q,,H,(k,,0). 15)

r=1
Here, gq,; is the first-order principal coordinate of r-th rigid and elastic mode. Hp is the Kochin

function corresponds to the diffraction wave. Considering the second term in the right side of eq.(15),
wave drift forces can be calculated even though the floating structure behaves an elastic motion.

3 RESULTS OF NUMERICAL CALCULATION

The corresponding model for the numerical calculations is illustrated in Figure 2. The model has
1000m in length, 250m in width. The water depth is 100m.

Variation of the draft is 2m, 5m and 8m for the finite draft cases, and the mass of the model
corresponds to 2m, 5m to 8m equivalent drafi, respectively. There is another case in which the mass
distribution varies from 2m, 5m to 8m equivalent draft with the constant.

In the calculation due to the shallow draft assumption, the draft is zero, but the mass is considered in
the elastic motion equations. The corresponding mass is the one for the equivalent draft of 2m, Sm and
8m.

The calculation results are shown in Figures. 3 to 12. In the figures, number of d0, d2, d5 and d8 stand
for the draft on the hydrodynamic computational calculation. And m2, m5 and m8 mean the equivalent
draft which corresponds to the distributed mass, i.e. m2 denotes the corresponding mass to the 2m
equivalent draft. Position of the calculation of the vertical displacement is point 1 in Figure 2.

Figures 3 to 7 show the results of the vertical displacement at Point 1 in waves with 0 or 60 degrees of
incoming wave angle. Horizontal axis of following figures is a circular frequency @ which corresponds
to full scale wave condition. The response characteristics differ from each other in high frequency
ranges because of the difference of the distributed mass. The equivalent draft for the distributed mass
is as same as the corresponding draft itself in Figure 3. The effect of the zero draft assumption can be
examined in Figures 4 to 7. The effect of the draft is smaller than that of the mass. The results due to
the zero-drafi theory agree with the finite draft one quantitatively and qualitatively.

Figures 8 to 10 show the steady wave drifling forces of surge or sway on the model. The elastic motion
is not considered in the results of Figures 9 and 10. The results of the zero draft theory is very good
agreement with that of the draft of Sm and 8m. The results of Figures 11 and 12 include the effect of
the elastic motion of the model in 60 degrees wave. The wave drift force of surge becomes negative
value in an oblique wave. The results of the zero-draft theory do not agree with the results of 2m in
draft. The authors think that the cause is accuracy of the numerical calculation, i.e. the computation is
severe in case of very shallow draft condition in the 3-D SDM.

4 CONCLUSIONS

Practically speaking we can conclude that the zero draft assumption(shallow draft assumption) is
applicable to the calculation for hydroelastic behavior of a VLFS. The detail is as follows:
1) The zero draft assumption is very effective because the elastic response is mainly based on the



distributed mass, in other words, the hydrodynamic forces on a VLFS is almost independent of the
draft of the structure.

2) In case of the very shallow draft condition, the numerical accuracy of 3-D SDM may get worse.
Practically speaking, it is not necessary to use finer mesh for the calculation, but it is better to adopt
the appropriate deeper draft to save the computational time.

3) The effectiveness of the zero draft assumption is verified w.r.t. not only the elastic deformation but
also the steady wave drifting forces.
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TABLE 1
PRINCIPAL PARTICULARS OF THE CALCULATION MODEL
Length of model (m) 1000
Width of model (m) 250
Draft of model (m) 2,5,8
Bending Stiffness per
Width (kgf/m%/m) 2%10"

Point 1(-500, 125) y
Incoming wave
0 deg. x

>
60 deg. / i

Figure 2: Calculation points of vertical displacement and angle of incoming waves

250m

1000m i
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ABSTRACT

The length and breadth of a very large floating structure(VLFS) are determined by airplane types and
airport facilities in the initial design stage. However, its depth is dependent on hydroelastic behaviors
such as vertical responses as well as buoyancy. Generally speaking, VLFS of the pontoon type has
rather small vertical motions except in both ends, where motions are much larger due to elasticity. In
this paper, numerical predictions of deck wetness and slamming of VLFS with dimensions
LxBxD=1,200mx240mx4.5m in waves are made. The source-dipole distribution method and the finite
element method are employed for the hydroelastic behaviors in the frequency domain and the time
domain.

KEYWORDS

Very large floating structure, VLFS, Time domain, Frequency domain, Memory effect function,
Newmark  method, Hydroelastic responses, Irregular waves, Deck wetness, Slamming

1 INTRODUCTION

The typical configuration of the very large floating structure(VLFS) of the pontoon type is
characterized by large horizontal dimensions compared with the incident wave. VLFS has small
hydroelastic responses in the whole structure due to relatively small wave length, while the responses
at both ends are large due to the elastic characteristics. Therefore, the deck wetness and slamming
phenomena for VLFS must be checked in the initial design stage. A few researches on hydrodelastic
behaviors of VLFS in irregular waves have ben made in the time domain(Ohmatsu(1998), Endo(1999),
Lee and Shin(2000)).

In this paper, the source and dipole distribution method is employed for predicting hydrodynamic
forces due to radiation and diffraction potentials, which is represented by Green function in finite
depth. The added mass, wave damping coefficients and wave exciting forces calculated in the
frequency domain are used to solve the equation of motion in the time domain. Newmark $ method is
applied for time integration considering memory effect function due to wave damping effects.
Numerical prediction of the deck wetness and slamming are mde as a guideline to determine the depth
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of VLFS on the irregular waves. The results in the time domain are compared with those in the
frequency domain.

2 FREQUENCY DOMAIN ANALYSIS

The Cartisian coordinates are defined with z=0 as the plane of undisturbed free surface and z=-h as the
horizontal sea bottom(Fig. 1). Velocity potential ® are expressed as follows.

3N .
C=iolg(@; +4)+ X wi;le™ (M
Jj=1
where, N=NxxNy/4

Where ¢ is the amplitude of incident wave, w, complex amplitude of motion. Suffix d represents
quantities related to the diffraction potential and suffix j represents heave, roll and pitch mode. The
segmentation of panels are made such that the plate is subdivided into Nx in the x-axis and Ny in the
y-axis and is composed of the group of N bodies. In the definition of radiation indices, the unit
vertical motion of each body is described for representing elastic deformation due to radiation
problems and one body is composed of four neighboring panels(Fig. 2).

M
Wave
Direction > ‘+ X
240m
VLFS J
1,200m
z
o L, x
Sea bottom v 20m
e R AT R B o e A e |

Figure 1: Cartesian coordinate system

As linear potential theory is assumed, the velocity potential must satisfy the Laplace equation, linear
free surface boundary condition, sea bottom boundary condition and radiation condition at far field.
The body boundary conditions for the radiation and diffraction problem are given as follows.

0
Pl )
% __99
et R 4 § th
o n on the body 3)

where, n;, : the direction cosine in the heave mode of motion.

The incident wave potential in Eqn. (4) satisfies the relation Eqn. (5).
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where, ®? = gk, tanh(k,h) )

The velocity potential is obtained from Green’s second identity as follows.

2mp0) + 1, 36 25 2se) = 1, 26 maste) ©)
né 5}16

Where Sy denotes the bottom of the pontoon-type VLFS sited on z=-d and G¢{x) denotes the Green
function, which is given for the finite-depth case(Faltinsen and Michelson(1974)).

To solve the integral equation of radiation problem, the unknown potential is represented by unit
vertical motion of a body of four neighboring panels. The vertical unit motion does not include the
rotational motion and include only heave motion(Yago and Endo(1996)).

The body boundary condition of radiation potential is described in Eqn. (7) and (8).

? =(n,), = {1,0,0,..,0,0}7 on the 1% body (7

n

op . T . th

o =(n,)y ={0,0,0,..,0,1} on the N™ body (8)
n

To calculate these radiation potentials, the zero-th order panel method is employed. In diffraction
problem, when Eqn. (3) is inserted in Eqn. (6), the diffraction potential is calculated. The radjation
and diffraction potentials for N bodies are defined in Eqns. (9), (10), (11), and Fig. 2.

$ =[(@n +(P)2 + ()3 +(9)4]/ 4 ®
$ =l = (#)2 +(#)3 ~ (#)a1/4 (10
¢y =l(#) +(8)2 —(#); ~(#)4)/4 an

where, @, ¢, and ¢ : the potential of heave, roll and pitch motion.
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Figure 2: Discretization of a VLFS by quadrilateral elements.

The added mass and wave damping coefficients can be expressed as follows.
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a, = _PRe[Hs" ¢ 1, ds) (12)
b/g' =—po Im[.”s" ¢j"k‘i9] (13)
where, j,k:1,2,3,...,3N

The wave exciting forces in the j-th bodies can be expressed by the incident wave potential and
diffraction potential.

f; ==po’lfls (1 +6a) jmyds] (14)

3 TIME DOMAIN ANALYSIS

The equation of motion in the time domain can be derived by extending the equation for a floating
body proposed by Cummins(1962). In this method hydrodynamic forces are expressed by time
convolution of memory effect including wave damping effect and velocity of structure. VLFS is
assumed to be a pontoon-type barge with the length L, the breadth B and the draft d. The thin plate
theory can be used to describe vertical motions of it. The equation of motion can be given as follows.

. { .
3le[(M,,, +ay (@)x(0)+ [ Ry (t = 1) (£)dr +(Cy + Ky e, (0] = F (1) as)
j= 0
where, Ry () = %Tb,g (@)cos(at)dw (16)
0
() = ay (@) + — | Ry, (1) sin(an)de (17)
@ o

M : structural mass matrix
a: added mass matrix

b : damping matrix

R : memory effects function

C : restoring force matrix

K : stiffness matrix

F : wave exciting force

Eqn. 15 can be solved by using the numerical integration technique in each time step and the Newmark
B method is employed here. To evaluate the retardation function, the wave damping coefficient

should be known. In order to predict hydroelastic responses of VLFS in irregular waves, the seaway is
represented by the ITTC spectrum.

A B
S, =—exp(-—7) (18)
(7] (7]
where, A=I2I5(HY, TS (19)
B=691./T (20)

H,; : significant wave height
Tw : mean period

The wave amplitude of m-th component for irregular wave is obtained by Eqn. (21) and (22).
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6m = 25, (@) 22)

where & : wave amplitude
®m : wave circular frequency
€m : random phase angle
Ao : interval between wave circular frequencies

The wave exciting forces on the irregular waves are derived from Eqn. (14).

M .
Fj= % gpfein*en 23)

m=1

The deck wetness is defined when a bottom point of VLFS is below free surface and slamming when
free surface is below a bottom point of VLFS in Eqn. (24) and (25).

2, () =2z(t) —¢(t) > freebord (24)
z,(1) = 2(t) = g (1) < —draft (25)
where, Z,: the local relative vertical motion

In the frequency domain, the response amplitude operator(RAQ) of relative vertical responses in
regular waves can be expressed as follows.

o = Z(Z?')ng (@)dw (26)

The relative responses for incident waves is described by the Rayleigh density function, the following
relations in the frequency and time domain are satisfied for the probability of deck wetness and
slamming.

P =exp[-f?/2my) 27
P, =expl-d? /2m,) (28)
where, /: freebord of VLFS

d : draft of VLFS

4 NUMERICAL RESULTS AND DISCUSSIONS

Fig.l shows the VLFS model of length 1,200m, breadth 240m, depth 4.5m, draft 1.0m, and rigidity
4.559x10%kg;-m. The water depth is 20m. The location of slamming and deck wetness is expressed by
circle in Fig. 1. VLFS is subdivided into 60x8 flat shell elements.

Fig.3 shows a wave spectrum used in the prediction. Its significant wave height is 4.81m, wave
period is 15sec, and incident wave angle is 180 degree.

Fig. 4 shows the comparison of hydroelastic vertical displacements in the frequency domain analysis
with those in the time domain analysis. The wave period is 8 seconds and its height is 2m. The

responses predicted by two methods show good agreements and the time domain analysis method is
validated.
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TABLE 1
THE PROBABILITIES OF THE SLAMMING AND DECK WETNESS

Sea stafe Frequency domain Time domain
mg 241 1.74
Hy5:4.81m | Deck wetness 79 3
Tm:15sec. |_probability(%) ]
Slamming
probability(%) 81 75

Fig.5 shows the relative response spectra calculated in the time and frequency domain
Table I shows the probabilities of the slamming and deck wetness in the long crested irregular waves.
The value of my in the frequency domain are greater than that in time domain.
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S CONCLUSIONS

Hydrodynamic forces of radiation and diffraction problems are estimated by using the source-dipole
method and the structural bending rigidities arc determined by the finite element method. The
predictions of deck wetness and slamming of VLFS in time and frequency domain have been made.
VLFS is subdivided into 74x9 flat shell elements in the frequency domain. But it is subdivided into
59x7 flat shell elements in the time domain because of taking pretty long time for the analysis of
hydroelasic motion. It makes is the difference between the results in the time domain and it in the
frequency domain.
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ABSTRACT

Two analysis tools, SIMLAB and PULSTR, have been developed for probabilistic vulnerability and
reliability assessments of surface ships. These tools account for variability in material properties,
geometric configuration, failure criterion, and loading parameters. SIMLAB is a stochastic finite
element analysis system which integrates a nonlinear finite element code, DYNA3D, into a simulation-
based computational framework. SIMLAB can generate a Gaussian, non-Gaussian, stationary, or non-
stationary random loading process and assess ship vulnerability under extreme dynamic loads. The
limit state function is based on the first crossing of the critical response quantity above a safe threshold
during the loading process. PULSTR is a reliability-based analysis and design tool, which can be used
in the preliminary stages of structural design. Both the Monte Carlo Simulation (MCS) and the first
order reliability analysis (FORM) modules compute the probability of failure of a hull-girder under
longitudinal bending. A hybrid approach (MCS/FORM) is developed to compute small probability of
failure with a great computational efficiency and numerical accuracy. To demonstrate these analysis
tools. SIMLAB is applied to an elastoplastic beam model subjected to a random excitation, and
PULSTR is employed for the reliability assessment of a surface ship under its single and double hull
configurations.

KEYWORDS

Hull girder, structural reliability, first excursion, random process, Monte Carlo simulation, first order
reliability method, ultimate bending strength, double hull, hybrid approach, DYNA3D, stochastic finite
element method
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INTRODUCTION

Current structural design of surface ships is based on deterministic analysis methodologies and design
rules/requirements which are highly dependent upon test data and at-sea experience. Analysts and
designers are faced with numerous sources of uncertainty and product variability during ship design. In
traditional ship structure designs, uncertain parameters are treated as deterministic variables and
empirical factors-of-safety are used to account for uncertainties. Factors-of-safety are determined
based on past experience, but do not guarantee safety or satisfactory performance, nor provide any
information on how the different parameters of the ship structure influence safety. Thus, it is difficult
to design a ship system with a uniform distribution of safety among the different components using
factors-of-safety.

Surface ships must survive a hostile environment. Ship vulnerability assessment is important in
identifying the levels of operational capability that must remain after a ship is damaged under extreme
dynamic loads. Under extreme environments, experimental observations have shown that the loading
process is non-Gaussian and non-stationary and the ship structural response is nonlinear. Nonlinear
structural response is induced by the initiation and progression of multiple local damages, such as local
in-elastic/plastic deformation, stiffener tripping, panel buckling, or fracture. The complexity of fluid-
structure interaction phenomena renders the assumption on the loading process (i.e. stationary and
Gaussian) invalid. The conventional approach, based on linear random vibration theories and peak
statistics, is inapplicable for the probabilistic vulnerability assessment of surface ships subjected to an
extreme environment. Therefore, it i1s imperative to develop a generalized, simulation-based,
probabilistic analysis tool which has no limit on the nature of input random processes (Gaussian, non-
Gaussian, stationary, or non-stationary) and system characteristics (linear or nonlinear).

The ship structural design process should maximize structural performance and minimize life-cycle
costs and weight, while ensuring an acceptable risk of failurc under operational, seaway and extreme
dynamic loads. Reliability-based design uses probabilistic methods to measure all uncertainties and
maximizes structural performance for an acceptable level of structural safety and reliability.
Reliability-based ship structural design will provide the best solution in the light of the available
knowledge, tools and consequent uncertainty (White et al., 1995). The two primary benefits of the
reliability-based approach are: 1) a formal and traceable measure of risk or safety in a new ship design
with the use of advanced materials and unconventional hull geometry; and 2) the ability to evaluate the
relative importance of various design options on the safety of ship structural components and provide a
consistent level of safety and efficiency throughout the ship (Mansour, 1990; Hess and Ayyub, 1997).

In order to perform the probabilistic vulnerability assessment of surface ships under extreme dynamic
loads, a stochastic finite element tool, SIMLAB has been developed by integrating the nonlinear finite
element code, DYNA3D, into a simulation based probabilistic analysis framework. SIMLAB can
provide probabilistic failure prediction of a structural system characterized by both random variables
and random processes (Lua, 2000). To demonstrate SIMLAB, an elastoplastic beam is subjected to a

random excitation to explore the effect of material nonlinearity on probability of failure and peak
statistics.

PULSTR is used to perform a reliability-based assessment of a surface ship structure at its preliminary
design/analysis stage. The uncertainties associated with global hull geometry, panels, hard comers,
stiffeners, and material properties are propagated into the hull ultimate strength prediction module. A
hybrid approach which combines both the MCS and FORM solution modules has been developed to
assess the reliability level of a Navy Combatant, Ship A, in both its single and double hull
configurations.



OVERVIEW OF SIMLAB

SIMLARB is a general stochastic finite element system that integrates the nonlinear finite element code,
DYNA3D, into a simulation based probabilistic analysis framework. Both random sampling and Latin
Hypercube sampling techniques are used to generate random variables and random processes. The key
components of the SIMLAB methodology are given in Figure 1.

,,)I Sﬂlect:ﬁ o ]<~-— " Latin Hypercul;e |
| Random Problem Parameters (X) |  Simulation Madule |
v SRS ST

| Random Process Di i

= ¥
B o l Loop Over Random
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{ - Direct Random || Update Finite Element Input Inner Loop:
{ Variable Simulation ———— r—— |
T ‘| - Dhect Random
=% — Structural Oynamic Response | Pracaiis Shatation
| Output: Analysis Via the DYNA3D Solver "
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Distribution | _Failure Accumulation via l-function | ——

| Probability of Failure

Figure 1: Overview of SIMLAB Methodology

As shown in Figure [, the outer loop simulates all random variables which characterize basic structural
strength variables (material properties and geometric parameters). The inner loop simulates a random
process (seaway/slamming loading). After selecting the material properties, hull geometric parameters,
and applied loads, a finite element input file will be updated and a structural dynamic response
analysis is performed using a FEM solver. The maximum response variable over the entire loading
period at a critical location is stored and used in a limit state function.

Random Process Simulation Module

A random process simulation model has been developed to generate stationary Gaussian {(ggs), non-
stationary Gaussian, non-Gaussian stationary, and non-Gaussian non-stationary processes. The spectral
representation method developed by Grigoriu (1993) is employed for a Gaussian stationary process.
Two approaches have been used in SIMLAB to generate a non-Gaussian process (gxg) from the
corresponding Gaussian process (g¢). In the first approach, we use a single parameter (random phase
angle) based simulation model by Shinozuka and Jan (1972), along with a small number of frequency
discretization points. In the second approach, a nonlinear transformation is introduced to generate a
non-Gaussian process from the corresponding Gaussian process based on the mapping function
developed by Sarkani et al. (1994).

Time Dependent Reliability Analysis via the First-Excursion Probability

Probabilistic vulnerability assessment of a ship structural component subjected to extreme dynamic
loading can be formulated as a time-dependent reliability problem. The failure event is defined as the
crossing of a critical response quantity above a safe threshold during the entire time history. Let s(/, y)
denote a critical response quantity of the structure and r(#, y) denote the corresponding safe threshold
(yield strength, or critical moment). The limit-state function defined in the random variables space (y)
is given by G(p) ::lerfjrh]] w(t, y), where w(t, y)=r(t, y) — s(t, y). Note that even if w1, y) is continuously

differentiable in y and 1, the function G(y) usually is not continuously differentiable due to the
minimization operator used. The lack of uniqueness of the gradient of G(y) at a point will result in a
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non-convergent solution in using the first order reliability method (FORM). Thus, the simulation-based
stochastic finite element approach becomes very attractive in performing vulnerability assessment of
ship structures under extreme dynamic loading.

EXAMPLE APPLICATION OF SIMLAB

An elastoplastic hull girder subjected to a stationary Gaussian process is considered here to investigate
the effect of material nonlinearity on the statistical distributions of peak and extreme values. The hull
girder is discretized into 24 beam elements. At each nodal point, a nodal mass is assigned to represent
the sum of the structural mass (My), and the added mass (M,;). The structural mass consists of both the
material mass (My,) and the equipment mass (Mg). The safety margin for the n-th beam element is
defined as

G,(x,) =0y -0l (x,) (H

'

¢

where ' is the yicld strength of the n-th beam element and o), (1, x,)is the VonMises stress of the »-

th element at time /. The limit state function is given by

G=min{G, (t,x,)}; 1<n<M; te [0.7] 2)
where M is the total number of beam elements and 7 is the termination time of response
analysis.

In order to characterize the random temporal variation of the applied nodal force, a random process is
used to describe the loading function f{1). The spectral density {unction S(@) using the significant wave
height (H,,) of 5.0 m and the wave frequency (@,) of 52.36 rps is shown in Fig. 2a. Examples of
loading histories generated from S(@) are shown in Fig. 2b. In addition to the random loading process,
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Random Process

a set of random variables are also used to characterize uncertainty in elastic modulus (F), vield
strength (5;), sectional thickness (#). and total nodal mass (i

e )-

One thousand (1000) simulations were performed using SIMLAB. The resulting total number of the
first-excursion failure associated with Eq. (2) was 448. Thus, the simulated average value of
probability of failure is 0.448. For a linear dynamic system subjected to a stationary narrow band
Gaussian excitation, the statistical distributions of peak and extreme peak values can be described by a
Rayleigh and a Gumbel distribution, respectively (see Mansour, 1990). To demonstrate whether these
analytical peak distributions are still valid for the present nonlinear system, a comparison of CDFs of
positive peak values with an equivalent Rayleigh distribution is shown in Figure 3a.
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The statistical distribution of positive peak values has a large deviation from the equivalent Rayleigh
distribution. Similarly, the statistical distribution of extreme peak values can no longer be described by
an equivalent Gumbel distribution (see Figure 3b). A common feature can be observed from Figures 3a
and 3b. In both the lower and the upper tail regions of these CDF curves, the CDF obtained from the
simulated response data is larger than the one predicted from the corresponding analytical model,
which is valid for a linear dynamic system subjected to a Gaussian process. Since the small failure
probability of a structural system is governed by the tail CDF curve of the critical response parameter,
we can conclude that the use of these analytical peak distributions for a nonlinear system will result in
a conservative assessment of failure probability.

OVERVIEW OF PULSTR
Probabilistic Interface
; Framework Problem __ Program
definition control ULTSTR
S (U"S".exe)
rAO’L‘::zZ': lr.ésu(-i\lrr;l;):ﬁned — Statistical lnput
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control imcs oM Nominal Input ( ULTSTR output)
: v : 1 for ULTSTR
IFORM @ i{UCPDF — ;
i i H i (uitstr0.inp) ULTSTR.PLT
SENS™ Input Update (m::m:;ntlcurvature
: ; outpu
for ULTSTR P
" (ultstr.inp)

Figure 4: Block Diagram of PULSTR

PULSTR is a probabilistic version of the ULTSTR (ULTimate STRength) program. PULSTR allows
designers to perform probabilistic analysis and design of a hull-girder under longitudinal bending. It is
built on a macro command architecture which integrates a probabilistic analysis framework with the
deterministic solver —-ULTSTR- developed by Adamchak (1982). As shown in Fig. 4, PULSTR
consists of three separate modules: 1) probabilistic analysis module; 2) interface module; and 3)
ULTSTR response analysis module. To perform the probabilistic assessment of a hull girder, PULSTR
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requires the definition of a limit state function G(x) through a user-defined subroutine, ULIMIT. The
ULTSTR deterministic solver is integrated in ULIMIT using a system call to execute the ULTSTR
response analysis module. While PULSTR provides fourteen (14) analytical statistical modes in its
probability distribution library, an arbitrary user-defined probability distribution can be specified with
the use of user-defined subroutine, UCPDF,

EXAMPLE APPLICATIONS OF PULSTR

In order to perform reliability assessment of a hull girder under random longitudinal bending, a limit
state function G(x) has to be defined with the user-defined subroutine, ULIMIT. For a given vector of
random variables x(z;, zy zs ..., z, Mgy, Myp) characterizing randomness in hull geometry, panel
thickness, stiffener parameters, hard corner parameters, material parameters, and loading parameters
(M, Myyp). the limit state function can be expressed as

Gx)=M,, (z,250002,) = M, (Mg, My,) 3

where M, is the ultimate resisting moment of a hull section computed by ULTSTR, and M,,, is the
resultant applied bending moment induced by the stillwater bending moment (M) and the combined
wave-induced and dynamic bending moment (My). Since the probability of failure of a hull girder i
in the range of 10™ to 107, the computational effort associated with a direct application of Monte Carlo
simulation (MCS) will be prohibitively large, thus precluding its use for reliability assessment of
surface ships. While the first order reliability method (FORM) provides an alternative way for
evaluating the small probability of failure, the direct application of Eq. (3) in PULSTR’s FORM
solution module will result in a divergent solution because of 1) the oscillation of G(x) near the design
point (x*); and 2) nonlinear dependence of the hull capacity M, on hull parameters z; (i=1, 2, ..., n).
To circumvent this difficulty, a hybrid approach is developed where a relatively small number of
MCSs is performed to generate the statistical distribution of M, and the PULSTR’s FORM solution
module is applied next by replacing M,u(z). 25 ..., z,) in Eq. (3) with one independent random variable
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Figure 5: Comparison of PDF of M, with PDFs of M, of Single and Double Hulls of Ship A

M, The resulting significant reduction of the total number of random variables will make the FORM
approach computationally efficient and numerically robust for computing the small probability of
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failure. The first-order reliability assessment of Ship A under its single and double hull configurations
is performed using the hybrid approach in PULSTR. A comparison of PDFs of applied moment (Mapp)
and hull capacity (M) is shown in Figure 5. Based on 250,000 simulations, a curve-fit CDF model is
developed and used as the user-defined probability distribution of M, in UPCDF (see Fig. 4). Using
PULSTR’s FORM solution module, both the failure probability (Pp) and the reliability index (f) of
Ship A are computed and given by

P, =4.4317x107; B =4.915(Single Hull)

5
P, =5.4417x107%; B =53113(Double Hull) ®)

Since the PDF curve of hull capacity of the double hull is shifted along the positive x-axis (see Fig. 5),
the resulting probability of failure (Py) is about 8 times less than P of the corresponding single hull of
Ship A. The computational efficiency of the hybrid approach can be demonstrated through comparison
of the number of simulations (250,000) used with the number of simulations (3.482E+10) that would
have been required if the direct MCSs were performed to compute the Py with the same accuracy.

CONCLUSIONS

An overview of two probabilistic analysis and design tools, SIMLAB and PULSTR, has been given
along with their applications to surface ships subjected to both extreme dynamic and seaway loading.
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ABSTRACT

The paper presents an approach, which is used in hazard identification of Formal Safety Assessment
(FSA) for ships, consisting of both fuzzy set theory application and database technology. An example
of application concerned approach was given. This system will be applied to the application of decision
making in the near future.

KEYWORDS
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1 INTRODUCTION

There is a similar risk assessment procedure in the shipping or in the industry; namely it consists of
three parts including the concerned persons, environment and the used facilities. Regarding a ship
system. it should involve three parts: these are ships, navigation environment and crew. In the paper
{Chen. 1998). the mathematics model for ship system is divided into seven sets which are as follows:

- ship set;

- crew set;

- environment set;

- relation set between ship and environment:

- relation set between ship and crew;

- relation set between crew and environment;

- relation set among ship, crew and environment.

At present, the “ safety " and dangerous " all belong to fuzzy concepts, the difference between them
will effect the final research results and decision made by top management level who decides the safety
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policy. For an example, study of FSA for bulk carriers, the dangerous means the happened event that
will induce the following terms: lost of human lives, loses to property including the ship herself,
consequential loses to stakeholders and the environment pollution.

There are so many factors which can be determined in the assessment procedures for bulk carriers, they
could not be given as an obvious limitation and they cover not only random but fuzzy properties.

deterministic input data

» random input data }_,
L,I; fuzzy input data J,_>
ﬂr deterministic input data J._>

objective
svstem L__,I; random input data }_’
,_,'7 fuzzy input data A‘_,

[ deterministic output —‘ﬁ
[ random output results J<_‘

r fuzzy output results 1

Figurel: Hazard identification of FSA

hazard identification

As mentioned above, the hazard identification of FSA covers so many non-deterministic factors either
input subsystem or objective system in which the fuzzy factors in any part above will induce the output
results with fuzzy (see Fig.1).

The paper presents a comprehensive fuzzy approach in the application of hazard identification of FSA,
in the approach the ship system is regarded as a whole. So this is a common approach which can be
used in assessment of many events in ship system.

2 COMPREHENSIVE FUZZY ASSESSMENT
2.1 One-Level Comprehensive Fuzzy Assessment (Lin and Chen, 1999)

One-Level Comprehensive Fuzzy Assessment follows the next orders:
1) Setting the factor set:

U=fu,, up, ...,un}, u(i=12 ..m welUoru gl )
2) Setting the selected set:
V=fv;vy,..,vn} (=12,..,n 2)
3) Setting the weighting set:
A=(a;, a,, .., a,) 3)

Za,:l and a 20 ®
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»

They can be regarded as “ level of belonging to w; (i= 1, 2, ..., m)”, the weighting set can be written
as:

A=a) /w+ay /uy+ +am /um  (i=12..m) (5
4) Fuzzy assessment of a single factor:
If we carry out an assessment with u, (i= I, 2, m) within the assessed objectives and the membership

degree of ith element ¥, is r, , and then assessed set can be written as follows on the basis of the
assessed results with ith factor u, (i=1,2, .., m):

R= ry/vitro /i ot r,, /v, 6)
Obviously, it is a fuzzy sub-set in the selected set and is written as:

Ri:(rrlyrrz"",rm) (7)

Thus, we can obtain a matrix consisting of the membership degree with a single factor:

[ririgeeeeeees P

- FarFagereesneee Fin J
- (3)

..................... \

erlrml """ Fmn _l

Therefore the single factor set is also written as:

}_ai: rir /(ul. V[)+ ¥z /(ll,-. vz )"' R P /(ui, Va ) (l: 1;2’ () m)j: l: 2‘ oy n) (9)

in which, ( u, v, ) is the element of direct product set U/ x V and v, is the grade of reasonable
relationship between u, and v,

5) Comprehensive Fuzzy Assessment (CFA)
The sum of the elements in individual column in formula (8) is used to show the comprehensive
effective of all factors, which is as follows:

R;= ir'/ (j=12...n) (10)

If matrix R in the above formula (8) is multiplied by the weighting set ;{, then the obtained results can
reflect the comprehensive effective of all factors, the procedure shows as follows:

B=AeR an
The detail of the above procedure is:
[F1yFigereennees Fin ]l
B: (al" az .... ' am)i r2| rZZ --------- r2n {
erlrmz """ Fmn J
=(b;,b, ..., bn) 12)

b= Via,Ar,) G=12..n) (3)
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is the comprehensive fuzzy assessment index which means the membership degree of jth element in the
selected set.

6) The method of dealing with assessment index 5,
a. the maximum membership degree method
Taking the selected element v, corresponding to the maximum assessment index max b, as the results
of assessment, i.e.
V=t >max p, } (14)

b. the weighted-average method
Taking & as weighting value, the a single selected element v, is operated with weighted-average
procedure, its results are:

V=S, S, a3
Jj=t 1=l
If Z b,= 1 or the normalizing procedure is completed, the formula is simplified as follows:
J=1

V=2b,v, (16)
J=1
For non-digital nature factors (e.g. working capacity of staff), then the selected set will be:
V = {excellent, good, medium, poor) 17

The selected element should be equivalent to digital factors while the weighted-average method is still
adopted.

2.2 Multi-Level Comprehensive Fuzzy Assessment
1) In case of existing multi-factors

a. It is very difficult to distribute the weighting value on the basis of actual cases. Sometimes, the
weighting value mainly depends on the experience of the experts.
b. Non-meaningful assessment results (See Fig. 2).

2) Mathematical model
The above (right) gives an example of three level assessments.

2.3 Al Kinds of Mathematics Model for Comprehensive Fuzzy Assessment
1) Model one: M (A, V), b= }:fl(a.- Ary) (- 1,2,..n)
2) Model two: M( *, v ), in which, “ * ” means a common multiplication, we have:
b,=v( ar, ) (=12, .., )
3) Model three: M(A® ), in which, “ ® ” means an operation of sum limited, t.e.

x@ y =min(l,x + y), in the model, b = Z(ai At ) (J=1, 2,.., n), the symbol Z is a sum of m
1=y

i=1

numbers under & operation. Therefore, the above formula can be written as: b, = min{l, Z(a, Ar, )}
i=l

(=1,2,...n)
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4) model four: M(* @), 1e, b, = Z(a,.ru ) (/=L,2,.,n)ord, = min{l,Z(air,l )} (/=1,2,..,n)
1=l 1=l

iy

5) Model five: M(* +)and thus b, =D ar,  (j=1,2, .., 1)
1=t

upy un k i - - ]
% Uz Uz | Ayye R|l
bl
\ : : A Ao Ry,
Win oo Uin p RS
U
U .
\ g Ane B
. Unl v e e e Ul g s
U Uz Uy, B=AR=Ao
: : ' A,° R,
Umnn Umn - -
A0 R,
1st level 2nd level up fo categories -
dividing through many_ level
Figure 2: Multi-Level Comprehensive Fuzzy Assessment | A oR

3 APPLICATION OF THE COMPREHENSIVE FUZZY METHOD IN HAZARD
IDENTIFICATION OF FORMAL SAFETY ASSESSMENT (FSA)

The all of kind of subsystem are as follows:
3.1 Crew Subsystem

Fig. 3 shows the collection procedure of the outside information.

A - information of ship navigation case; B - external force condition information, C - navigation
condition and channel information; D - information of driving ship.

Crew will deal with the information and control the overall procedure of navigation (See Fig.4) .

r information C l I information B 14—{ external force|

purposc designl crew } ' ship harbor '

I information D \| information A J

Figure 3: Collection procedure of the outside information

3.2 Environment Subsystem

Indeed, this is very complicated subsystem because ships will meet so many cases in its navigation not
only natural condition but also men-made condition.

3.3 Ship Subsystem

The ship subsystem means an overall ship system including hull strength, stability, facilities, design
approach and advanced grade of operation system.
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purpose design

4—5‘ pre-testing model }4————(

v

lr control information A,B,C,D J

Is the reauested inf. Gotten?

v

operation of machinery, rudder degree,
anchorage, tug

Figure 4: Check for information and control for overall procedure of navigation
3.4 Election of the Selected Set and Weighting Set

We must set up the corresponding selected element for each assessment factor and the selected set

consists of the selected elements. In the paper, the selected set consists of the following seven levels:
{excellent, good, better, medium, poorer, poor, worse}

3.5 An Example-- hazard Assessment of Marine Power Plant for a Bulk Carrier

.1 basis factors: U={u,, uy, uy, uq }:in which, u;- engine; u,- stern shaft; us- propeller, us- auxiliary
engine.

.2 the selected set : B={b1, bz, bs, by, bs, bs, by }

In which, b;- excellent from 90 to 100; b, -good from 80 to 90; bs - better from 70 to 80; by ~ medium
from 60 to 70; bs - poorer from 50 to 60; bs -~ poor from 40 to 50; by - worse from 30 to 40. The
number of bj (j=1,2,3,4,5,6,7) are decided by investigation joined by the experts.

.3 the weighting set: A={a,, a,, a3, a4 }:In which, a, - 0.4; 2, - 0.2; a3 - 0.2; a, - 0.2. The value aj (j=1,
2, 3, 4) decided by the experts due to lack of database. The table 1 shows the selected set of the a
single factor.

TABLE1
SELECTED SET OF THE A SINGLE FACTOR
Factor set Basis factor b, b, by b4 bs bs by
u, engine 005 | 050 [ 035 | 0.08 0.02 0.00 0.00
Marine up stern shaft 0.00 0.30 | 0.55 0.15 0.00 0.00 0.00
power
plant u3 propeller 001 | 035 | 045 ¢t 0.14 0.05 0.00 0.00
Uy auxiliary 0.00 0.20 0.60 0.10 0.05 0.05 0.00
engine

The table 2 shows the results of comprehensive fuzzy assessment



TABLE 2
RESULTS OF COMPREHENSIVE FUZZY ASSESSMENT
Cal. 1 2 3 4 S 6 7 Assess. results
Model
M(A. V) 0.050 0.40 0.35 0.15 0.050 0.05 0.00 2
M(*, v) 0.020 0.20 0.14 0.032 | 0.010 0.01 0.00 3
M(A. B) 0.060 1.00 0.95 0.47 0.120 0.05 0.00 2
M(*. @) 0.022 0.37 0.46 0.11 0.028 0.01 0.00 3 ;
M(*. +) 0.022 0.37 0.46 0.11 0.028 0.01 0.00 3 i

If weighting set or input value of the selected set above are changed and the different results from table
1 and 2 will be obtained.

4 CONCLUSIONS

As mentioned above. the authors presented a new method applied to in the Hazard Identification of
Formal Safety Assessment (FSA). It is a very useful tool and the corresponding software has been
developed for the purpose. The next stage is that the relationship between hazard identification and risk
assessment should be set up. In the study, other new method may be used and this is a task of the

project.
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ESTIMATING THE RISK OF CARGO SHIFTING IN WAVES
— METHODOLOGY AND RESULTS

A. Ryrfeldt' and T. Killstam?

'(b Ericson) Naval Architecture, KTH, SE-100 44 Stockholm, Sweden
2Center of Safety Research, KTH, SE-100 44 Stockholm, Sweden

ABSTRACT

An important cause for ship casualties is cargo shifting in rough seas. According to statistics
approximately 10% of the founderings of general cargo ships are related to the shifting of cargo.
Damage to cargo also means large costs to ship and cargo owners and insurance companies. This paper
presents a methodology to calculate the long-term risk of initial cargo shift onboard a merchant vessel
carrying unit cargo. Important applications of the methodology are the evaluation of new ship and
cargo concepts, as a support for operational decisions and improvement of ship safety through risk
estimations and assessment. In the methodology, models for the cargo shifting process, wave
representation and calculation of ship motions have been combined with statistical models. The
methodology has been used to perform case studies, indicating that the influence of factors such as
stability, speed and lashings have a large influence on the risk of cargo shifting. The results confirm
that the suggested methodology can be used to increase the understanding of factors influencing the
risk of cargo shifting, which can affect design practice and operational aspects.

KEYWORDS

Cargo shifting, Risk analysis, Ship motions

1 INTRODUCTION

One of the major causes for ship casualties is the shifting of cargo, as can be seen from Lloyd’s World
Casualty Statistics (1999). According to these statistics approximately 10% of the founderings of
general cargo ships are related to the shifting of cargo. Apart from being a threat to the vessel, cargo
shifling causes damage to the cargo and thus costs to ship and cargo owners as well as insurance
companies. Therefore cargo is secured to the vessel to prevent it from shifting, and much focus has
been put on the lashing loads (e.g. Andersson et al. (1986)). However, ship owners and operators also
need a tool for comparing risk levels, for example of different ships and different types of cargo on
different routes. Although several studies have provided tools for evaluating the risk of unwanted
events such as capsizing, grounding and collision, no such tools exist for estimating the risk of cargo
shifting. The problem of cargo shifting is similar to that of estimating the risk of capsize as described
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by McTaggart (1998). The present paper describes a methodology for evaluating the risk with respect
to cargo shifting. The risk is defined as the probability that at least one cargo unit will start to shift
during a given time period. This probability is called the risk of initial cargo shift, and can be seen as a
criterion for safe operation. This paper describes the methodology, which combines models for the
interaction between waves, ship and cargo with statistical methods. Some case studies are included in
order to evaluate the methodology and to show the influence of different parameters.

2 THE METHODOLOGY

Cargo shifting is a complex phenomenon, caused by the ship motions and largely influenced by the
properties of cargo and lashings as well as operational aspects. During its time at sea a ship will
encounter a large number of different conditions, defined by sea state, ship heading towards the waves,
ship speed and loading condition. In each such condition the ship motions will be different and thereby
also the forces acting on the cargo. Thus the probability of cargo shifting will differ in the various
conditions. In order to estimate the total risk of cargo shifting during a year, or the ship’s lifetime, the
probability of shifting must be calculated in all conditions the ship will encounter during that time. In
each condition the waves will have specific statistical properties and the ship will move in a certain
way in response to these waves. These motions will induce forces on the cargo, which will shift if
these forces are larger than what the cargo and its lashings can withstand. The total risk will depend on
the probability of shifting in each condition and the probability that the ship will encounter each
specific condition, as well as time. This section describes the cargo model used, and how the forces
acting on the cargo are calculated from the ship motion response to waves. Further, a description is
given of the statistical methods used for estimating the risk of shifting in a specific condition as well as
the total risk. A thorough description of the methodology has been given by Ericson et al. (1999).

2.1 Cargo Model

A purely two-dimensional model of a cargo unit is used. This means that all forces act in the
transversal plane of the ship, and that the pre-tensions in the lashings on each side are equal (see
Figure 1). The cargo is assumed to be rigid, which means the lashing forces will be equal to the pre-
tension until the cargo shifts. Shifting is defined as an initial motion, either by sliding or tipping. Thus,
the risk presented is the risk of at least one initial motion of one cargo unit. For the case studies
presented in this paper a model of a container is used. This container model is shown in Figure 1. The
forces F and N are the forces corresponding to the combined effects of the ship motions, as described
in the section
2.2 Ship Motion Induced Forces. If these forces are large enough in comparison to the pre-tensions
and the friction, they will cause the cargo to shift. The tipping mode is neglected herein; since it can be
shown that sliding is the critical mode for the studied type of cargo, see Ericson (2000). Sliding will
occur if the total horizontal force is positive, that is if

F-F, -2-(F, -F,)-sing>0. ¢))
The friction force (Fy) is found from vertical equilibrium, and the relation F¢ = pu-Fy, where p is the
coefficient of friction. This means the friction force can be written as

F, =p(N+2-(F, +F,)-coso). )
Note that the friction force always acts in the opposite direction to the force F. Accounting for this and
inserting the relation for the friction force from Egn. (2) into Eqn. (1), gives the expression:

|[H - p(N+2-cosq-(F, +F,))—2-sing-(F, - F,) sign(F) > 0. ©)]

It should also be noted that in the methodology described herein, any cargo model can be used. For
each cargo type an appropriate model should be used, taking into account its specific characteristics.
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Figure 1: Geometry and forces acting on a container

2.2 Ship Motion Induced Forces

The forces F and N in the cargo model (and shown in Figure 1) are the combined effects of the ship
motions influencing the cargo. Neglecting higher order terms the expressions for F and N are

F=m(a, -sin$ +a, -cosp—z-¢ +g-sin¢) 4
N =m(a, -cosd¢ —a, -sin¢p+y-¢+g-cosd)
where @y = aheave — X @pitch vertical acceleration

Qn = Aguay T X Gyaw horizontal acceleration (in the transversal direction)

m mass

¢, ¢ roll angle and acceleration respectively

X, Y,2Z longitudinal, transversal, and vertical distance from centre of rotation.

Since the horizontal and vertical forces (F and N) are non linear combinations of ship motions and
since the phase shifts are important in evaluating the cargo shifting modes, the analysis must be made
in the time domain. To calculate the time series of F and N the time series of the ship’s roll angle and
acceleration, and the vertical and horizontal accelerations are used. These time series can be calculated
as the response to irregular waves by time-domain simulations, where the equation of motion is solved
at each time step. However, in this kind of studies, where simulations must be done for a large number
of situations, time-domain simulations are impractical due to long computational times. Therefore an
indirect time-domain simulation technique has been used for estimating the forces acting on the cargo
units. This technique, which is described in detail by Ericson (2000), has the benefit of being fast and
giving reasonably accurate time series. However, it will not account for other non-linear effects than
from combined responses, and will not be more accurate than spectrum theory for large motions. On
the other hand, it is very time efficient and easy to use, since it is based on transfer functions calculated
in the frequency-domain.

When simulating ship motions the time history of the waves is used. Irregular ocean waves can be
viewed as superpositions of regular wave components of varying frequencies, as described by St.
Denis and Pierson (1953). Irregular waves can therefore be simulated as a sum of regular waves with
different frequencies, where the amplitude for each frequency can be found by discretizing a wave
spectrum, which describes the statistical properties of the waves. In order to account for the stochastic
properties of irregular waves random phases are used.

For a ship in an irregular wave system, the linear motion responses are the sum of the responses to the
regular wave components in the wave system according to the superposition principle. When the
transfer functions of the ship motions are available from linear strip calculation (e.g. as described by
Salvesen et al. (1970)), the response of the motions or linear combinations of the motions can be added
into an irregular response in the time-domain in the same way as the irregular wave system. Let
|¢(e, ) denote the amplitude transfer function of the roll motion for the regular component i. The time

series for the roll motion will then be
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where 8,(®;) the phase transfer function, and g; and v; are the wave amplitude and random phase for
component i out of / components. The time series of the accelerations are calculated by the same
principle. Insertion of these time series into Eqn. (4) gives F and N as functions of time.

2.3 Statistical Methods for Risk Calculation

The risk of cargo shifting is defined as the probability of at least one initial motion of a cargo unit
onboard, during the studied time interval. This is equal to the complement of the probability of no
cargo shift. The problem is similar to calculating the annual probability of capsize, as described by
McTaggart (1998). If the studied time interval T is a year or more, it is reasonable to assume that the
ship will encounter sea states according to the wave statistics. If the occurrence of sea states is
assumed to be independent, the vessel can be assumed to encounter a number of independent
conditions. For each condition i the probability of occurrence, denoted w;, can be determined from
wave statistics and knowledge of the ship operation. These probabilities of occurrence will have the
property Zw; = 1. Further a sea state only has a short duration d, about 3 to 4 hours. It is assumed that
the events of cargo shift during each condition lasting d hours are independent and identically
distributed random variables. If the probability of no cargo shift during d hours in a certain condition is
known as pj(d), the risk of cargo shifting can be written as

T/d
P =1—(Zwipi(d)) .

In estimating the risk of cargo shifting under a certain condition, or rather the probability of no shift p;,
the time series of the left-hand side of Eqn. (3) is used. If the value of this expression exceeds zero the
cargo unit will start shifting. Therefore, the up-crossings of the time series through zero will be a
measure of the risk of cargo shifting. If these up-crossings occur seldom, i.c. if the limit (in this case
zero) is set high enough in relation to the mean value, the number of up-crossings occurring in disjoint
time intervals can be asymptotically regarded as independent random variables. Further requirements
for a Poisson process are the assumptions of stationarity and regularity (see Cramér & Leadbetter
(1967)). These requirements are fulfilled for the simulated time series, and the events of up-crossings
asymptotically form a Poisson process The Poisson parameter A, i.e. the intensity, is the number of up-
crossings per unit time. For a specific cargo unit j the probability of no cargo shift during d hours is

p;(d)= el ™
Under the assumption that the individual cargo units are independent the probability of no cargo shift
in a given condition will be the product of the probability of the individual units. However, due to the
large number of cargo units onboard and the long computational time for time-domain simulations a
sampling technique is used to reduce the number of calculations. Systematic sampling has been used
since units close to each other have a similar probability not to shift. If the total number of cargo units
is N and the sample size is n, a good estimate of the probability of no cargo shift in condition i is

p@=TTl™f" ®

=1

(®

3 CASE STUDIES AND RESULTS

In order to evaluate the methodology, case studies have been performed, where the risk of an initial
cargo shift during one year has been calculated for various ship and cargo parameters. A typical Ro-Ro
vessel (Lpp = 120 m and B = 20 m), in traffic between the Swedish and English east coasts, has been
used. In each case the loading condition and ship speed has been assumed constant. This limits the



number of situations the ship will experience to those defined by significant wave height, mean wave
period and ship heading towards the waves. The cargo units have been assumed to be lashed containers,
according to the cargo model described above, with F; = F,. All cargo units are assumed to have equal
properties, and the applied pre-tensions are according to the regulations of the Swedish Maritime
Administration (1994). Sea states have been assumed to last for four hours. The probability of
occurrence of the sea states is based on the wave statistics of Hogben et al. (1986), and the wave
simulations are based on the Jonswap spectrum. The motion simulations have been made for four
hours, with an increment of 0.05 rad/s and about 40 frequencies. In all cases the same wave
realisations and sample of cargo units have been used in order to enable comparison.

In Figure 2 and Figure 3 the risk level is shown for three different shipping zones, which stands for
areas of restricted operation with different cargo securing regulations, according to the Swedish
Maritime Administration (1994). Zone A is sheltered waters, with the lowest requirement on pre-
tension, and zone C is unrestricted operation, which imposes the strongest rules of securing. The route
used for the case studies comprises both zone A and B. Thus the parameter influence is discussed for
cargo lashed according to the regulations of zone B. As can be seen, for a ship operating in zone B
with cargo secured for zone A the risk is significantly larger than when the cargo is secured for
unrestricted operation (zone C). This points at the importance of securing the cargo according to the
area in which the ship will operate. It is interesting to note that for the variation of GMy, the parameter
influence changes when the degree of pre-tension in the lashings is varied.

Figure 2 shows how the GMj of the vessel influences the risk of cargo shifting. GMy, which influences
the stability and natural roll period of a vessel, strongly influences the risk of cargo shifting and an
unfortunate choice of GMj can have a large negative effect on the risk of cargo shifting. As can be
seen the largest GMj results in the largest risk, which can be expected since a large GM, means a very
stable and thereby stiff ship with large roll acceleration. However, a very low GMy (poor stability) will
also result in a relatively high risk, since the roll amplitude is relatively high. The natural roll period is
proportional to the inverse of GMj, which means a vessel with a high GMj will have a low natural roll
period. For the studied case the vessel with a GMj of 2.48 m has a natural roll period of 10 s. Since
wave periods are generally in the range of 5 to 10 seconds, this means the stable ship will more often
be subjected to waves exciting large roll motions.

1.00 | . ~ }
_ 075 | _Lashed for;
% (1 zone A
= 0.50 | B zone B
N
[4 M zone C

0.25 = - . =

0.00 +— ' — s

0.156 0.68 2.48
GM, [m]

Figure 2: Risk of cargo shifting as a function of GMj (route in zone B, at a speed of 15 knots)
In Figure 3 the influence of speed is shown. The influence of speed mainly shows the importance of
operational aspects. If the speed is reduced when severe ship motions are experienced the risk level
can be reduced considerably. For example the risk at 10 knots is only one third of the risk at 15 knots.
Naturally, constant speed in all sea states is unrealistic, especially at 20 knots.
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Figure 3. Risk of cargo shifting as a function of speed (route in zone B, at GMg 0.68 m)
Calculations have also been made varying the cargo weight, the pre-tension in the lashings, and the
coefficient of friction. The intervals of variation have been chosen based upon a study performed by
Andersson et al. (1986). Figure 4 shows the relative risk as a function of the expected values of the
cargo parameters. The relative risk is expressed as a percentage of the risk level when the actual cargo
parameters are equal to the expected values. On the x-axis the cargo parameter values are given as a
percentage of the expected value. It can be seen that even moderate changes in the cargo parameters
can have a large influence on the risk of initial cargo shift. This points at the importance of proper
lashing of the cargo, and of controlling the cargo parameters, such as friction.
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Figure 4: Relative risk of cargo shifting as a function of cargo parameters
(route in zone B, GMy = 0.68, 15 knots)

4 DISCUSSION

In this paper a methodology for estimating the risk of initial cargo shift for a vessel carrying unit cargo
has been presented. The benefit of the method is that the risk of initial cargo shift is evaluated in a
large number of different situations that are weighted with respect to their probability of occurrence.
The results from the case studies show that the method can be used for comparing risk levels. They
also show how loading condition and speed have a large influence on the risk of cargo shifting. It is
also shown that controlling the cargo parameters, and establishing routines for appropriate lashing of
the cargo is an effective means of reducing the risk. Examining the risk of cargo shifting, and trying to
optimise the vessel and its cargo with respect to low risk may have a large positive effect on the
overall safety of the vessel.

As can be seen from the results the level of the risk of initial cargo shift is rather high. However, it
should be noted that the risk of initial cargo shift is really the risk of getting potentially dangerous
situations. The shift mode is set to an initial motion of the cargo, and the risk presented in the results is
the probability that at least one such situation will occur during the studied time interval, which
explains the rather high risk levels in the results. Furthermore, if the risk were calculated for the
lifetime of a vessel instead of one year the risk would be one in all cases. This would imply that
changes in ship handling, and cargo securing would have no effect on the risk of cargo shifting in the
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long run. However, the risk measure presented herein does not state anything about the frequency of
occurrence of cargo shifts. It may be likely that a vessel will experience at least one cargo shift during
its lifetime, but there is a difference between experiencing one or for example one hundred. An
alternate risk mcasure, e.g. quantifying the most probable number of cargo shifts, may be of interest as
a complement to the present measure, i.e. the risk of initial cargo shift.

An implementation of the methodology where consideration is taken to operational factors, such as
speed reduction in severe weather, will give a more realistic, and probably lower, risk level. This could
be done by simply reducing speed in waves with significant height above a specified limit. A more
refined method would be to connect the speed reduction or alteration of course to appropriate comfort
criteria and added resistance in waves. Statistical methods to account more realistically for differences
in cargo and lashing equipment, as well as improved cargo models would also result in more realistic
risk levels. An improved cargo model could comprise e.g. deformation of cargo and lashings,
improved criteria for shifting, three dimensional models, and accounting for dynamical effects.
Another area of further research is alternative methods for estimating the probability of cargo shift for
a specific cargo unit in a specific condition, e.g. by the use of probability distribution curves. This
would enable a reduction of the computational time, which is rather large due to extensive simulations.
Since cargo shifting is most probable in severe sea conditions improved ship motion calculations,
especially roll motion with rather strong non-linearity, is of interest.
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ABSTRACT

The current IMO resolutions contain two different probabilistic damage stability regulations; A.265 for
passenger vessels and SOLAS Part B-1 for dry cargo vessels. However, ongoing harmonization studies
as those presented in the IMO documents SLF 42/5 and SLF 43/3/2 aim at one single damage stability
rule applicable to all kinds of ships. Such a harmonization requires due consideration of both the calcu-
lation of the attained index describing the probability of survival, and specification of a suitable mini-
mum level, taking into account the consequences of loss of the vessel.

The present paper addresses the calculation of the Attained Index A. The first part considers the varia-
tion of A with the degree of details in the modelling of the compartmentation. The exemplified vessel
is a recently built Danish ferry and both the SOLAS Part B-1 and the SLF 43/3/2 proposals are applied.
The contributions from single and multiple compartment damages are identified. The reason for the
different predictions from the two calculation procedures is discussed. The conclusions contain guide-
lines for the level of details needed in the geometrical definition of the vessel to predict the Attained
Index A with acceptable accuracy.

The second part of the paper considers the variation of the Attained Index A with change in main pa-
rameters in the preliminary design phase. The main conclusions are that the height of the main deck
may influence the attained index by up to 60 per cent for the present vessel, whereas the length of the
machinery room can change A by up to 20 per cent. This illustrates the importance of the horizontal
subdivision in the current probabilistic damage stability rules.
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262

1 INTRODUCTION

One of the first decisions in the preliminary ship design phase concerns the degree of watertight subdi-
vision needed to ensure a satisfactory stability of the vessel following a collision. Since the sinking of
the ‘TITANIC’ the international community has issued and updated rules and regulations with the aim
to avoid such disasters. The naval architect has to take these demands into account early in the design
phase in order to reduce the adverse effects such measures usually have on the cargo handling and pay-
load capacity of the ship. For passenger ships most national maritime authorities require that the mar-
gin line is not submerged in the case of a side shell damage of a predefined length. This demand can be
transformed into so-called floodable length curves giving the naval architect immediate information on
the necessary number and optimal positions of transverse bulkheads. The required damage stability is
most often obtained by use of a deterministic approach where the residual stability for any location of
the rule damage extent is checked against regulations laid down by the maritime authorities, notably
the IMO. With only transverse bulkheads this can be done simultaneously with the floodable length
calculations. If the residual stability is too low, longitudinal bulkheads can be inserted usually in a lo-
cation at least one fifth of the ship’s breadth inboard from the shell plating in way of the deepest sub-
division load line, as this is the maximum penetration of a rule damage.

However, it has unfortunately been demonstrated in several accidents that the concept of rule damages
of a predefined size does not always capture real life. This has led to the development of the probabil-
istic damage stability regulations, first issued in the seventies in IMO Resolution A.265 as an alterna-
tive to the deterministic approach for passenger vessels. Due to the heavier demands than those of the
deterministic approach and the need for consideration of more damage cases, A.265 is, however, sel-
dom used.

Restrictions are imposed on tankers and chemical carrier concerning the subdivision and residual sta-
bility as prescribed by IMO through the MARPOL and IBC codes, aiming mainly at reduction of the
pollution in case of collision or grounding. For dry cargo vessels no general requirements existed be-
fore 1992 except for the position of an afterpeak and a collision bulkhead.

With the development of the probabilistic damage stability as introduced in SOLAS Part B-] in 1992
for dry cargo ships and the ongoing harmonisation process towards uniform rules for all vessels, it has
become very urgent for the naval architect to be able to fulfil these requirements in a rational manner.
An Attained Index A now measures the residual stability of a vessel, taking into account all possible
sizes of damage. Each damage is weighted by the possibility that such damage can be expected. The
survivability of a given damage is measured in terms of a factor s, calculated from the properties of the
associated residual stability curve. For a real vessel literally thousands of damage cases must be con-
sidered, cf. Koelman (1995), and only extensive use of dedicated computer programs, cf. Jensen,
Baatrup and Andersen (1995), makes the procedure tractable.

Since only a single measure, the Attained Index A, obtained as a weighted average of contributions for
all possible damages is used to assess the damage stability, it is not obvious how to use the regulations
in the conceptual design phase to obtain the most appropriate subdivision. An infinite number of sub-
division layouts might satisfy the regulations. Sen and Gerigk (1992) proposed the use of local attained
indices, aiming at a uniform contribution to the Attained Index A along the length of the hull. This
works well if only transverse bulkheads are considered and no constraints are made on the length of
the compartments, but when longitudinal and horizontal bulkheads are included it is not straightfor-
ward to apply this procedure. Then it is more important in the initial design phase to be able to esti-
mate rapidly the Attained Index A, based on a simplified layout of the subdivision, and to determine
the sensitivity of A with respect to design parameters as bulkhead coordinates and centre of gravity.
These two topics are addressed in the present paper.
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2 EFFECT OF DEGREE OF DETAILS IN THE SUBDIVISION ON THE ATTAINED INDEX

In the probabilistic damage stability analysis the survivability factor s is calculated for any combina-
tion of adjacent damage compartments. Hence, if s=1 for a two compartment damage, the bulkhead
separating these compartments can be omitted without changing the Attained Index A. Thus a good
estimate of A can be expected even if several minor compartments are combined in a single compart-
ment. This is often the case in the engine room and the side casing and will be illustrated in the follow-
ing. The ship considered is a Ro-Ro passenger ferry with general arrangement and main dimensions as
given in Figure 1. The subdivision shown corresponds to layout #1, defined in Table 1.

P iR

Figure 1. General arrangement of Ro-Ro passenger ferry. Length bpp: 134m, breadth moulded: 24.8m,
design draught: 5.8m, GM (full load): 3.54m, service speed 18.5 kn, cars: 294, passengers: 900

Five different calculations of the Attained Index A have been made by use of more and more simpli-
fied layouts of the subdivision as defined in Table 1. For each layout both the current SOLAS Part B-1
regulations and the draft for harmonized regulations, given in IMO document SLF 43/3/2, are applied.
In the harmonized regulations the residual stability curve for heeling angles greater than 30 degrees
does not contribute to A for passenger vessels. Therefore, the SOLAS Part B-1 regulations are here
limited to heeling angles up to 30 degrees. The reason for including SOLAS Part B-1 although only
applicable to cargo ships is to estimate the sensitivity of A with respect to different formulations of the
Attained Index. The results are shown in Tables 2 and 3 and in Figure 2.

TABLE 1
SUBDIVISION
Number of
Subdivisioncompartments Description of layout
Layout #1 33 All longitudinal bulkheads except for heeling tanks removed
Layout #2 21 As #1, but all horizontal subdivisions below main deck removed
As #2, but transverse subdivisions removed below main deck to yield 4 large
Layout #3 13 compartments
Layout #4 11 As #3, but volume below main deck reduced to 2 large compartments
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TABLE 2
ATTAINED INDEX A USING SOLAS PART B-1
Number of {1 damage|2 damage|3 damage|4 damage|5 damage |6 damage
Subdivisionjcompartments| zone zones Zones zones zones zones
As built 39 0.9742
Layout #1 33 0.2626 | 05770 | 0.8107 | 0.9253 | 0.9676 | 0.9737
Layout #2 21 0.2626 | 0.5768 | 0.8061 0.9157 | 0.9562 | 0.9603
Layout #3 13 0.2394 | 0.4928 | 0.6666 | 0.7381 0.7511 0.7518
Layout #4 11 01672 | 0.3325 | 0.4534 | 0.5148 | 0.5398 | 0.5445
TABLE 3

ATTAINED INDEX A USING HARMONISED REGULATIONS (SLF 43/3/2)

Number of |1 damage|2 damage|3 damage|4 damage|5 damage|6 damage
Subdivisionjlcompartments| zone zones zones zones zones zones
As built 39 0.9826
Layout #1 33 0.2739 | 0.5863 [ 0.8247 | 0.9401 0.9817 | 0.9875
Layout #2 21 0.2739 | 0.5863 | 0.8206 | 0.9324 | 0.9738 | 0.9794
Layout #3 13 0.2557 | 0.5231 0.7209 | 0.8141 0.8442 | 0.8494
Layout #4 11 0.2137 | 0.4323 | 0.5960 | 0.6771 0.7081 | 0.7136

EBSLF 43/3/2

H SOLAS B-1 (max 30 deg)

As built #1 #2 #3 e

Figure 2: Comparison between Attained Index A obtained by different simplifications of the compart-
ment layout and different probabilistic damage stability regulations

The present vessel has as-built a very high Attained Index A. The main reason is that s is equal to one
for damage to the main deck running from fore to aft without any transverse or longitudinal subdivi-
sion. Only in the case of damage simultaneously to the main deck and the compartments below the
deck, spanning more than 20 per cent of the length of the vessel, the survivability index s becomes less
than 1. As seen from Tables 2 and 3 the main contributions to A come from the first four damage
zones, each defined by two adjacent transverse bulkheads. It is therefore important to include damages
extending over several compartments in the calculation of A already in the initial design phase. A
comparison of the results for the simplified layouts #1-4 with the results for the as-built design shows
that the omission of longitudinal (#1) and horizontal (#2) bulkheads below the main deck does not
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change A significantly. However, if also most of the transverse bulkheads are omitted, then the value
of A decreases substantially. Thus, for the present vessel, as soon as the transverse bulkheads are fixed
then a very good estimate of A can be obtained. It should be noted that the margin line does not enter
into the probabilistic damage stability criteria, but that down-flooding points are included. These
down-flooding points often have a significant influence on A.

The two different regulations yield qualitatively the same tendencies. The Attained Index obtained
from SLF 43/3/2 is slightly larger than for SOLAS Part B-1. Careful study of the results reveals that
the main reason is that the survivability index s generally becomes about 15 per cent larger using SLF
43/3/2 in the cases where 0<s<l. The differences in the probability distributions for the damage loca-
tion and extent are of lesser importance.

Another important parameter in the calculation of the Attained Index is the centre of gravity as given
by GM in the intact conditions. A change of GM is easily included in the analysis as it only influences
the index s and only through a change in the residual stability curve GZ:

G'Z(6) = GZ(6) + GG'sin(0) )]

where G and G’ are the old and the new centres of gravity, respectively, and 6 the heeling angle. For
the subdivision defined in Table 1, the effect of changes of GG in the range + Im is given in Figure 3
using SOLAS Part B-1. For layout #3 a strong influence by such variation is seen because 0<s<] for
damages to the main deck and either of the four large compartments below the main deck. For the lay-
outs #1 and #2 s = | and for layout #4 s = 0 for similar damages for the range of GG" shown in Figure
3 and hence the changes in GZ given by Eqn. 1 do not change A.

A (T ———
""""""""" "
-2
------ #3
—-—-#4
0.5 T T T Y T T T
-1 0 GG' (m) 1

Figure 3: Variation of the Attained Index A with change in the vertical position GG’ of the centre of
gravity. SOLAS Part B-1

3 SENSITIVITY OF THE ATTAINED INDEX WITH BASIC DESIGN PARAMETERS

To obtain the required Attained Index A the naval architect may need to change some design parame-
ters. It is hence important to identify the parameters with most influence on A. This can be done by
sensitivity analyses as shown in Figure 3 for the centre of gravity. Other important design parameters
have been identified from the responses to a questionnaire to leading Danish naval architects regarding
Ro-Ro ferries. Two main parameters are



e Length of machinery space
e Height of main deck above keel

The first should be as large as possible and the second should be as low as possible to lower the centre
of gravity and to reduce the steel weight. In the sensitivity studies dealing with these parameters it is
important to account for their influences on other parameters. In the present analyses the centre of
gravity, the steel weight, the position of the vehicle deck and the down-flooding points are adjusted for
changes in the distance H, measured from the tank top to the main deck. The length of the machinery
space is supposed not to alter other pertinent parameters than the subdivision. The results from the sen-
sitivity study are given in Figures 4 and 5. The vessel is the same as in the previous chapter but below
the main deck it is divided into three main compartments. The machinery space is in the middle placed
symmetrically with respect to midship. The layout is hence in between layouts #3 and #4.

Figure 4: Attained Index A as a function of length L of machinery space and height H from tank top to
main deck. SOLAS Part B-1

Figure 5: Attained Index A as a function of length L of machinery space and height H from tank top to
main deck. SLF 43/3/2
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The variation of A with the length of the machinery space is seen to be modest in the considered range
of 25.2m to 42m. The Attained Index A has a maximum for L equal to about 38m, since the survivabil-
ity factor s for simultaneous damage to the main deck and machinery space becomes less than one
when L is larger than this value. Smaller values of L will give lesser s-values for simultaneous damage
to the main deck and the compartments aft or fore of the machinery space. This is due to submergence
of down-flooding points as a result of a large trim. The optimal length of L corresponds to about 30 per
cent of the length of the vessel, but 40 per cent of the volume below the main deck.

The height H of the main deck above the tank top strongly influences the Attained Index A. The prin-
cipal reason is that the probability of damage to the main deck decreases with its distance above the
still water line. The draughts in full and partial load conditions are 5.8m and 5.52m, respectively and
the height of the double bottom is 2m. The variation in Figures 4 and S thus corresponds to a main
deck 1.2m to 3.7m above the draught in full load. For the as-built vessel H=6.5m. For H below this
value large variations in A with H are seen, especially when the SOLAS Part B-1 Regulations are ap-
plied. This is due to the linear decrease of the probability of damage to the main deck with the distance
from the water line. For SLF 43/3/2 this decrease first starts when the main deck is more than 3m abo-
ve the water line and hence the main deck will be damaged with a probability of one for nearly all
cases shown in Figure 5. The Attained Index A is, however, generally lower for SOLAS Part B-1 than
for SLF 43/3/2 for the reason discussed in the previous chapter.

4 CONCLUSIONS

Based on the present parameter study the following recommendations can be given for use of the prob-
abilistic damage stability regulations in the initial design phase:

e Define the hull form and insert the transverse and horizontal bulkheads required by the rules
and those considered as necessary for separation of cargo, fuel, ballast and machinery

* Specify down-flooding points and centre of gravity G

e Calculate the Attained Index A. If it is lower than the required index R, then make a sensitivity
analysis for A with respect to the positions of transverse and horizontal bulkheads to find the
subdivision with maximum A. If still not sufficient, insert additional transverse bulkheads if
possible, otherwise try to lower G, raise the down-flooding points or insert longitudinal bulk-
heads. The required changes are estimated by sensitivity analyses

References

Jensen J.J., Baatrup J. and Andersen P. (1995). Probabilistic Damage Stability Calculations in Prelimi-
nary Ship Design, Proc. PRADS'95, Vol.1, 1.565-1.577, Eds. H. Kim and J.W. Lee, The Society of
Nava] Architects of Korea, Korea

Koelman H.J. (1995). Damage Stability Rules in Relation to Ship Design. Proc. WEMT 95, 45-56,
Eds. JJ. Jensen and V. Jessen, The Danish Society of Naval Architecture and Marine Engineering,
Copenhagen, Denmark

Sen P. and Gerigk M.K. (1992). Some Aspects of a Knowledge Based Expert System for Preliminary
Ship Subdivision Design for Safety, Proc. PRADS’92, Vol. 2, 1187-1197, Eds. J. Caldwell and G.
Ward, Elsevier Publ. Ltd., UK






Practical Design of Ships and Other Floating Structures 269
You-Sheng Wu, Wei-Cheng Cui and Guo-Jun Zhou (Eds)
© 2001 Elscvicr Science Ltd. All rights reserved
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ABSTRACT

The paper elaborates on the development of a procedure for accommodating damage survivability in
the ship design process cost-effectively. For passenger Ro-Ro vessels, damage survivability
considerations make sense only when adequate subdivision criteria have been satisfied whilst allowing
for other design considerations. The paper highlights and demonstrates that a ship design process
could not possibly be optimal without involving the designer and hence any attempt to develop a fully
automated procedure will be futile. The paper focuses on the development of the objective function,
on thc design parameters and on the integration of first-principles approaches, notably suitable
Quantitative Risk Assessment (QRA) frameworks, to be included within the design for survivability
optimisation process.
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1 INTRODUCTION

‘The approaches that can be deployed to allow for integration of safety considerations in the ship design
process vary according to the stage the process has reached and the specific criteria compliance is
sought for. A holistic approach should integrate the various methods available, taking into account the
fact that the design information available at the initial phases of the design process is by no means
complete or accurate and that as the process develops the quantity and quality of information increases,
thus allowing for design assessment and analysis using advanced tools and techniques, until
convergence is reached.

It should be highlighted, that the latter only reflects a physical demand, i.e. assessment at any stage of
a process can only be based on the information available. The sequential nature of the well-known and
established ship design spiral is no longer an issue to adhere to, given the technological advances of
the last decade, particularly in computer science, for example work on distributed computer systems.
However, in the every-day ship design practice, this sequential approach has been replaced by groups
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of naval architects working concurrently on different aspects of the project under development, co-
ordination being offered by discussions, which usually result in implementation of design adjustments.
It is argued, that it is essential to follow a methodology for effective design co-ordination, both for
issues of concurrency and decision-making.

With this general frame in mind, it is argued that a “Design for Safety” paradigm could provide the
vehicle for safety to constitute a focal issue for an improved ship design process, Vassalos et al. (2000).
‘This paper deals with a specific issue within this vast subject, namely the provision of a procedure for
the efficient integration of damage survivability considerations within the ship design process.

2 OPTIMISATION FOR SAFETY IN SHIP DESIGN

Design optimisation techniques have been developed with the aim to formalise the search for optimal
solutions, to identify possible solutions beyond prescnt state-of-the-art and effectively to reduce
development time and associated costs. The general approach is to structure an optimisation function
(and a set of design variables), which is considered against a set of optimisation criteria and design
constraints and to produce a solution based on mathematical programming techniques. Obviously, due
to the fact that the problem at hand is reduced to a function or a set of variables, there is a need for the
mathematical formulation to represent the problem as accurately as possible in order to eliminate the
chance of solving a fraction of the original problem. With rapidly advancing computer technology,
computers are becoming more powerful, and correspondingly, there is an increase in the size and
complexity of the problems being tackled, as well as the fact that new optimisation techniques can be
developed and put into practice. Optimisation methods, coupled with moder tools of computer-aided
design are also being used to enhance the creative process of conceptual and detailed design of systems.

Within the broad field of ship design, a large variety of design optimisation techniques have been
successfully applied to solve either the general design problem (for example, determination of main
dimensions and characteristics) or to provide optimal solutions to specific areas of ship design (for
example, lines development or resistance). In the specific area of the assessment of safety in ship
design there is a rather limited amount of work published. In the following, two areas that the
proposed procedure is deemed appropriate are briefly described.

2.1 Probabilistic Rules-Based Optimal Design

The objective is the development of a procedure for optimal compartmentation and internal arrangements
of passenger Ro-Ro ships adopting the probabilistic concept of damage stability. It proves necessary to
evaluate first the robustness of a probabilistic rules-based design procedure in a range of scenarios and its
sensitivity to the main design parameters involved in the assessment process, which will lead to the
definition of suitable constraints. After setting up a framework of local and global optimisation
techniques regarding ship compartmentation for enhanced damage stability characteristics, a formal
integration within an overall computer-aided design procedure can be performed.

2.2 Quantitative Risk Assessment (QRA) —-Based Optimal Design

An appropriately structured QRA framework provides the means for a unified measure of safety,
represents an absolute measure for the risk levels of a vessel and quantifies the effect of risk reduction
measures. To integrate such a framework within the ship design process efficiently, it is necessary to
consider utilisation of appropriate design optimisation tools that perform the trade-offs and take into
account identified safety-critical design features and established criteria. This way, an effective and
efficient balance between risk reduction measures and cost benefits can be achieved. As a
consequence of the optimisation procedure, the effects of optimal design features will be identified and
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assessed on a comparative basis, applying the consequence analysis tools and the risk-based techniques,
including methods to analyse the profits/losses involved. Alternative design solutions will therefore be
suggested, their selection being based on a sound economic application of the QRA-based design
procedure.

3 ELEMENTS OF THE PROCEDURE

All design decision models developed so far, are based on a single economic criterion of merit,
incorporating several constraints related to performance indicators, lately with the addition of some
safety indicators of any type (deterministic, probabilistic or performance-based). In the context of the
above described design goal, the current approaches are not sufficient, due to the fact that safety is not
an integral part of the design process, but is taken into consideration as a design periphery issue at best,
if not as a design afterthought. For this reason, the association of increased safety leading to increased
incurred costs is considered to be the norm.

A clear and complete statement of the goal for the problem at hand is that a design procedure is sought
to “derive effective arrangements and layouts that maximise safety, whilst minimising the incurred
costs”. This is a multiple criteria problem, the design solution of which depends on multiple design
attributes, which in turn derive from the attained performance and characteristics of the alternatives
under consideration.

To achieve such a goal a structured formulation of the criteria, parameters, constraints, objective
function and mathematical models, needs to be developed. This will be based on the observation that
an alternative to a single criterion of merit is the consideration of pair wise comparisons that employ
valid criteria, which can also be extended to the consideration of a hierarchically decompositioned
objective function that reflects and combines economic, performance and safety aspects. Such a
formulation will lead to the following innovative aspects:

e The criteria to be considered need only be design-related, and not of conformance nature. More
importantly, these criteria can be incorporated in the formulation of the objective function, as
described below.

e The formulation allows for the development of a practically unconstrainted problem, in the sense
that the various indicators (economic, performance, safety) are included in the objective function.

e The mathematical models ought to bc of pcrformance nature, at least for the assessment of damage
survivability. This will allow the incorporation of first-principles approaches in the design process,
which when combined with an overall QRA framework, accounts for an objective safety
quantification process.

In the following, the formulation of the decision making process for the determination of the most
effective internal configuration, given the vessel’s hull, will be described. The focus will be on
monohull passenger Ro-Ro vessels.

3.1 Development of the Objective Function

The objective function will be devefoped based on a method proposed by T.L. Saaty, known as the
Analytic Hierarchy Process (AHP), Saaty (1980). The method consists of three principles:
decomposition, comparative judgement, and priority synthesis.

Decomposition is the description of the problem in a hierarchical form. The elements of each level are
independent of succeeding levels. The hierarchical structure starts at the top with a statement of a
decision goal. The next lower levels contain the criteria by which the alternatives are measured by the
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degree to which they satisfy the goal. There can exist several such levels in the structure, detailing the
selection criteria through the consideration of various decision attributes, such as fuel consumption and
steel weight. The final lower level contains the actual alternatives from which the one that best
satisfles the goal is selected.

An example of the various levels of an objective function of the problem at hand is as follows:

LEVEL 1 Goal Derive effective subdivision arrangements and layouts that
maximise safety, whilst minimising the incurred costs

LEVEL 2 Selection Criteria e Income

e Building cost

e Operational cost

e Machinery selection

¢ Performance indicators

o Safety indicators

LEVEL 3 Detailed Attributes Lower level attributes, pertinent to the criteria above, that can be
enumerated

LEVEL 4 Merit Function Compose and iterate based on necessary improvements

This approach to construct the objective function is illustrated in Figure 1 in broad terms. Even though
this kind of approach is widely used for problems related to selection and ranking of derived
alternatives, the iteration proposed aims at the introduction of the approach at the design synthesis
process. The objective of the iteration is not to alter any of the broad specifications (i.e. the goal or the
selection criteria), but rather to allow focusing in specific areas of the process where attention should
be paid.

- LEVEL 1: <
i GOAL -

Y

LEVEL 2:
SELECTION CRITERIA

Y

LEVEL 3:
DETAILED ATTRIBUTES

\ 4

> LEVEL 4:
MERIT FUNCTION

Figure 1: Objective Function

3.2 Design Parameters and Mathematical Model
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The desired goal in developing this procedure is to identify appropriate arrangements and layouts for
passenger Ro-Ro vessels, by considering specific safety and techno-economic targets. The various
characteristics/parameters to be considered are grouped in the following two categories:

e Hull-related parameters, for example L/B, flare, height of the main vehicle deck, shear, camber,
presence of a ducktail, etc.

e Internal layouts and arrangements, i.e. possible layouts below (for example, pure transverse
subdivision, combination of transverse and longitudinal subdivision, presence of a lower hold) and
above the main vehicle deck (for example, presence of centre and/or side casings, transverse or
longitudinal bulkheads, combinations).

The mathematical model to be considered utilises application of first-principles approaches for the
determination of the probability of survivat following large scale flooding, Vassalos & Konovessis
(2001), within a QRA-based design framework. A comprehensive QRA framework for passenger Ro-
Ro vessels has been developed during the Joint Northwest European Project, Spouge (1996). The
various elements and the logical sequence of the procedure are illustrated in Figure 2. The procedure
comprises of the following steps:
(1) Selection of risk acceptance criteria, as well as other design criteria, to be applied.
(2) Estimation of the frequency (probability) of an incident/accident occurring.
(3) Estimation of the cost of consequences.
(4) Estimation of the implied risk level and categorisation according to the severity of the
consequences.
(5) Consideration of safety-enhancing measures to improve undesirable risk levels (these include
both available risk control options as well as parametric studies).
(6) Setting-up of the optimisation problem and consideration of an objective function appropriate
to perform trade-offs among the specified societat and techno-economic targets (criteria).
(7) All necessary iterations.

4 CONCLUSIONS

The elements of a procedure for the integration of a rational approach to damage survivability
assessment within the ship design process have been described. A major conclusion is that classical
optimisation techniques cannot be applied in isolation to derive effective solutions, but rather as a
means to fine-tune an already developed solution that nearly satisfies the criteria. These should
combine with environments that support decomposed objective functions where the behaviour of the
various attributes can be readily assessed and decisions on design variations pcrformed, which when

integrated in appropriate design architectures can provide the necessary Design for Safety support,
Duffy (1999).
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ABSTRACT

Efficient design of new floating systems requires more and more numerical tools to develop structures
with excellent motion behaviour in briefer time spans. The paper presents a fully automated numerical
procedure for optimum adjustment of shapes to environmental conditions. Rational design criteria
based on short and long-term wave statistics are introduced and utilized as objective function in the
optimisation process. Nonlinear programming algorithms vary the form parameters of the design and
find a minimum of the objective function within a few iterations. The resulting hull shapes are
characterized by minimized wave loads and motions. Optimization of a semisubmersible illustrates the
efticiency of the proposed procedure.
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1 INTRODUCTION

Offshore operation of floating systems must cope with rough and hostile seas. Designs with favourable
motion behaviour yield economic advantages avoiding restrained operation or weather induced
downtime. Therefore, detailed performance analysis and optimization are necessary during initial
design stages, when hull shapes can be adopted to sca states of the target location without introducing
unnecessary expense. Currently best seakeeping behavior is obtained by expensive series of model
tests or time consuming interactive design variations. In this paper a fully automated numerical
procedure is described. which achieves an optimum adjustment of the shapes of floating systems to
environmental conditions.

Automated hull design and optimization relies on the availability of a variety of software tools
performing hydrodynamic analysis, assessment of motion behavior, parameter controlled shape
generation and variation as well as nonlinear programming algorithms controlling the optimization
process. Although automated optimization is increasingly perceived as a valuable tool in the design
process. industry does not exercise this option regularly. In the past this may have been justified by
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substantial restrictions on the geometries handled, lack of computing power and unreliable analysis
tools. A short overview of previous work on automated optimization of offshore structures is given by
Birk (1998).

Today, automated optimization is mature enough to be a valuable tool in designing better floating
systems (Birk and Harries, 2000). This approach shifts the main focus from repeated interactive work
with CAD and CFD tools to the more important definition of objective functions, parametric
description of hull properties and assessment of final results. The following section concentrates on
rational design criteria suitable to compare motion behavior of different designs. For a detailed
description of the optimization framework used in this research work the interested reader is referred
to Birk (1998). Only a short review is presented below.

2 RATIONAL DESIGN CRITERIA

Automated assessment of design variants relies on rational criteria, i.e. an objective function which
provides the scale necessary to compare different designs. Appropriate models of system behavior and
environmental conditions have to be set up.

2.1 Modelling System Behaviour

The performance assessment of each design variant starts with computation of selected response
amplitude operators of forces and motions. The application presented below utilizes results obtained
by the well established 3D-diraction-radiation software package WAMIT®' (Newman and Sclavounos,
1988). The program is based on linear potential theory and neglects viscous effects. Although higher
order quantities and viscous effects may be important in special cases linear analysis based on potential
theory will be generally sufficient when comparing different designs. The complex ratio of output and
input signals s(w) and ¢(w) for each wave frequency @ constitutes the transfer function or

response amplitude operator (RAO) H,C(a))zﬂ which gives a complete description of the

¢(o)

corresponding hydrodynamic characteristics. Values of H - (@) are computed and stored for a larger
number of wave frequencies and an appropriate number of wave headings.

In many cases motions of selected points s, are of special interest. Within linear theory they are easily
deduced from the translational and rotational motion vectors of the centre of gravity s, and s,,, i.e.
s,=s,+r+s,. The vector r describes the location of the reference point with respect to the centre of
gravity. Since all quantities are harmonic with wave frequency @ amplitudes of velocities and
accelerations are computed by simple multiplication of s,by @ and -’ respectively.

2.2 Modelling environmental conditions

The hydrodynamic analysis yields transfer functions, which characterize the behavior in regular waves.
In reality, the elevation of the ocean surface is irregular and of random nature. Hence, rational
seakeeping criteria have to be based on a probabilistic description of random seas. For intervals
ranging from one to three hours the statistical parameters of irregular seas do not vary much, i.e. the
process is stationary (Barltrop and Adams, 1991). Gaussian distribution of wave elevations and
Rayleigh distribution of wave heights are assumed. The description of these short- term sea states is
commonly based on design spectra, representing the frequency dependent energy distribution of waves.
The relevant parameters are significant wave height H, and mean zero-up- crossing period 7. The

significant wave height is linked to the variance o of the random process by H’ =160’ (Newland.
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1975). The variance o’ represents the total energy of the sea state and is computed as the area
contained in the design spectrum.

Observations of sea states (all directions) Distribution of sea state observations
Ty-class in [s] 7000

fl-class| 50 70 9.0 11.0 13.0 150 17.0 19.0 21.0 23.0 total number of observations

in {m] 00 50 7.0 90 11,0 13.0 150 17.0 19.0 2t.0 31224 = [100%]

12.0-15.0 | 0 0 0 1 1 [ 0 0 [) 0

11.0-12.0 0 0 0 1 2 0 0 0 [ 0

9.5-11.0 0 0 0 1 0 )] 0 1 )] 0

9.0-9.5 2 8 6 32 47 B 12 3 0 0 -

85-90 I 0 4 7 25 15 7 3 0 [} 0 @ =
8.0-85 | 0 t 15 13 21 13 a )] )] 0 8 =
75-80 ] 2 10 31 35 40 26 9 2 )] 3 =

70-75 1 16 45 41 30 M 7 3 0 0 z o
6570 | 5 21 35 3 31 18 8 1 )] [ g

6.0-6.5 6 40 68 103 71 24 13 2 [ 3 o =
55-6.0 3 34 97 120 78 33 15 3 )] 2 o =
50-55 | 0 21 79 65 56 24 5 1 )] 1 S <
4550 | 3 34 71 @80 25 14 2 0 1 1 £ 2
4.0-45 25 193 421 397 241 69 28 17 1 0 2 5
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10-15 | 1565 2860 1083 275 85 35 13 8 3 4
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Figure 1. Long-term wave statistic of the Eastern Atlantic Ocean (Hogben and Lumb, 1967).
Wave scatter diagram (left) and directional breakdown of occurrence of sea states (right).

Long-term statistics are necessary to comprise all sea states occurring during the time spread of
interest, e.g. the lifetime of a structure. The occurrences of sea states are recorded in wave scatter
diagrams. The table in Fig. 1 summarizes all sea state observations recorded at the Eastern Atlantic
Ocean (Marsden Square 182; Hogben and Lumb, 1967). The respective numbers of observations r 1j
represent the joint probability distribution g, =r, /Zr” for a stationary sea state characterized by a
zero-up-crossing period T, and a significant wave height H,,. The data may be subdivided according to
the direction of waves 7. The number r, denotes the sum of observations contained in the wave
scatter diagram of sea states originating from direction f. The probability of sea states ¢, having a
selected direction f is shown in the histogram on the right of Fig. 1. Note that most of the waves in

the selected area originate from a southwest direction. If interest is taken in shorter periods of time, an
additional seasonal break-down of wave scatter diagrams may be applied (Hogben and Lumb. 1967).2

2.3 Linking system behaviour and environmental conditions

The application of spectral analysis in ship dynamics started with the fundamental publication of St.
Denis and Pierson (1953). Natural seaway is interpreted as a random superposition of a great number
of harmonic waves of different amplitudes ¢, and frequencies ,. The wave crests are assumed to
be of infinite length. Each component wave contributes an amount of energy to the seaway
proportional to its squared wave amplitude. The spectral density S(w) represents the energy
distribution as a function of wave frequency . We use Pierson-Moskowitz spectra for the

fully developed wind seas in our example.

* Within this paper the term direction is assigned to the origin of incoming incident waves. The term
heading refers to the direction in which the waves are propagating with respect to the positive x-axis of
the body-fixed coordinate system.
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Corresponding to the wave spectrum S, (@) of the seaway the response spectrum S, (@) represents
the energy distribution of the output signal. Utilizing the response amplitude operator H . wave and
rcsponse spectra are related by

S.(@)=|H (@), (@) M

A significant double amplitude of system response (2s,),, comparable to the significant wave height
H,_ , follows from the response spectrum:

(@s,). = 4,/ [ s.(@)ydw @)

These significant double amplitudes characterize the behaviour of floating systems in stationary short-
term sea states. Comparing systems by means of significant double amplitudes allows to select the
most suitable design for a specific location and task, e.g. a lifting operation.

Development of new designs usually requires consideration of performance during longer time spans.
In this case long-term wave statistics are applied. If operational requirements limit the signiticant

double amplitude of response, e.g. acceleration, to (25,), ;.. » expected downtime due to exceeding

this limit can be evaluated. Applying the appropriate response amplitude operator Eqgs. (1) and (2) are
evaluated for all classes of zero-up-crossing periods T, in the wave scatter diagram. This yields the
highest acceptable significant wave height as a function of zero-up- crossing periods 7,

H o (T5,) = (25,) i ((2:1_11)\) 5

The values H ., (7,,) are transferred into the wave scatter diagram and sea states are assigned to a
feasible (H, <H ,,,(7;,)) and an infeasible (H, >H ., (T;,)) region. The summation of all
occurrences of the infeasible region, z ,z 7y » related to the total number of observations r,

e
yields the expected probability of downtime P

Z Zr’(l

J Kk 4)
z Z’k:

Rm =

The index k ranges over all H, -classes where H (T,,) exceeds H . . (T;,)

To account for the non-uniform distribution of wave directions the computed values of expected
downtime p,, are multiplied by the probability of occurrence g,. Summing up yields the averaged
downtime considering all wave directions

P:I=Zp.lﬂ'qﬂ ®)
allp

Before we apply this rational design criteria to optimize a semisubmersible a short review of the
optimization framework is given.
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Figure 2. Automated hull shape optimisation framework

3 OPTIMISATION FRAMEWORK

Fig. 2 illustrates the automated shape optimization process. The user prepares the optimization by
selecting objective function, constraints and an appropriate parametric description of the hull geometry
(see below). A subset of form parameters constitutes the vector of free variables x. The other
parameters p are retained unchanged or are updated for each new design if they depend on free
variables. Using this set of data the hydrodynamic shape optimization is started and no further user
interference is required. The design is checked against the set of constraints before entering the time
consuming stage necessary to evaluate wave-body interaction.

After processing of the initial design the loop of shape generation, check of constraints, hydrodynamic
analysis and assessment of designs is repeated with changing free variables until a minimum of the
objective function is obtained. Control of the process is conducted by a deterministic optimization
algorithm (Tangent Search Method; Hilleary, 1966). Most optimization algorithms are composed for
unimodal objective functions, i.e., functions with one well defined minimum. Nevertheless, they are
successfully applied to multi-modal problems, if the user is aware of the fact that the results eventually
represent local optima only. This fact is not detrimental at all, because each local minimum is still an
improvement to the initial stage.

In contrast to ship hulls. surfaces of offshore structures are composed of clearly distinguishable
components, ¢.¢. columns and pontoons of semisubmersibles. This modular topology provides the key
to an efficient parameter based shape description (Clauss and Birk, 1996; Huang, 1999). Each
component is deed by two sets of form parameters (Fig. 3). One set comprises, e.g. volume, center of
buovancy etc and determines the volume distribution along the component axis (Fig. 3(a)). The other
set defines the shape of the cross section (Fig. 3(b)). The form generation tool is implemented by
means of the interpreter language Python (van Rossum, 2000). The object oriented features of the
language enable the user to define template classes of body components which accelerate the process
of setting up new optimization problems. The process of shape generation is illustrated in Fig. 4. After
all components are generated from their form parameters, the procedure starts merging the components.
If necessary a recess clearance is computed and blending patches are filled in to yield a completely
scamless fitting of components.
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Figure 3. Shape definition of a single component by form parameters
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4 HULL FORM OPTIMIZATION

Motion of floating systems limits various offshore perations. Minimizing the total acceleration at a
selected reference point provides a suitable method to improve motion behaviour in general. In order
to include the statistical properties of sea states we minimize averaged downtime P d due to excessive
acceleration according to Eq. (5). To enforce improvement for an extended range of T -classes a low

limit of acceleration is selected, ie., (25,) =0.072-g.2=9.81m/s’ being the gravitational

dim o
acceleration. The reference point is located 25m above sea level and shifted horizontally to the left
forward column. Thus every mode of motion contributes to the total acceleration. The initial design of
the semisubmersible is of standard shape with two pontoons and four columns. The x-axis (parallel to
pontoon centreline) is pointing southwards. All designs are symmetric with respect to the x=0 and y=0
planes. Each pontoon half consists of four components: central, intermediate, main (underneath
column), and rounded front part (Fig. 4). A broad range of hull shape variations is accomplished by
five free variables:



reference point T reference point ¢

re=25m r,=25m

-

central ponibon . main pantoon
z part part
L° initial design
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Figure 5. Geometric properties of initial design and the semisubmersible optimized with respect
to downtime due to exeessive aceelerations at the reference point.

A,, /4,  ratioof cross section areas of pontoon main part 4, and central part 4, .

m rm
B,/T, ratio of width B, and height T, of pontoon cross section (all parts).
d, draught of pontoon centreline (all parts),
& normalized vertical centre of buoyancy of column & =VCB/L_, measured from
waterline.
Ay, shift of pontoon centreline with respect to column centreline in direction of y-axis;

breadth is increased when Ay, is positive.

Fig. 5 presents the main geometric properties of initial and optimized semisubmersible design,
respectively. The increase in pontoon centreline draught d, decreases heave exciting forces. This ect

is amplified by shifting displacement from the central pontoon part to the pontoon main part. i.e.,
A, 14, is increased, and the outward shift of the pontoon centreline by Ay, =1:86m. Due to a

decrease of & a pronounced shoulder in the profile of the column is developed. Heave added mass

o

and damping of the new configuration are adopted by reducing the B, /T, -ratio. The expected
downtime P, is decreased considerably for all wave directions. The optimisation process extends the
region of feasible sea states especially where high probabilities of occurrence are present (Fig. 6).

The decrease in acceleration levels is reflected by a significant improvement of motion behaviour. Fig.
7 shows the response amplitude operators of surge (s, ), heave (s,), roll (s, ) and pitch (s, ) motion.

The wave heading is 120 deg, which corresponds to the most probable direction of sea states ( £
=240deg). In all cases and all ranges of wave frequencies lower motion amplitudes are achieved. Note
that the amplitudes of heave motion are overestimated in the range of the resonance frequency and
underestimated for the cancellation frequency. This is of course due to the lack of viscous effects in the
hydrodynamic analysis. Indeed, the excessive heave resonance motions provide a positive side effect.
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preventing an increase of resonance frequency, which would constitute a serious security problem.
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5 CONCLUSIONS

The paper presents rational design criteria based on short and long-term wave statistics. This allows to
model realistic environmental conditions. The automated hull optimization based on these criteria
successfully combines advanced analysis tools, numerical optimization methods and an automated.
parameter controlled shape generation. The improvements in motion behavior of the designs are due to
the precise adaption of important system parameters like added mass, damping by wave radiation, and
exciting forces with respect to environmental conditions. Although the results are based on linear
theory and obviously neglect higher order effects, the method is unmatched when comparing and
optimizing designs. In summary, automated hydrodynamic hull optimization provides an efficient tool
for the improvement of existing and the development of new system concepts in short time.
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ABSTRACT

Decomposition and reuse are two practical approaches that could assist the solution of large marine
design problems. Design Reuse has always been regarded as an attractive approach by marine
designers, although the complexity of the problem and the relative novelty of individual designs do not
always allow efficient application of design reuse paradigms. This paper discusses a decomposition
and reuse approach in marine design. A well-known decomposition paradigm is used which allows
identification of weakly connected model sub-structures that naturally exist within a design problem
and permits the division of the overall design problem into sub-problems in accordance with these sub-
structures. The reuse concept proposed in this paper is based on the reuse of design data. The aim is
see how the designer can use existing design data as the basis for future designs without necessarily
having to know how the data was derived, and without explicitly using iterative mathematical
procedures.

KEYWORDS

Design decomposition, Reuse of design data, Multiobjective optimisation, Response surface.

1 INTRODUCTION

Marine design is a complex process which usually involves a multidisciplinary team of designers
working on thousands of design variables. Designing of a new marine product therefore often requires
the designer to decompose the overall design problem into a number of design tasks, so that a complex
design problem is often broken down into a numberof smaller, manageable design sub-problems, in a
divide-and-conquer manner, to deal with the complexity of the design task. This apporach often
permits the reuse of past design data and knowledge in the decomposed domains. It is not surprising
therefore that interest in design reuse have always been manifest in designers in all fields
(Sivaloganathan and Shahin 1999).
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Design is by nature an evolving process, and incremental improvements are made by designers based
on past experience and knowledge gained in executing this process. Previously tried and tested designs
are often re-used and improved upon to arrive at even better designs. This form of design reuse is
routinely used in many areas of marine design. For example, many ships are designed from basis ships
which are known to possess good performance characteristics. However, the complexity of a marine
design problem does not always allow efficient application of design reuse paradigms. Decomposition
breaks down complexity of design problems and hence allows designers to reuse design data in a
relatively efficient manner.

This paper discusses some aspects of the application of a decomposition and reuse approach in marine
design. The decomposition strategy employed allows identification of weakly connected model sub-
structures that naturally exist within a design problem and attempts to divide the design problem into
sub-problems in accordance with these sub-structures. Reuse of existing design data to solve the
decomposed design problems further improves the efficiency and quality of the design solutions. A
ship design example is used to illustrate the application of this decomposition and reuse approach in
marine design.

2 DESIGN DECOMPOSITION

The motivations to decompose a design problem into a number of smaller sub-problems are: reduction
of problem complexity, application of different targeted solution procedures on different sub-problems,
carrying out problem-solving activities concurrently and utilising parallel computing opportunities.

While decomposition is a widely used problem-solving approach, there are significant variations in the
criteria and strategies used for performing design decomposition in practice. Design decomposition
strategies based on a combination of structures (physical components, logical objects, etc.), behaviours
(action, force, process), disciplines, and goals or functional requirements (design properties that satisfy
given requirements) have been observed (Koopman 1995). For designs that involve sequential flow of
information sequential decomposition may be appropriate (Scott and Sen 1998). In addition, various
methods for dealing with design sub-spaces problems exist, for example in the area of optimisation in
design sub-space based on decomposition (Rao and Sen 1999).

When a design problem is broken down into a number of simpler sub-problems, the problem-solving
procedures then involves solving such sub-problems of reduced complexity. It is desirable, therefore,
to reduce the interactions between sub-problems (i.e. to reduce the co-ordination effort). However,
many decomposition approaches do not take the magnitude of this co-ordination effort directly into
consideration so that the decomposed sub-problems may have a relatively large number of variables
that are common between the decomposed sub-problems. Put simply, the main problem may be
decomposed into a number of highly coupled sub-problems requiring a relatively large co-ordination
effort during the problem solving process. The additional co-ordination effort required in solving a
series of highly coupled sub-problems might significantly undermine the initial objective of breaking
down complexity by decomposition.

A hypergraph based approach to design decomposition is used in this paper. In this approach, a design
problem is represented by a hypergraph. A hypergraph consists of nodes connected by hyperedges. A
hyperedge connects two or more nodes. The objective of the hypergraph partitioning operation is to
decompose a given hypergraph into a desired number of partitions (sub-hypergraphs) such that the
hyperedges spanning across two or more partitions are minimised. The hypergraph partitioning
approach has been applied in decomposition of Very Large Scale Integration (VLSI) circuit design
problems, cell formation problems in flexible manufacturing systems and Finite Element Method
(FEM) problems, to name but a few.
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Hypergraph partitioning problems are known to be NP-hard. A number of hypergraph partitioning
algorithms have been proposed in the literature. Essentially the algorithms make use of some
heuristics and search methods to partition a given hypergraph into two or more partitions. Due to
space constraint, detailed description of this class of problem and its solution mechanisms are not
presented in this paper. Readers who are interested can refer to papers by Hendrickson and Leland,
and Karypis ef al. (Hendrickson and Leland 1995, Karypis. et al. 1997). A computer software system
implementing a known multi-level hypergraph partitioning algorithm hmetis® (Karypis and Kumar
1998) is used in this paper. This algorithm is flexible enough to allow a designer to specify
constraints in terms of partitions and association of nodes.

In the hypergraph representation of a marine design problem, the nodes can be used to model
design/constraint equations, design activities or design tasks. The hyperedges can be used to model
design variables that are required to connect the various nodes. The objectives of the hypergraph
partitioning operation are therefore to produce equal (or near-equal) sized sub-problems (to yield sub-
problems of roughly equal design effort) and to minimise the co-ordination effort in solving the
decomposed sub-problems. In principle it is possible to have other objectives besides the two
mentioned. Hence the result of the decomposition is a number of sub-problems each containing a
number of design/constraint equations and a number of design variables. Some design variables will
be associated with more than one sub-problem, and these are termed as linking variables.

Design decomposition by itself does not produce design solutions, hence the decomposed design sub-
problems must be solved to provide overall solution(s) to the design problem.

3 DESIGN REUSE

Various forms of design reuse have been identified in practice: subsystem and component reuse
(Culley 1998), software object reuse and design knowledge reuse (Chao et al.1998). Generally
speaking, research work in reuse is mostly based on reuse of concepts and embodiments
(Sivaloganathan and Shahin 1999). Relatively little work has been done on the reuse aspects of design
data. Although design data has always been routinely reused, the reuse is usually associated with the
invocation of complex and often iterative mathematical procedures (e.g. past design data is often re-
used to perform design analysis e.g. powering estimation). The reuse concept proposed in this paper is
based on the reuse of design data in such a manner that a designer can make full use of the data
without having to know how it was derived, so that he can reuse the design data without explicitly
using iterative mathematical procedures from which the data was originally derived. The purpose is to
identify pockets of efficient designs for further detailed design analysis without the need to carry out
relatively complex and time consuming analysis processes. This concept is rather similar to that of
object oriented programming paradigm that has been successfully implemented in the field of
computing science; the data should be active, it can be directly used without knowing the methods
involved in the derivation and computation of complex data-entities.

The design reuse concept accommodates a three-pronged approach: direct search for a new design that
has an exact match with existing design data, “interpolation” to obtain efficient solutions within a
given range, and exfension of existing design data to satellite applications. Design data can be stored
and retrieved using a suitable form of database. For example, when a designer needs a preliminary
design of a particular ship type based on a given specification a direct search of a relevant database
may produce an exact match which will provide the designer with the necessary design data.

The result of a direct search, however, is more likely to produce a number of designs that are close to
the given specification rather than an exact match. Hence the designer needs to perform “interpolation”
between these using some form of iteration. The reuse approach suggests a form of “interpolation”
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that does not directly involve a user-driven iterative design process. Conceptually, this situation can
be illustrated by a case in which a designer locates two designs both deviating somewhat from the
desired specification. The question arises as to how one can find out or “interpolate” from the design
data a new design (an emerging design) that meets the requirements of the given specification. The
reuse approach proposes an objective-driven search (e.g. multiple objective optimisation) using
relevant ship design knowledge to identify a range of efficient solutions for further consideration.
These designs constitute the Pareto optimal set, where designs can only be improved with respect to
one objective at the expense of others. The mechanics of the “interpolation™ process is automated so
that a designer is largely shielded from the background computations that are involved, partly as a
result of reusing higher level knowledge (e.g. rule induction based relationships between variables)
obtained from previous design efforts using the same database.

The reuse of design data can also be extended to satellite applications for which the data was not
originally prepared. For example, a designer may only have a relatively small set of data concerning
some aspects of ship performance. The designer may want to populate a relatively large database,
which does not currently contain data elements concerning these aspects of performance, with
approximated performance data elements based on the small set of design data that is available. In
such a situation an approximate response surface to a set of given performance data. Artificial Neural
Networks (ANN) and rule induction are two methods that can be employed within this rense scenario
for extending the reuse of design data, through this response surface approach, to satellite applications.

4 AN EXAMPLE APPLICATION

A small general cargo/container ship preliminary design application based on a decomposition and
reuse approach is presented as an illustrative example in this section. The ship design problem is
decomposed into two sub-problems. Design reuse approach is then used to deal with one of the sub-
problems using the “interpolation” approach. The reuse of the design data is also extended to a
satellite application. The satellite application is illustrated via the extension of existing design data to
include seakeeping characteristics.

Suppose a set of design objectives is given: minimise transportation cost (F;), maximise annual cargo
carried (F2), minimise lightship weight (F3), minimise the probability of machinery space flooding (FYy)
and minimise the probability of losing auxiliary power (Fs). The first three objectives are driven by
economic considerations whereas the last two objectives are related to survivability of the vessel.
Mathematically speaking, a ship design problem can be represented by a set of objectives and
constraint equations over a finite number of design variables. For the illustrative example, the five
objectives mentioned above can be expressed in terms of five formal objective functions. In addition

to these five objective functions, eleven constraint equations are also to be taken into account to ensure
feasibility.

4.1 Design Decomposition

In this example the given problem is decomposed into two sub-problems using the hypergraph
partitioning approach mentioned in the previous section.

The objective functions can be represented in a tabular form. A partial table of the design problem is
shown in Table 1. In Table 1, the nodes (functions) are listed in the rows and the hyperedges (design
variables) are listed in the columns. For example, from Table 1, it can be seen that hyperedge (design
variable) x; connects functions Fy, F3, F3, ..., Hy. In a complex problem (involving hundreds if not
thousands of nodes and hyperedges), it is not immediately clear as to how the problem can be
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decomposed in such as way that the number of linking variables can be minimised. Hence the need for
the algorithm.

TABLE 1
A PARTIAL TABLE SHOWING THE HYPERGRAPH REPRESENTATION OF THE DESIGN PROBLEM
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The result of the decomposition exercise is shown in Table 2. The two resultant sub-problems are
semi-independent, and can be solved independently when the three linking variables x; x;and x4 are
co-ordinated. Sub-problem one is related to the economic objectives and their associated constraint
functions. Sub-problem two is related to survivability objectives and their associated constraint
functions. The two sub-problems could then be handled by two teams of designers: sub-problem one
by the preliminary ship design team and sub-problem two by the safety analysis team. This illustrative
example concentrates on solving sub-problem one as some concern is assumed to exist in this area.
The design variables involved in this sub-problem are: x; (Length, L), x; (Breadth, B), x; (Depth, D),
x4 (Draught, T), x5 (Speed, V), xs (Block coefficient, Cp) and x; (Waterplane coefficient C,). The
choice of variables involved in the sub-problem obviously depends on the mathematical models used.

TABLE 2
A PARTIAL TABLE SHOWING THE RESULT OF DESIGN DECOMPOSITION EXERCISE
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4.2 Design Reuse

As discussed above, a search in a database of good designs for design data that meets the design
specification is the simplest and easiest form of design reuse. For a relatively simple design



290

specification, a direct search on a design database may yield results that are suitable without further
modification.
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Figure 1: Annual Cargo Vs Transportation Cost.

However, the direct database search approach may not yield any design that exactly meets the design
specification but may only identify some designs that are in reasonably close harmony with the given
design specification. Hence, it is necessary to “interpolate” between these designs to obtain a desirable
design that will meet the design specification. Such “interpolation” needs only involve the variables
identified above as involved in sub-problem one. In this example, the design data is viewed as being
active so that the designer need not know how the data is derived. Furthermore the data can be used
without involving relatively tedious and often iterative mathematical procedures. As in object oriented
programming approach, the “interpolation method” can be regarded as being attached with the data
and can be used in a transparent manner. In this case an objective-directed search employing a genetic
algorithm based multiobjective optimisation method was applied (Sen and Yang 1998) as the
“interpolation” method. The necessary ship design knowledge (e.g. stability requirement, powering
estimation, etc) is embedded within this method. The result of the interpolation is shown in Figure 1
which shows Pareto optimal solutions with respect to two economic objectives. For illustrative
purpose, the range of the search is wide so that a clear range of efficient solutions can be shown. From
Figure 1, a designer can then select efficient design solutions that most closely meet the specification.

As discussed before, reuse of design data can go beyond direct search and interpolation applications.
It is possible to extend the design data to satellite applications. For example, suppose the designer
would like to incorporate consideration of seakeeping characteristics (in terms of natural periods of roll,
heave and pitch) into the main design database without carrying out full-scale analysis. His current
database only has a relatively limited set of ships with known sea-keeping characteristics. If the
database is reasonably large and populated with reliable data then an Artificial Neural Net (ANN) can
be used to fit a response surface to the existing data. A three-layer feed-forward ANN with seven
nodes in the input layer (nodes i; — i, length, breadth, depth, draught, block coefficient, waterplane
coefficient and metacentric height), seven (nodes 1 — 7) in the hidden layer and three in the output
layer (nodes og — 019, roll, heave and pitch period), was set up. This ANN was trained with a set of 110
training data from the designer’s current database. A separate set of 16 test data was used to test the
trained ANN. The approximate error given by the trained ANN for the test data was found to range
from 0.00% to 2.00% with a majority of results being within 1.0%. The trained ANN is then able to
give approximate roll, heave and pitch periods of all vessels within the database given the required
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seven inputs. In this manner, the database can be populated with extended data of seakeeping
characteristics for future analysis.

5 DISCUSSION AND CONCLUSION

Consideration of reuse in design is usually related to components. Data reuse, although not
uncommon, is rarely, if ever, discussed. And yet large and reliable databases of design data are often
put together for future use. It can be observed that the use of such databases can be made more
intelligent and rewarding by considering data reuse in a formal manner. It is obvious that it is possible
1o have decomposition without reuse and reuse without decomposition, but when used in combination
it opens up new opportunities for either approach.

This paper addresses three common tasks performed by a designer: decomposing design problems into
manageable tasks, applying past experience (knowledge and design data) and extending design
knowledge. The first task relates to decomposition and the latter two to reuse. These tasks are
illustrated through a preliminary ship design example.

The hypergraph partitioning approach used in the example in this paper is able to decompose a design
problem into sub-problems with a minimum number of linking variables (hence co-ordination effort).
Apart from design constraint equations, the hypergraph representation can also be used to model
design activities and variables. The example design problem is decomposed into two sub-problems
using this approach. The division of work shows a sensible pattern. Reuse concepts are then used to
assemble candidate Pareto optimal designs for one of the sub-problems into which the original
problem was decomposed. The reuse concept is then extended to include an associated satellite
application. It is clear, on the basis of the above, that decomposition and data reuse have in-built
capabilities that can be beneficially taken advantage of.
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ABSTRACT

Major engineering products like ships, offshore plant and power stations have lives of over 20 years.
Technical and market changes may require mid-life upgrading, such as increasing capacity by
jumboisation or installing new machinery or equipment. The question for the designer is how far to
design for such upgradeability, e.g. by provision of additionally unused space or more powerful
equipment than is required initially. A methodology has been developed for evaluating whether designs
incorporating some upgrade capability from the start may be more economic than those which do not.
A range of upgrade scenarios from ‘bare minimum’ to ‘over-engineered’ can be evaluated to show
which are likely to show the greatest economic benefit in terms of NPV over the life cycle of the
product. Since this depends on a probabilistic view of say market demand, a simulation model is
needed to compare the alternatives. A spreadsheet-based evaluation has been developed which allows
the user to incorporate stochastic values, and to investigate how much it is worth spending now in
order to save later. Some results for a container ship are presented.

KEYWORDS

Design, Upgrading, Simulation, Container ship, Through life costs, Discounted cash flow.

1 BACKGROUND

Since 1995 a continuing research theme of the Engineering Design Centre (EDC) at the University of
Newcastle, England, has been the use of estimates of product Through Life Cost (TLC) to support
design decision making. The EDC concentrates on long life large made-to-order (MTO) products,
which have a marketable output, such as ships, offshore production platforms or process plant. With
guidance from the wide range of major companies that are sponsoring partners in the EDC, a generic
approach to determining the TLC has been agreed. This uses Discounted Cash Flow (DCF) to arrive at
a Net Present Value (NPV) for a MTO product. The method requires that all input variables are first
defined and is, therefore, suitable for almost any application. A particular feature is the ability to build
up a whole life cycle from cyclical activities, such as a voyage in the case of a commercial ship. The
voyage is in turn broken down into loading, sailing and unloading. Costs and overheads can be
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up a whole life cycle from cyclical activities, such as a voyage in the case of a commercial ship. The
voyage is in turn broken down into loading, sailing and unloading. Costs and overheads can be
attributed to individual activities, voyages, maintenance/survey periods or years. Input values are
assumed to be constant unless some step, percentage change or other function is added. The
calculations simulate the life of the ship and are, by definition, fairly lengthy, so numerous tables and
plots are available to users so that they can gain confidence in the numbers produced by checking at
each stage. The change in NPV for any variation on the basic design is used to support design decision
making.

Many MTO products undergo upgrading during their lives to meet changes in market requirements, to
accommodate new technology or to meet new regulatory requirements. Hitherto, designing for such
changes has rarely been addressed explicitly in design procedures. What has been lacking is a
systematic means of comparing alternative upgrade scenarios, in order to assess which is likely to be
the most cost effective.

Uncertainty and risk are important considerations in any attempt to predict future operating conditions
because they determine the confidence that the designer can have in a decision. A means of adding a
statistical distribution to one or more input parameters is important. In this case the NPV output values
produced by the simulation of the ship’s life also become a probability distribution. An upgrade, such
as a jumboisation can be triggered, either at a fixed point in the life of the vessel or if certain conditions
occur such as higher levels of demand. The spread of the results produced is a measure of the riskiness
of the project and the extent to which additional expenditure may be justified.

2 DESIGN FRAMEWORKS

While testing the methodology on real cases provided by the partner companies, it became apparent
that a generic approach to producing upgrade variations on a basic design does not exist. This contrasts
the position where the requirement is to optimise the value of parameters defining the chosen
components making up a design, for which many approaches are well known. There is a general
recognition that many ships and manufacturing facilities experience either, at least one major change of
operating conditions at some stage in their life, or there is a gradual change over time. Both may lead to
the need for a significant upgrade, the cost of which could be significantly reduced in comparison to
the increased revenue if provision had been made during the initial design and build. The value of this
provision can be accounted for in the NPV if DCF techniques are used in assessing the total through
life costs. A more obvious way of describing this approach is ‘spend to save’, which always requires a
convincing justification if it is to be accepted by the project’s financial backers. Other uncertainties can
also be accommodated. For example, there may be significant additional ‘regulatory’ costs if say new
safety standards were applied or an environmental levy on emissions was introduced. This introduces
two elements of uncertainty, the extent and cost of the change, and the date from which it might be
applicable. Both have probability distributions, so can be included in NPV calculations.
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Fig 1: Reasons for Upgrading and the Six Frameworks

To guide the designer through the problem, an approach using a hierarchy of design scenarios is
suggested. The main factors which might give rise to a need for such changes, and some of the features
which can be built into an initial design to minimise their impact are illustrated in Fig 1.

In response to these drivers for upgrading, it is proposed that the potential upgrade solutions can be
classified into six broad frameworks, represented on the right hand side of Fig. 1. These range from a
‘bare minimum’ design for the current market, with no in-built upgrade potential, through four
intermediate options, to a 'future-proof’ version with substantial over-design. The six frameworks are:

Framework 1: A ship or plant designed only for today's requirement with minimal margins.

Framework 2: The basic requirements for some upgrades are built-in, such as additional hull strength,
space for increased services or larger weight margins.

Framework 3: Additional services (power distribution, piping systems, ventilation etc.) to support an
upgrade are provided, i.e. the design is "fitted for but not with".

Framework 4: Additional auxiliary equipment (e.g. bigger cranes, and bigger electrical generators) is
provided.

Framework 5: Some items of major equipment (e.g. the main propulsion system in a ship) are
oversized in anticipation of an upgrade.

Framework 6: The ship is designed and built as the most generous that capital can provide, i.e.
overdesigned by today’s requirements.

These frameworks are used in conjunction with the possible reasons for upgrading identified by the
designer to evolve a set of alternative upgrade strategies at the concept design stage, with associated
preliminary designs. The methodology described below can then be used to assist in choosing between
them. It is obvious that to be attractive the through life benefits must be significantly greater than the
initial ‘extra’ investment and this must show in the NPV for the ship, Fig. 2.



296

NPV

il

Frameworks 1 2 3 4 5

Fig. 2 Variation in NPV with increasing preparation for upgrade

Since the cost figures are subject to a degree of uncertainty, it is wise to add appropriate statistical
probabilities to the key inputs so that the NPV comparisons appear with probability distributions. Fig.
3 shows the NPV distributions for three Frameworks: the basic design, a design with some built-in
preparation for the upgrade and the ‘over-engineered’ design.
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Fig 3 Typical distributions of NPV when uncertainty is added

In Fig. 3 the most attractive option, which has the highest NPV, is easily identified as Framework 4.
The calculated figures can also be used to determine the probability that this Framework will always
produce better financial results than the next best Framework, so should be taken into consideration if
the difference between the mean values is small. Having determined an overall design philosophy for
the ship by identifying the most appropriate Framework, it is then desirable to invoke a normal
parameter optimisation technique to further refine the design.

3 METHODOLOGY

For each Design Framework selected for analysis, the basic methodology requires input data to
generate a life cycle, which details each successive activity through from the start time of the intended
simulation, e.g. start of procurement, to the disposal of the ship, offshore production platform or port
facility. The duration of each activity must be estimated, while shipping demand, capacity, freight rates
and operating costs may be assumed to change either progressively or at a particular point in time.
Similarly, engine efficiency might be assumed to fall and the hull drag and maintenance requirements
increase over time. Having established the life cycle, the cash flow balance can be found for each
period by summing each of the contributing elements defined through additional input data. The total
cash flow for each year is then discounted. The NPV for the Design Framework under consideration is
the sum of the contributions from each of the years from start, through design and construction,
operation, maintenance, upgrade (if triggered) to the final disposal.

When the required analysis takes into account the statistical probability of the value for any parameters
in the simulation (e.g. fuel prices), then computation is more complex, but the methodology is the same.
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The results from several Frameworks are then compared to support the decision as to how much
preparation for an upgrade should be included in the initial build.

4 IMPLEMENTATION

The methodology has been implemented using a Microsofi™ Excel Spreadsheet. The data is input to a
number of sheets, cach of which collects related items. For example, the first sheet defines the problem
by requiring a definition of what the MTO product is and what it produces, the major stages of the life
cycle, the currency to be used and the discount rate. Succeeding sheets detail all aspects of capacity and
market demand and prices, costs, including product related production costs and overheads, both
before and after any upgrade. The life cycle, event and annual cash flows appear as tables on later
sheets from which the required summations and the resultant NPV are automatically produced. The
entries in the tables are generated by macro programs, which calculate the appropriate data based on
the current point in the ship’s life. These tables, which may have hundreds of rows, can be checked to
enable the user to confirm that the input data has produced the expected contribution to the
summations.

Where statistical inputs are required, the Excel ‘add-in’ @Risk software from Palisade Corporation has
been used to generate the distributions. This allows any cell to have any statistical distribution attached,
so that for example a range of freight rates may be sampled. This employs a ‘Monte Carlo’ method in
which the results of a number of individual simulations are collated to produce the final distribution
and relevant statistical measures.

5 CONTAINER SHIP EXAMPLE

Ships are often upgraded about their mid-life. Some are designed with such expectations in mind, such
as warships modernised with new weapon systems — an example of upgrading triggered by new
technology. New regulations may also require ships to be upgraded, e.g. modifying passenger-vehicle
roros to meet new damage stability standards.

The chosen example is jumboisation of a container ship. The growth in deep sea container shipping has
been such over the last thirty years that not only are more ships required but larger ones. Many
container ships have been jumboised, usually by adding a new section at midships. The same number
of ships can then offer greater annual capacity at the same frequency of service.

If the ship has not been designed with jumboisation in mind, the original engine may not be able to
maintain service speed. The main hull structure will require additional strengthening to withstand
higher bending moments, shear forces and torsional moments. Auxiliary systems and fuel capacity may
no longer be adequate for the larger vessel. However if a slightly larger engine and heavier scantlings
had been built in from the start, both the cost of upgrading and the time out of service for adding the
new section and modifying the systems will be reduced, and service speed maintained.

The example illustrates a 23-knot container ship designed around 1990 with a capacity of 3500 TEU,
and examines whether it would have been worth designing for upgrading, given that the container
market was then growing steadily. Such liner vessels are designed for an average load factor of around
70-80%, i.e. some voyages 100% full, others only half full. With an assumed growth rate of about 4% a
year, such a ship will be fully utilised after about six years’ service, but then not able to take all the
cargo offered, so vulnerable to loss of market share. The owner may decide to ‘do nothing’, i.e. leave
the ship unchanged, forego increased revenue and see his competitors take a greater market share; this
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may be regarded as Framework 1, the minimum ship. He may decide that the growth rate is such as to
build an overlarge ship (and thus expensive) ship at the start, say one-third bigger, even though such a
ship may be underutilised for about twelve years out of an assumed twenty year life (Framework 6). Or
he might decide to pay a modest premium, by designing for jumboisation in the future, by installing a
more powerful engine and increased scantlings and larger margins on equipment. (Framework 4)

The software enables all such variations to be explored, over differing life cycles. Estimates can be
made of the different performance and construction costs of these three (or more) alternatives. The
largest uncertainties lie in the prediction of future market trends, both in terms of cargo growth rate and
in variation of freight rates. Other influences include fuel prices, and when to assume the upgrade will
take place.

A typical ship in the fleet is taken, together with a typical service schedule. The basic ‘cycle time’ is a
round voyage of 28 days with four ships providing a weekly frequency, all operating at 23 knots in
service. Sea time is regarded as ‘production’ time, port time as ‘idle time’, while drydocking is part of
maintenance time. Four types of ‘production’ are included: 20ft containers outward, 20ft homeward,
40ft outward, 40ft homeward. Different freight rates and growth trends are applied to each.

The key input data is summarised:

Framework 1

Framework 4

Framework 6

TEU capacity as built/upgraded 3500 3500/4500 4800
Installecd power, MW 30 34 36
Initial building cost $M 65 75 85
Proposed year of upgrade - 7 -
Cost of upgrade, $M - 6 -

Net freight rates of $750 per 20ft container and $1150 per 40ft were assumed, after container handling
costs, assumed constant per box. Typical operating costs were assumed, with associated trends, e.g.
escalation. NPV was then calculated for the life cycle of each Framework design.

A ‘steady state’ (deterministic) evaluation showed that Framework 4 (designed for upgradeability)
produced a NPV $6M higher than Framework 1 (which is significant in terms of an investment of
$65M). But it is useful to simulate the effect of random influences, such as variable freight rates. The
@Risk software was then applied, with an assumed gaussian distribution of freight rate with a standard
deviation of $70 (20ft) and $100 (40ft). 500 lifetimes were simulated. Fig 4 shows the probability
density function, which has the following statistics:

Mean NPV $M Std Dev $M
Framework 4 17.64 4.09
Framework 1 11.34 3.86
Framework 6 -7.15 4.25
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Fig 4. Distribution of NPVs for three Frameworks and variation in Freight Rate

While this shows a difference in mean NPV of $6.3M, this is only 50% higher than one standard
deviation. The overlap in Fig 4 indicates that there is a probability that Framework 1 might actually be
better than Framework 4, calculated by the program as 13.3%. There is a zero probability that 6 is
better than 4, and less than 1% that 6 is better than 1, so the over-designed ship is clearly not an option.

So although the owner is paying a ‘premium’ of $10M by designing for jumboisation, it is more than
repaid by its greater earning ability. Other variants which might be explored would be changes in
growth rate trends, different extents of jumboising, and applying alternative statistical distributions for
freight rate such as triangular or beta.

6 CONCLUSIONS

Simulation methods and DCF techniques are not new, but bringing them together into a formal
procedure for evaluating alternative upgrading scenarios is new. With commercial pressures to
minimise capital expenditure, even at the expense of operational difficulties later in a project’s life, it is
important to have agreed methods of assessing under what circumstances a degree of additional
expenditure to facilitate later upgrading is justified. A simulation approach provides greater insight into
the possible influence of changes in market trends or prices, as well as possible impact of new
regulatory requirements on a project’s life cycle cost. With the results presented as probabilities, the
extent of risk can be gauged, so that the most cost-effective solution can be assessed. The methodology
has been successful applied to a wide range of MTO products including offshore production platforms,
process plant, power stations and steel mills. The familiarity of the spreadsheet and the availability of
linked probabilistic software makes the introduction of such a method into an organisation
straightforward.
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ABSTRACT

Recently, the greater part of a capacity of materials mobilization uses containers. The construction of
new port and high-speed medium size container ship for the transportation of merchandise is very
important.

The problem of ship stability is important because of the direct influence to the loss of the human-life,
ship, and merchandise, etc. The stability of container ship during the sailing is not the problem because
it is reflected in the design process. However, the assessment for ship stability during container
loading/unloading in port depends on experience as yet.

In this paper, the model-based simulation system is introduced, which is able to assess ship stability
during container loading/unloading, using ENVISION, the general-purpose simulation system.

KEYWORDS

Model-based simulation, CAD, CAE, Loading/unloading, High-speed medium size container ship,
Stability assessment

1 INTRODUCTION

The emerging information and communication technologies of shipbuilding industrial environments
are rapidly changing. To respond to the situation, a new paradigm has been matured with new concepts
such as the concrete method. Especially, all the efforts are shown to be concentrated to realize the
concept of Simulation Based Design(SBD) based on three dimensional Computer Aided Design(CAD)
model.

In this paper, new methodology for design and operation of ship is suggested, and for the verification
of suggested methodology, the system for stability assessment of ship during container
loading/unloading was developed. The developed system consists of geometric modeling subsystem,
basic calculation subsystem, and Computer Aided Engineering(CAE) subsystem. The function of the
geometric modeling module is to perform the modeling of the hull form and compartment of the
high-speed medium size container ship, and the shape of the container crane, the transfer crane, and
the port. The function of basic calculation module is to provide the results of calculation of
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hydrostatics properties based on the extreme form associated to the displacement instill water. The
function of CAE module is to provide the analysis for kinematics and dynamics motions. Interface to
CAE/CAD/Simulation system such as SIKOB and ENVISION system is provided.

2 SBD TECHNOLOGIES

SBD is a new paradigm in which the total definition of a product is conceived, designed, manufactured,
tested, trained, and supported for its useful life-cycle in a virtual environment.

In ship design, the SBD can have a powerful impact on the overall life-cycle of product development
activities. By implementing the SBD system based strategies and techniques, the behavior ofproducts
and process characteristics can be simulated in a Concurrent Engineering(CE) or Integrated Product
and Process Design(JPPD) environment.

In the development of new concept ship, the SBD system will permit detailed evaluation of product
and process design early in the life-cycle, reducing expensive surprises later during manufacturing and
operational service. Also, it provides realistic operator interaction with the productduring the
requirement and design process.

The SBD in ship design started in U.S. Department of Defense. Several prototype projects in navy
ships have been performed to apply the SBD concepts through the Defense Advances Research Project
Agency(DARPA) and its consecutive works, which was planned to maintain concurrent engineering
design concepts in order to reduce the period of design and manufacturing,to economize, and to
upgrade the quality of ships[1]. The well-known cases are U.S. Navy's LPD 17 simulation, General
Dynamics Electric Boat Division(GDEB)’s NSSN submarine[2], and Gulf Coast Region Marine
Technology Center(GCRMTC)’s Mobile Offshore Base(MOB) projects[3]. University of Strathclyde's
safety simulations of RO-RO ferry ship and University of Michigan's ship motion simulations are
typical examples in academic fields.

In Korea, SBD research has gained some interests in the commercial ship building industries and naval
ships. Yet, the progress is far behind than the expectation.

SBD face several technological problems. Firstly, High Performance Computing(HPC) and
HighPerformance Visualization(HPV), as well as high speed networking, are already under
development program and it is expected that emphasis on advancing these technologies will continue.
Secondly, the integration of CAD/CAE/CAM is a critical element of the SBD system's capabilities as
related to ship design in which the system must cope with the full spectrum of ship design engineering.
Thirdly, software standards and data exchange standards are needed for SBD to fully assimilate and
utilize large number of existing codes[4][7].

3 SIMULATION OF SHIP STABILITY ON CONTAINER LOADING/UNLOADING

In this research, a system for assessment of ship stability for container loading/unloading was
developed using SBD technologies. For the development of assessment system, the geometric models
of the high-speed medium size container ship, port, and facility are implemented and interfaced to the
CAE programs[5][6].

The Configuration of the system for container loading/unloading is shown in Figure 1.

3.1 Graphical User Interface
Graphical User Interface(GUI) is adopted to the commercial geometric modeling and simulation

systems in order to increase the flexibility and efficiency of system.
GUI is designed considering the following items.
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Figure 1. System Configuration of Container Loading/Unloading
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GUI of model-based container loading/unloading simulation system is developed using Graphical
Simulation Language(GSL) and Command Line Interpreter(CLI) functions of ENVISION system,
which is a commercial simulation system. All of the necessary commands and functions in developed
system defined as the menu. Top level command is top level menu. Sub-menus are constructed as
pull-down menus.
The hierarchy of menu of the developed system is shown in Figure 2. The input pad for principal
particular, material, and stability criteria of ship is shown in Figure 3. In this paper, the criteria of
stability assessment for ship are GM value and check collision between ship and port.
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Figure 2. GUI for Container Loading/Unloading Simulation System
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3.2 Geometric Modeling

The 3D Design Model such as hull form and compartment Model, was developed using the
commercial geometric modeling system, CATIA.

The hull form is the most fundamental model in a 3-dimensional product-model, which consists of
shell plate model, hull compartment model, hull structural model, and is used all the way from initial
to product designs.

A method to define a hull form is dictated by the requirement of accuracy in each design stage; in the
initial design stage, the hull form is defined by a wire-frame model that is accurate enough for
hydrostatic performance calculation. But, in the product design stage, the hull form is defined by a
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Figure 3. Example of Definition of Principal Particular and Critreria for Stability Assessment

surface model as some geometry production information such as piece, material information, etc., is
necessary at production job.

Recently, however, there has been research on constructing a product model itself in the initial design
stage for integrated design process.

In this Paper, the hull form of the high-speed medium size container ship is defined by a surfacemodel.
The general arrangement of a ship is the process of assigning spaces for all the required functions and
equipment, properly coordinated for location and access. The first step of general arrangement is
locating the main spaces and their boundaries. The major surfaces are surfaces ofwater-tight transverse
bulkhead and water-tight longitudinal members that become the boundarywalls of compartments. The
boundary walls of compartments are composed of plane and free form surface such as hull form.

The cargo modeling is to define containers. The number of loaded container is 300 teu and all
containers are located on deck.

"Figure 4. Visualization of Hull Form and Compartment
3.3 CAE Interface

The CAE programs used in developed system are hydrostatic calculation of ship, behavior assessment
of facility, and stability assessment of ship during container loading/unloading. The stability
assessment program of ship during container loading/unloading is developed using basic calculation
program. The behavior assessment program of facilities is developed using calculation module of
ENVISION system.

Interface between ENVISION system and CAE programs is implemented using visual C/C++ and
interface function such as GSL and CLI function, in windows environment. Figure 5 shows the process
of interface between ENVISION system and CAE programs.
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Figure 6 shows the source of a collision examination program between ship and port using intersection
method.

PROGRAM coll_check
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Figure 6. Source of a Collision Examination Program

3.4 Simulation of Container Loading/Unloading

The Container loading/unloading simulation is included in stability assessment of ship, assessment of
process, and assessment for optimal position of cranes during container loading/unloading.

Figure 7 shows the procedures of simulation for container loading/unloading

The following items were considered in the development of container loading/unloading .

- The container loading/unloading simulation use hull form, compartment, port, and facilities model
and CAE programs.

- The constraints such as sequence of loading/unloading and a moving distance of cranes, are permitted
within limits of values defined in [environment] menu.

- When crane picked container up off the deck, stability assessment program is executed.

- When stability of ship disappeared during simulation, system is terminated with beep sound.
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- View ports during simulation can be change using pocket menu.

The results of container loading/unloading simulation is as follows:

- The sequence Diagram of container loading/unloading

- The operation time of container loading/unloading

- The result of stability assessment for ship during container loading/unloading.

- The collision examination between ship and port during container loading/unloading simulation

- The optimal arrangement of cranes
Resource Modeling
Port Assembly
Workeell

Collision Free \\
. Ship Stability /
/

Path & Sequence
Generation

vl—l Hull | ILoading
oo} om ]
Pt INPUTS

lourputs

CAE Program

Figure 7. Procedures of Simulation for Container Loading/Unloading

The procedures of simulation for decision of the number and optimal position of crane using the
operation time are shown in Figure 8. In this paper, the number of crane considered is within three
cranes.

The optimization of container loading/unloading process is shown in Figure 9. To decide optimal
process of container loading/unloading, the developed system only considers the operation time and
not loading/unloading costs.

Figure 10 shows the visualization of container arrangement on deck and the visualization of cross
sections for a frame. Figure 11 shows procedures of stability assessment for ship during container
loading/unloading. The results of stability assessment use GM value. If GM value deviates from limits
of stability criteria, system is terminated. Figure 12 shows the visualization for the results of stability
assessment. Figure 13 shows collision examination between port and ship using intersection method.

4 CONCLUSIONS

In this paper, we investigated state-of-the-arts for SBD technologies and related researches. and
developed container loading/unloading simulation system for high-speed medium size container ship
using SBD technologies.

The shape of hull form, compartment, cargo, and facilities are defined using the 3D commercial
geometric modeling system. The application programs for stability assessment of ship are in-house
programs. The Graphical User Interface for the visualization and control of input/output data is
adopted for the efficient use of developed system.

Finally, we developed simulation system for the visualization of stability and behavior of ship, the



visualization of loading/unloading procedures, and the assessment of crane’s optimal position using
in-house CAE programs, graphical user interface, geometric model, and simulation function.

To support the effects of the external environment such as wind, wave, etc., the developed system has
to be extended.

SBD technologies can be applied usefully to engineering parts such as virtual shipyard, marine
accident simulation, marine safety, marine ergonomics. and so on.
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ABSTRACT

CBR(Case--Based Reasoning ) is a new method for reasoning in Al. The core of CBR is the case
presentation and the case-indexing model. This paper has developed the case-based reasoning for
solving the 3D--layout design problem of ship compartments. The case presentation with
object-oriented (O—O) in a compartment is presented. The O—O method is set up, by using
classifing-decomposed relation and mixed knowledge expression of frames, rules and methods. The
name, design-task are used in case indexing construction, a design-task-oriented indexing model based
on artificial neural method and process for compartment layout based on CBR are put forward.

KEYWORDS

CBR, Naval ship compartment, Intelligent, 3D-layout

1 INTRODUCTION

In design process, experts always study old successful cases, and apply the experience to the new

design problem. In ship design field, this method is usually called “Mother-Ship Modification

Method”. Case-Based Reasoning (CBR) is a kind of analogism . It expresses involved knowledge as

cases. Each case composes of a design problem and its solution. Via memorizing the solution of the

similar problem and properly adjusting the solution to suit the current problem, the solution of the

current problem can be worked out.!") Generally speaking, case-based design comprise three process: 1)
presentation of case knowledge; 2) Indexing of relational cases; 3) Validation of the cased found.

This paper introduces the application of CBR technology in intelligent 3D layout design of ship

compartment, it also introduces the stratagem of case indexing based on artificial neural method.

2 PRESENTATION OF CASE IN SHIP COMPARTMENT LAYOUT DESIGN

2.1 Object-oriented Knowledge Presentation Method of Compartment Layout Design
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Knowledge presentation is a series of regulation describing objects and phenomena. It is a way of
formalizing and symbolizing knowledge. The progress of artificial intelligence technology provides
various means and methods to present and dispose knowledge. With the development of the
object-oriented technology, it is possible to integrate several single knowledge presentation methods
(such as frame, rule) into a compounded knowledge presentation form. The case of compartment
layout design introduced in this paper adoFts the object-oriented knowledge presentation method, and
use frame case to describe object case. 2 Each object-oriented frame composes of relation slot,
property slot, method slot and rule slot.

Relation slot present the static relationship of object with other objects, the essence of it is describing
object in object. Via the presentation of relation slot, it’s possible to realize the objective of integrated
knowledge utilizing by decomposing the ship compartment layout design knowledge and presenting
multi-knowledge in object.

Property slot describe the static relationship of object. A property slot can describe every feather of
itself via many sides. Valueclass side presents the type of the slot value, inheritance side presents the
inheritance feather of the slot value, and values side record the property value.

Method slot is used to record the method in object. It’s a special dynamic process in frame. The
structure of method includes name, message schema table, local variable definition and method
structure body. Message transferring activates Method, and after the method is activated, the needed
information is selected from the message sent and used by the method process body. Then the method
process body is executed.

Rule slot is used to store generating rule set. Generating rule is grouped into many rule set according
to diverse of their tasks and objective served. Each rule set stores in rule slot as a value, and a frame
can have several rule slots to record different rule subset. Subset can be inherited. The use of rules
depends on rule reasoning machine.

The BNF pattern of Frame knowledge presentation method in object-oriented compound knowledge
presentation form is showed below:

<frame>:: =unit:<frame name>in<knowledge library name>;
{memberof: <class frame name> {, <class frame name> }; }

<slot> {<slot>}
END unit ;
<slot>::= memberslot | ownslot : <slot name> from<frame name>;

valueclass: <slot value class type>;

ililieritance: <inheritance property>;

{ <user-defined side>;< side value>; }

Values: <slot value>;

END slot;
<slot valueclass type>: : = integer | real | string | rules | METHODS | < class frame name>
<inheritance property>: : = override | union | METHODS
<frame name>: : =<character> { <character> |[<number>}
<slot name>: : =<character> {<character> |<number>}

2.2 Presentation of Case in Compartment Layout Design Based on Decomposition

Case is a vital part of ship compartment intelligent layout design knowledge. At the same time, it is
also the most important knowledge component of the Case-Based design model. Commonly, a case
of ship compartment layout design composes of three parts: (1) data of compartment layout design
case; (2) knowledge about solving the compartment layout design problem; (3) index of compartment
layout design case. In this garer, the cases are presented by the method of object-oriented hierarchical
structure decomposition.! By using this method, a complex 3D-layout design case can be
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decomposed to several easier cases, and every case can be decomposed hierarchy upon hierarchy. In
each hierarchy, the case can be used independently. In the before mentioned, the result of compartment
layout design is expressed by complex object structure. Because these objects have the format that is
needed in case presentation and their properties can present result data of the compartment layout
design, the object structure that present result of compartment layout design can present the case of
compartment layout design directly. The object structure that is the result of the compartment layout
design is always the instantiation of certain kind of layout design object class or the origin object.
According to the inheritance principle in the object-oriented method, these cases can inherit the
dynamic knowledge in the object class which they belong to. So using the object-oriented method to
present knowledge of ship compartment layout design principle can present the data of compartment
layout design case and solving knowledge of design conveniently. Fig.l is the decomposition
presentation of ship compartment layout design case.

Compartment

layout design

o

Compartment | layout Compartment2 Command module
design case | layout design case | layout casc 1
Command room
Area | Area 2 I Bam layout case 1 J layout case 1

layout layout
case | case |
| Area 3 layout case ) I | Area 4 layout case | I

Figure 1: the decomposition presentation of ship compartment layout design case.

In the light of integration of hierarchical structure decomposition of the ship compartment layout
design case and the object-oriented presentation method of ship compartment layout design knowledge,
the compartment layout design case can be utilized not only as a whole, but also merely some parts of
it. Therefore, as long as the design requirement of compartment design is identical with the object class,
the new layout design objective will be composed from the subcase of different layout design objects
according to compartment layout design knowledge.

Index of cases is another important part of case presentation of compartment design case. Index is the
appearance property in compartment design case; index of cases is gist of selecting compariment
layout design case based on case machine. The most convenient means to index a layout case is using
a sequence of compartment layout design case feathers as the index of layout case. To each object class
of layout design, an indexing type will be created in terms of its feather. In the process of layout design,
when design object class is instantiated to a case of layout design object, the index object class also
instantiated to the index of this object case, index object case include the record of index feather and
the names of compartment layout cases needed indexed.

3 THE CASE INDEXING MODEL OF COMPARTMENT LAYOUT BASED ON NEURAL
NETWORK

Before discussing the arithmetic, two notion are defined. One is degree of similitude which is the
measurement of to what degree two compartment layout design case are similar. The second is
dimension which describes compartment layout design space,it relates to the feather notion of
compartment layout design case. If the layout case has N pieces of property, the presentation space of
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this case is called N-dimension space.

The selection of compartment layout design case can be described as following. Firstly use the case
chain in the indexing object class to find relative indexing object class. Next, according to the
objective of compartment layout design, finding out corresponding indexing object class. Then solving
the case record in this object class structure, in another word, to find all relative index. Because these
index object record all corresponding compartment layout design case, the relative case can be found.
In these relative cases, the most similar case can be found via evaluating the degree of similitude
between the new layout design task and the relative cases.

A compariment layout design task includes three parts. These are the objectives of layout design,
initial qualification given and restriction must be gratified. In the compartment layout design process,
the interaction of each sub-objective in the layout design task must be taken into account. In
compartment layout design process, many objectives and many restrictions must be meet at
simultaneity, and each objective and restriction belong to different property space.

Presently, there are three methods of case indexing based on CBR technology. They are Euclid
distance, Manhattan distance and infinite distance. All the three methods of case indexing concern the
weightiness of each property in the design case. In the process of solving problem of ship compartment
layout design, determining weightiness of compartment layout design property is even more difficult.
Based on foregoing analysis, this paper put forward the arithmetic to determine degree of similitude of
ship compartment layout design case based on neural network. It is an indexing model, which look on
a design task of compartment layout design as layout case index.

In the research of artificial neural network, BP(Back Propagation) arithmetic is widely studied and
utilized. For determining degree of similitude of compartment layout design case, a BP network which
have three layers and one output unit is constructed (see in Fig. 2).

Output unit

Hidden unit

Input unit

Figure 2. A three-layer BP network

In Fig 2, the input unit | composed of /,and 1,, 1=1{1, , I,}, and I,={1,, i= 1, 2, -,
k}, I,= {I,,i= 1,2, -, k}, W, is the weightiness matrix between output layer and hidden layer,

and W, is the weightiness matrix between input layer and hidden layer. BP is a recursive gradient
arithpxetic to minimize the unbiased variance between the actual output and the predicted output in the
multi-layer BP network. The activation function of processing units is S type function, so the output of
units express in Eqn. (1):
1
0 =
" l4e™ )

In Eqn. (1), S, present the weightiness sum of all input in certain unit, O, present the output of that
unit.

The aim to construct neural network is to acquired knowledge that ship design expert used in
determining degree of similitude of ship compartment layout design case. In actual it is using neural
network to present weightiness between sub-objective and properties in the design task of
compartment layout design case, which is the rate of contribution to degree of similitude of ship



compartment layout design case. So the network showed in Fig.2 has characteristics as following;

1. Input layer composes of two sets of unit /,and 7,. The two sets of unit have the same unit naumber
and same unit sequence. They express different corresponding properties of the compartment layout
design task.

2. Output layer have only one unit. The value of the unit is the degree of similitude of two
compartment layout design cases inputted. The assign of weight is done by neural network. Supposing
we have n pieces of compartment layout design cases and each case have m pieces of property which
can be decomposed in the universal set of layout design task, the neural network would have 2m pieces
of input unit. The design task properties of every two compartments layout design cases and the degree
of similitude of these two compartment layout design cases construct a sample. The first one is the
input, and the second is output. If we call the collection of design task property value a as C,
C=la,, a,, -, a,], i=1,2, =« ,n. Ifthe input of the sample is I, I, =[a,, a,, -, a

a,, a,,, a,,1,j= 1,2,-+,n If O is the output of sample, Eqn. (2) is the corresponding matrix

of sample input and output. In these matrixes, elements in corresponding position constitute a pair of
samples.

Ill 1]2 " Oll 012 0.,
Iy 1n .. I, ” Oy Oy .. Oy V)
Inl 1n2 Imr Onl Onz Onn

With regard to sample input of ship compartment layout design, this paper adopt following regulations:
I=¢5, 1,, I, 1,}

In this equation, /, is the type of the naval ship compartment, /, is the size of the ship

compartment, /, is the type and number of the equipments in compartment space, /,is the number, size

and position of the passage in compartment space. The output matrix is a symmetric matrix, and its
elements in leading diagonal are constant 1, which means every compartment layout design case is self
-similitude. So the matrix can be present as a triangular matrix:

10, 0y .. O,
1 Oy .. O,

1 .
1 O(n—l)n

1

From this triangular matrix, we can find that n (n+ 1)/2 pieces of compartment layout design samples
are needed to express the degree of similitude determinant. And the corresponding elements in upper
triangular and lower triangular are of the same value. That is two compartment layout design cases
input get the same output, and the only difference is the reversal of the case sequence. But with the
samples of different sequence inputting into neural network together, the training effect will be better.
Thus we still use 7* pieces of samples in training.

In this way, the study is the process of giving n* pieces of compartment layout design samples, via
n*times of study, the neural network then will contain the hidden rules for design expert to determine
the degree of similitude of ship compartment layout design cases. To find the proper case
corresponding with the current layout design task, the layout design objectives, initial conditions,
restrictions and corresponding samples of n pieces of compartment layout design samples must be
input, then the degree of similitude of them will be found. So, an array of cases arranged by their
degree of similitude will be found, and we can select case based on it.
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4 REASONING POLICY BASED ON LAYOUT DESIGN CASE

Naval ship compartment layout design reasoning policy based on CBR are showed as following.

(I) Firstly, to study and select the properties of compartment layout design problem, determining the
compartment layout design objectives, initial conditions, and restrictions.

(2) By using the case-indexing model of compartment layout design based on neural network, to select
a group of cases whose objective is like the current layout design and sort them by their degree of
similitude. Search the most similar case to current problem in the compartment layout design case
library and store it in the current workspace.

(3) Take the selected compartment layout design case as prototype of the solution, adjust and modify it,
complete the conversion of case, until it satisfys the compartment layout design requirement. The
conversion of case is realized by using compartment layout design knowledge inherited from layout
design cases. The knowledge is derived from design class or design prototype.

(4) If the prototype cannot meet the requirements even after modifications and adjustments, it must be
redesign. And the result of redesigning should store in cases in the new case form.

§ CONCLUSIONS

Using case presentation method and case-indexing policy based on neural network introduced , we can
realize the intelligent ship compartment 3d-layout design based on CBR.

The neural network model introduced in this paper have two major advantages when compared with
other case-indexing methods: 1) Neural network has ability of finding the hidden information in
samples. Via training, neural network construct a model. The experience of design expert using to
determine whether two ship compartment layout design cases are similar is hard to express by regular
form, while using neural network can refine the experience of experts into the network. It’s just the
problem general methods are hard to solve. 2) Neural network has the ability of self-adaptation.
Through the constant study, neural network can constantly modify the model to match the changing
exterior conditions. The study of new compartment layout design case samples make neural network
modify the weight matrix continuously. In this way, the experience of determining whether two ship
compartment layout design cases are similar used by design expert can be expressed more accurately.
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ABSTRACT

Hull design evolves from a wireframe model to a surface model through conceptual design,
preliminary design, and production design. Hull form designers initiate designs using wireframe
models with which they are familiar, and want to convert a wireframe model to surface model-
whenever it is necessary. Therefore, hull form design system should support not only cross fairing and
correct points ordering for a wireframe model but also be able to generate the surface from the
wireframe model.

The EzHULL system developed in this research, provides an association based cross fairing and
surface generation, using X-topology and non-manifold data structure. X-topology is the data structure
for a wireframe model that supports the association based cross fairing. The association based cross
fairing enables effective wireframe modification by automatically updating all hull lines related to a
changed line. The non-manifold data structure stores both topological and geometric data of the
surface model produced from the wireframe model. The geometric data of the surface model can be
used to display the 3-D surface hull form to check the surface fairness at the early design stage of hull
form. And, the topological information can be used to solve the points ordering problem that occurs in
the wireframe based design system. An example of a twin skeg hull form showing the effectiveness of
the developed system is included.

KEYWORDS

Hull form CAD system, cross fairing, surface model, non-manifold data structure

1 INTRODUCTION

The hull form design process is a multi-disciplinary operation involving cooperation between design
departments. A CAD system in hull form design plays a fundamental role by sharing hull form data
with other design processes [1]. Since the hull form normally evolves from a wireframe model to a
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surface model through conceptual design, preliminary design, and production design, it is necessary
for a hull form CAD system to provide following features.

Wireframe Cross Fairing: The cross fairing is a basic and essential feature in a wireframe based hull
design system. In the wireframe model, if one of crossing hull lines such as a station line or a waterline
is modified for fairing, the other line should be altered to maintain the crossing points, this process is
called ‘cross fairing’ in hull form design. In addition to the crossing lines, all other lines that are
affected by them should also be rearranged automatically.

Direct Conversion from wireframe model to surface model: Hull form designers are used to dealing
with lines plan represented by a wireframe model, and may estimate the performance of a ship based
on a wireframe model. On the other hand, they also require that the hull form surfaces be displayed to
check the surface faimess. Therefore, it is desirable to be able to perform immediate conversion from
the wireframe model to the surface model to implement any necessary change into the wireframe
model even at the early design stages of the hull form.

Correct points ordering during wireframe generation: When a new hull line is generated by
intersecting a wireframe model with a certain plane, an intersection points ordering problem always
occurs. Therefore, it is important to have the correct point ordering, especially with a complex multi-
hull form such as twin skeg hull.

In this research, a hull form CAD system called 'EZHULL' was developed to perform the above tasks.
Cross fairing features and conversion from wireframe model to surface model will be the main focus
of this paper, and we will also discuss how these features help to significantly reduce time and cost of
hull form design.

2 DATA STRUCTURE OF EzHULL

The data structure of EzZHULL is composed of the wireframe and surface models that mutually
represent the hull form. The wireframe data structure that efficiently supports the cross fairing is called
X-topology'. The non-manifold data structure is used for storing the surface model produced from the
wireframe model.

2.1 X-topology Data Structure

The X-topology is a basic data structure for hull form design using the wireframe model. Hull form
designers usually perform cross fairing of the wireframe model by modifying the characteristic hull
lines, such as the station line and the waterline. If a fitting point is moved on a waterline, they expect
the waterline to be changed as a single unit curve and want the station lines crossing the waterline to
move in concert. In the non-manifold data structure, however, a single waterline and station line are
subdivided into several segments to represent edges that form face boundaries. Thus, in the EZHULL,
a data structure that can manipulate hull lines as a suitable unit and support effective cross fairing of
wireframe model has been developed and named ‘X-topology’, in addition to the non-manifold data
structure for the surface model.

The X-topology has a hierarchical structure, which is similar to the non-manifold data structure, as
shown in Fig 1. The X-edge’, which represents hull lines of the wireframe model, is a base element of
X-topology, and the collection of the X-edge forms the 'X-surface' that represents the imaginary
surface. There are three types of X-edge, the B-line, S-line, and R-line. The B-line mainly represents
the boundary curves, such as the deck line, the profile line, the midship section line, and the side- and
bottom tangent line, whereas the S-line represents the interior form of the X-surface, and includes the
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station line and the waterline. Both the B-lines and S-lines are used for both fairing and forming the
mesh of the X-surface. The R-line is only used for reference purpose and does not form the mesh of
the X-surface.

2.2 Non-manifold Data Structure

In EzZHULL, the hull surface data is represented as NURBS (Non-Uniform Rational B-Spline) surface
patches. To improve the usability of the hull surface data, it is necessary to save the topological
information that represents the relationships between surface patches as well as geometric information
of them. To do this, EZHULL uses a non-manifold data structure that can store both the topological and
geometric data of the hull surface without thickness [2]. Since the non-manifold data structure can deal
with not only manifold data, such as, solid objects but also with non-manifold data, such as lines and
surfaces, many commercial CAD systems have recently adopted non-manifold data structure. So,
representing the hull surface data in the form of non-manifold data structure facilitates the transfer of
surface data to the next process.

In EZHULL, geometric information, which is stored in the non-manifold data structure, is mainly used
for verifying surface fairness by surface shading. The topological information is used for points
ordering to generate a new hull line of the wireframe model. The non-manifold data structure is also
used in the solid model-based compartment arrangement and the hydrostatics calculation system,
which are currently being developed.

Fig. 1 shows an example of an afterbody wireframe model and the corresponding surface model. More
detailed process which converts the ‘X-topology’ of the wireframe model into the non-manifold data

structure of surface model, is described in Section 4.1
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Figure 1: Example of an afterbody wireframe model using the X-topology and corresponding surface
model represented by non-manifold data structure

3 ASSOCIATION BASED CROSS FARING
3.1 Priority Order of the Association

In EzHULL, association based cross fairing is developed using the X-topology data structure to



improve the efliciency of hull form design (3]. This association means the relationship between X-
edges crossing each other, and X-edges of X-topology data structure are classified into three types: B-
line, S-line, and R-line according to the priority order of the association. The B-line is the X-edge that
has top priority, and is not affected by a change in any other line including other B-lines. Therefore, the
principal lines of the hull form are represented as B-lines. Since the S-line has second priority
compared to the B-line, it is affected by other B-lines, and the S-lines also affect each other. In other
words, if a B- or S-line is modified, all crossing S-lines should be attached to it. When converting X-
topology to non-manifold data structure, the S-lines and B-lines are subdivided at their crossing points
into several curve segments that become boundary edges of surface patches. Finally, the R-line is
attached to B-line and S-lines by the lowest priority, and a change of an R-line cannot affect any other
line, including another R-line. So, the R-lines are usually used to describe the wireframe model in
detail.

3.2 Procedure of Cross Faring Based on Association

The cross faring based on the association is implemented by an ‘update line’ operation, which is
composed of several ‘touch line’ operations.

Touch line operation Update operation
on WL08 on ST15
& uy
~ )
WL WLO8

Figure 2: Example of the ‘touch line’ operation (A) and the ‘update line’ operation (B) on station line

Performing ‘touch line’ operation on a target X-edge means attaching the target X-edge (except a B-
line) to other X-edges that have higher or equal priority so as to cross them. Fig 2(A) shows that the
target waterline WLO8 is attached to the station line ST15 by a ‘touch line’ operation that consists of
following 2 steps. In the first step, the plane of z=8.0m containing the target waterline WLOS8 is
intersected with other X-edges that have higher or equal priority, i.e. the station line ST15 (S-line) in
Fig. 2(A). In the second step, the target waterline WLO8 is moved to pass the intersection point
calculated in the first step. Then, a new waterline WL08 that crosses the station line STI15 is
regenerated as the dotted line in Fig 2(A).

In contrast with the ‘touch line’ operation, the ‘update line’ operation is used to attach other X-edges
that have equal or lower priority to the target X-edge. Thus, the ‘update line’ operation is implemented
by several ‘touch line’ operations on other X-edges. In Fig 2(B), the update line operation on the
station line ST15 is shown. Firstly, all X-edges that have equal or lower priority, for example the 3
waterlines WL06, WL08, and WL10, are searched using the priority order of association. Secondly, a
‘touch line’ operation is executed on each X-edge found in the previous step. Subsequently, the three
waterlines WL06, WLO08, and WL10 are attached to the station line ST15 as shown in Fig 2(B).

The process of association based cross fairing is to perform the update line operation on changed hull
lines recursively, which means to perform the touch line operations on all hull lines associated with the
changed lines. For example, when a B-line such as bottom tangent line is changed, all associated S-
lines and R-lines should be modified to attach to the B-line by performing the update line operation.
Then, the update line operation should be performed recursively for the modified S-lines until there are
no more changes. Fig. 3 shows how the association based cross fairing reduces the effort required for
hull form design with a wireframe model. If a hull form designer moves a point on the station line
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ST15 (S-line) inspecting its curvature, the crossing waterlines WL06, WL08, and WL10 (S-lines) will
be automatically changed by the update operation on ST15. Then, the change of the three waterlines
causes a re-update of the buttock line and the gray station lines (R-lines). This automation of the cross
fairing enables designers to manipulate the wireframe model more efficiently by inspecting the global
curvature.

—— S-Line

— R-Line

WLOS

Figure 3: Example of the association based cross faring showihg that all lines related to the changed
station line ST15 are updated automatically

4 GENERATION OF SURFACE MODEL FOR NON-MANIFOLD DATA STRUCTURE
4.1 Process of Surface Model Generation

The surface model is generated from the X-surface mesh. The process of surface model generation is
as follows. Firstly, the cross points (O) of the B-lines and S-lines are registered as nodes as shown in
Fig 4(A) (at this stage, the R-lines are not involved). Fig 4(A) shows that no node is generated at the
cross point between Btkline and W102, because Bikline is a R-line. After all nodes are generated, each
X-edge is divided into several segments at nodes. Later each node will be converted to a vertex and
each segment to an edge of non-manifold data structure.

(A)

/Node._'_ i

i m
B"fllna
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f 514,“‘? ' Hooking durve
Figure 4: Procedure for generating the non-manifold data structure of the surface model from the X-

topology of the wireframe model

Secondly, loops of boundary edges of faces are identified, which represent the topology of surface
patches in the non-manifold data structure. For loop search, the outer normal vector of each node is
calculated approximately, as shown in Fig 4(B). Exploring the edges using the outer normal vectors,
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EzHULL automatically identifies all loops to be boundary of faces. Then, a series of Euler operators
are applied for each loop, to construct the topology information. When this process is complete, the
topological information of the non-manifold data structure is completely constructed.

Finally, EZHULL generates the geometric information of the non-manifold data structure with only the
face boundaries. Since all surface patches are stored in the form of the tensor product NURBS in
EzHULL, only rectangular surface patches are allowed for the geometric information of faces[4,5].
However, triangular or pentagonal faces occur frequently in the hull form design, and therefore, a
degenerated NURBS surface patch is used for geometric data of the triangular faces. For pentagonal
faces, a new edge called a ‘hooking curve’ is inserted to subdivide the pentagonal face into two
rectangular faces as shown in Fig 4(C). After all faces are converted into rectangular faces, NURBS
surface patches can be generated with the four edges of the faces using the bilinearly blended Coons
patch method (Fig 4(D)). The bilinearly blended Coons patch can be easily converted to the
mathematically equivalent of the NURBS patch [5].

4.2 Application of Surface Model
The surface Model is mainly used for following three purposes.

(1) Surface shading: After the geometric information of the surface model has been completely
generated, the surface can be shaded with proper tessellation. As shown in Fig 5, designers can freely
rotate and translate the shaded hull form, and easily understand the hull form 3-Dimensionally. In
particular, the surface fairness can be inspected in detail by moving the light source.Designers can
modify the wireframes more smooth based on the surface fairness.
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Figure 5: Shaded surface model of a twin skeg hull form produced from the wireframe model in
EzHULL

(2) Points ordering: When a new hull line is generated by intersecting the wireframe model with a
certain plane, an ordering problem of the intersection points invariably occurs. Suppose that a designer
generates a 0.5m buttock line, for example. Then, all the points of the buttock line can be obtained by
intersecting all station lines and waterlines with the infinite plane at y=0.5m. However, there is no
general method available that allows the proper connection of the intersection points to determine the
correct buttock line. This points ordering problem in the wireframe based system is one of the most
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difficult tasks. EZHULL soives this problem simply by using topological information stored in the non-
manifold data structure. Using topological information, EZHULL can determine the partial order of
intersection points on each surface patch, and then generate a new wireframe line by rearranging the
segments of the partially ordered intersection points into a globally ordered points list (Fig. 6).

(3) Wireframe shading: The X-edges are converted into polylines for visualization and shaded using
a technique which we call *wireframe shading’, which is a technique that shades the wireframe curves
with a luminance calculated using a normal vector at each vertex of the polylines. The normal vector
of a vertex 1s calculated by interpolating the outer normal vectors of section 4.1. If the wireframe
model shaded using this technique, the lines with normal vectors directed towards the observer arc
bright. and the others are shaded. Therefore. the wireframe shading can give the pseudo 3D-effect and
help to improve the presentation of the wireframe fairing. even for a complex hull form (Fig. 7).

Figure 6: The buttock lines ofa goose neck FAiguré'7:'A twin skeg—' hull without wireframe
hull, which are generated using points ordering shading (left) and with wireframe shading

5 CONCLUSIONS

EzHULL system developed in this research, provides an association based cross fairing and generates
a surface from a wireframe model using X-topology and non-manifold data structure. The association
based cross fairing offers designers an effective wireframe fairing, by monitoring how adjacent lines
are affected when a particular line is changed. Direct conversion from a wireframe model to a surface
mode) enables 3-D surface hull form to be visualized even at the earliest design stages. The topological
information of the converted surface model helps to resolve the points ordering problem in the
wireframe model and the geometric information is used to shade the wireframe model with a cubic
effect. In addition to these features, EZHULL also provides convenient and intuitive wireframe editing
system for planar and spatial curves, hull form variations and various facilities for hull form design.
EzHULL' is now available as a commercial system, and it is our hope that the EZHULL system will
give new vision to hull form designers.
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ABSTRACT

A new VLCC(Very Large Crude Oil Carrier) for improving productivity is suggested and the
development procedures for the new VLCC are introduced. In the stage of initial design, a new VLCC
with eight web frames and one swash bulkhead per one hold is suggested to reduce the number of web
frame. Longitudinal structural members having sufficient longitudinal strength are introduced through
conservative rulc scantlings considering design still water bending moment and wave bending moment.
3-D cargo tank F.E. analyses have been performed to assess the structural adequacy of primary
structural members such as floors, transverse webs, transverse bulkheads, swash bulkheads, girders
and longitudinal bulkheads.

In the viewpoint of fatigue strength, hopper knuckle structure is apt to be weakened by opening and
closing modes due to internal dynamic pressures and dynamic sea pressures. The fatigue strength of
longitudinal connection is critical because the combined local stress components due to simultaneous
internal and external pressure loads are to be added to the global stress components induced by hull
girder wave bending. With these reasons, fatigue strength is calculated in longitudinal connection and
hopper knuckle connection of the modified structural arrangement. The collision resistance is also
investigated by comparing the new VLCC design and the original VLCC design.

Through this research, the newly designed VLCC is found to have enough strength with regard to
yielding criteria, structural stability, fatigue strength and collision capacity.

KEYWORDS

Wide web frame space, Longitudinal strength, Hopper knuckle, Fatigue, Collision

1 INTRODUCTION

In the design of vessel, it is difficult to satisfy both aspects simultaneously, long-term operation life
with minimum maintenance costs and structural design with the economic ship building costs.

Many research activities have been carried out for the development of new VLCC which has the long-
term operation life and simple maintenance faculty in line with economical structural design [Park. et
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al.,, 1999]. In this paper, engineering of VLCC for improving productivity is suggested and the
development procedures for the new VLCC are introduced in the viewpoint of design.

2 STRUCTURAL ARRANGEMENT AND MID-SHIP SECTION

Main hull of cargo tank region of this vessel is consist of double side hull, double bottom, hopper tank
and deck structures as same arrangement of original VLCC. Two longitudinal bulkheads divide the
cargo tank part into center cargo tank and side cargo tanks and transverse bulkheads divide cargo tank
into 5 tanks in longitudinal directions. Plane stiffened transverse bulkheads with three(3) rows of
horizontal stringers on their forward sides subdivide the cargo region longitudinally. Nine web frames
including one swash bulkhead exist in every hold in the design of original VLCC. However, to reduce
the number of web fame, the structural design of new VLCC with wide web frame space is suggested.
Therefore, the suggested VLCC has eight web frames including one swash bulkhead in every hold as
shown in Fig.l. That is, in the design of the new VLCC, total five web frames are reduced in
comparison with the original VLCC design.

Hull section scantling, which have sufficient longitudinal strength, including stiffener and plate is
calculated by considering total bending moment combined still water bending moment and design
wave bending moment. Sagging and hogging conditions are considered in the design wave bending
moments and still water bending moments.

Bending, shear and buckling strengths were considered in the definition of scantlings for longitudinal
structural members. And minimum requirements of rules were also considered in the definition of
the scantlings. Longitudinal strength is evaluated based on cross sectional area of the longitudinal
member, position of the centroid, moment of inertia and section modulus.

According to the result of scantling for mid-ship section, longitudinal members of the subject VLCC
have bigger scantlings in comparison with longitudinal members of original VLCC to satisfy
longitudinal strength.

Eo 5 Taﬂk No.4 Tank. No.3 T§£l§~ No.2 Tank. N;jﬂ

- T
' | '

Figure I:  Structural arrangement and Midship section for new VLCC

3 CARGO TANK FE ANALYSIS

3-D Cargo Tank F.E. analysis is performed to assess the structural adequacy of the VLCC with wide
web frame space and to define the scantling of the transverse members.  Structural analysis has been
carried out in accordance with the procedure outlined in the DNV’s rule and guidelines[DNV, 1999].

3.1 Idealization for 3-D Cargo Tank Analysis

One and two half tanks in longitudinal direction were idealized in order to minimize boundary
condition effects and the middle part of the model is used to examine the results of cargo tanks
structural analysis. Only the port side with the full depth of the ship is idealized due to the symmetrical
nature of loading conditions about the center line. 3-D FE model for cargo tank analysis is shown in
Fig. 2.

The FE analysis of 3-D cargo tanks is performed by using shell, beam and truss elements to provide a
satisfactory representation of the deflection and stress distribution within the structure. Longitudinal



structure members(deck, bottom, inner bottom, side shell and bulkheads) are idealized by shell
elements in order to take into account lateral pressure loads and to resist out of plane bending.
Transverse structure members are also idealized by shell elements.  The longitudinal stiffeners,
vertical stiffeners attached to trans. BHD and face plate of horizontal stringers are idealized by beam
elements in order to resist bending moment. The secondary structural members such as stiffeners on
floors and webs etc. are idealized by truss elements in order to reflect axial load.
Half of the sectional properties are applied for the elements in
o the center line plane of the model, fore end plane and aft end
b plane of the model. Face plates and panel stiffeners of primary
members are represented by line elements with a cross
sectional area. The properties of curved face plate are defined
by considering effective areas. Corrosion margin is considered
in the definition of element properties. The number of mesh in
double bottom floor and double side web are 4, the number of
mesh between frames is 2 and the number of mesh between
longitudinal stiffeners is 1.

Figure 2:  3-D FE model
3.2 Loading Conditions and Boundary Conditions

The most severe realistic load conditions of the ship are considered for the 3-D tank analysis. To
investigate the response of the structure due to the local hydro-static and hydro-dynamic pressure, 8
load cases are considered. 5 cases are considered in sea-going condition and 3 cases are considered in
harbor condition.  Realistic combinations of external and internal dynamic loads are considered in
sea-going conditions and the static loads are only considered in harbor conditions.

In order to consider shear force imbalance between downward loads and buoyancy, imbalance shear
forces are calculated in way of the transverse bulkheads at inside longi. BHD, inner skin and side shell.
To eliminate imbalanced shear forces, the calculated imbalance shear forces are re-acted to the same
locations. The final 3-D cargo tank analysis shows the sum of the imbalanced shear forces is about 0.
For symmetrical nature of geometry and loading conditions, symmetrical constraints are applied at the
centerline plane of the FE model. Symmetrical constraints are applied at the end of forward and aft
plane of the FE model. Vertical fixed boundary is applied at the top node at the intersection of forward
transverse BHD and side shell.

3.3 Analysis Results

Evaluation of stress results is performed by using element stress which is calculated at the middle
surface of plate bending element. According to the results, the newly designed VL.CC is found to have
enough strength with regard to yielding criteria and structural stability.

4 EVALUATION OF FATIGUE STRENGTH

Fatigue strength has been considered as the one of main issues in the design of ship structure. That is,
typical structural joints should be designed to sustain design service life without fatigue damage.
Therefore, fatigue analyses for hopper knuckle connection and critical connections of longitudinals
have been performed to evaluate whether these structural connections of subject vessel have sufficient
fatigue strength in compliance with DNV's fatigue guidance[DNV, 1998].

4.1 Fatigue Loading

The only fluctuating loading components excluding static loading are considered as a fatigue loading,
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and the fluctuating loads covers wave bending moments, accelerations by ship motion and wave
dynamic pressures. The detailed loading components such as external wave pressure, internal pressure
and hull girder bending moment are defined in the probability level of loading to be 107,

The accelerations due to ship motion produce the loads by cargo in hold or sea water in ballast tank,
and these loads act on hold or ballast tank as inertia forces.

The dynamic external pressure is considered as the largest of the combined pressure dominated by
pitch motion in head/quartering seas, or by roll motion in beam/quartering seas.

The dynamic internal pressures from liquid cargo or ballast water are calculated for acceleration
components in vertical, transverse and longitudinal directions and the maximum pressure due to
accelerations of the internal mass may be taken as the internal fatigue load.

4.2 Stress Combinations for Fatigue Analysis

A simplified approach to determine the distributions of long-term stress ranges for closed or semi-
closed hull cross sections is expressed as Weibull distributions.  Stress ranges for fatigue analysis are
defined by combining local stress components due to simultaneous internal and external pressure loads
with global stress components induced by hull girder wave bending.

The local dynamic stress components Ao, are defined by external and internal dynamic pressures as
following formula with a consideration of occurrence phase.

Ac, =2\/0',2 +o} +2p,0,0, ()]

The total local stress amplitude due to external and internal pressure loads are the sum of individual
local stress components such as local secondary bending stress, local bending stress of longitudinal
and local tertiary plate bending stress.

Global stress range is defined as the combination of vertical bending and horizontal components. Since
two components of bending stress ranges, Ao, and Adyg, never occur at the same phase, global stress
range Acg should be combined as

Ao, = \/Aavz + AO',,K2 +0.2A0 .40, 2)

The long-term sailing routes of the ship is considered by reduction factor f,. and the effect of mean
stress is considered by reduction factor f,, .

Using the global and local stress ranges above, consequently, the stress range Acy for fatigue damage
calculation is taken as [DNV, 1998]
Ao, =f,f, Max(ac, +0.6Aa, ,0.6A0, +Aa,) 3)

Stress range for fatigue analysis should include the effect of stress concentration due to detail structural
geometry and welding geometry. Therefore, the stress concentration factor K is considered in the

calculation of each stress component.

4.3 Fatigue Damage Assessment

When the distribution of long-term stress range follows Weibull distribution, fatigue damage ratio D
indicating the intensity of cumulative damage is given by [DNV, 1998]

v T, Mg m
D= 24 Mi+— 4
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The S-N curves are adopted with welded joint, and it is assumed that the structure is exposed to
corrosive effect of sour crude oil for half the ship life.

The fatigue damage can be calculated applying S-N curves for cathodic protection and corrosive
environment equally. Sim})liﬁed one-slope S-N curves have been used instead of bilinear curves with
change in slope beyond 10’ cycles. Considering the load conditions and corrosion effect, the resultant
fatigue damage ratio leads to

D = [( Dﬁdl )carm.m-c + (Dballa:l )cnrm.nvt + (Dﬁdl )calhod:c + (Dballa.rl )mllmd:c ] / 2 (5)

Each pair of load cases is used to calculate stress range which is defined as the difference of minimum
and maximum stresses which are induced by minimum and maximum loading conditions, respectively.
Stress range for damage ratio calculation is defined based on notch stress [Wagner, 1998].

4.4 Fatigue Analysis of Longitudinal Stiffener Connections

Fatigue analyses are performed in the connections of all longitudinal stiffeners except deck
longitudinals. The effective length of beam for calculating local bending is varied due to the detail
shape of longitudinal connections. Therefore, fatigue analyses for longitudinal connections are
performed in typical web frame section, swash BHD and transverse BHD separately. Fatigue
analyses for longitudinals at typical web frame section are performed in web frame section where
maximum stress occurs from the result of cargo tank analysis. Fatigue analysis for longitudinals at
transverse BHD are performed in fore and aft positions of the trans. BHD. FE model of 3-D cargo
tank analysis is employed to obtain relative deformation that would be used in fatigue damage
assessment of critical connections of longitudinal. The warping effect due to unsymmetrical section of
longitudinal stiffener is also considered in the calculation of stress components.

According to the result of fatigue analysis of longitudinal connections, fatigue lives of longitudinal
connections at aft position of transverse BHD are lower than longitudinal connections at fore position
of transverse BHD due to the larger effective length of longitudinal.

Longitudinal stiffeners around design draft have most severe fatigue strength because of the maximum
local bending stress due to external dynamic pressure. It can be found that all longitudinal stiffeners of
the subject vessel have sufficient fatigue strength.

4.5 Fatigue Analysis of Hopper Knuckle Connection
Fatigue analysis for hopper knuckle connection is performed at the frame section having maximum
stress by the result of 3-D cargo tank analysis. Fatigue analysis for this structure is performed in two
steps. Global analysis (3-D cargo tank analysis for fatigue analysis) is performed to get global
structural behavior and to get deflections results for the sub-model analysis. And then, the sub-model
analysis is performed by using the local pressure and the displacements of the 3-D cargo tank model.
The sub-model extends two
transverse floor  spaces
longitudinally to investigate
the effect of docking bracket
as shown in Fig. 3. Mesh
sizes for critical zones are
carefully controlled to get
relevant geometric stress even
by using t x t fine mesh.

Figure 3: Local Model for the Fatigue Analysis of Hopper Knuckle
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The stress components to be combined are the notch stresses, i.e. stresses including stress
concentration factor of a structural detail depend on weld geometry, structural geometry and type of
loading. Geometric stress is defined as a linear extrapolation of surface stresses at a distance 0.5t and
1.5t from the weld toe in case the thickness of parent metal being t. Transverse direction stress is
similar to the principal stress in hopper structure.  So, transverse direction stress is applied to evaluate
fatigue life of hopper structure. The local stress resulted from hull girder bending moment is added to
the local stress calculated from the sub-model analysis. Normal axial stress calculated by beam theory
using hull girder bending moment is modified by considering geometry stress concentration induced
by local geometry configuration of the sub model.

As a result, hopper knuckle of the new VLCC has sufficient fatigue life though the fatigue life is a
little bit short in comparison with that of original VLCC.

5 EVALUATION OF COLLISION STRENGTH

Double hull tankers should be designed to have sufficient energy absorption capacity to reduce oil
spillage in case of collision accident [Jang, et al., 1999]. Therefore, the hull resistance of subject VLCC
against collision is investigated in the viewpoint of energy absorption capacity and resulting damage.
Contribution of each structural component such as side shell, side longitudinal bulkhead, stringer, web
frame is investigated and energy absorption capacity and the amount of resulting damage are
investigated according to the variation of ship speed with various plastic strain rate.

In this study, two types of VLCC are considered as struck ship and a 156,000 DWT oil tanker is
considered as striking ship. The first struck ship is the new VLCC with wide web frame space and the
other is original VLCC.

In each scenario, striking ship with ballast condition, moving ahead at a speed of 10 knots, collides
with the struck ship. The struck ship is stationary and in full load condition. The position of collision is
the middle of two successive web frames and struck ship’s longitudinal center line is normal to the
direction of motion of striking ship. The rolling, yawing and swaying of the striking ship are neglected.

5.1 Numerical Analysis

The explicit method to integrate the governing dynamic equations of a system with respect to time is
used to simulate ship hull structural behavior in collision. Lagrange finite element method is also used
by using a computer program MSC/DYTRAN [MSC, 1996]. The central difference method is used
to perform this integration. As lumped mass is used, the mass matrix becomes a diagonal matrix and
the equation of motion of each degree of freedom becomes independent and no matrix decomposition
is necessary to obtain accelerations.

Plating and webs of web frame and longitudinal are modeled using Belytschko — Tsai shell elements
and flange and small stiffeners are modeled using rod elements. The struck ship is modeled as
deformable structures and striking ship is modeled as rigid bodies. In collision analysis, tearing of
welding lines is important in areas where large damage occurs. Therefore, idealization of weld lines
considering failure may be necessary in order to accurately predict collision damage. In this study,
breakable joints are used to idealize welded connections.

Initially, as loads are applied, the two nodal points of each joint move together. When stresses acting
on the weld satisfy a predefined failure condition (weld ultimate strength), the joint breaks up and
internal forces are unloaded to the surrounding structure. Then each of two nodes may move
independently. The weld failure of striking ship bow structure is not modeled because primary interest
is focused on the behavior of the side structure of the struck ship.

5.2 Results

Collision force with penetration is shown in Fig. 4. The penetration is defined as the change of the
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distance between the center of gravity of the struck and striking ships. As collision starts the force
increases until the side shell plate fails. Then force decreases rapidly, then increase again until failure
of inner hull plate. Fig. 4 shows the collision forces of subject VLCC are higher than those of original
VLCC. It reveals higher collision force is needed for new VLCC than the original VLCC.

As shown in Fig. 5, the absorbed energy of subject VLCC is higher than those of original VLCC. That
is, the side structure of subject VLCC absorbs more energy than the original VLCC because softer
structure absorbs more energy in collision.

g 400 | @S1de Shetl |
< 350 |Otnner Hul

[ vLceTyee |
~——— Original

Collision Force x E08 (N)

Original New

0.0 1.0 20 30 4.0 5.0 6.0 70 VLCC TYPE

Penetration (m)

Figure 4: Collision Force Variation with Penetration ~ Figure 5: Comparison of Absorbed Energy

6 CONCLUSIONS

In this research, it can be found that the longitudinal structural members of the new VLCC have
increased scantlings in comparison with the design of original VLCC. According to the results of 3-D
cargo tank F.E. analyses, the transverse structural members of subject VLCC are reinforced.

By the result of fatigue assessment in longitudinal stiffeners and hopper knuckle connections, it can be
found that the new VLCC has sufficient fatigue life. And it has been found that transverse stress is the
dominant factor to cause the fatigue cracks for hopper knuckle connections.

In this paper, energy absorption capacity, damage mechanism and structural behavior according to the
design modification for VLCC are studied. As the result of the evaluation of collision strength, the
scantlings of both the new and original VLCCs are sufficient to endure the corresponding collision
loads. In other words, the new VLCC as well as original VLCC is "safe" against oil leakage in the
suggested scenario. And it shows the side structure of the new VLCC has a better collision capacity.
Through this research, the newly designed VLCC is found to have enough strength with regard to
yielding criteria, structural stability, fatigue strength and collision capacity.
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ABSTRACT

In this paper, the applicability of response surface methodology (RSM) to the design of ship structures
is examined. This methodology involves the following mathematical techniques: a method of
designing experiments that allows an efficient and accurate grasp of response features using a minimal
number of analyses, the least squares method to obtain an approximate mathematical expression of the
response, and the nonlinear optimization method to determine the optimal design, i.e., the minimum or
maximum of the response. RSM allows easy estimation of changes on the response surface as changes
are imposed on the design parameters. This is particularly effective in ship structural designs wherein
trade-offs between design variables are inevitable. However, before RSM is applied to the actual
design, the order of the approximate polynomial equation that represents the response surface, and the
necessary number of response evaluations, etc., must be examined. Thus, the optimization of the
transverse bulkhead structure of a crude oil tanker is performed as an example of the application of
RSM, wherein the method’s effectiveness together with the results of above-mentioned basic
examinations are shown.
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1 INTRODUCTION

When a ship designer creates ship structural design, he first considers several combinations of design
variables related to structural form, structural size, and so on. Next, he performs response analysis
using FEM or some other method, and evaluates the performance of each design. Finally, he selects the
best design from among the candidates.

However, this design-selection procedure carries with it the possibility that the selected combination of
design variables may not always be the optimal one, due to the limited number of candidate designs
analyzed.

Thus, response surface methodology (RSM) is applied in this study to optimize ship structural design.
This methodology involves a few sets of mathematical techniques: the method of designing
experiments to efficiently grasp the accurate features of a structural response using a minimal number
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of analyses, the least squares method to obtain an approximate mathematical expression of the
response, and the nonlinear optimization method to determine the optimal design, i.e., the minimum or
maximum response.

In this paper, as an example of the application of RSM to ship structural design, the optimization of the
transverse bulkhead structures of an oil tanker is performed. The results obtained and the know-how
accumulated in using this methodology for optimizing ship structural design are shown. Through the
research shown in this paper, the advantages of the RSM are clarified; i.e., the behavior of the solution
around the optimum is easily examined and the trade-off in the design can be carried out. Also, the
methodology is shown to be very powerful means of rationally reducing the number of structural
response analyses where efficiency of the analysis is very much expected.

2 RESPONSE SURFACE METHODOLOGY
2.1 Basic theories of RSM

A response surface is a curved surface that represents the relationship between the design variables x,
(i=1,....,n) and the response y. This relationship can be presented by the following equation:
y=f(xl’ """ ’xn)+E (1)

where ¢ is the random error in y. There is no restriction in the form of function f that
approximates the response surface. However, for the sake of simplicity, a polynomial to express the
function f can be generally used. For example, if we use the second-order model with n design
variables, the model becomes:

y=ﬂ0+zl:ﬂlxi +Z|:Zﬂljxlxj +é )

i i=)

To obtain the form of the above equation, it is necessary to determine the unknown parameter f.
For this purpose, we need a set of multiple design variables and the responses to those conditions (i.e.,
observations). To begin with, by replacing the second-order term (i.c., x,2 , XX, X,°, etc.) with
X, = XX, etc., the equation is transformed to the first-order expression. Then, Eqn.2 can be
expressed, in matrix notation, as

y=Xp+e ©)
where
N box, X, -, Bo g,
b oxy %, ox €
Yk 1 XXXy B, &

Here, p+1 is the number of terms in the model in Eqn.2 in a linearlized expression, and k is the number
of observations.

We assume that the values of ¢ are independently distributed as random variables with zero means
and variances o®. In order to obtain the unknown parameter S, the least squares method is utilized.
The least squares estimates (i.e., the best unbiased estimates), b, of the element 8 in Eqn.3 are
b=(X"X)"'XTy @
It is possible to obtain an accurate approximate polynomial if the estimation accuracy of each
component of b is high. For this purpose it is necessary to decrease the dispersion of each component
ofb. The variance-covariance matrix of the vector of estimates, b, is
Var(b) =Var(Cy)
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Here C=(X"X)"'X". Since Var(y)=Var(c)=0c"1,then
Var(b)=c*(X"X)™ &)

It is understood from Eqn.5 that the variance-covariance matrix Var(b) consists of the components
o? and (XTX)"'. Asmentioned above, o’ is the variance of the random errors that are related to
the characteristics of the response y; thus it cannot be controlled. On the other hand (X7 X)™ is
determined by the combination of the design variables. Therefore, the minimization of each
component of Var(b) is possible if we minimize the dispersion of (X7 X)™. In this way, estimation
of at a high level of accuracy can be realized. This is the principle upon which the design of
experiment is based.  Taking advantage of the advancement of recent computer technology, a few
numerical approaches of the design of experiment are proposed. In the design of experiment using a
computer, a large number of candidate combinations of design variables are prepared beforehand, and
the minimum number of combinations are selected from them by using the optimum criterion. In this
paper, the D-optimal design, Khuri & Comell (1996), is used. The D-optimal design is a method that
determines a combination of design variables which maximizes the determinant of the matrix
M(= X" X ! k), which is called the moment matrix. In this method, by normalizing the coordinate of
the design variable between —1 to 1, D-efficiency (D, ), which is the corrected value of the moment

T ‘p
D =!Der|X X” ©6)

eff k

matrix, is used as the criterion:

where p+1 is the number of unknown parameters in Eqn.3.

Each (X" X)™ component decreases relatively if we choose the combination of the design variable
which maximizes the D, ; therefore, accurate parameters for the polynomial equation can be
obtained.

2.2 Approximation of response surface using polynomial
In the actual design problems, the true solution may fluctuate or be discontinuous. In such cases, a
decrease of the search accuracy or failure of the search algorithm is often brought about if the
solution-search method uses the gradient of the response

surface. In response surface methodology, on the other

hand, the least squares method using the polynomial as seen

in Eqn.2 is utilized and an alternative solution having a  § |
smooth surface is obtained. The search efficiency of the
optimum solution is very good, since the optimization in the
alternative response surface finishes almost in a moment.
Moreover, this methodology has the advantage that it would
be able to easily grasp the general property of the response
by obtaining the approximate response surface which filters
the small discontinuity or fluctuations which are, in some
cases, inevitable (e.g., measuring emrors in model
experiments, etc.). This advantage is very effective in the
initial design stage. If we consider the approximate
polynomial to be a Taylor series expansion of the solution, it

i
jiiik

8/2-8.0n

.

CL.

may be said that an approximation with sufficient accuracy Figure 1:T.B.H.D.model

is possible using a low-order polynomial if the region of

interest is narrow. To approximate the response in a wider

region, the introduction of higher order terms in the polynomial is considered. However, if we
introduce higher terms, a rapid increase of computing time and unstable solutions are easily anticipated.
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We must therefore evaluate the fitness criterion of the approximate polynomial function before we
utilize it. And if the solution space is too large, it seems practical to sub-divide the space into some
smaller regions and assign an accurate function to each of them.  In this paper, we assume that the
region of interest, which includes the optimum inside point, is comparatively narrow, and that the
sub-division of the space is unnecessary.

3 EXAMPLES OF OPTIMIZATION BY RSM
3.1 Minimization of Bulkhead Structural Weight
3.1.2 Examination model

As a first example, we will show the results of the optimization of a transverse bulkhead of an oil
tanker center tank as shown in Figure 1. The goal in this example is the minimization of structural
weight. The number of vertical stiffeners n,, and also the number of horizontal girders n,, are

considered design variables. For simplicity, those stiffening structures are assumed to be installed at
equal intervals. Scantlings of bulkhead plates and stiffeners are determined by the section modulus
requirements of NK (Nippon Kaiji Kyokai) rules, i.e., plate thickness and section modulus for
stiffeners, taking into account of the space between the vertical stiffeners and that of the horizontal
girders.  Furthermore, the cross-sectional shape of the vertical stiffeners and horizontal girders are
determined using the method described by Mano & Yoshida (1982) as the optimum shape (in view of
the weight minimum) that satisfies the required section modulus.  For the edges of the vertical
stiffeners and horizontal girders, bracket plates of adequate size are installed. In this study, therefore,
the independent design variables are s, and #,, only, and the gross weight (W) of the transverse

bulkhead structures are taken as objective functions.
3.1 2 Results of weight minimum optimization

There is no restriction in the order and the number of terms in the approximate polynomial used in this
study. However, if the numbers of orders and terms of the approximate polynomial are unnecessarily
increased, not only an increase in the calculation load but also instability of the approximation are
anticipated. Therefore, in this paper, we will use the second- and third-order polynomial and examine
the effect of those approximations.
The second-order model becomes:

W=ﬂ0+ﬂlnvs+ﬂ2nhg+ﬂ3nv21+184nnnhg+ﬂ5n:g (7)
And the third-order model becomes:
W= pBy+pin, + fn, + Binl, + By, + ﬂs”ig

+ﬂ6n3.rnhg +ﬂ7n31 +ﬂ8nvsn:g '*‘ﬂo”:g (8)

For the number of combinations (i.e., experimental points) of design variables necessary for
determining the unknown parameters, we used twice the unknown parameter number. In this paper, as
the first example, we compare the following three cases and will discuss the results.

Case 1: Second-order model with 12 experimental points

Case2: Third-order model with 20 experimental points

Case3: Exact solution
The region of interest is 15<n, <60 and 1<n, <15. Therefore, the number of candidate

experimental points in the region is 690. In Case 3, all the responses at these 690 experimental points
are evaluated. For Case 1 and Case 2, by using the D-Optimal design, the effective experimental
points are selected, and the approximate response surfaces are computed using the least squares
method. The results are shown in Figures 2 to 4. The results of the second-order model and the
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third-order model are considerably different. The result of the third-order model (Case 2) agrees more
closely with the exact solution (Case 3). The reason for the difference between the result of
second-order model (Case 1) and the exact solution (Case 3) is considered to be that the region of
interest, in this example, is comparatively wide to approximate the response surface using the
second-order model.

Figures 5 to 7 show the obtained results for these three cases. The result of the third-order model
(Case 5) agrees closely with the exact solution (Case 6). The second-order model has a practical
accuracy in estimating the peak value; however, the response surface is slightly deformed. Thc
optimum design point, according to these results, is about g? =37to 38 and n,,=10to II.
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Next, to examine the characteristics of the response near the peak value, re-calculation is carried out
for a smaller region (i.e., 30<n, <60 and 5<n, <15).
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Case 4: Second-order model with 12 experimental points
Case 5: Third-order model with 20 experimental points
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3.1.3 Optimization considering the construction cost

In the above section, optimization of the structure in the view of minimum weight was performed by
changing the number of vertical stiffeners and horizontal girders. According to the results obtained,
optimum value was found to be the combination in which the number of vertical stiffeners and
horizontal girders is considerably more than the actual bulkhead structure (e.g., one actual tanker with



336

the same tank size has n, =17 and n,, =3).

If the number of vertical stiffeners and horizontal girders increases, the man-hours required for the
construction of such transverse bulkheads increases. Such a design would be disadvantageous. Thus,
in this section, the results of optimization that take into consideration not only weight of the material
but also the construction cost of the structures will be shown. To begin with, total cost C is defined as
the sum of the material cost and the construction cost as:
C=c,xW+c xL, ©®
Here, ¢, is the cost of steel building material per unit weight, and W is the total bulkhead weight.
The second term in the right hand-side of Eqn.9 is the cost of construction which is assumed to be in
proportion to the welding length D,;. We can estimate L, by the number of vertical stiffeners and
horizontal girders. In this paper, ¢, and ¢, are assumed as:
¢, =70,000yen/ton and ¢, =2,000yen/m.

The response surfaces of the total construction cost are obtained on the basis of these assumptions. The
third-order model is used. The obtained response surface of the total construction cost is shown in
Figure 8. To confirm the accuracy of the response surface, the exact solution is also shown in Figure
9. The response surface by the third-order model agrees quite well with the exact solution.  The
results of both solutions are compared in Table 1. A slight difference between the two solutions
exists in the number of optimum horizontal girders, since in this example »,, and 7, are treated as

integers, while some errors due to polynomial approximation may also exist. However, the estimated
peak response (i.e., the optimal value of total cost) obtained using RSM agrees very closely with that
of the exact solution. As was indicated before, the actual ship with the same tank size has 17 vertical
stiffeners and 3 horizontal girders. It is considered that in the actual ship, the vertical stiffeners are
installed to correspond to the location of the longitudinal stiffeners, whose number is determined in
regard to the longitudinal strength of the hull structure. Therefore, the obtained number of vertical
stiffeners does not perfectly agree with the case regarding the actual ship; however, we can confirm
that the optimum solution arrived at using this analysis approaches to the actual design by introducing
the construction cost shown in Eqn.9.

177 < TABLE I
i ,/ / > COMPARISON OF OPTIMUL
o SOLUTIONS

// RSM | Exactsol.
N 14 14
? g 4 3
\K_/i Total cost | 8625231 | 8,646,432
1 N\ in Yen

1 ..
9 10 11 12 13 14 15 16 17 I8
nV,

',

9 10 11 12 13 14 1S 16 17 18
nVJ’

Figure 8: Total construction cost  Figure 9: Total construction cost
(10 yen), RSM (10 yen), Exact solution

3.2 Optimization Based on the Stress Value of the Structure

As a second example of RSM application, a case is shown in which the maximum value of the stress
that will be occurred in horizontal girders is made to be an objective function. In this example, the
vertical positions of the horizontal girders (Figure 10) will be the design variables. In this study the
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number of horizontal girder is fixed as three. The loading condition is assumed to be the same as that
in the first example shown in 3.1, i.e., full load water pressure on the transverse bulkhead. However,
unlike the first example, for the sake of simplicity the plate thickness of all structures, dimensions, and
the numbers of horizontal girders and vertical stiffeners, and the positions of vertical stiffeners are
assumed to be constants.  Therefore, only the intervals of three horizontal girders (i.e., x,,x,,x,,x,)

are assumed to be design variables. Here, x, is a dependent variable (ie., x, = tank
depth—x, —x, —x;). A second-order model is utilized to approximate the response as:

Y =B+ Bix, + Byxy + Bixs + Boxi X, + foxy X, + Poxyxy + fXs Xy + fyxsx, + foxix, (10)

The combinations of design variables chosen by the D-optimal criterion are shown in Table 2.
Twenty FEM models that correspond to the experimental points, presented in Table 2, were prepared,
and the finite element analyses were performed using MSC/NASTRAN. As examples of the
analytical results, the case in which the low maximum stress is computed is shown in Figure 11, and
the case in which the high maximum stress is computed is shown in Figure 12. Both figures show
half of the transverse bulkhead of a center tank in consideration of the symmetric condition. For
these cases, high von Mises stress occurs at the edge of the horizontal girders, with these regions
whitely displayed in Figures 11 and 12. In this example, maximum stress is used as the objective
function to be minimized.

UPPER DECK
B TABLE 2

- DESIGN VARIABLES SELECTED

BY D-OPTIMAL CRITERION

Rol HOIR
|

IR NUMBER X, ' X X
i 5,000 4,000] 3.000] o, 400
2 2 5,000[ 4,000] 4,300] 8,100
3 NoZHOR 3 5,000 4,000] 5 500] s, 900
g e ; 3 5,000] 5,200 5.500] 5.700
2 5 5,000{ 5,300| 3,000{ 8,100
] 5 5,000 6,500] 3,000] 6, 900
X 7 5,000 6,500] 4,300] 5,600
HAHOR 3 5,000 6,500{ 5 500 4,400
} ....... 9 6,100) 5,200 4,400] 5,700
10 6,200] 4,000 3, 000] 8, 200
11 5,300 4,000] 5. 500] 5. 600
x4 12 5,300 6,500] 3,000] 5,600
13 6,300 6.500] 4,300] 5,500
14 7,500 4,000] 3, 000] 6, 900
oINS 15 7.500] 4.000] 4 300] 5.600
16 7,500 4,000] 5,500] 4,400
17 7,500 5,200 3. 000] 5,700
. . . 18 7,500 6, 400] 5,500] 2,000
Figure 10: Design variables ) 7.500] 6.500] 3,000] 4,400
20 7,500] 6,500] 4,300] 3.100

Figure 11: Case with low max. stress Figure 12: Case with high max. stress
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The obtained response surface is shown in Figure 13. The parameters for the approximate
polynomial are presented in Table 3. B, and f, are excluded, since the contribution of the terms
of x? and x] in the Eqn.10 is judged to be negligible. The results of this example are summarized
in Table 4, in which x, includes the depth of the bracket (1,300mm). The FE analysis is done for

this optimum design point and the result is shown in Figure 14. According to Figure 14, the topmost
(No.1) horizontal girder should be installed in a comparatively low position, and No. 2 and No. 3
horizontal girders are to be placed at well-balanced positions in order to support the vertical stiffeners.

TABLE 3
LEAST SQUARE ESTIMATION
{E‘ OF EACH PARAMETER
E’ W 32-14 Parameter Leas't sqlfare Parameter Leasf‘. Sql.larj
g i estimation estimation
i m2s8-30 8, 166. 906 85 1.8x10°®
@ gj;” 8, | -0.012254 8, 1.6X10%
g m 2224 B, -0. 033251 B, 0.5X10°
ek B, | 0007532 { B, 1.2x10°*
B, — B, _
Figure 13: Response surface of maximum stress
TABLE 4

OPTIMAL DESIGN-VARJABLE SET

|
! Design variables &
|_'_| Max. stress
% (mm) 7,500
%o (mm) 5, 045
X5 (mm) 3,000
X, (mm) 5, 853
Max. stress by R.S. M.
.9
(kg f/mm?) 22.90
, Lk Max. stress by analysis
ik .39
- : (kgf/mn?) 213

Figure 14: FE analysis for optimum design point

4 CONCLUSION

In this paper, the applicability of response surface methodology to hull structural design was examined.
Optimization of bulkhead structures was carried out as analytical example, obtaining the following
results:

(1) It is possible to determine response characteristics around the peak value through the use of
low-order polynomial models (i.e., second-order or third-order models). The response surface around
the peak can be used to discuss the trade-offs between design variables at the early stage of hull
structural design.

(2) If the region of interest is wide, a higher-order model or the sub-division of the region is necessary,
because a low-order model may produce an inaccurate and distorted response surface.

(3) If we use only structural weight as the objective function, the determined optimum bulkhead
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design will include an excessive number of vertical stiffeners and horizontal girders compared to that
used in actual ships. By including construction cost in the objective function, the optimum design
approaches the actual design.

(4) RSM is powerful means of rationally reducing structural response analyses to obtain optimal
design.
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ABSTRACT

Subcritical damages such as fatigue cracks and corrosion do not immediately cause a loss of
serviceability or serious disaster such as oil spill from tankers. However, the maintenance of ship
structures is very important to avoid such casualties. In this paper, a new concept of an information
system of damages of ship structures is proposed in order to improve the safety and to support the
maintenance of ships in service. In the proposed system, all information of damages in a certain ship is
managed in one database, and appropriate action could be taken based on the assessment of these
damages. In order to construct the database, object oriented data model of crack and corrosion damages
with the structural data model of a single-hull tanker is developed. The prototype system is constructed
on an object oriented database on an engineering workstation. For the efficient use of such system, the
inspection with high detectability of damages and a convenient recording of the damages to the
database are necessary. In this paper, a ship inspection supporting system by using a portable (wearabie)
computer and virtual reality technique is also proposed. The validity of the proposed systems is
illustrated by some examples.

KEYWORDS

Information system, Damages of ship structures, Corrosion, Crack, Data model, Virtual reality,
Portable (wearable) computer

1 INTRODUCTION

Generally, subcritical damages such as fatigue cracks and corrosion occur in ship structures during the
service period. While such damages could cause a serious disaster, they may be comparatively light
ones when they are detected so that such disasters can be prevented by appropriate countermeasures.
For this purpose, it is necessary to grasp the state of the damages correctly and to evaluate them
appropriately.
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Recently, Computer Integrated Manufacturing System (CIMS) for ship building has been studied (for
example Ship & Ocean Foundation 1989-94) and now the concept is practically applied in the design
and manufacturing process in many shipyards. Furthermore, the concept of the life cycle support such
as CALS concept is proposed in which not only the effectiveness of the design and manufacturing
processes but also the effective operation and maintenance of ships are considered.

For the effective maintenance of the ship structures, a new concept of an information system of
damages of ship structures has been studied by the authors (Kawamura et al. 1998, 2000). In this paper,
we firstly describe about the concept of the information system and about the object oriented data
model for crack damages used in the system. Second, the prototype system constructed on an object
oriented database on an engineering workstation is demonstrated. Thirdly, based on the proposed
information system, a ship inspection supporting system by using a portable (wearable) computer and
virtual reality technique is described.

2 CONCEPT OF AN INFORMATION SYSTEM OF DAMAGES OF SHIP STRUCTURES

The role of the information system of damages of ship structures can be considered as (1) management
of the health of an individual ship, (2) storage of the information related to the damages of the ship,
and (3) estimation of the detected damages for the appropriate countermeasure. To realize such
functions, we proposed a concept of an information system as shown in Fig.1(a). In this concept, the
information about damages such as crack or corrosion obtained in surveys is stored in an Information
Database. Since the detail information such as the location or the condition of the damages are
important for the evaluation of damages, not only the information of damages itself but also the
information about the 3-Dimensional (3D) hull structure of the ship is stored in the database. In the
Assessment System for damages of ships, risk of the damages is assessed and repair plan or operation
plan are drafted based on the information in the database. It is possible to say that the Information
Database can be regarded such as a medical record for a certain ship and the Assessment System for
damages of ships aids the evaluation and planning based on the information stored in the database. For
the efficient use of the proposed information system, inspection with high detectability of damages and
a convenient recording of the damages to the database are necessary. In this study, we also proposed a
ship inspection supporting system by using a portable (wearable) computer as shown in Fig.1(b).

3 PROTOTYPE SYSTEM OF THE INFORMATION SYSTEM
3.1 Data Model for the Information System

The prototype of the information system of damages of ship structures was constructed assuming that
the information of a certain ship is managed in a certain organization. The target ship of the prototype
system is assumed to be a single-hull tanker, and a simple structure with 4 transverse spaces including
transverse bulkhead is considered in the prototype system. Since the object oriented data structure is
generally used in development of product model, an object oriented database (OBJECTIVITY 1993) is
used for the data model of the information system.

As defined in the data model of CIMS, the ship hull structure is defined by Member-objects and
Connect-objects which represent joint information such as weld or slots. For the damages, the data
model for corrosion and crack was proposed by Kawamura ef al. (1998). To construct the data model
for damages, we consider that the data model can indicate (1) the location of the damage and the
damaged structural members, (2) the condition of the damage such as configuration of the damage,
and (3) the time when the damage is detected. Here, the definition of the crack at the intersection of
longitudinals and transverse members is described as an example of the data model.
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Figure 1: Concept of an information system for damages of ship structures

Fig.2-left shows the process of typical crack propagation which is likely to occur at the intersection
between longitudinal members and transverse members. In this process, first, a crack is generated at
the end of fillet weld on the face plate (Fig.2- left (a)). After the crack penetrates and propagates in the
web plate (Fig.2- left (b)), it reaches the shell plate and propagates as shown in Fig.2- left (¢). Based on
this observation, Crack-objects are defined by the combination of two crack geometries,
SurfaceCrkGm-object(Fig.2(1)) and ThroughCrkGm-object(Fig.2(2)), which represent a surface crack
and a through crack respectively. And the Crack-objects are related with corresponding Member-
objects or Connect-objects in the ship hull structural model as shown in Fig.3. For example, when the
crack penetrates on the shell plate, it is defined as the WebShellCrack-object which is represented by
two ThroughCrkGm-objects and a SurfaceCrkGm-object, and related to the Member-objects
(ShellPlate and etc.) and the Connect-object (LongiWeld). It is noted that the information about the
time is defined in the Crack-objects and they are integrated in the LongiSectionCrack-object in order to
represent the aging of the damage. Also based on this concept, cracks around the slot and etc. are
similarly defined in the prototype system.

Surface
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Figure 2: Typical crack propagation and the definition of the crack geometry objects
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Figure 4: Input and evaluation process in the developed proto-type system

3.2 Demonstration of the Prototype System, Assessment of the Damages

Next, simple demonstration of the prototype system constructed based on the data mode] is shown in
Fig.4. Since the sharing of the information by corresponding organizations is important for the
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proposed concept, the prototype system is accessible through WWW-browser on Internet. To input a
detected crack damage into the system, the user selects the name of the ship and the name of the tank
(Fig.4 (a)(b)). After the 3D structural model is shown in the browser by using VRML, the user walk
through in the 3D structural model to choose the location of the damage (Fig.4(c-1)(c-2)). After the
user choose the type of the damage (Fig.4(d)), the information of the damage can be input from the fill-
form as shown in Fig.4(e).

For the assessment of the crack damages stored in the database, we consider to evaluate the possibility
of unstable failure and fatigue life caused by the detected crack. In order to evaluate the stress intensity
factors (SIF), the calculation method is defined in the database depending on the crack geometry.
Necessary parameters for calculation are not only dimensions of crack and plates, but also the
information about the load. In this study, we assume that the finite element shell analysis is carried out
beforehand under a certain wave load, such as the load with excess probability Q=107 derived from
long-term prediction. And also it is assumed that the result of the analysis is stored in the FEM-objects
defined in the database (Kawamura et al. 1998). For example, if the crack is a surface crack, the
problem is assumed to be a plate with semi-elliptic center crack. By computing both tensile load and
bending load from stress information stored in FEM-objects, SIF by tensile load and SIF by bending
are calculated (Murakami et al. 1987), and the total SIF is used for evaluation of unstable failure by
comparing it with fracture toughness (X;) stored in the Material-object. Next, fatigue life assessment is
carried out based on the Paris's law. In order to calculate the SIF range, equivalent effective stress
range (DNV 1984) is used. Then, the fatigue life is computed by the SIF range and the parameters (c, m)
stored in a Material-object. Fig.4(f) shows an example of the evaluation for the crack damage.

As shown above, the interface to use the information system of damages can be developed on WWW
environment. It is possible to say that the proposed architecture of the information system is useful to
construct a system to support evaluation and management of damages of ship structures.

4 SHIP INSPECTION SUPPORTING SYSTEM BY USING A PORTABLE COMPUTER
4.1 Concept of the Ship Inspection Supporting System

One of the important ship inspections is the close-up survey where a surveyor enters into tanks of the
ship and directly watch and search damages existed in the tank. In the present inspection, after a
surveyor enters into a tank, he looks around a place where damages likely to occur based on the survey
program or on his experiential knowledge. When the surveyor detects damages, he records the situation
of the damage. For example, the location of the damage may be recorded by writing down the tank
number, longitudinal number and frame number into a memo pad. In a certain case, the damages may
be sketched in the memo pad or a photo is taken by using a digital still camera. After the inspection,
the detailed drawing of the damage is prepared from the recorded information, and the repair plan is
made based on them. The problems of the present close-up survey process can be considered as follows.
(1) The performance of the inspection such as the detectability of damages is highly dependent on the
knowledge and experience of the surveyor.
(2) Since there is no unified expression for damages detected in the inspection, it is difficult to utilize
the result of inspection efficiently and rationally.

In this study, we proposed a ship inspection supporting system by using a portable (wearable) computer
carried by the surveyor in the ship hull inspection in order to overcome the above problems. We
consider the following three items as the role of the system.
(1) Electronic manual, by which efficient inspection is possible by surveyors with a little experience.
{2) The inspection support by displaying the information about the history of the inspection and about
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the recorded past damages which is useful for the surveyor.
(3) Efficient recording of the result of the inspection such as detected damages or measured plate
thickness and efficient input of the result of the inspection into the information database of damages.

Fig.1(b) and Fig.5(a) shows the concept of the proposed ship inspection supporting system. As shown
in Fig.1(b), the concept is based on the information system of damages of ship structures described in
the previous section. In the process with the inspection supporting system, the information such as the
ship hull structures and past recorded damages is transferred from the information system to the
inspection supporting system just before the inspection starts (Fig.1(1)(2)). When the surveyor enters
into the target tank with the equipments shown in Fig.5(a), 3D computer graphics of the ship structurc
is displayed in the HMD. By utilizing the display of the ship structure, appropriate instructions by the
electronic manual and accurate display of the information about past damages may be possible. When
the damage is detected or the plate thickness is measured, the result of the inspection is not recorded in
the traditional memo pad but directly recorded in the inspection supporting system (Fig.1(3)). Since the
surveyor equips a Virtual Reality (VR) sensor which senses the position of the surveyor in real-time,
the display of the 3D graphical model in Head Mount Display (HMD) can match to his actual view
even if the inspector moves and the direction of his head changes in the tank. This helps the surveyor to
recognize the location of the detected damages even in the complicated hull structure of the ship. After
the inspection is finished, the collected data such as the damage information is send back to the
information system of damages of ship structures (Fig.1(4)), so that immediate evaluation of the
damages is possible(Fig.1(5)). In the inspection process, it is sometimes not so easy to use an input
device such as the mouse for computers because the environment of the inspection is usually not so
good (dark and with precarious foothold). For this reason, we proposed the utilization of a voice input
system (Fig.5(a)-(3)) by which the surveyor can activate the computer command and input the detected
damages to the inspection supporting system.

(4) VR Sensor —a

HMD VR Sensor

(3) Voice Input System Input Device

(1) Head Mount

Display
/_ ortablc { Wcarablc)
(2) Input Device Computer

Microphone for ViaVoice
HMD: I-Glasses by iO Display Systems LLC.

(Translucent)

(]nformalion System for ] VR-Sensor: GU-3011 by Datatec Co. Ltd.
S

K (Triaxial angle and acceleration detection)
Damages of Ship Structure Input Device: Spaceball

(Input of 6 degrees of freedom)
(a) Concept (b) Prototype system
Figure 5: Inspection style with the proposed ship inspection supporting system

4.2 The Prototype System

Based on the above concept, a prototype system is constructed as shown in Fig.5(b). HMD, VR-sensor
and the input device are connected to a portable computer and integrated by using the software
developed by the authors. For the development of the software, Visual C++ and WorldToolKit by
SENSES Co.Ltd. which is a toolkit for virtual reality applications are used. For the development of the
voice input system, a microphone and the speech recognition software, ViaVoice, with its toolkit for
developers by IBM are used.
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By using the developed prototype system, we carried out an experimental inspection for a simple and
typical ship structural model. In the prototype system, the corresponding 3D model is not transferred
from the information database but can be read from a text-file and displayed in the HMD, and also
damage information is output to a text-file after the inspection. After reading the information about the
structure and about the history of damages, the inspection starts. Here, the detection of the surface
crack at the intersection between the face plate and the web stiffener is demonstrated in Fig.6. When
the damage is detected, the surveyor selects the structural member on which the damage exists. In the
concept of the proposed inspection supporting system, the display of the 3D graphical model in
surveyor's HMD matches to the actual view. However, this function cannot be realized in the prototype
system because of the difficulty in the position sensing by using the VR-sensor. By way of
compensation, the surveyor can select the structural member by using the speech recognition function
of the system. After the selection, a pointer-ball appears on the surface of the member in the equipped
HMD. Then the surveyor can input the geometry of the crack by locating the pointer-ball following
along the real crack geometry. After that, the data about crack size or some comments can be input by
the surveyor's voice from the input dialog which is activated by the voice command.
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Figure 6: Recording process of the detected crack damage

5 CONCLUSIONS

(1) A new concept of the information system for more advanced maintenance of ship structures is
proposed. In the proposed system, the information about the damages is stored and managed in the
database with the information of 3D ship hull structural model. A simple data model for the crack
damage is proposed, and a prototype system is developed on Internet environment by using an object
oriented database with 3D graphical interface by VRML. In order to demonstrate great potential of the
system, a simple example of the assessment of damages is indicated.

(2) A concept of a ship inspection supporting system by using a portable (wearable) computer and
virtual reality technique is proposed. The proposed inspection supporting system is carried by a
surveyor during the inspection and helps surveyor by displaying the electronic manual and the history
of damages of the ship. For the efficient recording of detected damages, utilization of a sensor and
voice recognition system is proposed. Based on this concept, a prototype system is developed and
validity of the concept is shown with the demonstration. By using this concept, the reasonable and
labour-saving utilization of the inspection results is expected.
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ABSTRACT

To ease the determination of the main particulars of a ship at the initial design stage it is convenient to
have tools which, given the type of ship and a few other parameters, output estimates of the remaining
dimensions. To establish such a tool, a database of the characteristics of about 87,000 ships is acquired
and various methods for derivation of empirical relations are employed. A regression analysis is
carried out to fit functions to the data. Further, the data is used to learn Bayesian and neural networks
to encode the relations between the characteristics. On the basis of examples, the three methods are
evaluated in terms of accuracy and limitations of use. For a chosen type of ship, here container vessels,
the methods provide information on the relations between length, breadth, height, draught, speed,
displacement, block coefficient and TEU capacity. Thus, useful tools are available for the designer
when he is to choose the preliminary main characteristics of a ship.

KEYWORDS

Neural Network, Bayesian Network, Main Particulars, Preliminary Ship Design, Data Fitting.

1 INTRODUCTION

The main particulars of a ship are determined at a preliminary stage, based on more or less detailed
customer requirements. The naval architect has to find a design with the ‘optimal’ main dimensions
and often the approach is to consider ships with similar characteristics and use an iteration loop to
modify the dimensions so that all specifications are met. Another approach is to use empirical relations
for finding the initial design parameters. Many authors have refined this approach (e.g. Bertram and
Wobig (1999), Watson and Gilfillan (1977)) by fitting regression lines to statistical data, yielding
explicit empirical expressions for the relations between various parameters. However, the empirical
expressions only give the relation between two parameters at a time irrespective of the rest. A method
to find the simultaneous relations between more parameters is addressed with neural and Bayesian
networks.
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1.1 The Database

The database containing ship characteristics for the world fleet has been purchased from Lloyds'
Maritime Information Services, London (LMIS). Containcr vesscls arc chosen as a subject of
investigation in this paper, as they constitute a homogeneous group, which is still sufficiently complex
(e.g. the Panmax size of some container vessels) to show the adaptability of the methods used. To
obtain up-to-date estimates of the design parameters, only vessels from 1990 and later are included in
the analyses. Unfortunately, some entrics are missing for some vessels and therefore the study is based
on records, for which all of the following data is available: TEU capacity, length, breadth, speed,
draught, height and displacement. This means that 812 container vessels are analysed.

2 DATA ANALYSIS METHODS
2.1 Simple Regression

When empirical relations between the main dimensions are established, it is straightforward to use
linear (or piecewise linear) functions to fit the dimensions. Piecewise linear functions require many
subdivisions to yield low error measures and therefore, an alternative representation by power
functions is chosen. This has the additional advantage that derived coefficients (as e.g. Cp) are simple
power functions as well.

The loading capacity (e.g. deadweight, TEU or lane metres) can be used as an input for the regression
analyses. These measures indicate the owner's needs and represent in very general terms the
dimensions of the ship. The following power law relation between the loading capacity, LC, and the
main particulars is chosen.

T = a(LC)’ 1))

The parameter T is either of the main characteristics, and a and b are determined by use of the least
squares method.

2.2 Neural Network

A feedforward neural network consists of a number of layers each transferring the weighted sum of its
inputs to the next layer through transfer functions. Along with the weighted sum, a constant (also
called bias) enters into the transfer function. The weights and biases are found in the learning phase,
where an optimisation procedure in MATLAB minimises the output error, given known inputs and
outputs.

2.2.1 Neural network topology

Normally, networks with biases, sigmoid layers and a linear output layer can approximate any
continuous function to an arbitrary accuracy. The network used is a two-layer feedforward net with an
input vector, one hidden layer, an output layer and an output vector. See Figure 1. The input vector is
P and has the dimension R. Each of the two layers consist of $* neurons (outputs), where x refers to the
layer number. The input vector for each layer is connected to the neurons through a weight matrix, #*,
and this weighted input is summed by the biases, b*, to yield the input, n*, for the transfer functions, F*.
The output is kept in the vector T.
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Figure 1: Structure of a neural network.

The data is normalised to assume values in the range [-1,1] to improve the learning convergence. This
means that the outputs from the network must be returned through an equivalent postprocess to obtain
real output values.

2.3 Bayesian Networks

A Bayesian network is a graphical representation of a set of uncertain quantities. It consists of a set of
probabilistic nodes (ovals) and a set of directed arcs connecting the nodes. The nodes represent
stochastic variables, defined as a set of discrete states and each state is associated with a probability
measure. Arcs into variables indicate conditional probabilistic dependence so that the probability of a
dependent variable B (child node) being in a particular state is given for each combination of the states
of the preceding variables A (parent node). In a Bayesian network, directed loops are not allowed. See
also Jensen (1996) for further details.

Although the diagram is compact and intuitive, it represents a complete probabilistic description of the
problem. A central feature of Bayesian networks is that they allow inference based on observed
evidence on any of the nodes. The inserted information is propagated through the network so that all
variables in the model are updated in accordance with Bayes’ rule.

2.3.1 Discretisation for bayesian networks

In the ship database the data set is organised as a matrix where each row represents the data for one
particular ship and each column corresponds to a variable (for example Lp,). Each row may be seen as
an instance (sample) drawn from a joint probability distribution over the variables in the data set. All
the measured quantities may assume values from a continuous range of values. This makes

discretisation necessary as Bayesian networks can only handle continuous probability distributions for
very limited classes of models.

In this study, each variable is discretised individually. For each variable, a set of split-points must be
chosen in order to divide the range into an appropriate number of intervals. Initially, the variables are

Figure 2: Bayesian network for container vessels.
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discretised for equal number of ships in each interval. This approach has the characteristic that the
dense part of the distribution is finely discretised so that the variable is well represented in these
regions, whereas the sparse regions are represented by fewer and longer intervals. A pattern search
algorithm is applied to optimise the locations of the discretising split-points, so that the categories
become as uniform as possible. Each variable is discretised into 12 intervals, which is a rather crude,
but to obtain reliable probability estimates, a reasonable number of data points in each interval is
pecessary.

Learning a Bayesian network is a task of constructing the network topology and estimating the
associated probability tables, so that the underlying discretised data set is represented in the best
possible way. In this study, the BNPC-algorithm by Cheng, Bell and Liu (2000) is used. Once the
‘optimal’ topology is found, the conditional) probabilities associated with each node are estimated.

3 SINGLE INPUT REGRESSIONS

In the following, the methods just described are used to predict the main particulars of container
vessels. When the prediction is made on the basis of just one input parameter, this must in some sense
be the goveming one, in this case TEU capacity. Relations are found for length, L, breadth, B, velocity,
¥, draught, D, depth, H, and displacement, 4.

3.1 Simple Regression

Expressed in the form of Eqn. 1, the power functions are fitted as given in TABLE 1 and shown in
Figure 3(a).

TABLE 1
COEFFICIENTS OF FITTED POWER LAW FUNCTIONS
Loafm] | Blm] | Vo] | Dim] | H[m] | 4[tonnes]
a 8.79 3.86 4.52 1.25 0.828 31.2
b 0.411 0.263 0.197 0.281 0.390 0.937
3.2 Neural Network

A network structure as shown in Figure | is used. It is found that the output of the network agrees well
with the given data (i.e. no over-fitting) when the number of nodes or neurons in the hidden layer is
three (S’ = 3). The loading capacity (TEU) is assigned to the input P, and the output vector, T, is
ordered as shown below. Also shown are the normalisation matrices for the input P and the output T.

Length L Input P{min maxj
Breadth B Output Tfmin max ][95 6673
ro| Speed 14 [ 69.2 347.0]
Draught D 13.3 42.8
Depth H 10.0 26.3
| Displacement A 3.0 14.5
5.0 244
295.5 142800 |
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(a) Container vessel, power functions (b) Container vessel, neural network
Figure 3: Design parameters.

The weight matrices and bias vectors are

Hidden layer Output layer

Weight, W7 Bias, b7 Weight, W* Bias, 5°
[~0.08923  0.79895 3.03311] -3.13720

2.87692 —1.09129 1.68256 —-2.26198

2.52475 0.08000 -0.01008  0.54992 3.15126 -2.91564
736627 040853 1.18918 -0.23417 3.38025 -3.25505
4.93392 386986 1.42872 -0.08277 3.01379 -3.20148
194908 -0.27382 0.59050 ] -1.57929

The values predicted by the neural network are shown in Figure 3(b).
3.3 Bayesian Network

The Bayesian network shown in Figure 2 is learned by use of the following domain knowledge: The
TEU capacity must be a root node, H and 4 are not connected and 4 is a cause of the TEU capacity.

3.4 Comparison of Methods

The average percentage error is calculated for each of the three methods. In this way, the tools may be
compared in terms of their ability to predict each variable given a value of the TEU capacity. In the
neural network model and the simple regression model the relation between the capacity and the other
design parameters is given in terms of a continuous function based on least squares estimates. A
Bayesian network expresses the updated probability distribution given the input (evidence) so that the
uncertainty of the estimate is quantified. This information is neglected by the other methods, however
it can be included.

The agreement is observed to be good for all three methods. The error plots in Figure 4 show that in
spite of the crude discretisation in the Bayesian network, in some cases (for the variables L and B) the
sum of squared errors is less than for the simple regression method. The figure also shows that the
calculated errors are reasonably low and that all three methods have approximately the same level of
relative error.

The results from the power function regression and the neural network are compared to the conditional
mean of the distributions from the Bayesian network in the Figure 5(a) and 5(b) for the variables B
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Figure 5: Comparison of parameters calculated by use of a
Bayesian network, power function regression and a neural network.

and L, respectively. For the breadth, it is seen that the Panmax behaviour is captured well by the neural
and the Bayesian networks. However, the prediction of the output in the upper range differs for the
three methods, which is due to the scattered and sparse data in that range. Good accordance for the
length, L, is observed from the results of the neural and the Bayesian networks.

4 MULTIPLE INPUT REGRESSION

With a Bayesian network, it is possible to insert evidence on multiple variables without having to
relearn the network. For multiple inputs, a designated neural network has to be learned for given inputs
and outputs. The ability of the networks to use multiple, concurrent inputs (restrictions/demands) is
shown by use of examples below.

4.1 Large Container Vessel

If for instance the main particulars of a 4100 TEU container vessel should be estimated, evidence is
inserted in the Bayesian network on the state TEU e [3932, 4832] and propagation is performed. The
probability distributions for the rest of the variables are now updated according to this evidence, of
which bar charts of the displacement and the draught are shown in Figures 6(a) and 6(b), respectively.
It is seen that a displacement range between approx. 72,000 and 94,000 tonnes and a draught of approx.
13 m are estimated by the Bayesian network to be more likely than other values. Still, there is a
noticeable probability of the draught being as large as 14.5m. The same range of capacity
(TEU={3932, 4832}) is applied to the neural network and the power function regression, and they
predict values near the estimate of the Bayesian network. The result of this computation is shown in

Figures 6(a) and 6(b) as intervals labelled ‘neural network, single input’ and ‘simple regression,’
respectively.
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Figure 6: Predictions of displacement and draught of a large container vessel in terms of
probability distributions. (a) and (b) are restricted in TEU capacity, whereas (c) and (d)
are restricted with respect to TEU capacity and Panmax dimensions.

It is further specified that the ship must not exceed the maximum dimensions of the Panama Canal
(L £294.2 m, B <32.3m, D<13.4 m). This information can be inserted in the Bayesian network in
the form of likelihood vectors. The dimension of the vector is equal to the number of states of the
corresponding variable, and its elements are zero for impossible (unwanted) states and unity for
possible states. When the new evidence is propagated the probability distributions are updated again.
This does not change the distribution much for the displacement (Figure 6(c)), but as the draught is
restricted its distribution changes, Figure 6(d). The Panmax requirements are not fulfilled by the
estimates produced by the single input neural network, so a network with fixed TEU and breadth as
inputs is trained. The results for displacement and draught are shown in Figures 6(c) and 6(d),
respectively. With both TEU capacity and breadth specified, the neural network produces smaller
variations in the predicted displacement and draught than the single input neural network.

4.2 Small Container Vessel

As another example, a smaller container vessel is considered. On the assumption of a capacity of
approximately 950 TEU, evidence is inserted in the Bayesian network in the interval [846, 1062] and
after propagation, the distributions of L and D are as shown in the bar charts of Figures 7(a) and 7(b).
Here, a length between 140 and 160 m and a draught between 8 and 8.7 m are estimated to be the most
probable. The predictions of a single-input neural network and the simple regression for the same
range of TEU capacity are also shown.

By further requiring that the draught is limited to 8.5 m, the distributions from the Bayesian network of
length and draught are as shown in the bar charts in Figures 7(c) and 7(d). The length and draught
intervals mentioned above are now estimated to be even more likely. A neural network with capacity
and draught as input is trained. The draught is set to 8.5 m and the result of inserting 846 TEU and
1063 TEU in the neural network is shown in Figures 7(c) and 7(d) as ‘neural network, double input’. It
should be noted that the evidence inserted in the Bayesian network (D < 8.5 m) is not fully equivalent
to the input into the neural network (D = 8.5 m). This illustrates the flexibility of Bayesian networks.
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Figure 7: Predictions of length and draught of small container vessel. (a) and (b) are restricted
in TEU capacity, whereas (c) and (d) are restricted with respect to TEU capacity and draught.
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Additionally, the requirement is added that the ship in question should have a service speed of
minimum 18 knots. This does not change the distributions output by the Bayesian network for L and D.
By training a neural network with capacity, draught and velocity and inserting TEUs as above,
D=8.5m and V=18 knots, the length and the draught shown as ‘neural network, triple input’ in
Figures 7(c) and 7(d) are obtained.

Although not shown by graphs, these steps cause the distributions of L, A, B and H from the Bayesian
network to be distributed with lower mean and variance. Thus, the range of the estimates of the main
dimensions becomes narrower given the new information.

The above illustrates how evidence can be inserted in Bayesian networks and how a dedicated neural
network can take multiple design requirements into account. This gives the designer the possibility of
finding the most appropriate main characteristics given certain restrictions and demands, the Bayesian
networks even quantify the uncertainties of the estimates.

5 CONCLUSIONS

New empirical formulae for the relation between main characteristics are derived and exemplified by
predictions for container vessels. It is demonstrated that power functions will adequately describe the
relation between TEU capacity and dimensions like displacement, length, draught, breadth, etc. The
versatility of neural and Bayesian networks to take account of multiple design requirements is shown.
Neural networks are simple to implement and yield smaller estimate errors, but as opposed to Bayesian
networks they must be trained for each combination of inputs separately, and in the current
configurations they do not yield information about the uncertainty of the given estimate.
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ABSTRACT

The paper deals by way of example with some aspects of innovative ship production. It is a European's
viewpoint and it is meant to provoke an integrated vision of the total process from early design to
delivery of the finished product. It points out the increasing value and importance of innovative IT
tools along the process chain and leads to radically new concepts for the production of the hull
structure. The paper indicates a potential for substantial productivity gains resulting from further
increased efforts in research and development.
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1 INTRODUCTION

Ship production has an extremely long tradition and yet only in the last decades it moved from a
handicraft type heavy industry to industrial processing in the current sense.

Ship production has many appearances depending mainly on the product and the number of products
per time unit. The making of a large warfare submarine, a luxury mega yacht or a 250.000 tdw crude
oil tanker have nearly no similarities with respect to the approach, the technologies and the methods.
This paper aims at discussing -by way of example- some future aspects of the production processes of
commercial vessels for cargo transportation and passengers. It deals mainly with the production of the
hull structure.

This segment of the market is closely connected to the world trade develogment and especially the
seabome traffic, which in the last decade increased from roughly 17.1 x 10'* ton miles to 21.5 x 10"
ton miles i.e. by 25%, (Fearnleys) leading to an increase in the world fleet development from 667
million tdw to 778 million tdw i.e. 16% (Lloyds Register). This increase in trade and fleet size is
paralleled by an unprecedented development in new types of ships, new operating methods and last but
not least rapid development of production technologies and methods.
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Comparing the shipbuilding industry with others, which often in the public opinion are considered as
technology pushers, one fundamental difference becomes apparent. Taking complexity of the product
and time to market as parameters the following Figure 1 illustrates the problem.
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Figure 1: The Shipbuilding Challenge Figure 2: The Scalable Production Simulation Model
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The high complexity of a modern Post Panmax container carrier, fully automated and with low crew,
or a large cruise vessel compares easily with that of a modern airliner or a large thermal power station.
However looking at the acceptable time to market the difference becomes evident: Time to market in
shipbuilding is minimal and driven by the owners competitive demands always decreasing.

The gap between the two curves - complexity and time to market - is as I call it the shipbuilding
challenge.

This challenge leads to the highest demands in concurrent engineering, design for production,
distributed manufacturing and in innovative project control and management systems. Prototypes are
not allowed. The prototype is the product. Zero Fault methods and processes are a necessity (‘right first
time").

2 INNOVATIVE IT-SOLUTIONS

Whereas in the past the production of ships was a relatively sequential chain of individual events at
formally separate locations this is no longer possible in today's highly competitive market for various
reasons:

e First and most important the clients have no time and want the product fast.
e Second and for the shipbuilder more important - the shorter the building period the shorter
is the use of the very costly production facility and hence the resulting cost to the owner.

Simultaneous Engineering and Production (SEP) can be an answer but it is not enough. If the product
definition phase - traditionally called design - is considered to be the first instance of generating of
production related information, then it is obvious where and when the dialogue with production must
start. Such dialogue however is meaningless if it is based on sketchy drawings and vague descriptions.
This means innovative production methods require innovative early design i.e. product definition tools,
based on consistent PDT.
Some years back the slogan "Design in Seven Days" (D7D) appeared. D7D means product definition
from initial idea to basic structural lay out including global FEM analysis and production scheduling in
seven working days. Today many researchers are trying to solve the underlying ambitions demand.
The link to production is simulation. Simulation in this context is the description of the total
manufacturing process including the resources and operations necessary for assembling, machining,
manufacturing and inspecting the product. This demands sufficient information about the product
structure and its components in order to enable the modelling of fabrication sequences and their



evaluation.

The modelling is based on a definition of the relationships between the elements of the product, the
available or planned resources and the necessary operations as shown in Figure 2. By these definitions
a scalable model can be obtained (electronic Bill of Process - eBoP).

For the use of this model a detailed analysis of the plant and the production process is necessary. The
analysis in existing factories leads to an evaluation process, which also reveals the weak and strong
points of the production line and the associated processes. The modelling leads additionally to
considerations related to the necessity of single process steps or the avoiding of them. As a
consequence of the introduction of simulation a deeper understanding of the complex relationship
pattern of the many instances is generated.

The same simulation methods can be used in designing new or refurbishing existing plants. The
decision making by the investor is then based on facts rather than promises or assumptions

Once the plant is modelled in the indicated manner the production process for an individual product
can be simulated. Fig. 3 describes this in an abbreviated schematic view.
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The model will yield information about bottlenecks (material, labour, plant etc.) but also information
about the influence of design variants on production time and cost. Perhaps even more important: it
creates a better and deeper understanding of the own production. The often discussed advantages of
series production in shipbuilding, which basically are a result of more and better information
downstream a line of series products, can now be harvested already in the first product. The gradient
of learning curves is rapidly decreasing by adopting proper simulation techniques.

Typical calculation times for a medium sized Ro-Ro-vessel are in the order of 20 min, a time which
allows for a true variant development and consequently also a qualified dialogue between all parties
concerned. This can last but not least lead also to an improved dialogue between client and producer.
The modelling of plant and processes and finally the production is a task which can only be done in
house. No software vendor can do the details; he can only supply good or better tools.

3 INNOVATIVE PRODUCTION

3.1 Accurate Manufacturing

The process chain analysis deals with the decomposition of the product and the subsequent detailed
description of the production elements. This leads to a differential view of the individual elements with

regard to productivity as defined above, i. e. the attempt to avoid all actions without contribution to
the completion of the product.
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Accuracy of production in steel hull fabrication is a target which may be used to demonstrate the new
approach. Manufacturers of cutting machines are able to guarantee an accuracy of positioning of the
cutting torch below 0,3 mm over a working area of for example 12m x 26m. This accuracy can be
used to apply positioning marks or reference lines to the plates for further use in parts fitting.

In order to benefit from this low machine deviation the distance between cutting nozzle and marking
torch must be kept constant. In reality however one may observe that due to changing geometric
conditions in the plasma cutting head over time (anode burn out) the actual cutting line does not follow
the theoretical one resulting in subsequent inaccuracies.

In consequence the efforts to increase cutting accuracy will yield no improvements if only the
mechanical part of the machine is addressed. The real subject is the development of more accurate
cutting nozzles of online accuracy control.

What is the effect of inaccuracies? Taking a buttweld in a 10mm plate with a design air gap of 2mm
the increase of gap width by 2 times 0,3mm results in an increase in weld deposit of 30%. The
unavoidable transverse shrinkage will increase correspondingly and will lead to stochastic buckling of
the parts.

The only way to regain accuracy control is an on-line monitoring and control of cutting accuracy to
below 0,Imm in the large plate cutting shop.

3.2 Autonomous Subassemblies Production

Another area in the production chain deals with the fabrication of small subassemblies consisting of
flat plates and stiffeners. These are different in size and shape but principally they all belong to one
"family". The production process of these can be regarded as series production and is likely to be fully
automated. The following diagram illustrates this new subassembly factory concept.

From the cutting shops plates and profiles are moved into a parts recognition area where a camera
identifies the parts by reading barcodes applied before cutting. The geometry information for these
parts is taken from the CAD-database. In the next station the actual position of the plate on the
conveyor is identified, in order to adjust the co-ordinates of the part to its actual random position.
Meanwhile a manipulator has picked up the stiffener profile(s) and positiones it onto the plate for tack-
welding.

Once the subassembly is complete it is moved to the next station for robot welding. The last step is
final measuring of contours of the subassembly and delivery of actual geometry data into the as built
database.

One complete process step is avoided with corresponding gains in time and cost, By the use of such
system marking work prior to or afler cutting is not necessary and higher total accuracy can be
achieved. The knowledge of the actual geometry of the subassemblies allows for process adjustments
further downstream.

3.3 Laser Welding

This technology has been under discussion in the shipbuilding scene in Europe since the early nineties.
Several large co-operative research projects dealt with the subject. The "Guidelines for Laser welding”
by the Euracs-Classification societies are one of the results. All these early works considered CO;
Lasers as the source of power. Meanwhile these Lasers have become very reliable and less expensive.
As a result procedures for welding have been developed and some yards are using it in production.
Especially when working with relatively thin plate, like in passenger ship building, the advantages are
very obvious. The very low heat input reduces thermal distortions to a minimum; rework for
straightening becomes obsolete with consequential savings in process time and cost. Some yards quote
30% of all steelwork production hours as being rework.

However accuracy is not only to be achieved in the finished product; it is also a requirement in fitting
the parts prior to welding because of the low tolerance of indigenous laser welding regarding gaps and
steel composition. The idea to combine the sensitive Laser welding process with the more tolerant
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GMA-process was an obvious answer. Several ways of combination were tested, of which the Hybrid
Laser-GMA welding process showed the most significant advantages with respect to the mentioned
tolerances and also regarding process stability and output performance.

The method shows very promising results again with thin plates (5-7mm) where welding speeds of
more than 2 m/min can be achieved for one side full penetration welds. A typical process example is
shown in figure 6.

The hybrid welding process can also be applied to fillet welding resulting in reduced angular
distortions.

At this point in time one can state that Laser Hybrid welding with CO,-Lasers and MAG is at the
beginning of being state of the art.
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Figure 6: Comparison of Hybrid Welding with Laser Welding

The disadvantage of the CO,-Laser is and will remain the relatively complicated beam handling
systems. Due to its wave length of 10,6 um the light can only be transmitted via mirror systems. This
precludes the use of robots in large work spaces like in shipbuilding due to an excessive mechanical
complexity of the beam handling systems.
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But there are alternatives and the future of Laser-welding in that respect is just beginning: There are
the Nd-Yag-Lasers and there will be the Diode Lasers. Here the wave length of the light is only 1,06
um or slightly less. This makes the use of fibre-optics possible and consequently the beam handling is
reduced to a flexible strand of fibres which easily can be fixed to a robot arm. In addition Diode Lasers
will be very small as compared to what we are
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Figure 7: 50 W Diode Laser bar (28 x 13 x 1,5 mm)
used to today as shown in Figure 7. By stacking a number of bars and combining several of these
stacks into one unit the required output can be achieved. Today diode lasers with an output of 6 kW are
available. The beam quality however is still a problem which needs to be solved.
Another present draw back is the cost and even the availability of stable high power diodes either as
pump source or for direct Diode Lasers. The development work in this area is progressing fast and the
following may illustrate a possibility for innovative production.
Earlier the concept of the fully automated sub-components line was developed. Here one can continue.
The concept of "remote welding" may be an answer, provided a high beam quality as defined by the
beam parameter product (69 x wo mmxmrad) is achieved. Beam transmission without fibres can
be arranged merely with optical systems i.e. zoom lenses and mirrors. Figure 8 illustrates the system
set up.
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Such arrangement could also be applied to long fillet welds in a panel line or even for egg box
welding with a moving laser power source. This means that finally optronics are finding their way into
the shipbuilding world.
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It should not be forgotten that this is still along way and many problems not the least in the field of
work safety are to be solved.

4 INTEGRATION ASPECTS

The new fabrication technologies and methods require considerable efforts regarding the integration of
suitable IT- and Communication tools and systems. The individual special software solutions need to
communicate often down to the shop floor level in a reliable manner and without loss of information.
This parts highest demands on Product Data Technology (PDT) which in spite of all efforts over the
last 15 years is still far from a common solution. The ISO-STEP approach created hopes and visions
but the detailed problem solutions are only partially ready for use. If world leading CAD-vendors are
not integrated the practical merits are questionable.

New solutions, which are independent from specific application systems, are appearing which use
technologies offered by the world wide web (www). Some applications are already in use like digital
document exchange between the yard and the classification society.

The requirements on PDT from the production technology point of view are manifold. In the planning
stage detailed information about parts and processes are needed for the production simulation. As long
as only the steel part is considered this is relatively easy; the additional inclusion of outfitting and
machinery increases the complexity due to the large numnber of information suppliers.

A new task evolves from the necessity to update as built information along the process chain in order
to adjust downstream process data according to the as built situation. The problem addresses the
integration of sensor technology and data, CAD data and process data in a real time environment.
Several research projects are presently ongoing in this particular problem scenario.
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Figure 9: Principle of the Product State Model Approach

5 CONCLUSIONS

The paper has addressed only a few of the many upcoming new aspects of ship production. The
underlying vision shows that ship production is still quite far away from harvesting the potentials
which new technologies and methods can offer. Due to the special challenge of the industry new and
more efficient solutions can not be purchased in the market or simply copied from other sectors. The
innovations must be developed in house because only then a full understanding of the complexity and
the interactivity is generated. On the other hand innovation requires also intense co-operation with
other industry sectors, provided however the benefits are also transsectorial. The development of Laser
technologies or of IT-CT-solutions are typical examples.
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ABSTRACT

Hull form of a typical planing boat can be easily modified into a sct of developable surfaces with
minor modification. Then, the surfaces are developed onto a plane to manufacture thin laminated FRP
plates on a flat bed. The plates are bended in an adjustable mould system defined by line elements to
form the hull form. In the procedure, ruling lines are used as line elements representing the hull.
Battens made of circular pipes are attached along the line elements and t-heir exact shapes and
locations are maintained by wires and pin jigs. The plates are link together to complete the hull shape
and additional laminas are stacked inside until necessary thickness is obtained. In order to verify the
proposed method and to identify the possible flaws, a 1/3 scale model is constructed on the adjustable
mould. The hull surface is divided into several pieces and developed onto aplane surface. At the fore
body portion front of the 6" station, the hull shape varies rapidly in most case-s and a full scale mock-
up of the fore body part has been constructed using 3mm plywood to evaluate t-he construction
techniques morecarefully. It is found that the new production procedure can be successfully applied
for the construction of planning vessels made of fiber reinforces plastics.

KEYWORDS

Adjustable mould, Developable surface, Fiber reinforced plastic, Planing boat

1 INTRODUCTION

Fiber-reinforced plastic (FRP) is a composite material with excellent physical and mechanical
properties and relatively impervious to the degrading effects of a marine environment. There aremany
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potential advantages of FRP over other materials for small craft construction, such as the higher
strength, the lower maintenance and the lighter weight etc. (Edmunds, 1999) However construction of
the hull, deck or other structures of a ship usually necessitate a mould to mantain a desired shape by
supporting laminas until completely cures. The method is suitable for the mass production of identical
boats but even the minor variations in shapes to meet owner’s requirements is not easy to achieve. To
construct a ship of different shape, new mould should be constructed again and resulting higher cost
and longer construction period.

The philosophy of using developable surfaces for ship hull construction has initially applied
towarships to reduce construction costs and times. Application of the same idea to the merchantship
has been carried out at Burmeister & Wain Shipyard recently. They reported 20% reduction in man-
hours required to produce a hull that implements developable surfaces in its design.(Norskov &
Lauritsen, 1985) It is well known that the use of a developable surface has several advantages over
conventional one including lower labor costs in construction, smaller capita investment in equipment,
ease of repair and simple tools for construction.(Calkins etc., 1989)

Applying the developable surface concept in steel ship, the hull surface can be formed by simple
bending and welding of the developable plates. Using the same method in construction of a FRP ship
needs extra stacking of laminas to obtain an adequate strength. Unlike the traditional FRP
construction method using a mould, a new construction method using an adjustable mould is proposed
in the present paper. In the method, hull surfaces are developed onto several plane pieces and thin
FRP plates identical to the pieces are manufactured on a flat bed. The plates are simply bended along
the generation lines to form the three-dimensional hull shapewith help of an adjustable mould. The
construction of the ship is completed with additional stacking of FRP to obtain the required hull
strength. The present paper briefly introduces a newmethod for FRP boat constructions and an
adjustable mould including a newly designed jig system.

2 HULL DEVELOPMENT

A new effective and productive method for building small FRP fishing boats and planing boats is
proposed in this section. The new method is applied to the construction of a small FRP fishing boat of
3 ton class. Figure 1 shows a typical fishing boats and Figure 2 shows the new hull form consists of
developable surfaces. The box keel and the spray strips shown in the Figure 1 can be treated as
appendages, therefore and hence only the main hull is drawn in Figure 2. Modification of the parent
hull into the developable one, minor changes in the hull shapes are inevitable but the principal
characteristics of the parent ship are almost preserved as shown in Table 1. Model tests are carried out
at the speed of 15 knots to compare the resistance characteristics of the ships. It is found that the
resistances of the ships are almost identical.
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Figure 3 shows a drawing of typical developed plates of a planing hull.The plate between the keel and
chine line is developed by the Apex method and the other two plates are generated by a Bezier surface
method. (Yoon etc., 2000)

TABLE 1
PRINCIPAL PARTICULARS OF 3 TON CLASS BOAT

Parent Hull Designed ship Change (%)
Length O.A. 8.15m 8.14m 0.12
Length B.P. 65m 6.5m 0
Breadth (mld) 22m 22m 0
Draft (designed) 02m 02m 0
Displacement 1.68 ton 1.65 ton -1.8

Upper Deck Side Line - Bubwark Tep Lins
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KeelLimo - Chine Linc
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Figure 3: Developed plates of a typical fishing boat

3 CONSTRUCTION OF FRP BOAT

3.1 Configuration of the System

Figure 4: Schematic diagram of the Figure S: Schematic diagram of the mould
adjustable system (side view) system (transverse view)

An adjustable mould system is constructed on a precision bed as shown in the above figure. The
frames of the mould are used as a reference frame when constructing the ship with composite
materials. The procedures for construction of FRP ship on the adjustable mould are shown
schematically in Figures 4 to 6. On the surface of the flat bed, vertical posts are installed firmly.
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Vertical and horizontal pin jigs as well as metal rings for wire connections are attached on the surface
of the mould and the vertical posts, respectively. Developable hull surfaces can be represented by the
line elements. Battens made of circular pipes are attached along the line elements and their exact
shapes and locations are maintained by wires and pin jigs. The plates are link together to complete the
hull shape and additional laminas are stacked inside until necessary thickness is obtained. The battens
are aligned with the line elements and their shapes are maintained by the pulling of the wire and the
pushing from the pin jig.
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Figure 6: Top view of hull form Figure 7: Joining method of developed plate

The Velcro attached on the hull surface prevents damages from wires and pin jigs. Number of the
battens for definition of hull shape should be minimized to improve the productivity. Inner parts may
help deforming the plate but is not recommended because bonding and stacking of extra layers inside
is necessary in the procedure. The thickness of the plate should be determined carefully since the plate
should be thin enough to deform hull shape easily in the elastic range but thick enough not to have
excessive distortion during inner stacking and curing process. Stacking process is carried out inside of
the developed pieces laid on the flat bed. To allow a scarp joint between the neighboring plates
stacking should be planned to have thicker layer at the center and thinner on the boundaries. The
developed pieces are bended in the elastic range to represent the hull shape and neighboring plates are
assembled with mechanical devices as shown in Figure 7. The strength of the assembled plates shown
in Figure 7 is not enough and so additional inner stacking process is necessary to guarantee adequate
strength of the bonded plate. Box keels, strakes, spray strips and etc. are attached on the hull surface
by the secondary bonding to complete the construction of the FRP boat.

3.2 Mock-up Test for Verification of the Construction Method

A 1/3 and a full scale models are constructed to verify the proposed method and to identify the
possible flaws of the method. The hull surface is divided into several pieces and developed into a
plane surface. Stacking processes for each piece should proceed cautiously not to cross over the
bounding curves since each piece will be trimmed along the curves before the resin being completely
cured and Figure 8 shows the procedure. Since the whole process of stacking laminas can be done on
the flat bed, efficiencies go up with improvement in working condition, resin consumption downs and
uniform quality can be maintained. The trimming of boundaries of the developed pieces before
complete curing will improve environmental condition of ship yards by reducing dust production and
since the scraps may be pressed to have less volume.

The 1/3 scale pieces shown in Figure 8 can be deformed within the elastic limit to form a developable
hull perfectly as shown in Figure 9. At the fore body portion front of the 6th station, hull shape varies
rapidly and a full scale mock-up is need to be constructed for evaluation of the construction
techniques more carefully. However, construction of the fore body is the most difficult part of the
process and hence a production precision bed is manufactured with I-beams to have uniform spacing

of 500mm and a total working space of 4,000 mmx 4,000 mm. The pin jigs made of pipe are installed
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on the precision bed and designed to easily adjust their lengths. The length can be fine controlled with
a screw attached at the end. Figure 10 shows the line elements installed with pin jigs and vertical
members to define the hull geometry. It is seen also that special devices for jointing both halves are
also installed along the centerline. In this mock-up, the hull plate is manufactured with plywood of
3mm thick instead of FRP plates for real ships. Each piece is fitted to corresponding parts of the hull
surface with simple unidirectional bending. Figure 11 shows the competed hull shape in which new
production procedure is successfully applied in representing the hull form even for the lower portion
of the bow where curvature changes most severely. To represent the bow-lower part, however, special
consideration in spacing and directions of the line elements and pin jigs are necessary. A structural
analysis on the deformation process is necessary in that a plane FRP plate of uniform thickness being
shaped into developable surfaces to consist a hull within the elastic limit. The ruling lines may be
used as line elements for hull representation.

Figure 10: Pin jig and line element Figure 11: Bow shape supported by line elements
The plates should be thin enough to allow elastic deformation of the most severe curvature of the hull.
And the number of line elements used for defining the hull shape should be minimized since the
plates are to be deformed by applying force along the line. In the deformation process, the first
loading point should be fixed in the space to be an origin of the process. If the thickness of the plates,
arrangement in line elements and/or location of the origin are inappropriate, warping on the bounding
contours will occur. After forming hull surface with the deformation process described above, the
neighboring plates are jointed together and layers of laminas will be stack inside.

It is advised to carefully monitor deformations with optical devices since those occur during the cure
of extra layers may spoil the accuracy in representing the hull shape. The roller used in the stacking
may cause deformation also if the thickness of the plate is too thin. A new production procedure is
possible in that line elements are placed on the ruling lines in the deformation process and after that
structural members are placed simultaneously with inside stacking to maintain geometrical accuracies.
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4 CONCLUDING REMARKS

A new method for construction of a FRP ship is proposed. In the method, hull shape is defined only by
the line elements and conventional moulds for FRP construction method are not used. A 1/3 scale and
a full scale mock-ups of a bow portion is manufactured on a proposed pin jig production system to
identify and solve the difficulties for practical use. The major conclusions of the present paper are as
follows:

(1) A typical hull form of a fishing boat can be developed without any changes in naval architectural
characteristics by combining the Apex method and the Bezier surface method.

(2) Since the whole process of stacking laminas can be done on a flat bed, the loss of materials can
be minimized and FRP plates of uniform qualities produced. Environmental hazard can also be
reduced with improvement in trimming and scrap handling process.

(3) The shape of a developable hull can be represented by line elements placed along the ruling lines
and supported by pin jigs attached on the precision bed. It is possible that the system can be used as an
adjustable mould for deformation of plane plate to form a hull shape, if the number and rigidity of the
elements are enough.

(4) The construction of a ship is completed if adjacent hull surface pieces are joined together and
additional laminas stacked inside to have a necessary thickness. With the procedure, time and cost
needed for mould construction can be eliminated.

(5) In the construction procedure, optical monitoring of the deformation occurs during the curing
process is possible. The measurement will help final finishing of the hull surface after hardening.
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MOBILE AGENT BASED SUPPLY CHAIN MANAGEMENT IN
SHIPBUILDING INDUSTRY
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ABSTRACT

Now China shipbuilding industry faces the following serious problems: low productivity and long
construction period. In order to cope with it, a mobile agent based supply chain management solution
is provided. Firstly, summarizes the related research of supply chain management and intelligent agent
and their application in shipbuilding industry. Secondly, a general commerce model which was
developed by HAAS School of Business is used to design a shipbuilding supply chain management.
Then implements a prototype which is based on IBM Aglet — a mobile Java agent development kit.
The paper ends with some conclusions and suggestion for future research.
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1 INTRODUCTION

Shipbuilding is a typical make-to-order manufacturing, which is very complex and complicate. In
order to survive in the competitive global shipbuilding market, each shipyard tries its best to take
measure to decrease the cost, enhance the quality and etc. For shipyard in China, the difficulties
confronted with are more serious. For example, in 1980s, the cost per tonnage is about 30 percent to 40
percent lower than shipyard in Japan. But since 1992, with the increasing of the cost of material,
marine equipment and work force, then the shipbuilding cost has been increasing with 16.9 percent per
year. Moreover, in other aspects such as quality, just in time delivery and level of management &
technology, Chinese shipyard lags Japan, Korea, and European shipyards.

How can we cope with these challenges? In current global agile competition environment, only the
enterprise who can put a stress not only on high quality, productivity, and reduced cost, but also on the
ability to react quickly and effectively to changes in markets. During the implementation of agile
manufacturing, supply chain management (SCM) has been utilized widely, which can reduce the cost,
improve the productivity and efficiency of management, and shorten the period of product’s R&D. In
the commercial shipbuilding, according to statistics and ERIM research!”), the cost of material and
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equipment is about 50 percent of a delivered commercial ship, the percentage will be 75 higher in the
passenger liner. So decrease the purchasing cost, simplify the procedure, and implement just in time
purchasing is the critical factor to the enterprise. In shipbuilding industry, more and more shipyards
begin to realize the importance of supply chain management. Japan, Korea and USA have initiated the
related research on SCM and its implementation.

In this paper, 4 parts are divided. Section 2 of this article reviews the research on supply chain
management and intelligent agent. Section 3 analyzes the business process model in shipbuilding SCM
and designs the agent based supply chain. Section 4 brief describes the implementation of the
prototype of a shipbuilding supply chain management system which based on mobile agent technology
- IBM Aglet, the prototype mainly focuses on the purchasing of the material and marine equipment in
the global market. Finally, the conclusion and future research is provided in section 5.

2 RELATED RESEARCH

Supply chain management began in 1980s. Supply chain management focuses on systems and
processes to support the flow of information within and between organizations which occurs in the
context of procurement, manufacturing, sales, distributions of goods, information and services!"%. The
dynamic, unpredictable business environment of today further demands considerable process
flexibility along the supply chain as a firm's set of commercial suppliers, customers, trading partners
and even strategic allies — together defining its supply chain topology - may now shift both abruptly
and frequently. In SCM, traditional EDI lacks the flexibility and efficiency required for the state of art
electronic business. Even such web based e-commerce applications do not satisfy these joint
requirements for process integration and flexibility, as most of web based supply chain technologies
fail to closely integrate buyer and seller processes, they are developed predominately for either the
buyer or seller, but not both ),

Fortunately, recent emerging technology - Intelligent Agent provides the potential and capability for
buyer-seller integration and flexibility in SCM '), There are many definition of intelligent agent, but at
here, agent is defined as a component of software and/or hardware which is capable of acting
exactingly in order to accomplish tasks on behalf of its user. It has the following attributes "',
Autonomous

Social function

Reactive

Proactive

Mobile

Fox ! firstly use cooperative agent network to represent the supply chain, in which each agent
represent one or multi function of supply chain, and coordinate with other agents to reach the optimal
status. Swaminathan!'"? use a multi agent framework to model the supply chain, in which exist two
categories of element: structural elements and control elements. Structural elements including
production elements (retailers, distribution centers, plants, suppliers) and transportation elements are
modeled as agents. Control elements (inventory, demand, supply, flow and information controls) are
used to help in coordinating flow of products in an efficient manner with the use of messages. Brugali”
use the mobile java agent in supply chain management, which facilitate the enterprise response to the
market’s change, and optimize the whole supply chain. P.Dasgupta’® use Java mobilc agent technology
to build a networked electronic trading system. T.Weitzel'? providle an XML based B2B
communication architecture that provide the solution to expensive and inflexible EDI connections.

There are many complex processes in shipbuilding industry, now more and more focus is put on SCM,
Korea shipyard has initiated a project of electronic supply purchasing system. In USA, the
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Shipbuilding Partners and Suppliers (SPARS) Consortium is established to deploy shipbuilding Supply

Chain Virtual Enterprise which will integrate the shipbuilding supply chain composed of customers,

partners, subcontractors, and suppliers. J.K.Lee!" used intelligent agent in the scheduling system for

shipbuilding In general, SCM in shipbuilding lags other industries, and has the following attributes!”!,

® SCM in shipbuilding is hampered by a lack of consensus on the structure, function and dynamics
of the integration of ship production and SCM.

® Shipbuilding lags in the use of electronic commerce technologies.

® Inaccurate production schedules affect many aspects of supply chain management, including
increased supplier costs, problems with timeliness and completeness of vendor-furnished
information, and diminished trust between the yard and its suppliers.

® Although people begin to implement SCM in shipbuilding industry, but not all shipyards realized
its importance. Especially in China, no much focus even in the mind of manager of shipyard, the
relation between shipyards and their suppliers is more adversarial than necessary, not win-win.

3 MODELING THE AGENT BASED SUPPLY CHAIN MANAGEMENT

Since SCM involves a set of activities in and between enterprises. It is necessary and convenient to
analyze the process of SCM via a commerce model. This Commerce Model was originally developed
for one of the prototypical courses on electronic commerce at the Haas School of Business and pertains
to commerce in general!'”!, See the figure I, it consists of buyer, intermediary, seller, and a series of
activities and interactions. The diagram depicts the process flow (from left to right) associated with a
commercial relationship or transaction, a transaction or relationship can be seen to progress through
each step along the process flow depicted in the model. Clearly these steps represent commerce at a
very high level

BI B2 B3 B4 B5
Buyer I ID need l rFind source ] I Arrange ten'nsj l Purchase J Use, maintain,
™ t 4 4 =
Intermediary Information Influence Money & goods I t: rmation
n
\ 4 Ay v v v
A!'fﬂl}gc to Find Arrange Fulfill Support
provide customer terms order customer
Seller
Sl S2 S3 S4 S5
Process flow

Figurel: General Commerce Model

From the buyer's perspective, the process begins with the identification of some need and proceeds
through sourcing and purchasing to the use, maintenance and ultimate disposal of whatever product,
service or information is purchased. The seller's process begins with some arrangement to provide a
product, service or information (e.g., research and development, service process design, information
acquisition, etc.) and proceeds through marketing and sales to customer support. The arrows
connecting these high-level process steps are used to represent key items of exchange between buyer
and seller, items which constitute the commercial activity proper. For example, information is
exchanged at several points along the process flow, as are money and goods (or services, information,
etc.) and even "influence,” as delineated at the negotiation stage. In the actual activity, each the higher
activity can be divided into sub-activity. For example, the fulfilling order can be divided into the
receiving order, notifying the shipping and logistics schedule and so on. Moreover, many activities can
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be inserted into the buyer and seller, such as factory, warehouse, vendor, and financial department.
Through the above two methods, the user can design any complicated SCM according to their need.

In the shipbuilding enterprise, the effective method in SCM is to purchase the steel, paint, marine
apparatus and other materials according to the production schedule in the global market, and then
reach the goal of purchasing under request, zero inventory and speeding the production. Based on
HASS commerce model, we design an agent based SCM in shipyard. (See the Figure 2) The whole
supply chain consists of user, an intermediary supply department and seller. The user represents
different department in shipyard, such as design, engineering analysis, manufacturing, finance and
other departments. The supply section represents various users, purchases on behalf on various needs.
The seller is the suppler who can provide shipyard with the need product. They locate in worldwide.
The whole enterprise activity consists of two flow, purchasing and fulfillment.

As shown in Figure 2, the commerce model is expanded to meet our need. For example, B, B2 is
divided into a series of activities, exchanges among the use, supply and seller. Such as market survey,
complete PR form, research resource. Among, exchange internal to the organization is represented
with X2’, X5°, At the same time, the buying activity is divided and extended to the following activities
(analyze the price, select resource, sign the order and receive product and make payment)

Bl B2 B4 BS
® D requirc Select source Use product
User ® PR form Y
[ ]
Market survey 1 X5’
Xs”
Supply Analyze quotes
Issue order
X2 ®  Verify form Reccive goods X6
®  Rescarch sources Make payment
@®  Issue RFQs A
X3 X4 X5
v v
L Product marketing | Prepare quotes ®  Fulfil order Customer
Seller @®  Send invoice support
®  Deposit funds
S2 $3 S4 S5

Process flow

Figure 2: Enterprise Supply Chain Process

4 PROTOTYPE

Mobile Java agent —-IBM Aglet is selected in our prototype of SCM, since the suppliers in shipbuilding
SCM are located worldwide, and in current network band, the mobile agent can keep the data
integration and security, combined with other characteristics, it can meet the need of agility of
enterprise!*®l. Moreover, IBM Aglet is free to use according the license.
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Aglets are Java objects that can move from one host on the network to another. That is, an aglet that
executes on one host can suddenly halt execution, dispatch to a remote host, and start executing again.
When the aglet moves, it takes along its program code as well as the states of all the objects it is
carrying. A built-in security mechanism makes it safe to host untrusted aglets. The details of IBM
Aglet please refer to its ASDK "2,

In the implementation of supply chain, we simplified the purchasing process into 8 activities:
Fill the buying request

Verify the form

Research resource

Issue the RFQ

Prepare the quotes

Analysis the quotes

Issue the order

Use product

The fulfillment process can be simplified into 5 activities:
Prepare quotes

Arrange production

Fulfill order

Send invoice

Customer support

The above activities include the major processes in the supply chain. As figure 3 show, the whole
system consists of 3 parts, use, the buyer’s subsystem and supplier’s subsystem. This sub system can
be exchanged. During the buying, customer can fill the order according the requirement of production
planning and scheduling, send it to the intermediary- the buyer department of shipyard, then verify and
integrated the requirement of different section, and form the buying list. This list is written with XML,
which include:

the price of product

the highest available price

the amount of product

delivery time

the URL for supplier

the ID of supplier

the ID of product for supplier

The buyer’s subsystem consists of stationary agent, mobile agent, the potential supplier information
and temporal log for recording transaction. The potential supplier information is acquired through
research resource, market analysis, also it can add the new supplier to the information of supplier. The
database of temporal transaction save the price and temporal transaction log when the mobile agent
move, it’s used for the final analysis. The seller subsystem consists of the stationary agent of supplier,
the database of current supplier inventory, and interface of database and transaction log. The stationary
agent is responsible for the transaction with buyer mobile agent, accept its price, and retrieve its
inventory and its production plan to decide whether sign this transaction.

In the actual running, when supply department of shipyard verify the form, the buyer stationary agent
firstly create a mobile agent, pass the mobile agent with the information from the list and supplier
information. Mobile agent then visits every supplier according to the supplier information, the quantity
of product and standard. During the negotiation, the standard of purchasing can be one of the following
according to the different need, such as price, delivery time, or the combination of them. When the
buyer’s mobile agent arrives at the supplier, it has an interaction with seller agent. So seller agent can



378

retrieve to decide whether the price meet the need, then reaches the temporal transaction, and the buyer
builds the new proxy agent and returns the information to the buyer stationary agent, then visits the
next supplier to go the same procedure. When the agent finished the prescribed itinerary. The buyer’s
agent select the optimal choice, sign the contract, for that is not optimal price supplier, cancel the
proxy agent and temporal transaction, and pay the corresponded penalty money. Through this agent,
the supply department can execute the purchasing based on their production scheduling. (The detailed
implementations please see!""))

Supplier A

<

v

Supplier interface
L Interface with databse ]

Supplier B
K &
~

Verify buyer agent
Internet or _y i
Intranet . ;
Supplier mobile agent Supplier stationary
agent
~ ¥ "
Tahiti
- y
Supplier Buyci‘s,xitl:onary ) Buyer mobile agent |
department p =P - 3 ,
s Stationary
User Tahiti
&

Polcnllial ; Mobile agent
Buying list suppliers Temporary transaction

Task allocation
list

Figure3: The Architecture of Mobile Based SCM

5 CONCLUSION

The paper researches the agent based supply chain management in shipbuilding industry, a general
commerce model is used to model and design the supply chain management, and implement a
prototype of SCM. From the above, mobile agent based supply chain can reduce the cost, inventory,
shorten the production period, and finally reach the agile manufacturing. From our implementation, the
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result is encouraging, especially suitable for the global purchasing. But this system is quite simple, and

currently the supply chain is mainly on purchasing. so the future research is mainly on the following,

1) In the shipbuilding SCM, quantitative and correct production plan and its executing is an
important factor, so integration of supply chain management and production plan system is the
next major research.

2) The dynamic attributes of supply chain management, such as later delivery, the quality of product
will have a great impact on the whole SCM. So it’s necessary to implement research on simulation
of its dynamic attributes.
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IN SHIP MANUFACTURING PROCESSES
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ABSTRACT

The main issues of energy and environment associated with shipyards manufacturing processes are
presented. The direct and indirect demands of energy in the shipbuilding industry are clarified. The
Life Cycle Analysis (LCA) in ship production is addressed with particular emphasis on the methods
commonly used to reduce energy consumption and relevant harmful environmental impacts. The
holistic approach of LCA is briefly outlined. The importance of rationalization of materials used in
shipbuilding and ship scrapping is stressed. The modern approach of Ship Design for Environment is
highlighted. The paper is concluded by stressing the importance of introducing the relevant energy and
environment courses into the educational programs of Naval Architecture and Marine Engineering
departments.
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environment

1 INTRODUCTION

Awareness about environmental problems has increased significantly in recent years. There is now
widespread appreciation of the serious health risks, degradation of natural resources, climate change
and need for means of environmental protection. Energy consumption has adverse economic and
environmental implications. Therefore, consumption of energy should be rationalized in order to
improve the economics of the industry and protect the environment, particularly for energy intensive
industries.

The shipbuilding and ship repair industries consume various types of energy for ship production and
ship repair and therefore produce environmental problems. Identification of the size, scope and
consequences of the harmful environmental impacts should receive some consideration. Solving
pollution problems should be directed to pollution prevention, reduction and control. This philosophy
should be reflected in the teaching curricula of the Faculties of Engineering. Future engineers should



382

be properly equipped with adequate knowledge on energy and environment so as to understand and

contribute to resolving the local, regional and global environmental challenges.
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Figure 1: Indirect Energy used in Shipbuilding

2 TOTAL SHIPBUILDING SYSTEM

The total shipbuilding system is composed of several activities involving transportation, prefabrication,
fabrication, post fabrication, outfitting, ship delivery and post delivery operations. The main elements
of these activities involving environmental impacts are associated with the different materials used in
ship construction, energy consumed in the various stages of fabrication, transport, construction, testing,

maintenance and repair.
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Figure 2: Demands for Direct Energy

3 ENERGY USED IN THE SHIPBUILDING INDUSTRY

The energy demands for the shipbuilding industry could be divided into direct and indirect energy.
The indirect energy is required for the manufacture and production of steel plates and sections,
manufacture of main and auxiliary engines, manufacture of equipment and fittings, production of
welding electrodes and coils, production of paints, etc., see Figure 1. The direct energy is required for
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the handling and transport of raw and fabricated materials, prefabrication and fabrication processes:
cutting, forming of plates and sections, welding and assembly of steel plates and sections, construction
of 2D and 3D blocks, assembly of blocks on berth/dock, outfitting and painting operations, tests and
trials, see Figure 2. Figures 3,4 show the energy demands for ship plates forming and welding
operations, (EE = Electric Energy, GE = Gas Energy).

For plate forming using line-heating method, acetylene is used for providing the required heat energy
and CO, is the main polluting gas emitted. Assuming complete combustion of acetylene, the amount of
emitted CO, could be estimated using the reaction equation for complete combustion as given by:

CH, + 250,= 2C0, + H0

. LINE
__HEATING

GE

CRANE

Figure 3: Energy Demands for Plate Forming, Line Heating

:

4 LIFE CYCLE ASSESSMENT IN SHIPBUILDING INDUSTRY

Life Cycle Assessment (LCA) adopts a holistic approach by analyzing the entire life cycle of a product
starting with raw materials extraction processing and manufacture, materials transportation, product
fabrication, transportation, distribution, operation, maintenance & repair and finally scrapping. The
solid waste management hierarchy includes waste prevention, minimization at source, reuse, repair,
recycle, incineration (with or without energy recovery) and landfill.

The holistic approach of LCA covers the energy consumption and associated environmental impacts
over the entire life of a product. The main components of this holistic approach are:
= [Inventory analysis: addresses the identification and quantification of energy and resources used
and environmental releases to air, water and land.
= Impact analysis: addresses the technical qualitative and quantitative characterization and
assessment of the ecological and human health consequences and resource depletion.
= mprovement analysis: addresses the evaluation and implementation of opportunities to reduce
environmental burdens

LCA in the Shipbuilding Industry should include not only environmental impacts but should also
include rational use of construction and outfitting materials, rational use of energy in all stages and
phases of ship design, construction, outfitting, operation, maintenance, repair and finally ship
scrapping. The main materials commonly used in the shipbuilding industry, which require
rationalization are steel plates and sections, welding rods, castings, forged parts, timber, paints, etc.
The rational use of these materials should not only reduce environmental impacts and energy
consumption but should also have positive economic gains. The minimization of environmental
impacts and wastes in ship construction could be achieved by the efficient use of all construction
materials including steel plates, profiles, sections, welding rods, paints, etc. The measures commonly
taken to save energy consumed in ship fabrication and construction are directed to the rationalization
of inter-process transportation, reducing/improving bending & forming operations (2D and 3D
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forming), using large sizes of steel plates, particularly plate width, improving welding operations,
improving accuracy of edge preparations, minimization of welding lengths, maximization of
down-hand welding, minimization of cutting lengths of steel plates, widespread use of computer-aided
marking and cutting, minimization of scrap using efficient methods of plate nesting, utilization of
waste and minimization of rework.
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Figure 4: Energy Demands for Welding
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Figure S: Holistic Approach of ship design

5 EDUCATIONAL ASPECTS OF ENERGY AND ENVIRONMENT IN SHIPBUILDING

A brief statement of the main energy and environment courses relevant to the shipbuilding and ship
repair industries is given below. These courses should improve the awareness of future engineers about
energy consumption and environmental impacts resulting from the manufacturing processes in the
shipbuilding and ship repair industries.

6 THE ENVIRONMENTAL ENGINEERING SYSTEM

The course on Environmental Engineering System should include design, construction, operation,
maintenance and repair (M/R) and scrapping. Design is one of the main courses given in Faculties of
Engineering that has a close connection with the relevant issues of energy and environment. The
environmental dimension should be an integral part of the holistic approach of ship design, see Figure
5. The main objective of this holistic approach is to make safety, economy and environmental
protection an integral part of the ship design process. Unfortunately, the inadequacy of design for



385

safety is appreciated only after serious accidents have occurred. Design for safety, therefore, should
include risk to human life and risk to environment. Risk management should, therefore, be an integral
part of the holistic design approach. In the maritime sector, tragic accidents causing environmental
disasters have focused world opinion on ship safety and environmental protection through the
introduction of the International Safety Management code, (ISM).

The Factor of Safety commonly used in Engineering Design should, therefore, include not only safety
of the structure but should also take into account risk to human life and risk to environinent, as
follows:

Y=TYxYv.Y2
Y = Total Factor of Safety
vx = factor taking account of the safety of the system
Yy = factor taking account of the risk to human life
vz = factor taking account of the risk to ecology

1t is evident that the irrational increase in the magnitude of the total Factor of Safety of ship structure
will not only reduce the probability of structural failure, the cost of failure, the harmful impact to the
environment but will also increase the initial cost of ship structure through the irrational use of
materials and resources. This indicates clearly that the magnitude of the Factor of Safety should be
rationally selected so as to satisfy the requirements of safety, ecology, economy and sustainability.

7 RISK MANAGEMENT

The course on Risk Management should cover hazard assessment, risk analysis, development of
accidental scenarios that could potentially lead to fatalities/injuries, development of methods and
actions to reduce/prevent risk, calculation of risk taking into account the likelihood of the scenario and
the probable negative consequences. Risk assessment is the process of assigning magnitudes and
probabilities to adverse effects resulting from human activities. Risk could be assessed by using the
probability density functions of both Demand and Capability. In this case the options to reduce risk are:
increase capability (sometimes very costly), decrease demand (sometimes not feasible), decrease
variability and uncertainty of capability (possible), decrease uncertainty of demand (not always
feasible).

8 ENVIRONMENTAL PROBLEMS

The course on Environmental Problems should cover the main types, causes, scope, consequences,
prevention, reduction and control of the negative environmental impacts. The impact of industry on air
pollution, water pollution, (rivers, coastal water, seawater, ground water, lake water), noise pollution,
climate change, ozone depletion, etc. should also be addressed. The course should clearly indicate
the consequences of irrational use of resources, expected climate change due to the increase of
greenhouse gases, etc. The contribution of the shipbuilding and ship repair industries to the local,
regional and global environmental problems should be also introduced and highlighted. Unfortunately,
there is very limited data available on energy consumption in the various stages of ship production.
Also, there is scarce data available on the various types of the negative environmental impacts
resulting from the different stages of ship production.
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9 ENERGY AND ENVIRONMENT

The course on Energy and Environment should cover environmental and economic benefits resulting
from introducing methods of increasing efficiency of production processes, cost-effective methods of
handling unwanted effluents and methods of waste reduction. The course should clearly indicate the
importance of using methods for energy conservation, raising energy efficiency in the various ship
production processes, energy saving techniques, minimization of total energy consumption.
minimization of wasted energy, controlling the environmental problems resulting from energy
consumption, using safer, cleaner and more efficient technologies and systems for ship production.
The course should also cover energy saving methods in ship operation, maintenance & repair and ship
scrapping.

10 WASTE MANAGEMENT

The course on Waste Management may include the environmental and economic benefits from life
extension. waste prevention/minimization at source, re-use, recycle, recover, repair/upgrade.
incineration, (with/without energy recovery), dumping and landfill.

Ship scrapping is becoming an important industry in several countries. The outcome of ship scrapping
includes usable materials, engines, equipment, fittings, etc. The various activities and operations used
in this industry should be rationalized so as to protect our natural resources, save energy consumption,
minimize environmental impacts and waste. The expected growth of this industry necessitates a
thorough examination of the main issues of energy and environment associated with this fast growing
industry. Waste management in ship scrapping should not only have significant economic
opportunities but should also have positive impact on environmental protection.

11 CONCLUSIONS
The main conclusions drawn up from this paper are:

- In spite of the limited scale of local, regional and global negative environmental impacts of
shipbuilding and repair industries, the identification, quantification and control of these
negative impacts should receive serious attention.

- LCA in the shipbuilding industry could be used to assist shipbuilding and ship repair companies to
quantify, assess and identify opportunities to minimize energy consumption and its impact to the
environment, and to realize cost savings by making more effective use of available resources.

- The rational use of shipbuilding materials should not only reduce the harmful environmental
impacts and energy consumption but should also have positive economic gains.

- Waste management in ship scrapping should not only have significant economic opportunities
but should also have positive impact on natural resources and environmental protection.

- The teaching of Design courses should be more comprehensive than that normally given in our
Faculties of Engineering and should cover the main issues of energy and environment.

- The environmental dimension in ship design should be an integral part of a holistic approach of
ship design that takes account of safety, economy and environmental protection.

- In order to improve local, regional end global environmental protection, future shipbuilding
and ship repair engineers should be well equipped with the necessary knowledge and tools
for energy conservation and environmental protection.
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ABSTRACT

The transient 3-dimensional temperature distribution near the plate surface of the spot heating gas
flame is measured in detail by a high performance L.I.F. measurement system. It has been found that
the thermal-flow field within the combustion flame remains almost unchanged regardless of the
temperature increase in the steel plate. A new hypothesis on the heat transfer during line heating
process is built up based on the result of the L.LF. experiment. This hypothesis is that the distributions
of gas temperature near plate surface and local heat transfer coefficient depend only on the distance
from the torch. The appropriateness of this hypothesis is proved by performing an inverse heat
conduction analysis of a spot heating experiment.

KEYWORDS

Line heating, Heat transfer, L.ILF., Inverse heat conducting analysis

1 INTRODUCTION

Line heating process, which is one of the most characteristic works in the shipbuilding industry, is
applied to the formation of curved hull plates. This work has not been carried out by the automatic
operation, but by skilled workers. Recently the automatic operation has been strongly desired because
of the decrease in skilled workers. In order to automate this process, heat transfer between flame and
plate has to be evaluated theoretically.

The heat transfer during line heating process is a poorly understood phenomenon. Moshaiov and
Latorre (1985) studied the temperature distribution of a plate using a distributed heat source moving
along the plate surface. Tsuji and Okumura (1988) found that the heat flux distribution of flame could
be expressed approximately by superposition of two gaussian distributions. Terasaki et al. (1999)
derived the equations for thermal cycles of line heating. In these theories, a series of experiment is
needed whenever plate size or plate thickness or torch speed changes even if torch nozzle, gas
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condition and torch height are unchanged. Furthermore, these theories are applicable only for the cases
where torch travels at a constant speed in straight-line motion. These theories assume that the relative
distribution pattern of heat flux around the stagnation point remains unchanged in time. Strictly
speaking this assumption does not hold true, and this is the reason why the application of those theories
is narrow.

It is needed to develop a new theory with wide application range on the bases of the true nature of
thermal-flow filed within the gas flame and local heat transfer. In such study, it is necessary to
measure the transient temperature distribution of gas flame near the plate surface accurately. Such
measurement can be performed by laser induced fluorescence (L.LF.) technique. Distribution of local
heat transfer can be estimated by inverse heat conduction analysis.

In this paper, the transient 3-dimensional temperature distribution of the spot heating gas flame is
measured in detail by a high performance L.LF. measurement system. From the results of this
experiment, a hypothesis on the distributions of gas temperature and local heat transfer coefficient is
built up. The appropriateness of this hypothesis is proved by performing an inverse heat conduction
analysis of a spot heating experiment.

2 MEASUREMENT OF GAS TEMPERATURE DURING SPOT HEATING BY USING L.LF.
TECHNIQUE

2.1 Experimental Apparatus

A methane gas is used as fuel gas. Table.1 shows the pressure and the flux of methane, oxygen and
NO. The heating power of this torch is much lower than that of line heating torches used in shipyards.
A square mild steel plate with sides 500mm long and 16mm thickness is arranged horizontally and a
torch with a circle shaped nozzle of 0.9mm diameter is positioned above the plate. The center of the
plate is heated by a flame of premixed methane and oxygen. The distance Z between the nozzle and
the plate is arranged to be 12, 20 and 28mm.

2.2 Laser Optical System

The thermal field within the combustion flame is measured by the laser induced fluorescence (L.LF.)
technique and an optical measurement technique. Two wave-length L.IF. technique, which utilizes
NO in the measurement of temperature, is used.

The absorption band of NO exists near the 225nm, and the fluorescence is emitted in the band of
230nm~300nm. The characteristics of fluorescence and the wavelength of laser are selected so that
they are suitable for the temperature range of 1000K~2000K. The outline of L.LF. optical system is
shown in Figure 1. Oscillated wavelength of YAG lasers and dye lasers is set to 10Mhz, which is the
absorbed wavelength of NO. Laser beams | and 2 are gathered together at a beam combiner, and then
they are irradiated to both a correction burner and an object flame of measurement.

The signals of fluorescence from target and correction burners are photographed on the upper and
lower part of camera pictures by using two ICCD cameras, and the strength distribution of fluorescence
NO molecules emits is measured. The measuring timing of the laser device and ICCD camera is
controlled with delay-generator. Measured pictures are forwarded to a computer to analyze flame
temperatures. The measured region is 200mm in width and 20mm high. The space resolution of the
measured picture is 1.5 mm. From the instant when the torch is set up to home position laser beams
are irradiated for 0.4sec by every 2 sec. Hereafier, t denotes the elapsed time since the measurement
starts. The total numbers of laser irradiation is 12 times per each measurement.
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2.3 Temperature Distribution within the Flame

Figure 2 shows the measured temperature distribution within the combustion flame at =2sec and
t=24sec for the case Z=20mm. Although plate heating face temperature increases significantly, the
measured temperature distribution within the combustion flame is almost the same through the
measurement. That is, the thermal-flow field becomes stable in extremely short time.