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Welcome in Trieste!

Dear participant to the 5 International Workshop on Ship Stability and Operational Safety, on behalf
of the Organising Committee [ welcome you in Trieste.

Tourist guides qualify Trieste as a crossroad between the Central-European and the Mediterranean
cultures and as such a pole of attraction. On the other hand, its particular position was at the origin of
the opening of a Nautical School since 1753, followed by the foundation of the Royal Academy of
Business and Navigation in 1816. The presence of Fincantieri Shipyards and the opening of the
curriculum for Naval Architecture and Marine Engineeing at University in 1942 witness the importance
of Maritime affairs for this region. I hope you will enjoy both the Workshop and the nice geographic
position of the town.

Prof. Alberto Francescutto

The Workshop on Ship Stability and Operational Safety

This is the 5™ Workshop of the series, after Strathclyde (UK), Osaka (JAPAN), Hersonissos
(GREECE), St.Johns (CANADA). Since its formation in 1995, the Ship Stability Workshop has
presented a unique opportunity for experts in the field to gather together and present their latest
research results. The Workshop provides an overview of the state of the art and the discussion
developed from the presentations is an important part of the meeting.

The following is a list of typical Sessions held during the first four Workshops:

Surf-riding, Broaching and Capsizing in Following/Quartering Seas
Capsizing in Beam Seas

Capsize Model Experiments with a Damaged Ship

Dynamics of Ship Capsize with Flooded Internal Space Including Cargo Shift
Probabilistic Approach to Damage Stability and Survivability Assessment
Ship Capsize Simulation in Stability Research

Model Capsize Experiments in Heavy Seas

Non-Linear Dynamics and Ship Capsize

Dynamic Stability Software Validation Techniques

Standardisation of Model Experiments for Extreme Tests

Simulation of Damaged Ship Motions with Progressive Flooding

Interface and Overlaps on the Seakeeping, Manoeuvring and Stability of Ships
The Impact of Recent Stability Regulations on Existing and New Ships
Numerical and Physical Modelling of Intact Stability

Numerical and Physical Modelling of Damage Stability

Applications to Ship Design and Operation

Sessions Development

The Workshop will be held in an amphiteater room. Following the tradition of previous Stability
Workshops, the Session Organisers of each Session (acting as chair/vice chair during the Session) will
select discussers to seat in the first row (the "hot" seats) to act as "prime discussers" to boost and direct
discussion which is the most important feature of the workshop.



Venue

- The Workshop will be held at the University of Trieste, Lecture Hall of Building H3, Via A.
Valerio 10, 34127 Trieste, Italy;

- The preliminary sessions on September 10™-11" and the meetings on 14™-15™ will be held at the
University of Trieste, Department of Naval Architecture, Ocean and Environmental Engineering
(DINMA), 2™ floor of Building C5, Via A. Valerio 10, 34127 Trieste, Italy;

- The International Maritime Academy is close to University (transportation provided).

The University is easily reachable by a 10 minutes bus ride from major hotels centrally located by

using bus lines 3, 4, 17, 17(/), 39; no tickets selling on board = tobacconists, newsstands. For more

information about Trieste University, visit the web site:

http://www.univ.trieste.it/english.html

For more information about Trieste, visit the web sites:

http://www.ts.camcom.it/english/home.htm

http://www-dft.ts.infn.it/TS/TS.html

These sites contain information about hotels, flights, weather forecast, etc.

Contact person:

Prof. Alberto Francescutto
DINMA, University of Trieste
Via A. Valerio 10

34127 Trieste, Italy

fax:  +39-040-6763443

Phone: +39-040-6763425

e-mail: francesc@univ.trieste.it
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ROUND TABLE DISCUSSION: “THE VIRTUOUS CIRCLE OF MARTIME SAFETY”

The International Maritime Organisation (Tom Allan)

The European Commission (Claudia Vivalda, Research Directorate General)

A Classification Society (Mario Dogliani, RINA)

A Shipping Company (Rolf Kjaer, Color Line)
A Towing Tank (Jan deKat, MARIN)
A Shipyard Design Office (Gianfranco Bertaglia, Fincantieri, Trieste)

A University (Apostolos Papanikolaou, NTUA)

The ITTC Stability Committee (Dracos Vassalos, NAME —SSRC, Chairman)

SUMMARY

This round table discussion attempts to address and discuss what is in essence a simple question: conceptualising the
safety regime as a “wheel” with the number of stakeholders involved as the “teeth” of this wheel, what would be needed
to render it virtuous, aiming at maximising maritime safety cost-effectively? Following a description of the said regime,
the views of the key players in our industry are presented with the view to providing the stimuli for a constructive
discussion in this fifth International Workshop on the “Stability and Operational Safety of Ships”.

SAFETY REGIME [D. Vassalos]

The operation of merchant shipping is international,
specialised and complex, currently governed by
comprehensive rules and regulations developed by
national and international authorities to provide a basis
for common action. Legislation governing ship and
environmental protection has progressed over time
through a number of stages but in the main assurance of
safety has always been sought through regulating widely
existing best practices in ship design, construction and
operation. In this evolutionary process, three co-existing
and interacting ship safety regimes can be identified and
are explained briefly next.

Punishment Regime: This relies on identifying and
apportioning blame, frequently to the last person in the
chain of events. The underlying principle is that the
threat of punishment influences company and individual
behaviour to the extent that safety gains a higher priority.
Compliance Regime: This constitutes the core of ship
safety assurance today and involves mainly the
regulation of ship safety by prescription with external
rules.

Self-Regulation Regime: This concentrates on external
management and organisation for safety and encourages
individual companies to establish targets for safety
performance. It is very much the result of a general
acceptance by the shipping industry of the inadequacy of
the previous two, to rely solely on regulations as a means
of improving ship safety standards, and is in the heart of
current and future developments. The adoption of the
ISM Code, which became mandatory on 1 July 1998 by
all IMO member states, constitutes an important step
towards the establishment of a self-regulation regime.

The prevailing philosophy therefore is that of
compliance, characterised by the following main steps
and associated players:

Development of international instruments through
the International Maritime Organisation (IMO)

IMO is an agency of the United Nations and has its
headquarters in London. It was established in 1948 in
response to the need for uniformity in shipping
legislation with the task of developing a comprehensive
body of international law dealing with maritime safety
that would be applied by all shipping nations to ships
under their flag. The IMO membership since then has
grown to 155 countries, with more than 40 conventions,
agreements and protocols developed in the process under
the IMO aegis. The Maritime Safety Committee (MSC),
which is responsible for all safety matters except marine
pollution, has 12 sub-committees covering a wide
spectrum of safety-related areas.

IMO have in the past been subject to criticism: too slow
and by implication inefficient; a toothless tiger;
responding to every crisis with a new piece of legislation;
minimum standards fostered by a consensus approach;
political rather than technical arguments often dominate.
IMO, however, is undergoing major transformations
involving changes in attitude, philosophy and approach
to ship safety and environmental protection and this
process is likely to continue at an accelerated pace. The
legislation at IMO on ferries and the work of the Panel of
Experts certainly demonstrated that IMO can move fast
and the ISM Code and STCW Convention are clear
indications of positive actions to improve safety.

Implementation of regulatory instruments by Ship
Owners/Operators

With the exception of the master who has the ultimate
responsibility for the safety of the ship, ship owners are
top in the order of priority for the responsibility of
implementing and maintaining safety standards. They



cannot, however, be relied upon universally and the
existence of sub-standard ships is evidence to that. It is
said that behind a sub-standard ship there is a sub-
standard owner and it is common belief that enforcement
and verification by the flag and port states and the
classification societies are no substitute for the all-
embracing responsibility of the owner. As with the
safety regimes described above, it would be appropriate
to classify the prevailing cultures of ship owners into the
following three, Figure 1.

%
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Compliance Culture

Evasion Culture Safety Culture

Figure 1: Ship Owners Prevailing Cultures Distribution

Evasion Culture: Evading rules and regulations, cutting
corners. Taking the risk in the belief they can get away
with it or yielding to economic pressures or as a result of
failure in the enforcement and verification processes.
Compliance _Culture:  Simplistic compliance with
prescriptive legislation is currently the industry norm
aimed at satisfying minimum safety requirements and
nothing more. The existence of this norm is
demonstration of the passivity inculcated through
prescription.

Safety Culture: Continuous safety improvements with
safety becoming an almost subconscious priority and safe
operation a matter of course.

Enforcement of regulatory instruments by Flag States
and Classification Societies

Flag States
The next level of responsibility is that of the Flag State.

Considering the tendency at IMO of adopting minimum
standards, some countries enhance such standards
through national rules and regulations. After all, the state
has the ultimate responsibility, that of protection of
human life. The duty and commitment of the state must
not be confined to the satisfaction of IMO rules.
Promotion of scientific research, improved vocational
training, improved efficiency in port organisation,
increased surveillance and assistance at sea are the duties
of the state. The attitude of flag states to these duties and
responsibility range quite widely. This is reflected in the
casualty rates of individual flags, clear indication that
regulations are implemented differently form country to
country. The prevailing cultures of flag states could
quite easily be classified in a way similar to the ship
owners. In some cases, however, it is the lack of

resources to enforce regulations that leads to evasion.
“Flags of Convenience” are born out of the inability of a
state to supervise the safety of its ships effectively. What
is worrying in this respect is the fact that there is a
significant number of flags of convenience with figures
produced by the Institute of London Underwriters
showing that, in general, registers with a higher
percentage of total losses are expanding at the expense of
those with a better safety record.

Classification Societies

Classification societies are independent, non-profit
making organisations concerned primarily with the
standards of construction and maintenance of ships. As
such they contribute greatly to the advancement of the art
and are a potential source of considerable technical
experience gained worldwide. By means of the
development of their rules for construction and periodical
surveys they are in a position to influence the standards
of ship construction and operation and their contribution
to these matters and to ship safety generally has been
considerable. Originally established to designate
minimum standard, on which underwriters could rely
before insuring a vessel as a form of risk management,
they have in fact emerged as the unique arbiters of a
standard, which is relied upon not only by underwriters
but also by every section of the shipping community. In
fact, from July 1998 an amendment to the SOLAS
Convention comes into force making compliance with
the classification society rules for ship structures and
essential engineering systems a mandatory requirement.
Notwithstanding this, today it is not possible for a ship to
trade unless it is ‘class maintained’. From this it follows
that all vessels at sea (good or bad) are registered with
one of the classification societies. Included among these
are vessels, invariably brought to light by a casualty, the
condition of which is such that they should not have been
registered. In many cases it will transpire that the vessel
is in possession of a special survey certificate of recent
issue, notwithstanding the fact that numerous serious
defects are long-standing. This is a serious problem
facing all classification societies and it reflects the
difficulty of maintaining consistent standards. The
eleven major classification societies have a co-operative
organisation, the international  Association  of
Classification  Societies  (IACS), which enjoys
consultative status with IMO, co-ordinates the policy of
societies and issues unified recommendations for the
standard to be applied in essential technical matters. In
response, to the aforementioned criticism, IACS has
developed a quality assurance concept, which all the
members must comply with.

Verification of the proper implementation and
enforcement of all applicable international
requirements by Port States

Port state control is the first line of defence in the
enforcement and verification of safety standards but can
never be as effective as good flag state control, because



port states have to accept international certificates at face
value unless there are clear grounds for disputing their
validity. If not so, the ship owners are entitled according
to SOLAS to be compensated if their ship is
unreasonably delayed. Port state control alone has
inherent limitations. Primarily it is a spot check but even
when targeting those ships most likely to have
shortcomings, it will be impossible to identify all
substandard ships. Often it is impossible to inspect the
holds if the ship is fully laden, and it may not be possible
to assess fully the competence of those onboard.

General Remarks

This introspective look demonstrates that the prevailing
safety regime is hard pushed to retain its integrity at the
larger scale and allows for a worrying imbalance in the
assurance for safety between property (ships and
cargoes) and lives (seafarers and passengers). Those
concerned with property have sophisticated insurance
markets at their disposal, which compete for the
insurance of ship and cargoes. The classification
societies play a central role in this process in that they
provide independent quality assurance to shipbuilders
and expert advice to ship owners and insurers. The latter
normally comprise a large percentage in the constitution
of classification societies and are therefore in a position
to either insist upon higher classification standards or
quote higher premia for ships with greater risks. Thus, if
ships and cargoes are lost, the sensible owners will be
compensated by their insurers and, for their part, the
insurers can make profit at any predictable level of risk.
Therefore, ship loses are recorded, analysed and
published, allowing the organisations concerned with
classifying and insuring property to assess risk. By
contrast, however, there is not a mechanism formal or
informal in place to record systematically and assess the
effectiveness of legislation aimed at improving the safety
of life at sea. Fatalities have been reported since 1978
but not with the rigour necessary to draw conclusions
from statistics. There are no incentives to do so.

This is a state of affairs that the marine industry simply
could not afford as was amply demonstrated by the
recent well-publicised ferry disasters. Furthermore, with
passenger ships being built carrying 5,000 passengers
such as the Eagle Class of the Royal Caribbean Cruise
Lines, safety must become an integral part of ship design,
construction and operation with the focus particularly on
passenger safety. Added to this are the new challenges
and new risks associated with the escalation of speed at
sea. Historically, significant changes in the design,
operation and management of ships have brought about
new hazards and more casualties. Reliance on
experience with conventional ships provided in most
cases a cushion against impending disasters. But what is
to be expected when this cushion is removed?

Could the answer to this question lie on what is
(surprisingly) coming out from the IMO “furnace”:

ALTERANTIVE DESIGN AND SAFETY
EQUIVALENCE? Could this approach provide the
“fuel” that would make the wheel (Figure 2) of
maritime safety turn?

Legislation Implementation

THE VIRTUOUS
CIRCLE OF
MARITIME

SAFETY

Enforcement

SAFETY
DRIVERS

Life-cycle
Design for
Safe
Operation

Verification

Figure 2: The Virtuous Circle of Maritime Safety

SAFETY DRIVERS — PASSENGER SHIP SAFETY
STAKEHOLDERS [A. Papanikolaou]

This input is wholly based on the MSC 70/INF paper on
the Formal Safety Assessment (FSA) of Bulk Carriers,
submitted by the United Kingdom to the Bulk Carriers
Working Group. This has been properly amended to
account for the fundamental differences between the
Bulk Carrier’s and the Passenger Ship’s design and
operation.

1 A key feature of the FSA methodology is that it
should be able to recognize and account for the
various interests and positions of those who will be
affected by any changes to regulations resulting from
the study.

2 Interested entities or stakeholders, herein also
understood as safety drivers, are defined as any
person, organization, company or state who is
directly or indirectly affected by an accident or by the
cost effectiveness of any proposed new regulatory
requirements.

3 Stakeholders may be voluntary (e.g. ship owners)
involuntary (e.g. cost state) or a combination of both
(e.g. passengers, cargo owners). Similarly, the
interests of stakeholders may be either beneficial or
prejudicial in nature, or a combination of both.
Stakeholders may be represented directly, indirectly
or by representative groups where their interests are
similar.

4 Each stakeholder creates and/or suffers a risk as a
result of his involvement with the maritime venture
and receives benefit and/or suffers cost of liability.
The returns obtained by individual stakeholders will



not necessarily reflect their investment in the venture.
Some stakeholders will obtain disproportionate
returns in relation to the risk they create whilst others
will obtain no return whatsoever. From this, the
concept of Risk Balance is introduced, as shown in
Figure 3.
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Figure 3: Concept of Risk Balance

5 Stakeholders with any degree of voluntary
participation in the exercise will clearly expect that
the benefit side of the balance will outweigh the cost
side, however the proportion by which the benefit
outweighs cost will generally be different for each
stakeholder.

Ideally, the risks, costs and benefits derived from the
maritime venture would be assessed for each
stakeholder to determine whether the balance is
equitable in relation to the other stakeholders. In
practice, such an absolute solution would be very
difficult to achieve due to historical factors. The final
recommendations for the decision-making should,
where practicable, seek to redress any imbalance
between those stakeholders who impose risk and

those who carry disproportionate risk in relation to
the return they receive — i.e. the Risk-Imposer pays.

Stakeholder Map

7 The role of each stakeholder should be considered in

the context of accident prevention and mitigation.

The influences of, and interactions among,

stakeholders should be assessed. In particular, a FSA

study should recognize that the relative positions and
prominence of stakeholders will vary at different
stages of an accident (e.g. prior to, during and after).

The principal stakeholders of Passenger Ship

operations have Dbeen identified and their

interrelationships considered as shown in Figure 4

and listed with the effect of a casualty of their

interests in Table 1 and 2.

It should be noted that only the principal influences

are shown. Many secondary influences will be

present in any given scenario.

10 Whilst legal services and consultants are considered
stakeholders, it is considered that their influences
may be represented on the influence map by those of
their clients.

11 Only the principal insurance interests are shown. All
stakeholders would probably have insurance cover
(and many insurers would probably have re-
insurance). As with legal and consulting services,
insurance interests are considered to be represented
on the influence map by their insurers.

12 Upstream and Downstream stakeholders are those
stakeholders who are generally physically remote
from the vessel but are affected by the consequences
of an incident to it.
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Figure 4: Stakeholder Influence Map - Passenger Ships



STAKEHOLDERS

EFFECT OF A CASUALTY

Owner, Operator or Manager

Loss of ship, direct and indirect loss of income (incl. possible losses in the stock
market), loss of reputation, contract liabilities, employee liabilities and 3™ Party
liabilities, possible indictment by jurisdiction.

Master Loss of life, loss of reputation, loss of income, possible indictment by jurisdiction.
Crew Loss of life and loss of income, possible indictment by jurisdiction.

Passengers Loss of life and property.

Trade Unions Representation expenses.

Families Personal loss and loss of income.

Designers, Ship-builders &
Repairers

Loss of reputation, liability and loss of income.
Increase in income.

Equipment makers

Loss of reputation, liability loss of income.
Increase in income.

IMO

Loss of reputation.

International Regulators

Loss of reputation.

Port State Control

Loss of reputation, possible indictment by jurisdiction.

Flag State

Loss of reputation, loss of income, possible indictment by jurisdiction.

Port Authority

Pollution, cost of removal of wreck and loss of income (trade).

Classification Societies

Loss of income and loss of reputation, possible indictment by jurisdiction.

Professional Bodies

Loss of reputation.

Training Establishments

Loss of reputation and loss of income.

Environmental and Pressure

Groups

Increase of income, greater awareness.

Cargo Owner

Loss of goods, loss of income, loss of reputation, contract liability and downstream
supply failure.

Charterer

Loss of income, contract liabilities and loss of reputation.

Terminal Operator

Damage to facility, disruption of facility and loss of income.

Hull Underwriters Liability.
Cargo Underwriters Liability.
P & 1 Club(s) Liability.

Rescue Services

Possible loss of life and property damages (non-professional rescuers), 3" party
liability. Increase in income (professional rescuers)

Salvors Increase in income.
Coastal State Pollution and cost of removal the wreck.
Media Increase in income and increase in ratings.

Legal Services

Increase in income.

Marine Consultants

Increase in income.

Table 1: Stakeholders

STAKEHOLDERS EFFECT OF A CASUALTY
Regional & State Groups Loss of trade.
Additional trade.
Other Trading Nations Additional trade.
Suppliers upstream Loss of trade.
Alternative Suppliers Additional trade.

Consumers downstream

Additional costs.

Stakeholder Groupings

Table 2: Upstream & Downstream Stakeholders

each RCO, it will be necessary to verify that the
grouping is valid. The FSA study should take account

13 The stakeholders may be grouped into ‘primary’
groups to assist in identifying common interests and
influences. This will serve to reduce duplication of
effort in considering the effects of Risk Control
Options (RCOs) on the various stakeholders. With

of the fact that Stakeholders within a group may not
have exactly parallel interests and that the other
Stakeholders and influences may emerge. The
Stakeholder groups presently identified are:



.1~ Owners & Operators;

2 Staff and Support (Master, Crew, Crew Agency,
Trade Unions, Families);

.3 Passengers (incl. families);

.4 Hardware (Ship designers, Ship builders, Ship
Repairers, Equipment Makers, Port Commercial
(supply) Services;

.5 Regulatory (IMO, International Regulators, Port
State, Flag State, Port Authority);

.6 Non-Governmental Bodies and Pressure Groups
(Classification Societies, Professional Bodies,
Trade Associations, Training Establishments,
Environmental Groups);

7 Cargo Group (Cargo Owner, Charterer(s),
Terminal Operators);

.8 Insurance Group (Hull &  Machinery
Underwriters, Cargo Underwriters, P&I);

.9 Response Services (Rescue & Emergency
Services, Salvors, Coastal State)

.10 Media

11 Service Group (Legal Services, Marine
Consultancy and Surveying Services, General
Insurance)

Upstream and Downstream Groups (Commercially or
Geographically Dependant Region or States, Other
Trading Nations, Suppliers, Consumers).

LEGISLATION/PROCEDURALISATION [T. Allan]

Dracos has set a few tasks for each of the members of the
round table discussion to address ‘“The Virtuous Circle of
Maritime Safety”. [ have been allocated the task of
considering “legislation / proceduralisation”.

“Proceduralisation” not sure if there is such a word but it
does seem to encapsulate the issue. Are Rules the
answer? In an ideal world the answer has got to be NO!
In such a world we could leave it to the ship owner to
apply a full risk analysis to his particular vessel for
specific operational requirements and then design
according to his perceived risks. However in an
international world-wide industry is this a practical
proposition?

At present we have 158 member states of IMO. Is it
practical in a business, where shipping can trade world
wide, to have or operate ships which have been subject to
158 differing interpretations on something as
fundamental as ship survivability? While it may be
possible for a few like minded countries to accept the
same version of perceived risk, there is no doubt that this
approach could not achieve agreement on an
international basis. Could a ship owner take the risk and
build his ship to one set of requirements which a) may
not be acceptable to all States to which he wishes to
trade; or b) could limit his opportunities for the future
sale of the vessel. I doubt it.

Obviously this is a very diverse and complex issue which
could only be taken by the owner / State on a case by
case basis. There may very well be a situation whereby a
ship could be built to suit a specific operation and where
the problems of the views or acceptance by others were
not material. But I would suggest that this would be a
minority of cases. The use of equivalence has been an
accepted IMO procedure for a long time now but this is
within very strict limits. That is equipment equivalents
although lately we did address the model test procedure
as an equivalence to a set standard. However here again
it was within limits in that the prime standard (SOLAS
’90) had to be achieved first and the equivalence
addressed the additional element of survivability “water
on the car deck”. Equivalence will always be with us but
I do not think it will be accepted as an overall concept,
which could a request to the owner to prove that his
vessel was “safe”. Safety Codes are another possibility;
here IMO has used Codes of Safety for specific types of
ships. These Codes acknowledge the differing concepts
of design and operation for example between
conventional ships and high-speed craft. This is a
concept worthy of further consideration where further
elements of risk acceptance criteria could be applied.

A virtuous circle however requires all within the circle
to accept an agreed set of aims and objectives. To
develop a set of objectives were each owner / State could
demonstrate that their ship can meet those aims e.g. “for
the vessel to be safe and operable with two compartments
damaged and flooded” requires some form of
International collaboration. This is where the
International Maritime Organisation achieves its goal.

Member States at IMO, supported by their industry, are
very much against unilateral action either by a single
State or on a regional basis. One of the goals of IMO is
to achieve a safety culture throughout all member Flag
States, operators, charterers, brokers and financiers i.e.
the full circle of stakeholders. Or to use the phrase given
to us “the virtuous circle of maritime safety. One positive
example, as [ understand the situation, is the probabilistic
approach. This accomplishes the aim in that once we
agree a level of achievable safety then all that the owner /
State has to do is demonstrate that level of achievement.
How he achieves it is up to the owner and his designers.
The main point is that the level can be demonstrated and
accepted by all States to which the vessel trades.

Therefore as much as I would wish otherwise some form
of Internationally agreed regulation is, I believe, essential
to maintain a level playing field. With the help of the
“virtuous” or “safety culture” that should assist in raising
the playing field to an acceptable safety standard. Or am
I wrong?

IMPLEMENTATION - GOALS OF SAFETY
CONCERNED PASSENGER SHIP COMPANY [R.
Kjaer]
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¢ Ifno success IMO, regional solutions
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® Establish fora for co-operation

® Importance EU research projects

® Safety assessment

ENFORCEMENT [M. Dogliani]

Safety = money



»  Effective monitoring incentives
decentives

*  Standards (IMO’s, Class, ..) = minimum acceptable
safety level

*  Minumum standard operator: cost driven =
decentives
* Higher standard operator: revenue driven =
incentives
|:| = profitable business
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Substandard /
E oot |
Safety
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I:l = profitable business
Costs after Revenues after
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Safety
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How to achieve this? Partnership

LIFE-CYCLE DESIGN FOR SAFE OPERATION
Safety on the cruise ships — The FINCANTIERI
Experience [G. Bertaglia]

Fincantieri developed the design of the Cruise Ship

"Crown Princess" (70000 GT) in 1985 and in relationship

to safety evaluation the following decisions was adopted:

e Embarkation deck and Lifeboats, was fitted at a
height of less than 15 m from the sea level; this
solution became recommendation in 1991 and rule in
1998.

e Having present the diesel-alternator room layout (the
Diesel motors in one watertight compartment and the
alternator in another), it has been verified the damage
stability for three compartment flooded.

e Having the need to deploy a restaurant longer than 48
meters, the room has been divided with a water
curtain (screen) of high flow rate, it has been
oversized the sprinkler system and, in relationship
with the stability problems of free surfaces effect of
water on the floor of the restaurants, scuppers
oversized in diameter has been provided to discharge

overboard the water of the sprinkler system and non
return valves was fitted for avoid problems to the air
conditioning plant.

In 1992, during the design of the Cruise Ship "Destiny",
at the time the biggest Ship in the world (101000 GT),
Fincantieri proposed to the Owner, the passengers direct
embarkation on the Lifeboats on the stowed position,
defining a space not furnished completely protected for
the muster stations. The Owner approved the proposal,
considering it an investment for giving more safety to the
passengers both real than psychological and for
abbreviate the embarkation time.

Today, this Ship series, are the only with this layout.

In 1994 during the design of the Cruise Ship "Grand
Princess" (109000 GT), Fincantieri developed:

e Safety availability studies with a flooding approach
e  Smoke strategy

The above mentioned, to underline the importance of the
safety for the Cruise Ships, that are grooving in number
and in dimension. Today, many of these, have a
maximum number of person on board of 4000-5000,
others in designing reach 6000.

Flooding analysis

Flooding risk analysis has been carried out on Grand
Princess design, as part of the overall safety and
availability assessment. Hazard identification exercises
were performed, examining historical casualty data
(distribution, location and extent of damage along the
hull) including hull, machinery systems and operational
factors. The consequences of flooding were estimated on
a compartment-by-compartment basis, and then to
simultaneous flooding of two or more compartments.
The predicted frequencies of the risks were estimated
together with a detailed consequence and escalation
assessment.

The results allowed some improvements in the design: It
was found, for instance, that the probability of flooding
two adjacent compartments was greater than flooding
just one. As a consequence, the location of equipment
was modified, either in compartments within B/5
boundaries or in non-adjacent compartments.

Therefore, in case or damage, the availability of the ship
and her systems was improved As a general comment,
the identification of modifications during basic design
can prevent major changes being made during detailed
design.

Smoke strategy (smoke control and ventilation)

Several F/C ships (all P&O cruise ships) have been
designed having in mind a smoke strategy, based on a
pre-planned strategy of the air conditioning and
ventilation systems to contain the fire and the smoke in
the place of origin. The statutory SOLAS requirements



simply consider the emergency shut-down of the
complete Main Vertical Zone in case of fire. The smoke
strategy allows the master and the senior officers of the
ship to monitor and control the development of the fire
with a direct control of the following aspects:

e air inlet ( cutting off ventilation and fresh air )

e air exhaust (to keep extracting the smoke from the
place of origin)

e controlled atmosphere and pressure along escape
ways ( corridors and stairs )

The correct implementation of the smoke strategy is a
basic design requirement, since it involves the basic
design of the air conditioning and ventilation systems
from the beginning.

At the time being, the smoke control on passenger ships
is voluntary and not mandatory, although discussions
have been made at IMO Fire Protection (FP) sub-
committee to draft Guidelines with a view toward
keeping assembly stations and atriums smoke-free during
a fire. The delegation of Italy at the IMO offered to
prepare draft Guidelines on smoke control and
ventilation based upon document FP 45/5 for
consideration bv FP 46.

Post Panamax cruise ships safety

SOLAS rules, developed on the basis of past experience
and incidents, have been defined with reference to all
cruise ships, regardless of their size. The application of
such rules to ships “up to panamax size” (as in past
years) has proved fairly successful, as demonstrated by
the very low rate of incident, which has qualified the
cruise industry in these years of growth. Recently,
however, the increasing trend of the cruise industry
towards ships of much bigger size (Post Panamax) has
evidenced some problem and concern about the “literal”
application of SOLAS rules. Particularly there are two
basic questions which need to be answered:

(1) Are these rules, as presently formulated, really
effective for ensuring the safety standards of very big
cruise ships (Post panamax)?

(2) Does the present obligation to strictly comply with to
the individual rules and regulations as formulated cause
problems in the development of the design of these big
ships?

For answering to the first question in a factual way, it is
necessary to actually measure and compare the “safety
standards” of corresponding areas and arrangements on
board of “consolidated” Panamax and Post Panamax
ships. Such comparison has to be based on a detailed
risk analysis, focused on the main “safety” factors (such
as volume of each area, time needed for actually ensure
the evacuation of an area, distance for the lifeboat
embarkation deck a.s.o0.), and developed with the same
criteria and parameters on both Panamax and Post
Panamax ships. Also the comparison with the results

achieved in corresponding land based applications could
offer useful terms of comparison.

Preliminary results of these risk analysis - focused on the
measurement of the “evacuation time” - evidence that the
ships up to Panamax size are safer than the
corresponding land based applications, while the “Over-
panamax size ships are, from the safety point of view,
equivalent or even more effective than Panamax ones.

For what instead concerns the limits in the Post Panamax
ship’s design linked to the “literal” application of
SOLAS rules, (such as, for example, the combined
requirements of maximum length and maximum surface
of a fire zone, which appear to be very demanding when
applied to an “extra — wide” cruise ship), industry
opinion seem to converge towards a “concept idea” of
“equivalence”, focusing on the “core” parameters and
targets peculiar to the individual rules rather than on the
application of individual prescriptions. A possible
example of this approach, which aims to grant levels of
safety equivalent or (due to the peculiar characteristics of
Post Panamax cruise ships) even higher respective to the
literal application of prescriptions, could possibly be
found in the above mentioned limits to fire zone length
and surface.
In this case the “core” targets of the SOLAS rules could
possibly be anyhow reached by operating in terms of:
e equivalence of volume of the zone, in comparison
with the maximum allowed by the standard criteria;
e reduced distance from muster stations deck
e specific provisions for reducing escape times
e introduction of specific further “risk reduction
devices”, in order to further ensure the
correspondence between the safety standards
achieved with the new arrangements and the ones
ensured by the standard rules application:
- further reduction of combustible materials;
- area partition with “spray water” curtains
- increase of active protection devices
- positioning of the area respective to lifeboats
embarkation decks
- increase in the quantity and dimensions of escape
doors
- direct connection between the area and the open
decks with one-only flight of steps
- special emergency ventilation systems
Safety could be considered by more aspects:
- Fire
- Lifeboats position / evacuation
- Grounding
- Collision
- Damage

Many are the approach of the Industry and the Owners
for improve safety: for example technical solutions,
behaviour's standards, crew and passengers training, etc.
The above mentioned increase the safety, but isn't clear
how much, and so it is not easy to correlate the
investment made with the result.



One possible solution is to determine the entity of the analysis. Comparing the results, it would be possible to
improvement: for example applying an opportune theory quantify the variation of the safety aspect assessed,
to a certain standard responding to the rules, quantifying correlating, not the least, with the cost.

some meaningful parameters. Then applying a

modification and assess the results applying the same

LIFE-CYCLE DESIGN FOR SAFE OPERATION [J. de Kat]

+Design and operation should be coupled in an interactive fashion- establish feedback from owners and seafarers to
designers and yards
- reporting and analysis of extreme events and “near-misses”
- education and training with state-of-art tools: officers, seafarers
- operational guidance (dynamic stability, loads, etc.)
- on-board measurement systems (motions, stresses, sea state)
- quantify operational profiles in design stage, incl. climate
- stability/strength/... characteristics as function of time
- account for human factors (MIS, MII, MIF),
ergonomics
- consider design and off-design conditions
- incorporate surveys into design
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Stability and safe operation
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Maritime safety

* Safety: not a closed loop, but open and multi-faceted system

* Many associated parties/stakeholders: fragmented, few links; some have conflicting demands w.r.t.
safety

* Fuzzy relationship between safety and economic performance of shipping operations (which tend to be
marginal)

*  Accidents will remain part of shipping operations -- ALARP?

*  Why invest in R&D?
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Role R&D

+ Cluster R&D with different disciplines and create process of interaction with stakeholders on different themes,
including (but not solely) safety
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Life-cycle design for safe operation

[=1Design and operation should be coupled in an
interactive fashion

- establish feedback from owners and seafarers to designers and yards
- reporting and analysis of extreme events and “near-misses”

- education and training with state-of-art tools: officers, seafarers

- operational guidance (dynamic stability, loads, etc.)

- on-board measurement systems (motions, stresses, sea state)

- quantify operational profiles in design stage, incl. climate

- stability/strength/... characteristics as function of time

- account for human factors (MIS, MII, MIF),
M ergonomics
Feedback

\| Operator l
Guidance | On-board
— ] measurements

- consider design and off-design conditions

- incorporate surveys into design

De Kat, Aug. 2001
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Maritime safety

« Safety: not a closed loop, but open and multi-faceted system

» Many associated parties/stakeholders: fragmented, few links;
some have conflicting demands w.r.t. safety

* Fuzzy relationship between safety and economic performance
of shipping operations (which tend to be marginal)

» Accidents will remain part of shipping operations -- ALARP?
* Why invest in R&D?

Multi-disciplinary problem W integrated approach is a necessity

Combine performance and safety W optimization depends on stakeholder groups

R&D can and should play a definitive role

De Kat, Aug. 2001
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Role R&D

[=7] Cluster R&D with different disciplines and create process
of interaction with stakeholders on different themes, including
(but not solely) safety

De Kat, Aug. 2001

@@ © =

R&D Cluster

Owner
operato|

Safety

Production
tics and operations

Environment

Innovation

Hydrodynamics Structures Univ.

Training
schools

De Kat, Aug. 2001




S5th Int. Workshop
Satbility and operational safety of ships

Safety = money

&

Effective monitoring incentives I
decentives

Standards (IMO’s, Class, ..) = minimum acceptable safety level
Minumum standard operator: cost driven = decentives

Higher standard operator: revenue driven = incentives

12 September 2001 - M. Dogliani - RINA SPA



S5th Int. Workshop
Satbility and operational safety of ships

= profitable business
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S5th Int. Workshop

Satbility and operational safety of ships
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Costs after Revenues after
decentives incentives |
C A / 4 Revenues
osts \A
Substandard
bSas /
>
Safety
Rules Voluntary

12 September 2001 - M. Dogliani - RINA SPA




S5th Int. Workshop
Satbility and operational safety of ships

How to meet this?

X/
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* New regulations must be understood to be
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Heavy Weather Guidance and Capsize Risk

R. Alman, Naval Sea Systems Command, Kevin A. McTaggart, Defence Research
Establishment Atlantic, Peter V. Minnick, USCG Engineering Logistics Center, William L.

Thomas III, Carderock Division, Naval Surface Warfare Center

ABSTRACT

Recent advances in simulation of capsize in severe seas have opened the door to the application of risk
assessment techniques to capsize survivability assessment, and seaway specific heavy weather
guidance for the ship operator. Communication of risk of operation based on seaway severity, ship
heading, speed, and loading is essential in providing useful heavy weather guidance to the operator.
Members of the Cooperative Research Group, Navies, (CRNAV), and the Naval Stability Standards
Working Group (NSSWG) have been developing risk methodologies and techniques to determine both
the risk of capsize on an annual basis, as well as for seaway specific conditions. The authors will
summarize the methodologies for risk assessment, involving both fitted statistical data and distribution
free approaches, and their application to annual capsize risk statistics, and seaway specific
operational risks. The development of capsize risk criteria is an essential link in providing heavy

weather guidance and tactical shiphandling information for severe seaway operation

NOMENCLATURE

ay = Gumbel distribution scale parameter

by = Gumbel distribution location parameter
C = ship capsize

F(X) = cumulative distribution function for X
Hs = significant wave height

KG = height of the center of gravity above the keel
Nc = number of ship capsizes

N = number of simulations

P(Cp) = probability of capsize in duration D
p(X) = disretized probability of X

O(X) = exceedance probability for X

Ip = peak wave period

Vv = ship speed

X; = random variable sample of rank i

B = relative wave heading

A = wavelength

Omep = Mmax absolute roll angle in duration D

Head Seas are 000° relative wave heading and seas on
starboard beam are from 090°.

INTRODUCTION

Design criteria and operator guidance for stability in
heavy weather are typically treated as distinct and
separate issues. In the past, stability criteria based on
righting energy relationships have provided a measure for
intact stability. This measure ensured a level of safety,
but did not provide specific guidance for capsize
avoidance in severe seaway conditions. After nearly
60 years we still don’t have that “red light” that comes on
indicating that the current combination of speed and
heading is no longer safe and that evasive action must be
taken to save the ship.

Several references can be found on shiphandling in
heavy weather. These typically give general rules of
thumb for avoidance of tropical storms, and provide
generic guidance to the mariner in the event his ship gets
caught in the storm. “Heavy Weather Guide” (Harding,
1965), “Summary of a Course in Shiphandling in Rough
Weather” (USCG, 1981), “Knight’s Modern Seamanship”
(Noel, 1972), “IMO Assembly Resolution 1994,
Guidance to the Master for Avoiding Dangerous
Situations in Following and Quartering Seas”, (IMO,
1994) are a few of the publications available for reference
and training of deck officers. Interestingly, there is a



progressive trend towards more specific guidance on
dangerous zones both in terms of storm avoidance and
dangerous headings and speeds.

In recent years the maritime community has started to
recognize that capsize sensitivity is related to ship
dynamics and subject to several parameters including hull
geometry, loading condition, size, heading, speed, and
seaway (De Kat, Paulling, 1989). Capsize risk in extreme
seas can be expected to vary considerably from ship to
ship (IMO 1994). Thus, a ship handler must rely on his
wits, experience, and judgement, in maintaining safe
speed and heading under the most adverse conditions.
Very little information exists today which can provide
ship-specific operator guidance to avoid potentially
hazardous zones of speed and heading in a severe seaway.

Practical experience in heavy weather shiphandling
may be limited to some mariners, especially in the case of
naval officers who might not be aboard a particular ship
for more than a few years. The advent of weather routing
has deliberately (and for good reason) reduced encounters
with extreme weather. Thus, practical experience in
heavy weather shiphandling may be limited.

The use of innovative features in ship hull designs
can provide additional challenges for the ship operator
because the dynamic characteristics can substantially
differ from conventional ships in severe seaways (De Kat,
et. al, 1994). Consequently, the need for ship specific
operator guidance becomes even more crucial to ship
safety.

Recent work in capsize simulation and probabilistic
analysis has opened the door for the development of risk
based operator guidance in heavy weather. The use of
risk data if properly presented, can provide a powerful
tool in communicating potential shiphandling hazards to
the operator. Simulations and probabilistic analyses
conducted in recent years have shown that some of the
traditional storm avoidance guidance should be
reevaluated since it can actually put a ship at hazard due
to dynamic capsize (Alman et al., 1999).

A good example of this is the situation of hurricane
avoidance. Traditionally, the guidance offered to a ship’s
master is based on determining whether the vessel is in
the dangerous semicircle or navigable semicircle and
placing the ship’s head relative to the wind direction
accordingly to depart the area. Shown in Figure 1 is the
guidance for departing the dangerous semicircle of a
tropical cyclone in the Northern Hemisphere. In this
situation the advice would be to bring the wind on the
starboard bow (45° relative) and make as much headway
as possible in order to evade the storm. Unfortunately,
this guidance places the waves on the starboard quarter

(i.e.; the waves are coming from 160° relative assuming
that the wind is placed at 045° relative). A ship underway
at high speed may actually be placed in hazardous
following or quartering seas and run the risk of capsizing.
Based on present understanding of the physics of ship
capsize behavior, placing a ship in following or quartering
seas and making as much speed as possible in
mountainous seas will likely place the ship in regions
where capsizing becomes a distinct possibility.

Ship’s
Course

Wind
Direction

Wave Direction

Figure 1. Traditionally recommended ship’s course to
depart the dangerous semicircle of a tropical cyclone
(Northern Hemisphere).

Ships do get caught in storms despite best efforts to
avoid them. Guidance given to the operator to avoid
capsize must provide two things. The first is a display of
the change in risk in a seaway as a function of heading
and speed. Such guidance can be provided in capsize risk
polar plots, as displayed in Figure 2. The polar plot
depicts ship heading relative to the waves with head seas
at the top of the plot and following seas at the bottom.
Ship speed is depicted by concentric circles starting at the
speed of zero knots in the center of the plot, increasing in
5-knot increments.

The second requirement, is for heavy weather
maneuvering guidance that describes when it is safe (or
unsafe) to execute a maneuver that could entail a risk of
capsize. Frequently maneuvers must be undertaken in
severe seas to change course and heading for reasons
other than stability. Structural damage in head seas may
force a ship to come about and run with the waves.
Operational planning should also entail operator guidance
for when to utilize weather routing for storm avoidance.
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Figure 2. Capsize risk polar plot for a notional destroyer
in Sea State 8

The Canadian Navy and the U.S. Navy have jointly
pursued development of probabilistic capsize risk
assessments for both design and operator guidance. The
development of operator guidance for shiphandling in
heavy weather can be linked to design criteria, providing
continuity in a system safety approach to capsize risk
mitigation. Capsize risk based operator guidance and
weather routing criteria can provide vital information to
the ship handler and operations planner, helping to break
the “chain of events” leading to capsize and loss of a ship
in heavy weather (Alman et al., 1999). The key to
providing vital design and operator capsize risk guidance
is in the evaluation of capsize probability using time
domain simulations.

ASSESSING CAPSIZE PROBABILITY WITH TIME
DOMAIN SIMULATIONS

In recent years, progress in numerical models and
computing power has made it possible to evaluate capsize
probability in random seaways using time domain
simulation. The numerical model FREDYN (De Kat et
al., 1994) has been developed by the Cooperative
Research Navies Dynamic Stability Project for simulating
ship capsize in both regular and random wave conditions.

Extensive validation with experiments (De Kat and
Thomas, 1998) has shown that FREDYN gives good
predictions of capsize for naval frigates. To enable useful
application for ship design and operation, a method has
been developed for predicting capsize probability of intact
ships in long-crested, random seaways (McTaggart and
De Kat, 2000).

Overview of probabilistic approach

The probability of ship capsize during duration D
(e.g., one hour) is given by:

P(Cy)=32 %> PN Bp(Hs. TpP(C, | V. 5. Hs.Tp)

(1)
where p(X) is discretized probability of random variable
X, V is ship speed, f is ship heading, Hs is significant
wave height, Tp is peak wave period, and
P(Cp|V,p,Hs,Tp) is capsize probability given V, S, Hs, and
Tp. Similarly, the exceedance probability for maximum
roll angle can be evaluated as:

Q) = 22,22 PVP(B) P(HS,Tp) O, |V, . Hs, Tp) @)

where Q(@naop|V,5,Hs, Tp) is exceedance probability of
maximum roll angle given V, 5, Hs, and Tp.

Distribution statistics for maximum roll angle in given
conditions

The occurrence of capsize for given conditions (i.e.,
ship speed, heading, significant wave height, and peak
wave period), will depend on the realization of the
randomly generated seaway. Ideally, the probability of
capsize for given conditions could be determined by
running a very large number of simulations and using the
following equation:

P(C, |V,ﬁ,Hs,Tp):& ®)
NS

where Nc is the number of observed capsize in Ng
simulations. The cumulative distribution function (CDF)
of maximum roll angle for given conditions can be
estimated in a similar manner. For brevity, the random
variable X is introduced here, which could represent
maximum roll angle for given conditions. Madsen et al.
(1986) indicate that the estimated CDF values from Ng
samples will be:

i “

F(X,)=
(X0 Ng+1

where i is the rank of sample X;. When predicting roll
exceedance probabilities, the main disadvantage of
Equation 4 is that it cannot extrapolate beyond observed
values. However, Equation 4 is useful because it provides
an unbiased estimate and it requires no assumptions
regarding the distribution of the variable X, and is thus
referred to as a “distribution free” estimate.

Ongoing work (McTaggart, 2000) has indicated that
capsize risk in given conditions can be -efficiently
estimated by modeling maximum roll angle using a
Gumbel distribution as follows:



F(X)= exp{— exp[bX - Xﬂ (%)

where ay and by are scale and location parameters, with by
being the 36.8'th percentile of X. The Gumbel parameters
ay and by can be determined using maximum roll angles
obtained from a number of simulations (typically at least
ten) in seaways of duration D. Experience predicting ship
capsize risk indicates that it is preferable to determine ay
and by by minimizing the error in In[-In(F(X)] from
simulated samples. Figure 3 shows an example of a
Gumbel distribution fitted to maximum hourly roll angles
simulated by FREDYN for a ship in stern quartering seas.
The fitted Gumbel distribution provides good agreement
with the observed values, particularly in the upper range
of roll angles of greatest interest for ship capsize.
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Figure 3. Maximum hourly roll angle, 10 knots, stern
quartering seas (150°), 7p 12.4 s, Hs 9.5 m

In additional to the Gumbel distribution, the type II
maximum and generalized extreme value distributions
have been tried for modeling maximum roll exceedance
probabilities in given conditions. The Gumbel
distribution consistently gives more reliable predictions of
capsize probability than the other distributions. When
deciding between using fitted Gumbel distributions or
distribution free estimates for predicting capsize
probability, fitted Gumbel distributions have the
advantage of permitting extrapolation beyond observed
roll angles. Experience computing capsize probability
based on fitted Gumbel distributions and distribution free
estimates indicates that the two approaches provide very
similar results (McTaggart, 1999).

The distribution free approach is especially suited to
developing statistics for phenomena such as broaching,
which cannot be easily described by a single parameter
suited to modelling by a statistical distribution. It is
likely that certain ships have roll responses that are not
well suited to the Gumbel fit procedure described above;

thus, the distribution free approach would be more
appropriate for prediction of their capsize risk.

APPLICATION OF PROBABILISTIC METHODS

Probabilistic methods have a variety of applications
for design and operation of safe ships. In the design
phase, probabilistic methods can determine whether a ship
has sufficient intact stability to minimize risk of capsize
both in comparison to other ships, and in specific seaway
conditions. Probabilistic methods can also be used to
determine design feasibility by utilizing capsize
probabilities as a measure of suitability. In addition,
probabilistic methods can be used to develop relatively
simple design guidelines that will ensure adequate intact
stability. For example, a suitable range of positive
stability (e.g., 90 degrees) for a certain vessel type could
be determined by probabilistic methods

For the ship operator, probabilistic methods can
indicate which combinations of speed and heading are
dangerous for given environmental conditions. Such
knowledge can be invaluable when making critical
decisions in situations such as search and rescue
operations. Capsize and broaching risk polar diagrams
show promise as a tool for operational guidance. The
resultant probabilities are plotted as isoclines on capsize-
broaching polar diagrams, as shown in Figure 2.

Assumptions Regarding Ship Operations

Capsize risk assessments typically make idealized
assumptions regarding the operation of a ship. For
example, ship speed and heading are often assumed to be
independent of seaway. When performing comparative
studies between two ships, they are often assumed to have
identical speed and heading profiles. These assumptions
do not account for shiphandling tactics, machinery
limitations, or operational restrictions that may be unique
to a class of ships. All of these factors may drastically
affect the final statistics. Currently, sufficient data do not
exist to permit a more extensive consideration of
machinery characteristics and shiphandling tactics in
extreme seas. The Naval Stability Standards Working
Group NSSWG, is currently considering how data on
shiphandling tactics in extreme seas may be gathered and
assessed.

Required number and duration of simulations

Of great practical importance is the required duration
of simulations for predicting capsize risk for given
conditions (i.e., ship speed, heading, significant wave
height, and peak wave period). Several different seaway
realizations must be simulated for given conditions.
Experience has shown that somewhere between 10 and



50 simulations of 30 minute duration should be run to
determine hourly capsize statistics. For the distribution
free approach, a minimum of 25 realizations is typically
used. Using the fitted Gumbel approach, 10 initial
simulations can be run to estimate if capsize risk is non-
negligible. The number of simulations can be increased
(e.g., to 50) if capsize risk appears to be significant.

Computational experience

The use of time domain simulations in the
probabilistic assessment of capsize risk is largely
constrained by limits on computational speed. For
example, the capsize risk polar plot displayed in Figure 2,
required 4.5 days of run time to perform 4200 FREDYN
simulations on a 933 MHz Pentium III desktop computer.
Comprehensive risk assessments using multiple wave
height and modal period combinations (see Equation 1)
can be performed in approximately one month using
between five and seven Pentium III computers. Efforts to
continue the development of non-linear CFD codes to
improve the precision of predictions are supported by the
authors, however, the slowness of the CFD codes (slower
than FREDYN by factors in excess of 700) have not yet
made them practical in capsize risk assessments.

Climatology

Application of equations (1) and (2) requires the joint
probability distribution of significant wave height and
peak wave period in the form of a wave climate
scattergram. Experience has shown that predicted capsize
probability can be highly dependent upon wave climate.
Initial capsize predictions based upon the electronic
version of BMT Global Statistics for Area 15 gave
unrealistically high capsize probabilities for naval
frigates. Further investigation revealed that the wave
climate scattergram had unrealistically large nominal
wave steepnesses, defined by:

T 1= L @)
g/2m)Ip’

For comparison of different data sources, the
following relationship for a Bretschneider spectrum
relates peak wave period to zero-crossing wave period:

Tp=1.408 Tz (8)

Shown in Figure 4 is the maximum significant wave
height versus peak wave period from three different
sources. The Buckley (1994) data are based on wave
buoy observations. For several wave periods, the data
from BMT Global Wave Statistics (1986) Area 15 has
significant wave heights much higher than those from

Buckley do. The hindcast data of Bales (1984) give a
limiting wave height envelope that is more consistent with
Buckley. Computed capsize probabilities based on the
hindcast wave data of Bales appear to give credible
capsize probabilities for naval ships.
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Figure 4. Maximum significant wave height versus peak
wave period

McTaggart and De Kat (2000) and the discussion for
their paper consider why BMT Global Wave Statistics
gives unrealistic nominal wave steepnesses. The problem
stems from extrapolation of wave height exceedance
probabilities for given wave periods. In the printed
version of Global Wave Statistics, the resolution of 0.001
in the wave scattergram data gives reasonable nominal
wave steepnesses; however, the electronic version of
Global Wave Statistics gives wave scattergrams to a
resolution of one millionth, leading to extrapolation
problems.

GUIDANCE TO OPERATORS DURING SEVERE
CONDITIONS

Efforts to date have focused on understanding the
process of capsize behavior and the effects of dynamic
stability. Most recently (as presented earlier in the paper)
the effort has been to explore the probability of capsize
both in a over-the-ship-lifetime global approach and as an
assessment of the probability of capsize within given
conditions. These approaches will be very useful in the
design of a new vessel or class of vessels as a means to
compare the relative merits of competing designs in terms
of their true heavy weather operability. However, global
capsize probability by itself does little to assist the
operators of an as-built vessel.

To provide useful guidance to a ship’s officer
operating in a severe seaway, the polar capsize risk plot
(Figure 2) has emerged as a useful tool. A shaded portion
of a polar plot is referred to as a capsize region, and
indicates combinations of speed and heading where
capsize risk is non-negligible. An assessment of capsize
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behavior within the mapped capsize region offers
additional useful information to the ship’s officer, and can
provide the basis for operator guidance on shiphandling in
heavy weather. A first step was described by Alman et al.
(1999) for safe operation in the vicinity of tropical
cyclones. It was recognized that the traditional guidelines
for course and speed to avoid an oncoming hurricane
represent the fastest means to get out of the way of the
storm. Hurricane avoidance action should be followed as
soon as the danger is recognized and before sea
conditions worsen.  Unfortunately, it is not always
possible to successfully avoid a hurricane, and the
strategy must be changed from one of avoidance to
survival. In such severe conditions, following and
quartering seas can become a hazard to the vessel. To
mitigate the risk of capsize, either the speed of the vessel
should be reduced, the course of the vessel altered, or
some combination of speed reduction and course change
executed in order to keep the vessel out of its potential
capsize regions. This ship-specific information could be
computed for the vessel and made available to the master
and ship officers in the form of polar plots presented in a
heavy-weather stability guidance booklet or by other
suitable means such as computer display.

Continuing with the hurricane avoidance scenario,
the first choice of a modified course and speed should, if
possible, continue to remove the ship from the storm area.
However, if sea conditions continue to worsen, again
potentially placing the vessel in an expanding capsize
region, preparations should be made to weather the storm.
Here the maneuvering and powering performance of the
ship must be taken into account in developing effective
guidance. Care must be taken on board the vessel such
that the decision to alter course from hazardous quartering
seas and come about in order to weather the seas on the
bow is not made after the point at which the vessel
becomes unable to complete its turn due to the state of the
seas. Dynamic stability analysis using time-domain
dynamic stability simulations can determine the limits of
a vessel’s turning and maneuvering capability.

Effective guidance therefor falls into three categories.
These represent a triad for the ship/seaway system. Each
is fundamentally important to minimize capsize risk.

1. Ship capsize behavior
2. Ship system capability and configuration
3. Real-time knowledge of seaway conditions

Guidance based on an understanding of ship capsize
behavior

Efforts have been undertaken for a few ships and
designs to quantify the probability of capsize within the
capsize region. These efforts have served to identify the

real risk involved for a design over-and-beyond a set of
polar plots with just the capsize region indicated. Given a
sea condition, one vessel may have a larger capsize region
but with very little probability of capsize within the
region. Another ship by contrast may have a distinctly
small capsize region but is inherently unsafe for operation
within the region. Capsize region mapping in this manner
results in “isobars” of equivalent capsize probability
within the capsize region.

A related approach would involve mapping the
interior of the capsize region for the dynamic stability
process (or processes from different seed numbers) that
results in capsize. In order to develop effective operator
guidance, the failure mechanism needs to be known. The
mitigation strategy can then be developed to remove the
ship from the capsize region, or from near proximity to
the capsize region, without initiating a catastrophic
dynamic stability response. It is hypothesized that severe
ship dynamic response related to stability behavior within
a sub-region of the overall capsize region will also be
present to a reduced magnitude at headings and speeds
just outside the capsize region. Mitigation strategies
developed to combat a potential dynamic stability hazard
would then be used on the ship in a manner similar to
monitoring a ship’s GM at sea by observation of its
natural roll period. In this case, if the ship’s roll constant
is known and the ship’s natural roll period is observed by
using the rudder to induce roll in calm water, then an
estimate of GM can be computed. A large increase in
natural roll period at sea is thus an indication that GM
may have been reduced and corrective action can be
initiated.

The same approach can be adapted to dynamic
stability guidance while at sea.  Suppose through
simulation in a given sea condition it is found that a
vessel has a propensity to surfride severely, resulting in
broaching and capsize at known headings and speeds
within the capsize region. Then the mitigation strategy
would probably involve a speed reduction rather than a
course change because the course change could very
possibly lead to further loss of control and broaching.
However, if the vessel tends to capsize by loss of
transverse stability after wave capture, but possesses good
directional control, then a course change might be the
safer mitigation strategy.

Naturally, while underway in heavy seas, efforts
should be made to stay removed from the ship’s known
capsize region. But as the true wave steepness is not
known with certainty, or the wave direction could change
or the ship could be forced off course placing the ship into
the capsize region, reliance on specific headings and
speeds just outside the capsize region pose an increased
level of risk. At these headings and speeds, specific ship



motions or response behaviors could serve as indicators of
the potential hazard, and the appropriate mitigation
strategy would dictate the shiphandling maneuver to
employ.

Guidance based on an understanding of ship system
capability and configuration

Ship specific guidance also has to take into account
the performance capability of the ship. A generally safe
heading in severe seas may become threatening if sea
conditions worsen, thus necessitating a heavy seas
shiphandling maneuver. Using an example of hurricane
avoidance guidance, the “safe” heading in quartering seas
may become unsafe, forcing the master to attempt to
come about into the seas. However, there may not be
sufficient power to execute the maneuver, and the
longitudinal distribution of a large sail area may make the
maneuver physically impossible.

The key issues to address in guidance for heavy seas
shiphandling maneuvers are whether the vessel can
complete the maneuver; whether the maneuver increases
the risk to the vessel; and possibly, whether the new
combination of heading and speed is actually less
dangerous for the vessel.

Selection of the best heading and speed in terms of
avoiding extreme capsize risk can be greatly impacted by
secondary affects caused by wind drag on the exposed
topside. Wind can play a critical role in determining
whether a ship survives a maneuver, especially where a
loss of power occurs. Figure 5 shows results from
simulations conducted on a frigate type ship executing
typhoon avoidance. When power to the ship is lost,
capsize probability is very dependent on the wind
direction relative to waves. This phenomenon is largely
due to the heading that the ship assumes once it is dead in
the water. The combination of wind direction relative to
sea direction and the longitudinal position of the center of
wind pressure can result in either a dead ship riding with
the waves or broaching in the trough.

In order to develop appropriate, ship-specific
guidance, an understanding of the ship’s maneuvering and
powering characteristics is needed. Sail area location
may be an important factor for some ship configurations.
In the case of windage, variance in loading condition may
be more important to consider for naval auxiliaries than
for naval combatants due to the relatively small changes
in draft of the latter. Turning circle maneuvers can be
executed using time-domain simulations with different
power levels and rudder angles in different sea conditions
to determine how the ship responds. Other scenarios can
be developed that address hazardous circumstances
arising from common ship system failures.
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Figure 5. Power loss scenario: P(C) variation with wind
direction in hurricane Camille

In order to determine the maneuvering characteristics
of a ship in calm water, a set of standard scenarios
including zigzags and turning circles has been employed.
Maneuvering characteristics in heavy weather are also
very ship specific; thus, a set of simulation scenarios for
heavy weather can provide critical information
concerning capsize risk avoidance which the master
should be aware of when planning tactical maneuvers.

Guidance based on real-time measurement of sea
conditions

“What is it doing out there?” seems a simple
question, but even so requires a quick accurate answer.
To date, little work has been done to develop onboard
wave measurement systems beyond “Mark I eye ball”.
The loading condition of a ship can have a significant
impact on capsize probability with changes in draft, trim
and KG. Likewise, the seaway characteristics can directly
impact capsize probability.

It is important that the operator have accurate
measurements of significant wave height, modal period
and wind speed for the seaway his ship is in. “Eye ball”
estimates of wave height and period may not be accurate
enough where the ship is sensitive to seaway tuning due
to modal wave period and roll natural frequency.
McTaggart and De Kat (2000) show that capsize
probabilities can change greatly for seaways of the same
significant wave height but varying modal periods.

Consequently, usable and accurate operator guidance
will depend on availability of reliable environmental data
in the immediate vicinity of the ship. Real-time onboard
wave sensors are the best way to provide seaway data to
the ship.



CONCLUSIONS

Simulation techniques coupled with risk assessment
methodologies can provide significant information on
capsize risk in severe seaways. Both the Gumbel
distribution and distribution free techniques can be
employed effectively in developing an awareness of the
hazardous areas of ship operation in heavy seas. The
fitted Gumbel distribution can be used for estimating roll
exceedance probabilities for given conditions. The
distribution free approach must be used for assessing
phenomena such as broaching that are not easily modelled
by statistical distributions. However, for at-sea
shiphandling guidance, capsize risk polar diagrams are
not enough to provide a complete picture when
considering all factors in tactical decision making. A
knowledge of the physical capsize mechanisms at play in
a particular section of the capsize region will help to
develop effective mitigation strategies. A series of
scenarios involving ship system failures, wind, and
standard maneuvers can be employed to judge the risk of
carrying out shiphandling tactical maneuvers to ensure
that the maneuver selected will actually lessen the risk to
the ship and crew.
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MONITORING WAVE ENVIRONMENT AND SHIP RESPONSE

Koning, Jos, Trials & Monitoring Dept. Marin, Netherlands Wageningen. J.Koning@Marin.NL

SUMMARY

This papers covers the summer 2001 state of the art on the possibilities of environment monitoring and coupling of the
measured data with ship response models. The operational relevance and use of monitoring systems is discussed. For
this purpose the paper reviews the methods to model waves, focuses on wave sensors and describes methods to calculate

ship response to waves.

NOMENCLATURE

® Circular frequency

p Density of water

B Wave direction relative to ships heading
4 Wave surface elevation

1. INTRODUCTION

All vessels and structures operating in the marine
environment are subject to actions of waves, wind and
current. Merchant shipping, yachting, dredging, fishery,
and offshore, heavy transport and cable laying industries
have a quit different approach to handle and deal with
wave loads. Depending on the affected operational
parameters, the attention is focused on various issues.
Some of these are:

e Extreme motion and acceleration levels, crew
discomfort, cargo damage, workability, operability.

e Relative wave motions, slamming, whipping and

springing, side shell fatigue, wave bending

moments.

Green water structural- and cargo- damage.

Ultimate stability issues, capsizing, parametric roll.

Manoeuvrability.

Mooring and structural dynamics.

Standing in the wheelhouse of a particular ship there is
nothing much that can be done to the wave environment
itself. It is however useful to be able to recognise
particular effects in the sea state, before they are
experienced in the response of the structure as mentioned
above. Crews might be able to change the operational
parameters of the vessel e.g. heading and speed in order
to avoid damage before it occurs.

In this paper the outline of advisory systems will be
discussed. For this the mathematical representation of a
sea state will be described briefly. Also the behaviour of
ships in waves will be discussed. Several types of sensors
available for measuring the sea state parameters will be
discussed and finally the state of the art in nowadays
wave measurements and advisory systems will be
summarized.

2. GENERAL OPERATIONAL SEEKEEPING
GUIDANCE AND ASSISTANCE SYSTEM

The effects as mentioned in the introduction can be
thought of as caused directly by waves or motions or by a
combination of these. The first target of operational
seakeeping advisory tools should be to provide
information on the actual sea state in the direct vicinity
of the vessel combined with the motion response and
relative wave heights around the vessel. The latter with
the ship sailing with arbitrary speed and relative wave
headings.

With this information the likelihood of exceedance of
specific operational limiting parameters can be derived
using dedicated (software) models as shown in Figure 1.
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Figure 1. System outline

The scope of this paper is limited to the measurement of
the wave data and the derivation of ship motions. The
models required for the evaluation of the chances for
exceeding specific operational envelopes are not
discussed in detail.

3 THE WAVE ENVIRONMENT

How is a wave environment described? Looking at a sea
surface one may be wondering at the apparent
incomprehensible ever-changing behaviour of the waves.



In general most waves are wind driven. Depending on
the wind condition and history the waves may be
building, fully developed or decaying. Older waves
systems coming in from other locations may have
different characteristics from the locally building sea.
Developing seas are usually short crested. Older swell
components may have long regular crests. Obviously it is
difficult to describe a sea state in detail. Following is a
brief resume of the used models.

3.1 2D SEA SURFACE IN TIME

The sea comprises of travelling gravity waves coming
from various directions. Wavelength and height,
travelling speed and direction describe the characteristics
for separate wave components. The water surface in a
particular area and time window is defined by a number
of wave components that passes by in that period. The
combined effect of these passing waves will produce the
actual sea surface.

In linear wave theory the behaviour of separate waves
can be described in reasonable detail. The behaviour of a
sea comprised of many waves can be described using a
summation of many separate waves coming from various
directions. For deep water and non-breaking waves the
following describes a multi-directional sea state typically
producing short crested waves.

§(x,y,t) = iiA/k sin(a)/,.t —k; (x.cos(ﬂ/.k )+ y.sin(ﬂ/,k ))+ 5//;)

k=1 j=1

where j indicates the number of wave components (1— N)
, : th

k, is the wavelength of the j" wave component,

and the index k indicates the various wave directions (1— M)

Each separate wave component has a circular frequency
o;, wavelength k; , direction By, and height Aj.

32 WAVE SPECTRA

The coefficients A may be written in the form of a so-
called frequency spectrum as follows:

14,2 = (0, B )A0rp

Where S(w) is the wave spectrum or wave variance
spectrum. It can be derived that the variance of the sea
surface at a particular location behaves as:

A, /2= T TS(w,ﬂ)da)dﬂ
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If for a particular sea state the directional wave spectrum
is known then a statistically representative sea surface
can be calculated. If the phase angles of the separate
wave components are known as well then also the actual
sea surface can be calculated.

The so-called full directional wave spectrum is therefore
a very powerful tool to represent a particular sea state. It

is however not easily measured. What can be easily
measured is the non-directional or Point Spectrum. This
is the Variance spectrum of the wave elevation at one
single X, Y position.

This spectrum is usually represented as S (®) and follows

@)= ZV:AJ sin(a)j.t + gj.)

j=1
%Ajz = S(w/) Aw

This spectrum can be easily estimated from
measurements by interpretation of a measured time series
of vertical wave displacements.

Short crested waves cannot be described using the one-
dimensional spectrum. In order to account for this the
wave spreading principle was introduced. It is assumed
that the combined wave energy from a point spectrum is
distributed around a principal direction. Spreading has a
bandwidth that is described by the spreading function.
An example is as indicated in:

Sle,.B,) = Sle, )1 (0)

where :

S0)=2008'(0), ~A<O<Hs O=fi =B
f(6)=0, elsewhere

A synthesised full directional spectrum can be derived
from a single point spectrum using a mean direction and
(standard) spreading function.  This easily derived
directional spectrum has been widely adopted in wave
measurements recently.

33 STATISTICS AND SPECTRAL MOMENTS

Apart from the spatial and the spectral representation, the
behaviour of the wave surface can also be described in a
statistical manner. The sea surface has a mean level with
a particular variance, dominant wave direction and
period as mentioned earlier. Ship crews observing wave
environments describe the sea state in terms of
significant wave height, wave period and direction. If
older wave systems are also present a subdivision in a
wind sea and a swell component is made. For each of
these a significant wave height, a period and a wave
direction is usually logged. It is found that particular
relations exist between the visually observed data,
statistical information and wave spectra. First the concept
of spectral moments is introduced.

m, = fa)k S(w)dw
0

For k=0 this indicates the variance m,. Then m; and m,
are referred to as the first and the second spectral
moment.

It is found that the estimates of the significant wave
height correspond to the average of the highest 1/3 of the



measured waves. Usually the significant wave height is
written as Hy;. The period corresponds to the mean zero
upward crossing period Tp,,,,. Following expressions link
these observed values to spectral parameters.

H13=40=4m,

B m
me =2 %12

Using these expressions the estimates for the spectral
parameters m,, m;, and m, can thus be retrieved from
visual observations. A frequency point spectrum can be
now be derived using the spectral moments and
application of a standard sea state spectrum description,
for instance PM, Jonswap or ITTC formulations.

3.4 EFFECT OF FORWARD SPEED

A ship sailing in a wave field at particular speed V
encounters the waves at different frequencies depending
on speed and relative direction to the waves. The shape
of the wave and its geometric effect on the vessel do not
change at varying speeds. It is only the frequency that
changes. In the frequency domain using wave spectra this
transformation can be done relatively straightforward.

The transformation of the wave frequencies to encounter
frequencies is governed by the wavelength, propagation
speed, the relative wave direction and the ship speed.
Water depth affects greatly the wave propagation speed.
For this discussion we limit the scope to deep water (in
general greater than 300 meter). For deep water the
relation between encounter and global wave frequency is:

With this transformation the spectral densities S () can
be mapped to corresponding S (®.). As the variance for
the encounter sea state and the global sea state should be
the same it follows that besides the scaling of the
frequency axis also the spectral density itself must
change. This is illustrated as follows:

S(w,)dw, = S(w)dw

5(0,) = ()5~

e

dw _ 1
do
do, _2a)Vcos(a)

=1
do g

The derivative dw/dw, is not analytically continuous
because of the zero point in dw./dw. When using
discretized wave spectra the contributions for discrete
frequency bands can however consequently be mapped

from frequency band to frequency band without
problems.

The transformation also applies for each frequency band
in the directional wave spectrum. The full 2D spectrum
may be transformed to an encounter spectrum. The wave
encounter spectrum may be used to generate a wave
surface as it is “felt” by the vessel.

Higher wave frequencies (short wavelengths) will result
in negative encounter frequencies indicating that the ship
is overtaking the waves. Their apparent frequency is ||

When the direction and length of the wave components is
unknown the transformation from encounter to earth
fixed frequency is not unique as indicated in Figure 2 for
following or stern quartering waves. The figure
illustrates that three different wave components have the
same encounter frequency of 0.1 rad/s.

line of We =W

abs (We )

As felt by the vessel
stern waves

02 0.4 06 0.8 1 1.2 14

w1 w2 w3

encounter frequency [ rad/s |

Ship speed 25 knots
Wave direction 0 degrees (Following waves)
We maps to W1, W2 and W3 !l Waves overtaken by skip

Effectively bow waves

wave frequency [ rad/s ]

Figure 2. Wave freq - Encounter wave freq

This ambiguity in the wave encounter frequency makes it
difficult to do numerical wave calculations in the .
domain. In fact it is not possible to scale a point spectrum
in ®, back to the ® domain without information on the
direction of the corresponding wave component. An
assumption for the wave direction and wave length is
required to make this transformation possible.

3.5 SUMMARIZING WAVE PARAMETERS.

The description of the wave surface has been briefly
discussed from detailed back to few parameters.
Summarizing, a sea state may be described as:

e A sum of an old wave system called swell and a
wind driven newer system called wind sea.

e FEach of these components has a significant wave
height, mean zero upward crossing period and
direction and spreading.

e A wave point variance spectrum can be derived from
the Hy; and T, or be calculated from a measured
time series of wave elevations.

e Using the mean direction and spreading the point
spectrum can be converted into a full 2D directional



wave spectrum. This spectrum may also be derived
from measurements if the direction of separate wave
components can be determined.

e A vessel with forward speed perceives the actual sea
state through changing encounter frequencies. The
variance in the sea state does not.

e  The transformation from the global or earth fixed sea
state description to the ship encounter frequency is
possible. The transformation from ship encounter
back to the global system of coordinates is difficult.

e The full 2D wave spectrum can be transformed into
a representative 2 dimensional wave surface. If the
phase angles of the wave components are also
known then the actual sea state surface may be
reproduced as indicated by:

M N

Sleyt)=>>" /28w, B, JAwAB

k=1 j=1

sin(a)j 1—k, (x.cos(B, )+ y.sin(, )+ gjk)

This completely describes the wave surface both in time
and space. In theory the actual surface could be predicted
even into the future. The problems and inaccuracies that
make that difficult are the deep water condition and the
linear theory. In shallow water the bottom geometry
usually makes the water depth a significant function of
the x,y position. The different propagation speed and
wave profiles disturb the linear summation criteria. The
linearity assumptions fail in higher wave conditions. The
energy dissipation due to breaking waves is not covered.
Extreme waves can thus not accurately be represented.

4 WAVE SENSORS

A wave sensor for operational purposes implies that the
results are directly available for interpretation on board.
In the above the various means to describe a sea state
have been covered. What equipment does exist to
measure either earth or encounter frequent information
for the parameters describing the sea surface? That is:

e 2D wave surface outline C (t, X,y)

e 1D wave elevation history C (t)

e Variance spectra (S (»,f) and S (®) )

e Peak and valley distributions ( HI3 & Tz )

Shipborne possibilities for obtaining wave information
can be categorized as follows:

visual estimates

of the bow down looking level gauges
submerged pressure gauges in bow & side plating
reverse engineering using ship motions

radar back scatter directional systems

coherent radar directional radar systems

now- and forecasts based on :

- fixed platform level gauge(s)
- (directional) wave rider buoys
- seabed ADCP

- searoughness (SAR)

- Doppler shift systems.

4.1 VISUAL

Visual observations from crews provide information on
swell and wind sea contributions. For these the
significant wave height, zero upward crossing period and
dominant direction are given. It is found that the results
from various crews depend on the experience and ship
size. Crews on larger ships appear to provide lower wave
estimates than on smaller vessels. Ship motions may
play a major part in this. During night-time no visual
observations are possible. This illustrates the value of
instrumented wave measurements for night-time
operation.

4.2 RELATIVE WAVE HEIGHT

A number of sensors work based on the measurement of
relative wave height around the ship. Examples of these
sensors are: vertical radar level gauge, acoustic level
gauge and pressure gauges measuring pressure or local
water column height.

In the value of a relative wave height the following
parameters are included:

e  Undisturbed wave profile

e Sensor displacement (1* order ship motions)
o Diffraction wave profile by ship motions

e Refracted wave effects (“upwind effect”)

e  Wave shielding effects (“downwind”)

It is clear that a relative wave height sensor requires
corrections. The effect of vertical sensor displacement is
easily corrected by measuring local displacement. The
wave disturbance due to the vessel is however highly
sensitive for direction. The sensor does not measure
information on the wave direction. The effect can thus
not be accounted for automatically. Commercial relative
wave height sensors usually assume undisturbed waves.

The sensors are usually placed at the bow in the
centreline. Pressure gauges are highly influenced by local
dynamic pressure effects. Diffraction pressures, wave
refraction, intermittent submerging of the sensor and
slams make it difficult to get sensible data from pressure
gauges.

The often applied over the bow down-looking surface
radar is highly influenced by the local wave pattern
induced by the vessel. Following waves are shielded,
Bow waves are refracted, ship motions cause diffraction
waves etc. Acoustic systems are in addition to this much
influenced by presence of spray in the measurement area.
In general measurements taken from the sea surface in
the close vicinity of the ship are too affected by the



presence of the ship to allow reliable wave observations
under all conditions (e.g. relative headings). For slender
ships the accuracy is best particularly in bow waves.
More blunt bow shapes introduce large errors in the
results due to wave refraction and dynamic swell up.

43 RADAR BACK SCATTER SYSTEMS

Radar backscatter systems are based on the radar
reflections coming from wind ripples on wave crests.
Depending on wave height and wind strength, wave
crests show up in received X-band radar data. In the
radar plots the wave crests show up allowing the
distinction of wavelengths and “crest intensity”. Using
2D and 3D Fourier algorithms the wave surface can be
derived when assuming a relation between the intensity
of the reflection and the wave height. The result is a full
2D directional sea state description in terms of wave -
lengths, -speeds and -heights per direction. By using the
dispersion relation the wavelengths can be transformed to
the frequency domain and be put into wave variance
spectra as earlier described. This approach promises
complete wave data providing all information required to
model the sea state. In fact it should be possible to obtain
all required data to predict the behaviour of the sea in the
direction of the wave propagation in the close future.

The problem with the backscatter technology lies in the
reliability of the scaling function from reflection intensity
to wave height. In lack of wind speed there are no
reflections so no wave crests are shown. In high seas the
effects of shadowing of waves and the fact that the sea is
already at maximum roughness may be problematic.
Validations are still in progress. The produced results are
increasingly accurate from various providers. Two
comparisons between off the bow radar and a X-band
radar based system are shown in Figure 3.
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Figure 3. Long term comparisons of vertical relative wave height.
Radar and directional wave radar results. Above good registration,
below poor correlation.

The lighter dots referring to measurements by a Marine
Radar based system, the darker taken from of the bow

vertical wave radar. The systems were installed on a 24
knots container vessel.

44 COHERENT DIRECTIONAL WAVE RADAR

Coherent directional wave radars (CORA) are based on
the fact that is it possible to derive the speed of the wave
surface from the received radar reflection. The wave
surface speed is related directly to the orbital motions.
The orbital motions are related to the wave height and
length. As such it is possible to derive the actual wave
height distribution from coherent radar measurements.
Operational systems have not been widely adopted yet on
sailing ships as to the author’s awareness.

4.5 REVERSED ENGINEERING

Reversed engineering comprises the derivation of
undisturbed wave information from a combination of the
measured ship motions with calculated motion and
relative wave height RAOs.

The simplest approach is to directly derive the
undisturbed encounter spectrum from the measured ship
motions using numerically calculated RAOs. This is
relatively straightforward but depends on the ship size
and its sensitivity to the actual waves. Le. it is not
possible to derive wave estimates from the motions of a
non-moving vessel. For smaller vessels this approach has
proved to be working. In general the wavelengths should
be in excess of 2/3 the ship length to induce significant
motions.

A related approach is to derive the wave environment by
interpreting the wave distributions around the vessel on
all sides. (MARIN DPJIP 2001). By using the measured
ship motions and the effect of the diffraction waves the
measured wave data can be compared with calculations.
By performing a best fitting selection of the calculated
wave with measurements, the wave energy and direction
can be estimated.

The latest and perhaps most feasible approach is to use
wave directional information from e.g. directional wave
radar systems and calculate normalized motions
responses using RAOs. By comparison of the calculated
motions with the measured motions the wave energy can
be estimated. The combination of wave energy and wave
directional spectrum provides a full complete wave
description.

4.6 REMOTE WAVE MEASUREMENTS

There are various sources of information that can be used
to obtain remote wave data on board. These vary from
networks of moored wave rider buoys to now-, fore- and
hind-cast data and satellite observations. Fixed buoys
information is usually accurate. The buoy grid is
however restricted to just few areas in the coastal



regions. The same goes for under water ADCP set-ups
and fixed platform wave radar.

Satellite observations based on Doppler shift and SAR
technology have a much wider coverage across the
world. They are increasing their accuracy for wave
height and direction estimations. The update rate at any
particular position is however rather low. Satellites pass
each grid position of 1.5x1.5 degrees about once every
day.

Regular ships weather forecast and now cast information
is usually based on models that are fed with observations
from vessels sailing offshore. Due to the accuracy in the
input data the provided results are usually indicative at
best. No short term or local effects are included.

5 SHIP MOTION RESPONSE IN WAVES
Ship responses to the wave environment vary from:

e  Added resistance, speed reduction, fuel consumption

e Structural loads caused by waves. E.g. slamming,
green water, general wave bending and torsion, side
shell fatigue.

e High motion and acceleration levels due to direct
(linear) wave response.

e Induced motions caused by non linear wave response

If the wave environment is known or described then what
other basic information is needed to allow an operational
approach to the mentioned topics?

The induced ship motions in the encountered wave field
play a major role in all mentioned issues. Added
resistance is partly caused by the energy that is lost into
the generated waves. The chances of occurrence for high
peak loads can be numerically estimated when a reliable
model is available calculating ship motions and local
relative wave heights and relative wave speeds. Induced
linear and non linear motions can be directly used to
calculate the motion and acceleration levels at any point
on the (rigid body) ship.

For a sound operational application of measured wave
data it is therefor required to have an online model to
predict and evaluate effected ship motion response. The
comparison of the actual ship motion state with the
limiting criteria will be done using the measured wave
data, the measured ship motions and the predicted ship
motions and relative wave heights.

Specialized software modules can use the wave data and
the ship motions to derive information and chances of
exceedance for particular events related to cargo loss,
slamming etc.

Effects of other headings and speed settings on the
criteria can be calculated using linear and non linear
RAOs. The results may be used to show the crew
operational safe envelopes in terms of speed and heading
in the actual wave conditions.

5.1 WAVE INDUCED LINEAR SHIP MOTIONS

In linear theory it is assumed that a wave with a circular
frequency w and coming from a particular direction, will
cause a motion effect that acts in that same direction.
Bow waves will cause pitch, beam seas roll etc. A twice
as big a wave will cause a two times bigger motion
response.

The relations between the incoming waves and effected
ship motions but also between local relative wave height
and motions can be expressed in so-called RAOs or
Response Amplitude Operators. H(®,[).

S,\‘x(w(’j): in(wl’/’ﬂk)Ss’g(w(’/’ﬂ]‘)

where H is a complex function in order

to obtain the phase relations in the summation

The RAOs can be derived using diffraction or strip
theory software. The results of these calculations can be
transformed to the encounter frequency domain for direct
operational application on board in the encountered
waves for each w;. By summation of the contributions of
waves with various frequencys coming from various
directions the total motions response may be calculated.

5.2 NON LINEAR EFFECTS

Non linear motions and effects refer to the phenomena
that are more difficult to describe than was mentioned
earlier. In general for instance when a twice as big an
excitation results in a three times higher response or even
when without obvious loads high outputs are found.
Examples are:

Sagging/Hogging effect

Bow flare immersion

Bow emergence (slamming / whipping)
Green water

Parametric rolling

The earlier described linear theory can not predict the
effects directly. For implicit calculations nonlinear
approach and often time domain calculations will be
required. For operational guidance and assistance
systems this is still out of scope. What can be done
however is to recognize the conditions under which
particular non linear phenomena come into significant
effect. This either by interpreting the measured wave
environment, the calculated- or measured- motions or by
a combination of these.

As an example the nonlinear Parametric roll response is
mentioned here. Parametric roll is a phenomenon that
occurs in conditions where under head or stern waves a
vessel starts to roll without sideways excitation. Roll
angles over 20 degrees plus minus have been reported.
The roll motion may build up under particular conditions



quite rapidly and may seriously hazard stability,
structural integrity of ship and cargo and crew safety.
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Figure 4. Effect of waves on moment of stability

Parametric roll is rooted in the fact that little excitation is
required to excite a ship in its natural period roll motion.
The excitation in the parametric roll case comes not from
direct wave excitation but from amplification of initial
roll motions by changes of the restoring moment of
stability in the Roll natural period. A wave with
wavelength close to equal the ships length coming from
astern or forward will pass the ship with encounter
frequency ®. depending on the ship speed. Because of
the outline of the waterplane area, when the midship
section is on a wave crest, the moment of stability is
higher then when the midship section is on a wave
through. Figure 4. If the motion phase and the wave
encounter phase angles vary 90 degrees than the
variations in righting moment may be interpreted as a
negative damping term. Figure 5. This will cause
resonance when the transferred energy is higher than the
dissipation by the regular roll damping. Roll motions
will increase until the roll damping equals the negative
excitation damping.
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Figure 5. negative damping by varying GM

The criteria for occurrence of this effect lie therefor in
the combination of:

e awave length around the ships length with

e encounter frequency close or equal to the roll
resonance period.

e significant induced variations of the GM due to the
changes of the waterplane area when passing the
wave profile.

The likelihood of occurrence for this condition can be
evaluated by a dedicated software module from a full

directional wave spectrum plus the ship speed and
heading and a calculated GM response to waves.

6 STATE OF THE ART.

Having discussed the various wave representation
techniques, sensor types and approaches to model ship
response in the waves, we come to the current state of the
are and the direction that developments will take in the
coming time.

The most accepted technology for on board wave
measurements is at this time still in off the bow relative
wave height measurements. These provide the most cost
— effective off the shelf instrumentation. The
instrumentation can be done very rapidly and
straightforward. No extensive calibrations are required.
Problems are encountered in following waves and when
blunt bow shapes are used. No directional information
can yet be achieved from the systems.

The state of the art and in the very near future the
equipment of choice will be based on radar back scatter
systems. Combination of wavelengths and directions
from the radar image with wave energy estimates from
vertical wave height and ship response will provide
accurate and complete wave information allowing
statistical description of the wave climate in the close
vicinity.

The acquisition and evaluation of the wave information
from the radar images takes typically 2 minutes. The
process is aimed at the statistic representation of the sea
state so no separate wave component phase information
is retained. The availability of fast computing systems,
dsp’s and algorithms will eventually allow the online
calculation of the wave data. This will allow the real time
decomposition of the sea surface in its separate wave
components and allow prediction of the wave surface in
the future in the path of the sailing ship.

It is likely that in few years it will be possible to predict
the incoming wave train that a vessel will encounter in
the coming minute(s). This will make it possible to allow
guidance and assistance in avoiding extreme waves,
assistance in extreme motion related manoeuvres,
helicopter operations, station keeping, optimal dynamic
positioning / tracking etc. These real time wave surface
systems require faster acquisition and computation
models than currently available. The use for ship crews is
yet unclear because little time will remain between the
recognition of a threatening condition and its moment of
occurrence.

Perhaps in that area lies yet the biggest challenge: With
the technology is about to be there, how to present the
available information to the crew in an comprehensible
way such that it is used and adopted.
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SUMMARY

This paper focuses on the second part of the workshop title, the operational safety of ships. Using experience gained
from three tours aboard a U.S. Coast Guard 270-foot medium endurance cutter, including a tour as commanding officer,
the author investigates their employment. This ship class shares many of their operational handling characteristics of
other corvette-sized ships. While one of the most stable platforms from a damage control perspective, the 270-foot
cutters are described by Jane’s Fighting Ships as “Very lively in heavy seas because the length to beam ratio is unusually
small for ships required to operate in Atlantic conditions.” A fairly shallow draft also contributes to this “liveliness.”
This behavior extends into lower sea states where ships of this tonnage should be expected to operate effectively,
creating shiphandling challenges for operators.

These challenges can be mitigated by inherent and ancillary design considerations. When the design process requires
ships with high beam width and low length along the waterline, efforts must be made to increase not only static stability
but also those stability factors that contribute to evolutions conducted in dynamic realms. Configuration of boat decks
and flight decks can be designed for reduced crew and equipment motion, exposure to the elements and the dangers they
present. Operators must understand remaining limitations and the operational envelope these limitations dictate.
NOMENCLATURE how best to employ ships, how best to identify and avoid
risk, and how best to mitigate risks that have been
identified and determined to be required to be taken.
Operators best understand effects of marginal stability
situations on operations. Sharing this understanding
provides designers with important knowledge.

C4ISR  Command, Control, Communications,
Computers, Intelligence, Surveillance,
Reconnaissance

CI/BI  Capsize and Broach Indices

CPB Coastal Patrol Boat

DC Damage Control Ship commanding officers steadfastly seek to minimize

DDS  Design Data Sheet exposure to conditions that imperil their vessels.

HEC  High Endurance Cutter Emergencies or operational requirements may force them

HIFR  Helicopter In Flight Refueling towards a point where there is potential for diminished

MEC  Medium Endurance Cutter stability and beyond that point, disaster. They are

MIF Motion Induced Fatigue therefore most interested in gaining as much reserve

PQS  Personnel Qualifications Procedures static and dynamic stability as can be afforded. These

RHIB Rigid Hull Inflatable Boat situations, fortunately, are rare. More common are

VERT- conditions and situations when a commander desires a

REP  Vertical Replenishment more stable platform from which to conduct operations,
albeit sometimes under fairly challenging conditions.
This short discussion focuses on employment of

1. INTRODUCTION undamaged ships, steps needed to reduce the potential for

Ship operators applaud recent calls for greater

loss of their stability, and possible courses in the design
of new ships that afford a crew a more stable platform

communication and cooperation between ship designers from which to conduct their business.
and operators. Recognition of the need for close
alignment between the two communities during all
phases of ship design and service life promises greater
ship utility and safer operation. Designers can provide

ship commanders and operators better information on

As an historical aside, ship designers and engineers have
been motivated by this last goal of providing more stable
platforms—derived mainly by the need for stable gun
decks. In one instance, this goal was pursued through



what now appears to be a somewhat unorthodox
approach. The German engineer Otto Schlick and the
American inventor Elmer Sperry used gyroscopes to
stabilize ships, although not through the types of systems
one might think of today. In 1912, the U.S. Navy
installed a Sperry gyro aboard the 433-ton USS Worden.
The gyro wheel itself weighed two tons and was 50
inches in diameter. The spinning of this massive
gyroscope effectively neutralized rolls, decreasing them
from 30 degrees to six. The forces it created, however,
exerted excessive strain on the ship’s structure. Later, in
World War I the U.S. Navy installed another gyro
weighing 25 tons in a 10,000-ton ship to achieve the
same effect. It was only following the conclusion of
WWI that engineers turned to installing smaller gyros
linked to stabilizing fins (Hughes 106-110).

1.1 U.S. COAST GUARD SHIPS

The U.S. Coast Guard operates several classes of ocean-
going vessels. The largest range from three polar ice
breakers to twelve 378-foot 3,200 LT Hamilton class
ships, equivalent to frigates in size and mission, and
designated by the U.S. Coast Guard as High Endurance
cutters (HECs). There are two classes of Medium
Endurance Cutters” (MECs): thirteen 270-foot, 1800 LT
Bear class and eighteen 210-foot 1,000 LT Reliance class
cutters. (N.B. “Cutter” is the official and traditional
nomenclature for U.S. Coast Guard ships. It hearkens
back to the first cutter-rigged ships in the Service.) This
paper concentrates on the Bear class that shares many
operational handling characteristics of other corvette-
sized ships. While one of the most stable platforms from
a damage control perspective, the 270-foot cutters are
described by Jane’s Fighting Ships as “Very lively in
heavy seas because the length to beam ratio is unusually
small for ships required to operate in Atlantic
conditions.” A fairly shallow draft (14.5 ft) also
contributes to this “liveliness.” This behavior extends
into lower sea states where ships of this tonnage should
be expected to operate effectively, creating shiphandling
challenges for operators.

Many of the negative aspects of the 270-foot MEC
seakeeping characteristics are attributable to cost-driven
compromises made during its design cycle. Attention to
the results of these compromises along with
reinforcement of the need to strengthen the dialogue
between designers and users should be emphasized
within the U.S. Coast Guard ship community. This is
especially so now since the Service is in the early stages
of selecting an integrated system of ships, aircraft, and
support capabilities, the Deepwater Capability
Replacement Program. The envisioned $15 billion 20-
year program seeks to renovate, modernize, and/or
replace the Coast Guard's entire inventory of ships and
planes with an integrated system of surface, air, C4ISR,
and logistics capabilities. The expense and expanse of
the program emphasizes the need to ensure the best

possible designs are selected, developed, and introduced.
This, in turn, punctuates the call for greater cooperation
between engineers and operators.

2. OPERATIONAL AREAS OF CONCERN
FOR STABILITY

With the exception of polar icebreakers, Coast Guard
ships of the ocean-going classes are armed and have
military, law enforcement, and search and rescue
responsibilities, as well as others. They are most often
involved in one of three types of operations. These are
transit, helicopter operations, and boat operations.
Transit includes traveling from homeport to operational
areas and between assigned areas of operation.
Helicopter operations include launch and recovery,
Vertical Replenishment (VERTREP) and Helicopter In-
Flight Refueling (HIFR). While the first two are limited
to helicopters the ship is certified to carry, the latter two
can be conducted with nearly any size of properly
equipped helicopter. These last two operations can also
be conducted when flight deck motion parameters for
embarkable helicopters have been exceeded. Boat
operations include launch, recovery, and alongside
evolutions.

Although conditions that affect stability, and therefore
impinge on operations, are not limited to weather, it is
the effect of winds, seas, and icing that most often and
most severely hamper operations. A second
consideration is loading. Most often this is thought of in
terms of new equipment, stores, fuel and ballast. More
prescient planners and managers also consider lifetime
weight growth. These all require careful consideration
by operators and particularly in the last instance, by
decision and policy makers.

There is, however, an operational concern as well. The
U.S. Coast Guard finds itself regularly called upon to
transfer to its ships large numbers of passengers.
Examples of large groups that might be taken aboard are
survivors of disasters at sea, humanitarian evacuees, and
migrants. Numbers of people taken on can easily exceed
three hundred. Like other warships, Coast Guard cutters
have very limited passenger spaces. For the most part,
extra personnel are lodged on the level immediately
above the main deck. On 378-foot HECs and 270-foot
MECs, as many of these people as possible are afforded
the helicopter hangar with spillover onto the flight deck
(that is, if the ship is close enough to shore or another
ship to transfer the helicopter. On a slightly smaller class
of ship, the 210-foot medium endurance cutter, tarps and
awnings are rigged over the forecastle and flight deck to
afford some protection from the elements. The numbers
of people, the accoutrements required to provide
sanitation and protection, and their location above the
main deck create a significant negative impact on



stability. The current stability criteria used by the U.S.
Coast Guard and U.S. Navy, Design Data Sheet (DDS)
079-01, accounts for this to some degree in its criteria
regarding the crowding of passengers to one side of the
ship. Doctrine and operational guidance covering crowd
control seek to mitigate the effect by limiting movement
and in particular surges of large groups of people across
the deck, but the concern remains.

2.1 HEAVY WEATHER AVOIDANCE AND
SURVIVAL

One of the most critical transit operations for small
combatants is storm avoidance. Generally speaking,
traditionally hulled small combatants of the corvette and
frigate size are speed limited. When it comes to heavy
weather operations, ship commanders face an
overwhelming dearth of advice. A standard text for U.S.
Coast Guard and Navy shiphandling, Crenshaw’s Naval
Shiphandling, states that for ships in rough seas, but not
experiencing hurricane strength winds, it is the seas that
most effect a ship and it is rolling that should first be
addressed. The advice offered is to generally run with
the seas at a speed a few knots higher or lower than the
speed of the waves (Crenshaw 1975, 147). In
mountainous seas associated with hurricanes and
typhoons the guidance is to maintain power, buoyancy,
and stability—worthwhile goals in all cases. In regard
to shiphandling, the author offers arguments for and
against running with the seas, heading into them, and
doing nothing—that is, stopping the engines and lying to.
For destroyer types, this last advice is discounted while
its application for merchant hulls is given due
consideration. The previous advice to run down seas is
applied to combatants caught in all but the most severe
hurricane weather where direction is shifted to keeping
the bow heading into the seas.

So, for those heavy weather conditions with the
exception of the most severe hurricane conditions,
Crenshaw offers the general guidance of running with the
seas. What the text fails to cover is how to avoid the
worst conditions. For that, another standard text,
Knight’s Modern Seamanship, offers specific guidance
for ships caught within the circulation of a cyclone. A
ship directly ahead of the storm’s center should bring the
wind on the starboard quarter and make best speed. A
ship in the “navigable semicircle” (in the Northern
hemisphere, the semicircle to the left of the storm path) is
advised to put the wind broad on the starboard quarter
and make best speed. A vessel caught in the “dangerous
semicircle” is encouraged to bring the wind onto the
starboard bow and make as much headway as possible
(Noel 1989, 499). Since cyclonic winds curve in towards
a storm’s center, this guidance places waves on the port
quarter for the first two situations and on the starboard
quarter for the third.

A summary of the heavy weather advice offered the
mariner can be stated as “except for the worst case
(caught in the heart of a hurricane), a ship should place
the seas on a quarter.” Unfortunately, it is with the seas
on the stern or quartering that yields the greatest risk for
broaching and capsizing.

2.2 HEAVY WEATHER OPERATIONS

Not all storms may be avoided. This can be due to lack
of anticipatory information, lack of adequate speed or
seaway to avoid a storm track, or mission requirements.
While purposeful exposure of one’s ship to potentially
fatal weather should be avoided at nearly all costs,
mission requirements may force a commander into a
decision balancing potential severe repercussions at the
hand of weather with a compelling need to attempt a
mission. Inaccurate forecasting, impartial information
regarding location and on scene weather, or other similar
less-than-perfectly known factors, as well as mission
exigencies and humanitarian concerns may force a ship
commander into areas where winds and seas imperil a
ship. Search and rescue is a major mission area for the
U.S. Coast Guard and one that often forces this kind of
calculus.

Since heavy and extreme weather conditions present one
of the greatest threats to a ship’s stability and since
avoidance and mitigation requires the ship to present an
aspect that is less than optimal, one would think that
there would be a fairly well-developed body of
information available to the mariner on how to best
handle a ship in these conditions. Unfortunately, with
the exception of the avoidance advice described above,
there is very little. One group of authors advocates the
development of aids such as polar diagrams, capsize and
broach indices to provide ship operators with risk
management information (Alman, et a/ n.d., 21). Ship
commanders endorse this whole-heartedly.

23 OPERATIONS AT ENVIRONMENTAL
LIMITS

Bear class cutters are stationed along the east coast of the
United States. They routinely operate from the
Northwest Atlantic to the Caribbean. Members of the
class have also operated on the Pacific coast from Alaska
to the Equator. Class members have circumnavigated
South America and for the last five years a 270-foot
cutter has also deployed to the Baltic, Mediterranean, and
in one case, the Black Seas.

With 270-foot MECs ranging across large expanses of
the oceans, encountering severe weather is inevitable.
The prudent mariner will always attempt to avoid the
path of large storms and hurricanes. If in a port in the
path of a hurricane, ships will routinely sortie for



evasion. When underway, and given the ability of
today’s meteorologists to forecast potential events well in
advance, ships will divert away from the forecasted path
of an approaching hurricane. However, for the reasons
stated above, this is not always possible. Multiple
reasons can appear to conspire, leaving the commander
with fewer options than one might expect. For example,
270-foot MECs have a maximum speed of 19.5 knots
under optimal conditions. In the seas that one may
expect near an approaching hurricane, the speed available
to the ship commander is much less, limiting the angle of
escape courses from the path of the oncoming storm.
Proximity to shore may further reduce options. In some
circumstances, the best alternative to running from the
storm is seeking safe haven. This author served aboard a
Bear class cutter operating in the Caribbean basin before
the path of Hurricane Gilbert in September 1988. This
Category 5 hurricane had winds associated with it that
were measured as high as 160 knots. The speed of the
storm’s westward advancement compared with the ship’s
maximum available speed coupled with its location in the
central Caribbean closed off avoidance options. The ship
sought shelter at U.S. Naval Base Guantanamo Bay,
Cuba. Upon arrival at the mouth of the harbor the crew
found it disconcerting to pass the larger (and faster) U.S.
Navy ships heading outbound for hurricane evasion.
Injury was added to insult when, having berthed and
secured for the anticipated meteorological assault, the
ship was recalled into the hurricane to assist a U.S.
ocean-going tugboat on fire and drifting into Cuban
waters. During the height of the Cold War, to prevent
the potential political fallout of having a U.S. registered
ship in extremis in Cuban waters, hazarding the cutter
was apparently deemed a necessary risk. That the ship
was able to rendezvous with, take into tow, and safely
rescue the tug is a testament to the capabilities of the
Bear class designers, builders, and crew.

Mission requirements that force operations in adverse
weather conditions exacerbate other factors that
compound difficulties regarding stability. A ship that is
in no danger of capsize can still be—in terms of mission
effectiveness and crew comfort—very unstable.
Helicopter and boat operations are both severely
hampered by deck motion. Likewise, underway
replenishment can be very challenging for a ship
displaying a lively ride while alongside a large supply
ship. While inclusion of active fin stabilization and other
design features of 270-foot MECs mitigate some of these
operational challenges, particularly in the roll dimension,
pitch limitations often make helicopter and boat
launching difficult, if not impossible. Slow speed
alongside maneuvers such as towing and personal and
small boat recovery present even greater challenges since
they often must occur at velocities below that at which
fins are effective. An important difference lies between
the helicopter and boat operations, however, that again
points to the need for better quantified information. U.S.
Coast Guard shipboard helicopter operations are

governed by well-defined motion limits spelled out in the
Helicopter Operational Procedures Manual
(COMDTINST M3710.2A). This publication sets pitch
and roll limits for the conduct of launch and recovery
operations. These limits are fairly severe and all the
more so for nighttime evolutions. To illustrate, nighttime
pitch limits for the HH-60J Jayhawk helicopter embarked
on a 270-foot MEC are +/- 1°. Given the very short bow
of a 270-foot MEC and the relatively short length
overall, this is a very difficult parameter within which to
remain. It effectively denies a commander use of this
class of helicopter at night in all but sheltered waters.

While some ship commanders may view helicopter
operational limits as overly restrictive, shipboard boat
operations suffer from an opposite situation. There is
little empirically based information available advising
commanding officers on how to conduct boat operations
in marginal conditions. Likewise, there are few
published guidelines suggesting what conditions
operations should be suspended. Anecdotal information
passed along either directly from commander to
commander, or in after-action reports, or in findings of
mishap investigations serve these purposes.

Design also affects boat operations. Most oceangoing
U.S. Coast Guard cutters have boat decks on the level
above the main deck, approximately amidships. On the
270-foot MEC the boat deck for the 26-foot motor surf
boat is located there while a 7-meter RHIB is launched
from a single-arm davit located on the main deck on the
fan tail. Both positions afford advantages and
disadvantages. The amidships placement allows for an
easier establishment of a weather lee for the boat and
boat deck during hoisting. However, the height of these
locations exposes the boat and crew to the uncomfortable
condition of swinging on the falls for a greater time and
at a greater height. 378-foot HECs and 210-foot MECs
can somewhat ameliorate this situation through the use of
frapping lines controlled from the main deck air castle
directly below. The 270-foot MEC is slab sided and
therefore cannot avail itself of this technique.

On the 270-foot MEC, the RHIB’s location on the fantail
necessitates the use of a quartering or following sea for
launch and recovery. This, again, subjects the ship to a
less than optimal ride. Most 270-foot commanding
officers prefer to adjust the ship’s speed to slightly faster
than the prevailing wave speed so as to present the RHIB
with a bow-on sea and to ensure the active fin stabilizers
are effective. The speed required can often be
considerable.

One further class of U.S. Coast Guard ship and its boat
deck need be considered. The relatively new 87-foot
Coastal Patrol Boat (CPB) is equipped with a stern
launching system for its RHIB. This is the first



experience of this type of system for the U.S. Coast
Guard. Other navies have employed the system
successfully. But there have been several mishaps on
U.S. Coast Guard cutters associated with the launching
system. One can be fairly certain that a contributing
factor to these accidents was a lack of experience in
launching from astern coupled with a lack of information
on how these ships should be operated to afford the most
stable platform from which to conduct small boat
operations. This again leads to a call for more
knowledge to the operators.

24 PERCEPTION

A large area of disparity exists between observers
regarding conditions and their effects. Members of
ship’s company including those with meteorological
training offer often largely divergent estimates of sea
state. Wave height estimates are subject to debate.
Identification of the direction of movement of the
primary sea waves and swells and the detection of
secondary but significant wave systems compound the
range of opinions. The lack of consensus extends to the
primary stations involved in flight deck and boat deck
evolutions. The perceptions of bridge team, flight/boat
deck members, and helicopter/boat crews vary widely
with the degree of variability proportionate to the
severity of the weather. What can be perceived as
acceptable conditions for one station may be seen as
intolerable to others. Instrumented studies verify not
uncommon occurrences of vertical accelerations in
excess of 0.3g and in at least one instance, 0.4g measured
at the pilothouse of a 270-foot MEC (Minnick, Cleary
and Sheinberg 1999, 12). The pilothouses on the class of
ship are fairly high (height of eye of approximately 45
feet) and fairly far forward (approximately 50 feet from
the bow). Motion at the flight or boat decks can be
perceived as less than that felt by the bridge crew. On
the other hand, with the RHIB boat deck on the fan tail
and in following seas, the perception of wave height can
be much greater than that perceived by the bridge. This
points to the need to develop instrumentation beyond the
inclinometer to better inform ship commanders of actual
ship motion at important stations and equipment or aids
to allow more quantifiable measurement of sea states.
The study cited above demonstrated the ability to capture
quantifiably the acceleration limits that define the
“g0/no-go” criterion for boat operations on this class of
vessel. This was a 0.2g vertical acceleration,
experienced either in the pilothouse or at a boat station.
The data gathered must be able to be easily injected in to
operational risk management assessment tools that factor
the various elements beyond environmental conditions to
yield a more comprehensive assessment before any
go/no-go decision is made.

Another aspect of ship motion that must be addressed in
more quantifiable terms is the effect of ship motion on
the crew. Modern seasickness medication is a boon to

today’s cuttermen, but it is not a panacea. The
medication attenuates but does not alleviate the effects of
seasickness. Also, it does not prevent—and can
aggravate—Motion Induced Fatigue (MIF). The study
cited above also compared MIF between the crews of a
378-HEC and 270-MEC operating side-by-side in the
Bering Sea. The study found significant differences in
the severity of ship movement (for example, a 30-40
percent greater vertical acceleration on the 270-foot
MEC) but no differences in reported sea sickness
(although there was a significantly higher incidence of
the use of anti-seasickness medication on the 270-foot
MEC). One indicator of fatigue, the time to complete
tasks, showed a significant difference between the two
crews with 29 percent fewer of the crew of the 270-foot
MEC reporting an ability to complete tasks in “normal
time” (Minnick, Cleary, and Sheinberg 1999, 13). In
interpreting this self-report data, one should not discount
the possibility of natural competition between the crews
as a potential source for skewing the data. Bravado and
esprit de corps combined with the potential for the crews
to perceive the comparison of two ships of different
classes as a competition might create a reluctance to
accurately report MIF. That the smaller ship was
brought into the operational area of the larger one to see
how it might perform in that environment might motivate
its crew to under-report its MIF to a greater degree than
for the 378-HEC’s. Experience strongly indicate that
MIF can be the source of serious degradation in crew and
cutter performance.

The current drive to reduce ship personnel allowances
further emphasizes personnel and equipment safety
issues. This was a major consideration for the selection
of the 87-foot CPB’s stern launch system that was
designed to require only one person to conduct launch
and recovery of the small boat and its crew. Reduced
crew sizes are but one dimension of the difficulty
operating a ship in moderate to heavy seas and creating
crew safety and fatigue concerns. Shrinking fleets and
increased responsibilities within navies and coast guards
around the globe place greater burdens on ships and
crews, increasing their exposure to less-than-optimal
operating conditions. “Human stability curves”
addressing ship motion over time and its effects on
personnel need to be developed and employed.

3. TRAINING AND EDUCATION

Once a ship’s design cycle is complete and it is
introduced, responsibility for its employment shifts
towards (but not solely upon) the operators. Engineers
must continue to be part of the employment team with
responsibility for ensuring proper configuration
management and guarding against inevitable weight
growth and their effects on operational stability. For
operators and their leadership, responsibilities include
ensuring commanders and crew are familiar with ship
characteristics and limitations. To date in the U.S. Coast



Guard, this has been done through a semi-formal
personnel qualification standards (PQS) and damage
control (DC) training program. The primary sources of
instruction for these programs at the unit level are fellow
crewmembers, supported by pipeline training, a
smattering of recurrent classroom courses, and ship
training availabilities. These provide a generally broad
but shallow knowledge of stability issues for all but the
Engineer Officer and the Damage Control Assistant.

Deck officers receive very little formal classroom and
practical hands-on experience related to operational
stability. In the past, sources of first-hand experiences
were limited to sea stories told by those who survived,
literally or figuratively, operations conducted at stability
extremes. With the availability of simulators ranging
from desktop personal computer applications to full-
motion bridge simulators, deck officers can experience
the effects of extreme stability situations with realistic
fidelity. Such training should be mandated for senior
enlisted and officer crew members.

4. CONCLUSION

The Coast Guard has been employing 270-foot MECs
since the mid-1980s. With over fifteen years of
experience with this class, these ships have ably
demonstrated their capability. They have also presented
areas where ships of this size may be improved. Lessons
learned from these areas afford U.S. Coast Guard
Deepwater designers and the designers of other naval
surface ships opportunities to design and build ships that
are safer and more capable across a greater range of
environmental and operational spectra. The first lesson
is to concentrate energy on designing ships that are
inherently more tolerant of heavy weather and the motion
imparted on the ship by it. This includes positioning
important operational stations at places that minimize
vertical and transfer acceleration, and exposure of
equipment and crew. The second lesson is the
requirement to develop onboard instrumentation to
capture a greater knowledge of ship’s motion. This
information should then be provided to the commander
during operation of the vessel in a usable manner like
polar plots and capsize/broaching index (CI/BI)
information. A third lesson is the need to establish
continuous attention to stability and stable platform
considerations during modeling and simulation, testing
and evaluation, introduction, and operational lifetime
stages to include operator education, training, and
operational guidelines.
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Summary There is common recognition that a major shift in the commercial fishing culture is necessary. It is understood
that this can only be accomplished by increased awareness of the risk and the problems faced, whether in design or
operations. The key element for the SNAME Ad Hoc Panel #12 on Fishing Vessel Operations and Safety will be
development and pursuit of awareness efforts while working with other like-minded organizations to affect a major shift to a
safety culture. The scope of this effort is to address fishing vessel safety from a broad perspective including: basic issues
affecting fishing vessel safety, vessel design, vessel construction, vessel operation, vessel maintenance, survey, safety
training and awareness, voyage planning, costing, marine weather prediction, fishing regulation, risk analysis and
assessment and to investigate and recommend ways to improve awareness on the part of commercial fishing vessel
community to aid in getting that community embrace a safety culture.

1. INTRODUCTION

The Society of Naval Architects and Marine Engineers
(SNAME) has recently organized a new Ad-Hoc Panel on
Fishing Vessel Operations and Safety. As stated in our
charter,

http://www.sname.org/committees/tech_ops/fishing/home.html
the initial objectives of the FV Panel, each supported by a

working group, are to:

A.Investigate the feasibility of establishing risk-based
fishing vessel stability criteria appropriate to the type of
vessel and its operating area.

B.Evaluate the effectiveness of existing stability letters and
develop better ways to communicate to the fishing
community the importance of following reasonable
stability and survivability guidelines.

C.Develop proposed design, production, operation and
maintenance guidelines for various classes of fishing
vessels that address basic safety, vessel design, vessel
construction, vessel operation, vessel surveys and vessel
maintenance.

D.Coordinate with SNAME Panel SC-3 in developing a
long-range plan to deal with marine engineering and
environmental issues of all types within the commercial
fishing industry.

Working Group A (which has its organizational meeting
during the Trieste workshop) is tasked to:

1. Identify hazards associated with small vessel capsizes
and sinkings and develop guidelines to reduce wave impact
damage and personal injuries.

2. Work with NOAA and the international
meteorological community to improve predictions of
dangerous local wave conditions.

3. Suggest ways to improve survivability for smaller
vessels and their crews when they encounter extreme
waves.

4. Review the Torremolinos Protocol, which has been
criticized by the international naval architecture
community a) for lacking “rational criteria” and b) for
promoting capsize resistance for the vessel at the expense
of operational safety conditions on board. Satisfying the

IMO Torremolinos criteria for fishing vessels does not
insure surviving a direct hit by rogue waves, or by other
extreme (breaking) wave conditions and does not
adequately address or insure crew survivability, which
frequently involves escaping from a vessel that is stable
while inverted.

5. Formulate a proposed fishing vessel research program
to develop a new set of scalable, non-dimensional
parameters for designing and building safer vessels. It is
expected that the effects of variations in length, beam,
draft, freeboard, sheer line, bulwark and deckhouse
arrangements and loading conditions can be correlated
with a new set of design parameters for increasing small
vessel safety and survivability in a variety of situations.

Working Group B is charged with the following tasks
related to the stability letter and operator guidance:

1. Since most fishing boat captains regard the
determination of a vessel’s stability letter as a lot of black
magic by the naval architect/ surveyor, develop a user-
friendly format that most fishermen and owners can more
easily comprehend.

2. Work with fishermen, owners, surveyors, marine
insurers, fishing boat designers and builders to insure that
all parties understand the purpose and implication of
stability letters.

3. Involve fishermen, vessel owners, insurance
representatives, fishing safety trainers, Coast Guard
representatives and naval architects in developing
understandable, but not oversimplified, fishing vessel
safety materials and training devices.

2. The Torremolinos Protocol

The IMO voluntary fishing boat safety regulations for
vessels > 79 feet (24 m) in length are based on one-size-
fits-all criteria derived from computer generated static
stability righting-arm curves. The current version is known
as the 1993 Torremolinos Protocol and can be found on the
IMO web site. (For technical and historical details on its
development see Bird 1986, Cleary 1993, Dyer 2000 and
Kobylinski 1994 and 2000.) The Torremolinos Protocol



has been criticized 1) for lacking “rational criteria”
(Kobylinski 1994 and 2000, Umeda 1994, Dahle 1995) and
2) for promoting capsize resistance at the expense of
operational safety conditions on board (Boccadamo 1994
and 2000, Umeda 1999 and 2000).

The frequently used interpretation in applying the
Torremolinos Protocol stability criteria is that the area
under the righting arm curve represents righting energy.
This is incorrect, and in the US, The Code of Federal
Regulations (CFR) and NVIC 5-86 criteria are frankly
wrong in making such statements!!!! (Work and energy are
in Ib-ft or N-m. Reference PNA 1988, Volume 1, pp 87-93
on Dynamic Stability.)

Briefly, scalability in vessel stability characteristics
depends on the square-cubed rule, i.e. the heeling forces,
which depend on water and wind impact areas, go up with
the square of the dimensions but the righting moment
depends on the displacement which goes up with the cube
of the dimensions. Thus, bigger is almost always better
Correctly using the Torremolinos criteria should mean that
vessels double in dimensions should survive without
capsizing in twice the wave height conditions but that is
not the interpretation given by the existing guidelines. The
wind heel criteria do scale with size, as PNA points out,
since the both the heeling arm and the righting arm are
divided by the vessel displacement.

In addition, existing voluntary guidelines for fishing vessel
stability are intended to provide significant capsize
resistance for the vessel during storms that contain few
rogue waves. Satisfying the voluntary IMO Torremolinos
criteria for fishing vessels longer than 24 meters, for
example, does not provide the capability to survive a

direct hit by rogue waves or by other extreme (breaking)

waves. Capsize resistance criteria for fishing vessels

generally do not address or insure crew survivability,

which frequently involves escaping from a vessel that is

stable while inverted. In addition crew members who

abandon a vessel in a major storm can be in danger of life

threatening capsizes in many types of life rafts. Of the six

men who died in the 1998 Sydney-Hobart sailboat race,

three were attempting to survive in a life raft that capsized

repeatedly in extreme waves (Mundle 1999).

3. Capsize and Extreme Wave Research on Smaller
Vessels

Most capsize research concerning vessels of all sizes has
concentrated on loss of waterplane area (hull form)
stability on a wave crest in steep waves and/or spilling
breakers. (Grochowalski 1989, 1993 and 1997, Blume
1993, Dahle 1995, Umeda 1999 and 2000. See also an
excellent review of the 2000 Stability Conference in
Belenky 2001.)

On the other hand, much yacht capsizing research has
concentrated on wave impact capsizes caused by extreme
breaking waves, thought to be a primary cause during the
1979 Fastnet Race disaster. (Kirkman, 1983, Salsich 1983,

Claughton 1984, Zseleckzy 1988) These studies showed
that in beam seas, the location of the vessel relative to the
breaking position of the wave is critical. If the vessel is
caught in the curl of a plunging breaker, or in the
secondary wave created by the jet impact of the plunger,
capsize is possible in waves as small as 1.2 times the beam
of the vessel, even for a yacht with a low center of gravity.
The roll moment of inertia is also an important parameter
because a vessel with a large value of this parameter will
roll to a smaller angle on impact but expose the deckhouse
and work area to the full impact of the plunging wave jet.
More recently, experiments on multihull capsizing (Deakin
2001) and the re-righting of sailing yachts in waves
(Renilson 2001) have been investigated.

Part of the capsize research effort suggests that the
experimenter attempt to characterize the asymmetry of the
breaking wave by analyzing the wave parameters
suggested by Kjeldsen (Myrhaug 1983, Bonmarin 1984
and 2000, Duncan 1987, Zseleczky 1989).

As discussed at the Rogue Wave 2000 Conference
(Olagnon 2000), open ocean rogue waves appear to be
short-lived and the probability of measuring one from a
single platform record is small. During the 1998 Sydney-
Hobart race as reported in deKat 1999, from which his
Figure 10 (below) is taken, the Esso Kingfish-B platform
located in the Bass Strait measured no waves more than
twice the significant wave height, even though the
participants reported many very large breaking waves
during the race (Mundle 1999). (Note that the date is
incorrect and should be 27-12-98.)

Wave data measured on 27-11-98
Esso Kingfish-B platform
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Figure 10. Wave height (significant and maximum)
and direction in eastern Bass Strait.

Figure 1 from deKat 1999



The workshop presentation will also discuss and illustrate
with video clips two capsize modes:

1) Loss of waterplane area (hull form) stability on a wave
crest in steep waves and/or spilling breakers, a high risk
for improperly designed and or loaded vessels in storms.
and

2) Wave impact capsize caused by a plunging extreme
wave, a lower risk for stable vessels in storms, i.e. being in
the wrong place at the wrong time during a low probability
event.

4. Operator Guidance

The primary means for providing stability operating
guidance to small fishing boat crews is the “Stability
Letter”. These stability letters are generally a simplified
version of the traditional “Stability Book” that is generated
for large commercial boats. These simplified stability
letters have been the preferred means of conveying the
critical stability information and boat operating guidance to
crews given the simpler configuration of small fishing
boats and the lower or non-existent training levels of the
Crews.

For a stability letter to be effective, it must first be
understandable to the crews, and second, the crews must
believe that the guidance information provided is correct.
While the first requirement is fairly obvious, the second
requirement is equally important. The best stability letter
on the most seaworthy boat in the world is of no value if
the crew believes the loading requirements are wrong and
ignores the stability guidance.

There are two basic stability letter types in use today, the
text only version and the pictorial version. In both
versions, the intent is to provide the crews with all of
information to allow safe navigation of their boat under
typical weather conditions and fishing operations.
Unfortunately, most forms of the stability letters currently
in use are neither readily comprehensible and/or are trusted
by the crews. The current versions of these stability letters
may suffer from one or more of the following basic flaws:

First, they may be written using terms more familiar to
Naval Architects then to crews. The concept of terms such
as Transverse Metacenter (KM), Metacentric Height (GM),
Center of Buoyancy (KB), and Righting Arm (GZ) are
unknown to most small fishing boat crews. These terms,
while useful in determining if a boat has adequate stability,
are simply foreign concepts to most crews and only serve
to confuse them. Imagine trying to explain what
Transverse Metacenter and Metacentric Height are to
crews who have little or no knowledge of boat design let
alone can barely read and write.

Secondly, these stability letters may use loading
restrictions that are either very difficult to measure when
underway or are impractical to use during typical fishing
operations. One example is the specifying of minimum
freeboards. While a good method in theory to specify

maximum loadings, it is impracticable, and dangerous for a
crew to measure freeboards while underway by hanging
over the boat’s side in any type of sea. The same criticism
holds true for specifying maximum drafts. Draft marks on
a boat’s side are basically impossible to see from the deck
due to flare, rubrails, or other obstructions. And the typical
draft marks used are generally not sufficiently accurate to
determine a good draft reading for stability purposes.

The other type of loading restrictions that may be
impractical to use underway are those limiting the weight
of a net catch, the loose catch on deck awaiting processing,
or other similar temporary conditions during fishing. An
example is the restrictions on deck loading when hauling in
the net on the F/V Artic Rose (which sank on April 02,
2001). From an article in the Seattle Times on June 17,
2001, the naval architects that created the boat’s stability
letter stated that the maximum deck loading was 5,000
pounds in most cases, up to a maximum of 21,000 pounds
under the most optimum conditions. The boat was capable
of catch capacities of 40,000 pounds for each net haul
back. This type of restriction requires the crew to
accurately estimate the weight of the fish in the net while it
is still under tow as well as accurately estimate the weight
of the fish on deck. In addition, because this loading
restriction is such a small percentage of what the boat can
typically catch, the crew is faced with a difficult decision if
they have a very successful tow that exceeds the loading
restriction. In theory the crew must dump a portion of the
net before bringing the net onboard to ensure the boat has
adequate stability. In practice though, the extra fish are
brought on board which makes this type of restriction
basically useless.

Another problem is with stability letters that use a series of
simple pictures of the boat under different loading
conditions with a safe or unsafe notation. To adequately
show the crew all possible loading conditions, both safe
and unsafe, a large number of loading pictures must often
be created. This creates several problems. First, to
determine if the boat is safe, the crew must search through
a large selection of loading pictures. And second, given
the many possible loading variations of tanks, catch, and
other variable loads, the crew more than likely will have to
“select”, (more actually guess), which loading picture best
approximates the actual boat’s condition. With the crews
not likely to have any technical training, the potential
exists that crew could guess wrong and create a dangerous
stability situation.

Pictorial types of stability letters can also suffer from a
lack of clarity when attempting to depict fishing boats with
multiple tanks, fish holds, and other variable loading areas.
For example, use a fishing boat with (3) centerline fish
holds, (2) port and (2) starboard belly tanks under the
holds, and (2) port and (2) starboard wing tanks alongside
the holds, a typical arrangement. To adequately depict one
loading condition, at least (2) inboard profiles, see Figure
2, must be used if it is assumed that port and starboard tank
pairs are at equal levels. This is not always a valid



assumption for many boats that use the port and starboard
tanks to compensate for built-in or temporary lists. In this
case at least (4) inboard profiles, see Figure 3, must be
used to show all tanks and holds. This though, can be very
confusing as to which are the port tanks and which are the
starboard tanks, especially to untrained crews. In addition,
in two of the profiles, the fish holds must be duplicated,
which can add to the confusion. Deck plan views can be
added as shown, but the problem then exists in clearly
indicating the level of the tank or fish hold.

F/Vv FISHING BOAT
MID FISHING TRIP

VESSEL LOADING SAFE

Figure 2 - Sample Pictorial Loading Page

The last problem with pictorial types of stability letters is
they assume the fishing boat crews can “read” drawings to
be able to transfer the real boat to the picture and vice
versa. To naval architects with formal training, this ability
is often blindly assumed. In practice though, this is often a
poor assumption. Being able to visualize a 3-D boat with
hidden tanks and then transfer that information to 2-D
pictures takes formal training. From practical experience,
the crews may know where all of the tanks are on the boat,
but often have problems in looking at a drawing and being
able to locate them.

Assuming the stability letter adequately provides the
necessary stability operating guidance, the crews must also
believe that the guidance provided is correct so they will
follow it. Unfortunately, from many casualties reports in
the US, the crews often ignore stability letters because
they believe they know how to load the boat correctly.
(USCG 1999)

F/V FISHING BOAT
MID FISHING TRIP

VESSEL LOADING SAFE

Figure 3 - Sample Pictorial Loading Page

This situation exists for several reasons. First, many of the
crews have little or no formal training in seamanship and
stability. Their experience comes from many years of
hands-on learning under captains who themselves had little
or no formal training. As an example is this excerpt from
the forthcoming book “Wages of the Sea” by Douglas
Campbell and published by Carroll & Graff.

There were few in the clam industry who would
have ridiculed Novack or his mate for their
disregard of the stability letter carried in their boat.
Many clam boat captains were either ignorant of the
contents of these documents or held them in
disdain. They had been on the ocean for years, and
the ocean had taught them lessons. There was little
that a so-called expert could tell these men that they
had not already learned through their daily lives on
the water. One such man was William Parlett,
captain of the clam boat Richard M. Parlett, a
twenty-five-year veteran of commercial fishing,



twenty of them as a skipper. At one time, he had
filled in as captain of the Beth Dee Bob. He knew
that boat had a stability letter. Several years later he
could recall precisely where it was kept on the boat.
When asked if he had ever read it, he replied stiffly:
""No, sir. " Asked why, he explained, as if it were
obvious: "'Didn’t need to. " But why? If I felt she
was unsafe, I’d get off'it. "

An example of Parlett’s attitude toward the stability
of a boat is found in his approach to the presence of
water in the clam holds. How much water in the
hold was okay? That amount, Parlett said, that
would *keep (the boat) on a level keel. "

“You could flood the holds completely if you
wanted to," the captain said. ""All it did was make
it more stable. "

Another reason for why crews may chose to ignore the
stability letter occurs because of the way a typical fishing
boat’s stability works. A fishing boat’s stability can be
divided into two ranges, initial stability and overall
stability. Initial stability is typically from zero degrees (no
heel) to about 10 degrees of heel. Overall stability
encompasses the boat’s stability from zero degrees to the
point of vanishing stability. For fishing boat crews, the
boat’s initial stability is what they encounter, “feel”, during
typical fishing trips. The boat’s overall stability
characteristics are more rarely encountered during severe
storms.

The problem occurs because a boat’s initial stability is not
a reliable indicator of a boat’s overall stability. A “tender”
boat with a high freeboard or one that is too stiff may feel
uncomfortable during typical operations, but may have
excellent overall stability. Conversely, a boat that feels
very safe during typical operations, may have poor overall
stability. Because of this, crews that load their boat so that
it “feels” safe during everyday operations may have little
or no warning that they have significantly reduced their
boat’s overall stability to dangerous levels.

Figure 4, which shows the effect on a boat’s stability of
adding ballast low, will illustrate this point. Crews will fill
ballast tanks under the fish hold to stiffen a boat’s motion
to make it more comfortable during everyday operations.
Many crews believe they have improved the boat’s
stability when in fact it has been significantly reduced.
The solid line indicates the righting arm curve without
ballast and dashed line is righting arm curve with ballast.
Note that initially the righting arms, and thus initial
stability is increased by adding the ballast, which the crew
feels during everyday operations. Note also that the
overall stability has been significantly reduced in several
critical areas; the range of positive righting arms is
reduced, the area under the righting arm is reduced, and the
heel angle of the maximum righting is reduced.
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This initial/overall stability conflict also explains why
crews often disregard maximum catch limits in their
stability letters. Figure 5, which shows the effect on a
boat’s stability from overloading, will illustrate this point.
In this figure, the solid line indicates the righting arm curve
before overloading and dashed line is righting arm curve
after overloading. In this case, note that righting arms up
to 10 to 15 degrees of heel have not been significantly
reduced. The overall stability though, has been
significantly reduced. Because the crews usually evaluate
the “feel” of the rolling motions under initial stability
conditions, the boat dose not “feel” unsafe when they bring
in extra fish from a good trip. This happens several times
and they understandably start to disregard their stability
letter. As long as the weather remains good, they can get
away with the overloading. In bad weather though, they
do not realized how much their boat’s stability has been
degraded and the significant danger they are in. (The
Workshop Presentation will include statistics from USCG
on overloading losses.)

The impractical loading conditions mentioned previously
can also cause crews to ignore their stability letter.
Restricting a crew to catch amount of 5,000 pounds when
they can catch 40,000 pounds is just asking for the crew to
ignore the stability letter. Faced with having a net full of
fish and bills due, human nature says most will keep the
fish. And as mentioned above, because they can
successfully do this in good weather with no apparent
effect on their boat’s stability level, they will likely
continue to ignore the stability letter limits.

Finding solutions to these problems is the task of
SNAME’s Working Group B on Stability Letters, Stability
Education, and Training. The solutions are simple:
improving stability letters and the training of basic stability
concepts to fishing boat crews so they understand and trust
their letters. Since the principal blame for problems with
stability letters lies with the naval architects and marine
surveyors who create them, the solutions must then come
from naval architects who understand what the fishermen
need and want to fix the system.

To improve stability letters, the members of Working
Group B will be working with naval architects, regulators,
and fishing boat crews to develop an improved format.
The basic criteria for developing the improved stability
letter format will be;

1. Written to provide stability guidance, not dictate the
boat’s operation.

2. Present the safe loading conditions clearly, both
visually and written..

3. Provide some means for conveying the stability levels,
i.e. risk of capsizing, associated with each of the loading
conditions.

3. Be comprehensible by crews with little or no formal
training.

4. Use practical operating restrictions on variable catch
limits, etc.

5. Use practical means to allow the crew to check if the
boat is loaded correctly.

6. Develop a series of operating guidelines on proper
seamanship and boat maintenance suitable for preserving a
boat’s stability.

In summary, the goal is to provide the captain with
practical stability guidance and a way to gauge the risks of
capsizing based on loading, weather, and other factors, and
let them run their boats.

Using a safe/unsafe loading matrix is one of the formats
being investigated for a new type of stability letter. These
matrixes (see Figure 6 for an example) have been proposed
in the past and have several advantages. First, a large
number of loading conditions can be shown on a single
page. And second, the matrix is relatively easy to use.
With catch levels on the left column and various tank
loadings across the top, it is easy for the crew to check if
the boat’s stability is acceptable.

F/V FISHING BOAT - STABILITY LOADING MATRIX
MAXIMUM CAGES IN HOLD - DREDGE FULL & ON RAMP

T & il | PULABLE | 0 CAGES |10 CAGES |20 CAGES|30 CAGES|40 CAGES|S0 CAGES|60 CAGES
1007z 1007 SAFE SAFE UNSAFE | UNSAFE | UNSAFE | UNSAFE | UNSAFE
75% 100% SAFE SAFE UNSAFE | UNSAFE | UNSAFE | UNSAFE | UNSAFE
75% 75% SAFE | SAFE | SAFE | UNSAFE | UNSAFE | UNSAFE | UNSAFE
50% 75% SAFE | SAFE | SAFE | UNSAFE | UNSAFE | UNSAFE | UNSAFE
50% 50% SAFE SAFE SAFE SAFE UNSAFE | UNSAFE | UNSAFE
507 257 UNSAFE SAFE SAFE SAFE UNSAFE | UNSAFE | UNSAFE
25% 507 | UNSAFE | SAFE | SAFE | SAFE | SAFE | UNSAFE | UNSAFE
251 25% | UNSAFE | UNSAFE | SAFE | SAFE | SAFE | SAFE | UNSAFE
107 10% UNSAFE | UNSAFE | UNSAFE SAFE SAFE SAFE UNSAFE

Figure 6 - Sample Safe/Unsafe Loading Matrix

Working Group B is also investigating expanding the
safe/unsafe loading matrix into a risk based loading matrix
(see Figure 7). In this matrix scheme, instead of a
safe/unsafe (go-no go) indication for each possible loading
condition, a risk level would be assigned. How to clearly
indicate the risk level still needs to be investigated.
Suggestions include using red, yellow, and green shading
for a visual representation or using a “risk of capsizing”
number.

F/V FISHING BOAT - STABILITY LOADING MATRIX

MAXIMUM CAGES IN HOLD - DREDGE FULL & ON RAMP

PORT & STBD| POTABLE
FUEL “TANKS | " WATER | 0 CAGES |10 CAGES |20 CAGES|30 CAGES|40 CAGES|SO CAGES|60 CAGES

HEAVY FAIR CALM

1007 1007 | STORMS | HEAMY | EAIR | CALM | UnsarE | UNSAFE | UNSAFE
75% 1007 | sTORMS | sTORMS | MEANY | FAIR | CALM | UnsarE | UnsarE
75% 75% | SToRMS | SToRMs | sToRMs | FEAMY | SALY | unsare | Unsare
507 757 | stomws | sTorMs | stoeMs | FEAVY | EAIR | unsare | unsare
507 s0x | sToRMs | sToRWs | sToems | soews | EAIR CALM | Unsare
507 25z | MEAVY | sTorMs | stoems | storms | FEAMY | EAIR | Unsare
sz sox | HEAMY | sTomws | sToems | stoRms | sToems | HEANY | CAEN

£ B FQIR | HEAYY | sToRMs | STORMS | STORMS | sToRMs | EAIR

107 10% GoLl | FAIR | HEANY | sToRMs | sTORMS | STORMS | FEAMY

Figure 7 - Sample Risk Based Loading Matrix



This risk based loading matrix scheme ties into Working
Group A’s review of the stability criteria currently in use.
The current one size, one weather stability criteria such as
the Torremolinos Convention have many flaws. This
approach leads to overly conservative stability levels for
good weather trips. As discussed above, crews soon learn
they can overload the boat “safely” in good weather. But
when bad weather occurs, the crews have no means to
gauge the risk caused by the overloading. The crews have
intuitively figured out that weather is an important criteria
in determining a boat’s potential loading levels. What can
not be figured out intuitively by the crews is the overall
stability levels and potential capsizing risks. This can only
be done by a trained naval architect.

This type of loading matrix also has the advantage of
putting the operational decisions for the boat back to the
captain instead of with the naval architect as current
stability letters do. This approach does require that the
captain, vessel owner, and other decision makers must
clearly understand the basic concepts of stability in order
to select the appropriate risk level, given predicted weather
conditions and other trip factors.

For teaching basic stability concepts to fishing boat crews,
the working group has started the development of a new
type of training course. From discussions with fishing boat
crews, they are interested in understanding their stability
letters. The problem is the creation of the stability letter
appears to be a lot of black magic by the naval architect.
From moving some weights back and forth on their boat,
the architect comes back with a piece of paper on how to
load their boat. And often, the stability instructions run
counter to how they believe their boat should be loaded or
restrict the maximum allowable catch to levels below what
they are carrying now.

To teach stability to fishing boat crews will require
explaining fishing boat stability and its complex
interactions to crews who generally lack an education. As
noted previously, the common naval architecture terms
used in stability are simply unknown, and often
incomprehensible, to the crews. For example, even the
basic concept of center of buoyancy is unknown to many
crews. The challenge will be in convincing the crew that
the center of buoyancy is a real location that all of the
buoyant forces are acting through, not an imaginary point
on their boat that the crews may have a hard time
conceiving.

The course is only intended to teach the basic concepts of
stability and the effect of typical fishing operations on a
boat’s stability. The course is not intended to teach how
stability is calculated. That is the responsibility of the
naval architect. The primary goals for the proposed
stability training course are:

1. Explain what center of gravity (G) and center of
buoyancy (B) are.

2. Show the relationship between G and B as the boat
heels and how that works to keep the boat upright.

3. Explain the basic methods of determining if a boat has
adequate stability.
A. Show what a righting arm curve is.
B. Show how the righting arm curve is calculated.
C. Show the basic parts of the righting arm curve used to
determine the boat’s stability level.
4. Show the effect on a boat’s stability level from typical
boat operations.
A. Explain the difference between initial and overall
stability.

i. Initial stability is what the crews typically feel and
see.

ii. Overall stability is what keeps the boat upright in a
storm.

iii. Initial stability is not an accurate indicator of overall
stability.
B. Show the effect of free surface, overloading, lifting
over the side, and other similar loading conditions.

The initial layout of the stability training course consists of
two parts; a written manual and a verbal presentation. The
two individual components of the training course will be
developed to be mutually supporting. Figures in the
written manual would be similar to the models used in the
presentation, and concepts demonstrated in the
presentation would be in the manual. This will allow
crews that have taken the training course to use the written
manual as a refresher.

The written manual will be developed to be self-
explanatory to persons who have some formal education or
seamanship training. The figures intended to show the
basic stability concepts will be kept simple and structured
to appear similar to existing fishing boats designs. It is
important to make the figures believable to the crews. If
they look similar to their boat, the chances are better the
crew will believe the message even when it runs counter to
past beliefs. Figure 8 is an example of the proposed
figures (more will be shown during the Workshop) which
will show the relationship between center of gravity and
center of buoyancy and how the righting arm curve is
developed. The preferred use of the written manual will be
as follow-up take-home notes to the verbal presentation.

Figure 8 - Positive righting Arm



The second component of the training course, the verbal
presentation, will be developed for both small and large
groups. The small group is intended to be an individual
fishing boat’s crew and owner, with the larger groups
being at meetings such as trade shows or NMFS regional
council meetings. The presentation for individual boats
will be made easily transportable to allow the presentation
to be made onboard, at dockside, or even in the local
watering hole. This will allow a naval architect to give the
presentation when delivering a stability letter to a boat.

For both presentations, a series of static and dynamic
demonstration models with companion posters is proposed.
Figure 9 is an example of a proposed static demonstration
model. By having removable sections as shown in figure
10, several different stability issues can be demonstrated.
The models are an important part of the presentation as
they allow the crews to see “hands-on” what is happening
during typical fishing operations. As an example, the
crews can see directly the loss of stability when they boat
is overloaded or the negative effects of slack tanks.
Actually “capsizing” the model, especially when they
believe they have loaded the model to make it safer, is a
very convincing training method.
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In summary, problems exist with current types of stability
letters used to provide stability to small fishing boat crews.
These problems are the principal reason crews are
disregarding these letters, either intentionally or because
the letters are incomprehensible, and putting themselves in
danger. Fishing boat crews don’t have a death wish, they
just truly don’t understand the potential adverse impacts on
their boat’s overall stability when they load the boat to
make it “feel” better under normal fishing operations. The
initial stability the crew feels is no indication of the boats
overall stability levels. This “hidden flaw” is not seen by
the crews because they have never been taught the basic
concepts of their boat’s stability.

On the positive side, experience has shown that the crews
are willing to learn and do a better job following their
stability letters if we, as naval architects, can give them
practical, intelligent, flexible stability guidance and the
tools to understand that guidance. Responsibility for the
proper operation of the boat should be put back to the
captain instead of being dictated by the naval architect as
current stability letters are.

5. Future Work

Working Group B is considering formats for risk-based
Sea State vs Loading Consequence Diagrams appropriate
to the type of vessel and its operating area. It is expected
that the initial versions will be based on avoiding loss of
waterplane area and shipping water capsizes, for which
significant prediction tools already exist (Grochowalski
1997). The breaking wave capsize probabilities are
unknown at present because the statistics of the occurrence
of steep waves, especially plunging breakers, in a
particular geographic region are not presently included in
marine forecasting models. This must eventually be
addressed, even though being in the wrong place at the
wrong time is a low probability event.

A longer range goal of Working Group A of the ad-hoc
F/V Panel is to create a fishing vessel research program to
develop a new set of scalable non-dimensional parameters
for designing and building safer fishing vessels (Blume
1993, Boccadamo 1994, Buckley 1994). In order to
experimentally determine fishing vessel design parameters,



which improve survivability in a severe seaway, a new
“free-to-broach” towing rig will be developed. This rig will
allow models of a series of existing and proposed new
fishing boat designs to be investigated for capsizing
resistance while being towed under computer control to a
region of the tank where computer-generated irregular
waves are combined with deterministic steep waves
produced by wave energy concentration (Salsich 1983a,
Duncan 1987, Takaishi 1994, Buckley 1994, Kriebel 2000
and several methods presented at the Rogue Wave 2000
conference). This technique avoids using radio-controlled
models which are difficult to position precisely in
capsizing wave conditions. It should also be useful for
validating attempts to mathematically model the surf-
riding phenomenon (Vassalos 1994). Towing models in
quartering seas should shed light on the dynamic stability
characteristics of several classes of fishing vessels,
improving on the zero-speed beam-sea capsize testing
previously done at the Naval Academy on sailing yachts
(Salsich 1983b, Zseleczky 1988) and the USCG 44 ft and
47 ft Motor Life Boats (Zseleczky 1989).

It is expected that the effects of variations in length, beam,
draft, freeboard, sheer line, bulwark and deckhouse
arrangements and loading conditions can be correlated
with a new set of design parameters for increasing fishing
boat safety in a variety of situations (Boccadamo 1994).
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ABSTRACT

Many newly constructed and currently operating fishing vessels appear to have been
designed with disregard for much of the naval architect’s conventional wisdom as to
what constitutes a sound, sensible and safe design. In this paper recent designs will be
examined in the context of the rapidly changing regulatory and legislative framework
that controls the fishing industry, and the difficulties in obtaining satisfactory stability
characteristics will be considered. In analysing recent safety records no evidence is
found to suggest that the new vessels are less safe than more traditional forms, but it
is observed that turbulence in the regulatory framework in which they operate may be
contributing to the lack of progress in improving safety.
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Introduction

Regulations that are intended to ensure the sustainability of the fish stock in European
waters have resulted in new vessels that have some extreme characteristics. These
‘rule beaters’ appear to go against the natural instincts of the naval architect. The
impact of rules on the design of vessels has often been unexpected. Rules and
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regulations designed with one aspect of performance in mind, can unwittingly lead to
undesirable characteristics being favoured in other unrelated aspects. In his analysis of
the Fastnet disaster of 1979 Marchaj [1] details how the rating rule applied to the
yachts of the time unintentionally penalised stability, as a rule that was intended to
ensure fair competition between racing yachts in practice compromised safety. This
paper will consider how a similar phenomenon has developed in the fishing vessel
fleet, and how it has influenced the stability characteristics of modern fishing vessels.

The Design of Fishing Craft and the Role of Regulations

In recent years the major factor impacting on the evolution of the design of fishing
vessels in the UK has been the introduction of increasingly complex and demanding
regulations for the control the fishing industry. Fishermen may work in dangerous
waters, but it is turbulence in the regulatory framework that taxes the skill of the
designers of these cratft.

The latest additions to the UK fishing fleet are characterised by extreme length to
beam ratios (often around 2.5 and on occasion as little as 2.1 in determined ‘rule
beater’ designs) and exaggerated length to draught and depth ratios. The underwater
form is exceptionally full, with the above water profile a towering rectangular slab
above which perches the wheelhouse. These are the vessels that fishermen are having
built today, so they must be successfully meeting their requirements. However they
are a stark contrast to the traditional style of craft, and to new vessels being built in
other parts of the world. In these vessels it is clear that the usual physical
requirements driving the design process have been overwhelmed by the influences of
the fishing regulations. When unconstrained by regulations the designer produces a
hull that is moderate in all aspects: length to breadth ratios of between 3 and 4 and
fine form coefficients minimise resistance when free running and enhance seakeeping
performance, and a moderate superstructure height reduces windage and improves
stability. Although the safety record of these vessels cannot be questioned without
further work to produce relevant detailed data, it is clear that the crew of a vessel with
poor seakeeping characteristics, and therefore high accelerations, will work less
effectively than the crew of a more seakindly boat. In addition the working areas of
these modern boats include the extreme ends of the vessels where the motions are
greatest, areas that would normally be left void or used for storage in a more
conventional craft. The control position is also at a far greater distance from the
centres of rotation than on traditional craft, which must also impact on the crew’s
effectiveness. The skipper and crew would operate more happily, effectively and
safely on a vessel that responded in a more orderly manner to the sea, and that was
arranged with a higher priority on crew comfort.

These new style vessels are the result of an on-going tussle between the regulators,
who impose the rules, and the fishermen who respond, often in unanticipated but
strategically sound ways. It is the work of the naval architect to interpret these moves
and counter moves as design constraints, with each new vessel being a record of the
current state of play and an indicator as to the extent to which the design of fishing
vessels is being driven by politically and environmentally inspired regulations rather
than by physical requirements.



The Regulatory Control of the Fishing Industry

Fisheries are a totally free naturally occurring resource. Experience has demonstrated
that the un-restricted use of such a common resource will lead to its over use and
gradual decline, defined by Hardin as ‘the tragedy of the commons’ [2]. He states that
each fisherman will consider their own interests and forsake the broader social costs,
with the inevitable result being over capitalisation in the industry, excessive harvest
and eventually stock depletion. A similar sentiment was outlined by Gordon [3]:
“There appears to be some truth in the conservative dictum that everybody’s property
is nobody’s property. Wealth that is free for all is valued by no one because he who is
foolhardy enough to wait for it’s proper time of use will only find that it has been
taken by another... The fish in the sea are valueless to fishermen, because there is no
assurance that they will be there for him tomorrow if they are left behind today”. The
truth of these observations made in the middle of the last century are self evident
today, and the fulfilment of the prophecies is quite simply that we have too many
fishing boats chasing too few fish.

If the seas are to be fished in a sustainable way then the organisation of the industry,
the number and types of vessels, the way they are operated, and the way the catches
are processed and monitored will all have to change. The regulations are therefore
concerned with an orderly process of change management. Such a process will always
be criticised as it is impossible to satisfy all parties in a time of transition, and it may
even be impossible to completely satistfy any party. Given the fragmented nature of
the problem it is not surprising that attempts to regulate this industry have been
complex, and often unpopular with sections of it. A broad overview of the current
regulatory framework can be found in the references [4], with the briefest of
summaries provided here.

As with other vessels of all types fishing vessels have a long established procedure for
validating that they are built and operated to recognised standards of safety. In the UK
two bodies, the SFIA and the MCA, oversee the three safety elements of vessel
structure, equipment and crew competence. In recent decades these safety-orientated
regulations have been augmented by the measures intended to ensure the
sustainability of the fisheries, and to manage the changes necessary to achieve that
end. Two types of control have therefore been introduced, those to limit the total catch
and so ensure conservation of stocks, and those to manage the reduction in fishing
effort and so minimise the social and economic disruption due to the structural
changes necessary in the industry. Both of these types of control are the responsibility
of the MAFF. Here the way in which these three organisations regulate the industry
will be examined in broad terms as the complexity and dynamic nature of the controls
makes a detailed description inappropriate here. It is also unnecessary as the intention
is not to describe the controls themselves, but to examine their nature and so obtain
some insight into their interaction with the safe design of fishing vessels, and in
particular the impact in their stability characteristics.

In the context of safety the SFIA acts as a Classification Society for the construction
of fishing vessels, publishing scantling rules and employing surveyors to oversee the
construction of fishing vessels. These guidelines cover both the hull construction and
essential equipment. It also promotes crew training through the development of



courses and the provision of bursaries [5]. The Maritime and Coastguard Agency
(MCA) is concerned with all aspects of marine safety. It has a long standing Code of
Practice for Fishing Vessels over 12 metres and recently created a Code of Practice
for vessels under 12 metres. These Codes consists of a checklist of safety equipment
plus a written risk assessment that covers the operation of the vessel, watertight and
weather tight integrity, stability, machinery, fire protection and fire prevention. The
under 12 metre Code allows for self-certification by the owner but also requires a
regular verification inspection by the MCA. The Ministry of Agriculture Fisheries and
Food, MAFF, controls both the total amount of fish caught, and the catching
capability of the fleet, through a license scheme. The right to fish is dependent upon
possession of a licence appropriate to the type of vessel and the species targeted. The
licensing scheme has developed considerably in breadth and complexity and the
current licence structure limits not only the total number of vessels but also their size
and power and the extent to which effort can be shifted between target stocks and
between fishing methods. The licences have three elements: the authorisation to fish;
the catch entitlement, or quota; and the allowable fishing capability expressed in
vessel capacity units, VCUs. Since licence entitlements are transferable between
ownerships and are restricted in number an active market in all three elements of the
licences has developed [6].

Before exploring how the various regulations have impacted on the design of fishing
vessels both the quota concept, and the measure of fishing capability (the VCU) can
be considered further. The quota associated with a license is one small part of the total
allowable catch (TAC) agreed by the EU for the waters of the member states of the
EU. The Community shares fishing opportunities in the form of quotas among
Member States [7]. Member states allocate their national quota in different ways, the
UK having moved from an allocation based on a vessel’s track record to a fixed quota
allocation (FQA) that can be traded to a limited extent. (An alternative procedure
referred to as the individual transferable quota (ITQ) has been introduced successfully
in both New Zealand [8] and Iceland [9]. ITQs effectively make the fishermen owners
of a share of the resource and so they encourage the fishermen to regulate fishing
effort and protect stocks as they have an annual claim on the harvest. Catching rights
expressed by ITQs are analogous to territorial interests held by farmers and their
tenants in that they form part of their property [10]. The advantages and disadvantages
of the various methods of quota allocation are discussed in detail by Symes [11].)

The measures of fishing capability, or capacity, vary between the member states,
some adopting the units used at the EU level, these being a combination of engine
power and tonnage. In the UK a system based on length was replaced by the vessel
capacity unit, the VCU, in 1990. This followed research by the SFIA aimed at
identifying the most appropriate measure of fleet capacity, and concluding that the
unit should comprise the sum of the deck area and a percentage of the engine’s
maximum continuous rating [12], calculated thus:

VCU = {length (m) x breadth (m) + 0.45 x engine power (KW)}

Fishing craft designed to maximise their fishing capability while minimising the
measured VCU are referred to as ‘rule beaters’. Both halves of the above equation
impact on the design of such craft. The dimensional constraints have a significant
impact on the appearance of these craft, and on their stability characteristics.



Design Impact of the Licensing System

‘Rule beaters’ are vessels designed to flout the spirit of a set of rules, but succeed in
being both legitimate and profitable by strictly following the letter of the regulations.
The classification societies, and others concerned with safety-focussed rules, have
long been aware that any specified requirement is not treated as a minimum, but as a
design target. Similarly where different sets of rules apply to different classes of
vessel it is common practice to try to gain advantage by squeezing a vessel into the
most economical class, even if it is inappropriate for the vessel’s true function. In the
regulation of fishing vessels both of these phenomenon have long been apparent.
Fortunately the robust scantlings required of these workboats have negated the impact
of any tendency to ‘design down’. The application of different sets of rules to
different sizes of vessels has however caused a noticeable bunching of the fleet at the
relevant break points, whether they be specified in terms of length or displacement,
with many more vessels being built just below the defined break points (such as 12
meters and 24 meters for the scantling rules) and almost none being built in a range
above these points. Some of the vessels built just below such break points could be
defined as rule beaters, but in these cases the financial savings made by staying in a
lower class are limited, and other efficiency losses soon outweigh them. The
imposition of these rules therefore distorts the fleet profile, but does not have a
significant impact on the design of individual vessels.

This contrasts markedly with the impact of regulations intended to control the
catching capability of individual vessels, and of the fleet, and with the impact of the
alternative methods of enforcing individual, local and national quotas. In these cases
the break point between different regulations may not simply result in an increase in
equipment and manning costs, but may determine where, when and how the
fisherman is allowed to fish, or even if he can fish at all. The impact on the earning
ability of the vessel can be dramatic, or even catastrophic. In this environment it is not
surprising that rule beaters are not simply pushing the limits of conventional design,
but dramatic departures that test the expertise and integrity of the naval architect.

The introduction of the VCU as a measure of fishing capacity, and as a way to control
the overall fishing effort of the UK fleet is the prevailing design driver of the present
time. However the regulatory framework is in a constant state of development, or
evolution, with significant changes anticipated in 2002 [13], so the lessons to be
learned from the present case are essentially concerned with regulation development,
not vessel design. Measuring fishing effort with the current VCU formula has resulted
in an unanticipated development of the fishing vessel form. Constrained by the ‘deck
area’ (defined as length by breadth) the designer seeks to maximise the displacement
and volume of the vessel. Maximising displacement enables heavier equipment to be
installed, and more fuel and fish to be carried, while maximising volume allows an
increase in accommodation and areas for working with the gear and catch. As a result
the actual catching capability can be considerably greater than that indicated by the
measured VCUs. As neither depth nor draught are controlled displacement is
maximised by increasing draught and increasing the fullness of the form, especially
forward. Volume is maximised by increasing freeboard and making the actual deck
area fill as much of the measured area as possible, so wide transoms and exceptionally
bluff bows are used. In some cases the entire deck, from transom to stem, is utilised as



the working area, with no forecastle and with the wheelhouse located over the
working deck, the nets being hauled forward beneath it. The dimensional constraints
are only one half of the VCU formula, with the other half being the engine power.
Rule beating in this area results in maximising the diameter of the propeller and
placing it in a nozzle, and introducing additional power packs for auxiliary
requirements, so reserving all the rated power from the main engine for driving the
vessel. De-rating the engine is also practiced, but if this is to be effective the engine
must be returned to full power after measurement, which is clearly an illegal case of
cheating the rules, and not a legitimate rule beating procedure.

The current type of rule beater is found at its most extreme in the smallest vessels,
with a measured length of less than 10 meters. This is because the artificial constraints
imposed by the VCU system have been further exaggerated in recent years by the
system of allocation of quota. Vessels below this break point have not been allocated
an individual quota, but have been free to fish until such time as the allowable catch
was reached nationally, at which point the fishery was closed, even to these vessels.
This regulatory regime encouraged fishermen to nominally down size from larger
vessels in order to enter this relatively unregulated sector of the fleet. The resulting
vessels have the capability in terms of crew size, gear handling, endurance, and
stowage, of a more traditional vessel of perhaps 15 meters. A schematic of the type is
shown in Figure 1, with the extreme geometry associated with these vessels
demonstrated by way of a computer model in Figure 2.

Figure 1: Sketch of under 10 meter Rule Beater




Figure 2: Computer model of under 10 meter Rule Beater

Stability Implications

Fishing vessels intended to have maximum fishing capability for the minimum of
measured VCU, ‘rule beaters’, are designed to have the largest possible displacement
and enclosed volume while constraining their planform area, as given by the product
of length and breadth. This combination of design goal and constraint inevitably leads
to an increase in the depth of the vessel, as once the ends of the vessel have been
filled out the only way to increase volume is by enlarging the vessel vertically. This is
one of the distinctive characteristics of these designs, their high profile and raised
control position.

Increasing the depth inevitably raises the centre of gravity of the vessel, but this is
further exaggerated as much of the heavy equipment necessary for fishing operations
is located on the main working deck. Raising this deck moves items such as the
winches, power block and net storage higher on the vessel. The inevitably high
vertical centre of gravity forces the designer to increase the beam of the vessel in
order to regain an acceptable value for GM, so giving rise to the second distinctive
characteristic of the rule beater designs, their very low length to beam ratio. However
the designer may find that simply increasing the beam of the vessel is not an adequate
solution to the stability difficulties caused by the high vertical centre of gravity. In the
first place there is a limit to how low the length to beam ratio can be allowed to go. In
the under 10 metre vessels extreme cases can be found of 2.1, but for larger vessels
this would impact too severely on the powering requirement for the vessel. However
even if other factors do not restrain the designer from increasing the beam even
further stability derived in this way enhances stability at low angles of heel, but
reduces it at moderate and high angles. The resulting GZ curve is typical of form
stable craft, with the maximum value of GZ at a very low angle. Fishing vessels
relying on beam to compensate for their high vertical centre of gravity have difficulty
in satisfying the IMO stability criteria, due to the reduction in righting lever as heel
angles increase.

The only solution for the designer in this case is to moderate the characteristics of a
form stable craft by adding ballast, so bringing back down the centre of gravity until a
satisfactory GZ curve can be obtained. This is a most unsatisfactory solution as the
designer wishes to reserve all the available displacement for increasing the size of



machinery and other equipment, for carrying fuel, and of course for maximising size
of catch that can be stored. Placing permanent ballast in the box keel reduces the
deadweight of the vessel, but even so up to 10% of the displacement is utilised for
ballast on some of these vessels, this being the only way to obtain satisfactory
stability characteristics. This design path is not always successful. Increasing ballast
increases the draft of the vessel, which inevitably reduces the height of the
metacentre, and may also force the designer to increase the height of the decks yet
again, so entering a spiral that moves ever further from an acceptable design solution.

However when convergence is achieved the result is the current extreme form of rule
beater design, with a low length to beam ratio, a high above water profile, and a deep
draft, that includes a large amount of permanent ballast in the keel. Such designs have
one further characteristic that can be commented upon. The masses of the vessel are
concentrated at either end of the vessel’s extreme depth. Ballast and the main engine
(which is itself large for the size of vessel due to poor resistance characteristics and
the desire to tow the largest possible nets) are located low down in the vessel, while
much other heavy equipment, such as the winches and stored nets, are located high up
on the working deck. This polarisation of the location of the main masses on the
vessel results in a high mass moment of inertia in roll.

Rule Beaters and Safety

To interpret the statistics that are available for fishing vessel incidents [14] in terms of
the impact of regulatory distortion on fishing vessel design is not possible. As the
impact of the regulations has been manifest in its most extreme form in the smallest
sizes of vessel it seems logical to look to the incident rate for different length groups.
The figures for losses in 1999 are given in Table 1, and a graphical presentation of all
incidents for the same year in Figure 3. In both cases the data suggests that the under
12 meter fleet, where the rule beaters are most extreme, is the safest sector of the
fleet. It should be noted that these figures are presented as a percentage of the
registered vessels in the relevant fleet and do not take account of the degree of
utilisation of the vessels, the actual hours spent at sea. If a utilisation factor were
introduced it would clearly present the smallest class in a less favourable light. It is
also likely that minor incidents have been under reported for the smaller vessels
where record keeping is less rigorous than the formalised procedures implemented on
the large crewed vessels. But even if the figures were adjusted in this way little could
be concluded with regard to the impact of the safety record of rule beating vessels as
these are not differentiated from the more conventional designs.

Fishing Vessel Losses in 1999

Length No. Registered No. Lost Percentage lost
Under 12 meters 6163 17 0.28
12 — 24 meters 1002 10 1.00
24 meters and over 295 6 2.03
Total Fleet 7460 33 0.44

Table 1: Fishing Vessel Losses in 1999




Incident Comparison by Length Group (per 100 Vessels) 1999
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Figure 3. Fishing vessel incidents in 1999
Fishing Vessel Losses Since 1992
Year Total Lost Total on register % Lost
1992 32 10,953 0.29
1993 38 11,108 0.34
1994 43 10,296 0.42
1995 33 9,337 0.35
1996 26 8,064 0.32
1997 23 7,779 0.30
1998 21 7,605 0.28
1999 33 7,460 0.44

Table 2: Fishing Vessel Losses, 1992-1999

In the fishing industry the imposition of regulatory controls in the form of licenses
with catch and capability limits attached, has influenced the fleet in two ways. Firstly,
as examined in some detail in this paper, the design of fishing vessels has been driven
in unexpected directions. The second effect, which has not been mentioned thus far, is
that fishermen have been discouraged from building new vessels. This is because the
regulations penalise fleet renewal, whether it be new building to replace older vessels
or to aggregate license entitlements (i.e. two smaller vessels are replaced by one
larger one). In both cases in order to force a gradual contraction of the total capacity
of the fleet a reduction of the VCUs allocated to the license is imposed. Clearly this
encourages the fishermen to continue working with older boats for as long as possible
as can demonstrated by an analysis of the age of the vessels in the fleet. Over 28% of
the fleet is over 25 years old, with the average age of the under 12 meter boats being
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28 years, of the 12 to 24 meter boats being 36 years, and of the over 24 meter boats
being 40 years [15]. Not only is the fleet old, but it is still aging as the rate of new
building is less than half that required to prevent the average age of the fleet
increasing further.

The data presented in Table 2 indicates that during the last eight years there is no sign
of any improvement in the safety of the fishing fleet. While this could be attributed to
many causes it is not unreasonable to suggest that a regulatory regime that
discourages the building of new vessels, and encourages the development of extreme
characteristics in those vessels that are built, could be one of the main contributors to
the safety record.

Conclusion

In this paper the link between the regulations imposed on fishermen and the design of
fishing vessels has been examined, and it has been demonstrated that the regulations
are driving the evolutionary process in a direction that is unsatisfactory. Without the
artificial regulatory constraints vessels could be designed that are fundamentally more
appropriate for their purpose. However the fishing industry has to change as it is an
undeniable fact that there are too many boats competing to catch too few fish. The
industry must recognise that the mission of all fishing vessels has changed, and that
they are no longer hunters, but harvesters of a crop. Farmers can reap the corn with a
combine harvester, or a tractor, or simply use a scythe, and in different parts of the
world all methods can be found. The appropriate technology has to be identified to
harvest the resources of the sea in the waters of the UK and Europe. The rules that are
regulating the size of the catch, and that are managing the structural changes in the
industry, are in a continual state of development due to the complexity of the political,
technical and ecological environment in which they operate. If future developments of
these rules can be framed in a permissive format, the development of the fleet in
future may not conflict with established naval architectural practice [16].

It is surprising that the type of craft described in this paper are economically viable, as
the lower fuel efficiency (due to non-optimal hull forms and excessive windage)
combined with the potentially reduced opportunity for fishing (due to non-optimal
seekeeping characteristics) should be detrimental to the vessels profitability. However
the popularity of the under 10 meter rule beaters attests to their commercial success.
One reason for this is that these particular boats have been operating in a quota regime
that does not include an allocation to each individual boat. A skilful fisherman with a
highly efficient vessel can therefore take a disproportionate percentage of the total
catch. Expensive but effective fishing operations undertaken over a brief period are
more profitable than a more economical less intensive operation if there is effectively
a race to grab the allowable catch. Once the fishery is closed both types of vessel are
tied up, or turn to alternative sources of income.

It should not be forgotten however that the economic environment that favours all the
rule beater designs is entirely artificial, and could be turned on its head by the
introduction of slight modifications to either the regulations for capacity
measurement, or for quota allocation. With their inefficient use of human and fossil
resources an accurate cost benefit analysis of the contribution that these vessels make

-11 -



to society would demonstrate that short term individual benefit continues to dominate
long term societal interests. If the result of this skewed logic is simply that excessive
fuel is being used to catch the permitted quantity of fish, or that expensive capital
equipment is unused for extended periods of time, perhaps it is an acceptable price to
pay for ensuring that the structural changes necessary in the fishing industry occur in
a relatively orderly fashion. But if the cost of structural change is also being paid in
the form of reduced safety standards, then no one in the industry can afford to be
complacent. Clearly further research is needed to compare in detail the safety
performance of conventional and rule beating designs.
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SUMMARY

The roll behaviour of a passenger/Ro-Ro vessel in intermediate stages of flooding is investigated by use of a ship motion
simulation code and comparison with available experimental data. The systematic numerical investigation on the ship’s
roll response when water enters suddenly into one compartment and the analysis of the obtained results enables a better
understanding of the phenomenon. The response of the ship during transient flooding has been found to be quite non-

linear and sensitive to the damage opening.

1. INTRODUCTION

The ship’s damage stability in waves has attracted
increased research interest in the last decade, in the
attempt to answer serious questions arising after recent
tragic losses of passenger ships. Assisted by the
developments in computer hard- and software, more
complicated physical phenomena have been addressed
towards better understanding the ship’s dynamic stability
behaviour in damaged condition. The large amplitude
motions of a ship in damaged condition under the action
of sea waves and her behaviour in marginal stability
conditions has been addressed by various researchers,
Vassalos [8], Ishida [2], Papanikolaou [5], [7] de Kat [1],
etc.

Actually, the set problem is the investigation of the
stability behavior of a damaged ship around a stable
equilibrium position. This stable position, if any after
damage, is generally different from the stable
equilibrium in the intact condition, and is the one reached
by the ship under the effect of the floodwater.

Therefore the initial stages of flooding, or the transient
flooding, is the stage of change of the ship’s equilibrium
from that of intact to that of the fully flooded ship in
terms of damage hydrostatics. But, the path (transition)
between these two conditions is not always possible and
also not unique. In case of an impossible path the ship
reaches another equilibrium, quite different from that of
the fully flooded compartment. Even if the transition is
possible, depending on the specific characteristics of the
damaged ship, the damage opening and the sea condition,
the duration of transient flooding changes and so might
change the effects on ship’s stability. In both cases the
stability of the ship is obviously different from that of the
fully flooded ship, considered in hydrostatic calculations
and should be therefore evaluated separately.

The present study deals with the behavior of a
passenger/Ro-Ro ship in transient flooding. The damaged
ship motion and flooding simulation code CAPSIM of
NTUA-SDL has been employed to estimate the motion

of the vessel when the damage opening is suddenly
released and water enters into the compartment. The
obtained results are compared with available
experimental measurements, published by Ma et al [3].
The study has been carried out in the course of validation
studies of the numerical code CAPSIM within the EU
funded project NEREUS.

2. SIMULATION BACKGROUND

A brief outline of the employed ship motion simulation
code CAPSIM and the underlying theory is provided
next. More details can be found in [7], [5], [6]-

The flooded ship motion simulation code has been
developed at the Ship Design Laboratory SDL, of
NTUA. It provides an efficient way to predict the motion
of the coupled ship and floodwater system. The model is
nonlinear allowing the consideration of large amplitude
motions and the stability of the vessel in extreme
environmental conditions.

The flooded ship is assumed as a two mass system
consisting of the intact ship and the flooded water mass.
The ship is considered as a rigid body having six degrees
of freedom, while the flooded water is approximated by
the lump mass concept, namely a mass being
concentrated in its center of mass. Floodwater is assumed
moving over predefined surface domain [5], having two
degrees of freedom. Considering also the change of mass
of water in time, a suitable mathematical model for the
motion of the inertia system, with nine degrees of
freedom, has been formulated and implemented in the
numerical code.

The motion of the inertia system is governed by the
momentum conservation of the system masses under the
action of external forces. The time rate of change of
momentum has been suitably formulated considering the
full non-linear character to the motion equations. The
external forces are mainly the gravity and the exciting
wave forces. The wave forces are treated in the
framework of potential theory employing a three-
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dimension diffraction code, [4]. Non-linear roll viscous
effects are assumed to depend on ship’s roll velocity by
use of the “equivalent linearisation concept” with the
proportionality coefficient semi-empirically estimated.
Hydrostatic forces are calculated by integration of
pressure in the time domain over the instantaneously
wetted ship surface, considering incoming waves and
caused ship motions, and allowing the capturing of even
complicated geometries by proper surface panelling.

The time rate of change of the floodwater has been
approached by use of Bernoulli’s equation and modified
by a semi empirical, weir flow coefficient to account for
the local flow effects at the damage opening. This weir
coefficient has been estimated to be equal 0.67 following
the accumulated experience by validation of a variety of
flooding simulations by experimental data.

3. THE STUDIED SHIP

The presently investigated passenger/Ro-Ro ferry has
been tested by Ma et al [3]. The ship was studied in
model scale 1/60. Her principal particulars are listed in
the Table 1 and her body plan is shown in Figure 2.

Ship Model
Lpp 120m 2000mm
B 18.8m 300mm
D 10.0 167mm
T 4.8m 80mm
Displ. 5900tn 27kg
KM 9.39m 156.5mm

Table 1. Main particulars
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Figure 2. Body plan

There is one compartment in damaged condition
extending between stations 4.5 and 6 as shown in Figure
3. Its length is 1/6 of the model length. One rectangular
damage opening is located on the compartment’s right
side having a length according to SOLAS’95 regulations
for the study of damage stability by model tests (Res.
14).
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Figure 3. Damage compartment and opening

Two alternative damage compartment arrangements were
numerically and experimentally investigated, as shown in
Figure 4. Model A and Model B differ only with respect
to the existence of a double bottom.

Model A

]

Opening area
Draft line

Model B

]

Opening area
Crraft line

i s

Figure 4. Model arrangements

&0mm
S0mm

W g

The lower edge of the damage opening is located 30 mm
below the draught line in intact condition for both
models, defining the equilibrium position before opening
the damage release.

4. SIMULATION RESULTS

The two models A and B described before were
investigated in transient flooding using the NTUA-SDL
simulation code. Each model is balanced in the intact
condition and then suddenly the damage opening is
released allowing water to flow into. Under the effect of
the floodwater the model performs a roll and a heave
decay motion. The model is restrained in the other
degrees of freedom following the specifications of the
experimental procedure in [3].

Figures 5 and 6 present the response of model A for
different values of GM and figures 7 and 8 the results for
model B. There are three columns of diagrams. The left
one corresponds to the published experimental
measurements, the central one to the numerical roll
response and the right one to the numerical freeboard. A
constant axis scale is used for the calculated results to
provide a comparative view of the different GM cases.
The same was not possible for the experimental values.

In order to become familiar with these diagrams let us
comment one of them, namely the simulated response of
Model A with GM=9.6 mm which shows a quite
anticipated response. At time equal zero the model
balances in intact condition and the damage opening is
released. Then water flows into the compartment. The
model gradually heels to the opposite side of the opening
up to a heeling angle of about 21 degrees. Then the
model performs a decay rolling, finally resting around 16
degrees. The corresponding damage freeboard, the
distance between the lower edge of the opening and the
still water free surface, has an initial value of -30 mm,
meaning that water surface exceeds opening edge, at time
zero. After resting for about 3 sec then it quickly heels
with the opening totally emerging out the water at time 5
sec. The opening does not submerges again, following
the decay motion model rests with a lower edge
freeboard around 11 mm.
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S. DISCUSSION OF RESULTS

The roll motion results of the vessel in transient flooding,
Figures 5 and 6, provide a quite interesting behavior.
This presented results concern the behavior of the ship in
the initial stages of flooding, in fact of partial flooding. If
the damage opening would be extended lower and the
water could flood the compartment continuously, then
the final position of the damaged model would be
unique, namely that resulting by standard stability
calculations. The fact that the opening has a certain
height, shape and location, is the cause for the partial
flooding and the different final positions reached by the
model for varying GM values. Therefore the
accumulation of water is strongly dependent on the
extend, shape and location of the damage opening, and
this is the main factor that determines the model
behavior.

Regarding the experimental results for the higher values
of GM it is observed that the model although it heels
some degrees at initial stages of flooding, it finally
reduces its heeling angle resting at a quite low heel angle,
for model A about half degree opposite and model B
about 2.5 degrees against opening. When the GM is
reduced the models experience always a finite heeling
angle while they capsize for quite small GM value.
Numerical calculations show quite similar behavior for
the corresponding cases but with partly quantitative
differences, which are discussed in the following.

In order to better interpret and understand the behavior of
the models A and B the following two diagrams in
Figures 9 and 10 respectively, have been prepared.

These diagrams show the equilibrium heel angle of the
models, following hydrostatic calculations, as a function
of the amount of floodwater into the damage
compartment and with parameter KG. For example, in
Figure 9, the model A in the presence of 2 kg water
inside the compartment obtains an equilibrium stable
position at a heeling 15 degrees when the KG=146mm
(GM=10.5mm). As a second example, in Figure 10, for
the KG=136mm case, the model gradually heels as the
floodwater increases, reaching a maximum heel angle
about 15 degrees. Then, as the floodwater mass increases
for more than about 0.5 kg the ship comes suddenly to
the upright position.

These diagrams provide information about the
asymptotic behavior of the model, or the heeling of the
model if the flooding were quite slow and inertia and
hydrodynamic phenomena were absent. During the actual
motion, determined by the hydrodynamics of the studied
phenomenon, and for a certain amount of floodwater, the
model may reach some other heel angle, with its
asymptotic equilibrium angle presented in Figures 9 and
10, which can be regarded as the motion attractors when
considering the hydrostatic forces as prevailing.

Therefore, taking into account these diagrams, the actual
model behavior observed in the experiments can be
explained, even for the higher GM values.
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Figure 9. Equilibrium heel angle of Model A
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Figure 10. Equilibrium heel angle of Model B

As already stated it becomes obvious that the behavior of
the model depends on the amount of floodwater. But at
the same time the amount of the floodwater is strongly
dependent on the model motion. The submerged portion
of the damage opening and the time it remains
submerged determine the water inflow, which are
directly related to the actual model motion. Considering
at the same time the high nonlinear character of the
hydrostatics with respect to the floodwater and also other
hydrodynamic effects that have not been taken yet into
account, the actual motion of the model in transient
flooding seems to be quite complicated and sensitive to
numerous parameters determining the system. The half
kilogram difference of floodwater in case of model B and
KG=136mm which leads to 15 degrees difference in
heeling could be the result of many of the above not fully
explored parameters.

Attention should be paid to the substantial difference
between the transient mode of intermediate stages of
flooding and the final partial flooding. This distinction is
made in order to clarify that intermediate stages of
flooding may not finally lead to a fully flooded condition



following damage hydrostatics, but to a partial one. In
that case the undesirable conditions of partial flooding
are present. Even if the model gets finally fully flooded,
depending on the damage opening and sea condition, the
model may pass through different partial flooding
conditions before it reaches the final stage, then the
transient flooding could last for long time.

The shape and location of the damage opening proved to
be a quite significant factor for the duration and the final
result of transient flooding. Obviously other parameters
determining the ship motion, like GM, permeability, as
well as exciting wave conditions, like sea state, wave
heading, affect the flooding procedure and the actual
behavior of the model. They should be studied
systematically in future research.

6. CONCLUSIONS

A study on the transient flooding of a passenger/Ro-Ro
model using a motion and flooding simulation model has
been carried out. Numerical simulation results show
satisfactory correlation with the available experimental.

The behavior of the model during the initial stages of
flooding proved to be quite non-linear and sensitive to
various motion parameters. The shape and location of the
damage opening proved to a major factor determining the
transient flooding, but also the final position of the
flooded model.

Transient flooding over extended time might cause
serious stability problems. Pending the thorough
validation of numerical simulation codes, intermediate
stages of flooding should be studied, at least
hydrostatically, very carefully, as they significantly
affect the assessment of ship’s damage stability in waves.
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MECHANISMS AND PHYSICS
LEADING TO THE CAPSIZE OF DAMAGED SHIPS

J. O. de Kat
R. van 't Veer
MARIN
Wageningen, Netherlands

SUMMARY

This paper focuses on the characteristics of flooding and capsizing of different types of ships. For ro-ro ferries the paper
discusses transient flooding in calm water and in waves, including the influence of cross flooding arrangements.
Furthermore the progressive flooding and capsizing in waves due to accumulation of water on the car deck are
considered and how this may be influenced by the initial conditions at the time of damage occurrence. The paper dwells
in some detail on fluid dynamics relevant to flooded compartments that are subjected to oscillatory motions. The
capsizing process of a frigate-type ship with a high degree of subdivision is shown to differ from a damaged ro-ro ferry

In waves.

1. INTRODUCTION

Over the past decade a significant amount of experience
has been gained associated with predicting the capsize
behavior of intact and damaged ferries and naval vessels.
Experiments and numerical simulations have contributed
greatly to an ever-increasing body of knowledge in this
field.

The objective of this paper is to provide insights into
different physical aspects relevant to the flooding and
capsizing of damaged ships in waves. The information
presented here is derived from internal research at
MARIN, research sponsored by the CRNAV consortium,
and from participation in EU projects under the Safer
Euroro Thematic Network.

For ro-ro ferries transient flooding is considered in calm
water and in waves, including the influence of cross
flooding arrangements. Concerning the progressive
flooding and capsizing due to deck edge submergence
and accumulation of water on the car deck, it is shown
that the initial conditions and wave group properties at
the time of damage occurrence may have a significant
influence on the ship's behavior.

Techniques are discussed for predicting the fluid forces
exerted on flooded compartments undergoing oscillatory
motions. The paper highlights differences between
capsize mechanics of ro-ro ferries and those associated
with a frigate-type ship that has a high degree of
subdivision.
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2. DYNAMICS OF DAMAGED RO-RO
FERRY
A significant amount of research involving damaged ro-
ro ferries has focused on capsizing associated with the
accumulation of water on deck, while drifting in beam
seas. Typically model tests are carried out with the vessel
starting in the flooded equilibrium condition after
damage; this procedure avoids transient effects
associated with the initial and intermediate stages of
flooding. While subjected to waves, the model will
gradually settle in a new equilibrium position, or it will
eventually capsize once a critical amount of water has
accumulated on the main car deck. An experimental run
where the model reaches and remains in a safe
equilibrium condition is shown in figure 1.

2.
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Figure 1 Behaviour of damaged ro-ro vessel while
drifting in beam seas (Hs =4 m)



To investigate the damage behavior of a modern ro-ro
ferry with extensive lower hold, Deltamarin designed a
vessel for model testing at MARIN. As can be seen in
figure 2, the ship has longitudinal bulkheads on the main
cargo deck, wing tanks extending from the keel upwards
where port and starboard tanks are cross-connected. Part
of the research aimed at investigating damage scenarios
with the lower hold intact and damaged [1]. Since
transient flooding after damage can lead to capsizing (as
in the case of the European Gateway in the 1980s), this
aspect was included in the investigations.

Figure 2 Damage scenario for modern ro-ro ferry

This so-called "ARD" model has been tested in the
scenario of figure 2. Figure 3 shows the transient roll
response of the ship with an intact GM value of 2.20 m in
calm water and in waves following the occurrence of
damage. For these tests the vessel started in the intact
condition with sealed damage opening (corresponding to
standard SOLAS damage). At some point in time, sliding
a door created the damage in about 16 seconds prototype.
This flooded the model, filled the wing tank on the
damage side and flooded the opposite wing tanks through
the cross-ducts.

Figure 2 demonstrates that the effects of flooding in calm
water and in irregular seas can result in very similar roll
response. Furthermore, the roll motions in waves are
small compared with the maximum roll angle due to the
transient flooding. For this particular configuration the
total time of damage creation is of importance -- a long
duration damage creation (in the order of one or two
minutes) will result in quasi-static flooding without
significant transient roll peaks. In this case at the roll
peak of about 16 degrees the edge of the car deck was
submerged briefly; most of the water captured flowed out
of the opening after the maximum roll angle was reached
and no critical accumulation of flood water took place.
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"ARD" MODEL TEST RESULTS, GM =220 m
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Figure 3 Transient roll response following damage
occurrence in calm water and in waves

This transient flooding and motion behavior of the ARD
model has been simulated numerically, and good
correlation was found. This suggests that the initial water
ingress can be modeled assuming a hydraulic flow
model. Water ingress experiments with various ship
configurations showed that such a flow model describes
the physics of flooding and resulting forces adequately
[2]. Sloshing effects are not important in this phase of
flooding. An example of simulated and experimental roll
response is shown in figure 4. The flooding scenario is
given in figure 2. Different flooding scenarios and initial
GM values gave similar comparisons.

"ARD" MODEL TEST / FREDYN RESULTS, GM =220 m

EXPERIMENTS ——
FREDYN SIMULATION ------

4

ROLL [deg]

0 100 200 a0 400 500 B00 700 &0C
TIME [s]

Figure 4 Simulated and experimental roll response
following damage occurrence in waves

Cross flooding

The incorporation of cross-flooding arrangements is very
effective in reducing final heeling angle in the case of an
asymmetric damage scenario. To reduce maximum
transient roll peaks during initial flooding of wing tanks,
however, such arrangements are largely ineffective.
Figure 5 demonstrates this for the ARD model, where the
same scenario applies as in figure 2. It shows the
measured roll motion and water elevation at the
following locations of the damaged compartments
underneath the main ro-ro deck (measured close to the
cross duct openings): aft port and starboard side



compartments (REL4) and forward port and starboard
side compartments (RELO6). It takes less than 10 s for the
first water quantities to flow through the cross ducts and
reach the intact SB compartments, but it takes between
50 and 100 s before cross flooding is completed.
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Figure 5 Roll motion and water levels in damaged
(PS) tanks and intact (SB) tanks

GM and the heeling moment impulse exerted by the
floodwater govern the time it takes for the ship to reach a
certain maximum roll peak. The cross-flooding rate
determines the time for the ship to reach its static
equilibrium. Cross flooding into the intact SB
compartments is quasi-static: the oscillatory roll motions
do not seem to affect the flooding rate. Complete cross
flooding within one roll cycle is not possible for the
vessel in this damage scenario.

Influence of initial conditions and wave groups

The behavior of a damaged ro-ro ship in waves depends
on the compartment layout below the main deck. This is
illustrated by results obtained recently in a model test
series conducted at MARIN for the European HARDER
project. For this vessel the double bottom area was not
connected with a wing tank and no side casings were
present. This meant that damage to the side shell would
flood the compartment (engine room) and the double
bottom below immediately. Part of the double bottom
consisted of a cross-duct arrangement between a port and
starboard tank.

In the example given in figure 6, the model capsized
eventually after the occurrence of damage, but the
maximum transient heel angle towards damage (positive)
after damage creation is small. There is even a negative
roll angle away from the damage. This is due to the large
inflow in the engine room, which acts like a "jet" on the
side shell of the ship, despite the presence of several
large blocks in the E.R. to model the correct permeability
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and large flow obstructions. The lack of wing tanks
results in relatively small transient roll peaks.
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Figure 6 Capsize of ro-ro ferry in waves following
occurrence of damage (Hs =2.5 m, Tp =9.55)

Figure 6 shows also a typical ro-ro vessel capsize. The
roll motions in damaged condition are small, and due to
the accumulation of water on deck the roll angle
increases steadily. The floodwater increases damping (by
means of the water mass and increased draught) of the
ship and typically the natural roll period increases as
well. For a certain time period the roll angle can be more
or less steady or slowly increasing until a critical amount
of floodwater is reached. The passage of one high wave
group may then trigger the final capsize. This capsize
point can be clearly seen in the experiments.

Figure 7 shows two capsize events in the same sea state
and for the same damage scenario for the HARDER ro-ro
ferry discussed above. The difference between the two
runs stems from different wave realizations, among
others. In the first run the damage opening is created at t
= 718 s and the ship remains safe for a long period of
time. Large roll angles are found, for example after 1500
seconds in damage condition, but the ship was able to
survive those waves and capsizes at a much later stage.
In the second run damage occurs at t = 677 s and the ship
capsizes within the next 1000 seconds.
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Figure 7 Roll response of ro-ro ferry in capsize
conditions (sea state: Hs =3.5m, T=8.0s)



Analysis of the results in figure 7 suggests that the timing
of damage occurrence is important: when damage occurs
within a relatively low wave group, no significant
flooding takes place at that time, which will delay the
possibility of capsize. Alternatively, when damage
occurs during the passage of a high wave group, the
likelihood of significant water ingress is much higher.

Figure 8 shows for both capsize events the absolute wave
elevation measured in-line with the drifting vessel and
the relative wave elevation at the deck edge (positive
value indicates submergence) determined from the
measurements. Figure 9 shows the same information for
the first 300 seconds after damage occurrence. For the
first run it appears that the damage is created in a group
with low waves and the deck edge is hardly submerged
during the first 100 seconds. In the second run, however,
the damage occurs in somewhat higher waves,
immediately followed by the passage of a group with
high waves. This changes the flooding process drastically
-- in almost every subsequent wave the deck edge
submerges, thereby forcing water to accumulate on the
car deck, causing an almost monotonically increasing list
until the point of capsize is reached.

In this case, the slight trim aft exacerbates the process, as
any accumulation of water is here governed by the
encounter with critical wave groups and water cannot
flow out of the damage opening easily. Thus wave group
statistics and damage creation play an important role in
the time it takes to capsize.
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Figure 8 Absolute and relative (at deck edge) wave
elevation for capsize events shown in figure 7
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Figure 9 Absolute and relative (at deck edge) wave
elevation for capsize events shown in figure 7

3. DYNAMICS OF DAMAGED FRIGATE

Whereas the capsizing process of a ro-ro ferry is
governed by the heave response in wave groups and
accumulation of water on deck, for a multi-compartment
ship like a frigate the process is different. To study the
dynamics of floodwater in a frigate-type ship, water
ingress and forced oscillation tests have been carried out.
Subsequently the capsize behavior in waves and wind
has been studied. Results of the water ingress research
have been presented in [2]. Additional results are
discussed below.

Forced roll oscillations

For wvalidation purposes for the numerical model
(FREDYN) a series of forced oscillations were carried
out with a schematic ship compartment layout as part of
the CRNAV Dynamic Stability Project. A series of 12
small compartments were connected via doors with each
other so that water flow was possible between the
compartments. The space was filled with water to a
certain depth, and then the whole set-up was oscillated in
roll. Different frequencies and amplitudes were tested,
consisting of sinusoidal motions around a fixed axis.
Figure 10 gives an overview of the compartments and the
connecting openings.

WAVE [m]

WAVE [m]
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Figure 10 Accommodation space layout with

openings for forced roll tests about center line axis
through H3, H6 and H11

Figure 11 shows results for the transverse force (FY) and
roll moment (MX) acting on the whole section. The sway
force is very well predicted, and the roll moment tends to
be somewhat overpredicted by FREDYN. This is a trend
found in many calculation results. It suggests that the
hydraulic model predicts more water flow between the
compartments than is the case in the physical tests.
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Figure 11 Sway force and roll moment acting on
flooded accommodation space as a function of roll
period (1.5 m flood level, 10 deg ampl.)

According to the hydraulic model water will immediately
flow when there is a difference in water heights between
openings; in the physical case there are delaying effects.
It might also be due to 3D effects clearly visible in the
compartments. The fluid motions were more chaotic than
in the simulations in compartment corners and around the
door openings. Overall, the comparison is reasonable.

Similar forced oscillation tests were carried out for a
configuration where a wing tank on port and starboard
side was connected via a cross-duct of diameter 0.3 m
(prototype). The wing tanks were large compared to the
cross-duct and in the analyses of the tests it appeared that
the flow rate between the two compartments was almost
nihil. This also indicates that after flooding of a wing
tank after damage takes place the interaction between the
two tanks diminishes. The water level should be earth-
horizontal between the tanks, but with roll amplitudes of
10 degrees the difference in height is not very large.
Figure 12 show an example; the correlation with
FREDYN is good.
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Figure 12 Forced oscillations of compartment with
flooded wing tanks and connecting cross duct
(measured and simulated roll moment)

For a U-tank compartment consisting of wing tanks and
cross duct CFD (2D VoF) computations have been
carried out with the program COMFLO. Figure 13
illustrates a vector plot of the fluid velocities for forced
roll oscillations; figure 14 shows the associated dynamic
pressure variations.

U-tank -t =9s

Figure 13 Velocity field in wing tanks and duct
during forced roll oscillations
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Figure 14 Pressure field in wing tanks and duct
during forced roll oscillations

With the same CFD model 3D computations have been
performed for a simplified engine room, similar to the
one shown in figure 17. Figure 15 shows the predicted
and measured roll moment as a function of the roll
frequency for a roll amplitude of 10 degrees and 3 m fill
level with floodwater. Figure 16 shows a time series of
the water elevation at three locations in the compartment.
The agreement between measurements and simulations is
excellent, even when sloshing is present.

Configuration 2 (simple engine room layout)
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Figure 15 Roll moments acting on flooded engine
room
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Figure 16 Water levels at three locations in flooded
engine room (8 s roll period, 10 deg amplitude)

Capsizing in extreme wave conditions

To illustrate the capsize behavior in an extreme sea state,
we consider a generic frigate with a length of around 110
m and displacement of about 3300 tonnes. For this vessel
a parametric study has been carried out using numerical
simulations, including the influence of compartment
layout and damage scenario on capsize boundaries in
terms of significant wave height.

It appears that when this vessel capsizes in a seaway
under the various conditions considered, it is associated
with the passage of a steep, high wave. This applies also
to the frigate with a 5 x 4 m damage hole in just the
engine room, the layout of which and righting arm
(flooded) are shown in figures 17 and 18.

Basic Engine room

Righting arm [m]

Heel angle [deg]

Figure 17 Righting arm curve of frigate with flooded
engine room

Figure 19 shows the time series of the last 40 seconds of
a typical capsize event; it shows the encountered wave
elevation at the CoG (positive is downwards), wave slope
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at CoG, roll and yaw (90 deg is beam seas). The ship
drifts freely at zero forward speed.
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Figure 18 Layout of engine room (plan view)
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Figure 19 Motions of damaged frigate in extreme sea
state (Hs =11 m, Tp=12.45s)



As illustrated in figure 19, a high and steep wave passes
the ship from the port side, the maximum slope is around
15 degrees, which causes the ship to undergo an extreme
roll to leeward. The ship does not recover from this roll
event and capsizes while rolling back; at he time of
capsize the wave height is moderate. Figure 20 shows the
spatial wave profiles over a length of 400 m as of the
capsize inception point (t = 360 s); the zero point
coincides with the CoG of the ship. Analysis of these
waves suggests that the critical wave height initiating the
capsize is around 15 m, and its spatial length is 240 m,
i.e. the spatial wave steepness is H/A = 0.063.
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Figure 20 Spatial wave profiles shown every second
from inception of capsize

It is possible to predict the occurrence of a wave with
given period and height in a sea state when the joint
probability density function (pdf) for period and height is
known. From such a joint pdf we can derive the pdf of
the spatial wavelength and steepness (H/A), as shown in
figure 21. This figure shows that the steepest waves (H/A

5™ INTERNATIONAL WORKSHOP ON SHIP STABILITY, TRIESTE

= (.1) occur in the wavelength range of 50 to 200 m. A
wave with A = 240 m is very unlikely to have a steepness
exceeding about 0.075. In this case its likelihood of
occurrence is closely linked to the probability of capsize,
where the duration of the sea state would have to be
accounted for.
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Figure 21 Joint probability density function of
wavelength and spatial steepness (Hs = 11 m, Tp =
12.4s)

5. CONCLUSIONS

The objective of this paper is to provide insights into
different physical aspects relevant to the flooding and
capsizing of damaged ships in waves.

For ro-ro ferries transient flooding following damage
occurrence is discussed in calm water and in waves,
including the influence of cross flooding arrangements. It
is shown that the transient roll response characteristics
are not influenced significantly by the presence of waves.
A ship with wing tanks can experience transient roll
peaks that are larger than the roll amplitudes in waves
once flooded. It is shown that the initial conditions and
wave group properties at the time of damage occurrence
may have a significant influence on the ship's behavior;
damage occurrence in a group of high waves can lead to
a capsize within a short time frame.

Techniques are discussed for predicting the fluid forces
exerted on flooded compartments undergoing oscillatory
motions. The paper highlights differences between
capsize mechanics of ro-ro ferries and those associated
with a frigate-type ship that has a high degree of
subdivision. The capsizing of a damaged frigate can be
initiated by the passage of a steep, high wave. Properties
of such waves are discussed.
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SUMMARY

This paper addresses aspects of damage stability experiments for naval combatants. Since naval combatants are
required to engage in combat and remain effective under harsh conditions, it necessary to investigate damage
stability beyond the requirements typically defined for RO-RO ferries as specified in SOLAS requirements. This
paper discusses test procedures conducted by NSWCCD for naval combatants.

1. INTRODUCTION

Naval combatants and commercial vessels face
similar challenges when it comes to damage stability.
They are subject to damage and flooding due to
running aground, collisions, as well as structural
breaches in extreme seas. However, combatants are
exposed to the additional hazard of battle damage,
which might occur at any point on the ship with hole
sizes ranging from 2 cm to insurmountably large. The
nature of warfare at sea implies that damage can be
inflicted over a wide range of speeds, while
maneuvering, in any seaway. Mission requirements
can also require the injured warship to maneuver and
transit despite damage.

U. S. Naval combatants have been subject to damage
stability criteria based on calm water/wind heel
relationships that were developed in the 1960’s based
on experience during World War II [1]. See Figure 1.
Compliance with the criteria is based on the
calculated equilibrium heel angle of the ship in calm
water in terms of the floodable length of the ship. The
specific size, shape, and location of the hole are not
addressed. Flooding dynamics, as well as the
dynamic behavior of the damaged ship in a seaway
also are not addressed in the existing criteria.

Recent tragedies involving the flooding of
commercial vessels, including the loss of the Herald
of Free Enterprise in 1987, and the Estonia in 1994,
have illustrated the need to account for flooding
dynamics, and have encouraged the use of model
tests to demonstrate compliance with IMO criteria

[2]. Given the above considerations, it becomes
prudent to address the role of model tests in the
evaluation of naval combatants.

2. DAMAGE STABILITY TESTS

The loss of RO-RO ships have drawn attention to the
use of model tests as a means to demonstrate suitable
levels of survivability for ship designs [3]. This
procedure makes the assumption that survival
scenarios defined in the model experiment will
guarantee an acceptable loss risk for the full-scale
ship.

With respect to damage, a naval combatant is subject
to a number of variables including:

1. Intact Load Condition

2. Compartmentation (Including status of
damage control doors/fittings)

Heading

Speed

Maneuver

Damage Location

Size, Shape and Depth of Hole created
by Damage

Wind

9. Seaway

Nownkw

o

The numerous parameters cited above could define a
very large number of configurations that do not make
it practical for exclusive use of model experiments to
demonstrate  acceptable  survivability.  Future
evaluations of naval combatants will require the use
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of a combination of model experiments and
numerical simulations, to properly model ship
dynamics and flooding physics.

2.1 PHILOSOPHY

The extreme nature of warfare encourages innovative
ship designs that might extend beyond the range of
previous experience. This necessarily leads to
advancing the state of the art in simulation tools to
accommodate the new designs and the commensurate
requirement to validate the amended simulation. The
nature of investigating the unknown also implies that
unanticipated physical behavior might occur. For
these reasons, damage stability experiments should
follow a philosophy such that experimental data is
collected to:

1. Evaluate model performance of
selected scenarios of interest

2. Allow the understanding of flooding
physics in the model

3. Properly model ship dynamics

4. Collect sufficient data to validate
numerical simulation tools

2.2 MODEL CONFIGURATION

Damage stability experiments at NSWCCD are
conducted using a free running radio controlled
model. The nominal size of a typical damaged model
is 5 meters. This roughly defines the lower limit of
length where the necessary equipment can be
“stuffed” inside a model. An interesting challenge in
model construction is the need to include
compartmentation, running gear, instrumentation, and
telemetry while limiting the overall size so as to
remain within experimental capabilities for making
waves. The first challenge is to define the location
and extent of compartmentation to be flooded in the
model. This can be defined using existing stability
rules to define the most critical damage case. In the
U. S. Navy, the compartmentation is selected with the
worse case flooded condition as defined by DDS-
079-1 [1] using the Ship Hull Characteristics
Program (SHCP) [4]. The model compartmentation
must be watertight to protect the propulsion motors
and instrumentation in the non-flooding areas of the
model, as well as to prevent undesired free-surface
effects due to leakage. Permeabilities are achieved
using blocks placed in the compartments representing
major machinery. See Figure 2.

Instrumentation consists of data acquisition,
command and control, video, and hull breaching
mechanism. Six degrees of freedom ship motion

responses are measured, to include roll angles up to
90 degrees in each direction of heel. The water levels
in the flooded compartments are measured using a
matrix of 15 custom-built capacitance probes
dispersed throughout the compartments. The probes
are housed in perforated aluminum tubes, which
isolate each probe from the others in water and
provide ventilation. Digital cameras are provided in
each compartment to record the behavior of the water
in each compartment during and following the
flooding process. See the upper left quarter of Figure
3.

The mechanism to provide a hull breach on demand,
while otherwise maintaining the integrity of the hull
was challenging to design. The NSWCCD design
utilizes a polycarbonate panel that slides vertically
along tracks that are faired to the hull. The command
switch controls a pneumatic valve that actuates a
piston, which pulls cables attached to the panel. This
configuration provides a fast opening of large holes
to investigate transient flooding effects and a quick
reset of the mechanism. See Figure 4.

2.3 SCALING

Froude scaling is followed in damaged stability tests
due to the influence of gravity on the dynamics. The
modeling of ship flooding is also best performed
using orifice flow that follows Froude scaling. Since
sharp-edged orifice flow theory is used in simulation
programs to estimate water ingress, “knife-edges” are
cut along the outer edges of the holes representing
damage on the model. This provides for the
separation of the water boundary and the orifice,
minimizing the viscosity effects at the hole, keeping
the scaling effects in the Froude realm.

Air entrapment can occur in a flooded compartment
introducing scaling effects that can lead to a lower
air-water interface level in the model than in the full
scale ship when the damaged hole is submerged. This
is because the pressure head trying to push water into
the compartment is less at the hole depth for the
model than it would be for the ship at full scale. This
would result in less water in the flooded compartment
of the model than for the ship. The air compression
scalability issue is avoided by providing adequate
ventilation of all flooded spaces during flooding, via
the capacitance probe tubes. This is appropriate from
the standpoint that upflooding and downflooding is
permitted to occur between decks below the damage
control deck. Ventilation topside is also considered to
be plentiful too.
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It is useful to define the environmental variables in
which a ship could become damaged. Wind, current,
and waves are the obvious forces roaming the seas.
Currents can be strong in some locals, but it is the
waves and wind that can have the most critical effect
on ship stability. Until recently, damage stability
experiments have been performed with captured
model arrangements, or non-powered models - in
waves and in calm water. Wind and current forces
have not yet been integrated with such tests.

At NSWCCD, damage stability tests are performed
using radio-controlled models to investigate the
effects of transient flooding and flooded equilibrium
conditions. Free running radio-controlled models are
employed to eliminate cables running between the
model and an external platform. This is to minimize
any external effect on the capsizing mechanism.
Transient flooding is investigated at both zero speed
and underway conditions. While at zero speed,
transient flooding experiments are performed in
benign, flat seas and regular waves. Underway, the
transient flooding experiments are performed in calm
seas, at several speeds at a constant heading and on
opportunity, a maneuvering condition. Each model is
also subjected to flooded equilibrium tests in large
sea states, as displayed in Table 1.

Model experiments are conducted for several hole
sizes corresponding to the specific interests of the
investigation. It is useful to investigate hull breaches
at the surface, as well as below the waterline.

At least one hole in the test matrix is sized to address
the maximum dimensions allowed by the relevant
stability criteria. In tests at zero speed, the model is
permitted to drift in the seaway, initially at beam seas
heading to examine the drifting behavior of the
model in the seaway. It is important to note the
heading at which the model drifts for validation in
simulations because this can impact the accuracy of
survivability predictions.

3. CONCLUSIONS

This paper discusses damage stability experiments
for naval combatant ships. The requirements for
warships extend beyond the scope of typical
experiments as defined in SOLAS for RO-RO ships,
because combatants are exposed to the hazards of
warfare.

As in most investigations, answers provided by
model experiments often lead to more questions. As

such, it would valuable to conduct further
experiments of damage stability. In particular, given
that naval combatants may likely be required to
continue maneuvering while in a battle condition, it
would be advantageous to investigate the effects of
maneuvering on the stability of a damaged model.
Wind also has a significant effect on stability and is
most often accompanying (driving) the large sea
states. It, too, would be a beneficial ingredient in
future damage stability model tests.

It would also be useful in future experiments to
investigate the effects of a hull breach that occurred
completely below the water surface and to compare
the differences between a rectangular shape hole,
which aids in simulation comparisons, and an
irregular, perhaps, jagged hole.
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Figure 1 - U. S. Navy Damage Stability Criteria.

Figure 2 - Starboard view of model showing damaged section. The forward compartment is to the right, the center
compartment directly ahead and the aft compartment is to the left. Blue and yellow stripes mark the elevation of
compromised lateral bulkheads and blocks.
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Figure 3 - Looking aft into the center and aft compartments. A camera is located in the upper left corner. The cross-
flooding ducts, located in the aft compartment can be seen at the forward and aft ends of the foam block on the
second level.

Figure 4 - View of breach mechanism panel
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Table 1 — Model Test Matrix

Transient Flooding
Calm Water Regular Waves L/L=1.5
Speed Hole Hole H/X | Hs To Intact | Flooded | Flooded
(Fn) A B (m) | (sec) Hole A Hole B
0.00 X X 1/50 | 4.3 11.7 X X X
0.10 X X 1/20 | 10.6 | 11.7 X X X
0.20 X X /15 | 142 | 11.7 X X X
0.30 X X 1710 | 19.5 | 11.7 X X X
High X X - - - - - -
Speed
Turn
Flooded Equilibrium — Zero Speed
Flooded
Sea Intact Sealed Hole Open Hole
State Hull Hole A Hole B
Waveward | Lee Waveward | Lee Waveward | Lee
6 X X X X X X X
7 X X X X X X X
Camille X X X X X X X
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EFFECTS OF TRANSIENT MOTION IN INTERMEDIATE STAGES OF FLOODING ON
THE FINAL CONDITION OF ADAMAGED PCC

Yoshiho IKEDA and Tomoko KAMO, Osaka Prefecture University, Gakuen-cho, Sakai, Osaka, 599-8531 Japan,

ikeda@marine.osakafu-u.ac.jp

SUMMARY

Flooding experiments of a 5000unit pure car carrier are carried out. The experimental results demonstrate that transient
motions in intermediate stages of flooding significantly affect the final condition of a damaged and flooded ship. It is
revealed that fully flooded condition on the basis of static consideration seldom appears at the final stage

1. INTRODUCTION

Survivability of a ship damaged and flooded by collision is
usually evaluated in the ship conditions in the final stage of
flooding where water surfaces in the damaged
compartment and outside of the ship coincides each other.
The damage stability regulations in SOLAS were also
deduced on the basis of such a static concept. However, it
has been revealed by one of the authors [1][2] that ship
conditions in the final stage of flooding do not always
coincide to those calculated on the basis of a static
assumption. For example, even for flooding into a
symmetrical compartment, the final condition is not always
in upright. Sometimes such a damaged ship heels in the
final stage since the damage opening goes up above water
surface and flooding stops in intermediate stages. These
facts suggest that the effects of transient motion in
intermediate stages of flooding on the final condition
should be carefully taken into account for a damaged and
flooded ship.

In the present study the effects of transient behaviors of a
damaged Pure Car Carrier (PCC) in intermediate stages of

flooding on the final conditions are experimentally
investigated.

2. EXPERIMENTAL SETUP

A 1/120 scale model of a PCC built by a Japanese
shipbuilder is used for the experiments. The principal
particulars of the model are shown in Table 1. The general
arrangement and the mid-ship section of her are shown in
Figs.1 and 2. In the experiments the compartment A is
assumed to be a damaged one. The model floats in
six-degree of freedom in calm water, the damage opening
located on the side of the compartment is released, and ship
motions, roll, heave and pitch, are measured until the final
stage of flooding. Size and location of lower edge of
openings are systematically changed as shown in Fig.3 in
order to know the effects of them on transient motions and
final results. In the compartment A, four car decks without
watertight are modeled. On the decks, many small holes of
0.8mm diameter are made to simulate down-flow through
these decks.

Fig 1. General arrangement of PCC
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Table 1 Principal particulars of ship and model

Ship Model
Loa 190m 1580mm
Lpp 180m 1500mm
Beam 32.2m 268mm
Depth 13.05m 109mm
Draft 8.925m 74mm
Disp. |29129ton| 16.9kg

Upper deck

I
I
- —— H L 1

o Loadihg deck

Non-watertight car decks Water ballast tank

Fig.2 Mid-ship section of PCC
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Fig .3 Size and location of damage openings

3. RESULTS AND DISCUSSIONS

The experimental results in the case of a small damage
opening are shown in Figs.4 and 5. Flooding in these cases
is slow, and the ship motions seem to be almost static. In
intermediate stages of flooding, the ship heels to damage
side, and gradually recovers to upright position. Flooding
continues up to the final condition, where water surface
inside and outside coincides each other. This means the
damaged compartment is almost fully flooded. It should be
noted however that permeability in final stage does not
reach 100% but about 70% as shown later in Table 2.

Figs. 6 and 7 show the experimental results in the case of
maximum damage length determined in SOLAS.
Longitudinal length of the damage opening is 70mm,
vertical height of it is 10mm, and the depth the lower edge

of the opening from water surface at start of flooding is
changed by 2mm and 8mm. As soon as the opening is
released, water rushes into the compartment, and the ship
heels to the opposite side of the damage opening. Then the
opening comes up above water surface, and flooding stops.
In the final stage, the ship heels at certain angle, and the
amount of flooded water in the damaged compartment is
limited. The same conclusion is obtained in the
experiments for smaller damage opening of half size of the
SOLAS damage opening as shown in Figs. 8 and 9. These
experimental results demonstrate that ship motions in
intermediate stages of flooding sometimes change the final
result.
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When the ship has initial heel angle to the opposite side of
the damage opening, flooding always stops in intermediate
stages of flooding. Fig.10 shows the experimental results
for 1.5 degree of initial heel to the side. On the contrary,
when the ship has opposite initial heel of the same degree,
the opening has been kept underwater, and flooding
reaches to almost 50~70% of permeability as shown in
Fig.11. These results demonstrate that initial heel angle is
also a very important factor to determine the final
condition of a damaged ship. It seems to be realistic that a
struck ship has a heel angle to the opposite side of
damaged opening because the head of the forecastle of a
striking ship collides with a struck ship first and this makes
the struck ship heel to the opposite side as shown in Fig.12.

All the results are tabulated in Table 2. In the table, final
heel angle, permeability of the compartment (=volume of
flooded water/volume of compartment), final outside water
surface location from the horizontal loading deck are
shown. It should be noted the permeability is lower than
100% in all cases. This is because some air is trapped in
the compartment. When the ship heels at the final stage, air
is usually trapped at ceiling of the compartment. When the
ship sinks in nearly upright condition, air is trapped in
lower car deck spaces even though the decks are
non-watertight. In the experiments, the maximum
permeability is only about 70% for a SOLAS damage
opening and for a small damage opening. In many cases,
the loading deck edge in damaged side is located above
water surface. This fact suggests that the upper horizontal
compartment can work as buoyancy even when the side
plate of the upper compartment is broken by collision in
such cases.

In order to know the effects of non-watertight car decks in
a damaged compartment, some experiments for the
compartment B without any non-watertight car decks are
carried out. The experimental results are shown in Table 3.
The results are completely different from those mentioned



before. In most of cases, the final conditions are in nearly
upright or slightly heeled conditions. This facts suggest
that the deck arrangements in a compartment affects ship
motions in intermediate stages of flooding and change the
final condition of her.
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Fig.12 Behavior of a struck ship just after collision

4. CONCLUSIONS

Following conclusions can be deduced from the present
experimental study on a damaged PCC.

1) In the case of small damage opening, flooding is
almost static, and the final condition is in upright
but the permeability is limited to be about 70%.
When a ship has small initial heel to the opposite
side of a damage opening, flooding stops in
intermediate stages, and the final permeability is
very small.

2) In the case of SOLAS maximum damage opening
and its half size one, flooding stops at
intermediate stages of flooding because the
damage opening comes up above water surface.

3) Flooding is heavier if there is no non-watertight
car decks in a damaged compartment. This fact
suggests that such decks in a compartment take
an important role to reduce flooding in a damage
compartment of a damaged PCC.

The present study was carried out in a joint research
project of RR71 in the Shipbuilding Research Association
of Japan. The authors would like to express sincere
appreciation to the members of RR71 for valuable
discussions and to the Association for financial support to
the present study. Dr. T. Katayama and Mr. S. Shimoda are
appreciated for their help in the experiments.
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Table 2 All results of experiments with car decks in compartment

opening size | sl half of SOLAS (medium) SOLAS (large)
GM | initial heel Jopening height] _heel P EWL heel P EWL heel P FWL
2.82m| -1.5deg high =20deg| 67% | 281mm -20deg| 286 | 288mm
| middle -40deg| 83% | 23.1mm
low —50degl 56% [ 21.2mm —35degl 83% [ 243mm
0 deg high 0deg 694% | 21.5mm| -10deg| 28% | 312mm| -1.0deg| 06% [ 31.6mm
| ___middle Qdeg 694% | 21.5mm
low —80degl 1672 | 122nmm|] -55deg| 83% | 19.6mm
1.5 deg high 65deg | 694% | 62mm
|____middle
low 13.0deg| 500% | -5.9mm
1.68m| -1.5 deg high 1.0deg | 694% | 192mm
| middle —40deg| 83% | 23.1mm
low —50degl 56% [ 213mm
0deg high 1.0deg | 694% | 192mm | -3.0deg| 2.8% | 265mm| -45deg| 56% | 22.5mm
| middle 0deg 694% | 21.5mm
low Qdeg 69.4% | 21.5mm] -30deal 2.8% 260mm | -6.0deg]l 2.8% | 194mm
1.5 deg high =3.0deg| 188% | 255mm
|___middle
low —50deal 11.1% [ 203mm
- -Damage opening is below water surface at final stage
- - -Damage opening is above water surface at final stage
P - --permeability
FWL - - - final water line from horizontal loading deck
(+ Water line is below the deck)
Table 3 All results of experiments without car decks in compartment
opening size | sl half of SOLAS (medium) SOLAS (large)
GM | initial heel Jopening height] __heel P EWL heel P EWL heel P FWL
2.82m| -1.5deg high =20deg| 100% | 27.8mm
|___middle -40deg| 85.0% | 712mm
low —40degl 85.0% | 7.12mm —45degl 85.0% | 6.5mm
Odeg high 35deg | 850% | 88mm -10deg| 50% | 297mm
|___middle 35deg ! 85.0% | 88mm
low 35deg ]| 8.0% | 88mm —20degl 85.0% [ 123mm
1.5 deg high
|____middle
low
1.68m| -1.5 deg high -45deg| 100% | 21.5mm
| middle S55deg| 85.0% [ 41mm
low S55deq| 85.0% | 41mm
0deg high 60deg | 80.0% | 3.9mm S55deg| 85.0% [ 3.6mm
| middle 60deg ! 800% | 39mm
low ZO0deg ! 800% | 1.5mm —70degl 500% | 7.5mm
1.5 deg high
|____middle
low
- -Damage opening is below water surface at final stage
- - -Damage opening is above water surface at final stage
P - --permeability
FWL - - - final water line from horizontal loading deck

(4 Water line is below the deck)




CASE STUDY ON STATIC EQUIVALENT METHOD (SEM)

llkka Mikkonen, M.Sc., Deltamarin Ltd, Raisio, Finland
ilkka.mikkonen@deltamarin.com

SUMMARY

Static Equivalent Method (SEM) developed by The Ship Stability Research Centre,
University of Strathclyde, Glasgow, UK (SSRC) is explored through a calculation case
on a modern Ro-Ro Passenger Ferry. Comparison of the results of SEM and IMO
Circ.No.1891 (i.e. Stockholm Agreement) is carried out. The merits of the SEM are then
considered on the designer’s point of view.

INTRODUCTION

A modern Ro-Ro Passenger Ferry designed by Deltamarin Ltd is selected for this study.

Main dimensions of the ship are:

LPP 185.40 m
B 27.50 m
T 6.70 m

H 9.50m

There are side casings on the trailer deck all the way from stern to bow. No centre
casing or flood control doors are fitted on the trailer deck. The ship has an extensive B/5
lower hold. WT compartments of the ship are shown in Figure 1.
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Figure 1: Ship Compartments
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Figure 2: Most severe damage

All two-compartment damage cases according to the SOLAS 90 damage extents have
been defined, that is 17 damages in total. Damages of lesser extent have been
neglected in this study. The most severe damage is presented in figure 2. GM
requirements taking into account the accumulated sea water on the deck according to
the IMO Circ.No.1891 with Significant Wave Height of 4.0 m have been calculated. For
each of these damages the SEM calculation has then been carried out with the intact
condition having exactly the same GM that was found to be the requirement from
Circ.N0.1891. The resulting Critical Wave Heights from the Original SEM and the
Alternative SEM have then been compared with the wave height used in Circ.No.1891
calculation. The merits of the SEM as a “ship designer’s tool” have been considered.

REVIEW OF RESULTS

The Critical Wave Heights have been calculated with the formula given in the original
SEM and also with formulae given in the alternative SEM developed to represent 0%
and 100% capsize relative frequency. The SEM correlation between the Height of
Accumulated Water h and the Critical Significant Wave Height Hs are shown in Table 1.

Original SEM Alternative SEM

h=0.085-H b =0250- 1 By =0.215- HY™

Note: x%C means x% Capsize probability

Table 1: Original SEM and Alternative SEM formulae



In Table 2 the most important results are gathered. The columns of the table are:

DAMAGE Damage identification. Damages are numbered from the aft.

GMREQ GM requirement calculated according to IMO Circ.No.1891 with Significant
Wave Height of 4.0 m.

CRITERIA  The limiting damage stability requirement.

h The Head of Water h calculated according to the SEM.

Hs original Critical Wave Height calculated according to Original SEM
Hso%c Wave Height corresponding to h0% Capsize Frequency
Hs100%c Wave Height corresponding to h100% Capsize Frequency
TotV Total volume of water on trailer deck

Add V Volume of accumulated water above sea level

DAMAGE GMREQ[m] CRITERIA  h[m]  Hsorgina [M] Hsowe[M]  Hsioowe[m]  TotV[m®]  Add V[m?]

DDSO0+W 1.493 MAXGZzZP 0.975 6.530 5.151 6.462 307 305
DDS1+W 1.584 MAXGzP 0.865 5.960 4.465 5.581 313 299
DDS2+W 2.324 MAXGZP 0.730 5.231 3.639 4.526 453 344
DDS3+W 2.471 RANGE 0.825 5.745 4.214 5.260 444 362
DDS4+W 2.063 RANGE 0.904 6.161 4.703 5.886 330 318
DDS5+W 1.842 RANGE 0.919 6.240 4.797 6.007 340 331
DDS6+W 1.685 RANGE 0.918 6.239 4.796 6.006 289 288
DDS7+W 1.650 RANGE 0.984 6.579 5.212 6.540 307 300
DDS8+W 2.372 RANGE 0.829 5.766 4.238 5.291 562 453
DDS9+W 2.459 RANGE 0.772 5.461 3.893 4.849 580 434
DDS10+W 2.148 RANGE 0.791 5.563 4.007 4.996 426 351
DDS11+W 2.473 MAXGzP 0.770 5.448 3.879 4.832 596 428
DDS12+W 2.430 MAXGZP 0.782 5.514 3.952 4.925 585 417
DDS13+W 2.386 MAXGZP 0.736 5.261 3.672 4.568 653 434
DDS14+W 2.401 MAXGZzZP 0.755 5.364 3.786 4.713 644 432
DDS15+W 2.205 MAXGzP 0.796 5.588 4.036 5.032 488 359
DDS16+W 1.662 MAXGZP 0.841 5.829 4.312 5.385 352 305
DDS17+W 1.330 MAXGZP 0.952 6.416 5.011 6.281 335 315

Table 2: Results of SEM calculation
Graphics of the calculation results are provided in Figures 2, 3, 4 and 5.

GM requirements calculated according to Circ.No.1891 vary between 1.330 m and
2.473 m. The highest requirement was caused by the damage into the compartments
where the heeling tanks are located. The limiting criteria in the aft and forward part of
the ship was the requirement of Maximum GZ taking into account the Passenger
Crowding Heeling Moment. At the mid ship area the limiting criteria was the Range of
15 degrees.

The Head of Water h causing the angle of equilibrium 6, that equals the angle 6,.,,

derived without accumulated water was rather constant for all damages. Smallest value
for h was 0.730 m and the maximum 0.975 m. (Note! The initial GM was always
changed to correspond the Circ.No.1891 requirement)

The Volume of Water on the Deck calculated according to SEM showed peak values at
the same damages that caused the biggest requirements in Circ.1891 calculation which
seems quite logical.




At the present case study the SEM calculation showed 0% Capsize Frequency with
Significant Wave Height varying between 3.639 m and 5.212 m, the average being
4.320 m, while the corresponding Circ.No.1891 calculation was carried out with Hg of
4.0 m. So the 0% capsize wave height gave in this particular case rather close results to
the Circ.No.1891. The Critical Wave Height from Original SEM was clearly higher. The
average Hs origina Wwas 5.828 m.

GM requirement

N N 2 > > 32 =] AY 3 =3 o \ & ]
S & & F & g & P & N g K
SR R R R R RS R LR CE- SRS R S

Damage

Figure 2: GM requirements acc. IMO Circ.No.1891
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Figure 3: Water head h from SEM
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CONCLUSIONS

It is a well known fact from earlier experience that the Circ.No0.1891 calculation and the
alternative model test method can give differing results. The SEM has been tuned to
give good correlation with model tests. This good correlation has been found in a lot of
calculations, most of those carried out by the SSRC.

The SEM calculation is rather laborious if it is carried out “manually” using graphics of
damaged GZ curves. At Deltamarin the first attempts to calculate SEM required several
working days per ship. Luckily it is however possible to make most of the work
automatic at least in case some modern Naval Architectural Software is used. Today by
using Naval Architectural Package NAPA and a small macro program the calculation
time for one ship configuration is about 2 — 3 hours.

SEM should be used with great care. Very small adjustments to calculation tolerances

and calculation heeling angles seem to cause some tens of centimetres changes to the
resulting Critical Wave Height. One reason for this is the normally rather flat form of the
damaged GZ curve. The location of the maximum of the GZ curve need to be resolved
very accurately.

The best merits of the SEM for a ship designer are that it makes it possible for small
and medium sized design offices and small yards to perform analysis on dynamical
water on deck performance of the ship without having expensive time domain simulation
software and the necessary expertise to use that kind of software. Thus it is possible to



calculate several compartment configurations in order to improve the safety of the final
design for the ship.

The SEM can also reduce the amount of the water on deck model experiments needed

especially in stability upgrade projects for existing ships with sailing routes on the sea
area where The Stockholm Agreement is in force.
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REVIEW OF DESIGN FEATURES AND STABILITY CHARACTERISTICS OF PRE- AND

POST SOLAS 90 RO-RO PASSENGER SHIPS
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SUMMARY

This paper presents an analysis of results of systematically collected technical data of Ro-Ro Passenger ships operating
mainly in European waters. The data are derived from collaborative work within the EU-projects SAFER-EURORO [1] and
ROROPROB [2] as well as from data of an NTUA-SDL in-house technical database. The study enables a variety of
conclusions on the past, presently adopted and foreseeable practices in Ro-Ro Passenger Ship Design pertaining to stability

and safety characteristics.

1. INTRODUCTION

The Ro-Ro concept is a very popular and efficient mode of
transportation especially in Europe, where 50% of the
world’s Ro-Ro shipping fleet operates.

From the economical point of view, the capability of
carrying simultaneously a wide variety of cargoes with
minimum infrastructure and shore-based equipment make
the particular ship type most competitive. In terms of
safety/stability, the vulnerability of large vehicle spaces
creates a serious stability and floatability problem in case
of flooding due to collision or other incidents leading to
car deck flooding (e.g., bow door opening).

The presented work is within the scope of the
ROROPROB project, aiming at developing and
implementing a new formalized design methodology for
optimal subdivision of Ro-Ro Passenger ships based on the
probabilistic damage stability approach.

2. TECHNICAL DATABASE

The present RORO Technical Database serves a
comprehensive and stand-alone reference of European Ro-
Ro Passenger Ferry fleet. It currently includes data of 780
ships of the following types: Passenger/Car Ferries,
Passenger/Train/Car Ferries, Vehicle Carriers, Ro-Ro
Cargo ships. With respect to the Passenger/Car Ferries, the
database is considered to be fully representative of the
present status of the entire European Passenger/Car ferry
fleet.

2.1 DATABASE STRUCTURE

The database has been developed under MS Access 2000.

The registered data refer to available information on the

following ship characteristics:

= General characteristics of the vessels (name, former
names, owner, flag, area of operation, class, crew,
builders, year of build, year of major modifications).

= Main technical characteristics, such as main
dimensions, lightship weight, displacement and
payload, powering, life saving equipment.

= Special devices such as: propellers, rudders, thrusters,
stabilizers, sponsons, stern/bow doors.

= Information on intact stability and loading conditions.

=  Basic subdivision below and above main car deck.

= Damage stability information on worst case
(equilibrium and values of residual stability)

=  Stability standard currently in compliance as well as
the next relevant regulation to be in compliance.

=  Severe Casualties Records.

= Qutline of general arrangement.

2.2 DATABASE ANALYSIS

The following analysis has been carried out with respect to
category Ro-Ro Passenger/Car Ferries and attempts to
relate technical and global economic ship characteristics to
their stability and eventually safety. The sample of
analysed data contains 498 ships and is given in Table 1.

Average] Min - Max | Sample
Length Over All m [ 126.95 | 33.02 - 214.9 497
Length Between Perpendiculars m [ 116.51 | 28.01 - 198 486
Breadth Moulded m 20.19 6.66 - 32 472
Depth to the Main Deck m 7.03 1.99 - 12.6 269
Draught m 5.14 1.25 - 8.22 486
Deadweight t 2716 39 - 15500] 476
Lightship t 6904 317 - 21800 252
Displacement t 9465 196 - 25300| 264
Gross Register Tonnes 12437 198 - 59912 498
Speed kn 18.98 8 - 31 478
Total Power of Main Engines HP || 16772 | 456.3 - 90500 496
Year of Built 1980 1952 - 2001 497
Year of Mod/cation of Major Char. 1990 1971 - 2000 80

Table 1: Sample of analysed data

For the study, a major separation into two main categories
has been considered, namely: sample of data for ships built




before 1990 and ships built after 1990. This breakdown
was essential, firstly because of the change of design
philosophy in the last decade and secondly because of the
request for compliance with higher stability standards after
the introduction of SOLAS 90. Further categorizations
have been also considered such as: ships built after 1993 or
1997, in order to have more clearly the effect of the
SOLAS 90 and SOLAS 95 requirements. In some cases,
the differences are not significant compared to the post-
1990 results. In some others, the sample is not considered
satisfactory in order to conclude, Figure 1. Finally, results
based on different stability standard are also provided.

32 DIMENSIONAL RATIOS & COEFFICIENTS

= L/B ratio: there is no clear trend of the particular ratio.
Analysis based on different Lbp categorisation
indicates that the ratio decreases for ships built post-
1990, especially in the range of Lbp up to 160m. This
reflects the relative increase of beam in order the
enhanced stability standards to be achieved. On the
other hand, length is one major parameter that greatly
affects building cost, but also depends on harbour and
route limitations.

post-1997

Sample of 497 ships

1993-1996 9%
8% .

1991-1992
5%

SUPIIPIIPINENY
20000

pre-1990
78%

Figure 1: Distribution of sample acc. to Year of Built

3. REVIEW OF RESULTS
3.1 SIZE OF VESSELS

The size of vessels has significantly increased in the last
decade along with higher service speeds and powering
requirements, creating different generations of Ro-Ro
Passenger Ferries and expressing the demand for faster,
more comfortable and safer sea transport, Figure 2 and
Figure 3.

| @ pre 1990 @ post 1990 O post 1993 B post 1997 |

meters, knots

S
Loa Lbp Breadth Dmain Draught Speed

Figure 2: Averages of main dimensions and speed

|2 pre 1990 O post 1990 B post 1993 B post 1997]

Displ. GT Power

Figure 3: Averages of weights and power of M.E.

L/B Ships of Lbp | Ships of Lbp | Ships of Lbp
100-130m 130-160m >160m
Pre 1990 50-74 4.7-74 58-74
Post 1990 49-6.9 5.0-6.7 53-74
L/B Ships Built Ships Built Ships Built
post 1993 post 1997 post 1993
49-74 49-74
Vs >24 51-74

=  B/T ratio: Clearly increasing for the new vessels, an
indication of increased stability requirements. Draft
remains constant or slightly decreasing (shallower
ships) for enabling docking of large ferries at existing
port infrastructure and accounting for restricted draft

routings.
B/T Ships of Lbp | Ships of Lbp | Ships of Lbp
<130m 130-160m >160m
Pre 1990 29-49 29-4.6 3.3-47
Post 1990 3.6-4.9 3.7-4.6 32-47
B/T Ships Built | Ships Built | Ships Built
post 1993 post 1997 post 1993
32-49 3.6-49
Vs >24 3.6-4.6

= T/D ratio: The T/D ratio is of particular importance
for the damage stability, because of its direct relation
to the ship’s intact (and damage) freeboard. It is
notable that this ratio obviously decreased (indicating
increased freeboard), Figure 4.

¢ All Ships
A SOLAS 90+WOD, modified
— — Linear (SOLAS 90 std, F=0.5)

O SOLAS 90 std, F=0.5
Linear (All Ships)
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Figure 4: T/D ratio acc. to stability standard




Ships with enhanced stability standard, as built, have a

o Ships built pre-1990 o Ships built post-1990
T/D ratio within the range of 0.67-0.76. Linear (Ships built pre-1990) — — Lincar (Ships built post-1990)
Regarding ships that are modified to comply with the
. . . 100000 —
enhanced regulations, i.e. SOLAS 90+WOD, high T/D o000 || Shims pre-19%0
. . . . ¥ = 0.0043x + 3245.!
ratios are due to external or/and internal modifications W] R-osns
such as sponsons, ducktails, barriers, etc. g oo 7%; o
5 50000 3 =
E 40000 n B ;"// o
30000 1 *gEreionn Ships post-1990
. . . . 20000 he/had — = 0.0037x + 4643.4
= Block Coefficient: typically increased in the average o000 | @ ARIRE © e o
indicating increased hull form efficiency in terms of 0 ‘ ‘ ‘ ‘
ey . . 0 5000000 10000000 15000000 20000000 25000000
space and floatability requirements, Figure 5. e
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Figure 5: Displacement vs. (LBT/1000) Fpr a given speed, the re.:qul.red horsepower per ton
displacement of newer ships is less than for the older
Regarding pre-1990 results, there is a wide spread of ones, Figure 8.
the analysed data, Figure 6.
o Pre-1990 (Vs<24 kns) O Post-1990 (Vs <24 kns)
O MNcoEsdY A Ships with Vs>=24 Kns Linear (Pre-1990 (Vs<24 kns))
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Figure 8: (Power/Displacement) vs. Speed
With respect to minimum values of block coefficients,

the significant point is that registered values of 0.45

Figure 9 shows the installed power of Main Engines per
for some older ships now disappeared.

passenger with respect to ships carrying more than 1000

passengers.
Cb Ships Built Ships Built Ships Built -
post 1993 post 1997 post 1993 i . el
0.54-0.72 | 0.56-0.65 " N
Vs >24 0.56 - 0.65 %
3 &0 « Pass>1000
& 25 < Pass >1000 (post 1990)
Powering and related coefficients: The coefficient of " 20 e LR e 20
the English Admiralty, Cn, reflects the hydrodynamic 157
efficiency of the ship’s hull form. It can be noted that 10
vessels built post-1990 have improved hydrodynamic ’
efficiency, Figure 7, despite the fact that operational o s s s o e 2 s a0 ms
speeds (Froude numbers) and the block coefficients Speed (knots)

in th higher.
are In the average higher Figure 9: HP/Passengers vs. Speed



33 MAIN DIMENSIONS

Regarding the main dimensions, some formulae were
deduced that could be useful for the conceptual design
stage, Figures 10 and 11.
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Figure 10: Main Dimensions vs. Lbp
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Figure 11: Displacement vs. Lbp

34 DISTRIBUTION OF WEIGHTS

Lightship Weight & DWT: For given main dimensions, a
vessel built pre-1990 appears to have greater weight of
lightship compared to the newer ones. Focusing to the
post-1990 ships, lightship is increasing for post-1997 in
comparison to ships built in 1990-1996, Figure 12.

o Ships pre-1990 ®  Ships 1990-1996 A Ships post-1997
Power (Ships pre-1990) — - -Power (Ships 1990-1996) = — Linear (Ships post-1997)
20000
18000 -
16000 2

14000
12000

Lightship (t)

0 20 40 60 80 100 120
LBDu/1000

Figure 12: Lightship vs. LBDu/1000

From another point of view, the required
compartmentation to meet higher stability standards, leads
to an increase of lightship weight due to the additional
structural weight, proportional to the number of fitted
bulkheads, Papanikolaou et al (2000), Figure 13.
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Figure 13: Lightship vs. # of basic transverse watertight
compartments

Taking into account the fact that the speed of the vessels
continuously increased, DWT/A ratios based on speed are
presented in Figure 14.

o Ships with Vs>20 kns O  Ships with Vs>=24 Kns
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Figure 14: DWT/Displacement vs. DWT



3.5 PAYLOAD

Lanes’ length/Lbp ratio: The ratio of the car Lanes’
Length/Lbp has significantly increased for the newer ships,
indicating the higher efficiency of modern designs. Vessels
built before the year 1990 have an average ratio of 7.3,
whereas those built after 1990 have a 60% higher ratio of
11.6.

For a given deck waterplane area, ships post-1990 can
accommodate a larger number of lane meters than the
older ones, Figure 15.
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Figure 15: Lanes Length vs. Lbp * Bmld

In domestic voyages, service speeds have been kept at
normal levels because it is either impossible by
environmental conditions or non-economical to take full
advantage of the higher service speeds, Figure 16.
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Figure 16: HP/Passengers vs. Speed, per voyage type

3.6 COMPARTMENTATION BELOW MAIN CAR
DECK

The introduction of the longitudinal bulkhead concept
inside B/5 line has changed the philosophy of design of the
internal compartmentation below the main car deck. As a
result the considerable floodable volumes have been
reduced. The majority of older ships have only transverse
bulkheads (TB), as a standard subdivision, to the greater
extent of their length, though in newer ships the
combination of transverse and longitudinal bulkheads
(LB&TB) is a common feature, except for the relatively
small ships, Figure 17.

3 Older Ships
O Newer Ships

Number of ships

Type of design

Figure 17: Distribution of type of internal
compartmentation below main car deck

The length of primary transverse watertight compartments
has been reduced for the newbuildings (and accordingly
the number of WT compartments increased) to meet the
higher damage stability standards, Figure 18.

21

«  AllShips

O SOLAS 90

A SOLAS 90+WOD by
modifications

Linear (All Ships)

Linear (SOLAS 90)

# of watertight compartment:

— — Linear (SOLAS 90+WOD
by modifications )
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Figure 18: # of watertight compartment vs. Length

In order to utilise the space below the main car deck, as
this space cannot be used for accommodation purposes by
the latest SOLAS regulations, large lower hold decks
inside B/5 line are adopted in new concepts, that in some
cases might be exceeding even 50% of ship’s length,
Figure 19.
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Figure 19: Lower hold Length/Lbp vs. Lower hold Length

Although these large unified spaces are considered intact
in typical SOLAS damage conditions, there might be the
cause of serious stability problems in cases of actual
penetration beyond B/S5, if not properly arranged.

The length of engine room appears to become shorter, for
given installed power, Figure 20. This is attributed to the



consideration of alternative machinery arrangements and
the use of more compact machinery units.
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Figure 20: Length of Engine Room vs. installed power
3.7 OUTFITTING

3.7 (a) Stern Ramps

Dimensions of ramps influence their structural design but
also ship’s operation and efficiency with respect to cargo
handling speed.

Normally length varies between 5-12m. Longer ramps of
about 20m can also be fitted but are foldable, Figure 21.
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Figure 21: Length of stern ramps

Very wide ramps have been detected at newer ships
reaching in some cases 90% of ship’s breadth, Figure 22.
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Figure 22: Total breadth of stern ramps/Ship’s Breadth
ratio

The water ingress through the stern opening might be a
problem with poorly maintained stern doors in cases when
the seawater level is quite close to the down edge of the
ramp. Although newer ships have greater freeboard, it

must be noted that in some cases, a roll angle of 9-10
degrees can immerse the down edge of ramps, Figure 23.
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Figure 23: Angle of immersion of down edge

3.7 (b) Thrusters

Bow and even stern thrusters are, nowadays, standard
devices for European Ro-Ro Passenger Ferries. Regarding
post-1990 ships, the 4% not having fitted thrusters concern
small ships of Loa under 70m, Figure 24.
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no
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Figure 24: Distribution of existence of thrusters

A significant parameter is also the increased thrusters’
power that improves the maneuverability of ships, Figure
25.
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Figure 25: Thrusters’ power vs. Lbp
3.8 INTACT STABILITY

Freeboard is an essential parameter affecting the stability
and safety of ships both in intact and damage condition. A
comparison of the intact freeboards between vessels of
different stability standard shows that SOLAS 90 2-
compartment standard and A.265 ships dispose
comparable and in general larger intact freeboard heights,
Figure 26.
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Figure 26: Intact Freeboard vs. Lbp

Note that intact freeboards for the larger new ships are
close to and over 2.5 m, what clearly calls for the provision
of new docking facilities in some European ports, currently
adjusted to freeboards in the range of 1.5 to 2.0m.

Enhanced stability standard clearly requires greater GM
values, Figure 27. This should generally affect ship’s sea
kindness, as ships become stiffer in roll and passengers
might experience higher transverse accelerations.
However, this negative effect of GMt on seakeeping is
commonly counteracted by the employment of stabilising
fins and of antirolling tanks.
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Figure 27: Intact GM vs. Breadth/Intact Freeboard

39 DAMAGE STABILITY

Newer vessels have improved damage stability
characteristics due to their compliance with enhanced
damage stability criteria, Figure 28.
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Figure 28: Distribution of residual values of GM

4 CONCLUSIONS

Decisions in the early ship design stage strongly depend on
the designer’s expertise and knowledge from the past, but
also on the knowledge of ‘state of the art’ technological
developments.

Technical ship data to the extent collected herein in a
systematic manner are rare, though considered essential in
the conceptual-preliminary design stage, that is the stage in
which major technical and economic ship characteristics
are determined following the owner’s requirements and
statement of work.

The collected data can be not only exploited in the
conceptual design stage, but also for the crosschecking the
data of individual designs under consideration. Also, the
derived regression formulae might be useful in the set-up
of a computer-aided optimisation procedure, as planned in
WP3 of the ROROPROB project. Note, however, that in
this latter case, special attention should be paid in the
careless use of specifically suggested regression formulae,
especially in those cases for which the extent of the sample
appears small and/or the spread of the collected data large
(low R? regression values).
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SOLAS AND WATERTIGHT DOORS

Furio Degrandi, Fincantieri (TR-ARC)-Trieste, furio.degrandi@fincantieri.it

Giuseppe Mainenti, Fincantieri (TR-ARC)-Trieste, giuseppe.mainenti@fincantieri.it

SUMMARY

The purpose is to induce a more flexibility on the SOLAS interpretation regarding a regulation on the watertight doors.

1. INTRODUCTION

Often, due to the daily contact with the practical problems regarding the shipbuilding, the people in it emploied pay
attention to the some specific axpects connected with their activity.

Ship design, as other human activities, have to satisfy the imposed rules to guarantee the safety of the adopted solutions.
The SOLAS is the reference text for the ship designers but sometime it could be an unintentional obstacle to the evolution

of the naval technic.

2. DESCRIPTION

An example of the content in the introduction is the Regulation 25-9 of SOLAS (Chapter II, Part B-1) in which the
characteristics of the openings in watertight bulkheads and internal decks in cargo ships are listed.

In the point 2 of the regulation is fixed that “ Doors provided to ensure the watertight integrity of internal openings which
are used while at sea are to be sliding watertight doors capable ......".

In our opinion the literally interpretation of the rule, when it impose the sliding type for a watertight door, limit without a
reason the possibility in searching different solutions even if with the same safety grade of the sliding doors.

Moreover it seems to us that the literally interpretation of the above rule contrasts with the content of the Regulation 5 -
Equivalence (Chapter I - General provisions, Part A) of the SOLAS in which different solutions are allowed if they assure
and demonstrate the same efficacy.

This last rule is very important, in our opinion, because it stimulate the inventiveness and the search of solutions more
sticking to the variety of problems, damage consequences in our case, that the ship design have to solve.

Going deeper in the problem, during the activity of the department of Naval Architecture (TR-ARC) of Fincantieri,
examining the several flooding condition for same vessels, we observed the possibility to limit more the consequences of
the damages, positioning watertight doors in selected locations of the ship.

Unfortunately, the fitting of sliding doors wasn’t easy because of the disposable space.

Among the examinated possibilities, an hinged watertight door seemed the best solution.

In the hinged type the absence of the recess for the slidind part of the door was a favourable factor for its fitting.
Nevertheless, because of the possibility of a literally interpretation of the SOLAS that prescribe the sliding type, this
solution was doubtful.

Going ever deeper in the problem, the question is: what are the reasons for which SOLAS impose the sliding type?



Examining all the differeces between the sliding and the hinged door only one is the reason for which, in our opinion, the

sliding type would be prefer.
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Looking at the figure A in which an hinged door is schematized, the water head pressure, acting aganist the port and
opposing to the door opening direction, force the packing and helps the closing system to produce the watertightness of the
door.

In the figure B, the water head pressure acts according to the opening direction and reduce the closing force acting on the
packing.

This means that the hinged type door hasn’t, in both side, the same strenght to contrast the water infiltration through the
packing.

In the sliding type door, on the contrary, the forcing strenght is the same for both side.

But if we adopt a closing system able to assure the same efficacy to contrast the water infiltration for both side of the port
and meeting all the requests as for the sliding door, we think that an hinged door is equivalent to the sliding one.

All this stimulated the Naval Architecture Department of Fincantieri (TR-ARC) in the searching of a simple and reliable
solution to the problem.

It was solved and now it's waiting for the practical testing.
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SUMMARY

Deriving motivation from the recent IMO Resolution MSC.99(73) on “Alternative Design and Arrangements” for fire
safety and of new proposals at SLF 44 concerning other ship hazards, this paper focuses on the safety equivalence issue,

which is at the heart of these exciting new developments.

In this respect, it presents an analysis on the level of safety

portrayed by current regulatory instruments on assessing damage stability, aiming to demonstrate and quantify the link
between deterministic and probabilistic damage stability regulations and performance-based standards. To this end,
survivability test results of a representative sample of Ro-Ro passenger vessels, which were model tested according to
Stockholm Agreement Resolution 14, are used to provide a reference level against which all other instruments pertinent

to damage survivability are tested.
NOMENCLATURE

A Attained Index of Subdivision
R Required Index of Subdivision
Y Peakness parameter

H, Significant wave height [m]

Si Probability of a ship surviving a specific damage
case in a given sea state

pi Probability that the
consideration is flooded

Sw Probability of a ship surviving collision damage
with large scale flooding on deck

compartment(s) under

Sa Probability of a ship surviving collision damage
considering all effects other water accumulation
on deck

SEM Static Equivalent Method

SLF Sub-committee on Stability and Load Lines and
on Fishing Vessels Safety under Marine Safety
Committee (MSC) at the International Maritime
Organisation (IMO)

T ,  Peak period [sec]

T, Zero-crossing period [sec]

1. INTRODUCTION

In the wake of recent shipping casualties involving Ro-
Ro ferries, which resulted in severe loss of life, standards
for Ro-Ro ship configuration, construction and operation
have come under close scrutiny and new legislation has
been put into place aimed at improving the safety of
these vessels, notably SOLAS ’90 as the new global
standard for all existing ferries. Furthermore, concerted
action to address the water-on-deck problem following
the Estonia tragedy led to new requirements for damage
stability agreed among North West European Nations to
account for the risk of accumulation of water on the Ro-
Ro deck, known as the Stockholm Agreement.
Furthermore, in view of the uncertainties in the state of
knowledge concerning the ability of a vessel to survive
damage in a given sea state, an alternative route has also
been allowed which provides a non-prescriptive way of

ensuring compliance, through the “Equivalence” route,
by performing model experiments in accordance with the
Model Test Method of SOLAS ’95 Resolution 14.

Deriving from systematic research over the past 14 years,
numerical simulation models have been developed
capable of predicting with good engineering accuracy the
capsizal resistance of a damaged ship, of any type and
compartmentation, in a realistic environment whilst
accounting for progressive flooding. With considerable
justification, this approach may be considered as another
alternative to complying with Resolution 14, the so-
called “Numerical Equivalence” route.

The tightening of legislation described above is coupled
with serious considerations at IMO for regular
application of risk assessment methods, for example, the
Formal Safety Assessment. In this context, considerable
attention has been focusing on the application of
probabilistic procedures of damage stability assessment
for the evaluation of Ro-Ro vessels and it appears more
than likely that developments in the foreseeable future
will most certainly adopt a framework of a probabilistic
description. The regulatory regime described in the
foregoing with respect to assessing the damage
survivability = of  passenger/Ro-Ro  vessels  has
understandably left the shipping industry in a state of
confusion and uncertainty concerning the available
options, approaches and optimum choice to ensure
compliance and to ascertain the level of safety attained
with regard to any such choice. Stated specifically, a
ship owner today is faced with the following choices
concerning damage stability-related standards:

Deterministic Regulations

% SOLAS’90, [1]

+ Stockholm Agreement, [2]
Performance-Based Standards

+« Numerical Simulations, [3]

«  Model Experiments, [4]
Probabilistic Procedures

« Index-A  calculations, IMO

A.265(VIID), [5]

Resolution



X4

Index-A calculations, IMO Draft Harmonised
Regulations (SLF-42), [6]

s Index-A calculations,  Nordic Project
probabilistic framework with water on deck, [7]

%

Standards in each group are assumed to ensure an
“equivalent” level of safety, correspondingly, whilst a
summary of the only serious attempt to demonstrate such
equivalence among instruments of the first two groups
was reported in [8]. The methodology adopted there
considers performance-based standards as derived from
model experiments and numerical simulations to form a
basis against which all other instruments are compared.

When it comes, however, to direct comparisons between
deterministic and probabilistically regulations there is an
added complication concerning difficulties in finding a
common ground. For example, whilst the first deals with
prescribed damages, the second deals with the whole
range of possible damage scenarios. Notwithstanding
this, it is simply amazing that in the 27 years since the
introduction of the probabilistic regulations for
subdivision and stability of passenger ships as an
equivalent to Part B of Chapter II of SOLAS °74, no
reported evidence exists of any attempt to establish
quantitatively a relationship between probabilistic and
deterministic instruments. This paper claims a first in
attempting to provide meaningful comparisons for
elucidating, for example, what level of the Attained
Index A for a given ship would ensure the same level of
damage survivability as that deriving from SOLAS
considerations.

2. COMPARATIVE ASSESMENT
METHODOLOGY

The search in establishing the meaning of the Attained
Index and its equivalence to SOLAS standards (in this
case SOLAS ’90 two-compartment standards) could
again be dealt best by considering the results derived in
the pursuit of compliance with performance-based
standards [8] as the common platform for a rational
comparative assessment of the vessel’s level of safety
derived by what are considered to be equivalent routes.
In this respect, the following are noteworthy:

(@) The KG limiting curve derived on the basis of
SOLAS ‘90 two-compartment standards is taken as
the basis for KG values to be used in all
calculations. In this respect, the worst SOLAS
damage is considered as the reference case.

(b) The limiting survival sea state (Hs) is taken from
model experiments corrected as necessary (linear
interpolation) to account for differences between
actual and limiting KG values.

2.1 Test Matrix

A sample of 16 Ro-Ro vessels is considered all
complying marginally with SOLAS ’90 two-

compartment standards. These vessels were selected to
form a representative sample of the EU passenger/Ro-Ro
fleet considering size, type and compartmentation thus
allowing for meaningful comparison and a critical
evaluation of emerging trends concerning the level of
safety provided by the current damaged survivability
assessment methods.

2.2  Wave Environment
The wave environment used in the numerical simulations
and physical model tests is representative of the North

Sea and is modelled by using JONSWAP spectra as
shown in the table below.

Table 1: Sea States (JONSWAP Spectrum with y = 3.3)

Significant Peak Zero-crossing
Wave Period Period
Height
H; [m] T, [sec] Ty [sec]

1.0 4.00 3.13
2.0 5.66 4.42
2.5 6.33 4.95
3.0 6.93 5.42
4.0 8.00 6.25
5.0 8.95 7.00

Hy/Lp = 0.04 (Ly= 0.25H,); Tp = (2r Lp/g)"? (Tp = 4H,"?);
TO = Tp/1279

2.3  Deterministic Regulations
SOLAS °90 REGULATIONS

According to SOLAS ’90 the following criteria must be

met at the final equilibrium condition after damage:

+¢ A minimum range of 15 degrees beyond the angle of
equilibrium, which should not exceed 12 degrees for
two-compartment flooding and 7 degrees for one
compartment flooding.

« A minimum area of 0.015m.rad under the residual
GZ curve.

« A minimum residual GM of 0.05m with a maximum
GZ of at least 0.10m, increased as necessary to meet
certain stipulated heeling moments due to wind
heeling, passenger crowding and lifeboat launching.

As indicated in the foregoing, the worst SOLAS damage
is chosen by considering minimum stability entities,
namely minimum GZmax.

STOCKHOLM AGREEMENT

The Stockholm Agreement requirements demand that a
vessel satisfies SOLAS ’90 criteria (allowing only for
minor relaxation) with, in addition water on deck by
considering a constant height, calculated according to
Figure 1, depending on the vessel’s residual freeboard ad
the operational sea state (H;). In this study the limiting



sea state is calculated by increasing the significant wave
height until marginal compliance is achieved.

Height of 0.5

Water on
Deck (m)
H,=4.0 m (maximum)
H, = operational
0.0 H,=1.5 m (basis)

0.3 2.0
Residual Freeboard (m)

Figure 1: Stockholm Agreement
2.4  Performance-Based Standards

The standards considered under this heading pertain to
assessing a given ship in a given damage scenario and
operational environment on the basis of her performance
(floatability, stability, capsizal resistance, dynamic
behaviour) by means of physical or numerical testing. In
this respect, considering the uncertainties associated with
the problem in question, this route requires invariably the
definition of critical damage scenarios to be tested in
representative (critical) operational environments as a
means of achieving a quantitative representation of a
level of safety to be used for comparison purposes.
Following this line of thinking, the Model Test Method
of SOLAS 95 Resolution 14, [4], was recommended by
the IMO Panel of Experts as the “Equivalent” route
for compliance with the Stockholm Agreement
requirements. Figure 2 below depicts the experimental

set-up.

—3&— Shallow End
\— & Carriage Rail
Model ]
Travelling \J .

Wave Probe | ~~——§—— Carriage

Fixed

‘Wave Probe

HWWE Maker

Figure 2: The Model Test method — Experimental Set-up

The Model Test Method comprises testing a ship model
in two (typically worst SOLAS and midship) damages
and in two sea states of JONSWAP spectral formulation
of 4(H,)"* and 6(H,)"? peak periods, each test repeated 5
times, thus resulting in 20 tests, survival of which implies
compliance ~ with  the  Stockholm  Agreement
requirements. The same procedure could be used by
either physical or numerical experiments (following
exactly the same set-up and procedure) to identify the
limiting Hy a vessel could survive and use this as a
measure of her safety (damage survivability) or
performance-based standard.  Following this route,
SSRC has completed some 65 physical model test
approvals for passenger Ro-Ro vessels operating in
northern Europe and some 80 vessels by numerical
simulations, thus having available a unique database of
performance-related measures of Ro-Ro vessels,
including damage survivability boundaries (these are
normally given in the form of a band denoting the upper
— 100% capsize — and lower — 0% capsize — limits of
capsizal resistance) that could be used for comparative
assessment as well as in support of derivation of
performance-base survival criteria.

2.5  Probabilistic Procedures

The first probabilistic damage stability rules for
passenger vessels, deriving from the work of Kurt
Wendel on “Subdivision of Ships”, [9] were introduced
in the late sixties as an alternative to the deterministic
requirements of SOLAS ‘60. Subsequently and at about
the same time as the 1974 SOLAS Convention was
introduced, the International Maritime Organisation
(IMO), published Resolution A.265 (VIII). These
regulations used a probabilistic approach to assessing
damage location and extent drawing upon statistical data
to derive estimates for the likelihood of particular
damage cases. The method consists of the calculation of
an Attained Index of Subdivision, A (A = Zp;s;, where p;=
probability that this compartment or combination of
compartments are being flooded and s;= probability that
the vessel will survive flooding of that (or those)
compartments), for the ship which must be greater than
or equal to a Required Subdivision Index, R, which is a
function of ship length, passenger/crew numbers and
lifeboat capacity. Index R sets the required safety level,
whilst Index A provides a measure of the safety level.

The next major step in the development of stability
standards came in 1992 with the introduction of SOLAS
part B-1 (Chapter II-1), containing a probabilistic
standard for cargo vessels, using the same principles
embodied in the aforementioned regulations. The same
principle is also the basis for the current IMO regulatory
development of “Harmonisation of Damage Stability
Provisions in SOLAS based on the Probabilistic Concept
of Survival”.

An important addition to the probabilistic procedures,
particularly for Ro-Ro vessels, was developed during the
Nordic Project [7], culminating to a proposal of a



framework for new probabilistic damage stability
standards, similar to IMO Resolution A.265 and SOLAS
Part B-1.

IMO RESOLUTION A.265 (VIII)

The original method of calculating factor s was
developed by adopting an experimental approach aiming
to establish a simplified relationship between
environmental and stability-related parameters for a
damaged ship and hence determine capsizal resistance in
a given sea. On the basis of limited model tests carried
out separately in the United Kingdom, [10] and the USA,
[11] such a relationship was established, expressed in the
form:

(HA‘ critical = f(GMf*Fe/B)

where, (Hy) .. = critical significant wave height
(characterising a limiting sea state)
GM; = flooded metacentric height
F, = effective freeboard
B = beam of the vessel

Deriving from the above, the probability that a ship with
a given value of the stability parameter (GM,*F./B) will
survive damage in a given sea state will be equal to the
probability of not exceeding (Hy) e The formulation
given in A.265 (VII) is:

Fe*GMf
s=k# | ——
B

DRAFT HARMONISED REGULATIONS

The approach adopted by the Draft Harmonised
Regulations of SLF 42 for calculating factor s is to use
residual GZ curve parameters similar to cargo ship
regulations of SOLAS part B-1 (in Chapter II-1).
However, water accumulation on deck is not taken
directly into account, which is a major deficiency,
particularly for Ro-Ro vessels following large scale
flooding.

S .4 GZ,.. Range ( Area )
i TGZ,,.. N\ TRange A\ TArea

C Static heeling coefficient,

GZ max Maximum GZ at final equilibrium,
TGZyox Target value of GZ .y,

Range  Positive stability range,

Trange  Target value of positve stability range,
Area Area under positive stability,
Tarea Target value of positive area

NORDIC PROJECT PROBABILISTIC FRAMEWORK

In addition to the effects considered in the above
regulations, effects like water on deck and cargo shift

have been included. The framework also addresses
damage stability modelling, in particular standards for
intermediate stages of flooding and cross flooding. The
proposed method of calculating the subdivision index
follows the basic methodology and principles of the
harmonisation work in IMO with two major changes:

e Vertical extent of damage (v-factor) based on results
from collision simulations

e  Probability of survival (factor s), in order to include
effect of water on deck, cargo shift and progressive
flooding.

The latter, in particular is expressed as a combination of
two factors, as explained next:

S; =S8, Where

s, = probability to survive pure loss of stability, heeling
moments, cargo shift, angle of heel and progressive
flooding. As per IMO recommendations
s, = C-F ~K-(GZmax*~range*area)” 4

Sw = probability to survive water on deck as result of
wave action. This can be calculated directly from
the wave height distribution, again based upon the
critical wave height.

3. SAFETY EQUIVALENCE

Deriving from the foregoing considerations and using the
sample of 16 marginal SOLAS 90 two-compartment
standard vessels from the SSRC database for which the
survival Hy limits have been established experimentally,
limiting H; values were also determined according to
Stockholm  Agreement and through numerical
simulations. In addition the Attained Index of
Subdivision has been calculated for all 16 vessels using
the three methods of calculation outlined in the
foregoing. The results are summarised in Table 2 and
Figures 3 and 4 for ease of comparison and discussion
purposes.

Table 2: Relative Measures of Safety

Limiting Hs [m] Attained Index A
15 |s&|st| = 00
3 |Se |2 |So| v g 0 4
8 |8E |5E|85| & | 4 |SR
= OO |z |n< < n Zo

3.23 | 1.90 | 3.08 | 2.00 | 0.824 | 0.830 | 0.776
440 | 4.00 | 4.38 0.650 | 0.839 | 0.832
3.02 | 260 | 3.14 0.645 | 0.685 | 0.658
3.80 | 3.40 | 3.42 0.647 | 0.742 | 0.627
3.890 | 340 | 3.52 | 2.43 | 0.612 | 0.857




latter are here to stay, thus providing added motivation
for development in this direction as well as efforts to
understand the relative measure of safety provided by
each method.  This will, in turn promote better
understanding of the emerging principle “Equivalent
Level of Safety” and facilitate its adoption in the
immediate and long term, as a more efficient route to
achieving higher safety standards by utilising state-of-

3.47 | 3.40 | 3.59 | 4.06 | 0.512 | 0.656
3.07 | 340 | 3.14 | 2.17 | 0.554 | 0.738
2.82 1 2.50 0.763 | 0.757 | 0.756
291|280 | 2.82 | 1.60 | 0.674 | 0.816
3.86 | 3.40 | 3.83 | 2.90 | 0.695 | 0.868 | 0.745
3.45 ] 3.00 | 3.08 | 2.27 | 0.737 | 0.785 | 0.785
3.49 | 250 | 3.32 | 1.60 | 0.721 | 0.832
3.97 | 3.00 | 3.30 | 1.79 | 0.577 | 0.837
4.00 | 3.40 | 3.63 0.621 | 0.795 | 0.792
4251 3.00 | 361 |192]0.613|0.814
3.03 1250|286 | 1.77 | 0.696 | 0.891 | 0.852

Based on the derived results, the following points are
noteworthy:

e The agreement between the numerical and
experimental results, particularly in the range of
relevant sea states is very good. This suggests that,
numerical tools have reached a stage where
survivability boundaries can be successfully
predicted and hence performance-based assessment
of safety levels be confidently undertaken.

e Ships satisfying SOLAS °90 two-compartment
standards (even marginally) appear to survive sea
states with Hy over approximately 3m. This result is
rather encouraging considering that SOLAS ’90 is
the global standard for passenger/Ro-Ro ferries.

e The safety level inherent in the Stockholm
Agreement calculation method is considerably
higher than the level determined through
performance-based methods, typically, by 1.25m on
average.

e Lack of consideration of water on deck renders
A.265 unsuitable for application to passenger/Ro-Ro
vessels, as demonstrated by the results (magnitude
and trend) presented in Figure 4.

e Both the Draft Harmonised Regulations and Nordic
Project framework lead to comparable results,
mainly because they both allow directly (Nordic
Project) or indirectly (SLF 42) the effect of water on
deck. Interestingly, the results show that the level of
safety, as represented by Index A, would be higher
when water on deck is taken into account explicitly.

e Finally, the 27 year old question could now be
answered: for a SOLAS ’90 two-compartment
standard vessel to survive on the average 3.5m, the
average value of Index A (Nordic Project) ought to
be 0.75.

4. CONLUDING REMARKS

In the wake of resent marine disasters, number of new
instruments for assessing damage survivability have been
proposed/adopted, whilst efforts are still ongoing to
establish acceptable harmonised damage stability
calculations based on probabilistic approaches and on
performance-based assessments. It would appear that the

the-art knowledge to the full.
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DAMAGE SURVIVABILITY OF MARGINAL SOLAS '90 TWO-COMPARTMENT STANDARD RO-RO VESSELS
Measured Limiting Hs vs Calculated Limiting Hs
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Figure 2: Performance based comparison.
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Figure 3: Comparison of Attained Index A for Current Probabilistic Instruments
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SUMMARY

The Static Equivalent Method (SEM) was developed in the wake of significant research into the capsizing of Ro/Ro ves-
sels following the Estonia disaster. This method can predict with reasonable accuracy the survival sea state for specific
Ro-Ro damaged conditions. Recent model tests of damaged non-Ro-Ro (or conventional) ships have indicated that the
capsize mechanism has many similarities with the mechanism observed in Ro-Ro vessels’ capsize, which formed the
basis for the development of the SEM. On this basis, using the same idea as in the original research and the same meth-
odology in analysing available experimental and numerical data, a new expression has been developed to account for
geometric dissimilarities between Ro-Ro and non-Ro-Ro vessels. The predicted results from the new formulation are
compared with the experimental results from recent model tests and the agreement was found to be satisfactory. Based
on these preliminary findings, it is believed that this simple method could be applied to all ship types, and efforts to fi-
nalise this generalisation are underway at SSRC, as part of the EU project HARDER.

NOMENCLATURE

0.« Heel angle at which GZ is maximum.

h Mean elevation of water on deck (the vehicle deck
for a Ro-Ro ship or the weather deck for a con-
ventional ship) above the mean sea surface.

H Average significant wave height characterising
the critical sea state.

H,,  Reference wave height, where HW:(HY)}’; a coeffi-
cient to be determined by physical and/or numeri-
cal experiments.

f Freeboard to the deck edge at the PNR. For Ro-
Ro vessels this is measured at the longitudinal
centre of damage. A negative f implies the deck
edge is immersed.

F Residual freeboard in the traditional sense.

PNR Point of no return, defined as the heel angle for
the damaged ship, which when reached whilst
progressive flooding is taking place, the ship will
normally not recover and will proceed quickly to
capsize.

s The probability of the ship surviving a specific
damage condition, in a given sea state.

SEM Static Equivalent Method

1. INTRODUCTION

The tragic accidents of the Herald of Free Enterprise in
1987 and the Estonia in 1994 initiated a significant surge
of research related to the capsizing of Ro-Ro type ships.
This research effort culminated in significant develop-
ments that helped the ferry industry to raise safety levels
to demanding new heights, in response to strict new
regulations, cost-effectively. One of these developments,
which is gaining wide acceptance is the Static Equivalent
Method (SEM), [1]. The SEM is an empirical capsize
model for Ro-Ro ships that can predict with reasonable
accuracy the survival sea state for specific damage condi-

tions. The SEM was developed and validated using sev-
eral model experiments and a large number of numerical
simulations.

The EC-funded project HARDER, started March 2000,
was set up to systematically investigate the validity,
robustness, consistency, and impact of all aspects of the
probabilistic damage stability calculations for cargo and
passenger ships. One significant aspect of the HARDER
project is to devise a generalised formulation of the
probability of damage survival for all types of ships and
relevant damage scenarios. This plus other related
research, includes model testing several aspects of the
damage survivability of seven ships, covering a range of
ship types and sizes. The model test programme
provided additional material for testing the wider
applicability of the SEM to other ship types as well as a
basis for further refinements of the formulation pertinent
to Ro-Ro vessels. This paper examines some of the
initial results of the model tests for non-Ro-Ro ships and
presents a new formulation that renders SEM applicable
to these conventional types of ships.

2. SEM FOR RO-RO SHIPS

The SEM for Ro-Ro ships postulates that the ship cap-
sizes quasi-statically, as a result of accumulation of a
critical mass of water on the vehicle deck, the height of
which above the mean sea surface uniquely characterises
the ability of the ship to survive a given critical sea state.
This method was developed following observations of
the behaviour of damage ship models in waves. Among
the most important observations from the model tests and
subsequent investigations [1] are:

1. As the ship reaches the “point of no return” (PNR) it
behaves quasi-statically, with subdued roll motion
and marginal transverse stability.



2. The PNR generally occurs at an angle very close to
Omax-

3. The critical amount of water on the vehicle deck can
be predicted from static stability calculations by fill-
ing the undamaged vehicle deck with water until the
ship lolls at 0,,,,.

4. The unique measure of the ship’s survival capability
is the height (#) of the water elevated above the sea
level at PNR, as shown in Figure 1 (Ro-Ro vessel)
and Figure 5 (conventional ship).

5. The model tests and numerical simulations indicated
that this elevation of water on deck, 4, can be di-
rectly correlated to the critical sea state, character-
ised by H;.

6. The higher the water elevation (k) at PNR, the
higher the sea state needed to elevate the water to
this level and capsize the ship.

Figure 1: Damaged Ro-Ro vessel with water elevated on
the car deck at PNR

3. MODEL TESTS FOR NON-RO-RO SHIPS

The model test programme of HARDER comprises seven
ships to be tested in three model basins, as shown next.

PRROLI ........ Large Ro/Ro Passenger Ship

PRRO2 ........ Medium sized Ro/Ro Passenger ship
PCLS......... Large Passenger vessel

......... Containership

DCRR......... Cargo Ro/Ro vessel

DCBCOL..... Cape Size Bulk Carrier

DCBCO2..... Panamax Bulk Carrier

NNk WDD —
)
Q
@)
]

This paper deals, in particular, with the initial findings
from tests of ship 5, the Cargo Ro-Ro, and ship 7, the
Panamax Bulk Carrier. The Cargo Ro-Ro involved tests
in three configurations, two of which (wing tank damage
and combined wing plus lower hold damage) can be con-
sidered as non-Ro-Ro configurations since the upper ve-
hicle deck is undamaged. The two non-Ro-Ro configura-
tions are shown in Figure 2 and Figure 3.

The Bulk Carrier tests also involve three configurations,
all based on the same midship 2-hold damage scenario,
but with three different ship depths to weather deck. The
ship with the smallest depth is shown in Figure 4.

y

Figure 2: Cargo Ro-Ro with combined wing plus lower
hold damage

Q

Figure 3: Cargo Ro-Ro with wing tank damage
below the car deck

b
-

Figure 4: Panamax Bulk Carrier — Configuration 1

These five ship/damage configurations were tested over a
range of KGs and sea states to establish the survival
boundary. The model tests were performed at Denny



Tank, the University of Strathclyde model testing facility
in Dumbarton. The Denny Tank is a conventional tow-
ing/wave-making tank measuring 100mx7mx2.7m.
Unidirectional random waves were modelled using JON-
SWAP wave energy spectra with the model placed in the
tank, free to drift, beam-on to the oncoming waves. Sur-
vivability was tested in a number of sea states, each re-
peated at least five times, so that a clear distinction be-
tween capsize and the survival cases could be ascertained
and a survival band defined.

From observations of these model tests it became appar-
ent that the ship behaviour near the capsize region is very
similar to that seen with Ro-Ro ships. While the me-
chanics of water ingress and egress to and from an open
deck are different than Ro-Ro ships, the mechanics of
capsize appeared to be the same. In fact, the quasi-static
nature of ship capsize at PNR is even more apparent with
conventional ships because of generally smaller metacen-
tric heights and deeper draughts.

4. GENERALISATION OF SEM

The SEM calculation procedure to determine both /4 can
obviously be applied to conventional ships, if the effect
of water shipping on the weather deck, unprotected by
the ship’s sides, is regarded as equivalent to that of water
accumulated on the vehicle deck due to large-scale flood-
ing. Essentially the same calculation method can be ap-
plied to the ship as if her sides were extended vertically
above the open deck, as shown in Figure 5.

This suggestion does not come without a precedence
considering that a rise of water on the weather deck has
been previously proposed in [2] and subsequently
adopted by the US Navy. In the said case the dynamic
effects of wave action were represented by a rise 1.2m of
water on the weather deck, irrespective of the ship size
and freeboard. Subsequent experience has shown that
this suggestion is overly conservative for commercial
ships considering the typical sea states at the time of a
casualty.

Figure 5: Conventional ship with water elevated
on the weather deck at PNR

In view of the foregoing considerations, it would seem
appropriate to pursue the same approach with conven-

tional ships as that followed for Ro-Ro vessels by ex-
pressing the survival boundary in the non-dimensional
form

hH,, =f(f/H,,),

with H,, h and f to be found with the aid of physical or
numerical experiments for damage cases with marginal
stability. As a first step, # and f were obtained by static
calculations according to the SEM procedure and com-
bined with Hj critical derived from model experiments in
an attempt to derive a new formulation pertinent to con-
ventional ships. The results of this effort are shown in
Figure 6, the smallest scatter of points in obtained with
H,, = H,"3, in contrast with the value of b of 1.3 derived
from Ro-Ro vessel data.

0.7 4 h/Hsr
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Figure 6: Boundary survivability curve for non-Ro-Ro
ships with a modified b = 0.3 (total 16 cases)

The reason why the exponent b is different can be attrib-
uted to the different modes of water accumulation on
deck as well as the geometrical differences between the
two ship types (e.g., for conventional ships the non-
dimensional freeboard varies in a much wider range than
that for Ro-Ro ships). The regression in Figure 6 also
shows a strong dependence between the non-dimensional
values of % and f, contrary to the case of Ro-Ro vessels
where a weak dependence led to the proposal of the for-
mulation h/H,, = 0.085, where h/H,, was assumed to be
independent of f/H,, or

h ~0.085(H)" )
Approximating the exponential in the regression equation
of Figure 6 with the first two terms of a series and fol-

lowing some manipulations, the following expression
may be derived

h~0.6(H)" + 0.24f )

Considering equations (1) and (2), a generalisation of
SEM could be considered in the form

h=a(H)" + cf ()

with ship type dependent coefficients @, b and c.



Awaiting for proper analysis of the available experimen-
tal and numerical results, the interim expression (2) was
used to compare SEM predictions of survival sea states
with those measured from the model test programme of
project HARDER and the agreement was found to be
satisfactory, as demonstrated in Figures 7-11.

Panamax Bulk Carrier - Configuration 1
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Figure 8: KG vs. Survival Sea State
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Figure 10: KG vs. Survival Sea State
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Figure 11: KG vs. Survival Sea State
(Large trim by bow)

CONCLUSIONS

At this stage of development, the following conclusions
are noteworthy:
» A new formulation for predicting the critical

6.

survival sea state for conventional (non-Ro-Ro) ship
configurations has been presented using the same
procedure as proposed for Ro-Ro vessels, simply by
by considering the ship sides to extend vertically
upwards above the weather deck in the calculation
of hand f.

Based on the above a generalised formulation of
SEM has been proposed where any differences
between Ro-Ro and conventional ships are
represented by different coefficients to be
determined by physical and numerical capsize
experiemtns.

Comparisons of the predicted survival sea states
between SEM predicted and experimentally
measured values show satisfactory agreement.
Further investigation is required for flooding cases
with trim in order to verify the relationships between
h, f, and H at large trim, as well as where to
measure f'on a ship with significant trim.
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SUMMARY

Practical non-ergodicity (correct math term is cyclic non-stationary quality) means that ergodic hypothesis cannot be
used for any practical calculation of nonlinear irregular rolling. In other words, all the probabilistic characteristics have
to be averaged over representative ensemble of realization and any result based on one realization is not correct. This
was first stated on the base of numerical simulations. It was believed that fold bifurcation is responsible for the effect. It
was not clear if contributions from other factors (like water on deck, impacts of breaking waves, influence of others
degrees of freedom, etc.) might decrease this effect, so ergodic assumption might be still acceptable for practical
purposes.

The model experiment was carried out in the towing tank of National Research Institute of Fisheries Engineering in
Japan. There were two series of tests with two models. The first series of tests was done with free drifting model of
Japanese purse seiner. Such test yields about 10 minutes realization. Since absence of ergodic qualities can be checked
only on significant amount of time, the second series of tests was conducted with restrained model that was not able to
drift. The second series produced 30 and 40 minutes realizations of model time that is close to quasi-stationary range of
full-scale waves. It was meant that the first series can be used for validation of the second one, in other words, to
estimate how significant these restraints are in statistical sense.

The results have shown significant difference in variance estimate on different wave realization that cannot be explained
only by statistical errors that may constitute absence of ergodic qualities in practical sense. All the motion recorded were
far enough from fold bifurcation region, and at the same time intensive deck flooding with episodic breaking wave hit
were observed.

To make sure that GZ non-linearity is not the only reason for ergodicity the second model was tested. It was a
rectangular pontoon with almost linear GZ curve.

The paper also rises some methodological issues concerning severe irregular rolling like estimation of “degree of non-
ergodicity”

1. INTRODUCTION usually assumed that ship response time does not exceed

the period of quasi-stationary.

Ship response in irregular seas is usually considered as a
general stochastic process. This means that we use math
abstraction to describe the real world phenomenon. As an
abstraction, it is supposed that a stochastic process is
infinite in time and has an infinite number of realizations.
So, if we fix the time (or, in other words make a time
section), we have a usual random number that has an
infinite number of values and its own average, variance,
distribution and other probabilistic characteristics. These
characteristics might be different in different moments of
time, however, there are group of stochastic processes,
for which the probabilistic characteristic does not depend
on time. Every moment brings exactly the same values
for the probabilistic characteristics. These processes are
considered to be stationary.

Strictly speaking both waves and ship response are not
stationary, because waves are changing due to weather
and ship response also depends on speed and course,
which also are not constant. So, in order to simplify the
problem, we consider a period of time when weather,
speed and course could be considered as constants; this
duration is usually called “period of quasi-stationary”. It

Averaging the current value of one realization of
stationary process, we got so-called time-average
estimates for probabilistic characteristics. This way, each
realization might have its own mean value, variance,
distribution and other estimates. The true estimates for
the whole stochastic process are averages of
corresponding ones of the realizations.

This means that we can estimate probabilistic
characteristics in two ways: using time section or by
averaging estimates for each individual realization. Some
processes however show identical (in statistical sense)
estimates for individual realizations. This makes a
problem much simpler — we need just one, long enough
realization, to produce estimates. This kind of processes
are called “ergodic”, and the corresponding quality of
such stochastic process — “ergodicity”. Usually, sea
waves are assumed to be ergodic.

There is a proof that a linear dynamical system, being
excited by stationary ergodic process produces also
stationary ergodic response. However, nothing like this is
provided for nonlinear systems. It creates a question on
ergodic qualities of nonlinear rolling and other ship
motions that are essential for estimation of capsizing



probability. (So far, we assume nonlinear rolling to be a
stationary process at least, which is also questionable
from point of view of pure math.)

2. ERGODICITY CHECK BY SIMULATION

Here we give a brief review of the previous results,
mainly based by [1-2].

2.1 WAVES

Stochastic elevation of sea wave is usually expressed as

N
Cu(0) =D a;sin(eit + ;) (M
i=0

Here ag; are amplitudes of components that are defined
from spectrum, ; is a given set of frequencies and @; is
a set of random phase numbers distributed uniformly
from 0 to 2n. The last figure is responsible for the
generation of new realization. Every time the set of
phases are calculated and substituted into one, the new
realization of the wave process is created. All these
realizations, however, would still produce the same
spectrum, since amplitudes were not changed.

22 RESPONCES
2.2 (a) Linear System

The different realizations of the waves now have to be
used for ship rolling simulation. One of the ways to
check ergodicity is to calculate an estimate, for example,
of the ship roll variance V' for consecutive moments of
time t;, t, ... t,; in a form of a function W(f). The
procedure has to be repeated for all available realizations,
so we have a set of functions {¥(£)}=o.«
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Figure 1. Ergodicity check of linear rolling

If the response is ergodic, all these curves must have one
clear limit, as it shown on figure 1, where response of the
linear system is shown.

The results on the figure 1 (taken from [1]) was obtained
by simulation, so all numerical errors are included,
nevertheless there is a clear limit reached in 20,000
seconds —16 hrs. 40 min., that is close to quasi-periodic
period.

2.2 (b) Nonlinear System
Now let’s check the same rolling-only system, but

nonlinear restoring is introduced. The result changes
dramatically, see figure 2 (taken from [1])
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Figure 2 Ergodicity check of rolling with nonlinear
restoring

As it is clear from figure 2, the limit is not reached for 16
plus hours, moreover, the shape of the curve might even
question the stationary assumption...

A. Degtyarev and A. Boukhanovsky [1] checked this
effect, using completely different model of waves and
rolling, but finally came to the same conclusion.

3. MODEL TEST SET-UP

The purpose of the model test is to check if the effect of
significant absence of ergodicity could be obtained in the
conditions of model experiment.

3.1 NRIFE TOWING TANK

The model test was carried out in the towing tank of
National Research Institute of Fisheries Engineering in
Japan. The tanks dimensions are 137 x 6 x 3 m, equipped
with rolling plate type wavemaker, wave absorption
beach and self-propelled carriage. The schematic of the
wave-maker is shown at figure 3.
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Figure 3: Schematic of the wavemaker

Control system of the wavemaker is capable of
reproducing the given electric signal. The control signal
elevations was calculated by formula (1) and then
transformed to analog form using TEAC DR-F2M
Digital Recorder.

32 MODELS

Two models were tested: Japanese purse seiner GT-80
(scale 12.6) and box shaped model. The box shaped
model had depth larger than breadth, so GZ curve was
almost linear. This allowed checking the hypothesis [1]
that the absence of ergodicity was caused by rare jumps
to higher amplitudes.

The model of GT-80 was tested for two different
draughts, in order to check influence of nonlinear
damping caused by deck entering water. Bulwark of the
model was removed to minimize effect of the green
water. Numerical characteristics of the models are given
in tables 1 and 2 correspondingly.

Table 1. Characteristics of Purse Seiner GT-80

Characteristics Full scale | Model
Length O. A., m 36.5 2.900
Length B. P., m 29.0 2.300
Breadth, m 6.80 0.540
Depth, m 2.60 0.206
Draught, m 2.19 0.174
— Displacement, ton 261 0.130
< [KGm 2.38 0.189
5 |[KM,m 3.84 0.304
A GM, m 1.46 0.116
CB 0.603 0.603
Draught, m 1.74 0.137
N Displacement, ton 180 0.090
£ [KGm 2.52 0.200
5 [KM.m 3.86 0.306
A GM, m 1.33 0.106
CB 0.528 0.528

The GZ curve for the box —shaped model is shown in
figure 4. Both models were equipped with high-precision
gyroscope for measuring roll angles. Measurements were
recorded by TEAC digital recorder, decoded on a PC and
stored in form of ASCII files.

Table 2 Characteristics of box shaped model

Characteristics Value
Length B. P., m 1.500
Breadth, m 0.300
Depth, m 0.400
Draught 0.246
Displacement, ton 0.111
KG, m 0.087
KM, m 0.305
GM, m 0.0666
GZ, m
0.13T1
01T
0075T
005T GM ¢
00251
¢, rad
0 OI.25 (;.5 OI.75 I1 1125 1I.5

Figure 4: GZ curve of box shaped model

Wave heights were measured in close proximity of the
model by string wavemeter. Output signal was amplified
and then recorded by TEAC digital recorder, decoded on
a PC and stored in a form of ASCII file. The model test
layout is shown in figure 5. The model was free to sway,
heave and roll, but was restricted in surging, pitching and
yawing.

Wave direction

Figure 5: Model test layout



4. TEST PROGRAM
4.1 WAVE GENERATION

Wave spectrum density was calculated using the
following formula:

14 Q) ¢ [0 ¢
s(m) =943 -—= (ﬂj -exp[—l.S(ﬂj} 2)
(Dwm Q] o

Here, o, is cyclic frequency of spectrum’s maximum
and oy, is mean cyclic frequency. These two values are
assumed to be related as:

(Dmax = 0'77(‘0wm (3)

The entire model test was done for one value of the
variance 22.375 c¢cm’ and frequency of spectrum’s
maximum 0.7 Hz.

The spectral density of control signal was obtained by
multiplying expression (2) by transfer function of the
wavemaker that was obtained during special calibration
experiment. Then, the controlling signal was calculated
by formula (1).

Different realizations were obtained using different set of
random initial phases in formula (1). There were total 9
realizations, 30 minutes long each (1 hour 48 min of full-
scale time) and 4 realizations, 40 minutes long each (2
hours 22 min full-scale time). The spectral density of one
of them (both calculated by formula (2) and actually
measured in the tank) is shown on figure 6.
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Figure 6. Input and measured wave spectral density

4.2 TEST PROCEDURE

As it was mentioned above there were two models:
Japanese purse seiner GT-80 (two loading conditions)
and box shaped model (one loading condition), which
makes three series of test runs. Each series included three
types of tests:

e Free rolling motion;

e  Free drift test;

e  Stop test.

The model was able to drift freely under action of
incident waves during free drift test, however, the length
of the tank limited the time of realization that might be
recorded. This time (about 10 minutes — model time) is

not enough to estimate probabilistic characteristics with
accuracy, that would be enough for judgement on
ergodicity. So we had to restrain drift of the model,
which made it “stop test” and use free drift test results to
check an influence of drift restraining. This analysis in
not included in this paper.

5. PRELIMINARY ERGODICITY ANLYSIS
5.1 CUMULATIVE VARIANCE

We followed the procedure that was applied for
simulation results in [1]. The “cumulative” variances
time histories are shown on figure 7 for model GT-80,
draught 1, figure 8 for model GT-80 draught 2 and on
figure 9 for box shaped model. Four longer curves
correspond to 40 minutes realization, nine shorter ones —
to 30 minutes realizations.
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Figure 7. Cumulative variance for GT-80, draught 1

As it is quite clearly seen from figures 7, 8 and 9, all the
responses cannot be considered ergodic, at least during
testing time. Moreover, majority of the curves tends to
almost horizontal asymptotes. This gives a background to
a hypothesis, that the process is stationary and does not
posses ergodic qualities during quasi-stationary period as
well. However it cannot be considered as experimental
evidence, yet. The waves in the tank might not be
ergodic either, since the wavemaker might be nonlinear
dynamic system as well and absence of ergodicity might
be a simple reaction on non-ergodic excitation.
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Figure 8. Cumulative variance for GT-80, draught 2
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Figure 9. Cumulative variance box shaped model

53 ERGODIC QUALITIES OF WAVES

Basically, it is well known, that the waves in the model
basin are not a perfect model of the sea waves: physics of
wave generation is different. For example, spectrum
might be dependent on where the measurements were
done exactly in the basin. This error is considered
acceptable for vast majority of the model test in irregular
waves.

However, absence or presence of ergodicity is critical for
this test, if the waves are ergodic, results at figures 7-9
would be enough to reject the hypothesis of ergodicity
for tested cases and at least question such a hypothesis in
general, when the nonlinear effect is important.

The figure 10 shows the cumulative variances of waves
in the towing tank recorded along with the stop test. The
wave transducer was located far enough before the model
to exclude any influence of wave generated by the
model.

As it clearly seen from figure 10, unfortunately, the
waves also cannot be considered ergodic.
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Figure 10. Cumulative variance of waves

So, to conclude anything on applicability of ergodicity
hypothesis for nonlinear rolling we have to develop a
criterion for ergodicity of the dynamical system exposed



to non-ergodic excitation and somehow separate inherent
and input non-ergodicity.

54 CRITERIA OF ERGODICITY

Derivation and testing of ergodicity criterion that
possesses the above capability deserves separate paper.
Here we give it brief consideration without any strict
definitions and proofs from math point of view, rather
being based on common sense. (Which does not always
works but still good enough for preliminary analysis.)
Following A. Degtyarev and A. Boukhanovsky [1], we
take confidence interval as the main tool for the study.
Any estimate of variance or mean value obtained from
finite set of statistics is a random value. Further we will
be working with estimate of variance only, however the
same method can be applied to any estimate of
probabilistic characteristic. The confidence interval is a
range that can be calculated for the estimate and contain
true value of characteristic with certain given confidence
probability B. Here we use 3=0.9973.
For the purpose of preliminary analysis, we assume that
both distributions of roll process and variance estimate
are Gaussian. Then the confidence interval half-width
can be calculated as [3]:

AV = P, (B.mV1.VIV]) @)
Here: P;,, inverse Gaussian cumulative probability
m[V] — mean value of the variance estimate
V[ V] — variance of the variance estimate
Mean value of the variance estimate is the estimate itself
if it is calculated with corrected formula:

m1=7 =——3 (6, -ml6]}  (5)

N-135
Variance of variance estimate can be calculated via 4™
moment of distribution, but since we assume the
Gaussian distribution, this figure could be expressed as:
= ——. 7 (©)
N-1

Finally, the variance estimate with confidence interval
can be written as:

V=ViAV, ™
and:
Pl el7—ar. 7 +ar]=p ®)

Here V is a true value of the variance and ¥ is its
estimate. Again, formulae (4-8) give confidence interval
in assumption that the only reason for the difference
between estimate and true value is finite volume of
statistics. Since we have clear difference between
variances estimated by different realizations, we average
the estimate over all realizations. Confidence interval
also has to be calculated for the estimate averaged over
the all available realizations. Also we used the same
number of points for each realization to give them equal
statistical weight. Results are summarized in the table 3
for rolling and table 4 for waves. Estimates of wave
elevation variance were expected to be almost the same
for the same realizations, but they are not. This
represents influence of model waves, reflection and other

factors related to wavemaker work. Repeatability of
waves is also important topic, but it is out of scope of
preliminary analysis, presented here and will be
considered in future papers.

Table 3 Roll Variance Estimates

Variance GT-80 GT-80 Box
estimate draught 1 | draught 2 | shaped
Deg’ model
Realization 1 29.61 38.75 65.07
Realization 2 30.36 37.86 64.14
Realization 3 28.72 33.99 61.99
Realization 4 30.19 39.26 58.17
Realization 5 25.86 27.97 59.59
Realization 6 31.74 40.00 62.35
Realization 7 27.57 33.6 64.64
Realization 8 27.68 34.24 71.5
Realization 9 33.95 33.72 65.85
Realization 10 25.64 36.26 63.91
Realization 11 30.04 38.54 73.25
Realization 12 36.06 42.23 58.29
Realization 13 20.35 26.86 60.71
Average 29.06 35.64 63.81
Variance of 7.64210% | 1.1510° | 3.68 10°
Estimate

Confidence 0.154 0.189 0.338
Interval

Table 4 Wave Elevation Variance Estimates

Variance GT-80 GT-80 Box
estimate draught 1 | draught2 | shaped
cm’ model
Realization 1 19.45 20.76 18.24
Realization 2 18.01 19.32 21.36
Realization 3 17.10 17.73 22.35
Realization 4 19.74 19.18 20.81
Realization 5 17.14 16.32 17.58
Realization 6 18.86 18.19 17.47
Realization 7 18.35 17.7 17.19
Realization 8 18.35 17.74 19.97
Realization 9 20.01 19.01 17.91
Realization 10 15.30 15.83 19.45
Realization 11 18.42 18.12 20.92
Realization 12 18.89 19.89 21.28
Realization 13 17.92 17.27 18.59
Average 18.27 18.24 19.47
Variance of 3.0210* |3.0110" |3.4310°
Estimate

Confidence 0.0967 0.0965 0.103
Interval

It is quite evident from the both tables that were already
visually clear from figures 7-10: vast majority of
realization estimates does not belong to confidence
interval. It is also illustrated on figure 11 and 12 for wave
and roll processes correspondingly. Points that present
realization  variance estimates (with respective
confidence interval) are spread far outside of the
confidence interval of the estimate averaged over the



whole ensemble. (Only results for GT-80 draught 2 are
shown).
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Figure 12 Roll realization estimates vs. roll ensemble
estimate (dashed line shows confidence interval for
ensemble estimate)

So, the deviation could not be explained just by finite
number of statistics. Now let’s consider non-ergodicity
of the studied processes. For the purpose of preliminary
analysis, we treat realization estimates as independent
realization of a random number and use “direct”
calculation of the variance of variance.

1 & - )
VelV1=——=> (V; =my:[V]? (9)
K-1 =i
Here my; is mean value estimate of realization variances
calculated with the same assumptions:

1 &~
mNE[V]TZV, (10)

Again the summation are to be made over realizations, so
K is number of recorded ones and equals 13. Now we can
use formula (4) for calculation of confidence interval
without ergodic assumption:

AVyg =Py, Bmpg V1, VeV (11)

Now, criterion on non-ergodicity can be proposed in the
following form:
AV
AV

If the process is ergodic this criterion will tend to unity,
since there no difference how to calculate estimates for
ergodic process: by realization or by ensemble. Results
of calculation are summarized in the table 5

E (12)

Table 5 Calculation of ergodic criteria

Value GT-80 GT-80 Box
draught 1 | draught2 | shape

d
mode
1

Ensemble averaged | 18.27 18.24 19.47

wave variance (from

table 4), cm’

Non-ergodic  wave | 1.58 1.914 3.07

variance of estimate,

cm’

Confidence interval | 7.00 7.70 9.74

for waves, cm’

Ergodic criterion for | 72.40 79.75 94.53

waves

Ensemble averaged | 29.06 35.64 63.81

roll variance (from

table 3), deg’

Non-ergodic roll | 15.53 20.63 20.84

variance of estimate,

deg’

Confidence interval | 21.93 25.27 25.40

for roll, deg’

Ergodic criterion for | 142.55 133.97 75.21

roll

Values of the proposed criteria indicate absence of
ergodicity, what actually has been seen from figures 7-
12. However, the proposed criterion estimates degree of
non-ergodicity, in other words, how far an ergodic
assumption would be from the reality.

Relative values of the criterion for wave and roll bear an
important information. As we can see from the table 5,
the criterion values for rolling of GT-80 is about twice as
large in comparison of the same for waves. This might be
interpreted as the dynamic system “adds” it own non-
ergodicity (caused by non-linearity) to already non-
ergodic input process.

Such interpretation was confirmed by numerical
simulation. As we stated above, the scope of this paper



does not provide an opportunity to give detailed
description of the criterion testing. Four cases were
simulated: ergodic input with linear system, non-ergodic
input with linear system, ergodic input with nonlinear
system and non-ergodic input with nonlinear system. It
was found that linear system (or inherently ergodic
system) does not increase the criterion. Contrary, if the
system possesses significant non-linearities, the criterion
increases sharply. More details will be available in future
publications

Curious enough, that box shaped model actually
demonstrates slight decreasing of the criterion. If this
effect will be confirmed by more precise analysis, this
might be interpreted as an indication that GZ curve is a
major nonlinearly affecting on ergodicity of rolling in
irregular seas.

6. CONCLUSIONS

The paper describes the model test carried out in towing

tank of National Research Institute of Fisheries

Engineering of Japan. The purpose of the test was to

check applicability of ergodic assumption for severe

rolling in beam irregular seas. As of today, preliminary

analysis has shown up that:

e Irregular wave produced in the tank is not ergodic
stochastic process.

e Roll response of the model tank is not ergodic
stochastic process

e There is an indication that non-ergodicity of roll
response is also contributed by the non-linearity of
the dynamical system

e There is an indication that GZ curve may be the
major non-linear factor affecting on ergodic qualities
of roll response in beam seas.
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SUMMARY

This paper presents the preliminary results of a three degree-of-freedom (3DOF) vessel capsize experiment and analysis
conducted at the University of Michigan Marine Hydrodynamics Lab during the late spring of 2001. A box barge with
minimal freeboard was placed in a beam sea and was excited at a super-harmonic three times its roll natural period. The
motion of this vessel was captured using a locally developed infrared motion capture system. The video was stored
electronically and analyzed using the computer program MATLAB®. The vessel was heeled at varying initial roll
angles and released at twelve different locations in the wave train, each corresponding to a quarter of the wave excitation
period. This was done to induce various initial conditions at a defined reference point (t;). The definition of a safe basin
of initial conditions and the effects water on deck has on this safe basin will be discussed.

1 INTRODUCTION

The fishing industry has, throughout history, been
regarded as an extremely hazardous occupation. Even
without the threat of a vessel capsizing, the chances of

surviving a long career-as a-.commercial fisherman are not- _

very favourable.

Now, as the quantities of fish and number of species
dwindle, and the regulations continue to become more
stringent, fishermen must push the capabilities of their
vessels to the brink, past which there may be no return.
As captains push their vessels with overloading and tempt
mother nature with trips into rougher weather, the need to
better understand the dynamic nature of a vessels capsize
becomes of great importance.

The phenomena of vessel capsize is an extremely
complicated dynamic event. Environmental forces, hull
design, and vessel loading are just of few of the hundreds
of factors that affect the safety and stability of the vessel.
In order to better understand this phenomena, the affect of
an initial roll angle and velocity pair, coupled with water
on deck will be analyzed in this paper.

Roll dynamics are best described by a nonlinear
system whose response and eventual state (capsize or non-
capsize) is frequently dependent upon initial conditions
[1]. Additionally, water on deck produces variable loads
that may have large impact on the motions. While there
has been significant work investigating water on deck
dynamics, e.g. [2]-[11], little attention has been given to
the initial state of the vessel subject to these variable
loads. Based on the work of Soliman and Thompson [1],
an experiment was devised to investigate the affects of
varying initial roll angle and roll velocity in a 3DOF
system vice a 1 DOF system.

2 BARGE PARTICULARS

The model used for the primary experiments was a simple
box barge constructed of plywood and coated with West

4.2,

Systems epoxy. See Fig. 1. The model has a Plexiglas
“main deck” and an aluminium platform supported by 4
threaded rods. Mounted on the platform are two infrared
lights. The length of the model was 66.0cm. The model
had a draft of 18.25cm with a freeboard of 1.12cm.

118.25cm

Yo Y.

Figure 1: Sketch of barge with dimensions.

The center of gravity was adjusted to give an angle of
vanishing stability, experimentally determined, of 11.4°.
The deck became awash when the hull heeled
approximately 5°, port or starboard. In addition to the
angle of vanishing stability, the roll natural period and
damping coefficients (linear and quadratic) were
determined experimentally.

3 MOTION COLLECTION SYSTEM

It was critical to the analysis of this experiment to develop
a system that could capture the motion of the vessel
without itself affecting that motion. Two infrared LED
lights were mounted on the platform of the model. A
COHU 4915 High Performance Monochrome CCD
Camera was mounted, in plane with the lights, with the
entire test section in view. The manual iris on the camera
was then closed until only the IR lights were picked up.



The rest of the test section was blacked out. The camera
was connected to an ATI All-in Wonder 128 video card in
a Dell PC. The movie was. captured at 30 frames per
second in an MPEG-1 format and saved on the hard disk
for analysis at a later time. The typical movie size was
around 30MB.

An intermediary program, Image Explorer Pro, was
used to decompose the video into individual frames and
save each frame as a JPEG image. Then, using
MATLAB, each JPEG was individually loaded and
scanned to find the locations of the model and indicator
lights. These XY data pairs and the MATLAB workspace
were then saved for future analysis. The complete
analysis, including data collection, filtering of each frame
to identify LED pixel position, and conversion to state six
variables and three accelerations, took approximately 20
minutes per test run.

4 PRELIMINARIES
4.1 DETERMINING 6,, THE ANGLE OF VANISHING

STABILITY
A box barge was chosen as the vessel for this experiment
due to its hydrostatic simplicity. Once the final weight
and platform configuration was settled upon, the location
of the center of gravity and O, was numerically
determined.

The angle of vanishing stability, 8,, was then

determined experimentally.- The model was placed in the-

test section and was manually heeled to a side. Using the
motion-capture system, the model was released from the
estimated location of 0, and the motion of the vessel was
captured. The vessel lolled about 0, for several of these
runs, while in others it either righted itself or capsized.
After comparing the numerous runs, 11.4° was settled on
as the experimental 0,. See Fig. 2 for an example time
history of the vanishing stability angle test.

Runi ThetaV

3
7

/\\\_,/\\,\

T~
N

Degrees (+) Port
.

o

o 3 1 1 A 3 L
o 2 4 [ L] 10 2 R 1% 18 20
Time {sec)

Figure 2: Vanishing Angle Determination Test

42 DECREMENT TESTS

Roll decrement tests were conducted in order to determine
the roll natural period of the model. The model was
heeled to both port and starboard and released. The
motion was captured and the logarithmic decrement
method was used to determine the natural period. The

L.2,2

model was released from three heel angles, both port and
starboard. The results of those tests are listed in the Table

I below.
TABLE I: Decrement Test Results
Release Angle Roll fn (Hz) No. of Cycles
9.92 0.3669 2 analyzed
6.66 0.3605 4 analyzed
4.66 0.3639 8 analyzed
-12.96 * 0.3455 * 4 analyzed *
-10.48 0.3603 5 analyzed
-6.9 0.3645 9 analyzed
Mean Standard Dev
All 6 Runs 0.3603 0.0077
>3 Cycles 0.3642 0.0004
> 7 Cycles 0.3589 0.0078

* Release was not clean.

Placing more emphasis on the analysis of runs with
release angles less than 7° (these started with little water
on deck and provided more cycles to analyze), the natural
frequency was estimated to be 0.363 Hz.

4.3 DEFINITION OF t, AND RELEASE TIMES

In order to impart various initial conditions, the model was
placed at 5 different roll angles and released at 12 different
release times for each angle. Knowing the profile of the
incident wave train from previous calibration runs (see the
Appendix), the initial starting point, to,was defined as the
first wave crest after the large transient, i.e. the first wave
crest in the series of steady state waves. Thus all the
transients that lead up to the steady state waves contributed
to just the initial conditions defined at t,. With this to asa
reference, it was decided to use an interval of 1/4 of a wave
period between each release point and work back 3 wave
periods. By releasing the model at set intervals prior to t,,
the model experienced a range of initial values for its six
state variables, (x,)'()j j=1...3, i.e. sway, heave, and roll

motions.

4.4 AUTOMATION AND TIMING

In order to synchronize the data collection and motion
collection systems, the entire process had to be automated
as much as possible. Two computers were used to control
the data collection and wavemaker activation. A MAC
Quadra 900 running Labview 4.0 recorded the data input
from the wave probes and command channels and also
controlled the activation and motion of the wavemaker,
while a Dell PC recorded the video.

The MAC controlled the signal output channels. The
first channel was the command signal to the wavemaker
amplifier. The first channel on the data collection card
also captured this signal. The second output channel wasa
5V low/high signal that controlled the wavemaker
activation IR light. This channel was synchronised with
the wavemaker command channel and signalled high as
soon a command was given to the wavemaker amplifier.
The second data collection channel captured this signal.




The third channel gave the control for the model
release. A 5V High/Low signal was triggered once the
desired release time occurred. Upon triggering, the signal
activated a relay, which de-energized the DC magnets and
switched on AC current to the magnets. (This helped to
break the magnetic field faster.) The channel also
powered the Model Release IR light and was monitored
by the third data collection channel.

When the model was at the proper setting and the
tank settled, the Dell video collection software started.
Once a few seconds of the video had been recorded, the
data collection card was triggered. It began recording the
above-mentioned channels as well as the wave probe.
After five seconds of data was recorded, the wavemaker
command program was triggered and wave generation
began.

In the post-data processing, the data time series and
video was synchronized by using the hi/low channels in
the data record and the lights in the video record. During
the analysis of the scanned videos, the frame (accurate to
the nearest 1/30 sec) where the wavemaker and models IR
lights trigger, was determined thus synchronizing the
video with the wave record.

5 EXPERIMENTAL SETUP AND TEST
PROCEDURE

The experiments were conducted in the Gravity Wave
Facility at the University of Michigan Marine
Hydrodynamics Lab. The Gravity Wave Tank is 35m
long, 0.75m wide, and 1.5m deep. It has a computer
controlled, plunger style wavemaker. The Gravity Wave
Tank also has wind generation capabilities. Although we
will not be using this capability, the wind generation
equipment limits the depth of the water, e.g. for a
maximum wave height of 10cm, the depth of water is
limited to 65cm.

For the experiments described here, the model was
placed in the tank with its port side towards the
wavemaker. The model was fixed in an initial position by
electro-magnets suspended from the top of the tank. The
release location for every run was 15.44m from the
wavemaker. This position was chosen due to the location
of the edge of the video frame in relation to the test
section. The magnets held the model by brackets mounted
on the platform. The electro-magnets were on a pivoting
arm, which alfowed for the vessel to be set at an initial roll
angle. Once the model was released from the magnets,
the pivoting arm also allowed the magnets to be swung
out of the way of the platform.

The primary wave probe used to capture the wave
profile of each run was mounted 8.86m down-tank from
the wavemaker. This distance to the wavemaker was
limited by the location of the wind generation scoop.

Four reference IR lights were mounted on the exterior
of the test section glass in each corner of the video frame.
See Fig. 3 for an example frame. The upper right
reference light was also used as the video trigger for
wavemaker activation and the lower right reference light
was used as a trigger for the model release.

The two left hand reference lights were used for
determining any camera twist. In order to ensure the
camera always remained in the same position a MATLAB
plugin allowed camera frames to be taken and imported
directly into memory. This allowed for corrections to the
camera position prior to every run. A

Camera Twist Angle (exaggerated)
Wavemaker
Trigger
IR Light

Lights on Model

Model
Release
IR Light

i

]

Figure 3: View of test section during run.

The testing began with the camera position verification.
Several pictures were taken and compared to a reference
picture.  The camera was then adjusted slightly until the
pictures were aligned with the reference. At the same
time, the primary wave probe 40s zero was taken.

Next, the magnetic arms were set to the desired initial
roll angle. The model was then placed in position and the
magnets energized while the tank was allowed to settle.

After the water surface returned to a calm condition, a
second set of pictures was taken. These pictures were
instantly analyzed and the actual initial roll angle of the
vessel determined. If needed, the magnet arms were
adjusted to correct the initial angle to the desired value. A
sample matrix is shown in Table A.1 of the Appendix.

Once all adjustments were concluded and the tank
returned to calm water, the video capture program and the
data capture program were started. After 3-5 seconds of
data capture, the wavemaker was energized.

Data capture continued until either the model capsized
or it left the test section, drifting out of the camera’s view.
The data was then saved for future analysis.

6 WAVE DETERMINATION AND ANALYSIS

6.1 WAVE DETERMINATION

The physical dimensions of the Gravity Wave Tank and
the wavemaker design limited the available frequency of
the waves and wave heights. Being unable to excite the
vessel at or near its roll natural frequency of 0.363Hz, it
was decided to excite the model at a super-harmonic of
1.089Hz, or 3 times the natural frequency.

The appropriate incident wave height was determined
experimentally. Several wave runs were conducted with
no artificial initial conditions imparted to the vessel. The
vessel was set motionless at the release location and a test
wave train was generated. Capsize or no-capsize was
recorded and a second wave height was attempted. Once
the smallest wave height that consistently capsized the
model was identified, the height setting was then reduced.



The goal was to find the largest wave height where the
vessel did not consistently capsize. That height, 2.67cm
for the particular set of barge particulars and incident
wave frequency described here, became the excitation
wave height. The intent of this process was to determine
an experimental critical wave height [1] where initial
conditions imparted upon the vessel would create the
likely conditions needed for capsize.

During these early tests, it was noticed that a slight
longitudinal variation in the release point of the vessel (i.e.
the location of the vessel relative to the wave maker), led
to significant changes in the wave height needed to
capsize the vessel. The variation could be a little as a few
centimetres. The significance of this was noted and will
be discussed in the Results/Conclusions sections.

6.2 WAVE ANALYSIS

Once the wave frequency and height was determined,
1.089Hz and 2.67cm, the repeatability of the wave
generation capabilities of the tank was verified. Three
wave probes were used to capture and analyze the wave
profile. The primary wave probe, also used during the
data collection phase, was located 8.86m down tank. A
second wave probe was placed at the model release
location, 15.44m down tank, and a third wave probe was
placed at the end of the test section, 16.46m down tank.

6.2 (a) Wave Repeatability

Three runs were conducted with the model removed from
the tank and data collection set up for the primary probe
(labelled FWD Probe in the plots) and the probe at the
release Jocation (labelled Model Probe in the plots). The
data collected was analyzed and plotted. Typical results
are displayed in Appendix Fig. Al indicating that wave
profiles were repeatable to within 5%.

6.2 (b) Wave Reflection

Due to the finite length of the Gravity Wave Tank, it was
important to ensure that the data collection and vessel
capsize, occurs prior to the arrival of reflected waves off
the far end of the tank. = This cut-off time was determined
by placing a wave probe at the end of the test section and
collecting data for three separate runs.

As seen in Fig. A2, the primary crests and troughs of
the steady state wave train can be identified. Once a crest
and trough deviated from the mean by 1.5 standard
deviations, that zero-crossing was identified as the
reflection inception point. In Fig. A2, this point was
approximately 62 seconds after wave maker activation.
For every data run, the model either capsized or drifted
out of the test section well before 60 seconds Thus wave
reflection was not an issue with the experiments reported
in this work.

6.2 (c) Wave Propagation

The initial transient of the wave front changes as it
progresses down the tank. Three calibration runs were
conducted, collecting data with the primary probe and a
probe located at the release point. As the wave front
changes, the excitation the model sees prior to the defined

4.2.4

starting phase, t,, changes as seen in Fig. A3 of the
Appendix. This spatial variation of the wave envelope
required the capture of the profile of the entire wave
surface in the test section.

6.3 TEST SECTION WAVE PROFILE CAPTURE

Due to the fact that the model was allowed to translate
down the tank during a run, determining the exact wave |
elevation at every point in the test section using wave
probes was impractical. To capture the spatial behaviour
of the wave elevation at every point in the test section, a
flourscein solution was dissolved into the tank. The water
surface was then illuminated with a laser sheet. Three runs
were then conducted without the model in the tank anda
video time history was recorded and analyzed. See Fig. 4
for an example video frame. Given the undisturbed wave
profile as a function of time and space, it was possible to
synchronize time and location of the desired wave crest (or
trough) with the barge center of gravity, thus defining the

starting reference phase or time, t,.

Figure 4: A view of the test section during a run. The
cameras iris was opened slightly more than during a
regular run.

7 MOTION ANALYSIS
The captured videos were stored in MPEG-1 format. This
MPEG was separated into individual frames, e.g. Fig. 5.

Known
4 inches=37.4 pixels...

B 8.675 pixels per inch
Measured

7 Pixels

Measured 34 Pixels

Figure S: Blow up of the model IR lights and
roll angle determination.




For each frame, a MATLAB program determined an
ordered set of (x,y) data pairs representing the location of
the two IR lights on the model at 1/30 sec intervals.

A third MATLAB program calculated vessel
dynamics based upon the IR time series. The reference
point for the model was its center of gravity. The roll,
heave, and sway motions about the COG are determined
using simple geometry.

Figure 6 below displays the captured motion plots.
The upper plot shows roll angle vs time. All time-based
position plots reference the energizing of the wavemaker
attime t = 0. In Fig. 6, the model was released about 21.5
seconds after the wavemaker was energized. The model
was held at a release angle of -10 degrees (starboard). The
roll angle in Fig. 6 is displayed as the local roll angle.
This is the roll angle relative to the wave slope at the
location of the center of gravity of the model.

The first circle in the time history denotes the model
release time. The second circle at approximately
t=27.5sec, is the starting time of the Poincaré samples, t,.
The time interval of the Poincaré samples corresponded to
the wave encounter period. The angle of vanishing
stability is also marked. Note that there are many
instances where the local roll angle exceeds 0, and does
not capsize.
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The motion displayed above is typical of the general
trend for every non-capsize run. Runs that were initially
released with a starboard roll angle, rolled down tank
initially, but eventually settled in to the motion seen
above. Runs that were released with a port roll angle
rolled up tank immediately and also settled out to the
same motion.

Figure 7 contains the same data run, only the
analysis is presented with the global roll angle. The
global roll angle is referenced to the earth fixed horizontal
axis. The Poincaré points are sampled when each wave
crest crosses the vessel’s center of gravity. Using the
local angle, e.g. Fig. 6, the Poincaré points map close to a
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“roll trough”. When plotted on the global plots, e.g. Fig 7,
the Poincaré points shift throughout the roll motion crests
and troughs. As in Fig. 6, there are periods where the
global roll angle exceeds 6, but does not capsize.
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Figure 8 contains the motion during a capsize run.
As with the non-capsize case, the motion of all the capsize
situations were similar. While there may have been one or
two roll-cycles prior to capsize the vessel tended to capsize
and capsize quickly. For the conditions considered in this
paper, all the capsize runs capsized into the waves.
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8 NUMERICAL SIMULATIONS BASED ON A
BLENDED HYDRODYNAMIC MODEL

To more fully understand the dynamics shown in Figs. 6-8,
calculations were performed using a three degree of
freedom "blended” hydrodynamic model. Various blended
models have been developed approximating fully nonlinear
behaviour with a combination of nonlinear and linear
components [12] [13]. In this work, a quasi-nonlinear time
domain simulation based on the effective gravitational
field and long wave assumption [7] [14] is used. The



approximation will fully account for the effects of deck
immersion in the computation of restoring forces and
Froude-Krylov forces.

Briefly, the effective gravitational field is a vector
combination of the earth’s gravitational acceleration and
the centrifugal acceleration associated with circular water
particle motion. The result is a local, time varying,
gravitational field perpendicular to the local water surface.

The wave contour can be prescribed by a single
cosine wave of arbitrary frequency, amplitude and phase.
The shape of the envelope curve of the wave profile has
been adjusted to match the experimentally measured wave
profile. Each wave component travels at its own phase
velocity from an initial position given by its specified
phase at time zero. Thus the wave elevation is completely
defined at any lateral position and instant of time. At each
subsequent time step, the wave contour is determined at
any position of the global coordinate system, and the
instantaneous displacement, center of buoyancy and local
wave slope across the body are computed. From these
parameters, the corresponding forces/accelerations in
sway, heave and roll are computed. The accelerations are
integrated at each time step to compute the velocities
which are then integrated to determine the body position
and orientation in sway, heave and roll.

The equations of motion, in a global, stationary axis
system, are given in Eq. (1) below. The body position and
orientation is given by the coordinates of the center of
gravity, (xG, yG) and by the roll angle, o.

m+ajp) 0 agy XG
0 m+asg 0 .);G
as 0 Iegt+an|l @

by 0 bullxg) [0 0 0] 0
yg |+{0 0 o] o )
bsz 0 b fl 0 0 by ||

pg62V+f§)
pge3V—mg+f3D
pge GZ V+fjD

The subscripts 2, 3 and 4 denote sway, heave and roll
respectively. In the matrix, ajj and bjj are added mass and
damping coefficients, ijare diffraction forces and b and

by are linear and nonlinear (quadratic) roll damping
coefficients. Added mass, damping and wave diffraction
forces are assumed constant at each wave frequency and
all these coefficients are calculated using the standard
linear seakeeping program, SHIPMO[15]. The nonlinear
forces are associated with terms that include

ge- the magnitude of the effective gravity,

8e2, 8e3 - the sway and heave components of the
effective gravity in global axis coordinates,
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b2 - the quadratic roll damping [15],
V - the time dependent volume of the hull

including the occurrences of deck immersion o
bottom emersion, and

GZ - the time dependent roll righting arm,
referenced in the local wave slope/body
coordinates.

With this model, the complex dynamic responses of
the box barge with a low freeboard floating in regula
beam waves can be investigated. Note that the blended
model given in Eq. (1) does not include the real-life effects
associated with the dynamics of water on deck such as
fluid sloshing and water egress.

For the simulations presented in this paper, initial
conditions for the other state variables, heave and sway
displacements and velocities, were set equal to zero. This
is not the case for the experiments and may be a possible
explanation for any differences between simulated and
experimentally measured capsize boundaries.

9 RESULTS

One hundred and eighty experimental runs were
conducted. Three initial-condition sampling points were
chosen, to1, to2, and ty3, the largest transient crest prior to
the regular wave train, the largest transient trough prior to
the regular wave train, and the first regular crest in the
wave train, respectively. The initial roll angle and roll
velocity were sampled at these points and the results are
plotted below.

Initial condition pairs, roll angle and roll velocity,
are plotted in Figs. 9-12. Initial conditions that did not
lead to capsize are left unfilled. Initial condition pairs that
did lead to capsize are filled in. These initial conditions are
plotted as global roll angles, that is as referenced to the
horizon, not the local wave slope. All the plots have the
same scale.

Safe Basin in phase space for wmn =3.
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Figure 9 contains all three initial conditions plotted
on one graph. This is done to emphasize the general trends
in the capsize and non-capsize data. There appear to be
differences in the initial condition pairs when chosen from
different starting points, however they all map into the
same general vicinity. Figures 10, 11, and 12 contain the
same data. as._ figure. 9, but are categorized. based on
whether they are referenced to ty}, the maximum transient
crest, to2, the maximum transient trough, or to3, the
maximum transient crest plus one (i.e. the first regular
wave crest). Figures 11 and 12 contain a subset of the
runs shown in Fig. 10.

Figure 13 is a comparison plot between the
numerical simulation runs and the experimental runs,
sampled at the maximum transient crest (Fig. 10). The
simulations were run with initial conditions spanning
~20 < 9<20 and —15 < dg/dt < 15.
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Figure 11: Safe basin from Maximum transient trough
sample point (ty2)
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Figure 12: Safe basin from Maximum transient crest
plus one (i.e. first regular wave crest) sample point (ty3)

White areas within the simulation initial condition
boundaries of Fig 13 denote safe or non capsize behaviour,
as determined by the integration of Eq.(1). There is
significant correlation between the experiments and theory
even though the simulations did not match initial
conditions for heave and sway and additionally, lack a
better dynamic model for water on deck. It is.clear that. -
more work is needed in this area to improve the
predictions. However, it is also gratifying that the concept
of nonlinear systems analysis with various basins of
attraction (safe or capsize) [1] [7] seems to capture the
physics of capsize.
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10  CONCLUSIONS

The role the initial conditions play in vessel capsize is no
doubt an important one. This can be seen where a slight
variation in an initial condition can lead to either capsize or
non-capsize. In addition, the location where the wave
crashes on the deck of the vessel can be significant in



vessel stability assessment. The water on deck clearly
introduces another degree of freedom to the problem.
While conducting the experimental runs, it was
noticed that there were times when the vessel appeared to
be on the verge of capsize, only to be saved by the
dynamics of the water on deck. The converse was also
true. A situation where the vessel did not appear to be in
danger, was exasperated by the next wave crashing down
on deck. In order to study this phenomena, the
undisturbed wave surface taken from the laser sheet
videos was overlaid onto the vessel motion videos. Based
on these video records, it appears that the location of the
main deck intersection relative to the surface of the wave
either continually saved or immediately sank the vessel.
The model was heeled to both port and starboard roll
angles and released. Due to damping and the effect of the
water on deck, the vessel almost always settled out to port
prior to reaching the defined initial condition sample point,
to. In several cases, the vessel even capsized during the
transient wave front. The runs that capsized early were
generally those that started heeled to starboard and were
released right before the largest transient struck the vessel.
During these runs, the model rolled back to port and as the
large transient piled water onto the port side of the model,
it continued its roll all the way to capsize.
Runs that were released early, tended to settle out to
a motion that rolled about 7 to 10 degrees globally to port.

Trends. in. which release times. led to.- which. initial

conditions, and thus to capsize or not, need to be looked at.
Also, quantification of the amount of water on deck and a
general location of the "wedge of water’s" center of gravity
needs to be determined. This should explain the vessels
motion settling about a port roll angle between 7 and 10
degrees.

The vessel always capsized into the waves, to port,
for these data collection runs. While conducting
preliminary tests to determine the incident wave for this
experiment, there were several wave height and frequency
combinations that capsized the model away from the
incident wave finally selected. Future work with these
other wave combinations may help clarify the affect of the
water on deck.

Due to the different release times, the longitudinal
location of the model (distance for the wave maker) at each
defined t, varied greatly. As mentioned previously in the
wave determination tests, a variation in the longitudinal
position of the model appeared to significantly effect the
location of the capsize basin and the characteristics of the
capsize wave. This can be addressed by observing how the
wave front changes as the model moves down the tank.
(This change in the wave front leads to different initial
conditions.) - However further analysis should be
conducted, including running tests starting from the same
initial conditions and relative release time but varying the
longitudinal release location in the tank.

These experiments and numerical simulations
represent a starting point for the development of a practical
tool for classifying safe and dangerous dynamic conditions
for a specific vessel in a specific loading condition.
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Completing the above mentioned follow-on analysis an
conducting future testing with this and other more complex
models will lead to a better understanding of the capsiz
phenomena.
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SUMMARY

In this paper, a recently developed approach (Vishnubhotla, Falzarano and Vakakis, 1998 & 2000) is described which
makes use of a closed form analytic solution which is exact up to the first order of randomness, and takes into account
exactly the unperturbed (no forcing or damping) global dynamics. The result of this is that, very large amplitude
nonlinear vessel motion in a random seaway can be analysed with techniques similar to those used to analyse nonlinear
vessel motions in a regular (periodic) seaway. The practical result being that dynamic capsizing studies can be
undertaken considering the true randomness of the design seaway. The capsize risk associated with operation in a given
sea spectra can be evaluated during the design stage or when an operating area change is being considered. Moreover,
this technique can also be used to guide physical model tests or computer simulation studies to focus on critical vessel
and environmental conditions, which may result in dangerously large roll motions. In order to demonstrate the practical
usefulness of this approach, sample application is included. The results are in the form of solutions, which lie in the
stable or unstable manifolds and are then projected onto the phase plane. Finally, the eventual goal of utilizing this
method or any other similar method is the development of a physics based ship/platform stability criteria, which can

reflect the actual vessel characteristics and operating environment.

1. INTRODUCTION

Research studies of non-linear ship and floating offshore
platform rolling motion using dynamical systems’
approaches have become quite common (Thompson,
1997). However, practical ship design stability criteria
still focus on the static restoring moment curve as the
sole or dominant indicator of the vessel’s resistance to
capsizing and only consider the motion in an implicit or
very approximate manner. Most non-linear motions
studies are limited to single degree of freedom and
regular wave (periodic) excitation with few exceptions
(see e.g., Hsieh, et al. (1993), Soliman & Thompson,
1990, and Lin & Yim, 1996). It is well known that roll
cannot always be exactly decoupled from the other
degrees of freedom but more importantly it is well
known that sea waves are not regular but in fact are
random. It is common in the design of ships and floating
offshore platforms to make narrow banded assumptions
and predict short-term extremes using the Rayleigh
Probability Density Function (PDF) (see e.g., Ochi,
1998). In this study, the highly non-linear near-
capsizing behaviour of a small fishing vessel in a random
seaway is analysed by using an analytical solution to the
differential equation. The availability of such a closed
form solution allows safe basin boundary curves for this
pseudo-randomly forced system to be generated.

The Patti-B was a small fishing vessel, which has the
dubious distinction of having capsized twice. This vessel
operated off the United States east coast and was unlucky
enough to be involved in two capsizings. Initially she
capsized in shallow water and her owners salvaged her

(NTSB, 1979). The second time the vessel capsized in
deeper waters and unfortunately all hands were lost.

2. PHYSICAL SYSTEM MODELING

The focus of this study is highly non-linear rolling
motion of small fishing vessel possibly leading to
capsizing. For the small fishing vessel, the roll axis is
the critical motion axis. Roll is in general coupled to the
other degrees of freedom; however, under certain
circumstances it is possible to approximately decouple
roll from the other degrees of freedom and to consider it
in isolation. This allows focus on the critical roll
dynamics. The de-coupling is most valid for vessels
which are approximately fore aft symmetric which
eliminates the yaw coupling. Moreover, by choosing an
appropriate roll-center coordinate system, the sway is
approximately decoupled from the roll (Webster, 1989).
For ships, it has been shown in previous studies that even
if the yaw and sway coupling are included the results
differ only in a quantitative sense. The yaw and sway act
as passive coordinates and do not qualitatively affect the
roll (Zhang & Falzarano, 1993).

The other issue is the modelling of the fluid forces
acting on the hull. Generally speaking, the fluid forces
are subdivided into excitations and reactions (Newman,
1982). The wave exciting force is composed of one part
due to incident waves and another due to the diffracted
waves. These forces are strongly a function of the
wavelength / frequency. The reactive forces are
composed of hydrostatic (restoring) and hydrodynamic
reactions. The hydrostatics are most strongly non-linear
and are calculated using a ship hydrostatics computer
program. In order that the zeroth order solutions are



expressed in terms of known analytic functions, the
restoring moment curve needs to be fit by a cubic
polynomial. It should be noted here that it is not much
more difficult to utilize a numerically generated zeroth
order solution which is based upon an accurate higher
order righting arm curve. The hydrodynamic part of the
reactive force is that due to the so-called radiated wave
force. The radiated wave force is subdivided into added
mass (inertia) and radiated wave damping. These two
forces are also strongly a function of frequency.
However since the damping is light, and for simplicity,
constant values at a fixed frequency are assumed.
Generally, an empirically determined non-linear viscous
damping term is included. However such empirical
viscous damping results are only available for ship hulls.
The resulting roll equation of motion is :

(T4t Au (a)n))é—'_BM (wn)¢+B44Q¢ | ¢ |+
AGZ(¢,)=F@1) (1)

The focus of this study is non-linear ship rolling motion
in a realistic seaway due to a pseudo-random wave
excitation. The effect of seaway intensity is accurately
considered. In order to obtain the roll moment excitation
spectrum, the sea spectrum is multiplied by the roll
moment excitation Response Amplitude Operator (RAO)
squared (Equation 2a). The RAO for the small fishing
vessel in given in Figure la.

The sea spectral model used for the small fishing
vessel is the Pierson-Moskowitz (P-M). The P-M sea
state equation (Ochi, 1998) is as follows,
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Where, Uy, is the wind speed. The P-M model is used for
this case because it corresponds to a fully developed
seaway, which is in some sense the most severe.
Moreover, the spectrum is a one-parameter spectrum so
that solely the effect of seaway intensity can be
considered.

Figures 1b and lc show the Patti-B’s excitation
spectra and the corresponding time history of the forcing
(in non-dimensional form) for a wind speed of U,, = 2.75
meters per second. Figures 2a&b are for larger U,. The
significant wave heights for the sea spectra used for the
Patti-B range from less than 2.0 foot to almost 7.5 feet.
The sea state intensity ranges from about sea state one to
four (Bhattachrayya, 1978) which is a reasonable
operating condition for the Patti-B.

3. THE DYNAMICAL PERTURBATION METHOD

The focus of this investigation is the extension of an
approach previously used to study the non-linear
dynamics of a small fishing vessel and a very large semi-
submersible platform due to pseudo-random wave
excitation (Vishnubhotla, Falzarano and Vakakis, 1998

& 2000). The approach is based upon a method
originally developed by Vakakis (1993) to calculate in
closed form the homoclinic manifolds due to rapidly
varying periodic excitation. That approach was
generalized to calculate heteroclinic manifolds due to
pseudo-random wave excitation. Considering that
random excitation is a realistic model for ship and
floating offshore platform motions at sea, this method
was extended and then applied to consider the case of
perturbed heteroclinic manifolds due to an external
excitation as approximated by a finite summation of
regular (periodic) wave components.

The forcing function would then assume the form
shown in equation 3b.

Si(w)=|RAO" S (@) (3a)
FO) =YY, Fu(w)Cos(wit+y,) (3b)
where,
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The solution to equations such as Equation (1) with
softening spring characteristics exhibit two greatly
different types of motions depending upon the amplitude
of the forcing. For small forcing amplitude, the first type
of motion is an oscillatory motion, which is generally
bounded and well behaved. For large amplitudes of
forcing, the motion can be such that a uni-directional
rotation occurs. The boundary between these two types
of motions is called in the terminology of non-linear
vibrations, the separatrix. This curve literally separates
the two qualitatively different motions. In the language
of non-linear dynamical systems, these curves are called
the (upper and lower) saddle connections. The saddles
are connected as long as no damping and forcing are
considered in the system. Once damping is added to the
system, the saddle connection breaks into stable and
unstable manifolds. The stable manifolds are most
important, because they form the basin boundary
between initial conditions, which remain bounded and
those that become unbounded. When periodic forcing is
added to the system, these manifolds oscillate
periodically with time and return to their initial
configuration after one period of the forcing. This forcing
period is chosen for the Poincaré sampling time of such a
periodic system. Unfortunately, no such obvious
Poincaré time sampling exists for the pseudo-randomly
forced system studied herein.

In this investigation, the random wave forcing is
approximated by a summation of periodic components
with random relative phase angles. Although this
representation approximates the true random excitation
as N64, and )T60, for finite N this does not occur.
Actually, the "random" signal repeats itself after Tr=
2B/)T. Another relevant time period is the average or
zero crossing period T, . Assuming the spectrum is
narrow banded, this might also be a good reference
period for a Poincaré map. In lieu of Poincaré maps, we
choose to trace out single solution paths, which are



contained in the stable manifolds (see Figure 3). These
are then projected onto the phase plane.

The solutions lying in the stable manifolds are
calculated using the new approach. This method is a
perturbation method, which starts with the un-damped
and unforced separatrix. For a simple softening spring
(Equation, 4a), this is known in closed form. The critical
solutions lying in the stable manifolds are calculated
using our approach. This method is a perturbation
method that begins with the un-damped and unforced
separatrix. For a softening spring, the separtrix is known
in closed form. i.e.

$+x-ko=0  (4a)
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The first order solution is determined by using the
method of variation of parameters. The original Equation
(1), is scaled into the following form,

Xtx-fod =e(pi-y X |X|HF@) (5)

Having scaled the original equation, the solution method
basically involves expanding the solution in a
perturbation series as,

xX)=xo)*&x(1).. (6)

The second order equation to be solved is actually a
linear equation with time varying coefficients. The
coefficients are obtained from the zeroth order solution
known from Equations (4a) and (5) squared, i.e.,

5é1+x1-3kx1x£=1}(xo,l) (7)

Solution to the zeroth and first order solution terms
yields the perturbed manifolds, which are the boundary
between the bounded and unbounded motions. This
method explicitly determines the critical solution curves,
which separate the bounded steady state oscillatory
motions from the unbounded motions. These solutions
are determined by solving equations (4) and (5) and
using them in (6).

The approach taken in this paper although different
from our previous analysis is similar enough that all the
details need not be completely repeated herein. The basin
boundaries correspond to the stable manifolds associated
with the positive and negative angles of vanishing
stability and are just the damped and forced extensions to
the upper and lower separatrices respectively which were
previously discussed. These stable manifolds form the
basin boundary between bounded (safe, non-capsize) and
unbounded (capsizing) solutions. See for example Figure
3a.

Although this method was originally developed by
Vakakis (1993) to study intersections of stable and
unstable manifolds for equations for which the Melnikov
method could not be used, this method is applied herein
because it is general enough to yield exact solutions to
general equations such as the multiple frequency forcing
case being studied herein.

4. RESULTS

The results are for the roll of a small fishing vessel which
is probably one of the smallest vessels to venture away
far from safety of shore. For the range of seaway
considered, the results exhibit qualitatively different
types of behaviour; even for these mild seaways
considered herein.

An indication of if the basin boundaries will be simple
and smooth or fractal and complicated is determined by
if the manifolds intersect or not. As a first step in
determining whether or not this will occur for the
pseudo-randomly forced system is to determine
solutions, which lie in both the stable and unstable
manifolds. After this is done, the distance between the
two solutions can then be determined and this will
indicate whether or not a manifold intersection has
occurred. When the distance between the two manifolds
goes to zero, the manifolds become tangent and this is a
critical value of the forcing. Beyond the value of forcing
where the manifolds become tangent the manifolds
intersect and the safe basin begins to erode. This is
exactly what the Melnikov function (Falzarano, et al,
1992) is used for and what is being described herein is
simply a more general alternative to the Melnikov
approach. The method described herein has several
potential benefits over the classical Melnikov approach.
These benefits enable the ability to, 1) analyse very
general systems for which the Melnikov method is not
valid 2) obtain higher order results, and 3) develop a
visual projection of the manifolds for single degree of
freedom systems.

4.1 Safe Basin Boundary Projected Phase Plane

The results are for physical parameters representing the
clam dredge Patti-B (Falzarano, et al., 1992) in beam
seas and rolling in various intensity Pierson-Moskowitz
sea spectra. As stated previously, the sea spectra are
approximated by a finite but large number of periodic
components. As can be seen, when the wind speed is
increased and the seaway intensity increases, the vessel’s
dynamics change qualitatively. The upper and lower
stable manifolds change from smooth curves similar to
the unforced system to rather complicated curves
indicating the possibility of manifold intersections. The
size of the safe operating region of the vessel is
somewhat related to when these manifolds intersect and
become fractal or complicated. Figures 2a, b & ¢ show
moderate to large amplitude sea spectra plotted versus
frequency for a range of wind speeds. The wind speed is
the single parameter describing the seaway intensity.



Results for time-varying roll motion solutions
contained within the upper and lower stable manifolds
projected phase planes for these sea spectra are given in
Figures 3a-3c. One can see that Figures 3a&b show
smooth stable manifolds while Figure 3¢ shows tangled
stable manifolds. When looking at these projected phase
plane results, it should be recognized that the solutions
depicted represent a time evolution of a single trajectory
and are not Poincaré time samplings of the manifold.
This explains the wrapping around the fixed point. The
random oscillation occurs on the average at the zero
crossing period while the solution is slowly evolving
towards the fixed point.

4.2 Extended State Space Results

However, once unstable manifolds are also included, the
two-dimensional  projection of the time-varying
solutions, lying in the stable or unstable manifolds, may
look deceptive. This 1S SO because true intersections
only occur for the same time phase. Therefore a three-
dimensional extended state space representation is the
only unique representation. In order to illustrate this and
in order to determine whether or not intersections have
occurred, some typical results for the Patti-B are
provided. These one-dimensional solution curves are
shown in the full three-dimensional extended state space
(Fig. 4). These results clearly indicate that the two curves
do not intersect for the two given seaway intensities.

A more extensive and systematic investigation is
currently underway. In order to more clearly determine if
the manifolds intersections have occurred the entire
manifold must be generated. Generating the entire
manifold would involve varying the initial time ¢, and
then generating an entire manifold mesh. After this had
been done, the distance between the two manifolds, i.e.,
stable and unstable can then be calculated. This distance
going to zero would indicate that manifold intersections
were imminent. This would be a critical value of external
wave forcing since at a greater value of wave forcing, the
safe basin would begin to erode.

5. CONCLUSIONS

The method utilized herein is quite powerful and capable
of handling very general systems. The application herein
utilized the knowledge of the zeroth order solution,
which was known in closed form for this simple system.
However, this is not a requirement and actually for more
general systems it could be known numerically. Clearly,
the safe operating region of the vessel is directly related
to when the calculated stable and unstable manifolds
intersect and erode the safe basin. It should be re-
emphasized here that the results given correspond to
single realizations of the given sea spectra. In order to
gain a more complete probabilistic understanding of the
systems random behaviour, multiple realizations must be
considered and analysed. This ensemble of results should
then be analysed in terms of averages and standard

deviations. However, this has not yet been done in a
systematic manner.

The results clearly demonstrate the effect of random
excitation on the global dynamics of the vessel about its
roll axis. Finally, the eventual goal of utilizing this
method or any other similar method is the development
of a physics based ship/platform stability criteria, which
reflects the actual vessel characteristics and operating
environment. Moreover, such a physics based method
can be used to gain insight into the importance of
relevant capsizing mechanisms in addition to what has
been studied herein. Obviously, much more work needs
to be done before such a stability criteria is a reality.
Some of this work has begun but much more remains to
be done.
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Extended abstract

An important recent development in the area of dynamic stability of ships is the introduction of the
concept of “engineering integrity” and the use of the so-called Melnikov method for defining the unsafe
wave environment in terms of ship capsize'™. This approach seems to provide a rational criterion of
dynamic stability that is based on the limiting wave slope that can be sustained consistently during the
transient stage of a ship’s response to oncoming waves of a certain, deterministic or stochastic, type. The
key concept of this approach derives from the observation that the safety margin against capsize of a ship
is reduced very sharply soon after some critical level of wave-wind excitation is exceeded due to
initiation of area loss in this dynamical system’s “safe basin” (= the set of initial conditions which lead to
a safe ship motion pattern). This critical excitation level, which depends on the ship’s damping and
restoring characteristics, can be predicted relatively easily through numerical means (either with repetitive
basin plotting until the erosion is shown; or, more accurately, with direct numerical identification of the
heteroclinic tangency, the global bifurcation phenomenon which initiates the loss of area in the basin).
Furthermore, analytical or semi-analytical prediction is also possible on the basis of the method of
Melnikov. It is very interesting that this method has been shown to be equivalent with an energy balance
applied around the heteroclinic orbit of the corresponding Hamiltonian system.

We are currently investigating whether this approach can generate a design criterion for stability that is
superior to the “Weather criterion” of IMO”. The latter is known to be relatively simplistic in its account
of ship dynamics under the action of waves. Furthermore, we are investigating whether it can be used for
design optimisation, and furthermore, whether it can be integrated within a risk-based design
methodology. Some of the specific issues that will be discussed during the presentation are the following:

a) The “engineering integrity” concept should be workable for arbitrary restoring curves: The
characteristics of the integrity curves for the family of 5™ order restoring polynomials,

R(x)=x+ax’ —(I1+a)x’, have been investigated. In addition, we have determined the critical

excitation that initiates basin erosion, as well as the excitation level at 90% “basin integrity” Fig. 1 °.
However, some questions still remain here: whether the well-known Melnikov formula for cubic-type
restoring is a successful predictor (unlike the Melnikov formula for the biased-case which targets the
homoclinic tangency event, whose accuracy has been confirmed); and whether it can be modified in
order to account for higher-order restoring polynomials.

b) Application to an existing ship: We have performed a comparison of application of the new criterion
versus application of the Weather criterion for an existing RO-RO ferry. A significant advantage of
the current method is that it can produce rationally the maximum wave slope for dynamic stability in
a beam-sea environment (Fig. 2). Furthermore, the relation between critical wave slope and wind
excitation has been set under investigation, given that even a small amount of bias can significantly
lower the critical wave slope, combined with the fact that these ships are characterised by large
windage areas.

¢) Preliminary investigation on the use of the “engineering integrity” concept for design optimisation:
We have taken as a basis a simple parameterised family of ship-like hull forms whose offsets are

determined with the formula y=+X(x)Z(x,z). X(x)= g(l ta, 7 +as i +a, 374) and



z

Z(%,2)= (1 +2)"™) with the nondimensional longitudinal and vertical positions ¥ = P=— and

X
Lgp /2’
the superscript n(x)=s+1¢ |)_c| where s,  are free parameters " °. For a finite set of hulls taken from
this family we determine the hull restoring and the damping and then, through dynamic analysis, the
critical wave slope for capsize. The effect of bilge-keels on the critical wave-slope is also examined.
Eventually, the hull-form with the best stability characteristics is identified.
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Extended abstract

It is well-known that the surging behaviour of a ship in following waves of substantial steepness can
become strongly nonlinear for a certain range of vessel speeds (normally for Froude numbers higher than
0.3). This nonlinear behaviour is manifested with a gradual change of the ship’s response towards an
asymmetric pattern of surging even if the considered wave is of a simple sinusoidal form. Typically, the
ship spends more time on the crests and less on the troughs, a tendency which becomes more pronounced
as the speed is increased further. Furthermore, unusual types of behaviour with a stationary nature and in
competition with the periodic pattern arise, featuring a forced motion at a speed equal to the wave celerity
and with the ship “locked” between two consecutive wave crests. These phenomena have already been
studied on the basis of numerical models for a following as well as for a quartering sea environment and
specific explanations of their dynamics have been produced'. A typical phase-plane plot of nonlinear
surging is shown in Fig.1.

We have recently endeavoured to develop a purely analytical description for the surging behaviour, even
for the strongly nonlinear range”. This would be very useful for design where closed-form expressions are
always preferred. It would benefit also advanced investigations on phenomena such as broaching and loss
of transverse stability.

The differential equation of surging motion has a strong nonlinearity in the stiffness term since the wave
force is a sinusoidal function of position. There is also a weak nonlinearity in the damping (=difference
between resistance and thrust). A general form for the equation of surge on a sinusoidal wave is,

(m— X, )i+ [R(u,c)-T(u,c,n)]+ fsin(kx)=0 €]

The velocity relatively to the wave is x = ¢ —u . With substitution of suitable polynomial expressions for
the thrust and the resistance, eq. (1) becomes,

(m—Xu))'é+{[3r3 c? +2(r2 —ro)c+r1J—rln})'c+[3r3c+(r2 —TO)])'CZ +1; x° +fsin(kx)=

= (z’o ct+r cn+rzn2)— {rlc+rzc2 +73 03}

T(esn) R(c)

)
a) Surf-riding:

This calculation is straightforward: If —IST(C;H) R

%wsl then —1<sinkx<1. Stationary solutions

become possible (surf-riding), located at,

v 1 {T(c;n}— R(c)} ‘= Qv+ —%arcsin{ T(c;n;—R(c)} 3)

X = ——+ —arcsin s
k k k



b) Asymmetric surging:

Equation (1) is brought into the following form (4), after substituting the damping terms with an
equivalent quadratic on the basis of a least-square fit,

(m— X ;)i +y(c;n)d|#| + fsin(kx) = T(c;n) - R(c) 4)

For an overtaking wave (4) leads to the following expression for the orbits of the phase plane (x, ),

@R (P — ®

dx . 1 \/czqezm N 2q(coskx +2psinkx) r

The term c¢,qe*”™ represents the transient part of the solution and it vanishes gradually since x — —o (the

ship is trailing behind the waves). Therefore the expression for the steady periodic motion is,

ﬂ:x:_l 2q(coskx+2§7s1nkx)_1 o
di k (1+4p7) -
With suitable transformations it can be shown that (6) can be solved explicitly for 7,
IZ_EF(M’ ’"j %)
a 2

where F is the elliptic integral of the first kind, F = J.(p d9 with modulus m . In F ig 2 is
0

S
VI—mcos® 9
shown the relation between time and position which shows clearly the distortion from the linear pattern.
With inversion of (7) we obtain further the following expression for x in terms of ¢ (see also Fig. 3),

cos(kx—3)21—2sn2(—%t, Mj )

When the ship operates away from the strongly nonlinear regime, the #4s of (8) tends to obtain the cyclic
form cos(w, t)

¢) Condition for heteroclinic connection

The heteroclinic connection leads to the disappearance of the periodic motion. This phenomenon is linked
with broaching and it happens as soon as the unstable stationary solution near the crest falls on the
periodic orbit.

x=0
Unstable stationary point: = @2v-1)z lsin’l T(c;n)-R(c) )

k k !

The steady periodic orbit is given by eq. (6). Substitution of (9) into (6) yields the following expression of
critical amplitude for the surge wave force,

fcrizZW\/kz(m_Xu)z_‘Wz (10)
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WEATHER CRITERION FOR INTACT STABILITY OF LARGE PASSENGER VESSELS

Alberto FRANCESCUTTO (*) & Andrea SERRA (**)

(*) Department of Naval Architecture, University of Trieste, Italy, e-mail: francesc(@univ.trieste.it
(**) Cruise Ships Design Department, Fincantieri SpA, Trieste, Italy, e-mail: andrea.serra@fincantieri.it

SUMMARY

The application of intact stability Weather Criterion to the new large passenger ships leads to more stringent
requirements than the application of current subdivision and stability rules for damage ships. A critical analysis of Weather
Criterion in its hystorical development and in the present version has thus been conducted. In this paper, the calculation
method of the rolling amplitude is examined with the aim of identifying weak points needing further studies and to propose
some interim modification of existing procedure. It appears that the formulas or graphs used to compute the relevant
quantities for the evaluation of ship safety on the base of Weather Criterion appear to overestimate roughly the
environmental action. A proposal to correct the evaluation formula for the factor "r" is provided.

NOMENCLATURE

¢o heeling angle under the action of steady wind

¢4 rolling amplitude

¢, limiting angle for area computation

Iw, lever of steady wind

lw, lever of wind gust

d, T ship draught

B ship beam

Cg block coefficient

s wave steepness

X, factor expressing the roll damping dependence on B/T

X, factor expressing the roll damping dependence on Cy

k factor expressing the effect of bilge keels on roll
damping

r effective wave slope coefficient

T, rolling period

OG=KG-d height of centre of gravity on waterline

KG height of centre of gravity on keel

GM initial metacentric height

N coefficient of quadratic roll damping

I' virtual moment of inertia of ship

A ship displacement

GZ righting arm

dsyn peak roll amplitude

1. INTRODUCTION

In the present version of the Weather Criterion, the
ability of the ship to withstand the combined effects of
beam wind and rolling should be demonstrated, for each
standard condition of loading, with reference to Fig. 1, as
follows:

- the ship is subjected to a steady wind pressure acting
perpendicular to the ship's centreline which results in a
steady wind heeling lever Iwy;

- from the resultant angle of equilibrium ¢, the ship is
assumed to roll owing to wave action to an angle of
roll ¢, to windward. Attention should be paid to the
effect of steady wind so that excessive resultant angles
of heel are avoided;

4.6.1

- the ship is then subjected to a gust wind pressure
which results in a gust wind heeling lever lw,;
- under these circumstances, area b should be equal to
or greater than area a;
- free surface effects should be accounted for in the
standard conditions of loading.
The IMO Recommendation then specifies the
methodology that must be used to calculate all the relevant
quantities.

lever

GZ

w2

¢2
angle of heel

¢l

Fig. 1. Illustrating the Weather Criterion

The application of the IMO Weather Criterion (IMO
Res. A.562) for intact stability, based on the effects of a
severe wind and rolling, to modern large passenger vessels
can result in requirements more stringent than those
corresponding to the application of general intact stability
criteria of intact stability code (IMO Res. A.167 as
amended by Res. A.206 and successive) and of current
damage stability rules (SOLAS'90). In Fig. 2 the GM limit
curves of a large passenger ship are reported as an
example. The fact that intact stability requirement in terms
of GM (or KG) is more stringent than damage stability
rules including both subdivision and stability is
contradictory. On the other hand, SOLAS'90 is generally
considered as a good safety rule, so that the problem is



really that of a better tuning of Weather Criterion to ships
of the considered size.

Weather Criterion

Damage Stability
(SOLAS'90)

GM min

Fig. 2. GM Limit curves for a 77,000 GRT
passenger ship with B/T=3.98+4.27 and
OG/T=0.9+1.15. The even keel condition is
indicated.

The matters related to the basic formulation of the
weather criterion have thus been reviewed tracing back to
the original documents [1]. They are connected with:

- mathematical modelling of roll motion equation. The
analysis of large campaigns of experiments by means
of powerful parameter identification techniques,
applied to the entire roll resonance curve in regular
beam waves, indicates that the effective wave slope
coefficient can be overestimate especially for ships
with OG/T greater than zero. At the same time, the
influence of linear damping can be underestimated,

-  the evaluation of roll period is based on a regression
formula which is not reliable for modern ship forms.

In this case, it can lead to an overestimation of the

wave steepness.

Some actions to be taken to extend the weather
criterion to modern ship forms are envisaged and at the
same time it is suggested that appropriate experiments
should be conducted for the evaluation of some of the
characteristic quantities related to the weather criterion or
the satisfaction of the criterion as a whole.

2.  ANALYSIS
PROCEDURE

OF WEATHER CRITERION

The basic physical mechanisms on which the
Weather Criterion is based are globally sound and
represent pionieristic work done in this field by several
researchers, mainly in Japan and Russia. The introduction
of Weather Criterion as an additional stability requirement
together with the Res. A.167 really improved the safety of
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navigation. Many issues contained in Weather Criterion
however appear to be questionable in themselves and other
when extending the range of applicability beyond the
original limits. In the following we try to give a global
view with some hint for improvement.

2.1 EVALUATION OF ROLL MOTION AMPLITUDE ¢,

The roll motion amplitude ¢, in Weather Criterion is
calculated through the expression:

01 =109 kX; X,4frs (1)

The square root is a consequence of the (questionable)
assumption of purely quadratic damping made following
Bertin. The k and X, factors are not relevant to present
discussion and can be found in tabular form whereas the
factors r and X are very important and will be discussed in
detail.

The factor X1, expressing the effect of B/T ratio on roll
damping is reported in Fig. 3.
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Fig. 3 Effect of B/d on roll damping factor X;. The
shaded area represents the values of B/T typical of
modern large passenger ships.

As one can see, the region of interest for large
passenger ships (dashed in the figure) is all outside the
interval corresponding to the original sample of ships used
to evaluate the effect of B/T on damping and the last
available value of X, is thus used. Due to the high slope of
the curve, the assumed extrapolation entails a huge
underestimation of damping. Further work in this field is
needed, based on roll damping measurements or
calculations.

The following choices made-up formula 1:

- 30% reduction of sy, due to the irregular waves;



- r:0.73+0.6% 2)

Eq. 2 worths also particular attention, especially for high
values of OG/d as it is usual both in very small and very
large passenger ships. A research conducted on a sample of
very small ships indicated overestimates the wave action
by several times. A research conducted on a specimen of
conventional ships confirms this overestimate by an
average factor 1.5 (Fig. 4). The values originally used to
obtain Eq. 2 were in the range -0.4<0G/d<0.6.

It is clear at this point that the influence of the two factors r
(from Fig. 4) and X, (from Fig. 3) can contribute to a
reduction of ¢; for large passenger ships. An additional
effect is conncted with the effective wave slope s.

factor "r"

‘ 8-6
05 0.0 0.5 1.0 15 2.0
0oG/d

Fig. 4. Effective wave slope coefficient as resulting
from Eq. 2 and from experiments. The dashed area
represents the interval of values typical of modern
large passenger ships. The experimental points are
taken from [2,7].

2.2 EVALUATION OF WAVE STEEPNESS

This is based on the theory of Sverdrup-Munk, which
was criticised in recent time. On the other hand, the
proposers of Japanese original rule assumed a lower limit
of 0.038 which is sensibly higher than the tendency limit,
as is evident from Fig. 5. For comparison, the wave heights
assumed in alternative formulations of height dependence
on period (through wavelenght) for "significantly large"
waves are presented [8]

In addition the effect of the roll natural period
computation is to be considered. The ships we are taking in
consideration have indeed quite large rolling periods, over
20 s. The regression formula assumed in Weather Criterion
appears not suitable for the evaluation of Ty, since it
conducts to an underestimate with the effect of moving the
roll peak towards the peak of energy spectra.

4.63

3. CONCLUSIONS

From the above presentation we can draw the conclusions
that for large passenger ships several formulas or graphs to
compute the relevant quantities for the evaluation of ship
safety on the base of Weather Criterion appear to
overestimate roughly the environmental action

e To coordinate actions aimed to provide new
knowledge where this is laking and a tuning of some
expressions;
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Fig. 5. Wave steepness as a function of roll period
Ty assumed in Weather Criterion (solid curve). The
modern large passenger ships fall in the assumed flat
zone. The dashed curves represent "significantly
high waves" assumed in several alternative
formulations [8]

e To introduce the possibility to provide direct evidence

of fulfillment of the Weather Criterion, or at least to
evaluate some relevant quantities connected with,
through ad hoc tests or reliable computations;

e To promote a standardisation of testing methodologies

provided by some relevant body (for example the
ITTC Specialist Committee for Extreme Ship Motions
and Capsizing), operating in strict connection/on
behalf of IMO;

e As an interim action, to modify the expression (2)

given for the computation of the factor r for large
passenger ships as follows:

r=0.73+ 0.6%

but not greater than 1 (one)



20 -
present P

.~ proposed

§ L
[&]
iy
L [ ]
[ N ]
) L o ..
[ ]
| [ ]
L 0-0 | | | J
-0.5 0.0 0.5 1.0 1.5 20

oG/

Fig. 6. Proposed dependence of effective wave slope
coefficient on center of gravity height on waterline.

4. REFERENCES

1.

Francescutto, A., Serra, A., Scarpa, S., "A Critical
Analysis of Weather Criterion for Intact Stability of
Large Passenger Vessels", Paper n. OFT-1282, Proc.
20™ International Conference on Offshore Mechanics
and Arctic Engineering - OMAE™2001, Rio de Janeiro,
3-8 June 2001.

4.64

Contento, G., Francescutto, A., Piciullo, M., "On the
Effectiveness of Constant Coefficients Roll Motion
Equation”, Ocean Engineering, Vol. 23, 1996, pp.
597-618.

Contento, G., Francescutto, A., “Intact Ship Stability
in Beam Seas: Mathematical Modelling of Large
Amplitude Motions”, Proc. 3" Int. Workshop on
Theoretical Advances in Ship Stability and Practical
Impact, Henronissos Crete, October 1997.
Francescutto, A., Contento, G., Biot, M., Schiffrer, L.,
Caprino, G., “The Effect of the Excitation Modelling
in the Parameter Estimation of Nonlinear Rolling”,
Proc. 8" Int. Offshore and Polar Eng. Conf -
ISOPE’98, Montreal, 1998, J. S. Chung Ed., Vol. 3,
pp- 490-498.

Francescutto, A., Contento, G., “The Modeling of the
Excitation of Large Amplitude Rolling in Beam
Waves”, Proc. 4™ Int. Ship Stability Workshop,
St.Johns, Newfoundland, September 1998.
Francescutto, A., "On the Coupling of Roll Motion
with Other Motions in Beam Waves", To appear on
Proceedings 14™ International ~Conference on
Hydrodynamics in Ship Design - HYDRONAV'2001,
Szczecin, 27-29 September 2001.

Iskandar, B. H., Umeda, N., "Some Examination of
Capsizing Probability Calculation for an Indoneasian
RoRo Passenger Ship in Waves", to appear on Journal
KSNALI.

Vassalos, D., "A Critical Look into the Development
of Ship Stability Criteria Based on Work/Energy
Balance", Trans. RINA, Vol. 128, 1986, pp. 217-234.



Some discussions about the probability of capsize of a Ship in Random beam waves

Some discussions about the probability of capsize
Of a Ship in Random beam waves
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Abstract

This paper deal with the problem of probability of a ship capsize in random beam waves. By
using the method of nonlinear oscillation together with the theory of stochastic differential equation,
some properties of the probability distribution of ship rolling were investigated. Several methods
about this problem published recently were commented. Some concluding remarks were presented.

Introduction

The problem of ship capsize on random waves is a complicated problem ,which is hardly to be
solved due to the nonlinear property of the problem and the randomness of the motion. Because of
the capsize of a ship on waves always link to the large amplitude rolling, so the large amplitude
nonlinear rolling has to be investigated. In such case, the motion equation is a Duffing equation
with soft spring. Ordinarily we adopt a polynomial expression to fit the stability curve of a ship. Due
to its asymmetry property, only the odd order terms are kept in the expression. Also considering that
the stability will vanish after the rolling angle reached several point, the sign of the terms should
fulfil such requirement.

The motion equation can be simply expressed as
0 +28w,0+ w01+ 0) = yN(1) (1)

in which
17 Ship roll angle
2¢éw,  Linear damping coefficient

W, Natural frequency of roll
& The coefficient of third order term of stability curve
N@) = ae white noise W (¢) Wiener Function

Actually, the wave excitation in(1)should be a time trace with color spectra. But it require large
amount of numerical effort to handle such color excitation. Because of we only want to survey
qualitatively the effect of randomness on the probability of large amplitude rolling. It should be
appropriate to replace the color excitation by the white noise N(¢) . Converted the original equation

into state equations, we obtained the following stochastic differential equations
X =X,
: > > @
X, =28wyx, —@yx, (1+ &)+ yN (1)

in which
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This equation can simply written in the form of vector Ito’s stochastic equation
dX = m(X,0)dt + O(X,)dW ()
in which the drift coefficient is

[m [ X(2)]]

m[)?’t] - v = |: x22 2 } (3)
L m,[X ()] — 28wy x, — X, (1+&x))

while the matrix of diffusion coefficients is

o X01]_ H

X,t]= -
ax O, [XD]] L7

4)

Before we start to deal with this stochastic equations, we survey the property of the Hamilton
system relate to this equation. This system actually is the equation ignore the damping and external

excitation. The solution of which is the free oscillation without damping.

X, (6) = \/g tanh%) (5)

“() = | sech? (“) = #( |- — [ %2
yo(t)—\/;SGCh (\/5) i(\/; \/:xo (6)

inwhichx, =6 ,y, =0,a = iz ,T=w,t, ‘“+’ denote the upper half branch of the orbit, while *-’
@y
denote the lower part. The different orbit corresponds to the initial rolling angle.

The corresponding phase portrait is shown in following picture.

Fig 1. Phase portrait
It is shown on such phase portrait that when the motion reaches the point of the stability vanishing
angle, the close orbit will begin to broken. The phase trace will go away to another attractor. So the

phase trace which pass through the point corresponds to the stability vanishing angle formed the
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boundary between stability and instability flow. Thompson has suggested the idea of safe basin in
which he linked the initial condition with the happening of the capsize. He has found that if there is
some external excitation which result in the happening of capsize, the form of safe basin will have
the property of fractal, and the area which enclosed by the boundary of stability will be reduced. It is
called the erosion of safe basin. This is a very good idea which can be used to survey the possibility
of capsize. But, the difficulty involved is large amount of computation effort . Another method is
proposed by Troesch et,al . They suggested to used a quantity called phase flux, which is
determined by the Melnikov function to quantify the area exported outside from the safe basin.
Although these two method have made this very complicated problem clear, but they all have the
short come as to solve the problem quantitatively. The reason is the method involved in these two
method are not statistical. The method of phase flux partly considered the input to have some kind of
spectrum. But it is plausible that since capsize is a phenomenen which linked to the large amplitude
rolling, how can it be calculated only by the integral of input on the hetro-clinic orbit in a linear
manner. For this reason we start to investigate the probability behavior of the rolling motion in time

domain, and try to find the relationship between these probability behavior and capsize of a ship.

Determination of PDF of ship rolling on random wave by solving FKP
equations
It is obvious that to have the information of ship large amplitude rolling on a random wave train,
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Fig2 The variation of the PDF with time
It should be noted that the PDF is largely depend on the sign of its higher order restoring term. Fig 5
shows the PDF with the same parameter combination as in Fig2 except the sign of third order
restoring term is positive.

the appropriate way is to solve the problem in time domain. That is to solve the corresponding Ito’s
(stochastic differential equations)SDE, which turns to find the solution of corresponding FKP
equations under several given initial conditions. For our purpose the SDE has the form of (2). It’s
FPK equation has the form as

op __dmp dmyp O’gup

el (7)
in which
p(x,,x,;1) is the probability density distribution function(PDF)
_ o _, [0 o
G(X) =(g;; (X)) = 0(X)0(X)" = 0 ®)
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This two dimensional second order partial equation was solved by a numerical method using Finite

Difference Scheme in time domain. The detail of such method can refer to another paper. The

calculated result for a combination of parameters as: Ship displacement 480 ton, mass coefficient

1089 ton m*, damping coefficient 100 ton m and restoring 0.7m with cubic coefficient —0.7. The

level of excitation white noise is 0.8 are shown in fig 2
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Fig 4 The PDF of a linear system

Fig 5 The PDF of a system with positive

third order term

From the figs it can be seen that the variation of the PDF of the rolling process in time is diffuse

from the center, at which a & function is located. But is shows that the PDF reaches the stationary
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status quickly. Fig 3 is the variation cumulated probability enclosed by the hetro-clinic orbit with the
time. It showed that at first the value reduce rapidly and then become slow after 2-3 second.
Although the rate of reduction become insignificant after 10 seconds, it still has some small value.
The condition of capsize of a ship on random waves

Although the solution of the FPK equations can be used to show the variation of the PDF with
time, it is no use for the determination of the capsize of a ship in a random sea. In order to determine
the capsize, we have to at first look further into the process of the happening of the capsize of a ship.
The capsize of a ship implies it will goes away from its up righting position to another balance
position as 180 degree, in other words turn to up side down. It is known from the first paragraph that
for a Hamiltonian system with the soft spring like the ship rolling. The phase portrait has the form of
close orbit before it reaches the stability vanishing angle or saddle points. The orbit passing through
the point corresponds to the stability vanishing angle is the boundary between the solution of
stability flow and instability flow. The instability flow outside the boundary broken into four
branches and all goes out to the next attractor. This orbit is called hetroclininc orbit It is clear that in
a non-external excitation and no damping oscillation situation, the ship will capsize if it’s rolling
amplitude large over the stability vanishing angle. But when there is excitation and damping, things
will become complicated. In order to make sure if the hetroclinic orbit is stability or instability in
forced oscillation case, one can use the Melnikov function technique, which is defined as follow:

If there is a system

x=fy(x)+ef i (x,0)

Then the Melnikov function is defined as

o0 T a
M(0) =—["_ {folxo (D], filx, (7)., 7 — 1]} xexp[-[; T, 0,,—{: (xo (u))duldr ©))
in which
fo External excitation
X, The offset of stability/instability flow
T, e is the trace of e matrix
ox ox
b

{,} Poisson bracket defined as {a, b}={a,b, —a,b,}, a= {a1 s b= {b1 }

a, 2

Melnikov function measures the distance between the stability and instability flow of the
same sandal point. For a system with damping but without external excitation, its Melnikov
function is a negative constant. Under the action of oscillatory external excitation, the value of
Melnikov function will oscillate around its mean value ,the amplitude of which is proportional to
the external excitation. When the intensity of the external excitation over several threshold, the
Melnikov function will have zero point. The stability flow will across to the instability flow. The
boundary of safe basin will have the fractal character. So the zero value of Melnikov function
equivalent to the condition of the safe basin erosion.

The Melnikov function of a ship without bias can be expressed explicitly as (Jiang 1996)

M (4,6,) =]\7[5(t0,6’0)—1175 (10)
in which
3
NP 8( 1
M, =—65+—|—1| & 11
0 3a 1 15[\/;} 2 ( )
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i 000 = \/7 ﬂQcos(Qt0+0 +y) (12)
QﬂJ
N
51 _ B44wn 52 — B44q — _C3 wn — i Q= 2
CIA 144 + A44 Cl 144+A44 wn

gy = HF,,, 1 C\A
M ;and M ,(t,,6,) are the average part and time varied part of Melnikov function. Then, the

condition of the happening of safe basin should be

22 8[1}352\/57”@

e i —_v¢ 13
@ 5 (e | (m] 1
sinh| —=

But, in real sea the wave are random. The above expression is not available. In order to survey the
effect of random waves on the ship safe basin. We consider that the random waves can be modeled
as superposition of a series of regular waves, and at first investigate the effect of a wave train formed
by two different sinusoidal waves ¢ (¢) = a, cos @t +a, cosw,t on the safe basin of ship rolling
motion.

The zero point of Melnikov function of such a wave group is as follows

3
F_ Q F_.Q
2\/_ é‘l 52 — zHﬂ' rolll 1 + roll2= <2 (14)
3a 15 \/_ 7% (or) . (Qr
sinh sinh
2 V2

From this expression, it seems the capsize is unlikely to happen in this two regular wave
combination case, which implies that the randomness of the wave will reduce the possibility of the
capsize.

For a ship rolling on a random waves, the determination of its Melnikov function is differ
from the determinate cases in two aspects. First, the motion of a ship is random, so the motion will
be random too, the variables of motion should attach with a probability and the Melnikov function
will be a statistical average value. We define that it has the form as

w Vi & xj+Ey L o VT ) vy S
My@0=6[ [ [ yi@Opyl, wydrdy'dr +8, [ [ [ vEOpGn |,y dx'dy'di
® Y —iy xh —dxy TPy =y xy =)
o Yj+OV) X+ , ,
+6, [ 1 [ yi@y,@lpCey.|x', ydx'dy'dt
P yh —h xp—%&p
o yh +§yh x4
+6, 0 [ ] yh(t)th(t)Ip(x .|, y")dx'dy'dt (15)
- + "}h+ +7bxh+
- w Ty ¥ Xy A C
My0=1 [ [ »@] [et+pxredv, v, ¢\ d'dydsdsdr (16)
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It is known that the Melnikov function is the distance between the stability flow and instability
flow of the disturbed system. The zero value of Melnikov function means the hetroclinic orbit is

the stability boundary. The hetroclinic orbit will be stability if

M ()< M, ()
otherwise it is in-stability. Obviously, this condition determines the erosion of safe basin. These two
quantities M s () and M, o (t) are depending on the level of external excitation and are function of

time Troesch has used the method of Melnikov function to calculate the so called phase flux.
By using(13)(14)we have for the ship with the combination of parameters as in section

1.calculate M NOR M, o (#) also the cumulated probability enclosed by the hetroclinic orbit was

calculated by integrating the PDF inside the hetroclinic orbit. The intensity of the external excitation
is from 0.2 to 0.8. The PDF of each case together with the hetroclinic orbit were shown in the

following graphics.
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Fig6 The PDF of varies external excitation level

The calculated results of these series of excitation level are included in the following table.

Calculated Melnikov function and probability inside the hetroclinic orbit

Level 0.8 0.6 0.4 0.3 0.25 0.2

M 0 0.3962453 0.4972652 0.6504055 0.7308647 0.7482907 0.6842267
1\70 0.4837243 0.5257167 0.5614390 0.5463681 0.5106571 0.4176435
P 0.3544042 0.4455447 0.5999293 0.7179332 0.7974694 0.8886672
Status instability Instability stability stability stability Stability

Some discussions
There are some remarks which was illuminated from the above discussions.

At first, we can see that the PDF of the ship rolling has reflected some motion characteristics
which may link to the ship capsize. The difference in the appearance between Fig 4.5 and Fig3,
show that the form of the stability curves has very strong influence on the probability property of
rolling motion especially in large amplitude range. But, it also shows that only PDF itself, can not be
used to identify the happening of capsize, and its probability.

The happening of capsize of a ship on a wave train is the transition of ship from its upright
position (zero position) to another balance position (180deg), or in other words up side down. In the
language of nonlinear mechanics, It means from one attractor goes to another. While such transition
is passing through the saddle point, or the stability vanishing angle. This is very important to
investigation the role of such stability vanishing angle, since we need in the determination of the
happening of ship capsize, the condition at which capsize will happen. Not like in another first
passage problem, the condition of capsize is defined by the motion equation itself. In the phase
portrait of the corresponding Hamilitonian system, there is a close orbit passing through the saddle
point, which is the boundary between the stability flow and instability flow, which is clearly a
threshold of capsize in non-external cases. But for a system with external excitation to determine the
stability boundary is very complicated. Nevertheless, the hetroclinic orbit is still an important role to
be used in the capsize prediction. To judge if this orbit still can be used as a threshold in forced
oscillation case , the Melnikov function has to be used. The stability of the hetroclinic orbit can be
judged from the sign of the Melnikov function. It was indicated in the table that the stability
character of the orbit is depends on the excitation level. In low excitation intensity, the orbit is stable.
Only when y is over the level 0.6, the boundary become unstable.

Another importance feature is the probability inside the hetroclinic orbit. Calculation shows that
the probability will become less and less when the excitation level increase. It means the motion at
first remain in the orbit, then will escape from the orbit as the excitation become intense. So, it is
clear for the capsize there are two conditions which should be full filled. First the oscillation much
reach the orbit then the orbit become unstable. These two conditions all depend on the excitation
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level, but in principle there are not the same. We have to consider them separately in determine the

condition of capsize.
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Analysis of direct and parametric excitation with the
Melnikov method and the technique of basin erosion.

Y-M Scolan, ESIM, 13451 Marseille cedex 20, France, scolan@esim.fr

Solutions of nonlinear Mathieu equations are analyzed through two methods: Melnikov me-
thod and the technique of basin erosion. A differential equation is formulated for a single degree
of freedom. The coupling with another degree of freedom appears parametrically. The way to
formulate the equation is similar to the way exposed in Thompson et al. (1992). Concerning
the rolling motion of ships these circumstances occur when the influence of the wave slope on
the restoring can be taken into account.

Here the Melnikov function is calculated and analyzed. Then the space of parameters can
be separated into ”"safe” and ”"unsafe” areas. The obtained results are compared to optimized
numerical direct simulations. The Interpolated Cell Mapping is used (see Tongue and Gu 1988).

As an application the following differential equation is analyzed:
#+B(i) + z(1 — x) |1+ G cos(wt + )| = Fsinwt (1)

where G and F' are the amplitudes of the direct and parametric forcing excitations linked by
F = Gw?. The quantity w is the ratio of the wave frequency to the natural frequency of the
ship (linear) rolling motion. The erosion of the basin of attraction is described in the space
of parameters (F,w). The figure below shows a typical "Dover cliff” limited by a plain line
predicted by the Melnikov method. The figure on the right is a zoom for small values of (F,w).
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SOME REMARKS ON THE EXCITATION THRESHOLD OF
PARAMETRIC ROLLING IN NON-LINEAR MODELLING

Alberto Francescutto' & Daniele Dessi’

'Dept. Naval Architecture, Ocean and Environmental Engineering
University of Trieste, Italy

2INSEAN, Italian Ship Model Basin
Roma, Italy

INTRODUCTION I

It is known that the parametric excited rolling in following seas can lead to dramatic roll amplitudes
and eventually capsizing.

On the other hand, the parametric rolling in head waves is a less studied phenomenon:

in this case, relative ship velocity is high and consequently the roll damping increases for the effect
of forward speed.
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For the onset of parametric rolling:
1. Small deviations from upright position (initial condition on heel angle).

2. Tuning condition (with wavelength equal to ship length at
waterline) must be e/ Mo = 2 and may be met in many operative conditions.

3. Periodic fluctuation of the transverse stability sufficiently high.
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By changing the independent variable
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Aﬁ cos(w,t+&)|p=0

Considering a sinusoidal time variation of the transversal metacentric height, the description of ship

rolling in a purely longitudinal sea can be obtained by considering the following, linearized
mathematical model:



w,t =2t

and cancelling the damping by means of a linear transformation ¢ >¢e™ ", we obtain:

w0’ M *

e

) _
d+4 Do {1 + giM cos(Zt) ¢=0

The Floquet theory (o characteristic exponent) yields that the solutions of damped Mathieu
equation will be:

* diverging if both —u*i >0
* stable if p=c= 0

* decaying if both p*i c <0
MODEL TESTING VS. LINEAR APPROACH

Experimental tests on scaled models were performed to determine limit-cycle oscillations (LCO)
amplitudes and threshold with respect to ship speed, frequency ratio and metacentric height.

The Figure below is based on data collected from tests in the model basin at DINMA-TRIESTE.
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It is evident how the linear theory does not succeed
in forecast the onset of LCOS In some tests.
Mon-linear theory may yield useful information.
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KBM
éfc%ﬂ §)-Césinft+8)=10 #t) = Clooslt + 8))

F+2u"5+8" 67 +[1+(p1+ pogeos 2] o gradp? =0

+

cr sin(r+ 9)+ é cns(r +9)= —_f(l::" cns(r +EJ),—C sin(r+ 9))

"= —sinlt + 8 )7 coslt + 8)-Csinft + 8))

§= —#ﬂﬂmsﬁ +8)~Csinft+ &)

4

Averaging --> NEXT PAGE

4.9.4



NON-LINEAR APPROACH 11

O

O =—sinft+ 8)f(Ccoslt+ 8- Csinlft + )

cns[ +6) FiCcos(t +8),-Csinft+ 80

|

T
o b J'f(c,ﬂj.:m(tjdt
2 d

I
o :
4= m_ﬂ[f(c,e)mmdt

|

5:’?:25'[2;:1@“2 +2pzﬂ'img]=35ﬂ'i +5
al> 2.5'[2;::1@5 +p, 0l ]= ~ 2wl —1+%¢3C2]|

l

s 28 +cos’ 28 =1

4.9.5
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Threshold with Linear and Nonlinear Mathieu Equation

Onzet of rolling

CONCLUDING REMARKS

®The phenomenon of parametric rolling has been investigated from a mathematical point of view.

® The KBM perturbation technique has been applied to the nonlinear Mathieu equation
describing parametric rolling.

® The advantages of analytical solutions via perturbation techniques are:

® “easy” determination of amplitudes of periodic motion

® possibility to study the threshold for the onset of
parametric rolling with respect to some coefficients

® It has been shown that numerical simulation and analytical investigation of simplified equation
of motion provide solutions that are in good agreement with model testing.
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A Numerical Analysis of Violent Free Surface Flow
on Flooded Car Deck using Particle Method

Shigeru NAITO, Osaka University, Osaka Japan, naito@naoe.eng.osaka-u.ac.jp
Makoto SUEYOSHI, Osaka University, Osaka Japan, sueyoshi@naoe.eng.osaka-u.ac.jp

SUMMARY

A numerical study concerning violent free surface flow is presented. The sloshing on large car deck, which is extremely
non-linear and complicated free surface flow, is numerically analysed using the Particle Method. The long time free
surface simulation of large amplitude forced roll oscillation is carried out. Time series of force and moment from fluid
on the deck and free surface profiles are presented. In addition, simulated results of very large amplitude free oscillation

of floating body with fragmentation of fluid are presented.

1. INTRODUCTION

After the accident of “ESTONIA”, a lot of studies
concerning damage stability are carried out. In these
studies, it has always been pointed out that water
invasion to large car deck is extremely dangerous.
However it is difficult to analyse this problem by means
of ordinary CFD tools. The reason of this is difficulty of
complicated free surface dynamics such as fragmentation
of fluid. In addition, it is necessary that very shallow
water with breaking waves can be treated. Then SOLA-
VOF has been used in several past studies for this
problem. But long time violent free surface simulation
was hardly carried out.

Another difficulty of this problem is the large amplitude
floating body motion. Tanizawa'” carried out BEM
non-linear simulation of a floating body in waves. He
shows simulations for large amplitude and liquid cargo.
However it is difficult to simulate breaking waves and
damaged hull’s opening using BEM.

MPS (Moving Particle Semi-implicit) method based on
macro and deterministic model, which is developed by
Koshizuka, is a kind of the particle method. This has
following advantages for the present problem.

e  Strict conservation of mass

e No numerical diffusion of free surface

e  Enough robustness

In order to carry out the long time and violent free
surface simulation, these characteristics should not be
lacking. The particle method requires enormous
computational resources. Nowadays, increase of the
computational performance gives availability of the
particle method for 2 dimensional problems.

Table 1 : Assessment of Numerical Method.

BEM VOF MPS
conservation of mass A B A
clear surface A B A
computation time A B C
fragmentation of fluid C A A
robustness B B A

A :good B :normal C:no good

Table 1 shows characteristics of three methods for non-
linear free surface simulation.
Validation of the computational code is shortly presented
in the appendix of this paper.

2. Water on Flooded Large Car Deck
2.1 Numerical Modelling

Numerical simulations are carried out on following
assumptions.

e The problem is considered as 2 dimensional one.

e Surface tension and air effects are neglected.

The governing equations for incompressible flow are as
follows.

Du 1
—=-—VP+W’u+g (1)
Dt Yol
d
-0 @)
dt

1% Coefficient of viscosity

Y2 Density of fluid

g Gravity acceleration vector

P Pressure

t Time

u

Velocity vector

Equation (1) and (2) are solved using MPS method.
The details of algorithm of MPS method is presented by
Koshizuka and Oka!"! (1996).

2.2 Forced Roll Oscillation

RORO ship has a large car deck inside of vessel.
Considering sloshing on the car deck, one of important
motions is the roll motion.

Figure 1 shows the co-ordinate system and arrangement
of simulations. FXx is a force acting on both side of tank.
Fy is a force acting on the deck and ceiling of the tank. M
is a moment from fluid. The model rectangular tank
(0.17x0.07m) is forcedly oscillated in simulations. The
first resonance period of the tank, when it is filled with



water at depth h=0.01375(m), is T=0.93 (sec.). Rolling 2.2 (b) Increase of Heel Angle as Time-marching

pivot is fixed at 0.02 m above the car deck. Simulations

are carried out several patterns. When ship is damaged, the motion of tank is not
symmetrical one. Heel angle of the tank increases as time

marching. Forced roll angle €() is given as following

N B equation (2).
5 T o019 c O(t)y=at+6,sin(w t+¢&) (2
D(m) | 007 y Parameters of motion are following, heel angle ratio
Water line E Y6 a =3.0 (degree/sec.), rolling amplitude 6, =15.0
— M //‘ X (degree) and phase £=0.0. Figure 3 shows time series
of force acting on the tank wall. The transition of
sloshing mode as change of heel angle is presented.
t=2.0 (sec.) t=4.0 (sec.) t=6.0 (sec.) t=28.0 (sec.)

Figure 1: Co-ordinate system.
2.2 (a) Symmetrical Roll Motion
The tank is oscillated without heel angle. Symmetrical Tim
sinusoidal motion is given. Figure 2 shows particle o

Ewo o’ ¢ AN ) o ™ 0 .
configurations for 1.4 seconds. In spite of very large o
deformation, free surface of water is quite clear.

roll anele

‘323 PN i WY A N A i N
Vﬁ“\WJ\J‘uJ\/‘«/VVUW ~

-1500

Fx (N/m)

000

i 10 20 20 40 50 60 70 20 t oo g

1000

Fy (N/m)

-2000

2000

150
E s

£ oo La,
2 me m\.h/ ANYAR 345"'\ N N P o
R A A A S T A WA T

-1.50

t=1.0 (sec.) t=1.5(sec.)

Figure 3: Time series of forces and moment by inner
water (roll period 0.8 sec.) and transition of sloshing
mode.

e

2.3 Trailers and Motorcars on the Deck (Example of
Estonia)

t=1.6 (sec.)
.~ ./

When RORO ship operates, cargoes, which are mainly
trailers and motorcars, usually exist on the car deck.
These are fixed on the car deck using some of
instruments, chock and harness. Then water on the deck
encounters various obstacles. These are pressured by
water. Then interaction between floating body and water
should be considered on the situation, if binding
instruments were broken or sabotaged. Trailers have
almost same cross-sections along longitudinal line, and
motorcars have usually 3 dimensional forms. However in
=23 (sec.) this study, it is approximate that cargo is fixed and 3
dimensional effects are neglected.

When water invade on the car deck, the ship losses its
speed. Fin stabilisers cannot work well on this situation.
Then the ship oscillates with large amplitude in waves.

In the simulation, the flooded car deck is forcedly
oscillated. Sinusoidal roll motion, whose amplitude is 7.5
t—24(560) degree and the period is 10.0 seconds, is given. The
dimension of considered RORO ship’s car deck is shown
on Table 2. Rolling pivot is fixed at 2.0 m under the car
deck. Actual numerical simulations are executed in 1/100
model scale (time scale is 1/10). Initial configuration of
obstacles on the car deck is shown Figure 4. Cross

t=2.2(sec.)

t=1.7 (sec.)

t=1.2(sec.)

t=1.8 (sec.)

t=1.3 (sec.)

t=1.4(sec.) t=1.9 (sec.)

Figure 2: Particle Configurations for symmetric rolling
oscillation every 0.1 seconds.



sections of trailers and motorcars are simplified for 2
dimensional simulation. Three cases are simulated. In
Case A, the car deck is empty. In case B, 8 numbers of
fixed obstacles exist on the deck. In case C, one of
obstacles on the deck is freely movable. Figure 5 shows
particle configurations for case A, B and C.

Figure 5 shows time series of particle configurations
every 0.2 seconds for case A, B and C. When car deck is
empty, shallow water runs extremely wild. The turn over
splash touches the ceiling of car deck. In case cargoes are
fixed, they resist waves and water is well behaved.

Table 2: Dimension of RORO ship’s car deck.

Bredth of car deck (m) 24.4
Height of car deck (m) 5.0
Initial level of water (m) 0.5

Case A

24.4 m

5.0m

0.5m

Case B, C*

* case C : No. 7 obstacle is movable

Figure 4: Particle configurations for initial time step of
simulation of sloshing on RORO ship’s car deck.

3. Interaction between Floating Body and Fluid

3 cases of demonstrations using the particle method are
shown. Interaction problem between floating bodies and
fluid is presented in the previous section too. However in
present section, floating bodies, which are in larger water
area, are considered. The first example is free rolling of
2D ship which has a flooded tank. Secondly, very large
amplitude free oscillation of floating body is shown.
Thirdly free oscillation of floating body with openings in
waves is shown in a restricted water.

3.1 Free Oscillation of Floating Body with Deck Water

Coupled motion of heave, roll and sway are simulated in
time domain. Complicated behaviour of floating body
with shallow deck water is presented. Figure 6 shows
initial configurations of particles. The initial heel angle
of 2 dimensional cross section is 30 degrees and initial
velocities of particle, which is arranged as a part of ship,
are all zero. 24,611 particles are totally used. Tow cases
of simulation are carried out. One is fixed solid cargo on
the inner deck. Another is free liquid cargo on it.

Case A

[ t=1.0 (sec.) ‘ t1.5(sec.)J
t=13 (sec.: t=1.8 (sec.)
e
t:1,4(se:.) R t=1.9 (sec.)
Case B
t= 1.0 (sec.) t= 1.5 (sec.)
t=1.1 (sec.) t=1.6 (sec.)
t=1.2 (sec.) t=1.7 (sec.)
t=1.3 (sec.) t=1.8 (sec.)
t=1.4 (sec.) t=1.9 (sec.)
Case C
t=1.0 (sec.) t=1.5 (sec.)
t=1.1(sec.) t=1.6 (sec.)
t=1.2 (sec.) t=1.7 (sec.)
t=13 (sec.) T=1.8 (sec.)
t=1.4 (sec.) t=1.9 (sec.)

Figure 5: Particle configurations every 0.1 seconds (roll
period: T=10.0 (sec.) roll amplitude: 190 =10 (degree) ).

Figure 7 shows phase plot of simulated roll motion.
Black circles on the trajectory are plotted every 1.0
seconds. Figure 8 shows the time series of roll angle.
Figure 9 shows particle configurations for the liquid
cargo case every 0.1 seconds and every 1.0 seconds. In



the liquid cargo case, as first, the flooded water sloshes
on deck. Finally, the flooded ship heels over and
stabilises at the point.

3.2 Large Amplitude Free Oscillation of Floating Body

Free falling of floating body with inner free water and
water mass is simulated. The floating body makes a
touchdown on the free surface and oscillates freely. At
the same time the water mass and water of tank unites
and large amplitude waves are generated. Figure 10
shows particle configurations every 0.1 seconds.

7,717 particles are used in this simulation.

3.3 Free Oscillation of Floating Body with Opening in
Waves

The Floating body has one opening, which is on the right
side of hull above water. Inner deck is perfectly dry at
initial time step. The right side of tank wall is movable,
which play a role of wave generator. The period of
generated wave is T=0.8 (sec.) and the amplitude of
wave maker is 0.05 m. The left side of tank is fixed wall.
Consequently the simulated result involves reflection of
waves. 28,908 particles are used.

Figure 11 shows particle configurations for 7.5 seconds
every 0.5 seconds. Water invades in floating body every
collision with waves. Invading water sloshes on inner
deck. Draft of the floating body increases and opening
closes with water surface. As a result amount of invading
water increases.

4. CONCLUSIONS

This study is aimed to obtain feature of shallow water
sloshing using numerical method in time domain. In this
study MPS method can be applied to these violent free
surface problems successfully.

Various numerical simulations of 2 dimensional violent
free surface flow are carried out. As a result, capability
of the particle method for shallow water sloshing and
large amplitude oscillation of floating body with
fragmentation of fluid is presented.

As a next step, 3 dimensional expansion of
computational code is required. It is not so difficult,
because algorithm of particle method is simple one. A
main difficulty for the expansion is limitation of
computer performance.

In addition, a development of wave-absorbing zone for
particle method should be developed. Especially it is
necessary to simulate motion of floating body in the
actual sea.
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7. APPENDIX

MPS method code used in this paper is validated by
comparison with two experiments. One is dam-break
flow and another is tank sloshing. Both of them show
good agreement between simulations and experiments.
Figure 12 shows leading edge of dam-break. Figure 13
shows particle configurations and velocity vectors of
tank sloshing. Both of them show pretty good agreements.



Figure 6: Particle configurations for initial time step.
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Figure 7: Phase plot of the simulated free roll motion.
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Figure 10: Particle Configurations for Large Amplitude
Freedom Oscillation every 0.1 seconds.
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Some topics for discussion on the numerical simulation of large
amplitude floating body motions in ship stability problem

Katsuji TANIZAWA
National Maritime Research Institute

Tokyo, JAPAN

1 Introduction

In the last decade, many researchers developed fully nonlinear numerical simulation methods to
study large amplitude floating body motions in waves. These numerical simulation methods are
generally called Numerical Wave Tank (NWT).

Two dimensional NWTs (2D-NWT) were firstly developed and variety of numerical techniques
were examined using them. Now, the research of 2D potential flow NWT is almost finished and
many good 2D-NWTs are available to simulate large amplitude floating body motions. We can
apply them to study large amplitude responses, parametric resonances, chaotic responses and etc.

Three dimensional NWTs (3D-NWT) were secondly developed and still researchers are working
on. One application of 3D-NW'T is highly nonlinear wave load acts on vertical columns. Since higher
order spectrum methods are not enough to capture steep wave run up on them, fully nonlinear
NWTs are required. Three dimensional nonlinear wave interaction is also good application for
oceanographers. For naval architects, 3D-NWT can be very attractive tool when floating body is
supported. Practical 3D-NW'Ts are still under investigation.

Now, we are at a good timing to discuss on the application of NWTs to study stability of floating
bodies in rough seas. This short article is written to offer some topics we should discuss when we
apply NWTs to stability problems.

2 Topics

2.1 Accuracy of NWTs

NWT based on potential theory is known to be very accurate if they are correctly programed.
Accuracy check of potential flow NWT is not the topic for discussion any more but for the topic
of individual code test. Theoretical backbone of potential flow NWT is very solid. The interaction
between floating body motions and ideal fluid motions is also well formulated in the acceleration field.
Error due to numerical integration is small enough with correct treatment of singular point. We can
say potential flow NWT is as accurate as classical frequency domain method. Tanizawa simulated
motions of 2D midship section body in regular waves and compared simulated time histories with
measurements [5]. (Fig.1) Kashiwagi simulated hydrodynamic force on 2D bodies by his 2D-NWT
and showed the results well agreed with linear theory and experiment up to 3rd order [2]. Kashiwagi
also simulated free motions of 2D bodies in regular waves and showed agreement between simulated
motions and measured motions were quite good [3]. (Fig.2) Tanizawa proposed benchmark tests of
2D radiation and diffraction problems for ISOPE’s NWT workshop and showed simulated results of
2D-NW'Ts well agreed with each other up to 3rd order, even if NWTs were developed independently
by different researchers [7]. Taking the above arguments into account, I think potential flow NWT
is accurate and practical tool for the estimation of floating body motions, except roll amplitude in
resonant condition. Roll resonant problem is discussed in next section. One unsolved problem I have
noticed is estimation of drift force by NWT. Wave drift force is the second order constant force and
can be calculated both from wave field and direct pressure integral on wet body surface. Usually,
drift force obtained from wave field agrees with experimental value well. However, drift force from



direct pressure integral is not good. I think NWTs may have some problems only for the estimation
of 2nd order constant component in hydrodynamic forces by direct pressure integral.

2.2 Viscous effects

For stability problems, viscous effect plays important role. In particular viscous damping is essential
when we need accurate estimation of roll amplitude in resonant frequency. In potential low NWTs,
measured roll damping coefficient is used to correct the simulation if necessary. In principle, such a
empiricism should be removed and viscous NWT should be applied for such a problem.

Analysis of parametric roll excitation is another problem we should consider viscosity. In this
problem, critical wave height of Mathieu instability is the main concern. Tanizawa and Naito
applied potential low NWT to analyze the critical wave height for a bow section shaped 2D body
and showed the obtained critical height by NWT is a little lower than experimental result [6].
(Fig.3) This difference is considered to come from viscous effect. Yeung and Liao developed FSRVM
(Free surface random vortex method) [8] and successfully introduce viscous effect into potential flow
NWT. They applied FSRVM to the analysis of Mathieu instability of a 2D body roll motion with
and without bilge keel[9].

2.3 Numerical robustness

As we experience in many cases that free surface is not always stable everywhere but easily breaks
locally. However, potential low NW'T assumes stable free surface and very weak against free surface
breaking. This weakness limits the application of potential low NWT. For analysis of damage
stability, even if amplitude of wave and body motions are small, motion of shallow internal fluid is
usually large and internal free surface is very unstable. To overcome this weak point, we don’t need
to use time consuming viscous NWT to entire computational domain but use it partially. Grilli
combined BEM and VOF to simulate shoaling waves. [1]. Landrini developed gridless code SPlasH
and analyzed wave pattern around a Wigley hull by BEM and post-breaking waves by SPlasH. [4]
Such approaches are considered to be practical for me. For analysis of damage stability, potential
flow NWT can be used to simulate ship and wave motions and viscous NWT can be use to simulate
internal fluid motions.
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Fig.1 Comparison between simulated and measured body motions in a regular wave by Tanizawa
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DIRECT SIMULATION OF FREAK WAVES FOR EXTREME DESIGN CONDITIONS
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SUMMARY

e-mail: contento@univ.trieste.it

This paper describes some recent results obtained at DINMA on the nonlinear behaviour of large unidirectional wavesin the

presence of frequency focusing. The study is conducted by means of direct numerical smulations in the frame of the

inviscid fluid hypothesis. It is shown that given for a given spectrum generated by a wavemaker in a closed basin the

nonlinear wave-wave interaction can give a large magnification of the crest elevation if compared to the traditional linear

superposition. Thisis found to be due to the implicit generation of high frequency components. Moreover the phase speeds

of the input components exhibit a dight increment and the new frequency component travel with the same speed of the

smallest wave of the given spectrum.. Finally the numerical results obtained are compared with laboratory data showing

extremely similar characteristics.

INTRODUCTION

“... Loss of alarge norwegian ship with the entire crew in
the middle of the North Atlantic is not a common event.
However at a special occasion two large norwegian bulk
ships M/S NORSE VARIANT and M/S ANITA
disappeared at the same time at the same location.... Bath
ships came right into the center of a very extreme weather
event with a strong low pressure giving 15 m significant
wave heights and mean wave periods close to 10 seconds
... with wind velocities hear 60 knots. NORSE VARIANT
had deck cargo that was damaged and moved by water on
deck with the result that a hatch cover was broken and |eft
open. This ship took in large amounts of water and sank
before an organised evacuation was finished. Only one
member of the crew was rescued on a float. ANITA
disappeared completely at sea with the whole crew and no

emergency call was ever given.

The Court of Inquiry then concluded that the loss can be
explained by an event in which very large wave suddenly
broke several hatch covers on deck, and the ship wasfilled
with water and sank before any emergency call was given.
On the same stream of the previous indirect witness of the
presence of extremey large single waves in rough seas
[Kjeldsen, 1], Clauss [2] suggests that the loss of the
semisubmersible OCEAN RANGER could have been due
to a single large wave, since weather reports from al the
neighbouring platforms in the same geographic area do not
mention evident anomaliesin the sea state.

On the other hand, evidences given by measurements of
the presence of such waves are becoming more and more
frequent. Figure 1 (courtesy of Prof. Ove Gudmestad —
STATOIL, Norway) shows the wave elevation measured
on January 1 1995 at Daupner station. The significant

wave height is 11.9 m approximately and the max wave



height detected in the time seriesis approx. 25.5 m, with a
crest height 18.5 m above the till sealevel.

It iswell known that since the early 50's the predictions of
loads on fixed offshore structures and motions of
compliant or sailing structures due to surface waves are
commonly made by computations on the basis of the
statistical/spectral description of the sea elevation.
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Figure 1. Wave devation at the Daupner station on
January 1 1995 (courtesy of Prof. Ove Gudmestad).

This approach, based on the linear wave modd, is now an
almost common procedure and it has been recognised that
it works reasonably well for the so-called “operational”
conditions. The advantages related to the assumption of
linearity are enormous and the method is widely accepted.
On the other hand, it is also recognised that the predictions
in the so-called “survival” conditions, i.e. extreme wave
conditions with very low occurrence probability, cannot
recast a linear approach. In particular it may happen that
the maximum devation of the components within the
relevant part of the sea spectrum are almost in phase at a
specific location leading to the so-called “fresk” wave.
From the structural point of view and specifically for the
fatigue life, the trangit of a fresk wave, even not breaking,
at the location of a vertical pile (Gravity Based Structures)
or an array of floating cylinders (Tension Leg Platforms),
can cause the dangerous ringing phenomenon, i.e. the large
amplification in few cycles of the response of the structure
at its natural frequency. This happens even if the frequency
region of the spectrum where most of the energy is
concentrated is well below the natural frequency of the

structure. Chaplin [3] has related by lab. experiments the
occurrence of ringing with the time interval between the
zero-downcrossing after the freak wave crest and the next
zero-upcrossing. In the same context, Chaplin [3] has
shown that focused component waves behave in a fully
non-linear manner in a relativey small region around the
concentration point. In his experiments the maximum wave
elevation is underestimated by linear predictions by 10%
approximately, a non negligible amount of energy is (not
permanently) shifted to the high frequency range, well
above the input spectrum, and at these new freguency
components the phase speed shows an amost constant
value.

Large single waves are usually strongly asymmetric.
Myrhaug and Kjeldsen [4] report that “ ... in the sametime
series measured at sea the maximum wave height could
deviate with 25%, depending on the choice of analysis, i.e.
zero-upcrossing or zero-downcrossing analysis’. Such a
differenceis explained in terms of strong asymmetry of the
freak wave profile.

The aim of the research conducted at DINMA on large
single waves in a random sea is to investigate the non-
linear effects that derive from the interaction of the
component waves when focusing occurs, i.e. when or
where the phase between them is close to zero. A deeper
knowledge of the behaviour of the flow in such extreme
conditions can be extremey useful for design purposes
aso related to safety aspects. Moreover the controlled
generation of deterministic wave groups with a given
frequency content, aimed at the development of new
techniques for seakeeping tests, is one of the subjects of
interest in the 23 ITTC.

MATHEMATICAL MODEL AND NUMERICAL
METHOD IN SYNTHESIS

The details of the mathematical moded and of the
numerical method employed for the simulations have been
widely described in [5-6] so that only a synthesis is given

here.



With reference to Figure 2 and according to the
assumptions that the fluid is incompressible and inviscid
and the flow is irrotational, the velocity potential f(x,y,t)
yields on D. The continuity equation can thus be written as
an integral equation

D

=-WP)(P)

The free surface profile is assumed single valued

y = h(x,t) and the fully nonlinear free surface conditions

on it become

i df T agf  f _Tho
—-—Nf h+ —c—- —x—=- n(x) ¥

?dt (N)*- 9 &y T g )

idn _f 9 gh n(x) *h

fd v ™ X

where n(x) is the damping factor used at the numerical
beach.
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Figure 2. Schematic representation of a numerical 2D
wave tank.

As far as the numerical scheme is concerned, Green's
equation appropriately modified to include the symmetry
condition given by the flat bottom of the tank, is solved by
a constant panel method. The time stepping schemeis a 4™
order Runge-Kutta method and regridding without
smoothing is applied on the whol e boundary.

WAVEMAKER MOTION FOR WAVE FOCUSING

Wave-wave interaction at focusing is a strongly nonlinear
phenomenon. This mainly regards the dispersion reation,
the phase speed and the wave amplitude. Moreover new
component waves appear from the interaction of the input

frequencies. These nonlinear phenomena have been shown

by lab experiments [2, 7-9] and will be highlighted by the
results presented here.

The departure from the linear behaviour of the input wave
components must be taken into account in the wavemaker
control signal since linear wave theory can give inaccurate
etimates of the phase speed [3]:
systematically observed in the smulations, the largest one

a phase shift is

occurring at the highest frequenciesin the input spectrum.
In this study, linear theory is used for a prdiminary
estimate of the wavemaker driving signal. The time series
a the focusing station is then analysed by means of an FFT
and the phase lag detected (it should be zero for perfect
focusing!) is used at the wavemaker in a further run. The
procedure is repeated until the desired convergence is
achieved. In the following this procedure is referred as
“phase lag refinement”. Furthermore the position of the
focusing station in the flume and the start-up time of each
frequency component is sdected in order to get a useful
space and time window at focusing without beach
reflections and evanescent modes induced by the
wavemaker [10]. Details of this iterative method can be
foundin [5].

RESULTS

In the following reference is made to the shortest

wavelength in the adopted spectrum. The results presented

refer to Nfoq =34 different input frequencies W; equally

spaced in the nondimensiona range
?£w £1, |—LNfreq, the wave basn is 80

wavelengths long and the relative depth is d =0.525. The
focusing stationisat X =12.
The amplitude spectrum used is such that the steepness of

each input wave is aways the same and no breaking

aHo 1
occurs, it results ¢—+ —?.

Figure 3 shows the
el g

amplitudes ag; of the frequency components of the

angular motion of a flap wavemaker with rotation axis at
the bottom of the tank .



Fig. 4 shows the contour plot of the amplitude spectrum of
the wave elevation as a function of the coordinate x aong
the tank and of the frequency w. x is varied in the range
7E£x £27. Fig. 5 shows the intersection of the surface
given in Fig. 4 at the focusing station x =X =12. It can be
seen that the effect of the nonlinear wave-wave interaction
on the space variation of the amplitude spectrum resultsin
an amost smooth shift of the energy towards the high
frequency range (w>1) for x £X whereas an opposite
behaviour appears after focusing for x 3 X . This means
that new high frequency components are generated by the
focusing processin areatively small region. Thisresult is
strongly supported by experimental ones obtained by
Chaplin [3] and shown in Fig. 6. Moreover a non
negligible and stable amount of energy can be observed in
Fig. 4 for x>12 in the low frequency range, clearly
shown even in Fig. 5. It must be observed that the first
seiching mode of the basn occurs at a very low
nondimensional frequency w=0.0014.

This has been observed also by Tick [11], who developed
a perturbative model for random waves. He used a
Neumann-type spectrum with a 6 power dependence. His
results show that the second order correction to the
located at
approximately twice the frequency of the first order pesk

frequency spectrum exhibits a pesk

and moreover a low frequency contribution appears at
frequencies well below thefirst order spectrum.

Further aspects about the nonlinearities involved can be
derived from Fig. 7 where the wave profiles at focusing
from the linear and nonlinear smulation, with and without
phase lag refinement, are reported. Both wave crests from
nonlinear smulations exceed the maximum eevation of
the linear wave by a factor 1.3 approx. and the wave
profile without phase lag refinement shows an evident
vertical asymmetry with a greater dope on the front side
with the peak located at a greaster distance from the
wavemaker.

Finally, the phase speed of the component waves has been
computed at the stations x =10, x =X =12 (focusing) and

x =14 respectively. Fig. 8a-c show the computed

nondimensional results (phase speed divided by the linear
phase speed of the shortest wave component in the input
band) as a function of frequency w (dots). Solid lines
represent the linear phase speeds C, 0.5C and 2C
respectively. From these graphs it can be clearly seen that
away from focusing at x =10, x =14 and within the input
frequency range the wave cderity behaves in good
accordance with linear theory whereas the higher order
wave components travel according to the nonlinear effects.
At focusing and within input frequency range the celerity
is dightly above the linear prediction and the higher order
wave components have an almost constant phase speed.
This means that the imposed coal escence of in-phase wave
components makes the main features of the resulting freak
wave dominant in ailmost the whole spectrum. A similar
behaviour has been clearly observed in the experiments by
Chaplin [3] shown in Fig. 9. His results derive from time
series obtained linking 16 different time series in order to
detect intermediate frequencies, if any. His analysis shows
that most of the energy content is restricted to the input
frequencies and their multiple.

CONCLUSIONS

In this study some effects of the interaction between wave
components in a given spectrum have been analysed in the
frame of the so-called fully nonlinear numerical wave tank
approach. The basic features of the wave interaction for
the test case here studied can be summarised in an
amplification by a factor 1.3 of the wave height compared

. - .. H .
to the linear superposition with % »3.3, in a space

bE:
variation of the spectrum around the focusing station with
a non-permanent energy shift in the high frequency range
and a more stable energy shift in the low frequency range.
Furthermore the strong wave grouping at focusing leads to
a dightly higher phase speed within the input range and an
amost constant value at higher frequencies. Most of the
conclusions here derived are well supported by similar

results obtained on an experimental basis.
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Figure 3 - Amplitudes of the frequency components of the
motion of the flap-wavemaker.
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Figure 4 - Contour plot of the amplitude spectrum of the
wave elevation as a function of the space coordinate x and

of the frequency w. The focusing station is X =12.
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SUMMARY

This paper describes results of the ITTC benchmark testing of intact stability. For these tests, a container ship and a fishing
vessel were selected and their hull forms, captive test data and results of capsizing model experiments were provided in
advance. Then eight research organisations submitted their own numerical results. By comparing with the experimental
results, it was found that some numerical models are able to qualitatively well predict extreme motions, which include
capsizing due to parametric resonance and due to broaching. Moreover, the importance of several elements for capsize

prediction is noted by mutual comparisons of numerical studies.

1. INTRODUCTION

Responding the reduction of acceptable risk level for
safety of lives at sea, performance-based criteria, which
may require model experiments to guarantee the safety, are
often under discussion at the International Maritime
Organisation (IMO) instead of rule-based criteria. For the
performance-based criterion, numerical prediction is
required before expensive model experiments. However, a
standard numerical prediction technique for capsizing has
not yet been established. Therefore, in 1999 the
International Towing Tank Conference (ITTC)' organised a
specialist committee for this purpose and planned
benchmark testing of numerical predictions with selected
data from free running model experiments. For intact
stability eight organisations took part in this benchmark
testing. This paper summarises the results of these
benchmark tests and examines the importance of several
elements for numerical prediction of capsizing.

2. FRAMEWORK OF
TESTING

ITTC BENCHMARK

In the intact benchmark testing programme, two sets of
free running model experiments were utilised. The first set
was carried out with a 1/60 scaled model of a 15000 gross
tonnes container ship (Ship A-1) at the seakeeping and
manoeuvring basin of the Ship Research Institute by
Hamamoto et al.? Here the ship model capsized mainly due
to parametric resonance in the lower speed region. The
second set was carried out with a 1/15 scaled model of a
135 gross tonnes purse seiner (Ship A-2) at the seakeeping
and manoeuvring basin of the National Research Institute
of Fisheries Engineering (NRIFE) by Umeda et al.’ Here
the model capsized mainly due to broaching in the higher
speed region. The principal particulars and body plans of
these ships are shown in Table 1 and Figs 1-2. In the
experiment each ship model was steered on a specified

course using auto pilot in regular following and quartering
waves. They were self-propelled and completely free from
any restraints. The angular velocities and angles were
measured using an optical gyroscope, and were recorded
by an onboard computer. The reference system used in this
paper is shown in Fig. 3.

Among the several hundreds of model runs, four runs
for each ship were selected for the ITTC benchmark tests
as shown in Tables 2-3. Here the nominal Froude number,
Fn, and the auto pilot course from the wave direction, Y,
are control parameters and the wave height, H, and wave
length, A, are the wave parameters. The initial values of
ship motions were specified based on measured data
except for the sway velocity, which was assumed to be
zero because of the limitation of the measurements.

For ships A-1 and A-2, the captive model
experiments, e.g. resistance test, self-propulsion test,
propeller open test, circular motion tests (CMT), roll decay
test and so on, were carried out mainly in NRIFE’s
seakeeping and manoeuvring basin using an X-Y towing
carriage. These data together with hull offset data and the
above-mentioned initial values were provided in advance
for the participating organisations.

3. RESULTS

The ITTC benchmark test programme for intact stability
commenced in March of 2000 and the following
organisations submitted their own numerical results by the
deadline, March of 2001. For Ship A-1: Flensburger
Schiffbau Gesellschaft (attn. Ms. Heike Cramer); Helsinki
University of Technology (attn. Prof. J. Matusiak);
Maritime Research Institute Netherlands, (attn. Dr. J. O. de
Kat ); Osaka University (attn. Dr. N. Umeda);
Technology University of Malaysia (attn. Dr. A. Maimun);
University of Strathclyde (attn. Prof. D. Vassalos) and
University of Tokyo (attn. Prof. M. Fujino) participated.
For Ship A-2: Memorial University of Newfoundland



(attn. Prof. D. Bass); Osaka University (attn. Dr. N.
Umeda) and University of Strathclyde (attn. Prof. D.
Vassalos) did. Numerical prediction methods used by the
above organisations were summarised in the Appendix and
numerical results were shown in Figs. 4-6 with the
experimental results. Based on the agreement with the
participating organisations, throughout this benchmark
programme the results have been presented anonymously.
Thus the code used in this paper is not relevant to the
above order of organisation names.

Table 1 Principal particulars of the ships.
Items Ship A-1  Ship A-2
length: L, 1500m 34.5m
breadth : B 272m  7.60m
depth : D I35m  3.07m
draught at FP : T 8.5m 2.50 m
mean draught : 7 8.5m 2.65m
draught at AP : 7, 85m 2.80 m
block coefficient : C, 0.667 0.597
pitch radius of gyration : [1,,/L,, 0.244 0.302
longitudinal position of centre of| 1.01 m 1.31 m

gravity from the midship : xcg aft aft

metacentric height : GM 0.15m 1.00 m
natural roll period : T 433s 74s
rudder area : Ag 28.11 m?> 3.49 m?
propeller diameter : Dp 50dm  2.60m
time constant of steering gear : Tg 1.24s 0.63 s

proportional gain: K 1.2 1.0
differential gain: Kz Tp 53.0s 0.0s

——————n

e
/

Fig. 1 Body plan of Ship A-1.

Fig.2 Body plan of Ship A-2.

The numerical predictions are firstly required to

RUDDER

Fig.3 Reference system.

qualitatively agree with the model experiments. Thus,
qualitative nature of the results obtained from the
experiments and the numerical calculations are overviewed
in Tables 4-5. This nature includes capsize, non-capsize,
harmonic roll, sub-harmonic roll, surf-riding and
broaching. Here as a judging criterion of broaching the
authors’ proposal' is used. That is, broaching is a
phenomenon in which both the yaw angle and yaw angular
velocity increase despite the maximum opposite rudder
angle. The cases where the numerical result does not
qualitatively agree with the experimental one are identified
with shading.

Table 2 Calculated conditions for Ship A-1.

H/A ALy, Fn Ze
(a) 1/25 1.5 0.2 0 degrees
(b) 1/25 1.5 0.2 45
degrees
(c) 1/25 1.5 0.3 30 degrees
(d) 1/25 1.5 0.4 30 degrees

Table 3 Calculated conditions for Ship A-2.

H/A ALy, Fn Ze
(a) 1/10 1.637 0.3 -30 degrees
(b) 1/10 1.637 0.43 -10 degrees
(©) 1/8.7 1.127 0.3 -30 degrees
(d) 1/8.7 1.127 0.43 -30 degrees

4. DISCUSSION

For Ship A-1 all the participating organisations used 6
degrees of freedom (DOF) models. However, only
Organisation-A submitted results that qualitatively agree
with the experiments. Organisation-A calculated radiation
and diffraction forces using a strip theory and dealt with
manoeuvring forces by the MMG model, utilizing a body
coordinate system. It evaluated the Froude-Krylov forces,
including roll restoring moment in waves, by integrating
incident wave pressure up to the instantaneous water
surfaces. With this numerical model, capsizing with
sub-harmonic rolling in case (a) and capsizing with
harmonic rolling in case (d) were well predicted.

Organisation-G also shows similar agreement but
results in capsizing with harmonic rolling in case (a),



which was not observed in the corresponding experiment.
The method used here is almost the same as
Organisation-A except for radiation and diffraction
modelling.

Organisation-E has difficulties in the prediction of
the heading angle. In some cases the ship course is
changed to bow sea and then a completely different
situation occurs. This model is different from the above
two organisations in some elements. The radiation forces
were calculated using a 3D Green function method with
hydrodynamic memory effect. The manoeuvring forces,
roll damping moments, resistance and propulsion forces
were estimated with databases instead of the captive test
data provided.

Table 4 Overview of qualitative results for Ship A-1%*.

exp. A. B C
(a) cap. (s) cap. (s) cap. (h) no roll
® | () (s) (s) N/A
() (h) (h) N/A N/A
(d) cap. (h) cap. (h) N/A N/A
D. E. F G
(a) (s) cap. (s) cap. (h) cap. (h)
(b) | cap.(h) (h) (b (s)
(c) (h) cap. cap. (h)
(d) (h) cap. cap. cap. (h)

*Here (h) and (s) mean harmonic and sub-harmonic roll
motions, respectively. cap. indicates capsizing.

Table 5 Overview of qualitative results for Ship A-2*.

exp. A. B C
(a) | non-cap non-cap non-cap  non-cap
(b) | surfbroach, surf,broach, cap. cap

cap. cap.
(c) | non-cap non-cap non-cap  non-cap
(d) | cap. cap. cap. cap.

*Here surf and broach mean surf-riding and broaching,
respectively.

The method used by Organisation-B is based on a
conventional seakeeping approach. That is, the heave,
pitch, sway and yaw are assumed to be linear around the
averaged course. This organisation reported that this
method is not able to calculate the ship runs with a Froude
number of 0.3 and over. Organisation-D proposed a
method to avoid such the limitation of the seakeeping
model by a two-stage approach. Here the motions are
assumed to be the sum of linear parts with hydrodynamic
memory effect and nonlinear ones. This means that the
linear motion was calculated around the instantaneous
heading angle instead of the auto pilot course. The
agreement between the experiment and this calculation is
not so satisfactory. This may be partly because the initial
values were different from the specified ones to take the
memory effect into account. Organisation-F is a unique
example ignoring diffraction forces but the results do not
agree well with those from the experiment. In particular,

the calculated pitch amplitude is much larger than the
measured one.

CFD application to the present problem was
attempted by Organisation-C, which had succeeded in
several seakeeping predictions. Here the Euer equation
was solved by a finite difference method with fully
nonlinear free surface and body surface conditions.
However, it can provide a solution only for case (a)
without lateral motions. If the specified initial values for
lateral motions are input, even for case (a) the calculation
process failed. In addition, it cannot deal with cases (b), (c)
and (d), in which the desired heading angles are not zero.
This fact demonstrates that the CFD approach is not yet
appropriate for practical use in capsize prediction.

For Ship A-2, only Organisation-A obtained
qualitative agreement with the experiment. Here a 4 DOF
model was used by assuming that heave and pitch motions
trace their static equilibria, which are calculated as the
limit of solution sets of a strip theory at zero encounter
frequency. The manoeuvring forces were estimated with
the MMG model and the wave-induced forces, including
hydrodynamic lift due to wave fluid velocity, were
calculated with Ohkusu’s slender body theory. The wave
effects of both the roll restoring moment and the
manoeuvring forces were ignored as higher order terms. As
a result, this organisation succeeded in predicting capsizing
due to broaching associated with surf-riding as well as
periodic motions.

Organisation-C used the method that is almost
similar to Organisation-A but the nonlinear terms in the
manoeuvring models, those of the Froude-Krylov forces
and the radiation forces were added. For case (b) it
predicted capsizing without surf-riding and with a smaller
rudder angle compared to the results from the experiment
and those predicted by Organisation-A.

Organisation-B applies a 6 DOF model in which
radiation and diffraction were calculated with the 3D
Green function for zero forward velocity. Here the change
of roll restoring moment due to waves was taken into
account but the hydrodynamic lift due to wave fluid
velocity was ignored. The hydrodynamic memory effect
was included in this calculation, although the initial values
were not exactly equal to the specified one. While the
predictions of mean yaw angle for cases (a), (c) and (d) are
better than those from the other organisations, the
predicted rudder angle for case (b) is smaller than the
experimental results.

As a whole, these three organisations predicted the
results relatively well compared to the experiments for
Ship A-2, however, this does not mean that prediction of
broaching is easier, because some organisations did not
include their own results.

5. SEVERAL ELEMENTS
PREDICTION ACCURACY

AFFECTING

As mentioned above, the mathematical models for
capsizing prediction cover so many elements and there is
no guideline which elements should be taken into account.



Mutual comparisons among the organisations do not easily
clarify the importance of each particular element because
more than two elements are often different from one
organisation to another. Therefore, this paper reviews
comparative studies of numerical simulations with and
without each particular element for Ships A-1 and A-2.

6 DOF vs. 4 DOF or 1 DOF

Although all organisations submitted results with 6 DOF
models for Ship A-1, many theoretical studies with 1 DOF
models can be found for capsizing due to parametric
rolling. Munif ° estimated the capsizing boundaries for
Ship A-1 with a 1 DOF model, a 4 DOF model ignoring
heave and pitch motions (4 DOF A model), a 4 DOF model
with static equilibria of heave and pitch motions (4 DOF B
model) and a 6 DOF model, as shown in Fig. 7. Here the
first three models were obtained by simplifying the 6 DOF
model. As a result, the following conclusions were made.
(1) The 1 DOF model overestimates capsizing danger. (2)
The difference between the 4 DOF A model and the 6 DOF
model can be significant. (3) The results from the 4 DOF B
model almost agree with those from the 6 DOF model and
the experiment. The reason for the small difference
between the 4 DOF B model and the 6 DOF model is that
the natural frequency of heave and pitch motions is far
from the encounter frequency in case of ship runs in
following and quartering seas.’

Memory effect
It is well known that the linear transient motions of a ship

with frequency-dependent hydrodynamic forces can be
calculated using the convolution integral for hydrodynamic
memory effect. However, it is not so clear for capsizing
prediction whether the hydrodynamic memory effect
should be taken into account or not. This is because an
extreme motion leading to capsizing is nonlinear and the
hydrodynamic forces acting on a ship running in following
and quartering seas do not significantly depend on the
encounter frequency.

Hamamoto and Saito’ carried out a comparative
study for a container ship in following seas with and
without the memory effect in heave and pitch motions.
They concluded that no significant difference exists if the
added mass and damping coefficients are calculated for the
natural frequency of heave and pitch motions. For the
present workshop, Matusiak® investigated this problem and
concluded that the memory effect can improve the
agreement with the experiment for Ship A-1. Here it is
noteworthy that exact calculation with memory effect
should be carried out from the start of the waves. Thus the
present benchmark testing, which does not specify the
initial conditions of the fluid motions, is not appropriate
for this purpose.

Manoeuvring coefficients

In ship runs in following and quartering waves, prediction
of manoeuvring coefficients is important because
hydrodynamic lift is dominant. The first question here is
whether the effect of nonlinear terms of manoeuvring
forces on capsizing prediction is important or not. For Ship

A-2, Umeda et al’ calculated time series with these
nonlinear terms and without them and concluded that the
effect of nonlinear terms is negligibly small, as shown in
Fig.8. This is because the sway velocity and yaw angular
velocity non-dimensionalised with the higher forward
velocity are not large even during the process of broaching.

The next problem is the wave effect on the linear
manoeuvring coefficients. This problem has been
discussed for many years but its effect on capsizing
prediction has not yet been fully investigated. Therefore,
Hashimoto and Umeda'® tackled this problem with Ship
A-2 for the present workshop. Their main conclusion is
that the effect of the waves on the derivatives of
manoeuvring forces with respect to the sway velocity can
be important.

Nonlinearity in yaw

In a seakeeping theory, ship motions, such as yaw, are
often linearised around the inertia system moving with the
averaged speed and course of a ship. On the other hand,
ship motions are described with a body fixed coordinate
system in the field of manoeuvring. Recently Hamamoto "'
introduced a horizontal body coordinate system, which is
body fixed but not allowed to roll. At the present workshop,
Cramer '? reported the effect of linearisation of yaw
motion with an inertia coordinate system.

Other elements to be examined can be listed as
follows:

- wave effect on roll restoring moment

- hydrodynamic lift due to wave fluid velocity'
- 3D effect of hydrodynamic forces

- modelling roll damping moment"

- roll-yaw coupling'*

- coupling effect from heave and pitch motions
- trapped water on deck.

Cramer ' referred to the applicability of numerical
models to short-crested irregular waves. Although the
capsizing model experiments for Ship A-1 were carried out
in both long-crested and short-crested irregular waves ",
the benchmark testing programme deals with only the case
in long-crested regular waves. Recently Sera and Umeda '
executed numerical calculation in short-crested irregular
waves with a 1 DOF model, and confirmed the qualitative
conclusion, from the experiments, that wave
short-crestedness reduces capsizing danger.

6. CONCLUSIONS

As a result of benchmark testing of intact stability, it was
found that some numerical models can qualitatively predict
capsizing due to parametric resonance and that due to
broaching in the limited cases tested. For improving
quantitative prediction accuracy further, it is essential that
several elements should be examined by comparative
studies with and without these elements. For wider
validation studies, it is desirable to execute benchmark



tests in capsizing boundary curves as shown in Fig. 7 for
Ship A-1.
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APPENDIX

Brief descriptions on the prediction methods used by the
participating organisations are as follows:

Ship A-1
Organisation -A
* 6 DOF model
manoeuvring-based time-domain model
hull radiation : linear strip theory + nonlinear axis
transformation
hull manoeuvring damping : ITTC exp data (linear
and nonlinear terms)
roll restoring: hydrostatics in waves
roll damping: ITTC exp data + forward speed effect
(empirical)
Froude-Krylov force: nonlinear pressure integral
diffraction force: linear strip theory + nonlinear axis
transformation
hydrodynamic lift due to wave: none
hydrodynamic solution method: 2D multi-pole
expansion method
hydrodynamic memory effect: none
ship resistance: ITTC exp data
propeller thrust: ITTC exp data
rudder force: ITTC exp data
Organisation -B
* 6 DOF model
linear heave, pitch, sway, yaw (frequency domain) +
nonlinear surge and roll (time domain)
hull radiation : linear strip theory
hull manoeuvring damping : none
roll restoring: hydrostatics in waves
roll damping: empirical formula



Froude-Krylov force: linear strip theory

diffraction force: linear strip theory

hydrodynamic solution method: 2D Rankine source
method

hydrodynamic lift due to wave: none

hydrodynamic memory effect: none

ship resistance: ITTC exp data

propeller thrust: none

rudder force: none

Organisation -C

6 DOF model

CFD time-domain model

Euler equation (no viscosity)

fully nonlinear free surface & body surface condition

finite difference method in time domain

fluid motion and ship motion are simultaneously
solved.

roll viscous damping: none

ship resistance & propeller thrust: externally added

rudder force: none

H-H type grid (near-field 540,000 grids, far-field
2,600,000 grids)

Organisation-D

6 DOF model
seakeeping-based two-stage model (linear part +
nonlinear part)
linear part (frequency domain): linear strip theory
hydrodynamic solution method for the strip theory:
Frank’s close-fit method
nonlinear part (time domain)
1) cross-coupling terms of body dynamics: included
2) nonlinear part of Froude-Krylov force & roll
restoring : pressure integral up to wetted water surface
3) nonlinear parts of radiation & diffraction: none
4) hydrodynamic memory effect: included
5) hull manoeuvring damping : empirical formula
6) roll damping: critical damping ratio
7) ship resistance: ITTC exp data
8) propeller thrust: ITTC exp data
9) rudder force: empirical formula
quadrilateral panels for hull surface

Organisation-E

6 DOF model

seakeeping-based time-domain model

hull radiation : linear 3D theory

hull manoeuvring: semi-empirical formula for hull
forces

roll restoring: hydrostatics in waves (as part of
Froude-Krylov forces)

roll damping: semi-empirical formula (lift damping +
quadratic)

Froude-Krylov force: linear pressure integrated up to
free surface

diffraction force: linear strip theory

+ hydrodynamic lift due to wave: cross-flow drag model

hydrodynamic memory effect: included as part of

wave radiation forces
ship resistance: database for actual ship (measured or
calculated)
propeller thrust: database for actual or standard
propellers
rudder force: semi-empirical formula
Organisation-F
+ 6 DOF model
seakeeping-based time-domain model
hull linear damping in yaw: ITTC exp data for yaw
hull linear damping in surge, sway: values for other
fishing vessel
roll restoring: hydrostatics in waves
roll damping: Ikeda’s method
Froude-Krylov force: nonlinear pressure integral
diffraction force: none
hydrodynamic lift due to wave: none
hydrodynamic solution method: 2D Green function
method
hydrodynamic memory effect: none
ship resistance: values for other fishing vessel
propeller thrust: values for other fishing vessel
rudder force: values for other fishing vessel
Organisation - G
6 DOF model
manoeuvring-based time-domain model
+ hull wave-making damping: Tasai’s empirical formula
hull manoeuvring damping : ITTC exp data (linear &
nonlinear terms)
roll restoring: hydrostatics in waves
roll damping: ITTC exp data + forward speed effect
(empirical)
Froude-Krylov force: nonlinear pressure integral
diffraction force: Ohkusu’s slender body theory
hydrodynamic lift due to wave: as end term
hydrodynamic solution method: 2D multi-pole
expansion
hydrodynamic memory effect: none
ship resistance: ITTC exp data
propeller thrust: ITTC exp data
rudder force: ITTC exp data

Ship A-2
Organisation -A
+ 4 DOF model with static heave and pitch

manoeuvring-based time-domain model
hull added mass : linear slender body theory with
double model flow
hull wave-making damping: none
hull manoeuvring damping : ITTC exp data (linear
terms only)
roll restoring: hydrostatics in calm water
roll damping: ITTC exp data + forward speed effect
(empirical)
Froude-Krylov force: linear pressure integral



diffraction force: Ohkusu’s slender body theory
hydrodynamic lift due to wave: as end term
hydrodynamic solution method: 2D Green function
method

hydrodynamic memory effect: none

ship resistance: ITTC exp data

propeller thrust: ITTC exp data

rudder force: ITTC exp data

Organisation -B

6 DOF model

seakeeping-based time-domain model

hull radiation : 3D Green function method (zero
forward speed) + forward speed effect

hull manoeuvring damping : empirical formula

roll restoring: hydrostatics in waves with incident
wave pressure taken into account

roll damping: empirical formula + forward speed
effect (tuning)

Froude-Krylov force: nonlinear pressure integral
diffraction force: 3D Green function method (zero
forward speed) + forward speed effect
hydrodynamic lift due to wave: none (no trailing
vortex layer)

hydrodynamic memory effect: included

ship resistance: empirical formula

+ propeller thrust: adjusted to realise the specified speed

rudder force: empirical formula
incident wave: second order Stokes wave

Organisation -C

4 DOF model with static heave and pitch

manoeuvring-based time-domain model

hull wave-making damping: included

hull manoeuvring damping : ITTC exp data (linear &
nonlinear terms)

roll restoring: hydrostatics in calm water

roll damping: empirical formula + forward speed
effect (empirical)

Froude-Krylov force: nonlinear pressure integral

diffraction force: Ohkusu 2 s slender body theory

hydrodynamic lift due to wave: as end term

hydrodynamic solution method: 2D multi-pole

expansion

hydrodynamic memory effect: none

ship resistance: ITTC exp data

propeller thrust: ITTC exp data

rudder force: ITTC exp data
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Fig. 6  Experimental and numerical results for Ship A-2.

(a) (b
Experiment Calculation Experiment Calculation
20 Pitch(degrees) 20 Pitch(degrees) 20 Pitch(degrees)
10 10
0 15 20 0 5 15 20
-10 t(s) -10 (s)
20 -20
9O*Roll(degrees) 90 Roll(degrees)
60 60
301 30
osAQAA/_u_A 0
3ok 5 0™ 15 20 30 10 15 20
601 t(s) -60 t(s)
90 -90
60*Yaw(degrees) 60 Yaw(degrees)
40+ 40
20+ 20
0 5 10 15 20 0
20l 220 5 10 15 20
“40- (s) -40 (s)
-60- -60
45 Rudder(degrees) 45 Rudder(degrees)
30 30
15 15
0 0
_15 15 20 _15 10 15 20
-30 t(s) -30 t(s)
45 -45
() (d)
Experiment Calculation Experiment Calculation
20 Pitch(degrees) 20 Pitch(degrees) 20 Pitch(degrees) 20 Pitch(degrees)
10 10
0 0
ov 15 20 10 15 20
-10 (s) -10 t(s)
20 -20
90 Roll(degrees) 90 Roll(degrees)
60 60
30 30
0 0
30 5 10 15 20 30 5 10 15 20
-60 t(s) -60 t(s)
-90 -90
60 Yaw/(degrees) 60 Yaw/(degrees) 60 Yaw(degrees)
40 40 40
20 20 20
ol 1 v 11 ob 1t v 11 Ob— L v 1 v 1 . |
220 5 15 20 220 10 15 20 220 .\‘\5--‘10 15 20
-40 t(s) -40 t(s) 40 XY t(s)
-60 -60 -60 R
45 Rudder(degrees) 45 Rudder(degrees) 45 Rudder(degrees)
30 30
15 15
0 0
_15 15 20 _15 10 15 20
-30 t(s) -30 t(s)
45 -45

Organisation-A ~ -==-- Organisation-B —=-—-— Organisation-C



IMPORTANCE OF MEMORY EFFECT FOR CAPSIZING PREDICTION
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SUMMARY

A two-stage approach [7] to determination of non-linear motions of ship in waves is used in
evaluating dynamic stability of ship A-1 of the ITTC benchmark study. Two different models of
radiation forces are used. Both are based on the linearity assumption. In the first model radiation
forces include the flow memory effect represented by the retardation function. In the second model
constant added mass and damping concept is used to represent radiation forces.

1. INTRODUCTION

Linear models of ship dynamics in waves are well
established. In most cases they result in a sufficiently
accurate prediction of loads and ship motions. Perhaps
the biggest benefit of using the linear models is that
prediction of exceeding certain level of load or response
can be easily derived.

The biggest shortcoming of the linearity assumption
is that it precludes prediction of certain classes of ship
responses. The linear models cannot predict the loss of
ship stability in waves, parametric roll resonance of roll
and asymmetry of sagging and hogging. Evaluation of
these kind responses requires a proper non-linear
modeling of ship dynamics and hydrodynamics.
Moreover, the analysis has to be conducted in time
domain.

In the two-stage approach [7] to determination of
non-linear motions of ship in waves, the fully non-linear
model represents the restoring forces and the Froude-
Krylov part of wave forces while radiation and
diffraction forces are regarded to be sufficiently well
represented by the linear approximation. Ship dynamic
behavior is represented by a rigid body dynamics having
six degrees of freedom. There are no restrictions set on
the motion’s magnitude. There are two options for
evaluating radiation forces. The first one is based on the
approach of Cummins [2], which allows to evaluate the
radiation forces in time domain without any assumption
concerning motion frequency. This approach represents
properly the memory effect on the radiation forces. In
the second, simplified model, radiation forces are directly
related to the added masses and damping coefficients.

Ship behavior in regular waves was evaluated by both
approaches of representing the radiation forces. This was
done for a container ship model of the Osaka University.
The results are compared to the model test results [5].

2 AN OUTLINE OF THE TWO-STAGE
APPROACH TO DETERMINATION OF NON-
LINEAR MOTIONS OF SHIP IN WAVES

In this chapter only an-outline of the two-stage approach
is presented. More detailed description of the approach is
presented in [7].

2.1  CO-ORDINATE SYSTEMS
EVALUATING SHIP MOTION

USED IN

Ship is regarded as a rigid body possessing in general six
degrees of freedom. In the following we focus our
attention on the general theoretical model of rigid body
motion.

Four co-ordinate systems are used for describing
general ship motion. These are presented in Figure 1.
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Fig. 1  Co-ordinate systems used in ship dynamics [7].

Inertial co-ordinate system fixed to Earth is denoted by
XoYoZy. Xp-axis points in the wave propagation
direction. The X,-Y, plane coincides with the still water
level. Ship is on course p with respect to waves. Course
or encounter angle is a time-averaged or initial
orientation of ship with respect to the direction of wave
propagation. This time-averaged position defines the co-
ordinate system &gnolo. G* is the origin of this co-
ordinate system and it is the time-averaged position of
the ship’s center of gravity. Axis &ppoints in the



direction of ship velocity vector Vs. The average position
of ship is given by the position vector R = Xg + Y5~

The origin of two other Cartesian co-ordinate systems
is located at the instantaneous position of ship's origin
(point G in Fig.1). Co-ordinate system xyz is fixed to the
ship so that the x-axis points towards ship bow. This co-
ordinate system is called the body-fixed co-ordinate
system. The so-called horizontal body axes co-ordinate
system [4] denoted as Eng moves with ship so that the &-
1 plane stays horizontal that is it is parallel to the plane
Xo-Y and C-axis stays at ship centreplane. Both the body
fixed and horizontal axes co-ordinate systems move with
ship with a velocity

Fourth co-ordinate system, denoted by x’y’z’, is also
body-fixed but with the origin located in other point
denoted by 0. In the linear seakeeping theory usually
origin 0 lies on the vertical plane that comprises the
center of gravity and being the intersection of this plane
with the centerplane plane and still waterplane.

Instantaneous position of ship's center of gravity is
given by the following displacement components: surge
(& or x1), sway (77 or x;) and heave (¢ or x3). These are
the motion components of the center of gravity in the
moving with ship velocity V; inertial co-ordinate system
&Moo Translational motion is defined as the motion of
ship's origin 0 in the inertial co-ordinate system

rG:§0i0+770j0+§0k0- (1)
The velocity of the origin of ship is given as

U=l.’G Iéol'o +770j0 +é‘0k0 =ui+vj +wk .

Angular position of the ship is given by the so-called
ship Euler angles denoted in Fig. 1 as ;60 and ¢. These
angles bring vehicle from the reference (initial)
orientation to the actual orientation of the body-fixed co-
ordinate system. The orientation of the body-fixed co-
ordinate system varies in time. It is given by the Euler
angles. The following matrix relation [1, 3] gives the
projection of the velocity expressed in body-fixed co-
ordinate system on the Earth-fixed co-ordinates

COS sin sin  €os sin cos
COS COS ) o

: —sin cos +sin sin
o SR S u (3)
i . sin sin sin  sin sin cos
7o ¢ =| sin cos ) \%
. +¢os cos —Cos sin
S0 w

—sin cos sin COS COS

Angular velocity £2 of ship can be expressed in terms of
the time derivatives of roll, pitch and yaw as follows

Q =Pi+Qj+RKk. 4
The dependence of the derivatives of the Euler angles

and angular velocity components expressed in the
moving frame is as follows [1]

cos tan P
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sin tan
0+=10 cos

vl |0
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2.2 GENERAL EQUATIONS OF MOTION

Equations of motion are given by the set of six non-linear
ordinary differential equations [3]

Xg —mgsinH:m(a+Qw—Rv)

Y, +mgcos€sin¢=m(\>+Ru—Pw) (6)

Zg +mgcos@cosg = m(w+ Pv—Qu)

Kg=1P-1,0-1.R+(I.R-1,P-1,0)0
_([yQ_IyZR_[ny)R

My =T P+1,0- 1 R+([,P~1,0-T.RR
—(I.R-1,P-1_,0)P

Ng=-IP-1,0+ 1. R+([,0~1,R~1,,P)P
~(1,P-1,0-1.R).

In equations 6, X, Y, Z, K, M, and N, depict the
components of global reaction force and moment vectors
acting on the ship. These are given in the-body fixed co-
ordinate system xyz. m and [;; mean ship’s mass and the
components of the mass moment of ine?%

2.2 LINEAR APPROXIMATION OF THE
EQUATIONS OF MOTION

The method starts with a linear approximation of motion
estimate in irregular or regular waves. The linear
approximation takes care of the diffraction forces and
added parameters dependence upon the frequency of
motion. Linear approximation of the responses in terms
of the velocities

UL=MLi+VLj +WLk @)
L :PLi+QLj+RLk:¢Li+9Lj+IPLk (®)

is obtained by the standard method such as for instance
covered by reference [6]. Note that linear approximation
does not distinguish between the inertial and body-fixed
co-ordinate system. Motions are given in the co-ordinate
system with the origin in the ship’s center of gravity. The
linearised equations of ship motion can be presented as
follows



mip =Xy, = Xraqg + Xaifr + XFKL

myvp =Y =Yg +Ydigr +YPRL

mwy, =7, = Zrestoring,L +Z1ad + Zgitr +ZFKL
IxPL _IszL =K = Krestoring,L + K rad + K difr + KF.K,L

]yQL =My = Mrestoring,L + Mg + M gigr +1\4F.K,L
IRy =P, =N = Npag + Ngifr + NFKL-

)

The indices rad, diff, F.K and restoring stand for
radiation, diffraction, the so-called Froude-Krylov and
restoring forces and moments. Index L depicts linear
approximation to the forces and moments. In the linear
approximation wave excitation is assumed to comprise
the diffraction and Froude-Krylov forces and moments.
The latter are evaluated from the pressures in and
undisturbed oncoming wave. In the integration ship hull
is assumed to have a constant velocity Vs pointing in the
x-direction and integration is conducted up to the still
water level.

The terms depicted by the indexes restoring,L are the
z-directional force and moments acting on a ship in still
water due to infinitely small and slow forced heaving
displacement and angular inclination along x- and y-
axes. The initial stability model is used to represent them.

2.3 THE NON-LINEAR PART OF THE RESPONSE

At the second stage, non-linear part of ship motions is
evaluated in the time domain. This motion takes into
account non-linearities of ship hydrostatics and non-
linearities of wave loads at large amplitudes of motion.
The only motion component that is not decomposed into
the linear and non-linear part, is surge. Total surge
motion is evaluated using the 1 of equations (6). The
effect of added wave resistance, propulsor action and
rudder forces are included in this equation. Total ship
motion, or other type of response, being a sum of linear
approximation and a non-linear part is thus obtained. In
other words total responses in terms of velocities are
written in the following form

U=ui+(v +v)j +(w +wk

10
Q=P +P)i+(QL+0Q)j+(R.+R)k, (19

where variables without subscripts depict non-linear part
of the response.

Subtracting the equations (9) of the linear
approximation model from equations (6) yields the
equations for the non-linear part of response
mfi +(0r, +0)wp +w)

— (R, + R)vp +v)+gsin(6, +6)]= X

mfv+(Ry +Ru— (B +P)wp +w

—gcos(f, + 9)sin(¢L + ¢)] =Y

mf+ (P + PYvp +v)-(Or + O

—gcos(fy +6)cos(¢y + ¢)] =Z an

LP+ |1 (R +R)= 1o (P + P)=1,(01 +Q)fOr +0)-1,,0
~ Lo R=[1,(0L +0)~1,. (R +R)= 1, (P, +P){R +R)=K
1,01, P+[1(A+P)~1,,(0 +0)-I,.(RL + R)[Ry +R)
L R=[1 R+ R)= 1B+ P) -1, (01 + Q)L+ P)= M
LR=1P+[1,(00 +0)~ 1,2 (R +R)~ 1, (P + P)|P. +P)

_]zyQ_[[x(PL +P)_]xy(QL JrQ)_]xz(RL +R)kQL +Q): N.
Equations (11) govern non-linear part of the rigid body
motion in six degrees of freedom. In order to solve them
we need to specify the non-linear part of the external
(fluid) forces X,Y,Z and moments K,M,N acting on a
body. These are presented in bigger detail in reference
[7]. Moreover we use equations (3) and (5) to express
body velocities in the inertial co-ordinate system.
Numerical integration of these equations together with
the division of responses given by equations (10) yields
the instantaneous position of ship in the inertial co-
ordinate system X,Y,Zy. Additional, thirteenth ordinary
differential equation of a first order representing the
action of auto-pilot is used to control the rudder angle.
Integration is conducted using the 4™ order Runge-Kutta
scheme with an integration step being At = 100 ms.
Computation is conducted for a full-scale ship. Linear
approximation of responses and forces is related to ship’s
actual position in waves. It takes into account
instantaneous heading angle. The zero initial conditions
are used for all equations with an exception of surge
velocity, which is set initially to a prescribed ship
velocity in calm water. In order to dampen the spurious
transients, wave amplitude is gradually increased from
zero to the prescribed final value A4, ., using the
expression

2
7
A (f) = .| 1—| cos—— fort < T,
w( ) Iélw,_/mal [ 2Tfj f , (12)

Aw(t) = Aw,ﬁnal forz > Tfs

where ¢ is time and with 7= 50 seconds in full scale
being used.

3 RADIATION FORCES

Radiation forces are approximated by a quasilinear
model making use of the added mass and damping
concept. These forces can be expressed in the general
form as [8]

6
E == (a;0 +b;U)) (13)
Jj=1

for i = 1,2,...6 depicting degrees of freedom, or as
follows

In equations 14 a; and b; depict added masses and
damping coefficients referred to the origin located in the
center of gravity (G in Fig. 1). These are frequency
dependent values. In the present method these



Xrag =—ayyii—=byy(u—Vs)—a;s0—b;50

Yiad =—apv—>byv— a24P —byy P — a26R —bygR

Zyad = —az3w—by3w—azsQ—b3s0 (14)
Kiad =44 P —bagP—aseR—bagR—agyv—byv

retardation functions are represented by 1024 discrete
values covering the period of 102.4 seconds. An example
of the retardation function for heave is given below.

M g = —as50 —bssO — as3 —bs3w—asyii —bsy (u—Vy)

. . ] Fig. 2 Non-dimensional heave memory (retardation)
Niad = —a6R —bee R — acaP —bea P — agyv —beyv.

coefficients are evaluated by a standard linear seakeeping
theory based computer program [6]. Note that radiation
forces are oriented in the body-fixed co-ordinate system.

3.1 MEMORY EFFECT INCLUDED USING THE

RETARDATION FUNCTION CONCEPT
The radiation forces model represented by the equations
14 is good for a frequency domain linear analysis. Time
domain approach requires the so-called convolution
integral representation of the radiation forces [2]. In this
time approach radiation forces vector X4 is represented
by an expression:

X ad (1) = —a,X(0) — } k(t—7)x(r)dr,  (15)

—00

where a., is the matrix comprising of the added masses
coefficients for an infinite frequency and x is the
response vector. Matrix function k& is the so-called
retardation function which takes into account the
memory effect of the radiation forces. This function can
be evaluated as follows

k()= % J.b(a)) cos(f)de (16)
0

where b is the frequency dependent added damping
matrix. The k(z) functions have to be evaluated before the
simulation. The Fast Fourier Transform algorithm is used
when evaluating discrete values of the retardation
functions as follows

NA
Ky (kat) = 7‘” FFT(g; (x)). (17)

where the original added damping discrete functions are
substituted by a ‘double-sided function’ g(x) as follows:
g (x)=b;(x) for x = Adw, AwN / 2

' 18
g, (NAw — x) = b;(x) forx =0,40(N/2+1). (18)

Note that as a result the retardation function 16 is
obtained at N/2 discrete time instants with a time step Az.
FFT analysis is conducted with N = 2048. As a result the
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function K3*3 =Ks3 /(m{g/ L)) as a function of non-

dimensional time ¢ =¢/ g/L , where L is waterline
length of ship.

3.2 SIMPLIFIED MODEL WITH NO MEMORY
EFFECT

The simplified model, which does not take flow memory
into account, is based on the assumption that added
masses and damping coefficients are constant. For this
model two options are used. In case 2a added masses and
damping values are evaluated for the prescribed
frequency of encounter with an exception of roll
coefficients (including cross-coupling of roll with other
motion components), which are evaluated for the natural
frequency of roll. In case 2b all coefficients are evaluated
for the frequency of encounter.

4 RESULTS OF SIMULATION

Model test experiments of the containership conducted at
the Osaka University [5] were simulated using three
options for the radiation forces modelling. Each
simulation run was of a time length 720 seconds full-
scale for no-capsizing vessel. If ship capsizes, integration
is terminated and time record is shorter. Wave condition
is same in all cases. Amplitude of regular wave is Ay =
4.5 [m] and length A = 225 [m], that is A=1.5*L. The
varied quantities are ship speed and heading. Summary
of the simulation is presented in Table below.
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Fn 0.2 0.2 0.3 0.4 15 = + A
Heading 0 45 30 30 10 / ] \\ \1 ( \\
[deg]
Experiment | capsize no- no- capsize Z N N X\/)O‘ AN )[\ S
capsize capsize \M\\’J ) ‘]‘M 1: \/ZE)M 2;0
Case 1 no- no- no- capsize STV \'\, \ \ '
capsize | capsize capsize -10 T7A) \ \ L time [s]
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Selected time histories of the simulated responses are
presented in the following. Simulations do not predict
ship capsizing in following regular waves and ship speed
Fn = 0.2. Although after several wave encounters ship
starts to roll heavily (see Fig. 3), this rolling motion is
restricted to approximately 12.5 [deg].

20 Fn=0.2,Heading=0 deg, case 1- retardation f.
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Fig. 3. Angular motions of ship in regular following in
the radiation forces.

The case of heading being 30 [deg] and Fn = 0.3 is the
one where considering memory effect in radiation forces
has a positive effect on ship behaviour prediction. As it
seen from Figs. 4 and 5, ship survives in this condition
both in simulation, in which retardation function is used,

and in model tests.
Fn=0.3,Heading=30 deg, case 1- retardation f.
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Fig. 4. Angular motions of ship in regular quarteirng
waves (heading = 30 [deg]). Ship speed is Fn = 0.3.
Memory effect is included in the radiation forces.
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Fig. 5. Angular motions of ship in regular quarteirng
waves (heading = 30 [deg]). Ship speed is Fn = 0.3.
Model test result scaled to full-scale and yaw defined as
a deviation from the initial course. [5].

Both constant added masses and damping models
wrongly predict ship capsizing in this condition (see Fig.
6).

3(l;"n=0.3,Heading=30 deg, case 2a- added masses&damp.

A\
Roll [deg] \
60— ___ Pitch [deg]
00 || Yaw [deg] \
Rudder [deg] ‘
-120
Time [s]

Fig. 6. Angular motions of ship in regular quartering
waves. Ship speed is Fn = 0.3 and heading 30 [deg].
Radiation forces are represented by constant added
masses and damping coefficients.

The case of highest speed (Fn =0.4) and heading 30 [deg]
is shown in Figs. 7, 8 and 9. In model test experiments
(Fig. 7) ship capsizes. Same is predicted by simulations
(Fig. 8 and 9). In computations it takes longer time for
the model to capsize. The reason for this may be in the
initial conditions of simulations.
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Fig. 7. Model running at Fn = 0.4 capsizes in regular
quartering regular waves (heading 30 [deg]). Model test
result scaled to full-scale. [5].

50 Fn=0.4,Heading=30 deg, case 1- retardation f.
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Fig. 8. Containership running at Fn = 0.4 capsizes in
regular quartering regular waves (heading 30 [deg]).
Simulations include the memory effect.
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Fig. 9. Containership running at Fn = 0.4 capsizes in
regular quartering regular waves (heading 30 [deg]).
Simulations conducted using constant added masses and
damping approach.

5 CONCLUSIONS

Considering the memory effect when modelling radiation
forces yields better results of dynamic behaviour of ship
in the context of two-stage approach of prediction non-
linear ship motions.

This conclusion is not a surprising one. In time
domain analysis, added mass and damping model is in
principle applicable for harmonic monochromatic
motions only. Dynamic stability of ship is characterized
by non-linearities and transient type behavior. Although
the retardation function approach implies the linearity
assumption, it takes properly into account flow memory
effect important in case of transient type behavior.

In the presented method, maneuvering hull forces are
represented by the retardation functions and convolution
integrals involving them. This potential flow model does
not necessarily include all relevant flow features
governing yaw and sway motion components. Moreover,
this model is based on the linearity assumption. This may
be the reason for a poor prediction of ship capsizing in
following waves.
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SUMMARY

The wave effects on manoeuvring coefficients, as second order terms of capsizing prediction, were estimated with a
dender body theory and compared with the existing results of captive model experiments. Then numerical simulations were
carried out with these wave effects and without them and compared with the results of free running model experiments. The
comparison demonstrated that the wave effects on derivatives of manoeuvring forces with respect to yaw rate and rudder
angle are not so essential for capsizing prediction but those with respect to sway velocity can be essential. Since the wave
effects on manoeuvring coefficients do not improve agreements between the numerical prediction and model experiment for

capsizing, it is expected to develop a consistent numerical model that takes all second order termsinto account.

NOMENCLATURE
a wave amplitude Ny derivative of yaw moment with respect to sway
ay interaction factor between hull and rudder velocity
Ar rudder area N, N, = N/(oL%du/2)
c wave celerity N,V wave effect on derivative of yaw moment with
d mean draft respect to sway velocity
fa rudder lifting slope coefficient Nw wave-induced yaw moment
F, nominal Froude number Ns derivative of yaw moment with respect to rudder
g gravitational acceleration angle
GZ righting arm Ny,Y  wave effect on derivative of yaw moment with
H wave height respect to rudder angle
L moment of inertiain roll N, derivative of yaw moment with respect to roll
| moment of inertiain yaw angle
J advance coefficient of propeller p roll rate
Jix added moment of inertiain roll r yaw rate
J added moment of inertiain yaw R ship resistance
k wave number t time
Ko derivative of roll moment with respect to roll rate T propeller thrust
Ke derivative of roll moment with respect to yaw rate To time constant for differential control
Kr rudder gain Te time constant for steering gear
K+ thrust coefficient of propeller u surge velocity
Ky derivative of roll moment with respect to sway Uy wave particle velocity in x direction
velocity v sway velocity
Kw wave-induced roll moment Viy wave particle velocity in y direction
Ks derivative of roll moment with respect to rudder Wp effective propeller wake fraction
angle XH longitudinal position of centre of interaction force
KV wave effect on derivative of roll moment with between hull and rudder
respect to rudder angle Xr longitudinal position of rudder
Ky derivative of roll moment with respect to roll Xw wave-induced surge force
angle Xrud rudder-induced surge force
Ir correction factor for flow-straightening effect due Y lateral force
to yaw rate aY sectional lateral force
L ship length between perpendiculars Y, derivative of sway force with respect to yaw rate
m ship mass Y, Y, = Y/(pL%dul2)
my added massin surge \AN wave effect on derivative of sway force with
m added massin sway _ respect to yaw rate
m, 2-dimensional added mass in sway Y, derivative of sway force with respect to sway
n propeller revolution number velocity
Nr’ de’rivative of yaw moment with respect to yaw rate Y, Y, = Y, /(oLdu/2)
N, N, = N/(oL°du/2) A2 wave effect on derivative of sway force with
N wave effect on derivative of yaw moment with respect to sway velocity

respect to yaw rate



Yo wave-induced sway force

Ys derivative of sway force with respect to rudder
angle

Y wave effect on derivative of sway force with
respect to rudder angle

Yy derivative of sway force with respect to roll angle

Z4 vertical position of centre of sway force dueto
lateral motions

X heading angle from wave direction

Xe desired heading angle for auto pilot

1) rudder angle

& wake ratio between propeller and hull

@ roll angle

(0] velocity potential

R flow-straightening effect coefficient

Kp interaction factor between propeller and rudder

A wave length

o pitch angle

P water density

w wave frequency

& longitudinal position of centre of gravity from a
wave trough

s vertical distance between centre of gravity and
still water plane

4 relative wave elevation for each section

lw wave €elevation

1. INTRODUCTION

Since capsizing prediction in following and quartering
seas is an important issue for ship safety, benchmark
testing for intact stability has been conducted at ITTC.

Some mathematical models for capsizing in
high-speed region, associated with surf-riding and
broaching, have been proposed and compared with free
running model experiments. In particular, a mathematical
model by Umeda et al.?® qualitatively well predicts such
phenomena®. In this model, wave steepness, sway velocity
and yaw rate are assumed to be small. Thus higher order
terms of these small quantities are consistently neglected.
As aresult, this model considers ship resistance, propeller
thrust, lateral righting moment, added inertia force, linear
wave exciting forces and linear manoeuvring forces and
neglects the second order wave forces, nonlinear
manoeuvring forces in calm water and wave effect on the
linear manoeuvring forces.

These higher order terms can be candidates of new
elements for improving prediction accuracy. Among them
mathematical models considering only  nonlinear
calm-water manoeuvring forces as a higher order term had
been proposed by Renilson®, Spyrou®, de Kat’ et a. but
importance of these forces on capsizing prediction had not
been clarified. Thus the authors® examined these effects by
conducting comparisons between numerical results with
and without the nonlinear calm-water manoeuvring forces
and then confirmed these effects on capsizing prediction
arerather small.

Hydrodynamic studies on the wave effects on linear
manoeuvring forces had started with Hamamoto®°. Then,

Son and Nomoto™ reported that there is a significant
difference in stability index of ship lateral motion between
a mathematical model with and without these effects.
Since their prediction of these hydrodynamic forces is
based on the results of PMM tests, we cannot directly
apply their results into the present numerica model.
Therefore, in this paper, firstly mathematical method for
prediction of manoeuvring forces in following and
quartering waves by a slender body theory is proposed and
comparisons between numerical estimations and existing
results of captive model experiments'®*3, such as PMM or
CMT, are presented. Secondly we apply this hydrodynamic
method into existing model by Umeda et a.”® and
compare with the original mathematical model for
examining the importance of these effects on capsizing
prediction. Because the encounter frequency is low for a
ship running in following and quartering seas, we focus on
the wave effects on manoeuvring damping forces and
neglect the ones on added inertia forces.

2. MATHEMATICAL MODELLING

The numerical model of the surge-sway-yaw-roll
motion was developed by Umeda & Renilson? and Umeda®
for capsizing associated with surf-riding in quartering
waves. (Original model) In cases of ship runs with
relatively high forward velocity in following and
quartering waves, the encounter frequency becomes very
small. Thus, hydrodynamic forces acting on the ship
consist mainly of lift components and wave-making
components are negligibly small. Therefore, a
manoeuvring  mathematical model  focusing on
hydrodynamic lift components can be recommended for
broaching.

To take the wave effect of manoeuvring forces into
account, the authors modified the above-mentioned model.
Two co-ordinate systems used here are shown in Fig.1: (1)
awave fixed with its origin at a wave trough, the & axisin
the direction of wave travel; and (2) an upright body fixed
with its origin at the centre of ship gravity. The state vector,
x and control vector, b, of this system are defined as
follows:

X = (%, %, %) " ={&. /A, u,v, x,1,¢,p, 8" €
b={n x4’ @.

The modified dynamical system can be represented by the
following state equation:

x=F(x;b) ={f,(x;b), f,(x;b), -, fy(x;b)} " @)
where
f,(x;b) ={ucosy -vsiny -4 /2 @)

f,(x;b) :{T(u; n)—RU)+ X, (s /AU, x,0;n)

(%)
+ X, (&5 1A, )H(m+m)




f,(x;b) ={= (m+m,)ur +Y, (u;n)v
+Y," (65 1A,u, x; VY, (u;n)r
+Y," (&, 1 A,u, ;)1 +Y,(u)g
+Y,(u;n)I+Y," (&5 /AU, x;n)d
+Y, (&1 A,u, x;m}(m+m )

f,(x;b) =r ™

f(b) ={N, (Wnv+N," (& /A,u, x)v

+N, (u;n)r+N Y (& /Aux)r

+N,(U)@+N;(u;n)d

+Ny" (&5 /AU, X;n)d

+N, (& /Au )/, +3,,)
fe(;b)=p ©)

f.(x;b) :{szH ur + K, (u;n)v+K, (u;n)r
+ Ko (U) p+ K, (W@ + K, (U;n)3

(6)

®

(10)
+K," (&s /A0, x;n)d
+K, (&6 /A,U,x:n) + MIGZ (@} (1, + )
f,(x;b) ={- 3 - Ko(x = xo) — KaTot}H /T2 (12).

Here the underlined parts are newly added to the origina
model.
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Fig.1. Co-ordinate systems

For the wave effect of linear manoeuvring forces,
Hamamoto® and then Renilson® applied a slender body
theory for lateral motions of a simplified hull form without
a free surface condition. Later on Fujino et al.’® utilised a
high-speed dender body theory, which considers a free
surface condition. In this paper the authors also develop a
dender body theory but for an actual hull form, and ignore
the free surface condition because the encounter frequency
istoo small for unsteady wave-making phenomena.

Within the theoretical framework of a dender body
theory with a rigid-wall water surface condition*, the
sectional lateral force, 4 Y(x) , can be calculated with the

two-dimensional added-massin sway m°(x) as follows:

AY(x) = _(gt - u:Xj(v+ xr )m,* (X) (12).

Then we consider an incident wave defined with the
following elevation, ¢y, and the velocity potential, @.

., =acoskxcosy —kysin y +ké&,) (13)
® =-ace™ sink(xcosy - ysiny +&;) (14).
In case of a ship in waves, the added-mass can change
because of relative wave elevation to the ship, ¢, , and

wave particle velocities, e.g. u,, and v, are added to flow
velocities. These elements can be modelled as follows:

¢ (%8er X) =¢a($er X) = X0(S, X) ~dw (X ée. x)  (19)

u, =22
" ax (16)
= —awe™ cos y cosk(xcosy - ysiny +¢&)
v, =2
iy (17).

= aae™ sin y cosk(xcosy - ysin x +&;)
Here the heave mation, {s , and pitch motion, &, can be
calculated as the limit of the solution set of a strip theory at
zero encounter frequency™.

Thus, the sectiona lateral force in waves can be
calculated as

AY ={v+xr -t m* (x,{,)
_ _0v, ) 20 (18).
+(u uw)(r axjmy x<,)
a 2D
oo ) omP(x)

Then, integrating the sectional force along the ship, the
total lateral force acting on hull can be obtained as

Y= _[Ade
= —J:(\'/+ xt )m,?° (x,0)dx

- J:(v +X1 ], (%5, X) % m,”” (x,0)dx

+ _[\'/meZD(x,O)dx

- [uvwmy2D (x,O)]L (19).
+ u[(v+ xr )m, *° (x,O)]L

-2r J:quYZD (x,0)dx

+ U{(v +xr ), (X, EG,X)% m,*° (x,O)}

L



- luw(v+ xr )m, *° (x,O)JL
ou 2D
+ | =2 v+xr x,0)dx
[ v exm ™ (x0)
This expression for the hull force and similar formula

of the rudder-induced force enables us to provide the wave
effect on Y, and Y, as follows:

Y (€I A0 ) :u[zr (X,EG):ZmyZD(x,O)}

L

[ 00m, P (x0), (20)
+ [Wmf’(x@)dx

#2083, P i (% 1)
Y& AU = u{xa (&) Lm (x,O)}

[, e xm 2 (x0)],

=2 [u,(x&, )M, * (x,0)

+ [ ou,,(%,$5, X)
oX

(21).

xm,* (x,0)dx
¥ g(l"' a, )pAR fayRI Ruw(x’gG ’X)

The first term of each formula indicates the effect of
relative wave elevation and the rest does the effect of wave
particle velocity.

Similarly, N, and N,"¥ can be obtained as follows:

N (Ea /AU, x) = u{xzr (x,fe)%mym (x,O)}

- [, (&) 2 m,® (x 0y

0z
—[XUW(XyEG:X)myZD(X’O)]L (22)
N [Wxnﬁ (x0)dx
* _[UW(X,EG ')()my2D (X,O)dX
+g(XR +a, %) PP TVl (X4 X)

N (€4 A,0,) :u[xzz, (x,fe)jsz%x,m}

- [uxzr (x,{G)% m,*® (x,0)dx
~[eu, g 0m 2 (x0).
+ [7auw();fe’X)xszZD(x,O)dx

+ [ xu, (&, 0m,* (x0)dx

(23).

3
+E(XR +a, Xy ) PA T, Vel U, (%€, X)

We can estimate manoeuvring coefficients in waves
by adding these changes into the calm-water vaue
obtained by model experiment.

Furthermore, the wave effects on Y5 and Ny can be
calculated by

Y (&I ux) =@ray) D AT, {2 0wy

LK, S, (0 1) (24)

NG (€6 12,,0) = (5 + ) & AT, {260 @ )u

X‘/1+Kp?ﬂL;uw(X,fG:X) (25).

These mean the change of rudder-induced forces is due to
the change of wave particle velocity.

3. PREDICTIONS OF HULL MANOEUVRING
COEFFICIENTSIN WAVES

Comparisons between numerical  results and
experimental data in wave effect on the hull manoeuvring
coefficients were carried out to confirm the accuracy of a
prediction formula, (20)-(23). Firstly for the RR17 trawler,
whose body plan is given in Fig.2, comparisons between
the numerical results and experimental data are shown in
Fig.3. Here the wave steepness is 1/16, the wave
length-to-ship length ratio is 1.11. The experimental values
were obtained through PMM tests in waves at Osaka
University by Nishimura®?. The calculated values of N,
agree well with the measured ones. The calculations of Y,
and N, shows only qualitative agreement with the
experiments and those of Y, are acceptable only in
amplitude. Secondly, for the SR108 container ship whose
body plan is given in Fig.4, comparisons are shown in
Fig.5. The experimental values were obtained by Son and
Nomoto™ at Osaka University with the same experimental
procedure as the trawler. Here the calculations show
reasonably good agreement except for Y,,.

Fig.2 Body plan of the RR17 trawler
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For the 135 gross tones purse seiner, known as the
ITTC Ship A-2, the captive model experiments were
recently carried out with the circular motion technique of a
X-Y towing carriage of a seakeeping and manoeuvring
basin of Nationa Research Institute of Fisheries
Engineering (NRIFE) by Matsuda et al™*. Body plan of this
ship are shown in Fig.6. Here the wave steepness of 1/50,
the wave length-to-ship length ratio of 1.5, the
non-dimensional yaw rate of 0.2 and the heading angle of
0 and 30 degrees were used. As shown in Figs.7-8, the
calculated values of Y, and N, provide similar tendency of
the measured ones. The measured values here were
obtained as the balance by subtracting all other measured
forces in Egs.(6) and (8) from the total measured forces.
Thus, these results suggest that the expressions of EQs.(6)
and (8) are reasonable.

As a whole, it is concluded that the prediction
formulas of EQs.(20)-(23) can explain the wave effect on N,
quantitatively, those on Y; and N, qualitatively and that on
Y, in amplitude.
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4. PREDICTIONS OF EXTREME SHIP MOTIONS
WITH AND WITHOUT WAVE EFFECTS ON
MANOEUVRING COEFFICIENTS

Numerical calculations of extreme motions for the
ITTC Ship A-2 were carried out by the numerical model
with the wave effects on manoeuvring coefficients and that
without them and compared also with the free running
model experiments at a seakeeping and manoeuvring basin
of NRIFE. Here the initial conditions of numerical runs
were adjusted to be equal to those in the experiments.

Firstly, the mathematical model only with the wave
effects on Y5, Ny and K; as higher order terms, (Modified
model 1), was used for numerical calculation. As shown in
Fig.9, there is no significant difference between the
origina and extended models. Therefore, the wave effects
on Yy, Nyand K5 can be regarded as negligibly small.

Secondly, the mathematical model with the wave
effects on Y;, N, Y5, Ns and K as higher order terms,
(Modified model 11), was adopted. As can been seen in
Fig.10(a), in case of a ship experiencing a stable periodic
motion, the new numerical result is amost same as the
original numerical result. In Fig.10(b), in case of capsizing
due to broaching, it is also rather same as the original
calculation. Therefore, we can conclude that the changing
of Y, and N, in waves is not so important for capsizing
prediction in following and quartering seas.

Finaly, numerical calculation with mathematical
model considering the wave effects on al manoeuvring
coefficients, (Modified model I11), was carried out. In
Fig.11(a), in case of periodic motion, absolute value of the
average yaw angle is larger than that of the origina one
and closer to the value of model experiment. This is
because some constant yaw moment appears as a result of
the product of time-varying manoeuvring coefficient and
periodic sway velocity. Some improvements in the pitch
and rudder angle are also found. On the other hand, in case
of capsizing due to broaching which is shown in Fig.11(b)
the yaw angle is rapidly increasing up to positive value and
continued to increase despite the opposite steering effort
and finally capsized due to this broaching. In this case,
capsizing occurred with positive yaw angle while with
negative angle in experiment. Because yaw motion here is
very different from origina numerica model, we
examined the components of yaw moment and found
manoeuvring force relates to N, is very large in positive

direction and that is very small in origina numerical model.

This is because the value of manoeuvring forces related to
N, in dill water is too small to change ship motion.
However, it should be noted that the prediction accuracy
for N, is generally not so satisfactory. Thus, further effort
to improve prediction of N, is necessary. It is also
noteworthy that this paper has examined some of higher
order terms only and other terms, such as the wave effects
of roll moment, have not yet been examined. The final
conclusion on the agreements between the experiments and
numerical predictions should have been provided only
after a consistent second order mathematical model, which
include al second order terms, will be established.
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CONCLUSIONS

The following conclusions can be drawn:

The wave effects on the derivatives of manoeuvring
forces with respect to yaw rate can be fairly well
predicted by a dender body theory, while those respect
to sway velocity can be done only in amplitude.

The wave effects on the derivatives of manoeuvring
forces with respect to yaw rate and rudder angle are
not so important for capsizing prediction, while those
respect to sway velocity can be significant.

The numerical model without the wave effects on the
manoeuvring coefficients currently provides better
prediction for extreme motions and capsizing than that
with them.

It is expected to develop a consistent numerical model
that takes all second order termsinto account.

It is also important to improve prediction accuracy for
the wave effects on the derivatives of manoeuvring
forces with respect to sway velocity.
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NUMERICAL MODELLING OF DAMAGE SHIP STABILTIY IN WAVES
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SUMMARY

This paper outlines recent advancements, achieved to date at The Ship Stability Research Centre (SSCR), in modelling
of damage ship stability in waves by means of numerical simulations. Some details of the mathematica model are
presented with the emphasis put on the water sloshing representation. Fundamental validation studies demonstrate that
simplified methods for estimation of fluid motion and resultant loads can successfully be applied for examination of
flooded ship behaviour. However, discrepancies in predictions of basic dynamics of a damaged ship with water
ingress/egress are identified. Some deficiencies in current understanding of hydrodynamics of a breached hull are

highlighted.

NOMENCLATURE

Inertiamatrix of ship (“s”) w.r.t. Gg

Inertia matrix of water (“w") w.r.t. Gg

V'ss,W  Shiprectilinear and angular velocities

M, Mass of floodwater in a single compartment

r, Position vector of the centre of buoyancy of
floodwater “w” in a body-fixed reference
system with origin at Gs

V', Velocity vector of the above point

Vi s Resultant of all external moments acting on
ship (three-component vector)

g Gravity acceleration vector

d

— Local time derivative

at

W, Natural frequency of water sloshing

b Breadth of the tank

h Fluid level

Superscript denotes that vectors are resolved in ship
bound rotating system of reference.

1. INTRODUCTION

The aubject of dynamic ship stability in waves with
breach in the hull has achieved in recent years much
needed attention, not least because of the latest tragic
maritime accidents involving significant casualties, but
also in view of the growing industrial interest in ships
with capacity reaching 10 000 and more passengers
onboard, where it is only natural that safety is of prime
importance inthe whole lifecycle of such vessels.

Assessment of ship performance in terms of her
survivability, however, is not straightforward an
undertaking, as in addition to complexity of predicting

7.3.1

ship behaviour in waves, further intricacies arise in
accounting for progressive flooding through the vessels
internal layout and ensuing ship-floodwater interactions.

Such dynamic effects of fluid motion on the ship
responses, and vice-versa, have been extensively studied
in the past from the viewpoint of roll stabilising tanks, ail
tankers, water trapped on deck, LNG carriers, and others
where the amount of fluid mass in the tank is constant.
The problem of a ship undergoing progressive flooding
entails further degrees of non-linearity arising from fluid
mass variation, which also renders the simulated process
non-stationary.

The general difficulties in dealing with the problem
accurately derive in great part from the sloshing
phenomenon, which mode, influenced by tank geometry,
dimensions and position with respect to axis of rotation,
the amount of fluid, and amplitude or frequency of
motion, [ 1], displays a character ranging from small-
amplitude short waves formation, non-linear standing
waves to highly non-linear hydraulic jumps or
combinations of the above, [ 2 ]. Also the dynamic
pressures exerted on the tank surface are of non-linear
nature as they comprise both non-impulsive loads related
to fluid transfer as well as impulsive localised loading,
ref. [ 2].

Published research on the subject exhibits a variety in
levels of sophistication and type of approaches towards
solving these problems. Two classes of approaches can
be broadly distinguished: techniques employing latest
advancements in science of computational fluid
dynamics (CFD) and simplified methods based on rigid-
body theory.

Recent studies on coupled ship motion and water
sloshing, addressing the first of the above appraoches,
have been reported by Mikelis et al, [ 9 ], Francescutto et
a, ref. [ 10], Basset al, ref. [ 11] or de Daalen et al, ref.
[ 12], where the excited due to tank/ship motion internal
fluid behaviour is dealt with by solving the Navier-
Stokes equation numerically and coupling it with the



5™ | nternational Workshop on Stability and Operational Safety of Ships, Sept. 2001, Trieste

simultaneous time-domain solution of more or less
complex equations of intact ship motions with then fluid
forcestaken as external input. Further, de Veer et al, ref.
[ 13 ], showed some attempts to predict in a similar
manner effects of water ingress, with the rate of flooding
itself estimated from Bernoulli equation. In addition to
water sloshing coupled to 6d.o.f. ship motion prediction
model, Woodburn et al, [ 14 ], accounts for some fluid
interaction between the internal water and the outside sea
domain to represent water ingress/egress in somewhat
more sophisticated manner.

There does not seem to be much of a doubt that in the
fairly foreseeable future these approaches will become a
naval architect’s routine procedures. As is the genera
consensus at present, however, these methods reguire
excessive computational as well as expert efforts,
preventing their methodol ogical application in studies on
dynamic ship stability.

The second class of approach, therefore, has found
considerable research interest and recognition of the
balance between simplicity and sufficiently meaningful
representation of physics. Here, the mass of the liquid is
regarded as behaving like a pendulum attached to the
ship, with its mass located at the centre of the fluid
buoyancy, which in turn is found from intersection of the
tank geometry and fluid free surface assumed flat. The
fluid free surface is most commonly assumed to always
remain parralel tothe sealevel, e.g. Vassalos et al, [ 4],
[ 5], deKat, [ 3], or more recently assumed to be
moving in accordance with some basic physics motion
mechnism e.g. Papanikolaou et al, [ 7].

The purpose of thispaper is to discuss some fundamental
validation study on the implications of the above-
mentioned simplifications in modelling of the fluid
behaviour onboard the flooded ship and building on that
demonstrate the degree of agreement achieved in
predicting damaged ship dynamics. For this purpose, a
very brief overview of the mathematical model for
generalised ship motion is given, followed by some
details of the floodwater motion mechanism under study.
Next, results of numerical simulations of bench-testing of
water sloshing derived experimentally by de Bosh and
Vugts, ref.[ 1], are presented together with discussions.
Finaly, the outcome of predictions of the damage ship
dynamic behaviour by means of such an approach is
demonstrated, with the concluded nuances pointed out.

2. GENERALISED SHIP MOTION MODEL
Equations for damaged ship behaviour description are
derived from fundamental motion principles: the
conservation of linear and angular momentum law. The
law applied for rigid bodies, whereby this definition is
also extended on the internal fluid mass, is resolved in
body-fixed system of reference, see Figure 1. Rigorous
derivation leads to a set of 6 scalar equations for linear

7.3.2

and angular motions. Three such equations for angular
motions are presented herein vector form ( 1).

M Gs?
respective force vector in the set of equations for
rectilinear motions, represents all the external forces and
moments acting on the vessel expressed in a body-fixed
system of reference, Gsxyz, located at the ship centre of
mass. These forces are predicted with conventional for
Naval Architecture methods. The Froude-Krylov and
restoring forces and moments are integrated up-to the
instantaneous wave elevation, the radiation and
diffraction forces and moments are derived from linear
potential flow theory and expressed in time domain
based on convolution and spectral techniques,
respectively. The hull asymmetry due to ship flooding, is
taken into account by a “database” approach, whereby
the hydrodynamic coefficients are predicted beforehand,
and then interpolated during the simulation. The
correction for viscous effects on roll and yaw modes of
motion is applied based on well-established empirical
methods. The second order drift and current effects are
also catered for, at present, based on parametric
formulations. Naturally the gravity force and moment
vectors correspond to ship and flood water weights.

The right hand side of the equation, and

SETRRN é,.éd . W
(I s+| W)Xd W+ wagr w gdtVGs&i'i-
™, oW, ) v+

é. .ed c e Lo\
+M <! i 1 + 1 1 + 1 ,,+
wxgrw 8dtvw w (VGS VW)EH (1)

+E M w ){rlw, (\7IGS+\7.W)] +

dt
+¢ﬂi|'WQW'+\N" (I Is-'-llw)wvl]: I\7IIGS

egdt g

Figure 1 Coordinate system fixed to the centre of gravity
of the intact vessel

The whole system, after re-arranging into matrix form as
aset of twelve differential equations of the first order, are
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solved for position in space of the centre of gravity of the

intact ship o = ()/es >t and three rotations through a

™ order Runge-Kutta-Feldberg integration scheme with
variable step size.

3. INTERNAL SLOSHING MODEL

Still undetermined in equation ( 1 ), are the relevant
vectors for floodwater location, velocity and
acceleration, T',,, V', and %V'W, respectively. These
are the quantities that must be derived from a model
representing the sloshing water phenomenon. In case of
application of the CFD techniques, these vectors and
relevant forces and moments can be derived from
pressure integration due to fluid motion. Here, however,
simplifications as mentioned in the foregoing, are
adopted.

A model, the initial concept of which was presented by
Papanikolaou et a in [ 7], has been developed as a free
mass point moving due to the acceleration field and
restrained geometrically by predetermined potential
surfaces of centre of buoyancy for given amount of
floodwater, FMPS (Free Mass in Potential Surface), see
Figure 2. This model derived from simple rigid body
motion consideration, similar to that leading to equations
(1), is presented as a set of equations ( 2 ), with
graphical explanation in Figure 2:

1d .
T

i (2)
=

Tdt

Figure 2 Fluid particle
acceleration field @, moving on the potential surface S

w” (centre of buoyancy) in

All the vectors are resolved in Gsxyz system of reference.

Thetotal forcing acceleration vector is:
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-m o', (3)

Where &, see equation ( 4 ), is ship motion-related

acceleration vector expressed in body-fixed system of
reference.

_d_’l d = =
aS—aVGS aW r

— —ys =

W (Vg W T

W) (4)

N is the instantaneous normal vector to the potential

surface of floodwater motion, determined from a damage
compartment geometry database. Note that the vector isa

function of T,, and volume of the fluid. Finaly, m is

an artificial coefficient introduced to represent damping
of floodwater motion. This coefficient is an ad hoc
adopted value derived for simple box-shaped
compartment from comparisons with experimental data,
as discussed | ater.

With the geometric information about the tank stored in a
database, the model is complete. Equation ( 2) is set up
for each flooded compartment within the ship and solved
simultaneously with the equations for ship motion.

Having determined fluid motion, the forces and moments
due to its displacement can be calculated. For
demonstration purposes, the moment vector extracted
from equation ( 1) is used and presented in the form of
equation (5), where three components are distinguished
to represent inertial moment, gravity moment and non-
linear moment, see equations (6 ), ( 7 )and ( 8 ),

respectively. Note here that the fluid inertia matrix, 1',,
contains only the inertia of a single mass point located at
a position f'w in the ship-fixed system of reference at
Gs. Since the mass is constant, the terms containing the
time derivative of mass disappear.

M'=M' +M' +M", (5)
Where
M' = |'de—vv (6)
dt
M'y=M, %, g (7)
M'N:Mw>{(vv', r”w) w]+
e, .éd_, ./,

+wa8r w gav + (v )Hu+ (8)
e [(1, )]
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4. NUMERICAL STUDIES

Experiments performed by de Bosch and Vugts, [ 1],
have been the basis for studies on fluid sloshing
described in this paper. In their experimental research,
they performed a series of bench testing on the behaviour
of the fluid in the box-shaped tank. The tank, with
dimensions of 0.1m in length, 1.0m in breadth and 0.5m
in depth, was filled with water, and excited at a range of
rotation amplitudes and frequencies. The tank moment

amplitude, Ka, as well as the angle € by which the

moment lags behind the rolling was recorded. The
moment was expressed as:

rnwat(t)|x = Ka >9n(W>¢ - e)

Since the flow behaviour in such conditions displays
very complex nature, as mentioned earlier on, it was
perceived of great interest to quantify to what degree the
fluid loads can be predicted by simplified methods such
as discussed in this paper.

After successful demonstration that a pendulum motion
can be accurately simulated by model ( 2 ), see Figure 3,
a basic prediction of tank natural frequencies was
undertaken (note that the dimensions of the tank used for
this exercise were 20m in breadth, 20m in length and
20/90m in depth). By comparison with an analytical
solution (9 ), the test revealed that natural frequency
could be predicted with reasonable accuracy only for
lower filling ratios (fluid height to breadth of the tank),
as shown in Figure 4. As the filling increases, the surface
over which the centre of volume can travel decreases,
and ultimately becomes a single point for full tank.
Therefore, the natural period of such tank decreases
rapidly if the filling height exceeds approximately half of
the tank depth. The same tendency of under-prediction of
natural period for higher filling ratios (h/b > 0.3-0.4) is
noted also for greater tank depths.

W, :\/ﬁﬁmh&hmo (9)
ebg
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Figure 3 Simulation of the free motion of mass pointin
sphere-shaped tank, compared with the analytic solution

Further tests with imposed harmonic oscillations were
performed to estimate the tank response in terms of
forces generated by the fluid. Figure 10 and Figure 11
show amplitudes and phases, respectively, of the total
moment ( 5) around rotation axis x. Notable in these

figures is the effect of the damping coefficient m, the

value for which thereafter has been adopted as 0.15. For
lower values of this coefficient, the predicted moment
shows characteristics of an under-damped spring-mass
system. With the damping adjusted as mentioned,
however, the predicted moment amplitude and phase
compare very favourably with the measurements.
Although the calculated amplitude curve shows slight
difference, as it resembles typical damped spring-mass
systems behaviour, it is the accurate estimation of the
phase angle, which renders the modelling a very reliable
tool for sloshing estimations. Since the filling ratio is
relatively low, the natural period is predicted also quite
accurately.

Natural period of a rectangular box

hib

Figure 4 A comparison between the theoretical natural
period for arectangular box and the simulated natural
period of fluid motion based on the FMPS model

Tank length 0.1m, breadth 1.0m, depth 0.5m, fluid height 0.06m,
rotation axis at (y=0,z=0), ampl 0.1rad
0.2

0.15 4

g
0.1

0.05 J —&—Experiments by van den Bosch and Vugts

- -&- - Proteus3, fluid motion in phase with oscillations \
Proteus3, fluid motion based on PTFM, mi=0.10
Proteus3, fluid motion based on PTFM, mi=0.15

Ka, Moment about x axis [N |

0

0 ! 5 Freq %rad/s] :1 é °

Figure 10 Comparison of fluid moment amplitudes

derived by experiments and in-phase and FMPS
sloshing models

Additionally, results from a simpler model are shown
where the floodwater free surface is assumed to move in
phase with the ship rotations. Note that in this case the
velocity and acceleration vectors, seen in ( 8 ), can be
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derived by means of backward differentiation on the
instantaneously estimated centre of buoyancy. As can be
seen from Figure 10, the moment remains virtually
constant irrespective of the frequency of oscillation, with
the phase angle shown in Figure 11, by assumption being
zero. The moment amplitudes are considerably lower
than the values measured experimentally or predicted by
model ( 2 ) for most of the frequency range, implying
that the free surface slopes derived in the latter are
consistently exceeding the rotation amplitudes.

Tank length 0.1m, breadth 1.0m, depth 0.5m, fluid height 0.06m,
rotation axis at (y=0,z=0), ampl 0.1rad

7

180

135 4

90 4

e, Phase angle of tank moment [d¢

[—=—Experiments by van den Bosch and Vugts
& -Proteus3, fluid motion in phase with oscillations
Proteus3, fluid motion based on PTFM, mi=0.10

0 A\M/A . . . N I\ N |

Proteus3, fluid motion based on PTFM, mi=0.15
0 1 2 3 4 5 6

Freq [rad/s]
Figure 11 Comparison of fluid moment phase angles
derived by experiments and in-phase and FM PS sloshing
models

Simulations with different filling ratios confirm
consistent predictions of the amplitudes of the tank
moments, as is shown inFigure 12.

Tank length 0.1m, breadth 1.0m, depth 0.5m, | —e—proteus3, PTFM, mi=0.10, h/b=0.04
rotation axis at (y=0,z=0), ampl 0.1rad Proteus3, PTFM, mi=0.10, h/b=0.06
0.2 , PTFM, mi=0.10, h/b=0.08

~-® - Experiments by van den Bosch and Vugts, h/b=0.04

Experiments by van den Bosch and Vugts, hb=0.06

+** ‘Experiments by van den Bosch and Vugts, h/b=0.08

=3
s
o

Ka, Moment about x axis [N
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a S

0

0 1 2 6 7 8

4
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Figure 12 Comparison of fluid moment amplitudes
derived by experiments and FM PS sloshing models.
Effect of filling ratio.

Finally, partially surprising it was discovered that the
most predominant component of the water sloshing
moment in this case is due to gravity, as is shown in
Figure 13. However, some further testing showed that the
non-linear terms are of considerable importance for
greater filling ratios (h/b~0.25), which is demonstrated in
Figure 14.
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Tank length 0.1m, breadth 1.0m, depth 0.5m, fluid height 0.06m,
rotation axis at (y=0,z=0), ampl 0.1rad
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Figure 13 Fluid moment amplitudes derived by FMPS
sloshing model. Comparison between different moment
components. For low filling ratio, the gravity moment is

the predominant component

Tank length 0.1m, breadth 1.0m, depth 0.5m, fluid height 0.25m,
rotation axis at (y=0,z=0), ampl 0.1rad
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Figure 14 Fluid moment amplitudes derived by FMPS
sloshing model. Comparison between different moment
components to elucidate importance of non-linear terms

for higher fill ratios (h/b~0.25)

The very fundamental case studies discussed above
demonstrate that the techniques presented in this paper
for predictions of fluid sloshing and its effects, can be
confidently applied for examining the dynamic stability
of flooded ships. This derives from the fact that the main
load components due to fluid transfer can be modelled
from basic of dynamic laws, and that the highly non-
linear effects present during water sloshing are of minor
importance, perhaps relevant for more focused studies on
e.g. impulsive loads on localised elements of tank
structures.

Length between perpendiculars | 170.00 m
Subdivision Length 17875 m
Breadth 27.80 m
Depth to subdivision deck 9.00 m
Depthto E-Deck 14.85 m
Service Draught 6.25 m
Displacement 17301.7 t

KMT 15522 m
KG 12892 m

Deriving from this conclusion, a study into basic
dynamic behaviour of a damaged ship has been
undertaken. A representative of typical modern passenger
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Ro-Ro ship is used in this study, with its general
particulars given in the table above and Figure 15. The
frequency roll response curve derived numerically as
well as by means of physical testing for the intact ship is
presented in Figure 15. The agreement achieved is
satisfactory. The comparison of the derived responses in
damaged condition, however, has proved less favourable.
As can be seen inFigure 17, the numerically derived roll
response curve does not show any noticeable change in
the natural frequency of the damaged ship, which
phenomenon is clearly seen in the experimental data
Also the damping present in the damage ship system
does not seem to be reproduced sufficiently high.

I

Figure 15 Internal arr-angement of damaged
compartments on PRR1 vessel.
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Figure 16 Roll frequency response curve for Ro-Ro
vessel PRR1 in intact condition
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Figure 17 Roll frequency response curve for Ro-Ro
vessel PRR1 in damaged condition
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Bearing in mind the evidence presented in the foregoing
on the ability to represent fluid sloshing in a closed tank
with sufficient accuracy, to model intact ship behaviour
accurately, and assuming that variation in the ship
hydrostatic properties due to damage is negligible for the
relevant roll range of up to 10deg, as shown in Figure 18
(GM =2.6m, GMy=2.4m), the following have been
suggested as the most likely sources of the discrepancy in
modelling of the damaged ship dynamics by the
presented method:

a) The natural frequency of the flooded compartment
below the car deck and therefore the phase angle
between the ship roll and fluid loads are not
represented accurately, (approximately 70% of the
space, h/b~0.25, is flooded).

The constant water ingress/egress (represented
herewith by Bernoulli equation) affect the internal
fluid behaviour.

The constant water ingress/egress affect the ship

hydrodynamic properties.

b)

1
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Figure 18 GZ curve for intact and damaged conditions,
PRR1 vessel

07
06 4
05

04 4
034
024
014

0
01
024

Righting lever [m]

03
04 4

05

As afirst steps to investigate the above point (c) an ad-
hoc adjustment has been made, whereby the total roll
inertia of the ship has been increased by ~24% (2.2 times
the added roll moment of inertia) and the predictions of
viscous roll damping with the well known formulae by
Himeno, [ 17 ], has been increased fivefold. The results
of predictions of frequency roll response curves in
damaged conditions after such modifications are shown
inFigure 19.
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Figure 19 Roll frequency response curve for Ro-Ro
vessel PRR1 in damaged condition, adjusted coefficients
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The study into the problems highlighted above is
ongoing and it is hoped that the sources of discrepancies
will soon beidentified and possibly resolved.

5. CONCLUSIONS

A mathematical model for the prediction of damaged
ship dynamics has been presented. The emphasis has
been put on outlining the model for water sloshing.
Validation studies undertaken have demonstrated
reliability of simplifed modelling of the fluid sloshing
phenomenon. Nothwithstanding these advancements,
however, some discrepancies in predicting basic
dynamics of a damaged ship with water ingress/egress
have been identified. Some reasoning behind this has
been put forward. However, no firm conclusions can be
made at present.
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An Introduction to the Session on “Large amplitude rolling motion and nonlinear ship
dynamics” and a proposal for the establishment of an international group

FOR THE STUDY OF NONLINEAR PHENOMENA IN THE DYNAMIC BEHAVIOUR
OF SHIPS AND OF OTHER MARINE STRUCTURES

by

Kostas Spyrou and Alberto Francescutto

In recent years we have witnessed a significant progress in the understanding of complex
nonlinear phenomena of dynamic behaviour of ships. Significant new insights concerning
mechanisms generating instability in various motions directions have been achieved and new
avenues towards the development of rigorous, yet useful, measures for ship design or
operation have been opened. Some of these issues will be discussed during the current
Workshop. Such a progress would not have been possible without the effective use of a
powerful set of concepts, methods and techniques which collectively comprise what has
become customary to call a “nonlinear dynamical systems’ approach”. This approach rests
equally on theory and experiment, has a clearly interdisciplinary nature and has found
already application in a wide variety of engineering problems. Yet, despite its strong
scientific footing, well proven importance and forged connection with application, when
considered against a conventional naval architectural background it appears still almost
exotic, and privilege of a small group of specialists.

There is a clear need for a coordinated action at international level engaging the several
active researchers of the field, which will promote the wider and deeper use of the nonlinear
dynamics’ ideas and tools in the education and training, the research and the practice of naval
architecture and related disciplines. This can be facilitated with the formation of an
international group on nonlinear ship dynamics which will be working towards objectives
such as, but not restricted to, the following:

o Promoting the use of nonlinear dynamics ideas in a wider context within the marine
technology research community.

o Reporting about the state-of-the-art and identifying new problems where such ideas can
find fruitful application.

o Organising dedicated meetings and acting as a high-level and authoritative scientific
forum for the discussion of practical safety measures related with the occurrence of
nonlinear phenomena.

o Facilitating joint research initiatives at international level and also the exchange of
visits between researchers.

o Liasing with similar groups in other engineering fields as well as with international
research or professional maritime organisations.

o Undertaking initiatives for the introduction of the teaching of nonlinear dynamics in the
undergraduate and postgraduate curricula of departments of naval architecture or of
similar disciplines.

o Promoting the familiarisation of practising naval architects with the basic concepts
through publication and the organisation of seminars.



Some of the recent initiatives which this group could build further upon are:

o The workshop on nonlinear ship dynamics which was “run” successfully in the last two
STAB Conferences (in Varna & in Launceston),

o the sessions dedicated to Nonlinear Dynamics in the context of the series of
international workshops on the Stability and Operational Safety of Ships (in Crete, in
Newfoundland and the current one in Trieste) which have attracted in all cases first-
class participation,

o the recent publication of a special issue in the Philosophical Transactions of the Royal
Society on the nonlinear dynamics of ships.

As it is obvious, several detailed issues need to be discussed and resolved that will allow the
formation of the group to be successful. Without attempting to pre-judge the debate which is
hoped to take place during the preliminary meeting of Nonlinear Dynamics on the 11" of
September, some possible matters for discussion could be:

o the specific structure of the group,
o possibilities of representation in international organisations,

o Initiatives that could be undertaken in the immediate future.



Organizational Meeting of SNAME Working Group A on Fishing Vessel Stability Criteria
Professor Bruce Johnson, Chair & Professor Pasqualle Cassella Vice Chair, Southern Europe

Agenda
1. Introduction of attendees
2. Review of Charter of SNAME Ad Hoc Panel on Fishing Vessel Operations and Safety
(See Johnson and Womack Paper in 1% day afternoon session) and web site
http://www.sname.org/committees/tech_ops/fishing/home.html
3. Discussion of organizational optionsfor accomplishing the tasks of Working Group A

1. Recruit Regiona Vice Chairs (or Coordinators) to plan and coordinate F/V
information gathering by region including improvements in weather and wave data
gathering

2. Develop astandard format for reporting the results of model tests (and any full scale
comparisons) including the essential model geometry characteristics and wave
characteristics, such as rather complete statistical characteristics for irregular wave
tests and long crested wave characteristics and asymmetries for wave impact capsize
tests.

3. Encourage each region to assemble and report on dynamic stability model tests of
the typical F/V types used in that region.

4. Build adatabase of dynamic stability tests on fishing vessels and use this database to
suggest new risk-based stability criteria.

5. Work with the ITTC SCEXCAP, to formulate a cooperative fishing vessel research
program to develop a complete set of scalable, non-dimensional parameters for
designing and building safer vessels. It is expected that the effects of variationsin
length, beam, draft, freeboard, sheer line, bulwark and deckhouse arrangements and
loading conditions can be correlated with anew set of risk-based stability criteria
and design parameters for increasing small vessel safety and survivability in a
variety of situations. Note that extending hydrostatic analysis software to 180
degrees would gresatly enhance the issue of survivability assessment

4. Commentson the use of existing F/V stability standards.

A frequently used interpretation in applying the Torremolinos Protocol stability criteriais
that the area under the righting arm curve represents “righting energy”. A possible solution to this
misinterpretation is to change the terminology to "unit righting energy"” or even “unit static righting
energy”. Thisinterpretation is correct since the righting arm is righting energy per unit
displacement, m-tons-degrees/ton (ft-tons-degrees/ton). The heeling arm is also the "unit heeling
energy" for the same reason. This terminology would imply the correct interpretation that righting
energy increases with displacement, all other variables being held constant. If the Workshop agrees
with this interpretation, it should be reflected in the ITTC Symbols and Terminology List.

Briefly, scalability in vessel stability characteristics depends on the square-cubed rule, i.e.
the heeling forces, which depend on water and wind impact areas, go up with the square of the
dimensions but the righting moment depends on the displacement which goes up with the cube of
the dimensions.

Correctly interpreting the scalability of the Torremolinos criteria should mean that vessels
double in dimensions should survive without capsizing in twice the wave height conditions.
However, that is not the interpretation generally given by the existing one-size-fits-all stability
guidelines. The wind heel criteria do scale with size, however, since the heeling arm analysis
includes being divided by the vessel displacement as is shown in Appendix A.

As an example of what can be done while the F/'V community waits for better risk-based
stability criteriato be developed, the following status report on anew form of stability letter is
offered by John Womack, Vice chair of SNAME Working Group B:



Appendix A
Exploration Into the Preliminary Development of a Weather Dependent Stability
Criteria
for Small Commercial Fishing Boats
by John Womack, V-Chair of Working Group B

Revised 08/19/01

In areview of weather stability criteria for fishing boats over 24 meters (79 feet) and other
commercia vessels, the primary type of criteriain use the Torremolinos Convention criteriaor a
modified form thereof. Other criteria such as the severe wind & roll criteria, water on deck, lifting
weight over the side, or towing large gear are available, but they are currently used to check
stability in specialized operating conditions. In all cases, these criteria are designed for a one-size-
fits-all generic full storm conditions, often applied against a generic vessel. The one-size-fits-all
generic full storm and a generic vessel present several problems for today’s small commercial
fishing boats.

First, there are many different geographical areas being fished today, each of which has
unique sea conditions. For example the size and frequency of the waves encountered in the Gulf of
Mexico are significantly different than those on the Mid-Atlantic eastern coastline or the Mid-
Atlantic open ocean. Clearly, different stability levels are needed to safely work in the different
areas. Additionally, the criteria do not take into account any seasonal differences such as occur on
the Mid-Atlantic eastern coastline. These differencesin working areasis reflected in current fishing
boat designs such asthe typical Gulf of Mexico shrimp trawler and the Atlantic Ocean stern trawler,
which have evolved over time.

Another problem with these criteriais they are designed for full storm conditions. While
correct for fisheries that work long trips more than a day or two steam from a harbor of safe refuge,
many fisheries have either short trip times or work close to shore and can reach a safe port in less
than aday’ s steam. For example, the Mid-Atlantic surf clam and ocean quahog trips are 24 to 32
hours dock to dock and range a maximum of 60 to 70 nautical miles from port.

To apply the current generic storm conditions to these vessels is overly conservative. The
crews have already figured out that they can safely carry more catch in good weather. Issuing a
stability letter with the conservative loading limit set by the current criteriais causing many of the
crews to ignore their stability letter. Having available a criteriathat provides stability guidancein
less than storm conditions will give crews guidance they will trust and follow. Knowing the true
risks for each loading condition, the crews will hopefully take the appropriate actions for the
expected weather.

The Torremolinos Convention criteria are designed to provide sufficient stability to allow a
typical vessel to survive most storms. The basic characteristic of the Torremolinos Convention
criteriais minimum area requirements under the righting arm curve to specific angles of hedl or the
point of uncontrollable down flooding. Additional requirements for initial metacentric height,
minimum righting arm values, and the heel angle of the maximum righting arm are also specified.
Over time, supplementary requirements have been added to some versions of the Torremolinos
Convention criteria such as a minimum range of positive stability or requirements when the
maximum righting arm occurs at low angles of heel. A comparison of several versions of the
Torremolinos Convention based criteria will be shown at the workshop.

Though the Torremolinos Convention criteria has proven adequate over time, it does have
several drawbacks for use in evaluating a fishing boat’ s stability, particularly in less than storm
conditions. The Torremolinos Convention criteria are for a“generic” vessel in aone-size-fits-all
storm. The criteria s values do not reflect different geographical or seasonal conditions present in
different fishing grounds. The criteria also does not take into account the type of vessdl, its hull
shape (hard chine or round bilge), the presence or absence of bilge keels or other roll reduction
devices, or other unique characteristics, al of which affect a boats response in aseaway. Lastly, the




criteria are not suggested for use on boats less than 79 feet long, nor can the be used to evaluate a
boats stability in less than storm weather conditions.

The principal reason for these problems lies in the basic design of the Torremolinos
Convention criteria. The criteria use a series of simple static calculations to evaluate a complex
dynamic situation; that is the boat’ s static stability in calm water with generic one-size-fits-all
allowances for the dynamic effects of winds and waves. The static calculations of the righting arm
only reflect the gross shape of the particular hull, both the part that is submerged and the remaining
freeboard. In addition, the selection of specific heel angles such as 30 or 40 degrees for certain
parts of the criteria are somewhat arbitrary and do not fit many modern-day fishing boat designs.

The appeal of the Torremolinos Convention criteriaisits relatively simple calculation
procedure that was practical when slide rules where the computers and planimeters/integrators
where the supercomputers. The only change made with the advent of readily available personal
computers is allowing the boat to trim to a balanced waterline as opposed to holding a fixed trim at
all angles. This changeis actually somewhat arbitrary especially for small boats that are more
affected by the waves than larger commercial vessels. While the ability to directly dynamically
model a small boat’ s response to a given sea condition is a decade or more away, modifications to
the current “static” righting arm curve offer an interim ability to better represent the true dynamics
of a particular small boat in a given sea condition.

The “severe wind and roll” criteria offers a more direct approach to evaluate the dynamic
energy in wind and waves for a given boat in agiven seaway. The basic approach to this criteria
type involves two parts; a gust wind heeling arm to model the effects of wind and aroll angle to
windward to model the effects of the waves, which are superimposed on the traditional righting arm
curve (See PNA or Appendix A of Johnson-Womack Trieste Paper). In this setup area“A”
represents the unit kinetic energy (unitized by the boat’ s displacement) devel oped by both the
natural righting force of the boat and the heeling force from the wind. Area“B” isthen the unit
potential energy (again unitized by the boat’ s displacement) available to dissipate the developed
kinetic energy.

Versions of this criteria are currently in use such as the USCG's criteriafor small fishing
boats given in 46CFR 28.575. The USCG's criteria are an adaptation of the IMO developed
version. The US Navy also uses aversion of the severe wind and roll to evaluate the stability of
their vessels from harbor tugs to aircraft carriers in protected to unrestricted ocean service.

By working with these versions as a starting point and exploring new concepts, the intent is
to develop a more robust version of the severe wind and roll criteria that can reflect the particular
characteristics of the subject boat when working in a given sea condition. The three key
components of the severe wind and roll criteria are; the wind heel arm, the roll angle to windward,
and the relationship between area“A” and area“B”.

The wind heel arm has been well developed over time, though it could stand areview. The
IMO/USCG version uses awind velocity that varies with the height above waterline of the surface
in question. For example a pilothouse would be subject to a higher wind velocity than the hull
adjacent to the waterline. While theoretically correct in the lab on alevel water surface, it is not
correct for asmall boat bobbing on large waves. The IMO/USCG wind heel arm aso does not vary
as the vessel heels, which would be expected just as a sailboat would dump wind from its sails as it
heels.

The US Navy uses a simple one-wind velocity for all surface areas equation, which is better
approach. Their equation also varies the heel arm as the boat heels. The US Navy’swind heel arm
equation is;

HA=CxV2x A xL xcosi(f)/W - Where,
C = Dimensionless Coefficient
A = Projected Sail Area, Square Feet or Sg m
V = Nomina Wind Velocity, Knots



L = Lever Arm (Vertica distance from the center of lateral
resistance to the centroid of the sail area), Feet or m

f = Hedl Angle, Degrees

W = Displacement, Pounds or Newtons
While this may seem as taking a step back, it is also important to remember the more complex a
calculation, the greater the chance of a mathematical error could be made. Sometimes simpler is
better, especially when the more complex version offers no better accuracy. Additiona research
into the correct value for the coefficient “C” needs to be done to reflect the unique profiles on the
various types of fishing boatsin use.

Theroll angle to windward is the component of the severe wind and roll criteria that can be
used to model a particular boat’ s response in agiven sea. In this area, the IMO/USCG version uses
acalculation that takes into account the particular boat’ s hull shape (hard chine or round bilge), the
presence or absence of bilge keels, and the initial stability. While this does reflect some of the
subject boats unique characteristics, additional review should be done to investigate the effect of
other vessel characteristics such as freeboard, sheer configuration, etc. The IMO/USCG version
also assumes a generic one-size-fits-all sea condition. Additional research needs to be done to
reflect both different storm conditions for geographical or seasonal variations and the sea conditions
in less than storm conditions.

The last component of the severe wind and roll criteriais the relationship between area“A”
and area“B”. This component is where the adequacy of the boat’ s stability level can be evaluated.
The principal areato be researched iswhat cutoff point to use for area“B”. Typical points used in
previous versions are the 2nd intercept point, the point of down flooding, or an arbitrary heel angle
such as 40 or 50 degrees. Using, the point of the maximum righting arm should also be investigated
asthisisunique to the particular boat’ s stability characteristics.

The relationship between area“A” and area“B” also allows ability to create arisk of
capsize analysis to provided additional guidance to the fishing boat crews. Existing criteria coupled
with current stability letter formats do not tell acrew how close they areto alimit. The loadings are
given as safe/unsafe limits; the crews have no idea how much of a margin is present. There could
be alarge margin or none at al. By providing the crew with warning that they are approaching a
limit will give them the ability to make better operational decisions. For example, if the weather
outlook isiffy and they know they will be near aloading limit, they can elect to come in early or
load less catch.

To experiment with several simple approaches to developing this new version of the severe
wind and roll criteria, trials where run on atypical Mid-Atlantic offshore clamming boat. Thetrials
use educated assumptions to explore some general concepts and trends when using these criteriain
less than full storm conditions. Full theoretical and model testing needs to be done to make robust,
effective criteria. Thetrial boat isaformer 133-foot offshore supply vessel built in 1966 that around
1984 to 1986 was converted for use in the offshore clam-harvesting fishery. The boat operates on
24 to 32 hour dock to dock trips along the Mid Atlantic and New England coastline, typically
ranging from 10 to 60 nautical miles from port. The catch isloaded on deck in steel cages similar
to the loading of supplies on atypical offshore supply vessel. Due to the dredging gear, these
clamming vessels generally work in winds less than 25 knots in order to keep the dredge in the sea
bottom. Because of thiswind restriction and the short trip times, this boat is ideally suited to
weather dependent safe loading guidelines (See Attached Graphic). Note however, that the selection
of the corresponding expected local significant wave heights and the equivalent open ocean
significant wave heights need additional work. However, it is felt that the graphical approach using
the stop light metaphor isavalid one.

Clearly, significant amounts of research still need to be done to make this workable
criterion. In addition to the research mentioned above, many other trial boats from different
fisheries and with different characteristics need to be investigated.
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Dynamic Peculiarities of an Unstable Ship Rolling in Waves
by S. Zhivitsa, Krylov Shipbuilding Research Institute, Russia

Despite classification societies requirement for any ship to have an initial metacentric height
being positive, in practice however the accidents when a ship loses her initial stability are
quite possible. Among the reasons of that it can be non-correct loading, stock consumption,

flooding of the upper compartments, for example, due to extinguish the fire, heavy icing.

Analytical methods accessing ship rolling allow with acceptable accuracy to calculate roll
kinematic characteristics always supposing a ship possesses positive initial transversal
stability. In situation when a ship looses her initial stability well known methods do not work
properly due to strong non-linearity of the ship stability curve in vicinity of static list angle [1],

[2].

In principle, as analysis of published works shows [4] - [8], very popular now time-domain
simulation technique is able to solve the problem but it will be very time-consuming and
tiresome procedure. For avoiding such infinite routine calculations we have tried to
investigate behavior of a ship with a negative initial stability (SNIS) by means of traditional
analytical so-called “varied scale method” (VS-method) [3] applied to analysis of non-linear

differential equations.

Hereinafter we present the basic results of unstable ship dynamics investigation based on

mentioned approach.

As the ship motion mathematical model two “loll type” equations are suggested. The first one
is Duffing equation which simulates SNIS rolling in full frequency domain (0 denotes a roll

angle)
0+2v,0—a-0+p-0° =m, cos(ot—p,); (1)

the second one is Mathieu equation reflecting the features of a ship rolling at encounter

frequency o~ 2w, (0, =®,(0,) - roll natural frequency), where, as known, the ship can

undergo the parametric swinging

0+2v,0—a(l+a-cosot)-0+p-0°=0. (2)

A
In equation (2) a:—OL is a relative amplitude of initial stability coefficient o alteration,
o

caused by waves and ship motions. The rest of symbols in both the suggested equations are
common ones in ship dynamics.
At representation of restoring moment in the chosen equations we restrict ourselves for

simplicity by cubic polynomial because our attention in the work focuses mainly on steady
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state rolling regimes with amplitudes far from vanishing angle of a stability curve when the
extra terms in GZ curve expansion can not affect strongly the principle dynamic qualities of a
ship. As concerns investigation of SNIS behavior in vicinity of the vanish angle this situation

has been simulated in details by M. Kan [5], [6].

Applying of cubic polynomial r(0) =—o.-0+B-0° allows to obtain the simple relationships

which describe main static and dynamic parameters of an initially unstable ship. For
instance, static list angle 0 will be determined by simple expression 0 = J_r\/g; a natural

small amplitude roll frequency around stable equilibrium angle is calculated by formula

®, ~+2a ; a border between the ship small oscillations around static list angle and large

ones around upright angle 0 . =0 is defined by relationship 0, = \/Test.

unst

A phase portrait of autonomous SNIS oscillations presented in Fig.1 demonstrates all the

regions of the possible steady-state roll regimes.
As to forced oscillations in accordance with VS-method idea a non-linear roll equation
0+2v,0+1(6)=m, cos(wt —p, ) (3)

can be transformed to an equation below

() +%Z'(8) +7(e)=H(e). 4)

Equation (4) is linear with z(g)=f[0(t)], and €=¢(t), where ¢ is a new independent
variable.
Unknown function ¢(t) characterizes the variable scale of real time t transformation into new

one ¢. Amplitude function f[0(t)] is determined by expression:

£(0) =+/2[r(0)d0 + C ; (5)

phase function m(t) =¢(t)—@(0) can be obtained from a solution of more complicate

equation

td
t=] L. (6)
o N(t)
For restoring moment approximated by the curve 1(0)=+a-0+B-0° right hand side of
expression (6) is transformed into the first kind elliptic integral F(n,k), and the solution of

equation (6) is getting exact but, unfortunately, in an implicit form.
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For determination of function m(t) in explicit form elliptic integral F(n,k) is expanded into
trigonometric series. Accuracy of the roll equation solution is determined in dependence on

the number of saved terms in the expansion.

Keeping in the expansion two terms the solution of non-linear equation (3) will be structurally
the following:
- for small amplitude oscillations around the stable equilibrium positions, such that maximum

roll angle 6, << 0, , the rolling is characterized by following expression:

cr !

, E ——==A COS - phar)+ Asub COS[(O‘) - O‘)GS )t - psub]+ Ault COS[(O‘) + (’OGS )t - pult]' (7)

emax \/_ har

- for large amplitude oscillations around the unstable equilibrium position (assuming roll

amplitude 6, >> 0 _.) the roll amplitudes can be determined from equation:

e\/ [23 0’ —a=A, COS( U= Prar ) + A COS[(C‘) — 20 )t ~ Psub ] + Ay, COS[(C‘) + 20 )t - pult] -(8)

herein:
A, = m o, : arct 2\/—03; U ;
har 5 5\ 2 o phar g 0) —(D L 2 —4K(k )
\/((’OGL -0 ) +4v, o oL L
Asub = _mOIBZLCOeL > Psub =aI‘Ctg 22\/9(0)_2('0(%)2 )
\/[ng - (03 — 204 )2] + 4v62(c0 - 204 )2 Wo — ((x) - 2039L)
o= -m,B, o, .p.. = arctg 22V9((D+2(09L) :
\/lcoéL —(o)+2coeL)2JZ +4V62(0)+2(,06L)2 O] —(co+2o)eL)

where o, - natural roll frequency of large oscillations around the unstable upright
equilibrium position that is by means of VS-method defined by formula:

_ myBO; — o

g, = 2K(K,) (9)

The natural roll frequency of small amplitude oscillations around the stable equilibrium

positions is defined by another relationship:

Ty —0.580, (10)

N TS

where K(K) is a complete elliptic integral of the first kind.
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A frequency curve of SNIS rolling in calm water according to formulae (9), (10) is

represented in Fig.2.

It is seen from the analysis of expression (8) that for the unstable ship rolling in waves

additionally ultra-harmonic oscillations with frequency (®+ 2, ) and sub-harmonic ones
with frequency (o — 2w, ) can exist apart from harmonic oscillations with exciting frequency

. As the calculating results evidence, amplitudes A , of higher harmonics in heavy rolling

ult
are significantly less than amplitudes of harmonic oscillations, and they can be neglected in
practice. As to sub-harmonic regime, amplitudes of such type oscillations can be essential. It
is worth noting herein that sub-harmonic oscillations are able to be excited only at exceeding
of a certain threshold value of roll damping moment. The latter value is determined using VS-

method as well.
Results of calculations driven by expressions (7) and (8) are given in Figs.3, 4.

Examining the SNIS large amplitude roll oscillations close to separatrix (curve 2 in Fig.1), i.e.

0, >0, for specifying of the solution it is necessary to take into consideration at least three

cr’?

terms in the expansion of integral F(n,k). As a result, one may find extra overtones with
frequencies (ot 4w, ) near critical amplitude® =\/§est in addition to oscillations with

frequencies (w* 2w, ).Thus the higher number of terms is taken into account in the

expansion of the elliptic integral the more complicated forms one can see in the roll
oscillations when roll amplitudes are approaching the homoclinic seperatrix. Finally, the ship
turns up in the region of stochastic instability characterized by fractal structure in the phase

space and by wide spectrum in frequency domain (Figs. 5, 6).

Analyzing Mathieu equation (2) we find approximate relation between amplitude 0y, and

modulation frequency o:

4 (o) 1
0, = ?[3{(5) +0Li5 a2a2—4v2w2] (11)

The resonance zone of parametric excitation is determined in the case by:

) 2
%(l—wlaz —8v92 /oc)<(%] <%(l+w/a2 —8\/92 /a). (12)

4v,

0
Mg

Obviously, that the inequality (12) will be correct if the condition a > . Here cogs =420 is

a frequency of extremely small natural oscillations around stable equilibrium position 0.

The latter inequality defines the minimum modulation amplitude of SNIS stability diagram
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required for parametric resonance excitation at specified roll damping.

According to equation (11) the calculated parametric rolling in head and beam seas of the

ship (series 60) with negative initial GM are plotted in Figs.3, 7.

Conclusions
Summarizing all the results obtained we can conclude the following:

The applied mathematical model reflects quantitatively and qualitatively all the principle

features of an unstable ship rolling in waves.

It has been shown that the unstable ship rolls differs from the roll of a ship with positive initial
metacentric height. With the help of analytical varied scale method of roll equation’s analysis
the specific oscillation regimes for an unstable ship have been found: depending on
frequency and intensity of waves the unstable ship is rolling or with small amplitudes around
stable equilibrium positions or with large amplitudes around unstable upright equilibrium
position. Crossing the border between the above rolling regimes with small and large

amplitudes the ship can be drawn in chaotic roll motion.

It has been determined that in seaway an unstable ship can undergo resonance motions in
wide frequency range: in the case of coincidence of an encountering wave frequency and a
ship roll natural frequency we have the principle resonance; in the case of an encountering
frequency exceeds the natural roll frequency in two times we may have either sub-harmonic
resonance of the second kind or parametric resonance; in the case of a wave frequency is
three times higher than natural roll one we may observe the sub-harmonic resonance of the
third kind.

The analytical expressions are found to determine the maximum roll amplitudes of the ship
with negative initial stability for the cases of roll motions in all the above indicated resonance
modes. The conditions of their excitation have been obtained as well. The calculations
performed in accordance with the above mentioned expessions have been validated by the

results of numerical and physical modeling.
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Fig.1 Phase portrait of autonomous roll of the ship with negative initial GM (1 — oscillations
around stable equilibrium position; 2 — homoclinic orbit; 3 - oscillations around unstable

equilibrium position; --- - heteroclinic orbit).
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Fig.2 Frequency roll diagram for the unstable ship model of 60™ series.

Calculations in accordance with (9), (10); O - model tests.
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Fig.3 Roll amplitude — frequency diagram for the unstable ship model of 60" series in beam
regular waves. Analytic solution.

1-my,=0.02¢%2-m,=0.1¢c% 3-m,=0.3c?: harmonic mode;

4 - m, = 0.1 c?; sub-harmonic mode of 2™ kind;

5-m, = 0.1 ¢ sub-harmonic mode of 3" kind;

6 - m, = 0.3 ¢ : sub-harmonic mode of 3™ kind:;

7 - m, = 0 : parametric oscillations.
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Fig.4 Roll amplitude — frequency diagram for the unstable ship model of 60" series in calm
water under harmonic moment excitation.

1-my=0.3c%2-m,=0.1¢c%4-m,=0.02 c?: harmonic mode;

3 -m, = 0.3 ¢’% sub-harmonic mode;
m, ~ 0.1 ¢ model test.

O - numerical solution of Eq. (1)

® - m~03c%

O - my~0.1c2: model test.
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Fig.5 Poincare map corresponding to chaotic motions of SNIS (results of the numerical

simulation).
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simulation; exciting frequency ©=1.3 rad/s).
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Fig.7 Roll amplitude — frequency diagram for the unstable ship model of 60" series in beam /
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1 - parametric oscillations in head sea ;
2 - parametric oscillations in beam sea;
3 - sub-harmonic mode of 3™ kind in beam sea;

O @ A - Model tests;

O - numerical simulation.



On Developing a Rational and
User-friendly Approach to
Fishing Vessel Stability and

Operational Guidance

Bruce Johnson, Working Group A
John Womack, Working Group B
SNAME Panel on F/V Operations and Safety




Tasks of the SNAME F/V Panel

 Working Group A: Investigate the feasibility of
establishing risk-based fishing vessel stability
criteria appropriate to the type of vessel and its
operating area. (See Dahle 1995)

 Working Group B: Evaluate the effectiveness of
existing stability letters and develop better ways
to communicate to the fishing community the
iImportance of following reasonable stability and
survivability guidelines.




We must cease communicating
oversimplified and Incorrect

fishing vessel stability concepts

STABILITY DEFINITIONS
IFrom USCG Guide tp Vessel Stability




Vessel Upright Stability
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Positive Initial Stability

FIGURE 4
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Negative Overall Stability
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Overall Stability at VVarious Angles of Heel
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Frequently Used Stability Criteria

« A common interpretation of the Torremolinos
Protocol stability criteria is that the area under

the righting arm curve represents “righting
energy”.

A possible solution to this misinterpretation is
to change the terminology to "unit righting
energy" or even “unit static righting energy”.
This interpretation Is correct since the righting
arm iIs righting energy per unit displacement, m-
tons-degrees/ton (ft-tons-degrees/ton).

(Work and energy are in Ib-ft or N-m. See
Appendix A, excerpts from PNA 1988, Volume 1,
pp 87-93 on Dynamic Stability.)




Scalability

« Briefly, scalability in vessel stability
characteristics depends on the square-cubed rule,
I.e. the heeling forces, which depend on water and
wind iImpact areas, go up with the square of the

dimensions but the righting moment depends on

the displacement which goes up with the cube of
the dimensions.

Thus, bigger is almost always better!

Correctly using the Torremolinos criteria should
mean that vessels double in dimensions should
survive without capsizing in twice the wave height
conditions. However, that is not the interpretation
generally given by the existing one-size-fits-all
stability guidelines.
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Effect of Wind Heeling
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Effect of Wind Heeling

 The wind heel criteria do scale with size, as
PNA points out, since the both the heeling
arm and the righting arm are divided by the
vessel displacement.

 This beam sea rolling criteria is used for
the following example in the absence of
other scalable criteria.

 Working Group A needs to address this
problem.




Format Type A - Short Trip Length

or Near Shore Operation

 To experiment with several simple
approaches to developing this new version
of the severe wind and roll criteria, trials
were run on a typical Mid-Atlantic offshore

clamming boat.

The trials use educated assumptions to
explore some general concepts and trends
for using this criteria in less than full storm
conditions.

Full theoretical and model testing needs to
be done to make robust, effective criteria.




Format Type A - Short Trip Length
or Near Shore Operation

« The trial boat is a former 133 foot (40m) offshore supply
vessel built in 1966 that was converted for use in the
offshore clam harvesting fishery.

The boat operates on 24 to 32 hour dock to dock trips

along the Mid Atlantic and New England coastline, typically
ranging from 10 to 60 nautical miles from port. The catch
IS loaded on deck in steel cages similar to loading

supplies on atypical offshore supply vessel.

Due to the dredging gear, these clamming vessels
generally work in winds less than 25 knots in order to keep
the dredge in the sea bottom. Because of this wind
restriction and the short trip times, this boat is ideally
suited to weather dependent loading guidelines.
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Criteria, 40 m OSV F/V Conversion
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FIV#1 40m OSV Clam Dredger - Safe Loading Table

Fuel Tanks 70% or Lower

All Loaded Cages are on the Main Deck

17 120 Coge | I I I N N S D B B
113-116 Cages | NN NN DENNN DN DN NN D D
109-112  Cages | (NN I D D S B
105108 Cages | (NN N 1 1 1 1 1
101104 Cages | NN I I D D N B
07100  Cages | NN NN I I N N
03-06 Cages | [N N I I N
89-02  Cages | [N I I I B
8588 Cages | (NN I N D I B
81-84  Cages | NN NN N N ]
77-80  Cages | NN MM N D N L
7376 Cages | NN MNI N L
69-72  Cages | NN N N N O D e I
068 Cages | NN N N D O D e e s

Sustained Wind Speed 10 Knots 20 Knots 30Knots 40 Knots 50 Knots 60 Knots 70 Knots 80 Knots Over 80 Knots

Expected LocalHs 0.8 m 1.2 m 2m 3m 4 m 6m 9m 12 m >14 m
Open Ocean Hs 0.8 m 2.5m 4m 6 m 8m 11 m 14 m 16 m >16 m
_ Safe to Operate _ Unsafe to Operate
Operate with Caution _ Imminent Danger of Capsize




F/V #1 40 m OSV Clam Dredger - Safe Loading Table
Fresh Water Tank any Level

Full Cages on Dack

10% to 25% Fual
6% to 507 Fuel
51% to 75% Fuel
75% to 100% Fusl
10% to 25% Fuel
26% to 50% Fuel
51%to 75% Fuel
75% to 100% Fuel
10% to 25% Fual
6% to 507 Fuel
51% 1o 75% Fuel
T5% to 100% Fual
10% to 25% Fuel
26% to 50% Fuel
51%to 75% Fuel
75% to 100% Fuel
10% to 25% Fuel
26% to 50% Fuel
51% 1o 75% Fusl
75% to 100°% Fuel
10% to 25% Fual
26% to 50% Fuel
51%to 75% Fuel
75% to 100% Fuel
10% to 25% Fuel
26% to 500 Fuel
51% to 75% Fual
75% to 100°% Fuel
10% to 25% Fuel
26% to 50% Fueal
51%to 75% Fuel
75% to 100% Fuel
10% to 25% Fuel
26% to 505 Fuel
51% to 75% Fuel
T5% to 100% Fual

From-To
117 - 120 Cages

113-116 Cages
109-112 Cages
105-108 Cages
101-104 Cages
97-100 Cages
93-96 Cages
89-92 Cages
85-88 Cages

81-84 Cages

77-80 Cages

73-76 Cages

69-72 Cages
0-68 Cages

Sustained Wind Speed 10 Knots 20 Knots 30 Knots 40 Knots  50Knots 60 Knots  70Knots 80 Knots  Over 80 Knots

Expected Local Hs 0.8m 1.2m 2m 3m 4m 6m m 12 m >14m
Open Ocean Hs 0.8 m 25m 4m 6m gm 11m 14 m 16 m >16 m

Safe to Operate Unsafe to Operate
Operate with Caution _ Imminent Danger of Capsize




Format Type B - Offshore Operation

 Fishing boats that work on extended trips
with no port of safe refuge available within a
reasonable steaming range can also take
advantage of arisked based loading matrix.

In this setup, current weather conditions are
not factored into the stability review. The
fishing boat’s stability would be evaluated
against an appropriate worst case storm
conditions to be expected for its fishing
grounds.




F/V #2 40m Stern Trawler - Safe Loading Table B-1 - Unrestricted Ocean Service

25 Kilogram Frozen
Boxes of Fish in Hold

From To
4.501 5.000
4,001 4,500
3,501 4,000
3,001 3.500
2.501 3.000
2,001 2.500
1,501 2,000
1,001 1,500
501 1,000

1] 500

Fresh Water Tank any Level
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Total Fuel Liters

Onboard
Precent

57.601 to 51,201 to 44,801 to 38,401 to 32,001 to 25,601 to 19,201 to 12,801 to 6,400 to
64,000 57,600 51,200 44,800 38,400 32,000 25.600 19,200 12,800

91% to 100% 81% to 90% T1%to 80% 61%to70% 51%to60% 41% to50% 31% to 40% 21% to 30%  10% to 20%

Safe to Operate _ Unsafe to Operate

Cperate with Caution _ Imminent Danger of Capsize




Extracts from An
Introduction to Stability

http://www.fao.org/
ftp://ext-ftp.fao.org/pub/Turner/

Jeremy Turner
FAO Rome Italy



ACCIDENTS

~ " DRIFTING
- Bad engine installation ~ Careless use of open fire
-~ Bad maintenance of engine ~ Bad installation of cooker
- Lack of trouble-shooting experience - Wrong location of gas bottle
— Lack of fuel
— —
M E p
——
SINKING COLLISION
- Poor standard of construction - Lack of navigation and fishing lights
— Bad maintenance — Lack of radar reflector
— Careless crew

— —-! fo -

CAPSIZAL WORK ACCIDENTS
— Poor stability — Slippery decks
— Heavy loads on deck - Unprotected deck equipment and
— Water trapped on deck machinery

— Tired crew




How Is stability reduced?

Vessel flooded  (loss of freeboard plus free
surface effect)

Vessel overloaded (reduced freeboard)

Weights too high (reduced freeboard plus CG
raised)

Water on deck (free surface effect plus
reduced freeboard plus CG
raised)

Half full tanks (free surface effect)

Water in bilges (free surface plus reduced
freeboard)




THIS BOAT IS IN DANGER OF CAPSIZING

() The boat is going full speed in the same
direction as the waves

(2 Extrafuel and fresh water are in drums on deck.

3 Heavy fishing gear is on deck.
@) Hatch covers are not lashed.

(5 Freeing ports are small.
(6) Freeboard is low.
(7 Deckhouse door is open.

The boat is likely to be thrown broadside to the waves The boat is then likely to capsize

and the fishing gear and drums are likely to slide over with the next large wave.

the bulwark. _
ﬁ,/ N, e ™ =7

—
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THIS BOAT IS BETTER PREPARED AGAINST CAPSIZING

@ The boat is going slowly against the waves.
@ All fuel and freshwater are intanks under deck.
@ Fishing gear is under deck in bad weather.

@ Hatch covers are lashed down.

(5 Low bulwark with pipe rail drains water quickly.

(®) High freeboard minimizes the
amount of water shipped in.

@ Deckhouse door is shut.




Summary

Do not overload the vessel

All fishing gear and other weights should be stowed,
prevented from shifting and placed as low as possible

Freeing ports must be of adequate size and unobstructed
All doors, windows, hatches etc should be closed in bad

weather

Closing devices must be well maintained

Fish holds should be longitudinally divided

Minimize the number of partially full tanks

Be alert to the dangers of following or quartering seas




Questions and Comments




