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Abstract
Development of aM ulti -L evel

Approach for the Evaluation of
Parametric Roll and its Application
to Modern Commercial Ships

Kanghyun Song
Department of Naval Architecture and Ocean Engineering

Seoul National University

A multi-level approach for thguantitativeevaluation of parametric rols
developed andits application results to modern commercial shg®
presented and reviewadthis thesis

Despite many previous studies, it is stilclallengingissue to quantify the
vulnerability of a ship tgparametric roll occurrence on sgaing vessels.
Therefore occurrence mechanism aptlysicaland stochasticharacteristics
of parametric roll are investigatad depthand this thesispresents a new
numeical form for quantitatively analyzing the susceptibility of a ship to
parametric roll in random sea wayased on the studpue to thenonergodic
characteristicsof parametric roll motion, numerous direct thtiemain
simulatiors are needed to obtaan gable longterm distributionof parametric

rolls. To avoid such heavy computational demand tanaccelerate numerical



simulatiors, a 1.5DOF computationainodelfor parametric rollpredictionis
developed for both regularand irregulaswave excitations, adopting the
approximatedGZ curve. In this model the concept otransfer functionss
introduced forthe mean andhe first harmonic component d&M, which is
introducedo approximate GMiluctuation.The simulation resultsbtained by
using this model are compared to those afthreedimensional weakly
nonlinear simulatioprogram.The sensitivities of the simulation results to the
initial value, time window and number of simulatienare investigated by
applyingMonte-Carlo simulationandtheir proper values are proposed.

This thesis alsointroduces several numerical approaches to analyze
parametric roll from simpléviathieu equation to advancedumericaltools
based on IRF method andikine panel method. Usirgdvantages of various
appracles including 1.5D0OF GM-GZ approximationmethod a multilevel
approach is developédd evaluate thgulnerability of a ship to parametrioll
quantitatively It consists of ¥ level check byMathieu equation, ¥ level
checkfor regularwave, & level checkfor irregular wave and operational
guidance by IRF method. Most advanced tool based on Rankine panel method
is used to verify each numerical tool.

This multi-level approach is applied to several modeommercial ships
including 4 postPanama container ships3 PCTCs (Pure Car and Truck
Carrier) 3 Passenger ship¥/LCC and S175ased on North Atlantisvave

data Based on thesimulation results, thevulnerability of each shipto



parametric rollis evaluated and the influence of still water GM, roll
damping coefficient and ship speed amviewed and discussedt is
confirmed that each level provides consistent resultdfandesults giverery
useful informationof the vulnerability to parametric roll for each ship type
and ship length.

As a powerful and effective countermeasure against parametric roll,
operational guidance igery importantto support cre decision making in
harsh environmental conditiomn this thesis, the procedure foperational
guidance development based on IREtimad is proposednd it is applied to
8,000 TEU container shipAll the application results are provided and
summarized with easy instruction to help ship dewfficient decision
makingand to avoid severe parametric roll

The contribution of this studgn ship design, dynamic stability criteria are
discussecand future works to reinforce the current approach and numerical

scheme are proposed

Keywords: Parametric roll, Multi -level approach,Quantitative analysis,
1.5DOF GM-GZ approximation, 2" Generation of dynamic stability

criteria, Operational guidance

Student Number: 200630809
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Chapter 1. Introduction

1.1 Background

Parametric roll is a phenomenon of large unstable roll motion in head or
following sea. Due to the acceleratiomdiiced by severe roll angle, ships
suffer from the loss of cargos and lives, machinery failures, structural
damages and even capsize. More than 100 years ago, Fidlideserved

that ships have unexpected roll when the natural frequency in pitch is twice
the natural roll frequency and this phenomenon has been studied by naval
architects for over than fifty years. In recent years, parametric roll has been
observed in large seagoing vessels, particularly, container ships, (RO

Car and Truck Carriergnd passenger ships which have low GM and large
flare angle or long transom stern. A significant casualty occurred in late
October 1998 when a peBanamax container ship of APL China encountered
with a strong storm during the voyage from Kaohsiung to Bdatthe North
Pacific Ocearj16]. The ship experienced a large roll motion with up to 30 ~
35 degrees accompanied with significant heave and pitch motion in head sea.
As consequences, almost 1,300 deck containersthadeof whole cargos

had been lostverboard and another otlérd were damaged or destructed as
shown in Figure 1.1. The total loss amounted to fifty million dollars. This

kind of casualty induced by parametric roll frequently occurred since post



Panamax container ships and large PCTCedestato be constructed and
operated. These dynamic stability issue
[23-28) has | aunched working g" geneptorf or 6De\

Intact stability criteria in 2008nd has discussed this issue

=

Figure 11 Casualty of posPanamax container ship due to parametric roll



Ship operators and designers know that parametric roll phenomenon is very
dangerous and should be avoided in harsh environmental conditions. However,
despite theamany previ ous studi es, the questio
not been fully investigated, even when the quantitative analysis of this
phenomenon is essential for the design of hull form, roll damping device,
cargo securing system, machinery systemsingtural strength. The primary
difficulty in quantifying parametric roll lies in the fact that this phenomenon is

a highly norergodic process with nonlinear damping, nonlinear stiffness and
nonlinear seHexcitation[5, 6]. When a process is not ergadibe temporal
average obtained from one realization cannot be substituted for the ensemble
average or statistical expectatitthmeans thaeach numerical computation or
experimental test gives different statistical parameters such as mean and
standard dviation. Therefore, enough number of realizations must be
collected to get a stable probabilistic distribution. More number of realizations
leads more stable results and the proper number of realizations depends on the
degree of norergodicity and the cdidence level. Considering many sea
states in a wave scatter diagram, the total number of realizations for a stable
longterm prediction would be enormously large. This large number means
that not only the accuracy of each data but also computation speethd

very important in a highly neargodic process. Therefore, for quantitative
analysis of this phenomenon, a very fast and effective numerical tool should

be developed in use of combination with some simplifications of real physics.



Parametric roll isa threshold phenomenon. If some conditions for generation
of parametric roll are satisfied, it will occur. If not, it never occurs. For
example, tankers or bulk carriers hardly encounter parametric roll because
they have small flare angle and large GM whibstPanamax container ships

and PCTCs are known to be vulnerable to parametric roll. For passenger ships,
the vulnerability is not clear. Therefore, systematic procedure is necessary to
evaluate the vulnerability to parametric fdl]. The procedure shuld include
simple way to disregard ships which not vulnerable definitely to complex way
to identify the wvulnerability precisely. The best way to evaluate the
vulnerability of parametric roll is to carry out direct ship motion analysis
using stateof-art numerical tools. However, it is too time consuming and the
computation is very expensive. It is not necessary to carry out direct motion
analysis for tankers or bulk carriers because we know already they are not
vulnerable to this phenomenon. Therefore Jtidavel approach to evaluate

the vulnerability of parametric roll is necessary in the view of practical sense.
At first, simple check to confirm the vulnerability to parametric roll is
necessary. I f a ship doesnoregardeddass t he f
unconventional type and the ship may be or may not be vulnerable to
parametric roll the accuracy of'level check is not enough. The role 6f 1
check is to disregard ships which are not vulnerable to parametric roll
definitely. Then, secondheck is to be performed to confirm the vulnerability,

before requiring the direct stability assessment. It means that the purpose of



second check or intermediate assessment is to provide justification for
application of the direct stability assessmemgeicessary. If a ship is found to

be vulnerable by the second check, direct stability assessment with
performancdb ased criteria wil!/ be applied.
stability criteria (3' level check) the vulnerability should be reduced by
revision of ship design, installation of roll damping devices or provision of
operational guidance.

Parametric roll may be avoided by the ship design change fundamentally or
ship operation. However, ship design change such as increase of GM,
decrease ofldire angle or installing a roll damping devices is not preferable to
ship owner or ship builder because it needs reduction of cargo capacity on
deck or more building expense. For the economical and practical reasons, the
operational guidance can be a bestintermeasure. By choosing a proper
course and speed under given loading condition and environmental condition,
the crew can avoid severe roll response with the help of operational guidance.
According to conventional operation customs, the crew is expdotéeep

the course in head sea in harsh environmental condition. However, this
custom may lead very dangerous situation for ships which are vulnerable to
parametric roll because parametric roll is maximized in longitudinal sea.
Therefore, development operational guidance is essential for the safety of a

ship against parametric roll.



To improve the safety of ships against parametric roll, it is very challenging
issues to develop numerical tolls for quantitative analysis, Aexgl

evaluation procedurand operational guidance.

1.2 State of the arts

A 1-DOF model for a regular wave has been traditionally used to investigate
influencing parameters of parametric roll and Paul8¥j and Shin et al40]
showed that the stability region can be analyzgdatdopting theMathieu
equation in this model. This model is very useful to check parametric
resonance. However, this model is not proper for quantitative analysis because
it cannot account for the nonlinear restoring moment coupled with heave and
pitch.

Parametric roll is mainly caused by a variation of roll righting moment
induced by roll, heave and pitch. Therefore,-B@GF nonlinear roll model

was tried by Neve$34, 35] and Holden[18]. This model is much simpler
than a BDOF model but it still regires a considerable amount of computation

to analyze excitation forces and to solve a coupled motion.

Oh et al [¥] tried :-DOF model with a coupled term of heave and pitch,
which are assumed as harmonic functions, and a righting moment
approximated by ahird-order polynomial function. Buliafil1] proposed a

1.5DOF numerical model for a regular wave. In this gisdatic method, the



half DOF accounts for the coupling of heave and pitch. He approxin@ded
curves with respect to wave height and cresttiposby fitting to polynomial
functions and Fourier series for a regular wave. He also proposed the use of
Gri mbs effect i V&Z cuwa foreirreqular wavesnh It is ety e
effective to use Grimbs eff echoughe wave
the use of this concept yields very conservative refdfis Dunwoody[13,

14] proved mathematically that the difference between a-vianging meta
centric height and a calm water metntric height is linear to the wave
height and showed thatalspectrum oGM for parametric roll could be used

for parametric roll analysis analytically.

All these approaches have pros and cons, so it is still needed to find a very
effective numerical model which can give enough number of numerical
realizations bythe Monte Carlo simulation to overcome the +apgodicity of

the parametric roll phenomenon in practically reasonable [y45]. In this
context,it is essential to develop a very fast numerical model which can be
used for a stable lontgrm predictiorof parametric roll.

The number of DOF and tH&Z approximation method are the most critical

for the reduction in computation time. Considering that the influence of roll
on heave and pitch is not significant, a fully coupled heallepitch equation

does not need to be solved HDDF roll motion withthe heave and pitch

effect is considerefl 1, 35].



The restoring moment can be directly obtained by integration of the external
pressure acting on wetted surfdd&], but it is to be excluded when a huge
number of numerical realizations need to be cdroet. AGZ curve fitted by

a fifth-order nonrlinear function of roll[28, 46] can be a good alternative to
replace direct pressure integration but
Panamax container ship has several curvatures so that it is diffiditlthis

kind of curve with a polynomial function. To solve this problem, seve@l
curves for regular waves are calculated for a typical-Basamax container

ship in this thesis. Based on the observation of these results, the fluctuation of
the cunes for the wave is approximated by the combination of the still water
GZ curve and metaentric height fluctuations. The spectrum GM is
calculated considering heave, pitch and wave elevation and it is used to obtain
the fluctuation for irregular wavesBased on this concept, a-DOF
computational model for parametric roll prediction is developed with the
spectrum of metaentric height including the heave and pitch coupling term
and theGZ curves approximated by the still water curve. The computation
speed is fast enough to overcome rengodicity of parametric roll.

If a ship design does not meet the standard of parametric roll corresponding to
a certain safety level or vulnerability criteria, the ship should avoid a severe
parametric roll during operatn by proper operational guidance. Guidance
should be developed using stafethe-art tools as much as possible to

support ship crewbs proper ddg26]i si on ma



However, a large number of realizations for each sea state doawtmée
carried out by the statgf-the-art tools. Moreover, the purpose of operational
guidance is not to give exact roll angles but to indicate the degree of danger
qualitatively. Therefore, qualitative operational guidance should be developed.
In the mmputational approach, many of the tihemain simulation codes for
nonlinear motion analysis are applicable for parametric roll prediction. The
threedimensional panel method, widely used for direct nonlinear ship motion
calculation, is still timeconsuming. The impulseesponsdunction (IRF)
approach formulated by Cummirjé2] can be a good candidate for the
compromise between accuracy and efficiency of a numerical computation.
This approach solves the equation of ship motion by usinggrguted
hydrod/namic coefficients. Considering the nonlinear restoring force on an
instantaneous wetted surface in the IRF method, Sgddapsnd Kim et al

[32] applied this method in the parametric roll analysis of a fishing vessel.
There are many numerical tools toadyze parametric roll. ABS (American
Bureau of Shipping) developed guidance for the assessment of parametric roll
resonance in the design of container ships2004 [1] It consists of
susceptibility check, severity check and numerical simulations andtarel
guidance. However, it considers just one design wave and @gesnide
gquantitativeevaluation step to overcome nergodicity. Hong [19] pointed

out that the design wave of which length is equal to ship leshggisi@ give



always worst scenariand proposed amprovedsusceptibility checlkormula

to consider hydrostatic balance.

1.3 Objective and work of scope

The main targets of this thesis are as follows
A Development of new numerical tool for quantitative analysis
A Development of multlevel approach for evaluation of vulnerability to

parametric roll

A Application of the approach to modern commercial ships

The procedure or criteria cannot be validated without tools for quantitative
analysis. Therefore, the first target is essential forother development and
application. For this purpose, the physical and stochastic characteristics of
parametric roll were studied in the regular wave and irregular waves. By
numerical studies and observation, new tools for quantitative analysis are
developé.

Second target is to develop procedure for evaluation of vulnerability to
parametric roll based on mulével approach. The procedure includes simple
resonance check, simplified intermediate check for regular wave, performance
based direct stability cbk for irregular waves and finally operational

guidance.

10



For each level, proper numerical tools are proposed considering computation
expense, degree of accuracy and safety margin.

The last target of this thesis is application of the approach to modern
comnercial ships. Sample ships cover 4 container ships, 3 PCTCs and 3
passenger ships which are known to vulnerable to parametric roll and also a
VLCC and S175 which are known to be safe from this phenomenon for
reference. Development of operational guidanneluding procedure is
included in this subject.

Not only development of new tools and procedure but also the results of
application to real ship cases are important parts in this thesis. Review and
observation of quantitative analysis for various shipesy@and sizes will

i mprove ship designersé and operatorsod I

1.4 Outline of thesis

Background of thesis and historical review of state of the arts are introduced
in Chapter 1. This chapter also shows main targets andd-elat scope. In
Chapter 2, the characteristics of parametric roll are studied. This study will
improve understanding of this phenomenon and will be used for development
of new numerical tool introduced in Chapter 3. The occurrence mechanism of
parametric roll is introduced in the beginning. The characteristics are

categorized in two parts. First part is for physical characteristics and second

11



part is for stochastic characteristics. As introduced in background, main
difficulty of quantitative analysis is & numerous computations should be
carried out to get stable losigrm expectation. Therefore, in Chapter 2.3,
stochastic characteristics including remgodicity are studied, giving the
necessity of development of very efficiency numerical tool for qteivie
analysis. The physical characteristics are studied in Chapter 2.2 and the study
of GM fluctuation and GZ variation in waves are numerically obtained and
used for development of very efficiency numerical tool.

In Chapter 3, theoretical backgroundssefieral numerical tools are described.
At first, simple Mathieu equation is introduced. Then, I®F GM-GZ
approximation method is developed as an efficient numerical tool for
quantitative analysis in this thesis. Numerical tool using IRF called-SNU
PARAROLL is also introduced and the advantage of the tool in developing
operational guidance is discesls The most advanced tool based on Rankine
panel method called WISH is introduced as a verification tool. Comparison of
the numerical results between the tools is carried out and the computation
speed of each tool is compared. Finally, the pro and censnalyzed and the
appropriate role in muHievel approaches are recommended.

In Chapter 4, multlevel approach to evaluate the vulnerability to parametric
roll is developed. Environmental condition is defined in the beginning based

on North Atlantic SeaMulti-level approach consists of simple resonance
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check (f' level), regular wave check Y2level check) and irregular wave
check (&' level) and operational guidance.

In Chapter 5, lte approach is applied to various modern ships including
container sips, passenger ships, PCTCs and VLCC. Development of
operational guidance for a peg3anamax container ship &so introduced
separately because it should be dealt in operation phase while other levels are
used for criteria. The results of real ship apgiion are reviewed in the view

of shipbds vulnerability and operati on.
Conclusions and discussion for all contents of this thesis are included in

Chapter 6 and Chapter 7 respectively.
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Chapter 2. Characteristics ofParametric Roll

2.1 Occurrence mecharam of parametric roll

2.1.1 Basic mechanism

When a ship encounters longitudinal sea, she will experience wave crest and
trough regularly in waves. If she has long parallel mid body, large flare angle
in for body and long transom stern like container sthig water plane area
gets very large when the wave trough is amidships and become small when

the wave crest is amidships shown in Figure 2.1 and Figure 2.2.

Short aft bodY

ghort fore body

Figure 21 Wetted surface according to the position of wave crest
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Wave trough a midships

Calm water

Wave crest amidships

NN

Figure 22 Change of water plane area in a wave

Increased water plane area results in increase of GM and restoring moment. If
this oscillatory change in stability occurs at approximately twice the natural
roll period, roll motions may increase to a significant angle, possibly
unacceptable, as a result of parametric roll resonance.

If a ship sails on a course exactly perpendicular to the crests of head or
following seas, there would be no waireduced heeling moment. However,

the ship may experience a very small roll disturbance from some external or
internal cause (It always happens by wind or slightly oblique waves). When
the ship rolls, the hydrostatic restoring moment acts to return it to the upright
position. At this poify if the wave trough is amidships, the restoring moment

is maximized and larger than calm water. Therefore, the ship goes to upright
position faster than calm water. Once upright, there is no restoring moment
and the ship keeps rolling to opposite side tuinertia. Near this point, if the
wave crest is located amidships, the restoring moment is minimized and less

than calm water. Therefore, it accelerates the roll motion easier than calm
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water. After the ship passes upright position the restoring momerks
against further motion and it stops at some roll angle. At this point, the wave
trough is located amidships again and the ship is ready to bounce back by
excessive righting moment. During the one cycle of wave elevation, the roll
goes for half cycleand in this self exciting mechanism, the ship gains energy
from each roll motion and the roll becomes larger and larger. If there is no
damping, the roll will be increased infinitely. However, it is limited by the
change of roll resonance frequency indubg nonlinear GZ curve. Figure 2.3

shows this mechanism.

w g L O
/ ol ’ ;,{—‘%\ ’ -
N e

Wave trough amidship Water plane area is wide There’s more stability
and larger push back

Wave crest amidship Water plane area is slim There’s less stability,
easily accelerated

Q2

N m————=

it

/

Wave trough amidship Water plane area is wide There’s more stability
and larger push back

Tw= Tt/ 2 h<h

Figure 23 Mechanism of parametric roll
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In this mechanism, the wave energy is not used to generate exciting moment
directly but used to increase and decrease therimgtmoment. During each

roll cycle, parametric roll gains energy more and more until it reaches to
steady state angle. Therefore, parametric roll is occurred by its own instability
in motion equation or se#xcited motion.

On the contrary, synchronizedll is generated by external forces induced by
wave. The water plane area is almost same to the calm water and the roll
angle reaches to its steady state when the external heeling moment is balanced

to the restoring moment. Figure 2.4 shows this mecimanis

;’; ‘ I . ?@‘

Y 4 I
Heeling moment (+) Little change of water-plane area Little change of stability
I T 1T
1 [ | B i i
k; Q
No heeling moment Little change of water-plane area Little change of stability
]xﬂrr D2
- ﬁ -
. | D
Se /
L J s )
_/
Heeling moment (-) Little change of water-plane area Little change of stability

Tw= Tron =

Figure 24 Mechanism of synchronized roll
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2.1.2 Ship motion and wave effects

The water plane area is changed by wave and vertical motion or roll, heave
and pitch. GM is metaentric height when the roll is zero and it has not
affected by roll motion. Then, the water plane area variation by wave, heave

and pitch is main source of @anetric roll occurrence.

2.2 Physical characteristic

Figure 2.5 shows phases of parametric roll motion from initiation to steady
state and associated GM variationhead seaParametric roll is started with
initial roll disturbance of 5 degree. Thellramplitude is not decreased and
slightly increased from the former amplitude in theginning Then roll
amplitude starts to grow rapidly until it reaches to steady state. Between
growth stage and steady state, roll amplitude is decreased from its maximu
value in transient region. When roll reaches its peak, GM in wave is larger
than in calm water. On the contrary, GM in wave is smaller than in calm water

when roll is near zero angle. The roll period is twice of wave period.
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2.2.1 Initiation stage

The roll starts with initial disturbance in numerical simulation. If there is no
disturbance, the roll never occurs in longitudinal seas for a ship which shape
is symmetric. However, there is always small disturbance from wind, swell

and directional waveis real seas.
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P transient state ]
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Figure 25 Phases of parametric roll motion and associated GM variation
(10,000 TEU Container ship/ /L =1.0, ka=0.1)

After roll is initiated by this small disturbance, parametric roll starts to grow if

two essential conditions of parametric roll generation are satisfied. The first
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condition is that roll period is to be near the twice of wave period and the
second condition is that the energy gain should be larger than energy loss due
to damping. Thereforthis is a threshold phenomenon.

Figure 2.6 shows several simulations of parametric roll starting from different
initial roll angles. The growth stage, transient stage and steady state keep
almost same shape for different initial values. Large initialevahortens the

time to reach steady state. It means that the growth rate and steady state roll

angel are determined by wave and GM value and are independent from initial

values.
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Figure 26 Parametric roll simulations accand to different initiation angles
(10,000 TEU Container ship/ /L =1.0, ka=0.1)
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2.2.2 Development and steady state

If the two conditions are satisfied, the roll keeps on growing. Figure 2.7 shows
energy gain by changing of restoring moment. Tistoréng moment in wave
is larger than calm water in way of roll peaks and less than calm water in way

of upright position. In this stage, roll amplitude grows rapidly.

80 6
60 ¥ GZ in wave GZ in calm water E
40 Restoring moment in wave is
B larger than in calm water .
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Restoring moment in wave is
-40 smaller than in calm eater
=60 B Parametric roll 1
_80 [ L L L L I L L L L I L L L L I 1 L L L I L L L L I L L L il I L | _6
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Time (sec)

Figure 27 Restoring moment in wave and calm water
(10,000 TEU Containeship, / /L=1.0, ka=0.1)

After roll grows more than 40 degrees, the roll is bounded to steady state

angle because the energy gain is not increased any more. It means that the
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whole energy gain through each roll cycle is balartoednergy loss by roll
damping. The slope of GZ curve keeps almost constant within 30 degrees and
decreases nonlinearly after 40 degrees. Therefore, when the roll is relatively
small, the GM increase results in increase of GZ value or largerlqacsh
monment. While, when the roll is larger than 40 degrees, the push back
moment is slightly larger than calm water and there is a little energy gain
shown in Figure 2.8. Therefore total energy gain is bounded to certain value
and it is balanced to the steadytstaoll angle. If GZ curve were linear,
parametric roll would be always diverged because larger energy gain is

obtained in larger roll angle.

Figure 28 Energy gain by restoring moment change in wave

(10,000 TEU Container ship/ /L =1.0, ka=0.1)
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