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Abstract

The parametric resonance in roll motion (known shortly as parametric
rolling) is studied for a fishing vessel and container ship in regular waves.
This is an instability and resonance phenomenon can lead the roll motion to
reach very high oscillations amplitudes at its natural frequency, depending
on the damping level involved. In the worst cases, it is responsible for vessel
capsize. Here, the problem is investigated numerically and experimentally,
performing dedicated physical tests on a typical Norwegian fishing vessel
with blunt hull and small length-to-beam ratio.

Different numerical solvers with different level of sophistication were
developed and used to study the parametric rolling (PR) phenomenon, its
occurrence and features. A 5-DOF numerical simulator was developed based
on the Salvesen-Tuck-Faltinsen (STF) strip theory (Salvesen et al. [1])
formulation first and was validated for a post-Panamax C11 class container
ship in regular waves. To study the PR for the fishing vessel, with beam-
to-length ratio twice the ratio of studied container ship, 3D effects must be
considered more adequately. Therefore, another simulator was developed
based on a 6-DOF 3D hybrid method where the radiation and diffraction
potentials were computed for zero forward speed by WAMIT and used in
the STF strip theory to obtain speed dependent loads. The convolution
integrals were used to account for the effect of radiation free-surface memory
effect (Cummins [2]). The non-linear Froude-Krylov and restoring loads
were calculated in each time step of the simulations, by integrating the
undisturbed incident wave dynamic pressure and the hydrostatic pressure
over the instantaneous wetted hull surface up to the undisturbed incident
free surface and accounting for the body motions. It was observed that using
weak-scatterer hypothesis in radiation and diffraction loads provides better
results in long and steeper waves ([3], [4]). The coupling with horizontal
motions also showed to be important in capturing the PR phenomenon. A
dedicated experimental campaign was also carried out in the CNR-INSEAN
test basin for the SFH112 fishing vessel. The tests were performed for the
cases without forward speed and with forward speed, with corresponding
Froude number Fn = 0.09 and Fn = 0.18. The tests were carried out with
different wave frequencies and wave steepnesses. The numerical simulations
showed good agreement with the experimental results. For the cases near
the instability border, the physical and numerical predictions were different
in terms of PR occurrence.

The effect of free-surface anti-roll tank on the PR was also studied ex-
perimentally and numerically. In the numerical simulation, a CFD sloshing



iii

solver, based on the “Open source Field Operation And Manipulation”,
known in short as Open-FOAM, and assuming 2D laminar flow conditions,
was coupled to the main seakeeping simulator to account for the sloshing
loads from the tank. From present studies, the tank-ship interaction cannot
be modeled as a weak coupling. Here an iterative strategy was proposed,
which proved to be successful when compared against established 2D ex-
periments [5] and against our dedicated tests on the fishing vessel. In the
experimental side, different tank sizes have been tested to study the tank
effects in the PR region. The coupled simulator is validated based on the
mentioned experimental data. The performed analysis suggests that a well-
designed anti-roll free surface tank could easily avoid the parametric rolling
phenomena.
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Nomenclature

Abbreviations

2D Two-dimensional

3D Three-dimensional

BEM Boundary Element Method

BVP Boundary Value Problem

CFD Computational Fluid Dynamics

COG Centre of Gravity

DOF Degrees of Freedom

FFT Fast-Fourier Transformation

ITTC International Towing Tank Conference

LCB Longitudinal Center of Buoyancy

LCG Longitudinal Center of Gravity

PR Parametric Rolling

RAO Response Amplitude Operator

RK Runge-Kutta method

STF Salvesen-Tuck-Faltinsen

VCG Vertical Center of Gravity

Greek Letters

ηj Displacement in the jth mode

vii
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λ Wave length

µ waters dynamic viscosity

∇ Ship displacement

ν waters kinematic viscosity

ω0 Wave circular frequency

ωe Wave frequency of encounter

φ(x, y, z, t) Total velocity potential

φD Diffraction velocity potential

φI Velocity potential due to incident waves

φj Radiation velocity potential due to motion in jth mode

φS(x, y, z) Steady-state velocity potential

φT (x, y, z, t) Unsteady velocity potential

ρ Waters mass density

ξj Complex amplitude of the jth mode of motion

ζa Wave amplitude

ζ Free-surface elevation

Mathematical Operators

. Dot-product

∇. Divergence

∇× Curl

∇2 Laplacian

∇ Gradient

× Cross-product

Roman Letters
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Ajk Added mass coefficient in jth mode due to the motion in
kth direction

B Ship beam

Bjk Damping coefficient in jth mode due to the motion in kth
direction

CB Vessels block coefficient

Cjk Restoring coefficient in jth mode due to the motion in kth
direction

D Ship draft

Fn Frounde number

g Gravitational acceleration

GML Logitudinal metacentric height

GMT Transverse metacentric height

H Wave height

Ijk Product of inertia

Ixx, Iyy, Izz Moment of inertia

k Wave number

Kjk(t) Response impulse function

Kxx Radius of gyration in roll

Kyy Radius of gyration in pitch

Kzz Radius of gyration in yaw

Lpp Ship length between perpendiculars

Lwl Ship length at the waterline

M Ship mass

Mjk Generalized mass matrix

p Pressure
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pa Atmospheric pressure

S0 Mean wetted body surface

SB Wetted body surface

U Ship mean forward speed

x′, y′, z′ Body-fixed coordinate system

X,Y, Z Earth-fixed coordinate system

x, y, z Seakeeping coordinate system

ZB Vertical position of the center of buoyancy

ZG Vertical position of the center of gravity
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Chapter 1

Introduction

1.1 Overview

Parametric roll resonance was not considered as a serious technical issue for
naval architects and maritime researchers until several incidents occurred
during the past two decades. Two of them will be explained in detail here.

1.1.1 The M/V APL China incident

In October 1998, the M/V APL China (a C11 class post-Panamax con-
tainer ship with 260 m length and 40 m breadth) was travelling from Kaoh-
siung, Taiwan, to Seattle, USA, carrying around 4000 containers most of
which, full of cargo for the Christmas season. Off Alaska’s Aleutian Islands,
she was overtaken by a severe storm lasting more than 12 hours. At the
harshest points, green water at bridge level was observed by the crew (re-
ported by officers). The ship master attempted to turn her towards the high
waves and reduced the speed.
Besides the violent storm, very large motions during the worst part of the
storm made the situation even more critical. Significant heave and pitch
amplitudes in addition to a roll angle reached around 35-40 degrees made
this incident one of the biggest in its type in the history. The following
day, the damage was quantified: One fourth of the 1300 on-deck containers
were lost overboard and almost similar amount were severely damaged [6]
and the ship itself suffered structural damage [7]. This is said to be the
biggest cargo disaster in history, in which the total lost cargo worth over
USD 100 millions [8] (even more than the total value of the ship (USD 50
millions)[7]). Some pictures of the ship when she arrived in USA is shown
in figure1.1.

1
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Figure 1.1: The APL China Incident [Images from www.cargolaw.com].

1.1.2 The Maersk Carolina incident

Another incident occurred for the Maersk Carolina ship (a container ship
292m long and 32m wide) in January 2001, which was travelling from Al-
geciras, Spain, to Halifax, Nova Scotia, Canada carrying more than 2100
containers. In a bad weather at east of Nova Scotia, she confronted a high
sea-state, then the ship master reduced the speed and turned her towards
the waves according to the standard procedures. Very high heave and pitch
motions were experienced by the ship and at one point, very large roll mo-
tion built up in a few cycles and reached to 47 degrees or even more (the
ship inclinometer saturated at that value). Around 133 containers were lost
and around 50 were damaged. The cargo loss cost around USD 4 millions
besides the damage that occurred for the ship structure ([8], [7], [9]). Some
pictures of the ship and the containers after this incident are shown in Fig.
1.2.
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Figure 1.2: The MAERSK Carolina Incident [Images from
www.cargolaw.com].
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1.1.3 Parametric Roll Resonance

In many fields, the dynamic behaviour of a system due to periodic exci-
tation (input) is of great interest. Two types of oscillatory responses are
forced oscillation and parametric oscillation. The first one appears when
the system is excited by a periodic input. If the excitation frequency is
close to a natural frequency of the system, then resonance (oscillation with
large amplitudes, depending on the damping level of the system) will be
experienced. Parametric oscillation in the system occurs when there is a
periodic time-varying parameter in the system. At certain tunings, the sys-
tem can experience parametric resonance, which makes large amplitudes as
the output in the system responses.

A very classical example of the latter case is a person alternatively stand-
ing or crouching on an oscillating swing. To increase the swing motion, the
person must crouch in the null and extreme positions of the swing and sits
down and stands up in the points between them to minimize and maximize
the pendulum length, i.e. the distance between the center of gravity of the
person’s body to the swing hanging point. This system is equivalent to
a pendulum with varying length in which, the center of gravity oscillates
in time with a frequency twice the pendulum natural frequency [10]. A
schematic explanation for this simple system can be seen in Fig. 1.3.
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Figure 1.3: Parametric resonance in a swing with center of gravity oscillat-
ing with a frequency twice the swing natural frequency. Top: A person on
the swing. Bottom: The center of gravity of the person on the swing [Images
from www.hcrs.at].
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As it can be seen from this figure, the pendulum stiffness is varying
harmonically with a frequency twice the natural frequency of the swing.
This makes the system unstable and increases the swing motion.

The differences of the forced and parametric resonances could be ex-
plained by a simple differential equation for a one degree-of-freedom (1-
DOF) system:

mẍ+ dẋ+ k (t)x = f (t) (1.1)

where x is the system state and d > 0 is a constant corresponding to a linear
damping coefficient of the system. k (t) = k0 + ktcos (ωkt) is the stiffness
coefficient of the system, with k0 > kt ≥ 0 and oscillating with (circular)
frequency ωk > 0. f (t) = f0cos (ωf t) is an external forcing oscillating with
(circular) frequency ωf . If kt = 0 and f0 6= 0 then the system will expe-

rience the ordinary resonance if ωf ≈ ωn =
√

k0
m , where ωn is the system

undamped natural frequency. In ordinary resonance cases, the response x
can reach high values if d is limited. If f0 = 0, kt 6= 0, ωk ≈ 2ωn, d is
limited and either x or ẋ is non zero at the initial time, then the system will
be parametrically resonant. Fig. 1.4 shows qualitatively the x behavior in
time when the ordinary and the parametric resonances are excited.

x

t

(a) Ordinary resonance (f0 6= 0, kt = 0)

x

t

(b) Parametric resonance (f0 = 0, kt 6= 0)

Figure 1.4: Two types of resonance.

All the parameters are the same in the two types of resonance except
for kt and f0. Despite the different excitation frequencies (ωf = ωn and
ωk = 2ωn), in both resonance cases the response x oscillates with system
natural frequency, ωn. In ordinary resonance, x grows more slowly than
in the case of parametric resonance until the system reaches a steady-state
condition. At this stage the oscillation amplitude is finite and depends on
the damping coefficient d. The parametric resonance is more dangerous as
the response of the linear system in Eq. 1.1 grows exponentially. Luckily,
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for a real system, at sufficient large amplitude the non-linearities matter.
They modify the system equation and keep finite the response.

In marine and offshore engineering, spar buoys and ships also exhibit
parametric resonance. In ships, parametric resonance is known to occur
in roll motion in certain conditions [10]. The huge roll motion, along with
heavy pitch and heave motions, could endanger the vessel structure, the
cargo and the crew on-board. The research has shown that the aforemen-
tioned incident cases in the beginning of this chapter were caused by para-
metric roll resonance [11]. The main reason of parametric roll resonance in
the ships is the time-varying water-plane area of the hull, which produces a
time-varying roll restoring coefficient, corresponding to the spring stiffness
in the simple 1-DOF system in Eq. 1.1.

Normally huge roll amplitudes might occur in ordinary resonance con-
dition excited by beam sea waves or in parametric resonance in roll (para-
metric rolling). Since the ship masters try to avoid severe beam seas by
turning the ship into the waves, most of the time, the huge roll motions are
more often connected to parametric rolling.

In parametric resonance condition, the system is unstable and any small
disturbance could be amplified in a few cycles if the damping of the system is
less than a threshold value. Parametric rolling mostly occurs in longitudinal
seas which means there is no direct excitation moment in roll. For the
parametric rolling to be triggered in regular waves, the following conditions
should be met [12]:

r The natural period of roll is equal to approximately twice the wave
encounter period.

r The wave length is of the order of the ship length (between 0.8 and 2
times).

r The wave height exceeds a threshold level (this threshold value is the
minimum level that could trigger the parametric rolling).

r The roll damping is low.

The ships without full form body and with a very pronounced change of
geometry around the mean water line in the bow and stern regions are more
vulnerable to parametric roll resonance. The change of geometry around the
mean water level makes a big change of water-plane area between wave crest
and wave trough at midship section. These ships normally may be container
ships, cruise ships and fishing vessels.
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A schematic view of variation of the water-plane area and a simple
graphic explanation of parametric rolling mechanism in one wave period
is shown in the Fig. 1.5.

Figure 1.5: Parametric rolling mechanism in one wave period [7].

This change of water-plane area makes the transverse metacentric height
(GM) and roll restoring vary consequently. Fig. 1.6 shows a sample GM
variation versus time for a container ship in head sea waves.

0 5 10 15
1

1.5

2

2.5

3

3.5

4

t(s)

G
M

(m
)

 wave crest amidship

wave trough amidship

Figure 1.6: GM variation of a C11 class containership in head sea waves
[12].
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The GM varies with encounter frequency which corresponds to ωk in
Eq. 1.1 for a 1-DOF model.

The mentioned incidents among other ones, made a thorough analysis
of this phenomenon, necessary. Many researchers worked on this problem
and also some classification societies and maritime regulatory organizations
like IMO, tried to issue guidelines and conventions in this regard. In the
next sections a literature study on this phenomenon is presented.

1.2 Previous Studies

For the first time, the parametric rolling resonance in ships was observed by
William Froude, who in 1861 reported that a ship shows undesirable sea-
keeping characteristics, dangerous and even leading to capsizing, especially
in roll. This is seen when the natural frequency in heave and pitch is almost
twice the natural frequency in roll [13].

Grim [14] and Kerwin [15] have studied the instability in roll motion by
a simple Mathieu equation which implies a roll restoring moment oscillating
with the encounter-wave frequency. They investigated the roll stability by
assuming that roll restoring oscillates as a function of wave passage.

Paulling [16], investigated ship forced motions in calm water with three
degrees of freedom. They analyzed the non-linear coupling between heave,
roll and pitch motions and they concluded that unstable motion may occur
if any of the degree of freedom gets excited by one of the other two and the
instability will occur when the unstable mode natural frequency is nearly
half of the modes which are excited. This statement is confirmed by some
experiments for a roll-heave system of a ship with forced heave in calm
water.

Dunwoody [17],[18] showed a relation between the astern incident wave
spectra and the metacentric height spectra and then found that the variation
of metacentric height has the same effect as reducing the roll damping and
then he tried to find the roll stability limits in this process.

Parametric rolling might build up very fast to high roll angles and might
even lead to capsizing of the ship. As a try to understand and explain
the basic mechanisms of ship capsizing, some researches tried to study the
problem with simplified theoretical and numerical model, (Umeda et al.[19],
Sanchez et al. [20], Oh et al.[21]). Hamamoto and Panjaitan [22], did an
analytical study of the ship capsize phenomenon due to parametric rolling
to identify the limits of critical conditions in this regard. Munif and Umeda
[23], used a 6-DOF non-linear mathematical model to study the parametric
roll and capsizing limits for a ship in astern sea and verified the results
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with experiments which, showed a good agreement. They found that the
effect of heave and pitch might be negligible in low steepness waves while is
important in steep waves.

Initially most of the researches thought that parametric rolling occurred
in the following-sea waves but gradually some works started to analyse the
occurrence of parametric rolling in head-sea waves as well. Perez and San-
guinetti [24] did some experiments regarding the parametric rolling in lon-
gitudinal seas for small fishing vessels with different stern sections. They
showed that a transom stern can amplify the roll motions stronger than
round stern. They also concluded that since this phenomenon can make the
ship reach a very high roll angle in a very short time, the crew of the ship
also should be aware of this latent threat.

Neves et al. [25] studied, numerically and experimentally, the dynamic
stability of two small fishing vessels in head sea. They compared the vul-
nerability of two types of stern to parametric excitation and concluded that
a transom and wide stern is more prone to go into the unstable zone than
a round stern.

Neves [26] studied the motions of a fishing vessel using a 3-DOF (heave,
roll and pitch) model and using the Taylor series expansion of up to second
order for restoring loads. This model showed a tendency to overestimate
the roll motion in the unstable zones. Neves and Rodriguez [27] contin-
ued the previous work but using the Taylor series expansion for coupled
restoring loads up to the third order, which showed a better agreement with
experimental data.

Hua [28] analyzed a RoRo ship subjected to parametrically excited roll
motion in longitudinal waves and the effect on parametric roll of many vari-
ables, such as ship speed, ship loading, wave amplitude, is investigated. The
RoRo and the cruise ships normally have large flare near the waterline at
bow and stern to allow for larger cargo space and higher operational speed.
Hua [29] investigated the non-linear characteristics of the GM variation of
a RoRo ship in irregular waves by means of available non-linear probability
theories.

After the APL China incident in 1998, several incidents involving para-
metric roll in head-sea waves were reported such as: destroyers incidents
(Franchescutto [30]), Maersk Carolina ship incident in January 2001, RoPax
ships (Franchescutto et al., [31]) and PCTC vessels (Palmquist and Nygren,
[32]). So an increasing attention was given to head-sea parametric rolling
and many researchers started more research on stability issues in head sea.
Francescutto et al. [31], investigated, numerically and experimentally, the
conditions for parametric rolling with discussion on the threshold value for
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the roll damping to avoid parametric rolling and on the threshold value
of wave excitation to trigger parametric rolling. He also examined the
parametric-roll amplitude once the instability is excited. Spyrou [33] reviews
the state-of-the-art regarding the parametric rolling for a deterministic and
probabilistic environment and presented some new ideas about the devel-
opment of practical design criteria. The work by Francescutto (2004) and
Spyrou (2005) made the foundation for the ITTC recommended procedure
and guidelines for predicting the occurrence and magnitude of parametric
rolling, published in 2006 [34].

France et al., [11] investigated numerically the head-sea parametric rolling
for a container ship and its effect on the securing and lashing system of the
onboard containers. They also checked three types of bow flare and three
types of stern against parametric rolling and concluded that the vessels with
flat transom stern and significant bow flare are most prone to parametric
rolling due to the large variation of the water-plane area that these vessels
undergo in head seas. Levadou et al. [35], studied the parametric rolling
problem in different loadings and wave heading (head and bow seas) con-
ditions and as a function of ship speed. They documented several polar
diagrams with the steady-state roll amplitude against varying speed and
headings for a given wave period. Many graphs are presented for differ-
ent wave periods and these diagrams can be used as operational guidance
for helping the ship masters in order to avoid extreme roll motions. Shin
et al. [36] discusses the technical background of the American Bureau of
Shipping (ABS) Guide for the assessment of parametric roll resonance in
the design of container ships. They verified the susceptibility and severity
criteria in the mentioned report using a series of numerical simulations and
finally concluded that both susceptibility and severity criteria were verified
and showed to be reasonable and reliable. They did some calculations for
nine ships and the criteria predicted correctly the presence or absence of
the parametric roll in all ships. The paper also showed that in order to
obtain reliable results in irregular seas, one realization is not enough and
the distribution of parametric roll resonance might not be Gaussian.

From full scale observation, at high values of metacentric height, the
occurrence of parametric rolling is associated to head sea conditions (Lovs-
tadt and Bloch Helmers [37]). However, the problem can happen in following
and quartering seas for lower values of intact stabilities [38]. Kruger [39]
addressed the problem of ship intact safety parameters. He provided some
dynamic stability criteria that will account for a minimum stability margin
to ensure sufficient ship safety. He used many simulations for different types
of ship for the assessment of the mentioned criteria. The problem of cargo
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loss of a post-Panamax container ship was analyzed by Kruger [40]. He used
the strip theory for the calculation of the ship motions. He concluded that
the ship suffered a 1:1 parametric resonance in roll in stern quartering seas.
Here 1:1 means encounter frequency equals the natural roll frequency.

Silva et al. [41], studied the parametric rolling of a container ship in reg-
ular and irregular waves using a partly non-linear strip theory formulation.
They used a frequency domain 5-DOF (all motions except surge) system
and a roll damping coefficient from the decay tests. The results and com-
parison with experiments show that this method gives reasonable results
for parametric resonance. They also suggested that there should be some
revision to the IMO’s “Guidance to the Master for Avoiding Dangerous
Situations in Following and Quartering Seas”. They mentioned also that,
in bow-sea scenario and in parametric resonance, the first action could be
increasing the speed rather than reducing it to quit unstable zone. Levadou
et al. [42], studied the main dimension, hull form and appendages config-
uration effects on parametric roll while keeping the draft, GM and natural
roll period constant. They used a relatively simple one degree of freedom
non-linear model along with some model tests and concluded that, for the
C11 container ship, the aft body shape is more important than the bow
flare in parametric rolling. They also mentioned that a V-shape aft body is
preferable to a U-shape aft body for avoiding parametric roll. Mccue et al.
[43], also studied the effect of topside shape on parametric rolling for a de-
stroyer in longitudinal seas. Spyrou et al. [44], systematically investigated
a post-Panamax container ship rolling, on the basis of several analytical
formulas that exist in the industrial guidelines and that are evaluated by a
step-by-step process against various numerical predictions. Identification of
the instability boundary and the prediction of steady amplitude of roll os-
cillations were also assessed in their work. Belenkey et al. [45], presented a
background for parametric roll risk analysis of a ship operating in head seas.
The ship motions are studied numerically in irregular waves with the con-
clusion that despite large amplitude motions, pitch and heave retain their
ergodic qualities and normal character of distribution while the roll motion
clearly is not ergodic and is not necessarily a Gaussian stochastic process.
If the statistical properties of a random process could be deducted from a
single and sufficiently long random sample, it is ergodic process, otherwise
it is not.

Bulian et al. [46], presented the preliminary results regarding the prob-
lem of non-ergodicity of parametric roll in longitudinal irregular long-crested
waves. Some numerical simulations using an analytical 1.5-DOF were per-
formed and showed the effect of ship speed and sea spectrum shape on
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parametric roll. The alternative to a 6-DOF system for studying paramet-
ric rolling, is to consider fewer-DOF systems like 3-DOF or 1.5-DOF, where
some coupling terms and some degrees of freedom are assumed to be zero
in order to simplify the problem while maintaining, hopefully, the relevant
terms. In a 1.5-DOF model, for instance, the roll restoring moment is a
function of time and roll angle, and should be calculated a priori. Bulian et
al. [47], proposed a 1.5-DOF analytical and numerical system for paramet-
ric rolling analysis in regular and irregular head seas where heave ad pitch
motions were considered quasi-static. They used this model as a tool to
find the instability threshold and the roll amplitude above threshold. They
validated their model against experimental results of a RoRo ship in both
regular and irregular waves.

According to Turk [38], it is quite accepted that the wave effect on roll
restoring moment can be qualitatively estimated with the Froude-Krylov as-
sumption. However, some of the authors reported that the Froude-Krylov
prediction could overestimate for a fishing vessel known as the ITTC ship A-
2 as a result of captive model experiments [48]. Umeda et al. [49] mentioned
that the captive model experiments for a container ship known as the ITTC
Ship A-1, showed that the Froude-Krylov prediction could overestimate the
values of roll restoring moment at low speed cases and therefore could over-
estimate the danger of capsizing associated with parametric rolling. They
used a single-DOF model with roll damping from decay tests and restoring
moment from Froude-Krylov assumption and captive model tests to investi-
gate parametric rolling in a container ship. Munif and Umeda [50] continued
the work numerically investigating the parametric rolling for an Icelandic
trawler. This ship shows no significant variation in hydrostatically-obtained
metacentric height but it shows parametric rolling at some conditions in ex-
periments. They also used a 1-DOF model with balanced heave and pitch
motions and a 6-DOF coupled model showing that the 6-DOF model was
able to reproduce the parametric rolling while the 1-DOF could not. They
concluded that the coupling effect from heave and pitch motions to roll
restoring are essential for parametric rolling [50].

Greco et al. [51] examined numerically and experimentally the paramet-
ric rolling of a fishing vessel in head sea with possibility of bottom slamming
and water on deck by using a 3D domain decomposition strategy. Ghamari
et al. [12] investigated the parametric rolling of a C11 class post-Panamax
container carrier ship with and without forward speed using strip theory.
They validated the results with some experimental data from literature and
showed that, for this ship, the used strip theory method could capture most
of the experimental cases.
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1.3 Classification Societies and other Organiza-
tion’s Guidelines

After the big incidents of parametric rolling in some container ships, some
authority organizations in maritime industry, tried to prepare suitable guide-
lines regarding parametric rolling prediction and analysis in different ships.

The American Bureau of Shipping (ABS) published one of the very
first quite comprehensive guidelines for prediction of parametric rolling for
container ships in September 2004 and updated it in June 2008 [52]. It
contains the rules and the other design and analysis criteria that ABS is-
sues for the classification of container carriers in relation to parametric roll
resonance phenomenon. It first provides a brief description of the physical
phenomenon of parametric roll resonance, which may cause an excessive roll
of a container ship in longitudinal (head and following sea) waves. After-
wards it provides a description of criteria used to determine if a particular
vessel is vulnerable to parametric roll (susceptibility criteria) and how large
these roll motions might be (severity criteria). Recommendations are given
for further actions if a ship is found to be endangered by the possibility of
parametric roll, including numerical simulations and a model test. Means
of mitigation of the parametric roll consequences are briefly considered. In
case of satisfaction of all these criteria and requirements, ABS may assign
an optional class notation as recognition of safety performance in relation
to parametric roll resonance. In March 2008, three container ships from
Hyundai Merchant Marine fleet got the first optional class notation specific
to parametric rolling [38]. The “PARRC1” notation was granted to 4700
TEU “Hyundai Forward” and 8600 TEU “Hyundai Faith” and “Hyundai
Force” container ships.

Lloyd’s Register of shipping (LR) investigated the container securing
requirements and parametric rolling of container ships with a simple 1-
DOF method. LR suggests some simplified actions for taking the ship out
of the parametric instability zone based on the vessel stability variation
waves plus the relationship between ship speed, roll natural frequency and
wave encounter frequency [53].

Bureau Veritas (BV) presented a two stage solution for checking of para-
metric roll. At the first stage, the mathematical model is based on a simple
Mathieu-type of equation where a 1-DOF model is used and the roll restor-
ing coefficient is considered like a simple sinusoidal function. Based on this
method it can be easily checked if the vessel is in the instability zone or
not. However, in the next stage and for more critical cases, it uses a fully
non-linear model to check the phenomenon more accuratly [54].
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DNVGL issued a container ship update and provided owners and op-
erators with some new services, like Active Operator Guidance, advice on
extreme roll motions (parametric rolling) and how to survive and avoid
parametric rolling for a given sea-state, ship speed and heading. This Active
operator Guidance uses a computer program for simulation of ship motions
and also the real time sea-state from some wave radars technology onboard
ships. This active system relates the ship motions and wave characteristics
and implements the available guidance and criteria to limit different critical
phenomena like water on deck, excessive impact pressure, large roll motions
and so on [38].

IMO also adressed parametric rolling through several revised technical
notes and documents ([55] [56] [57] [58] [59]). IMO, for instance, has pub-
lished revised guidance for the ship master for avoiding dangerous situations
in adverse weather and sea conditions in resolution MSC.1/Circ.1228 and
the physical phenomena connected with parametric roll motions are ex-
plained. Operational guidance on how to avoid dangerous conditions with
risk of successive high waves in following and head seas is given. The possi-
bility of inception of parametric roll in head-sea waves is explained. Para-
metric rolling is considered dangerous not only in terms of possible capsize
but also as a threat for cargo handling, due to the potentially significant
accelerations involved.

As it was mentioned before, ITTC published a recommended procedures
and guidelines for predicting the occurrence and magnitude of parametric
rolling in 24th ITTC [60], [34]. They explain the parametric rolling basic
concepts, prediction of occurrence of this phenomenon and the amplitude of
the roll motion in case of its occurrence based on a 1-DOF model. They also
discussed the effect of motions coupling on the parametric-roll occurrence.

1.4 Literature about use of the anti-roll tanks

The effectiveness of a passive free surface anti-roll tank (ART) in avoiding
parametric rolling for a fishing vessel is investigated in this thesis by numer-
ical simulations and experiments. The numerical simulations are validated
with experiments and will be shown in chapter 7 of this thesis. For this
reason, a literature survey is performed for the anti-roll tanks.

Many studies investigated the effect of anti-roll tanks on the roll motions
and parametric rolling. Van den Bosch et al. [61] examined experimentally
the concept of free-surface tanks as source of roll damping. They did many
experiments for many cases of a passive anti-roll tank which could be a good
benchmark for free-surface tank analysis in terms of provided roll moment.
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When the sloshing natural frequency is equal (or a bit lower) than the ship
natural roll frequency, then the tank roll moment is in phase with minus
roll velocity at resonance and acts as an extra damping to the system.
The general procedure for designing of the passive tanks is also provided.
The authors pointed out that this device could provide enough damping to
control self-excited oscillations and roll motion increase. More explanations
about the mechanism of this type of anti-roll tanks can be found in section
7.1.

A complete theoretical study on passive U-tube tank, as well as discus-
sion on the tank damping, tank mass, location relative to ship CG (Center of
Gravity) and tuning is covered in detail by Gawad et al. [62]. They showed
that an optimum tank position is at or above the ship CG for highest damp-
ing and lowest ship roll amplitude. They stated that a light stabilizer might
not be strong enough and a very heavy one is dangerous in lowering the
metacentric height too much besides occupying too much space. They sug-
gested that the tank mass-to-ship mass ratio of 3.5% will lead to the optimal
tank mass.

Shin et al. [63] investigated the influence of U-tube anti-roll tanks on roll
motion in container ships. They used a computer program and calculated
the maximum roll angle in different wave frequencies in regular waves. They
showed that the passive U-tube tank might be a very effective device to avoid
mitigation of parametric rolling in many scenarios.

The use of sponsons and anti-roll tanks has been investigated by Umeda
et al. [64]. Sponsons are some extra parts attached to the ship body around
the water line, to reduce the time variation of roll restoring and consequently
the reduction of roll amplitude. Their model experiments on a 6600TEU
container ship showed that the sponsons with width of 11.7% percent of
the ship breadth could reduce the maximum roll amplitude from 20 degrees
to 15 degrees with a wavelength-to-ship length ratio equal of 1.6. They
also showed experimentally that installing an anti-roll tank would avoid
completely parametric rolling for a wavelength-to-ship length ratio equal of
1.3. They also concluded that an anti-roll tank with a size of 1.65 percent of
the ship displacement is an economic option for risk control of parametric
rolling during the 20 years trans-Pacific services.

Marzouk et al. [65] examined numerically the effectiveness of active
and passive anti-roll U-tube tanks for a Series 60-cargo ship in rough sea-
states. They found out that the roll motion is more severe in following,
quartering and head seas, so they focus their anti-roll tank analysis on
these three conditions. The studies demonstrated that active anti-roll tanks
outperforms the passive ones. They stated that the active ones are more
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effective in reducing the roll motion, they require much less working liquid
and their performance is insensitive to their natural frequencies and so to
their geometric design. But the active system costs for installation and
maintenance are of course higher than those for the passive one.

Neves et al. [66] investigated the effect of anti-roll U-tube tanks on
parametric rolling for a small vessel with transom stern. The numerical
simulations were done for four tanks with different designs to study the
effect of the tank mass, tank natural frequency and tank internal damp-
ing and vertical position of the tank on the control of parametric rolling.
They concluded that the use of an anti-roll tank may eliminate parametric
rolling amplification at some conditions, but they emphasized that some
experimental studies are required for more analysis.

In spite of all research done, the literature lacks in some areas. Paramet-
ric rolling is reported for many fishing vessels, but the lack of experimental
data as a research benchmark and the need for more numerical studies of
this phenomenon for this kind of ships are clearly felt. Numerical and ex-
perimental investigations on the effect of anti-roll tanks are also limited in
the current literature.

1.5 Current study

1.5.1 Thesis Outline

After the introduction in this chapter, the seakeeping formulation in reg-
ular waves is introduced in the next chapter and some validation of such
approach is also presented for different parts. In chapter 3, the tank sloshing
model and its coupling with main seakeeping solver is introduced and the
sloshing solver and the coupled seakeeping-sloshing tank solver are validated
by comparing the numerical results against different experimental results.
In chapter 4, the SFH112 fishing vessel and the experimental set-up used
in CNR-INSEAN (Rome, Italy) are discussed in detail. The results of a 5-
DOF numerical solver based on the frequency domain STF strip theory for
a C11 class post-Panamax container ship are described in chapter 5. The
results of the experiments and the final 3D numerical simulations for the
cases of the fishing vessel without anti-roll tank, with and without forward
speed are presented in chapter 6. The study on the effect of anti-roll tank
and the experimental and numerical simulation results for these cases are
presented in chapter 7. The final conclusions, summary and suggestions for
further work are given in chapter 8.
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1.5.2 Main Contributions

A new time domain numerical seakeeping solver is developed for studying
the parametric rolling instability, its occurrence and features. This tool has
also the capability of accounting of the tanks on-board the vessel with CFD
calculations. Some dedicated experiments are performed to study the para-
metric roll resonance and the effectiveness of a free surface anti-roll tank.
The numerical model and the experiments have some new aspects which are
listed below:

1- Different numerical solvers with different level of sophistication were
developed and used in the numerical study of the parametric rolling in this
thesis. First, a linear seakeeping formulation based on the STF strip theory
(Salvesen et al. [1]) with some non-linear modifications (as explained in
chapter 2), which are necessary for capturing the parametric rolling phe-
nomenon was used. This solver showed good capability in capturing PR
in ships with certain slender hulls. For cases with more bluff bodies with
higher beam-to-length ratio, where the 3D effects are more important, we
developed further another simulator. We used the so-called hybrid method
to solve the radiation and diffraction problems in cases with forward speed
based on the solutions of cases without forward speed from a 3D code. This
method is quite new and practical. For instance, one can use the existing
codes for the wave-body interaction at zero forward speed (like WAMIT)
to obtain the results in cases with forward speed. The Froude-Krylov and
restoring forces are calculated in time with integrating the incident wave dy-
namic pressure and hydrostatic pressure on the wetted surface of the ship
up to the incident wave elevation and accounting for the body motions.
The effect of using the weak-scatterer assumption in modifying the radia-
tion and diffraction loads is also modelled and studied. This solver is a 3D
6-DOF time-domain code with weak-scatterer assumption. The complete
code was developed in this project and only the weak-scatterer assumption
part, water on deck and bottom slamming loads are implemented from an-
other solver [67]. The water on deck and bottom slamming loads did not
show any effect on the parametric rolling in this study.

2- A computational fluid dynamic (CFD) sloshing solver was also cus-
tomized in OpenFOAM platform and was validated against several experi-
mental data in literature. This solver was coupled to our seakeeping solver
in an iterative fashion. It was shown that non-iterative coupling does not
give acceptable results. The new coupled solver which was quite fast (com-
paring to CFD codes), shows good agreement with experimental results.
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This coupled solver was validated against the experimental results in [5]
for a system of 1-DOF motion with tank onboard. The agreement with
experimental results is good. Besides, it shows that our solver is capable
of predicting the ship motions in the sloshing resonance frequency better
than non-linear sloshing results presented in [5]. The coupled solver was
also validated against the experiments for the 6-DOF motions of SFH112
fishing vessel with anti-roll tank. It could predict most of the cases with
and without parametric rolling instability. This coupled solver benefits from
both low computational time of the potential-flow method (in the seakeep-
ing part of the solver) and the accuracy of the CFD method (in the sloshing
part of the solver).

3-New sets of experiments for the parametric resonance investigation
in a fishing vessel with and without forward speed are performed together
with professor Claudio Lugni as the principle investigator. The experimen-
tal data is analyzed as part of this PhD project afterwards. These experi-
ments are performed for cases with Froude number Fn = 0, Fn = 0.09 and
Fn = 0.18 in the wave frequencies near the parametric-roll resonance. All
cases of these experiments are simulated using the numerical solver and the
results are compared against each other and show good agreement. These
experimental data could be a valuable benchmark for validating different
numerical simulations.

4-New experiments are also performed (under the leadership of Prof.
Claudio Lugni) to study the effect of free surface anti-roll tank in avoiding
parametric resonance in roll. The experiments are performed for different
tank widths. All of these cases are simulated numerically also and the re-
sults are compared against each other which show good agreement. Besides,
the effect of tank width in avoiding the parametric roll is studied.

The results of this thesis have been published and presented in two con-
ferences ([12] and [68]) and two journal papers are also under preparation.
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Chapter 2

Seakeeping formulation in
regular waves

2.1 General assumptions

A numerical simulator is developed to study the parametric resonance in
roll motion of a ship in regular waves. For studying this phenomenon, we
used a linear seakeeping formulation with some non-linear modifications,
which are necessary for capturing the parametric rolling phenomenon. The
linear theory means that the wave-induced motions of the vessel are linearly
proportional to the wave amplitude ζa of the incident low-steepness regular
waves. The combination of non-linear modification with the linear method
has proven to be fast in computation and able to deliver interesting results
[69]. Since the fishing vessel that is studied (in chapters 6 and 7) has a high
beam to length ratio, a 3D hybrid method, which combines the STF strip
theory (Salvesen et al. [1]) with a 3D zero-forward speed Green function
method has been used to capture some of the 3D effects of the flow around
the hull. First, we describe the Boundary Value Problem (BVP) and then
the formulation, which solves it.

Three coordinate systems are used to describe the ship position and its
motions. The Earth-fixed coordinate system (X,Y, Z) is a fixed, inertial,
right-handed coordinate system with positive Z axis pointing upward and
XY plane in the undisturbed free surface. The x′y′z′ coordinate system is
a non-inertial right handed coordinate system, which is fixed to the body
and moves (translational and rotationally) with the ship in time. The x′

axis points to the ship bow and the y′ axis points to the ship port. The
origin of the coordinate system lies in the undisturbed free surface when the
ship has no oscillatory motions and z′ axis points upward and goes through
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the center of gravity of the ship. The third coordinate system is xyz and
is called the seakeeping coordinate system. This is an inertial right handed
coordinate system and only moves with the ship mean forward speed. This
coordinate system is identical to the x′y′z′ coordinate system in a steady
forward equilibrium condition. The equations governing the ship motions
could be written in the xyz or x′y′z′ coordinate systems and are solved in
time but the final motions of the ship are provided in the xyz frame. The
schematic view of all the mentioned coordinate systems is shown in the Fig.
2.1.

Figure 2.1: Representation of the three coordinate systems.

2.2 Wave body interaction problem

Consider a ship is navigating with mean forward speed U in deep water
regular waves, and a mean heading angle Ψ, where the head sea corresponds
to Ψ = 180◦ and the following sea to Ψ = 0◦. The ship oscillates in a steady
state condition with the encounter frequency ωe which is defined as follows:

ωe = ω0 − kUcos (Ψ) (2.1)

Here ω0 is the incident-wave circular frequency and k is the wave number
which is equal to ω0

2

g based on the linear dispersion relation in deep water.
We use the potential-flow theory, which means that the fluid is inviscid,
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homogenous and incompressible with irrotational flow. The water velocity
is described by the velocity potential φ = φ (x, y, z, t) in the inertial frame.
This velocity potential should satisfy Laplace’s equation:

∇2φ =
∂2φ

∂x2
+
∂2φ

∂y2
+
∂2φ

∂z2
= 0 (2.2)

in the water domain where ‘∇2’ is the Laplace operator. Following
Bernoulli’s equation, we will find the water pressure as follows:

p− pa = −ρ∂φ
∂t
− 1

2
ρ (∇φ.∇φ)− ρgz + C (2.3)

where pa is the atmospheric pressure, ρ is the water density, g is the
gravitational acceleration, t is the time variable and ‘.’ means scalar prod-
uct. C is a constant calculated from the pressure on the free surface. By
rewriting the Eq. 2.3 for a point on the free surface and far away from
the body (with no disturbances from the body and no incident waves) we
obtain,

C =
1

2
ρU2 (2.4)

Here U is the ship forward speed. Now we should define the boundary
conditions to complete the problem for φ, governed by the partial differential
Eq. 2.2. The first boundary conditions are the free-surface kinematic and
dynamic conditions. Based on the kinematic condition, on the free surface
z = ζ(x, y, t), the water particle should remain on free surface which is
shown as follows:

D

Dt
(z − ζ) = 0 on z = ζ (2.5)

D
Dt = ∂

∂t +∇φ.∇ is the material (Lagrangian) derivative and expresses
the rate of change in time if we follow the water particle. Based on the
dynamics free-surface condition, the pressure of the particles on the free
surface should remain atmospheric:

∂φ

∂t
+

1

2
|∇φ|2 + gζ − 1

2
U2 = 0 on z = ζ (2.6)

So we have:

ζ = −1

g
(
∂φ

∂t
+

1

2
|∇φ|2 − 1

2
U2) on z = ζ (2.7)
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By combining the two free-surface boundary conditions (Eqs. 2.5 and
2.7), ζ could be eliminated and we will have the following condition as free
surface boundary condition:

∂2φ

∂t2
+ 2∇φ.∇

(
∂φ

∂t

)
+

1

2
∇φ.∇ (∇φ.∇φ) + g

∂φ

∂z
= 0 on z = ζ (2.8)

The body boundary condition simply states that the water cannot pene-
trate the solid body surface. For satisfying this condition, the fluid velocity
normal to the body surface should be equal to the velocity of the body’s
surface in that direction:

∂φ

∂n
= ~n.~V on SB (2.9)

where ~n = (n1, n2, n3) is the normal vector of the body pointing out (of
the body) to the fluid, ~V is the body velocity and SB is the instantaneous
wetted body surface.

The other boundary condition to be considered is bottom boundary
condition. By assuming infinite water depth, this condition shows that the
disturbances caused by the body fades out far down from the body and
reads:

∇φ→ 0 as z → −∞ (2.10)

The other condition to be considered is initial or radiation condition.
When the time domain solution is considered, the initial condition (def-
inition of the initial elevation and velocity potential on the free surface)
must be defined. When the steady-state assumption is used, the radiation
condition should be used. The radiation condition is to ensure the unique-
ness of the solution. These conditions make a complete 3D boundary value
problem.

In case of a ship with the presence of incident waves, by assuming that
the unsteady problem is linear in incident wave amplitude, we can use the
superposition principle and split the seakeeping problem in radiation and
diffraction problems providing the hydrodynamic loads acting on the vessel.
In that regard, the radiation and diffraction problems for the case without
forward speed are solved separately using the WAMIT code ([70]) which
provides us with the velocity potential of radiation and diffraction problems.
Then we will use these two solutions and the incident wave potentials for
calculating all forces and moments as discussed in the following sections.
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2.2.1 Radiation Loads

The radiation problem is defined as the forced-harmonic oscillation of a
body with no incident waves. These motions make disturbances in the
flow around the body, which leads to hydrodynamic forces and moments
on the body, called radiation loads. The linearized problem of a vessel
moving with mean constant forward speed U along a straight line and with
small oscillations around the mean position is considered. Then the so-
called 3D hybrid method in combination with the STF method (Salvesen
et al. [1]) and a 3D zero forward speed Green function method is used to
calculate added mass and damping coefficients. This approach is used in
some literature before like Loken (1989), Papanikolaou and Schellin (1992),
McTaggart (2002) and Thys (2013) [69].

Following Salvesen et al. [1], the total velocity potential is decomposed
as follows:

φ (x, y, z, t) = [−Ux+ φS (x, y, z)] + φT (x, y, z) eiωet (2.11)

Here the velocity potentials are divided in steady component due to
forward speed in calm water (φS) and unsteady component related to the
incident wave system and the unsteady body motions (φT ). The effect of
the local steady on the unsteady part is neglected. The time dependent
part itself is divided into eight parts as follows:

φT = φI + φD +

6∑
j=1

φjξj (2.12)

where φI is the velocity potential due to incident wave, φD is the diffraction
velocity potential (which will be explained in the next section) and φj is
the radiation potential due to unit amplitude of motion in jth mode and ξj
is the complex amplitude of the motion in jth mode in inertial seakeeping
frame. As it is stated also in the Eq. 2.12, we have 6 rigid modes, i.e.
translational surge, sway and heave motions, respectively, along x, y and z,
and rotational roll, pitch and yaw motions, respectively, around x, y and
z. For solving the whole problem and finding the values of these potentials,
they should satisfy the Laplace’s equation in the water domain plus the
linearized combined free-surface boundary condition enforced on the mean
free surface (z = 0) and the body boundary condition on the mean wetted
surface S0 in addition to the bottom and radiation conditions.
We will solve the problem and find all these velocity potentials by combining
the 3D hybrid method and the results of a zero forward speed Green function
frequency domain code (WAMIT [70]). We explain the radiation problem
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in this section, while the diffraction problem will be discussed afterwards.
Also the inclusion of non-linear effects in the hydrodynamic loads and in the
incident-wave description will be examined later in the text.The linearized
free surface condition for the radiation problem is as follows:(

iωe − U
∂

∂x

)2

φj + g
∂

∂z
φj = 0 on z = 0 (2.13)

and the body boundary condition is:

∂φj
∂n

= iωenj + Umj on S0 (2.14)

Here nj is defined as:

(n1, n2, n3) = ~n and (n4, n5, n6) = ~r × ~n (2.15)

where × means the vector product and ~r = x~i + y~j + z~k is the position
vector of any arbitrary point on the body.

The second term in the right hand side of the Eq. 2.14 accounts for
interaction between the steady and the oscillatory flow field and, as stated
in the Salvesen et al. [1], the generalized vector for mj could be written as
follows:

mj =


0 j = 1, 2, 3, 4
n3 j = 5
−n2 j = 6

(2.16)

for low forward speed or a high frequency of encounter, the linearized
combined free-surface condition Eq. 2.13 reduces to

−ω2
eφj + g

∂

∂z
φj = 0 on z = 0 (2.17)

which is formally the same as for zero-forward speed but involves the en-
counter frequency.Under these assumptions, the radiation velocity potential
can be found as:

φk =


φ0
k k = 1, 2, 3, 4

φ0
5 +

Uφ03
iωe

k = 5

φ0
6 −

Uφ02
iωe

k = 6

(2.18)

Here φ0
k is the oscillatory potential component for zero forward speed.

One should note that the STF method considers the 2D Laplace equation in
the cross sectional planes while the considered hybrid method retains the 3D
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Laplace equation. Only the relation between zero forward speed potentials
and speed dependent potentials are used from the STF method.

As mentioned earlier, this frequency-domain problem is solved using a
zero forward speed Green function method by WAMIT code [70]. Then we
can find the hydrodynamics loads (except the restoring loads, which will
be explained later) by integrating the pressure over the mean wetted body
surface as follows:

F radj = −ρ
∫∫
S0

nj

(
iωe − U

∂

∂x

) 6∑
k=1

φkξkds =

6∑
k=1

Tjkξk (2.19)

Here, j = 1, ..., 6 refers to surge, sway, heave, roll, pitch and yaw modes
of motions.The symbol F radj indicates the jth component of the generalized
radiation force, which is a six-component vector with first 3 components
the radiation forces and second 3 components the radiation moments. The
term Tjk is introduced here and is the load exerted in the body in the jth
direction due to unit oscillatory displacement in kth mode and is as follows:

Tjk = ρ

∫∫
S0

nj

(
iωe − U

∂

∂x

)
φkds (2.20)

Due to the definition for velocity potential in WAMIT code, and com-
bining Eq. 2.20 and Eq. 2.18 we can write Tjk in the form :

Tjk =



ρ
∫∫
S0

nj
(
iωe − U ∂

∂x

)
(iωeφk) ds k = 1, 2, 3, 4

ρ
∫∫
S0

nj
(
iωe − U ∂

∂x

) (
iωeφ

0
5 + Uφ0

3

)
ds k = 5

ρ
∫∫
S0

nj
(
iωe − U ∂

∂x

) (
iωeφ

0
6 − Uφ0

2

)
ds k = 6

(2.21)

The added mass Ajk and damping Bjk coefficients are related to Tjk as
follows:

Tjk = ω2
eAjk − iωeBjk (2.22)

Here we can approximate the hydrodynamic coefficients as given in Eqs.
2.23 and 2.24, i.e. the added mass and dampings for zero forward speed.

A0
jk (ωe) = −ρ

∫∫
S0

njRe(φ
0
k)ds (2.23)
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B0
jk (ωe) = ρωe

∫∫
S0

njIm(φ0
k)ds (2.24)

We also define two extra terms (Eqs. 2.25 and 2.26) to facilitate showing
the formulation of added mass and dampings for cases with forward speed.

dA0
jk (ωe) = −ρ

∫∫
S0

njRe

(
∂φ0

k

∂x

)
ds (2.25)

dB0
jk (ωe) = ρωe

∫∫
S0

njIm

(
∂φ0

k

∂x

)
ds (2.26)

Now based on Eq. 2.21 and Eqs. 2.23 to 2.26, we can find the added
mass and dampings for cases with forward speed. For k = 1, 2, 3, 4 we can
write:

Ajk (U, ωe) = A0
jk (ωe) +

U

ωe2
dB0

jk (ωe) (2.27)

Bjk (U, ωe) = B0
jk (ωe)− UdA0

jk (ωe) (2.28)

with the same procedure for k = 5 we can write:

Aj5 (U, ωe) = A0
j5 (ωe)−

U

ωe2
B0
j3 (ωe)+

U

ωe2
dB0

j5 (ωe)+
U2

ωe2
dA0

j3 (ωe) (2.29)

Bj5 (U, ωe) = B0
j5 (ωe) + UA0

j3 (ωe)− UdA0
j5 (ωe) +

U2

ωe2
dB0

j3 (ωe) (2.30)

and for k = 6 we will have:

Aj6 (U, ωe) = A0
j6 (ωe)+

U

ωe2
B0
j2 (ωe)+

U

ωe2
dB0

j6 (ωe)−
U2

ωe2
dA0

j2 (ωe) (2.31)

Bj6 (U, ωe) = B0
j6 (ωe)− UA0

j2 (ωe)− UdA0
j6 (ωe)−

U2

ωe2
dB0

j2 (ωe) (2.32)
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We also need to have the value of these coefficients for zero and infinite
frequency. The limiting frequency values for ωe = 0 could be obtained by
the following equations:

Ajk (U, 0) = A0
jk (0) k = 1, 2, 3, 4 (2.33)

Bjk (U, 0) = −UdA0
jk (0) k = 1, 2, 3, 4 (2.34)

Aj5 (U, 0) = A0
j5 (0) + lim

ωe→0

(
U2

ω2
e

dA0
j3 (ωe)

)
(2.35)

Bj5 (U, 0) = UA0
j3 (0)− UdA0

j5 (0) (2.36)

Aj6 (U, 0) = A0
j6 (0)− lim

ωe→0

(
U2

ω2
e

dA0
j2 (ωe)

)
(2.37)

Bj6 (U, 0) = −UA0
j2 (0)− UdA0

j6 (0) (2.38)

And for ωe =∞ could be obtained by the following equations:

Ajk (U,∞) = A0
jk (∞) k = 1, 2, 3, 4 (2.39)

Bjk (U,∞) = −UdA0
jk (∞) k = 1, 2, 3, 4 (2.40)

Aj5 (U,∞) = A0
j5 (∞) (2.41)

Bj5 (U,∞) = UA0
j3 (∞)− UdA0

j5 (∞) (2.42)

Aj6 (U,∞) = A0
j6 (∞) (2.43)

Bj6 (U,∞) = −UA0
j2 (∞)− UdA0

j6 (∞) (2.44)

As suggested by Thys [69], to remove the singularity of the second terms
in Eq. 2.35 and 2.37, the lower limit of L/ (0.01g) is used for the term 1

ωe
2 ,

where L is the ship length.
Now as an example we consider the C11 post-Panamax container ship.

The main particulars of the hull and the bodyplan of this ship are shown in
Tab. 2.1 and Fig. 2.2:
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Table 2.1: Hull properties of C11 post-Panamax container ship

Length L ≡ Lpp 262m
Beam B 40m
Draft D 12.34m

Block Coefficient CB 0.66
Vessel Displacement 76056ton

VCG (Vertical Center of Gravity) above keel 17.51m
Transverse metacentric height GMT 1.97m

Roll Radius of Gyration kxx 0.34B
Pitch and Yaw Radius of Gyration kyy, kzz 0.24L

(a) C11 Bodyplan (b) C11 cross sections

Figure 2.2: C11 container ship body plan and cross sections

The non-dimensional added mass and damping coefficients of this vessel
for Fn = 0 are shown in Figs. 2.3 and 2.4. The effect of the irregular
frequencies, i.e. frequencies where the numerical solution blows up but nor-
mally out of the practical frequency range, in the hybrid method coefficients
could be seen clearly. A lid is inserted on the free surface inside the ship to
minimize the irregular frequencies.
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Ā
4
2

0 2 4 6 8
0

0.5

1
x 10

−3

Ā
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Ā
4
6

0 2 4 6 8
−0.1

0

0.1

Ā
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Figure 2.3: Non-dimensional added mass coefficients for C11 post-Panamax
container ship with STF strip theory (Salvesen et al. [1]) and 3D method
for Fn = 0.
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Figure 2.4: Non-dimensional damping coefficients for C11 post-Panamax
container ship with STF strip theory (Salvesen et al. [1]) and 3D method
for Fn = 0.
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The values in the Figs. 2.3 and 2.4 are made non-dimensional as follows:

Āij =
Aij
ρ∇

, B̄ij =
Bij

ρ∇
√

g/L
i = 1, 2, 3 and j = 1, 2, 3 (2.45)

Āij =
Aij
ρ∇L

, B̄ij =
Bij

ρ∇L
√

g/L
i = 1, 2, 3 and j = 4, 5, 6 (2.46)

Āij =
Aij
ρ∇L

, B̄ij =
Bij

ρ∇L
√

g/L
i = 4, 5, 6 and j = 1, 2, 3 (2.47)

Āij =
Aij
ρ∇L2

, B̄ij =
Bij

ρ∇L2
√

g/L
i = 4, 5, 6 and j = 4, 5, 6 (2.48)

where ∇ is the ship displacement.
As it can be seen, there are clear differences in some coefficients which

are due to 3D effects of the geometry of the vessel. Please note that since the
STF strip theory (Salvesen et al. [1]) does not consider the surge motion,
the values related to surge are zero in the graphs.

2.2.1.1 Radiation Loads in frequency and time domain

Once the added mass and damping terms are calculated, we can calculate
the steady-state radiation loads as follows:

F radj (U, ωe) = −
6∑

k=1

Ajk (U, ωe) δu̇k −Bjk (U, ωe) δuk (2.49)

where δu̇k and δuk are the perturbation acceleration and perturbation veloc-
ity vectors, respectively. In interaction of ship and waves, the time domain
simulations might be needed where one needs to account for the transient
parts of the problem. The radiation forces in frequency and time domain
can be related through Fourier transform and as Cummins [2] showed, the
time-domain radiation loads could be written as:

F radj (U, t) = −
6∑

k=1

A∗jkδu̇k(t) +B∗jkδuk(t) + C∗jkηk(t) +

t∫
0

Kjk (t− τ, U) δuk (τ) dτ


(2.50)
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where ηk is the instantaneous (real) ship displacement from the mean posi-
tion of the ship at time t.Kjk is the retardation function and A∗jk, B

∗
jk and

C∗jk are speed dependent load coefficients. By assuming oscillatory motions
with frequency of ωe and considering the radiation loads terms in time and
frequency domain we can write:

−A∗jk +
C∗jk
ω2
e

+
1

ωe

∞∫
0

Kjk (τ, U) sin (ωeτ) dτ = −Ajk (U, ωe) (2.51)

B∗jk +

∞∫
0

Kjk (τ, U) cos (ωeτ) dτ = Bjk (U, ωe) (2.52)

By evaluating the Eqs. 2.51 and 2.52 for zero and infinite encounter
frequency we can obtain the A∗jk, B

∗
jk and C∗jk coefficients as follows:

A∗jk = Ajk (U,∞) (2.53)

B∗jk = Bjk (U,∞) (2.54)

C∗jk = Cradjk = −ωe2Ajk (U, ωe) | ωe → 0
(2.55)

The convolution integral term could be re-written as:

t∫
0

Kjk (t− τ, U) δuk (τ) dτ =

t∫
0

Kjk (τ, U) δuk (t− τ) dτ (2.56)

In fact by integrating from 0 to t, we have the memory effect of the mo-
tions in the past and integrate all their effects. By plotting the retardation
function in time, we can see that it tends to zero very quickly in time, so
normally for saving the computational time, the researchers do the integra-
tion from t− t∗ to t. There are many estimates for t∗, but we use the value
of t∗ = 12

√
L/g (Maxime Thys [69]). A simple sensitivity study can assess

if t∗ is enough or not.

The retardation function could be obtained by applying an inverse Fourier
transform to Eq. 2.51 or 2.52. The latter is simpler and normally is used in
the literature and is as follows:
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Kjk (t, U) =
2

π

∞∫
0

(Bjk (U, ωe)−Bjk (U,∞)) cos (ωet) dωe (2.57)

The computation of the retardation function needs the values of damping
coefficients in all frequencies from 0 to ∞. In fact the values at limiting
values of frequency could be calculated. Normally in the panel method
codes, the panel sizes are a function of frequency. The panel size is a fraction
of wave length corresponding to the examined oscillation frequency, so for
small frequency there is no problem and the damping coefficients can be
easily calculated. But there is a numerical challenge, both in terms of
memory space and on numerical accuracy, at high frequencies because the
panel sizes must reduce for increasing frequencies. On the other hand, for
ωe →∞, the radiation damping must go to zero. So the practical solution
for this problem is that the damping coefficients are calculated up to a
threshold frequency (let us name it Ω) and we extrapolate the damping-
coefficient values from Ω to ∞, as explained below. It is convenient to
express the retardation function in terms of speed independent and speed
dependent terms. Now we can write the retardation function as follows:

Kjk (t, U) = K0
jk + UKu

jk + U2Ku2

jk + χjk (2.58)

where, K0
jk, K

u
jk and Ku2

jk are the speed independent terms, terms dependent

on U and terms dependent on U2, respectively. χjk is a term added to
compensate for the truncation error. This truncation error is based on
an expansion of the zero speed damping coefficients for frequencies higher
than Ω. Journee [71] proposed c1

ω3
e

for extending the zero speed diagonal

damping terms. But based on [69], c2
ω2
e

is simpler and provides more practical

extensions. c2 is a constant that should be calculated for each damping term
from matching the extended and main damping curve at ω = Ω.

By combining the Eqs. 2.58 and 2.57, we will have:

K0
jk =

2

π

Ωe∫
0

B0
jk (ωe) cos (ωet) dωe (2.59)

Ku
jk =

2

π

Ω∫
0

−
(
dA0

jk (ωe)− dA0
jk (∞)

)
cos (ωet) dωe (2.60)

Ku2

jk = 0 (2.61)
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for k = 1, 2, 3, 4.
For k = 5 we will have:

K0
j5 =

2

π

Ωe∫
0

B0
j5 (ωe) cos (ωet) dωe (2.62)

Ku
j5 =

2

π

Ωe∫
0

[
B0
j3 (ωe)

sin (ωet)

ωe
−
(
dA0

j5 (ωe)− dA0
j5 (∞)

)
cos (ωet)

]
dωe

(2.63)

Ku2

j5 =
2

π

Ωe∫
0

dB0
j3 (ωe)

cos (ωet)

ωe2
dωe (2.64)

Note that we have used the following relation:

Ωe∫
0

(
A0
jk (ωe)−A0

jk (∞)
)

cos (ωet) dωe =

Ωe∫
0

B0
jk (ωe)

sin (ωet)

ωe
dωe (2.65)

When k = 6, we will have:

K0
j6 =

2

π

Ωe∫
0

B0
j6 (ωe) cos (ωet) dωe (2.66)

Ku
j6 =

2

π

Ωe∫
0

[
−B0

j2 (ωe)
sinωet

ωe
−
(
dA0

j6 (ωe)− dAj6 (∞)
)

cos (ωet)

]
dωe

(2.67)

Ku2

j6 = − 2

π

Ωe∫
0

dB0
j2 (ωe)

cosωet

ωe2
dωe (2.68)

We divide the correction terms in speed dependent and speed inde-
pendent terms similarly as in Eq. 2.58. For the correction terms, for
k = 1, 2, 3, 4 we have:

χ0
jk =

2

π
B0
jk (Ωe) Ωe

2

∞∫
Ωe

cosωet

ωe2
dωe (2.69)
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χujk = 0 (2.70)

χu
2

jk = 0 (2.71)

For k = 5 we have:

χ0
j5 =

2

π
B0
j5 (Ωe) Ωe

2

∞∫
Ωe

cosωet

ωe2
dωe (2.72)

χuj5 =
2

π
B0
j3 (Ωe) Ωe

2

∞∫
Ωe

sinωet

ωe3
dωe (2.73)

χu
2

j5 = 0 (2.74)

Similarly for k = 6 we can obtain the correction terms as follows:

χ0
j6 =

2

π
B0
j6 (Ωe) Ωe

2

∞∫
Ωe

cosωet

ωe2
dωe (2.75)

χuj6 = − 2

π
B0
j2 (Ωe) Ωe

2

∞∫
Ωe

sinωet

ωe3
dωe (2.76)

χu
2

j6 = 0 (2.77)

The solution of some of these integrals are given in appendix A.
As an example, we examine the transient heave motion of a 2D semi-

circular body with beam-to-draft ratio B/T = 2, without excitation forces.
We consider a 1-DOF equation of motion with the convolution integral term
and without excitation forces. The radiation forces are calculated based on
STF strip theory (Salvesen et al.[1]) using a 2D frequency domain BEM
(Boundary Element Method) code [72]. The mass is the mass per unit
length here. The heave restoring coefficient C33 can be calculated using
later Eq. 2.91. The heave motion and velocity are shown for two cases.
In Fig. 2.5 they are compared in time against the values from Yeung [73],
based on a 2D time-domain BEM, and against experiments from Ito et al.
[74] with an acceptable agreement.
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Figure 2.5: Transient heave response of a 2D semi-circular section with
beam-to-draft ratio B/T = 2 for unit non-dimensional displacement and
zero velocity at initial condition. Top: non-dimensional displacement. Bot-
tom: non-dimensional velocity. a is the section radius.
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Another example for unit non-dimensional velocity and zero displace-
ment as initial condition is shown and compared with Yeung [73] in Fig.
2.6. The comparison shows a good agreement also for this case.
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Figure 2.6: Transient heave response of a 2D semi-circular section with
beam-to-draft ratio B/T = 2 for unit non-dimensional velocity and zero dis-
placement at initial condition. Top: non-dimensional displacement. Bot-
tom: non-dimensional velocity. a is the section radius.
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2.2.2 Non-linear Froude-Krylov and restoring loads

In linear theory, the Froude-Krylov loads are obtained integrating the incident-
wave linear hydrodynamic pressure along the mean wetted surface of the
body up to z = 0. The linear restoring coefficients are also calculated based
on later Eqs. 2.91 to 2.94. If the integration of the related pressure is done
over the instantaneous wetted surface of the body, say S∗B, the non-linear
loads are calculated and could be written as generalized force, i.e.:

~F
non−lin

= −
∫∫
S∗
B

p~ndS (2.78)

where p is the pressure (incident-wave linear hydrodynamic pressure
for the Froude-Krylov loads and the hydrostatic pressure for the restoring
loads), and ~n is the generalized normal vector with components defined in
Eq. 2.15. In the numerical solution of the problem, the ship is discretized
in quadrilateral and triangular panels, depending on the local body geom-
etry, and at any time step, the wetted part of the body is identified by the
submerged panels considering the ship motions and the incident wave sur-
face. It should be noted that when non-linear restoring loads are calculated,
the loads also include the mean buoyancy which balances the ship weight.
Therefore, the ship weight should also be considered in the equations of
motions.

Checking the triangular elements in terms of being submerged or half
submerged or totally out of water is much simpler than checking the quadri-
lateral elements and the reason is the fewer possible options for triangular
elements. Therefore, for simplicity, first we convert all the quadrilateral
panels to triangular panels. Then by knowing the incident-wave elevation
everywhere and also the rigid body motions at any time step, we can check
all the panels for finding the wetted surface of the ship. Four different sit-
uations could occur for any panel ([69]):
1- The panel is totally submerged. The pressure is calculated at the panel
center and then the force is computed by multiplying the pressure with the
panel area and normal vector.
2- The panel is totally out of water. Then the force is zero on this panel.
3- Two corners of the panel are submerged. Then we have to find the sub-
merged part of the panel which is a quadrilateral panel. we divide the new
quadrilateral panel in two triangular panels and find the forces as situation
1.
4- One corner of the panel is submerged. So we can find the submerged part
of this panel as a triangular panel and find the forces as step 1 again.
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2.2.3 The undisturbed regular incoming waves

The linear wave theory or non-linear wave theories could be used to describe
the undisturbed incoming regular waves. The linear and second order Stokes
waves or any other higher-order wave theories could be used in this regard.
We used the linear and second-order Stokes waves for describing the inci-
dent waves. The results in chapter 5 (parametric rolling investigation of
the C11 class containership using frequency domain strip theory) are calcu-
lated by linear wave theory and the results in chapters 6 and 7 (parametric
rolling investigation on the fishing vessel using time domain 3D theory) are
obtained using the second-order Stokes wave theory. The velocity potential
and pressure in linear and second-order Stokes waves are given in Tab. 2.2:



Table 2.2: Wave profile, velocity potential and pressure according to the
linear and second-order Stokes wave theory for a wave propagating along
positive X axis.

Linear wave theory Second order Stokes wave theory

free surface elevation ζacos (θ) ζa
4 cos (θ) + πζa

2

16λ cos (2θ)

for −∞ < Z ≤ 0

velocity potential gζa
ω0
ekZ sin (θ) gζa

4ω0
ekZ sin (θ)

dynamic pressure ρgζae
kZ cos (θ) ρgζa

4 ekZ cos (θ)− πρgζa
2

16λ e2kZ

hydrostatic pressure −ρgZ −ρgZ

for 0 < Z ≤ ζ

velocity potential gζa
ω0

sin (θ) gζa
4ω0

sin (θ) + Zω0ζa
4 sin (θ)

dynamic pressure ρgζa cos (θ) ρgζa
4 cos (θ)− πρgζa

2

16λ + Zρgζak
4 cos (θ)

hydrostatic pressure −ρgZ −ρgZ

where ζa is the wave amplitude, k is the wave number, λ is the wave
length, ω0 is the wave circular frequency, g is the gravitational acceleration,
θ = kX − ω0t, t is time and X and Z are the coordinates in inertial earth-
fixed coordinate system.

2.2.4 Diffraction Loads

In the diffraction problem, the presence of the restrained body changes
the incident wave flow around the body which imposes loads on the body.
The diffraction loads are calculated based on the 3D hybrid method, which
is explained in this section. First, we want to define the linearized 3D
boundary value problem for the diffraction problem of a ship moving with
constant mean forward speed U with a heading angle Ψ. The diffraction
velocity potential should satisfy the 3D Laplace’s equation:

∇2φD = 0 in the water domain (2.79)

The body boundary condition is:

42
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∂φD
∂n

= −∂φI
∂n

on S0 (2.80)

The linearized free-surface condition also could be shown as follows:(
∂

∂t
− U ∂

∂x

)2

φD + g
∂φD
∂z

= 0 on z = 0 (2.81)

This free-surface condition could be simplified similarly as done for the
radiation problem by use of a low forward speed or a high frequency as-
sumption. Then this condition could be re-written as follows:

−ωe2φD + g
∂

∂z
φD = 0 on z = 0 (2.82)

If we can solve the boundary value problem defined in steady-state con-
ditions by Eqs. 2.79, 2.80 and 2.82 complemented by the sea-bottom bound-
ary condition and the radiation condition, and obtain the complex φD and
∂φD
∂x all over S0, then we can find the diffraction pressure and forces in the

moving inertial frame as follows [69]:

pD = −ρ
(
∂

∂t
− U ∂

∂x

)
φD = −ρiωeφD + ρU

∂φD
∂x

(2.83)

F diffj = −
∫∫
S0

pDnjdS = ρiωe

∫∫
S0

φDnjdS − U
∫∫
S0

ρ
∂φD
∂x

njdS (2.84)

= FD0
j (Ψ, ω0, ωe) + UFDUj (Ψ, ω0, ωe) (2.85)

Where FD0
j is the jth component of the zero-speed generalized diffrac-

tion force and FDUj is the jth component of the speed dependent part of
the generalized diffraction force for unit forward speed. This diffraction
problem is exactly like the radiation problem except for the body bound-
ary condition. In WAMIT [70], a user can define the diffraction problem
as a radiation problem associated with a fictitious extra mode where the
encounter frequency is different from wave circular frequency. In this extra
modes of motions, one can define the body boundary conditions which could
be simplified as follows:

∂φD
∂n

= −∂φI
∂n

= −n1
∂φI
∂x
− n2

∂φI
∂y
− n3

∂φI
∂z

on S0 (2.86)
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So by having the incident wave frequency, we can easily find the diffrac-
tion body boundary condition. By solving the real and imaginary part of
the diffraction separately, finally we would obtain complex values for each
of these and the final complex diffraction velocity potential would be the
combination of these two:

φD = φrealD + iφimaginaryD (2.87)

After having the diffraction velocity potential, we can find the diffraction
loads easily by using Eq. 2.85.

The diffraction forces for the C11 class post-Panamax container ship and
for Fn = 0 and β = 135◦ bow waves are shown in Fig. 2.7. The left part
of the figure is the amplitude of the forces and the right part is the phase
angle in degrees, calculated as:

εj = tan−1

(
F Imj

FRej

)
(2.88)

The results are shown based on the STF strip theory (Salvesen et al.
[1]) and the 3D code. As it can be seen from the figure, even though the
general agreement is not bad, there are some clear differences that probably
are related to the 3D effects accounted for in the hybrid method and not in
the STF method.

For checking the proposed hybrid method for calculating the diffraction
forces in cases with forward speed, we used the mentioned fictitious mode
of motion for calculating the diffraction force for zero forward speed and
compare the results with the direct loads obtained from WAMIT. They are
the same in terms of amplitude and phase which shows that the proposed
method works properly.
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Figure 2.7: Diffraction forces (Left: amplitude, Right: phase angle) for C11
post-Panamax container ship with STF strip theory (Salvesen et al. [1]) and
3D method for Fn = 0 and β = 135◦ bow waves.
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2.3 Final Formulation of the Governing Equations
of Motion

Within the linear theory, the motions of a ship with or without forward
speed could be modelled mathematically in frequency or time domain, de-
pending on the assumptions of steady-state or transient conditions. Both
of them are explained in this section.

2.3.1 Linear frequency domain equations of motion

Within linear theory, if we assume steady-state conditions, then the hydro-
dynamic loads and the motions of an advancing ship in regular waves, will
oscillate with the frequency of encounter. In this case the body motions
can be found in frequency domain. In linear formulation, all forces and
moments are linear in terms of incident wave amplitude. We call the com-
plex amplitude of the motions as ξk where k = 1, ..., 6 refers to surge, sway,
heave, roll, pitch and yaw motions. The complex motions could be written
as ξkexp(iωet). The complex amplitude of the jth component of the general-
ized exciting force is indicated as Fj . Therefore the complex jth component
of the generalized exciting force can be written as Fjexp(iωet). The real dis-
placements and exciting forces could be obtained from Re(ξkexp(iωet)) and
Re(Fjexp(iωet)), where Re stands for the real part of the given expression.

Now the system of six coupled equations of motions could be written as:

6∑
k=1

[
−ω2

e (Mjk +Ajk) + iωeBjk + Cjk
]
ξk = Fj (for j = 1, . . . , 6)

(2.89)
Here Mjk is the ship mass matrix. For a ship with lateral symmetry and

the center of gravity coordinates as (0, 0, zG), the Mjk is:

M =



M 0 0 0 MzG 0
0 M 0 −MzG 0 0
0 0 M 0 0 0
0 −MzG 0 Ixx 0 0

MzG 0 0 0 Iyy 0
0 0 0 0 0 Izz

 (2.90)

where M is the ship mass and Ixx, Iyy and Izz are the moments of
inertia of the ship with respect to the axes of inertial frame.

Ajk andBjk are the matrices of the added mass and damping coefficients,
respectively. Cjk is the restoring coefficient matrix. It means that, in this
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formulation, the restoring loads are assumed linear and connected to the
changes in buoyancy due to the body motions. In this way, the non-zero
related restoring coefficients Cjk can be estimated for a ship with port and
starboard symmetry by the following equations:

C33 = ρgAw (2.91)

C35 = C53 = −ρg
∫
Aw

xds (2.92)

C44 = ρg∇ (zb − zG) + ρg

∫
Aw

y2ds = ρg∇GMT (2.93)

C55 = ρg∇ (zb − zG) + ρg

∫
Aw

x2ds = ρg∇GML (2.94)

where zb is the vertical coordinate of center of buoyancy of the ship. Aw is
the water-plane area in calm water, ∇ is the displacement of the ship, GMT

and GML are the transverse and longitudinal metacentric height, respec-
tively. The mean buoyancy force does not appear in Eq. 2.89 as it balances
the body weight.

By calling the ship instantaneous motion in kth mode as ηk, we can
calculate them at any time t with the following formula:

ηk = Re(ξkexp(iωet)) (for k = 1, 2, ..., 6) (2.95)

here the Re stands for the real part of the given expression.
The Eq. 2.89 is in frequency domain and is valid for the steady-state

sinusoidal motions and can be rewritten in the time domain as follows:

6∑
k=1

[(Mjk +Ajk) η̈k +Bjkη̇k + Cjkηk] = Re(Fje
iωet) (for j = 1, . . . , 6)

(2.96)
where η̈k and η̇k are the ship acceleration and velocity, respectively. One

should note that Eq. 2.96 is only the frequency domain equation in time and
is not the exact time domain equation of motion. The exact time domain
simulation will be explained in the next section and includes the convolution
integral in radiation forces.

The motions in the frequency domain for two examples are discussed
next. The first one shows the motions of the FRIESLAND frigate. The hull
properties and the body plan are shown in Tab. 2.3 and Fig. 2.8
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Table 2.3: Hull properties of FRIESLAND ship

Length L ≡ Lpp 112.4m
Beam B 11.74m
Draft D 3.9m

Block Coefficient CB 0.554
Vessel Displacement 2959.2ton
VCG above keel KG 3.9m

Pitch Radius of Gyration kyy 0.259L
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0

1

2

(a) FRIESLAND Bodyplan (b) FRIESLAND cross sections

Figure 2.8: FRIESLAND frigate body plan and cross sections

The simulation of heave and pitch motions of this frigate in head sea
waves and for Fn = 0.15 is computed using the STF method and compared
against experimental values by Smith (1966) [75]. The phase angle is calcu-
late using Eq. 2.88. As it can be seen form Fig. 2.9, the results for the linear
response amplitude operator (RAO) for heave and pitch for this case are in
good agreement with experimental results both in amplitude and phase.
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Figure 2.9: The numerical and experimental RAO of heave and pitch mo-
tions for FRIESLAND frigate in head sea waves versus wavelength-to-ship
length ratio, with Fn = 0.15. Top: Non-dimensional amplitude. Bottom:
Phase angle.
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As second example, the RAO for the mentioned C11 class container
ship and for Fn = 0 and β = 135◦ bow waves is computed by 3D hybrid
method and the STF strip theory method (Salvesen et al. [1]) in Fig. 2.10.
The 2D coefficients in strip theory is obtained from the HydroDyn2D code
which is written in [72]. In both cases the equations are solved in frequency
domain. The comparisons show that even though the general trend and
agreement in RAO amplitudes and their phase angles are good, there are
clear differences in sway, roll and yaw amplitudes near the roll resonance
area. The motions amplitude in the resonance area are highly dependent
on the damping. Since the 3D effects of the body are accounted for in
the 3D hybrid method and not in the STF method, the radiation damping
coefficients might have some differences in these two methods and can be
the reason for the RAO differences near resonance.

One should note that the STF strip theory (Salvesen et al. [1]) solves
the problem in 5-DOF and that is why there is no surge motion for this
method.
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Figure 2.10: Comparison of the ship RAO(Left: amplitude, Right: phase
angle) for the C11 class container ship with STF strip theory (Salvesen et
al. [1]) and 3D method for Fn = 0, β = 135◦ bow waves.
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2.3.2 Time domain equations of motion

In transient conditions, even within linear theory, the ship motions must be
studied in time domain. This is relevant, for example, when investigating
occurrence of parametric roll. The correct formulation for a general ship mo-
tion (including the transient part), should include the convolution integral
in the radiation forces (as was discussed in the radiation loads part). The
radiation loads computed in the frequency domain could be transferred to
time domain by Fourier transformation like the formulation in previous sec-
tions (Cummins [2]). Then the complete 6-DOF time domain formulation
for the body motions can be written as:

6∑
k=1

(Mjk +Ajk (U,∞)) η̈k +Bjk (U,∞) η̇k + Cradjk ηk +

t∫
t−t∗

Kjk (τ, U) η̇k (t− τ) dτ


= FDiffj + FFKj + F restj + F gravj + F othersj (for j = 1, . . . , 6)

(2.97)

where the FDiffj is the diffraction force, FFKj is the non-linear Froude-

Krylov force, F restj is the non-linear hydrostatic restoring force, F gravj is

the ship weight and F othersj are the other forces that might be imposed to
the ship, like the mooring line forces and so on. All of them are expressed
in terms of their jth component. One should note that, strictly speaking
Cummin’s approach [2], is valid within linear theory, i.e. for linear non
steady-state problems. Researchers have stretched this to the limits includ-
ing on the right-hand-side nonlinear loads and keeping the assumptions of
linearity for the radiation and diffraction loads. The same strategy has been
used here.The system of the mentioned equations is solved here using a time
integration algorithm based on the Rung-Kutta fourth order (RK4) method
with constant time steps, 0.005 times of the wave period. As an example,
selected results for a fishing vessel using the 3D hybrid method are com-
pared to the STF strip theory (Salvesen et al. [1]) results for a fishing vessel.
The hull properties and body plans of this vessel (which will be explained
in detail in next chapters) is shown here in brief in Fig. 2.11 and Tab. 2.4.
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Table 2.4: Hull properties of SFH112 model scale fishing vessel

Length L ≡ Lpp 2.95m
Beam B 0.95m
Draft D 0.4m

Block Coefficient CB 0.58
Vessel Displacement 657.3kg
VCG above keel KG 0.43m

Transverse metacentric height GMT 0.07m
Roll Radius of Gyration kxx 0.378B

Pitch and Yaw Radius of Gyration kyy, kzz 0.28L

(a) SFH112 Bodyplan (b) SFH112 cross sections

Figure 2.11: SFH112 fishing vessel body plan and cross sections

The diffraction forces for forward speed of Fn = 0.18 and head-sea waves
using the 3D hybrid method and STF strip theory (Salvesen et al. [1]) are
shown in Fig. 2.12.

The beam-to-length ratio is 0.32 and therefore higher than for conven-
tional ships, for instance it is a bit more than twice the value for the C11
class container ship previously examined. As a result, the 3D effects are
expected to be more important as it can be observed from Fig. 2.12. The
response amplitude operators in surge, heave and pitch for the mentioned
scenario are shown in Fig. 2.13. Only these modes are presented because
the other modes are zero in this case. In the figure, the results of STF strip
theory (Salvesen et al. [1]) in the frequency domain, 3D hybrid method
results in the frequency domain and 3D hybrid method results in time do-
main are compared. In the latter case, the linear excitation force is used
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Figure 2.12: Comparison of the diffraction forces (Left: amplitude, Right:
phase angle) of the SFH112 fishing vessel in head sea waves with Fn = 0.18
using STF strip theory (Salvesen et al. [1]) and 3D hybrid method.

with diffraction forces from 3D hybrid method and linear Froude-Krylov
force is computed in time by integrating the incident-wave linear hydrody-
namic pressure over the mean wetted surface of the ship.
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Figure 2.13: Comparison of the response amplitude operator (RAO) (Left:
amplitude, Right: phase angle) of the SFH112 fishing vessel in head sea
waves with Fn = 0.18 using STF strip theory (Salvesen et al. [1]) and 3D
hybrid method.

2.4 Conclusion

Different parts needed for developing a seakeeping code including non-linear
effects are explained. Since the main objective of this thesis is to investigate
the parametric rolling (PR) which is a non-linear phenomenon, some parts
are calculated in non-linear form to capture the PR phenomenon. First,
the linearized wave-body interaction problem and all needed boundary con-
ditions to make complete the boundary value problem for the velocity po-
tential were explained. WAMIT which is a 3D code was used for solving
this problem. The velocity potential was decomposed following Salvesen et
al. [1] and then the solution method for different parts were explained in
detail. The 3D radiation loads coefficients (added mass and damping) are
computed by use of WAMIT [70] and combining it with the STF modified
strip theory as it was shown in Salvesen et al. [1] and the added mass
and damping coefficients for cases with forward speed were obtained. Then
the radiation loads in time domain by use of the convolution integral as it
was explained by Cummins [2] were computed. The 3D diffraction loads
for zero forward speed could be obtained by use of WAMIT. For the cases
with forward speed, we defined some extra motion modes in WAMIT where
the diffraction problem was defined and solved in WAMIT as a fictitious
radiation problem.The solutions obtained by defining some new modes in
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WAMIT were tested for zero forward speed of a ship with results directly
obtained from WAMIT and they were the same. The Froude-Krylov and
restoring loads are calculated by integrating the dynamic pressure of the
incident wave and the hydrostatic pressure along the instantaneous wetted
surface of the ship defined by the body motions and the incident-wave ele-
vation.At any time step, the exact submerged part of the body is calculated
and the pressure integration were calculated accordingly. These non-linear
loads are crucial for catching the parametric rolling in the simulations. Some
other loads might be also added to the equation of motions. For example
in many experiments, mooring lines are used leading to additional loads on
the body. These mooring lines could be added to our model. At the end,
the final equations of motions were shown and discussed both in frequency
and time domain.



Chapter 3

Modules in the numerical
simulation model

In this chapter, the different modules used in the numerical simulator are
explained in detail. Since the effect of a free-surface anti-roll tank is studied
in dedicated experiments and numerical simulations, the sloshing solver is
explained here. The coupling strategy of the sloshing and main seakeeping
solver is outlined afterwards. For avoiding the horizontal motions, a special
mooring configuration is designed and used in the experiments. The numer-
ical simulation of this mooring part is also explained in this chapter. The
weak-scatter hypothesis formulation for adding some weakly non-linearity to
the radiation and diffraction forces are explained at the end of this chapter.

3.1 2D numerical sloshing solver

Sloshing is a violent free-surface flow in normally partially filled tanks, which
could make big impact loads on the tank walls and the roof. For the tanks
installed on ships, very violent sloshing could occur if the ship motions excite
the tank sloshing at its lowest natural frequency. The use could be made
from this phenomenon to control the roll motion of the ship. The tank shape,
filling ratio, amplitude and frequency of the tank motion are the principal
parameters that determine the free-surface flow nature. This phenomenon
has a complex physics that depends on many parameters. The moment
obtained from the sloshing is frequency dependent and if a tank is excited
at its lowest natural frequency, the phase lag of the obtained moment is -90
degree compared to the roll motion. Then it can be considered as an extra
damping device. But the sloshing natural frequency might vary slightly due
to high amplitude motions or shallow water filling-depth of the tank and

57
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consequently, the obtained moment would have a phase angle different than
-90 degree, and so it does not act only as a pure damping device.

This phenomenon is studied numerically and experimentally in this the-
sis. In this chapter, the numerical solver for the sloshing tank and the
numerical strategy to couple the sloshing tank with the ship motions are
described. Then, the sloshing-tank solver is compared against experiments
on the tank, in isolated conditions, which was used for the physical studies
on the fishing vessel carried out during this PhD study, as well as against
other tank experiments available in literature. The seakeeping-sloshing cou-
pled solver is compared against previous experiments. In the next chapters,
the dedicated experiments carried out on a fishing vessel without and with
an on-board tank will be described. They will be compared against the pro-
posed numerical solution strategy and the two research tools will be used to
perform a physical investigation of parametric roll. Different types of tanks
could be used as anti-roll tanks. A simple rectangular tank was used here
with a length equal to the ship beam, draft of 3.9 cm and different values of
the beam and of the filling ratio. Considering the tank dimensions and also
checking the videos of the experiments, numerically we modelled the tank
as a two-dimensional (2D) tank in longitudinal sea waves. Computational
Fluid Dynamics (CFD) based on the finite volume method is used to per-
form the numerical simulations of the sloshing phenomenon, in which water
and air are assumed as incompressible and the viscous flow to be laminar.
The Volume of Fluid (VOF) technique is used to capture the air-water inter-
face. Such a method can provide, for example, the details of the flow inside
the sloshing tank and the local and integrated loads acting on the tank walls
as a consequence of the internal resonant fluid motion. In particular it is a
solver from the “Open source Field Operation And Manipulation”, known
in short as Open-FOAM, customized here based on our needs. OpenFOAM
is an open source package that includes solvers for different problems in fluid
mechanics, is used here . A complete formulation could be found in [76].

The Navier-Stokes momentum equation in a tank-fixed coordinate sys-
tem is as follows [77]:

∂~u

∂t
+∇. (~u~u) = −∇p

ρ
+~g+ν∇2~u−~a0−(~ω × ~v0)−~ω×~r−2 (~ω × ~u)−~ω×(~ω × ~r)

(3.1)
where ~u is the velocity vector in the tank-fixed coordinate system. ~a0 and
~v0 are the acceleration and velocity of the origin of the tank fixed coordi-
nate system relative to Earth-fixed coordinate system. ~g is the gravitational
acceleration in the tank-fixed system. ~ω is the rotational velocity of the co-
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ordinate system and the vector ~r is the position vector in the tank reference
frame. ρ is the fluid density and ν is the fluid kinematic viscosity. The
last two terms in the right hand side of the equation are the Coriolis and
centripetal accelerations.

3.1.1 Validation of the numerical 2D sloshing solver

In order to assess the numerical 2D sloshing solver, three different experi-
mental cases are used. In the first case, the free-surface elevation in a 2D
tank with forced sway motion is examined. In the next one, the rolling
moment of a 2D tank with forced roll motion, is calculated and compared
to experiments, for different frequencies. In the last set of validation, the
time series of rolling moment and swaying forces due to sloshing of a 2D
tank with forced roll motion is compared against experiments.

3.1.1.1 Free surface flow in a 2D tank forced to sway motion

Let us consider a rectangular tank with 1m length, 0.1m breadth and 0.98m
height filled with water up to 0.833m depth. The tank is in forced harmonic
oscillation along its length as follows:

η2 = η2a (1− cos (ωt)) (3.2)

where η2a = 0.00465m and ω = 6.075rad/s, which corresponds to 1.1
times the first sloshing frequency (ω1). A schematic view of the computa-
tional domain is shown in Fig. 3.1 [76]:
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Figure 3.1: Computational domain for the tank with explanation for differ-
ent parts in the figure

The numerical simulation was done for the shown tank as a 2D tank. The
convergence study for the grid size was done and the grid size was selected
as is mentioned in [76]. Within the finite-volume field method, along the
tank length, the fluid domain is discretized using 100 control volumes (CVs),
evenly distributed. It means that the grid size in the tank-length direction
is small enough when compared to the wavelength of the lowest natural
mode. In the free surface zone, uniform grids were used (60 CVs and each
3 mm thick) while below the free surface, the Cvs are stretched smoothly
toward the tank bottom with a growth factor of 1.0164. The comparison
between numerical and experimental results ([76]) for the wave elevation at
a 5mm distance from the vertical walls are shown in Fig. 3.2.

The time-step size has some effects in the results. The control of the
time discretization is through changing Courant number, indicated as CFL
in the OpenFOAM platform. This CFL number is calculated using the
average fluxes passing the faces of each control volume. By definition for a
one-dimensional case, CFL number equals ui∆t

∆xi
, and provides the number of

control volumes a fluid particle passes through in one time step in direction
i. ui, ∆xi and ∆t are the fluid velocity, cell edge length in direction i
and solution time step, respectively [76]. According to a sensitivity study
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Figure 3.2: Comparison between the numerical and experimental results
([76]) for the wave elevation at 5mm distance from the vertical walls for
h/l = 0.883, η2a = 0.00465m, ω/ω1 = 1.1.

on the CFL number in [76], CFL = 0.25 is small enough considering the
results. The source of damping in the numerical simulation is the numerical
diffusion, which decreases by decreasing the CFL number, [76]. Therefore,
the smaller CFL number might make non decaying waves which is not in
agreement with experiments. The numerical result using the mentioned
parameters is in a good agreement with the experimental results.

3.1.1.2 Validation of the roll moment and phasing in forced 2D
sloshing

As other example for validating the sloshing solver, a study on the roll
damping by free-surface tanks by Van den Bosch and Vugts [61], is consid-
ered. The experiments were performed in a tank with length of 1m, height
of 0.5m, width of 0.1m and filling depth of h. When the forced sinusoidal
rolling motion with amplitude φa and frequency ω is imposed on the tank, a
resulting moment about the axis of rotation is measured with an amplitude
Mr and a phase εr with respect to the tank rolling motion. The distance
from the axis of rotation to the tank bottom is called s and is positive when
the axis of rotation is below the tank bottom. The rolling amplitude is
varied between 1.9 to 5.7 degrees. Four test cases were selected and the
numerical simulations were performed for the corresponding 2D tanks.

Figs. 3.3 to 3.6 show the comparison between non-dimensional ampli-
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tude and phase of the measured moments around the axis of rotation for
the four cases.
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Figure 3.3: Comparison of experimental and numerical results of rolling
moment (Left: amplitude, Right: phase angle) around the axis of rotation
for φa = 1.9◦, h/b = 0.04, s = 0. Blue dashed line shows the theoretical
sloshing frequency.
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Figure 3.4: Comparison of experimental and numerical results of rolling
moment (Left: amplitude, Right: phase angle) around the axis of rotation
for φa = 3.8◦, h/b = 0.04, s = 0. Blue dashed line shows the theoretical
sloshing frequency.
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Figure 3.5: Comparison of experimental and numerical results of rolling
moment (Left: amplitude, Right: phase angle) around the axis of rotation
for φa = 5.7◦, h/b = 0.04, s = 0. Blue dashed line shows the theoretical
sloshing frequency.
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Figure 3.6: Comparison of experimental and numerical results of rolling
moment (Left: amplitude, Right: phase angle) around the axis of rotation
for φa = 5.7◦, h/b = 0.08, s = 0.2m. Blue dashed line shows the theoretical
sloshing frequency.

As it can be seen from these cases, the general trend and values in the
tank rolling moment and phasing are the same in the numerical results and
in the experiments. There are however clear differences between them prob-
ably due to the non-linearities in the flow in the experiments not captured
by the numerical solver. For the first three cases, the water depth was 4cm
and the axis of rotation went through the tank bottom. In Fig. 3.6, the wa-
ter depth was 8cm and the axis of rotation around which the moments were
measured, was 20cm below the tank bottom. As it can be seen from these
graphs, the roll moment from the tank does not increase proportionally to
the amplitude of the rolling motion. This shows a non-linear behaviour
and seems to be proportional to

√
φa (Van den Bosch et al. [61]). The

mechanism of these free-surface anti-roll tank is explained further in section
7.1.

3.1.1.3 Validation of the roll moment and horizontal forces for a
2D tank forced to roll

During this PhD study, an anti-roll tank was designed for installation on a
fishing-vessel model in the CNR-INSEAN basin, Rome, Italy. Forced roll
oscillation experiments on the isolated tank were performed before the main
experiments of the ship with tank. A view of the tank and experimental
set-up is shown in Fig. 3.7. The tank has 1m length, 0.5m height and
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0.1m width, while the water depth is 4cm. In the isolated tank tests, the
centre of roll was 0.4 m below the tank bottom and forces and moments
were measured in a body-fixed reference frame centred at the tank bottom.
As it can be seen, the tank is mounted on a balance that measures the forces
and moments around the tank bottom by using 4 load cells at four point of
attachments.

Figure 3.7: Sloshing tank and experiment set-up for isolated sloshing tests
in CNR-INSEAN, Rome, Italy.

Several tests for forced roll motion at the tank first sloshing frequency
and at different roll amplitudes were performed, listed in the Tab. 3.1.
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Table 3.1: Forced roll sloshing tests.

Test No. ω
ω1

φa (deg)

test06 1.0 6
test20 1.0 4
test30 1.0 2

Here ω1 is the first natural sloshing frequency of the tank and is 2.0923rad/s.
The steady state parts of sway force and roll moment (in ship coordinate
system) in the experimental and numerical simulations at ω = ω1 and at
different roll amplitudes are shown in Figs. 3.8 to 3.10.
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Figure 3.8: Comparison of experimental and numerical results of sway force
and roll moment in test06, ω

ω1
= 1.0, φa = 6.0◦.
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Figure 3.9: Comparison of experimental and numerical results of sway force
and roll moment in test20, ω

ω1
= 1.0, φa = 4.0◦.
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Figure 3.10: Comparison of experimental and numerical results of sway
force and roll moment in test30, ω

ω1
= 1.0, φa = 2.0◦.

Fy is the force along the tank length (sway force if the tank is mounted on
the ship) and Mx is the moment around the tank-width axis. It corresponds
to the roll moment if the tank is mounted on the ship. As it can be seen
in these figures, the roll moment is under-predicted by around 25% while
a clear difference is also seen in the sway force, showing however a better
agreement. The differences for the roll moment are probably due to the fact
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that these cases are performed at the resonance frequency and as observed in
the experiments, there are significant tank roof impacts that make the flow
very violent and create pronounced splashes and non-linearities not captured
by the sloshing solver. Furthermore, pressures at the tank roof will directly
influence roll moments but not directly the sway force. This could explain
the better agreement observed for such load. Numerical convergence and
conservation of fluid mass were checked in the simulations.

3.2 Coupled seakeeping-sloshing solver

After validating our seakeeping solver in chapter 2 and the sloshing solver in
this chapter, we present the coupled solver here. The wave induced motions
for ocean-going vessels might excite sloshing. Left side of the Fig. 3.11
shows the spectra of a group of sway acceleration corresponding to several
possible sea states. It also shows the spectra of transfer function of sloshing
response (lateral force) for different tank dimensions.

(a) (b)

Figure 3.11: (a): Ship motions and transfer function of sloshing lateral
forces versus period of oscillation [78]. (b): First mode natural period for
rectangular tanks versus tank dimensions [5].

It shows that a peak response amplitude in the sloshing force might occur
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in range of expected sway periods. As it can be seen from the right side
of the Fig. 3.11, the increase in tank length increases the highest natural
period of the fluid and, consequently, higher sea states and ship motions
are needed to excite the sloshing around resonance ([5]). This graph also
tells that it is not necessarily the most severe sea-state that causes the most
severe sloshing.

The sloshing has been always of concern in design of liqufied natural
gas (LNG) carriers, tankers, Floating Production and Storage Offloading
(FPSO) units. Generally speaking, any ship carrying liquid in partially
filled tanks, may experience violent sloshing [5]. The coupling of sloshing
and ship motions are of concern in the analysis of many ships. The ship
motions excite sloshing which in return influence back the ship motions.
This is the whole concept of anti-roll tanks. If a tank is designed with good
parameters in terms of dimensions and filling ratio in a way that its natural
roll frequency coincides with ship roll natural frequency, it would counter-
act the growing of roll motion, acting as an extra roll-damping device. A
detailed description of the anti-roll tank mechanism could be found in sec-
tion 7.1. The coupling strategy used here is iterative, as illustrated by the
flowchart in Fig. 3.12.



70 70

Solving the system of

equations of motions at time

step n without sloshing loads

and obtaining the acceleration

~ain at time step n for the

iteration i = 1

Solving the sloshing problem

from time step n to time step

n+ 1 with ~ain as initial

condition and obtaining
~Fslosh

Re-solving the system of

equation of motions at time

step n with sloshing loads
~Fslosh and obtaining the new

acceleratio ~An at time step n

∆
(
~ain,

~An

)
< δ

Time inte-
gration of
the solution

from time step
n to time
step n + 1.
n = n + 1

Yes

i = i + 1
~ain = ~An

No

Figure 3.12: Flowchart of iterative coupling between seakeeping and sloshing
solver.
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For validating the coupling strategy shown in this flowchart, it would
be wise to first use it for experiments involving limited number of degrees
of freedom for the ship. A set of 2D experiments on a box-shaped ship
section excited by regular beam sea have been conducted to study the effect
of coupling with sloshing by Rognebakke [5]. Two identical tanks were
mounted on the ship. The general configuration of the ship and the tanks
is shown in Fig. 3.13.

Figure 3.13: Ship section and mounted tanks, side and top view [5].

The experiments were performed at NTNU wave flume with overall
length of 13.5m and 0.6m width and water depth of 1.03m. The ship sec-
tion has 596mm length, which leaves 2mm clearance from the flume wall at
each side. The breadth is 400mm and the draft is 200mm. The tanks have
length of 376mm, width of 150mm and height of 288mm or 388mm in some
experiments. The tank decks were movable to make the tank roof impact
possible in case of need, but no tank roof impact was reported during the
experiments though. In cases of different tanks filling ratio, the draft of
200mm is kept constant by adding extra weights on the ship in different
cases of experiments. The ship section slides along two rails on top of low
friction bearings where the bearings are slightly pre-tensioned. This gives
a constant force of 2N against the motion. The ship section is restrained
from drifting off by a spring with a total stiffness of 30.9N/m. It should
also be noted that the eigenfrequency caused by the spring is well below
the studied wave frequency. The relationship between wave frequency and
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amplitude is shown in Fig. 3.14.

Figure 3.14: Wave frequency and amplitude relationship in the experiments
by Rognebakke [5].

The measured and calculated transfer functions of the sway motion for
the case with empty tanks (we can imagine the water in the tanks here
as frozen and rigid) are given in Fig. 3.15 just to check the accuracy of
measurements and simulations. A 1-DOF linear time domain code was used
for the numerical simulations and as it could be seen, the results are in a
good agreement with the experiments. Then we compared the experiments
and numerical simulations for the case of two tanks with filling ratio h =
184mm. The numerical simulations of Rognebakke [5] are also shown in the
figure, in which the non-linear analytical sloshing solver was coupled with
a standard seakeeping code. The numerical simulations agree well with the
experimental values also in this case.
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Figure 3.15: Sway RAO for the ship section without tanks (rigid mass) and
with two tanks filled with h = 184mm from present numerical seakeeping-
sloshing coupled solver and from numerical and experimental studies by
Rognebakke[5].

The figure shows a strong coupling of internal and external flows. The
sloshing influence on sway motion in frequencies smaller than first natural
sloshing frequency (ωn = 8.65rad/s) is a counteracting effect and the sway
motion is smaller than in the rigid mass case. This trend continues until ωn
and at such frequency, the sloshing force has the biggest effect and makes
the sway almost zero. For frequencies slightly larger than ωn, the sway
motion increases due to sloshing effects. This is related to the phase shift
between sway exciting forces from external and internal flows. These phase
shifts are clearly illustrated in Fig. 3.16, which provides snapshots from the
experiments for the mentioned case. For example in part b, it is clear that
the internal flow is counteracting the external flow forces.

Basically, sloshing acts as a frequency dependent restoring force on sway
causing resonances. Furthermore, the combination of the linear sloshing
force with the dynamics of the ship-section model causes zero sway motion
at sloshing natural frequency (due to the infinite sloshing added mass at
this frequency in linear theory), while in reality the sway motion will have a
minimum sway motion different from zero in the vicinity of this frequency.
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Figure 3.16: Wave frequency and amplitude relationship in the experiments
by Rognebakke [5] (bottom right) and snapshots for three selected cases (top
and bottom left).

3.3 Module of mooring cables calculations

In the physical investigations on a fishing vessel, described in chapters 6
and 7, in order to limit the mean horizontal motion (mean surge, sway and
yaw) of the model, a mooring system of four elastic cables in a symmetrical
configuration with respect to the longitudinal axis (V-shaped configuration)
was placed at the water-plane level and fixed to the carriage as shown in Fig.
3.17. To perform numerical simulations consistent with the experimental
investigations, the mooring-line system was modelled.

In the experiments, four load cells were attached between the carriage
and the ends of the four elastic cables to measure the pretension (T0) and
the changes in the cable tension during the experiments. Using these data,
the recorded ship motions and the cables configuration, the tension changes
can be expressed in terms of cable length change. This process will be
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Figure 3.17: Top view of the cable general configuration in calm water.

explained in detail here.

Based on practical experiences, it is much more efficient for limiting the
horizontal motion to have the SB − E part as steel rigid part (shown in
black in Fig. 3.17) and other parts as elastic cables (shown in blue in Fig.
3.17). In the aft part of the body, the elastic cables are instead directly
attached to the ship hull, so there is no problem in finding the aft cables
length change. By having the rigid ship-model motions, we can easily find
them, while it is not that simple in the fore cables due to complexity of the
configuration. At any time, we should find the exact position of joint E and
then find the fore cables length change. A sketch of the cables configuration
for a situation with ship-model motions is shown in Fig. 3.18.

Figure 3.18: Top view of the cable configuration with an arbitrary motion
of the ship model.
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For finding the exact coordinates of the joint point of the fore elastic
cables and the rigid steel cable, we can solve a system of four equations and
four unknowns. The unknowns are the coordinates of the joint point E and
the tension force in the steel part F−E. The four equations are equilibrium
equations in forces in three directions in the joint point and also the fixed
length of the steel part.

The unknowns are XE , YE , ZE (coordinates of the point E) and the
steel part tension force FE .

FE (XSB −XE) = −
[
TEG
lEG

(XG −XE) +
TEF
lEF

(XF −XE)

]
(3.3)

FE (YSB − YE) = −
[
TEG
lEG

(YG − YE) +
TEF
lEF

(YF − YE)

]
(3.4)

FE (ZSB − ZE) = −
[
TEG
lEG

(ZG − ZE) +
TEF
lEF

(ZF − ZE)

]
(3.5)

√
(XSB −XE)2 + (YSB − YE)2 + (ZSB − ZE)2 = lE−SB (3.6)

Here TEG,TEF , lEG, lEF and lE−SB are tension in cable EG, tension
in cable EF , cable EG length, cable EF length and cable E − SB length,
respectively. The other parameters are points coordinates. For finding the
solution of this system of equations, we used the Newton-Raphson Method.
If we call the equations like:

f1 (XE , YE , ZE , FE) = 0;

f2 (XE , YE , ZE , FE) = 0;

f3 (XE , YE , ZE , FE) = 0;

f4 (XE , YE , ZE , FE) = 0; (3.7)

Then the solution would be:


XE

YE
ZE
FE

 =


XE0

YE0

ZE0

FE0

− [J (XE , YE , ZE , FE)]−1


f1 (XE0, YE0, ZE0, FE0)
f2 (XE0, YE0, ZE0, FE0)
f3 (XE0, YE0, ZE0, FE0)
f4 (XE0, YE0, ZE0, FE0)


(3.8)
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where the first vector on the right hand side of the equation is the initial
guess for the solution and the second term is the Jacobian matrix and is
calculated as follows:

J (XE , YE , ZE , FE) =


∂f1
∂XE

∂f1
∂YE

∂f1
∂ZE

∂f1
∂FE

∂f2
∂XE

∂f2
∂YE

∂f2
∂ZE

∂f2
∂FE

∂f3
∂XE

∂f3
∂YE

∂f3
∂ZE

∂f3
∂FE

∂f4
∂XE

∂f4
∂YE

∂f4
∂ZE

∂f4
∂FE

 (3.9)

One should note that lEG and lEF are also functions of the unknown
coordinates of the joint point and this fact should be considered in the
calculation of the Jacobian matrix. This method is an iterative numerical
method and a criterion should be set for the stopping point of the calcula-
tions. After having the coordinates of the joint point, we will have all the
cable forces needed to put in the system of the equations of the ship. The
other part related to this module is to find the relation of the cables tension
against the cable length change. The general formula used for the cables
looks like the one in Fig. 3.19 and is stated in Eq. 3.10.
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Figure 3.19: The tension versus cable length change.

T − T0 =


Tmin if ∆l < ∆l0
f (∆l) if ∆l0 < ∆l < ∆l1
g (∆l) if ∆l > ∆l1

(3.10)

where T0 is the pretension of the cables. ∆l0 is a lower limit where the cable
tension becomes a fixed tension for values of ∆l smaller than that. ∆l1 is
a limit where the cable tension for the range of (∆l0,∆l1) can be described
with a polynomial function f (∆l) and for values of ∆l higher than ∆l1, the
tension gets linear (g (∆l)) in a way that its value and the slope are the
same, respectively to the value of that function and related slope in ∆l1.
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Since the cables change a bit at any set of tests, the tension formula might
be a bit different for different cases of experiments. The formulas for the
cables tensions will be shown for different tests in the next chapters.

3.4 Weak-scatterer hypothesis formulation

In our time domain solver, the radiation-force coefficients and diffraction
forces are calculated in frequency domain before starting the simulations
(as in the simulations of the parametric rolling in C11 container-ship and
will be shown in chapter 5). Based on [3], the weak-scatterer hypothesis for
modifying the linear radiation and diffraction forces provides better solu-
tion in long and steeper waves. So a modification to the solver formulation
is performed which is explained here. The main assumption for the weak-
scatterer hypothesis ([3], [4]) is that the incident waves and body motions
are large relative to the scattering and radiation wave effects (wavelength-to-
ship length ratio sufficiently large). According to [3] and also investigating
some experiments and numerical simulations with and without this modi-
fication, it was seen that using this modification gives the results in better
agreement with the experiments. Therefore, we used this formulation for
the experiment simulations in chapter 6 and 7 related to a fishing vessel.
The formulation for this modification is as follows. The rigid body motions
are solved in time domain and in a body-fixed frame (as explained in the
chapter 2). The equations of motions could be written in a vector form as
in [3]:

M η̈+Ω×Mη̇+A∞β̇+

t∫
0

K (t− τ)β (τ) dτ = FFK+F rest+F grav+F others

(3.11)
where M is the generalized mass matrix, ηi are the six rigid degrees of

freedom, Ω is the angular velocity vector (η̇4, η̇5, η̇6) and the upper dot means
the time derivatives along the instantaneous body axes. The cross product
of Ω and first three component of Mη̇ gives the first three components and
the remaining give the second three components.A∞ is the infinite frequency
added mass (as is explained in chapter 2) and K is the retardation func-
tion. The right-hand-side forces are non-linear Froude-Krylov, non-linear
restoring, ship weight and other forces and moments, respectively. A simple
model of water on deck and bottom slamming is used in the numerical sim-
ulations but the results do not show a big effect from them. More detail for
these two parts could be found in [3]. The main corrections in this equation
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are in the added mass and convolution integral terms. β is a six component
vector and without weak-scatterer hypothesis correction, equals the η̇ while
using the weak-scatterer hypothesis, this vector is estimated in time from
the body-boundary condition:

Vn (x, t) = (Vship − Vwave) .n (3.12)

where Vship and Vwave are the ship and incident wave velocities, and the Vn
is the fluid-velocity along the ship hull normal vector n. This implies that
scattering and radiation phenomena are considered together. According to
[3], Vn is expressed in terms of N prescribed basis functions as follows:

Vn (x, t) =

N∑
i=1

βi (t)ψi (t) (3.13)

The body boundary condition 3.12 is enforced through a Minimum
Least-Square approach along the instantaneous wetted surface of the body
by defining N=6 and ψi = ni as the basis functions. This provides the
equations to find the β vector in time. Now we have all the parameters
for solving the equations of motions in time. We used the Runge-Kutta
fourth order scheme to integrate the solution in time. More details about
this method and its assumptions could be found in [3] and [4].
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Chapter 4

SFH112 fishing vessel model
and experimental set-up

4.1 Introduction

A comprehensive experimental investigation on the parametric rolling of a
fishing vessel was carried out at the CNR-INSEAN basin No. 2 together
with Claudio Lugni as the principal manager. The dimensions of this basin
are: length x width x depth = 220 x 9 x 3.6m. The wave basin is equipped
with a flap wave-maker, hinged at a height of 1.8 m from the bottom. The
experiments performed on a scaled model (1:10) of a Norwegian fishing
vessel. The model hull was made out of wood and was used for different
types of experiments which will be explained in this chapter.

4.2 SFH112 fishing vessel model

The vessel model (INSEAN model C2575) is built at CNR-INSEAN in scale
1:10 and reproduces a medium sized Norwegian fishing vessel (SFH112).
Bilge keels, skeg and anti-roll tank have been used in the experiments. Both
the bilge keels and the anti-roll tank are removable in order to estimate their
separate contribution to the roll damping [79]. The body plan with skeg
and a 3D view of the C2575 model are shown in Figs. 4.1 and 4.2, while
Tab. 4.1 reports the detailed geometric and hydrostatic properties.
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Table 4.1: Detailed hull properties of the model scale of the SFH112 fishing
vessel.

Length L ≡ Lpp 2.95m
Beam B 0.95m
Draft D 0.4m

Displacement ∇ 657.3kg
Block Coefficient CB 0.58

Longitudinal Center of Gravity (LCG) from AP (Aft Perpendicular) 1.412m
Verical Center of Gravity (VCG) above keel (KG) 0.43m

Transverse metacentric height GMT 0.07m
Roll Radius of Gyration kxx 0.378B

Pitch and Yaw Radius of Gyration kyy, kzz 0.28L
Natural roll period, Tn4(no tank) 2.97s

Natural roll period, Tn4(with tank) 3.064s
Tank length 0.95m
Tank height 0.14m
Tank width 0.051m

Tank filling depth 0.039m
Tank bottom position relative to calm water level 0.4 m

Tank bottom longitudinal position relative to COG -0.38 m

(a) SFH112 body plan (b) SFH112 cross sections

Figure 4.1: SFH112 fishing vessel body plan and cross sections.

Fishing vessels in Norway tend to become wider in order to increase
the payload due to regulatory length limitations, so SFH112 vessel is also
fairly wide. The midship region of the vessel lacks the uniform sections
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seen on larger vessels and the body plan shows a vessel where the region of
similarly shaped sections is short. This makes the vessel more vulnerable
to parametric roll due to larger variation of the water-plane area in waves
with wavelengths in the order of the ship length. The main characteristics
of the model are shown in Tab. 4.1.
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(a)

(b)

Figure 4.2: Pictures of the SFH112 model at CNR-INSEAN basin.



4.2. SFH112 fishing vessel model 85

The incident wave system is measured by means of two different pairs of
transducers (capacitance wire probe and finger probe) fixed to the carriage.
The wave elevation recorded by a pair of sensors 16m ahead of the model, is
the measure of the incident wave. A second pair of sensors, approximately
3m aside the COG of the ship-model, provides a wave elevation partially
affected by the hull. In fact, the first pair (located in far upstream) can pro-
vide a good measure of the actual generated incident waves and the second
pair account for the interaction with ship and the reflections from the tank
walls. The rigid motions of the hull are measured with an inertial (MOTAN)
and an optical (Krypton) system. The non-intrusive system Krypton gives
the real-time measure of the rigid body motions: 3 CCD cameras detect
the position of a reference system fixed to the body and identified through
three infrared LEDs. This system allows a high spatial resolution, less than
1mm for the linear displacements and less than 0.05◦ for the angular de-
grees of freedom. The MOTAN is an inertial platform, which measures the
accelerations and the angular velocities of a rigid model. In order to limit
the mean horizontal motions (mean surge, sway and yaw) of the model, a
mooring system of four elastic cables in a symmetrical configuration with
respect to the longitudinal hull axis (V-shaped configuration) was placed at
the water-plane level and fixed to the carriage (see sketch in Fig. 4.3).

In the experiments, four load cells were attached between the carriage
and the ends of the four cables to measure the pretension (T0) and the
changes in the cable tension during the experiments. Using these data, the
recorded ship motions and the cables configuration, the tension changes can
be expressed in terms of cable length change. More details of the cables for
any experiment sets will be given in chapters 6 and 7.

Three main categories of experiments were performed without tank dur-
ing this campaign. They are listed below:

r The experiments of the bare hull with skeg in waves at Froude number
Fn = U/

√
Lg = 0.

r The experiments of the bare hull with skeg in waves at Froude number
Fn=0.09.

r The experiments of the bare hull with skeg in waves at Froude number
Fn=0.18.

At the beginning of any experiment, decay tests in calm water and with-
out forward speed were performed for having a better view of the damping
for the different modes of the model and also the cable forces.
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4.3 Mooring system

As explained in section 3.3, to limit the mean horizontal motion (mean surge,
sway and yaw) of the model, a mooring system of four elastic cables in a
symmetrical configuration with respect to the longitudinal axis (V-shaped
configuration) was placed at the water-plane level and fixed to the carriage.
The values used in the experiments for the cable angles are αf = 25◦ and
αa = 45◦ as shown in Fig. 4.3.

Figure 4.3: Top view of the experimental cable configuration in calm water.

The coordinates of the attachment points in the body frame coordinate
system in calm water are listed in Tab. 4.2.

Table 4.2: Mooring cables nodes coordinates.

Node x(m) y(m) z(m)

F 3.9057 0.82 0.05
G 3.9057 -0.82 0.05
E 2.1287 0.0 0.0

SB 1.8087 0.0 -0.0067
D -2.379 -0.82 0.05
C -2.379 0.82 0.05
B -1.592 0.0 0.025
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4.4 Anti-roll tank set-up

A passive free surface anti-roll tank is designed and mounted on the ship
model and new tests were designed and performed to investigate its effect
on the parametric rolling resonance. The tank is shaped as an elongated
parallelepiped box (see Fig. 4.4) mounted 0.38m aft the longitudinal posi-
tion of the centre of gravity of the ship model with skeg and without bilge
keels. The tank is fixed to the model through a balance, designed at CNR-
INSEAN using a Kistler load cells system, to measure the sloshing forces
and moments of the tank on the ship model. The ballast on the model is
compensated so to keep constant the hydrostatic properties after the tank
installation. The length of the tank is the same as the ship model breadth,
i.e. 95cm. The tank height is 14cm and the filling depth is 3.9cm. Four
different widths corresponding to 3.0, 4.0, 5.1 and 8.1cm were investigated.
The tests with tank were done only at zero forward speed. The ship model
and the mounted tank on-board are illustrated in Fig. 4.4.

Figure 4.4: The ship model and the mounted free-surface anti-roll tank.

Before starting the experiments of the model and the mounted tank, a
series of forced rolling experiments of the isolated tank were performed and
the sloshing forces and moments were measured at a tank fixed coordinate
system with its origin at the tank bottom. on the bottom of the tank was
measured. As it was shown in chapter 3, these tests were used for validation
of our sloshing numerical simulator.
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Chapter 5

Experiments and numerical
simulations (using strip
theory) of parametric rolling
in post-Panamax C11 class
containership

In the first stages of this PhD work, a non-linear frequency domain numerical
solver was developed where the motions are modelled in 5-DOF(excluding
surge) and the radiation and diffraction problems were solved using a strip
theory code [72]. The code was validated by comparing its results for a C11
class post-Panamax containership against the experimental results. The
numerical and experimental results were in good agreement and related
analysis was published and presented in OMAE2015 conference [12]. The
experiments and numerical results are examined in this chapter.

5.1 Experimental set-up and numerical solver

5.1.1 Experimental set-up

A series of experiments for parametric rolling on a container ship model
in regular (head and following sea) waves was performed during Hydralab
III project in CEHIPAR (Canal de Experiencias Hidrodinamicas del Pardo)
[80], Spain, which are used here for validation of our numerical method.
The full-scale particulars for the post-Panamax C11 containership and its
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bodyplan are shown in Tab. 5.1 and Fig. 5.1.

Table 5.1: Hull properties of C11 post-Panamax container ship.

Length between perpendiculars L ≡ Lpp 262m
Beam B 40m
Draft D 12.34m

Block Coefficient CB 0.66
Vessel Displacement 76056ton

Vertical center of gravity (VCG) above keel 17.51m
Longitudinal center of gravity (LCG) from AP 124.54m

Transverse metacentric height GMT 1.97m
Roll Radius of Gyration kxx 0.34B

Pitch and Yaw Radius of Gyration kyy, kzz 0.24L

(a) C11 body plan (b) C11 cross sections

Figure 5.1: C11 Container ship body plan and cross sections.

The CEHIPAR towing tank is 150m long, 30m wide, has 5m depth and
is equipped with a flap type wave maker at one side and an artificial beach
to avoid wave reflection at the other side. The basin is equipped with a
Computerized Planar Motion Carriage (CPMC). A schematic view of the
basin is shown in Fig. 5.2 [38].
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Figure 5.2: CEHIPAR basin with wave maker and wave beach and CPMC
system [38].

Fig. 5.3 shows the ship model and the experimental set-up while per-
forming the experiments.

Figure 5.3: C11 post-Panamax container ship model and the experimental
set-up [38].

The experiments were performed on a model with scale of 1:65 in dif-
ferent scenarios, which are described in detail. A tuning was set for pa-
rameters so that parametric rolling could occur. Based on conditions that



92 92

were discussed in the previous sections, the frequency of excitation should
be almost twice the roll natural frequency and, at the same time, the wave
height should be higher than a threshold value and the roll damping should
be lower than a limit. Besides, the running time should be long enough
so that the building-up phase of the roll due to its instability can lead to
steady-state conditions with the roll oscillating at its natural frequency. In
the experiments examined, the wave length varies from 0.8 to 1.4 times of
the ship length and the wave amplitude ranges between 3 and 5 m in full
scale conditions. The full scale ship speeds in these experiments are 8 knots
in head sea and 0 knot in following sea.

5.1.2 Numerical solver

Here, a numerical method based on linear potential-flow strip theory and
non-linear Froude-Krylov and hydrostatic loads, modelling the vessel as a 5-
DOF system and including viscous roll damping, is used to study parametric
roll. In fact we solved the equations of motion as shown in Eq. 2.96, except
for the Froude-Krylov and hydrostatic loads that are calculated from the
integration of the pressure around the wetted surface of the ship at any
time step. Inclusion of these two non-linear forces (calculated as explained
in section 2.2.2) are essential to capture the parametric resonance.

In the roll damping part, we added linear equivalent viscous roll damping
to the radiation roll damping. We used Ikeda semi-empirical formulation
for calculating the viscous roll damping [81].

5.2 Results

Fig. 5.4 shows an example of parametric-roll occurrence from the model
tests in [80] in terms of the time evolution of the wave elevation and of heave,
roll and pitch for a given incident wave amplitude ζa = 3m, wave period
Tw = 12.95s and ship forward speed U = 8kn. These values correspond to
an incident-wave steepness kζa = 0.072, a calm water roll natural frequency
to excitation frequency ratio ω4n/ωe = 0.472 and λ/Lpp = 1. Here λ and Lpp
mean the incident wavelength and the ship length between perpendiculars,
respectively.
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Figure 5.4: Development of parametric rolling in experiments in regular
waves (Head sea, ζa = 3m, U = 8kn, Tw = 12.95s) [80]

In this scenario, the maximum roll amplitude measured in experiments
is 23.2◦. For the same scenario, the numerical simulation was carried out
and the results are given in Fig. 5.5 including all motions modeled by the
developed solver.
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Figure 5.5: Development of parametric rolling in numerical simulations in
regular waves (Head sea, ζa = 3m, U = 8kn, Tw = 12.95s) [80].

The maximum numerical roll amplitude is 21.3 degrees.
In the next experiment examined, all the parameters are the same except
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the wave amplitude which is changed to 4m (kζa = 0.096). We can see the
effect of increasing the wave amplitude in Fig. 5.6.
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Figure 5.6: Development of parametric rolling in experiments in regular
waves (Head sea, ζa = 4m, U = 8kn, Tw = 12.95s) [80].

The maximum roll amplitude changes from 21.3 degrees for ζa = 3m to
25 degrees for ζa = 4m. The same scenario with numerical simulations is
shown in Fig. 5.7.

0 100 200 300 400 500 600 700 800 900 1000
−5

0

5
wave elevation, ζ(m)

0 100 200 300 400 500 600 700 800 900 1000
−2

0

2

η
2
(m

)

0 100 200 300 400 500 600 700 800 900 1000
−1

0

1

2

η
3
(m

)

0 100 200 300 400 500 600 700 800 900 1000
−50

0

50

η
4
(d
e
g
)

0 100 200 300 400 500 600 700 800 900 1000
−5

0

5

η
5
(d
e
g
)

0 100 200 300 400 500 600 700 800 900 1000
−1

0

1

η
6
(d
e
g
)

t(s)

Figure 5.7: Development of parametric rolling in numerical simulations in
regular waves (Head sea, ζa = 4m, U = 8kn, Tw = 12.95s) [80].

The simulated results show 21.3◦ as the maximum roll amplitude, which
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is in good agreement with experiments but it does not show an increase
when comparing with previous scenario. Now we want to see how the ship
would behave in another combination of parameters. For this scenario, the
experiment was done for an incident wave amplitude ζa = 4m, wave period
Tw = 14.19s and ship forward speed U = 8kn. These values correspond to
an incident wave steepness kζa = 0.08, a calm water roll natural frequency
to excitation frequency ratio ω4n/ωe = 0.526 and wavelength-to-ship length
ratio λ/Lpp = 1.2 and the related measurements are shown in the Fig. 5.8.
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Figure 5.8: Development of parametric rolling in experiments in regular
waves (Head sea, ζa = 4m, U = 8kn, Tw = 14.19s) [80].

As it can be seen no parametric rolling occurred because of change of
frequency of encounter conditions relative to roll natural frequency and the
initial disturbance died out in time. The corresponding numerical results
are provided in Fig. 5.9.
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Figure 5.9: Development of parametric rolling in numerical simulations in
regular waves (Head sea, ζa = 4m, U = 8kn, Tw = 14.19s) [80].

Consistently with the experiments, also in this case there is no paramet-
ric resonance in roll. There are some other scenarios in the experiments and
numerical simulations and the overall results can be seen in the Tab. 5.2.
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Table 5.2: Occurrence of parametric roll (PR) in terms of roll amplitude
from experiments in [80] and present method in head-sea regular waves.

Test No. λ/Lpp ζa(m) Tw(s) U(knots) η4a(
◦)exp η4a(

◦)sim

5 0.8 3 11.59 8.0 31.0 38.5
6 1 3 12.95 8.0 23.2 21.3
7 1.2 3 14.19 8.0 2.0 No PR
8 1.4 3 15.33 8.0 0.5 No PR
9 0.8 4 11.59 8.0 32.8 40
10 1 4 12.95 8.0 25.0 21.3
11 1.2 4 14.19 8.0 1.7 No PR
12 1.4 4 15.33 8.0 0.8 No PR
13 0.8 5 11.59 8.0 35.7 40.5
14 1 5 12.95 8.0 27.3 20.4
15 1.2 5 14.19 8.0 1.3 No PR
16 1.4 5 15.33 8.0 0.6 No PR

The simulation results for the occurrence of parametric roll and for the
values of steady-state roll amplitude are in good agreement with the exper-
imental data. For the conditions in which the parametric rolling occurred
the roll maximum amplitude is almost the same in experiments and simula-
tions. As it can be seen in the experiments, for Tw = 11.59 and 12.95s the
roll amplitude increases by increasing wave amplitude. For Tw = 11.59s it
goes from 31◦ for ζa = 3m to 32◦ for ζa = 4m and 35.7◦ for ζa = 5m. This
last value represents the largest amplitude observed in the head-sea tests.
In six scenarios, there is no parametric resonance both in the model tests
and in the simulations. More in detail, this occurs in tests with Tw = 14.19
and 15.33s (ω4n/ωe = 0.526 and 0.575) at all incident-wave steepnesses ex-
amined. The most severe cases did not occur for λ/Lpp = 1 but for 0.8 and
the maximum roll amplitude for ζa = 5m reached 35.7◦ in experiments and
40.5◦ in simulations. These values are very high and dangerous for ships.
Fig. 5.10 examines the initial transient phase leading to the build-up of
the parametric resonance from one experimental case and the correspond-
ing numerical simulation. The roll time history is synchronized with the
evolution of the incident-wave elevation.
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Figure 5.10: Comparison of development of parametric rolling in experi-
ments [80] and numerical simulations in regular waves (Head sea, ζa = 3m,
U = 8kn, Tw = 12.95s).

There is good agreement between the two results. The differences could
be due to a non-perfectly regular behavior of the incident waves in the
experiments. However, we have no possibilities to assess experimental error
sources.

As it was told before, one of the objective of this model is to identify
dangerous zones for parametric rolling by producing polar diagrams. Due
to the time limit, the solver was not developed for solving the ship motions
in irregular waves. By developing that part of the solver, one can reproduce
polar diagrams for different sea states. Those diagrams would be of high
importance and value for the ship masters in order to avoid the dangerous
zones in terms of the parametric rolling. Here the polar diagrams for regular
waves for selected wave periods and wave amplitudes are shown in the Figs.
5.11 to 5.13.

In the polar diagrams, the radial coordinate is the ship speed in knots,
and the angular coordinate is the wave heading. 180◦ corresponds to the
head sea waves. The toolbar on the right of the figures represents the steady-
state roll amplitude in degrees. The heading intervals are considered as 15◦

and the interval in speed is 2knots. For each polar diagram 117 simulations
were performed for a time duration of 2000s. With these polar diagrams
one can identify which speed and heading combinations, within the chosen
values, can be dangerous regarding parametric rolling.
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Figure 5.11: Numerical polar plot for roll (degree) in regular waves versus
heading and forward speed in knots (GM = 1.97m, ζa = 3m,Tw = 11.59s).

The first polar plot is in Fig. 5.11 and is for ζa = 3m and Tw = 11.59s.
As it can be seen, we have a weak amplification at head sea (180◦ heading)
with no forward speed but it becomes higher with increasing forward speed,
it will have the maximum amplification at around 8knots and starts to re-
duce after that vanishing at around 12knots. In bow sea, the maximum roll
amplitude occurs in a forward speed between 10 and 12knots and vanishes
at around 14knots. In beam sea there is no parametric rolling observed.
In following sea we have small amplification at zero forward speed, then it
vanishes at around 2knots and it seems it starts again at 16knots. The next
polar diagram in Fig. 5.12 is for the same wave period but with amplitude
of 4m.
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Figure 5.12: Numerical polar plot for roll (degree) in regular waves versus
heading and forward speed in knots (GM = 1.97m, ζa = 4m,Tw = 11.59s).

As it can be seen, by increasing the wave amplitude, the danger zone
in head sea widens and the speed at which the parametric rolling vanishes
increases. The parametric rolling zone in following sea seems also to start at
lower speeds. We can also see some danger zones at heading of 15◦ in speed
of 16knots while we do not see a very high danger in the same area for wave
amplitude of 3m. The highest roll amplitude observed is also greater in the
larger wave-amplitude case and so the capsizing risk is higher.
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Figure 5.13: Numerical polar plot for roll (degree) in regular waves versus
heading and forward speed in knots (GM = 1.97m, ζa = 3m,Tw = 12.95s).

The last polar diagram is shown in Fig. 5.13 for a higher wave period
than in the previous two figures. We see that at zero forward speed there is
no parametric rolling in any heading while we observed some small amplifi-
cation for shorter incident-wave period. The situation in following sea with
higher speeds is almost the same in the two cases. In head sea, it is clear
that the strong amplification starts at higher speeds than in figure 5.11. For
instance, at speed of 10knots the roll amplitude is around 35 degrees for
Tw = 11.59s while in the same condition the amplitude is around 25 degrees
for Tw = 12.95s. From these polar plots, there are more dangerous zones in
head and bow sea than in following and beam sea, at least in the studied
situations and in the operational conditions. The ship masters should avoid
these situations by ship handling tactics based on forward speed and head-
ing or a combination of them. As it can be seen from the results, reducing
the forward speed not always brings the ship out of parametric rolling area
and sometimes increasing the speed might be more useful in this regard.
The damping plays an important role in the occurrence of parametric roll.
Here the basic damping is calculated at the encounter frequency due to the
fact that in this numerical analysis we do not use a convolution integral
formulation. The quadratic viscous damping is small relative to the wave
radiation damping. For example, the total damping ratio at roll amplitude
of 20 degrees for Tw = 12.95s, head sea and U = 8kn is around 8% and for
Tw = 11.59s is around 9.6%. Unluckily free-decay tests are not available
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from the experiments in [80] to assess the roll damping used in our simula-
tions. Therefore, a sensitivity analysis has been performed on the influence
of damping on the parametric roll. We added a linear damping as a fraction
of critical damping to the system to find the threshold damping that can
prevent parametric resonance. The results are shown in Fig. 5.14.
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Figure 5.14: The effect of added damping on parametric roll occurrence and
roll amplitude for Head sea waves and U = 8knots.

It is clear that the needed damping for higher wave amplitude is larger.
For the studied incident waves, with additional damping between 10% and
18% of the critical damping we can avoid parametric resonance in roll. These
results suggest that the use of other damping devices (like bilge keels or anti-
roll tank) might avoid the parametric roll. We also did a sensitivity test on
the effect of freeboard on parametric roll. By increasing and decreasing the
freeboard by 5%, we did not see much difference in rolling amplitude. In
fact the difference was less than 1◦.

A set of experiments ([80]) were also done for GM = 0.99m in following
sea waves and without forward speed. The results from the model tests and
the simulations are shown in Tab. 5.3.
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Table 5.3: Occurrence of parametric roll (PR) in terms of roll amplitude
from experiments in [80] and present method in following-sea regular waves
and GM = 0.99m

Test No. λ/Lpp ζa(m) Tw(s) U(knots) η4a(
◦)exp η4a(

◦)sim

309 0.8 3 11.59 0.0 35.79 Cap
310 1 3 12.95 0.0 35.79 Cap
311 1.2 3 14.19 0.0 31.53 29.6
312 1.4 3 15.33 0.0 25.96 22.5
313 0.8 4 11.59 0.0 35.74 Cap
314 1 4 12.95 0.0 38.20 Cap
315 1.2 4 14.19 0.0 34.07 Cap
316 1.4 4 15.33 0.0 26.35 24.5

Here, Cap means capsizing. From the comparison, the numerical predic-
tions are a bit conservative in terms of roll amplitude. In three conditions,
the agreement is good but in other conditions, which lead to high roll ampli-
tudes, the simulation shows capsizing while the experiments did not record
such critical event. A possible experimental error source is wave reflection
from tank walls, which is more important in zero forward speed cases.

5.3 Conclusion

The solver has been validated against model experiments in regular incident
waves on a post-Panamax C11 class container ship, without bilge keels and
without anti-roll tank. The results showed good agreement with a tendency
of the developed solver to give conservative results in some examined scenar-
ios. The conditions for parametric-roll occurrence, in terms of incident-wave
frequency and amplitude and ship speed, as well as the experienced roll am-
plitudes are almost the same in experiments and simulations. Furthermore,
we speculated about the influence of wave reflection from tank walls at zero
forward speed in following waves. A sensitivity study on the influence of
the roll damping and the free-board on the parametric roll was performed
numerically. By adding damping in the range between 10% to 18% of the
critical damping, we could avoid parametric resonance in roll for the exam-
ined incident waves. For the studied cases, the free-board seems to have a
small effect on parametric rolling. The proposed numerical tool could be
used to obtain critical conditions in regard of parametric rolling. There-
fore, it could be the starting point to design dedicated model tests or more
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complex numerical investigations.
Besides, it could also be used for producing polar diagrams, which show

dangerous combinations of wave heading, wave amplitude and ship speed in
regular waves in regard of parametric rolling. The seakeeping analysis of the
ships in the real sea states should be modelled by solvers in irregular waves.
Using these solvers, one can produce polar diagrams in which the dangerous
combination of ship speed and heading in different sea states in terms of
parametric rolling could be shown. Such diagrams are highly valuable for
ship-masters aboard ships to avoid such dangerous instability zones. Using
those diagrams, enables them to be aware of the risk of parametric rolling
and helps them to take the precautionary actions. Due to the time limits, we
did not develop our solver further to solve the ship motions in the irregular
seas and instead we provided selected polar diagram in regular waves.



Chapter 6

Experiments and numerical
simulations on a fishing
vessel in cases without
anti-roll tank

In this chapter we investigate the parametric rolling of the fishing vessel
introduced in chapter 4. The typical fishing vessels are blunt bodies with
low length to beam ratio and this is also true for the examined ship model.
This invalids the basic strip-theory assumption that the vessel is slender.
So, numerically, we developed a 3D solver for this part as explained in
chapter 2. Experimentally, three sets of model tests have been performed
before installation of an anti-roll tank. The tests have been performed in
CNR-INSEAN basin No. 2 (Rome, Italy), during June and July 2014 and
January and February 2015. The basin dimensions, the experimental set up
and the ship model where described in detail in chapter 4. First set of ex-
periments was performed at Froude number Fn=0 and the second and third
round of tests were carried out at Fn=0.09 and Fn=0.18. In order to limit
the mean horizontal motions (mean surge, sway and yaw) of the model, a
mooring system of four elastic cables in a symmetrical configuration with
respect to the longitudinal hull axis (V-shaped configuration) was placed
at the water-plane level and fixed to the carriage. The detailed descrip-
tion of this mooring system, as used in the experiments and as modelled
numerically, is provided in chapters 4 and 3, respectively. The tests were
performed in regular waves generated in the basin in the vicinity of para-
metric resonance instability area. These three sets of tests are described
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and compared against numerical simulation in this chapter. All six modes
of motions for test cases are compared and presented in this chapter. The
six modes of motions are shown in each figure and since a long simulation
time is presented, the visibility for comparing the motions became limited
in some cases. Therefore, a higher visibility for comparison are provided in
appendix C.

6.1 Cases at Fn=0

As we know, the parametric resonance can occur when the natural roll
frequency (ωn4) is half of the incident wave frequency. So these tests were
performed varying the frequency ratio ωn4

ωe
from 0.46 to 0.54. The other

condition for occurrence of parametric rolling is that the wave height should
be high enough. So a wave steepness kζa range of 0.1 to 0.25 was considered.

6.1.1 Cable identification and wave characteristics

The experiments performed at Fn=0 are shown in Tab. 6.1.

Table 6.1: The test cases at Fn=0. A cell with symbol X indicates that the
corresponding test was not performed.

kζa ↓,ωn4
ωe
→ 0.46 0.47 0.48 0.49 0.50 0.51 0.52 0.53 0.54

0.1 X X C459 C479 C457 C501 C468 C480 X

0.15 X C464 C463 C462 C461 C460 C469 C481 C482

0.20 C473 C472 C471 C470 C466 C465 C474 C484 C499

0.25 C493 C490 C483 C491 C492 C495 C496 C497 C500

For starting the numerical simulations, we have to do the cable identifi-
cations for the four cables. In the experiments, four transducers measured
the cables tensions in time. By knowing these tensions, the positions of ca-
bles attachments to the model and the vessel rigid motions in time we can
plot the graph of cables tension T (N) versus cables length variation ∆L(m)
and extract the cable identifications. This is important for the numerical
model of the cables, performed as explained in chapter 3. Before each set
of experiments, free-decay tests in calm water were performed for having
the cable configuration exactly before the tests. For the cases mentioned
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in Tab. 6.1, three sets of decay tests in calm water were performed. For
instance, the surge decay tests of C451, C476 and C486 were performed and
used for cable identifications. Here we show and explain the surge decay
test C451. The time series of the ship-model motions are shown in Fig. 6.1.
As it can be seen from this graph, all the motions except surge, are small.
However, in the process of extracting the cables identifications, all motions
are considered in the cables length variation calculations.
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Figure 6.1: 6-DOF fishing-vessel motions in time for surge decay test C451.

The cables length variation in time and also the cables tension in time
are shown in Figs. 6.2 and 6.3.

As it can be seen from Fig. 6.3, all the cables have a pretension. Now
if we remove the pretension and just plot the cable tension against cable
length variation, we can extract the cables identifications. This is given in
Fig. 6.4

The pretension value for the cable aft and port side is negative, which is
non-physical. It seems that the transducer in that cable had a problem in the
experiments. So we can not trust the value from that sensor. To cover this
information lack, we assumed a perfect left-right symmetry of the cables.
Therefore, from now on we just consider the cables of the starboard side
and use the same for those in the port side. By considering these cables and
fitting some fourth order curves, we obtain the cable identifications. The
main model-test points and the related identification are shown in Fig. 6.5.
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Figure 6.2: Cables length variation in time for surge decay test C451.
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Figure 6.3: Cables tension in time for surge decay test C451.



6.1. Cases at Fn=0 109

−0.4 −0.2 0 0.2 0.4
−20

0

20

40

∆L(m)

T
−
T
p
(N

)
Fore port cable

−0.4 −0.2 0 0.2 0.4
−20

0

20

40

60

∆L(m)

T
−
T
p
(N

)

Fore starboard cable

−0.4 −0.2 0 0.2 0.4
−20

0

20

40

60

∆L(m)

T
−
T
p
(N

)

Aft port cable

−0.2 −0.1 0 0.1 0.2 0.3
−20

0

20

40

60

∆L(m)
T
−
T
p
(N

)

Aft starboard cable

Figure 6.4: Cables tension versus length variation for surge decay test C451.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
−20

0

20

40

60

∆L(m)

T
−
T
p
(N

)

Fore starboard cable

 

 

Experiment
Fitted curve

0 0.05 0.1 0.15 0.2 0.25
−20

0

20

40

60

∆L(m)

T
−
T
p
(N

)

Aft starboard cable

Figure 6.5: Cables tension versus length variation and related identification
for surge decay test C451.



110 110

For instance, the tension law used for the fore cables of case C451 is as
follows:

T−T0 =

{
10.994∆l + 940.575∆l2 − 2567.357∆l3 + 2404.848∆l4; ∆l0 < ∆l < ∆l1

Tmin; ∆l < ∆l0
(6.1)

where T0 = 5.3732N is the pretension and Tmin = 0 as explained in Fig.
3.19, ∆l0 = 0 and ∆l1 = 0.25m. Moreover, the tension law for ∆l > ∆l1 is
a linear fit to the curve at ∆l1.

The tension law for the aft cables is as follows:

T−T0 =

{
52.916∆l − 490.090∆l2 + 10833.444∆l3 − 27828.920∆l4; ∆l0 < ∆l < ∆l1

Tmin; ∆l < ∆l0
(6.2)

where T0 = 10.4487N , Tmin = 0, ∆l0 = 0 and ∆l1 = 0.15m and the
tension law for ∆l > ∆l1 is a linear fit to the curve at ∆l1.

Now we have the cables and we can start doing the numerical simulations
for surge decay C451 case and compare them to the experiments. The results
are given in Fig. 6.6.
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Figure 6.6: Comparison of numerical and experimental results for C451
surge decay test.

This figure shows a good agreement between numerical and experimental
result in surge decay, which shows that the cables have been modelled in a
satisfactory way.

The other parameters extracted from the experiments, are the viscous
damping coefficients. The following viscous damping coefficients (extracted
from the decay tests) were used to get the similar damping level in nu-
merical simulations as in experiments. In all simulations of motions of this
fishing vessel, the viscous damping is extracted from the surge decay tests.
The obtained linear (visc,lin) and quadratic (visc,non-lin) viscous damping
coefficients in model scale are as follows:

Bvisc,lin
11 = 20.92Ns/m, Bvisc,non−lin

11 = 0.0 (6.3)

Bvisc,lin
22 = 39.14Ns/m, Bvisc,non−lin

22 = 0.0 (6.4)

Bvisc,lin
44 = 1.2344Nms, Bvisc,non−lin

44 = 10.1206Nms2 (6.5)

Bvisc,lin
66 = 65.0383Nms, Bvisc,non−lin

66 = 0.0 (6.6)

Now we can compare the simulations in roll decay test and check if
the numerical model of the roll damping is correct. The comparison is
documented in Fig. 6.7.
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Figure 6.7: Comparison of numerical and experimental results for C450 roll
decay test.

This figure also shows that the roll damping level in the numerical simu-
lation is in agreement with the experimental value. Unfortunately the sway
and yaw decay tests could not be reproduced in the numerical simulations.
One reason could be the fact that we do not have the exact data for all four
cables from the experiments. Alternatively, we also implemented a linear
sway and yaw restoring in the numerical model while the cable forces are
used for the other modes of motions. The results for these two methods are
shown in Figs. 6.8 and 6.9.
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Figure 6.8: Comparison of numerical and experimental results for sway
decay test.
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As it can be seen from these two figures, even using the linear restoring
loads could not reproduce the experimental decay tests. Besides, we did the
final simulations based on these two methods and it showed that the final
results in terms of occurrence of parametric rolling and the steady state
value in case of occurrence do not change. So from now on, we will use the
extracted cables for all numerical simulations for all the test cases in waves.

Since the prescribed incident waves and the actual waves generated in
the basin might be a bit different due to experimental errors, we performed
FFT (Fast Fourier Transform) of the actual incident waves in the exper-
iments and use only the first component to identify the wave period and
wave amplitude for the numerical simulations. We should note that we
must do the FFT for large enough number of periods (we used 10 periods)
and also use some parts of the waves after the transient parts and before
any important ship motion starts, to ensure nearly steady-state conditions
with limited wave reflection effects. Fig. 6.10 shows a sample result of this
FFT procedure for test case C457.
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Figure 6.10: Wave elevation in time for C457 test and the FFT analysis of
its selected part.

The top subplot shows the wave elevation in time. The selected part
for the FFT is also marked with red color. The results of the FFT for the
selected part are shown in the bottom subplot.

6.1.2 Numerical and experimental results

After the FFT for all mentioned test cases, and after all cables and all
damping-coefficients identifications, the simulations for all cases can be per-
formed. They are discussed in this section. First the results of FFT analysis
are shown in the Tab. 6.2.
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Table 6.2: Test cases at Fn = 0. The frequency ratio ωn4
ωe

and the steepness
kζa, refer to the prescribed incident waves. In each cell, three elements are
given vertically, as follows: the first label indicates the case number, the
second value is the wave period in seconds and the last value is the actual
incident-wave steepness. A cell with only X indicates that the corresponding
test was not performed.

kζa ↓,ωn4
ωe
→ 0.46 0.47 0.48 0.49 0.50 0.51 0.52 0.53 0.54

0.1 X X

C459
1.432
0.091

C479
1.461
0.098

C457
1.483
0.096

C501
1.518
0.094

C468
1.550
0.093

C480
1.571
0.107 X

0.15 X

C464
1.404
0.143

C463
1.432
0.143

C462
1.462
0.136

C461
1.491
0.143

C460
1.518
0.137

C469
1.553
0.131

C481
1.578
0.144

C482
1.598
0.154

0.20

C473
1.369
0.197

C472
1.397
0.182

C471
1.426
0.152

C470
1.450
0.198

C466
1.491
0.173

C465
1.510
0.191

C474
1.549
0.188

C484
1.582
0.182

C499
1.595
0.190

0.25

C493
1.387
0.207

C490
1.406
0.214

C483
1.431
0.230

C491
1.465
0.216

C492
1.480
0.229

C495
1.509
0.227

C496
1.538
0.216

C497
1.555
0.241

C500
1.587
0.221

Tab. 6.3 shows the experimental and numerical results for roll-motion
amplitude in nearly steady-state conditions in all studied cases.



Table 6.3: Test cases at Fn = 0, as given in Tab. 6.2. For each examined
case, the experimental (Exp) and numerical (Num) roll-motion amplitudes
in nearly steady-state conditions are given in degrees. A roll angle with a F
shows that the roll steady-state value is obtained by forcing the model with
a small roll angle after a while. NOF means that parametric roll did not
happen even with triggering the roll motion.

kζa ↓,ωn4
ωe
→ 0.46 0.47 0.48 0.49 0.50 0.51 0.52 0.53 0.54

0.10 Exp
Num

X
X

X
X

C459
NOF
3.8

C479
21.1
19.2

C457
18.27
18.9

C501
15.24
16.75

C468
12.5
12.9

C480
NOF
11.0

X
X

0.15 Exp
Num

X
X

C464
NOF
14.0

C463
23.66
21.8

C462
22.2
20.5

C461
20.76
18.9

C460
17.11
17.4

C469
16.0
14.5

C481
12.5
11.8

C482
NOF
7.7

0.20 Exp
Num

C473
NOF
26.9

C472
19.2
25.0

C471
25.13
22.4

C470
22.52
20.7

C466
20.7
18.25

C465
17.0
16.0

C474
16.05
13.0

C484
10.5F

9.9

C499
5.0F
5.3

0.25 Exp
Num

C493
NOF
25.7

C490
20.0
24.1

C483
24.6
21.0

C491
21.4
18.5

C492
18.1
16.0

C495
15.0
15.5

C496
13.7
12.0

C497
10.0F
11.0

C500
NOF
NOF

From the table, for most of the cases, the numerical and experimental
results agree.

For 6 cases (C473, C493, C464, C459, C480 and C482), highlighed in
grey in the table, the two results are somehow different. In the other cases
the results are the same in terms of occurrence of PR and the roll ampli-
tudes are also in an acceptable agreement. The comparison of two cases is
shown below and then the reason of differences for the 6 highlighted cases
is discussed.

The numerical and experimental incident waves and corresponding re-
sults of vessel motions for the case C457 are shown in Figs. 6.11. From
the figure, the results are in a good agreement in all modes except in sway
and yaw. The numerical and experimental cable tensions for case C457 are
shown in Fig. 6.12, showing similar behaviours and values. In general, in
the examined head-sea waves, the surge motion is characterized by an im-
portant negative mean value leading to a drift of the vessel toward the stern.
As a result, the fore cables are tensioned and show an oscillatory behaviour,
while those in the aft of the vessel experience only the pretension. The ex-
perimental cable tensions have a high frequency and quite high amplitude
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Figure 6.11: Comparison of experimental and numerical incident waves and
model motions in all six degrees of freedom for case C457.

noise though.
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Figure 6.12: Comparison of experimental and numerical values for mooring
cables tensions in case C457.

The motions in sway and yaw are a bit different, and it might be due
to the fact that we use exactly symmetric cables for port and starboard
while it is not like that in the experiments. Besides, the reflection of waves
from the tank walls in the experiments might be important. Although, one
should note that both of these motions are quite small when compared to
other modes of motions. The transient phase of surge motions is also a bit
different in experiment and numerical simulations, which is consistent with
the differences observed in Fig. 6.12 for the fore cable tensions.

The comparison between numerical and experimental values for vessel
motions and cable forces for case C483 is shown in Figs. 6.13 and 6.14.
The agreement between the two results is satisfactory. It should be borne
in mind that the important parameter in the PR analysis is its occurrence
and steady-state roll amplitude. In a practical case, the build-up phase
of the roll motion would also matter to characterize the time scale for PR
to reach critical roll angles. However, in the experiments, this build-up
phase is much affected by the used set up. In the experiments, the cables
configuration and also other asymmetric effects could trigger the PR while
in the numerical simulation, the cables are exactly symmetric and there are
not the same disturbances as in the experimental set-up.
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Figure 6.13: Comparison of experimental and numerical incident waves and
model motions in all six degrees of freedom for case C483.
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Figure 6.14: Comparison of experimental and numerical values for mooring
cables tensions in case C483.
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To have a better idea of the ship-instability tendency in the experimen-
tal cases, we superimpose the stability diagram from the experimental and
numerical studies to the Mathieu instability diagram based on uncoupled
roll equation of motion.

First we explain the uncoupled roll motion and the Mathieu equation.
Let us assume a ship in head-sea regular waves. In these conditions, there is
no exciting roll moment for the ship. We disregard the sway and yaw motion
coupling to the roll and only consider the indirect effect of the incident
waves and of heave and pitch motions on the transverse metacentric height
(similarly as shown in Fig. 1.6), leading to time changes in the roll restoring
coefficient, i.e.:

C44(t) = ρg∇(GMm + δGM sin (ωet+ β)). (6.7)

Here ρ is the water density, g is the gravity acceleration, ∇ is the ship dis-
placement, GMm is the metacentric height mean value and δGM is the am-
plitude of metacentric-height change induced by incident waves, and heave
and pitch motions. ωe is the encounter frequency and β is the phase of
the metacentric-height variation relative to the incident waves. Under these
assumptions, we can write the roll equation of motion as follows [82]:

(I44 +A44) η̈4 +B44η̇4 + ρg∇(GMm + δGM sin (ωet+ β))η4 = 0 (6.8)

Here I44 is roll moment of inertia, A44 is the roll added mass and B44

is the linear roll damping. Eq. 6.8 is an approximated roll-motion equation
because sway and yaw coupling are disregarded and only the linear roll
damping is used. Besides, in reality, the metacentric variation is not exactly
sinusoidal. Eq. 6.8 can be rewritten as:

η̈4 + 2ξωnη̇4 + ω2
n(1 + +

δGM

GMm

sin (ωet+ β))η4 = 0. (6.9)

where ωn is the uncoupled roll natural frequency:

ωn =

√
ρg∇GMm

I44 +A44
(6.10)

ξ is the damping ratio, defined as:

ξ =
B44

2
√

(I44 +A44) ρg∇GMm

. (6.11)
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In the classical Mathieu equation ξ = 0. This equation shows instability
behaviour depending on the values of the involved incident-wave and ship
parameters. It means that, a small perturbation from the equilibrium may
result in strongly increased motion in time, if the system is in the instability

area. The instability areas can be expressed as a function of ωn/ωe,
δGM
GMm

and the damping ratio ξ. The damped Mathieu instability diagrams for
different values of ξωn/ωe are shown in the Fig. 6.15 ([82]).

Figure 6.15: Stability diagram for the Eq. 6.9. Shaded areas represent stable
domain for zero damping equation. The lines show different values of the
ξωn/ωe.

Now if we calculate the metacentric-height variation in the SFH112 fish-
ing vessel for the mentioned waves in the Tab. 6.2, then we can superimpose
each experiment case as a point in the Mathieu-instability diagram. The
results are shown in Fig. 6.16.
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Figure 6.16: Mathieu instability diagram for uncoupled roll (solid lines) and
experimental cases (symbols). Main plot (top), Enlarged view (bottom).

Symbol PR indicates cases in which parametric roll occurs. PR(F)
means PR occurs but a forced roll should be introduced in the system,
and No PR (F) means PR does not occur even by initiating a roll motion.
The experimental damping ratio (ξ ωn

ωe
) for the examined cases is between

0.0014 and 0.0016. As it can be seen here, it is obvious that the instability
borders are a bit different than those in the Mathieu instability diagram,
and this is because the Mathieu equation is for an uncoupled roll equation
and the GM variation is considered as sinusoidal while in reality the roll mo-
tion is coupled with other modes of motion and the GM variation in time
is not exactly sinusoidal. As we can see from this figure, all the test cases
with differences in numerical and experimental data, are at the instability
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borders. At the stability border, the stability behaviour is highly sensitive
to the damping value and excitation level and other parameters. So by a
smallest change in these parameters, we can go in the stability zone or get
off that zone.

The comparison of roll motion for the cases with different results are
shown below in Figs. 6.17 to 6.22.
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Figure 6.17: Comparison of roll motion for experiment and numerical sim-
ulation for case C459.
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Figure 6.18: Comparison of roll motion for experiment and numerical sim-
ulation for case C473.
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Figure 6.19: Comparison of roll motion for experiment and numerical sim-
ulation for case C493.
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Figure 6.20: Comparison of roll motion for experiment and numerical sim-
ulation for case C480.
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Figure 6.21: Comparison of roll motion for experiment and numerical sim-
ulation for case C482.
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Figure 6.22: Comparison of roll motion for experiment and numerical sim-
ulation for case C464.

6.2 Cases at Fn=0.09

The tests for this part were performed for the frequency ratio ωn4
ωe

from
0.45 to 0.50 with forward speed of U = 0.488m/s which corresponds to
Fn = 0.09. The wave steepness kζa varies between 0.1 to 0.25.
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6.2.1 Cable identification and wave characteristics

The experiments performed at Fn=0.09 are shown in Tab. 6.4

Table 6.4: The test cases at Fn=0.09. A cell with symbol X indicates that
the corresponding test was not performed.

kζa ↓,ωn4
ωe
→ 0.45 0.46 0.47 0.48 0.49 0.50

0.1 X X C521 C538 X X

0.15 C537 C536 C522 C533 C534 C535

0.20 X X X C539 X X

Because the different tests were performed at different times, sometimes
after returning the ship model to the water after a while, the cable configu-
ration was not exactly the same for all tests. Therefore, free-decay tests in
the different degrees of freedom were performed before the tests in waves.
Before starting the simulations, we need to analyse the decay tests to get
the correct cable configuration. The surge decay C530 is used for the cable
identification in a similar process as done in the previous section. Related
experimental ship motions are shown in Fig. 6.23.
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Figure 6.23: 6-DOF fishing-vessel motions in time for surge decay test C530.

The tension law identified for the fore cables of case C530 is as follows:
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T−T0 =

{
151.085∆l + 14.3576∆l2 − 330.4319∆l3 + 1976.8406∆l4; ∆l0 < ∆l < ∆l1

Tmin; ∆l < ∆l0
(6.12)

where T0 = 30.8N is the pretension and Tmin = −23.8N as explained
in Fig. 3.19, ∆l0 = −0.2m and ∆l1 = 0.2m. Moreover, the tension law for
∆l > ∆l1 is a linear fit to the curve at ∆l1.

The tension law used for the aft cables is as follows:

T−T0 =

{
300.5010∆l − 381.2196∆l2 − 4052.0581∆l3 − 3814.8616∆l4; ∆l0 < ∆l < ∆l1

Tmin; ∆l < ∆l0
(6.13)

where T0 = 32.8606N is the pretension and Tmin = −23.66N , ∆l0 =
−0.12m and ∆l1 = 0.13m. Moreover, the tension law for ∆l > ∆l1 is a
linear fit to the curve at ∆l1.

The experimental data for the cable tensions and the related cable iden-
tifications are shown in Fig. 6.24.
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Figure 6.24: Cable identification comparison of case C530.

As it can be seen in the figure, the experimental tension data are a
bit scattered for the aft cable. It might be due to a small change of cable
attachment (i.e. of the cable to the carriage) in the aft part during the
experiments.

The surge motion and corresponding cable tensions during surge decay
C530 are given in Figs. 6.25 and 6.26, showing a global good agreement
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between experiments and numerical results. Similar agreement is shown by
Fig. 6.27 for the roll motion during the roll decay C529.
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Figure 6.25: Comparison of surge decay C530.

25 30 35 40 45 50 55 60 65 70
0

20

40

60

t(s)

T
(N

)

Fore starboard cable

 

 

25 30 35 40 45 50 55 60 65 70
0

20

40

60

80

t(s)

T
(N

)

Aft starboard cable

Experiment
Simulation

Figure 6.26: Comparison of cable tensions in surge decay C530.
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Figure 6.27: Comparison of roll decay C529.

The linear and quadratic damping coefficients used in the numerical
simulations of these cases are as follows:

Bvisc,lin
11 = 25.41Ns/m, Bvisc,non−lin

11 = 26.1075Ns2/m2 (6.14)

Bvisc,lin
22 = 39.14Ns/m, Bvisc,non−lin

22 = 0.0 (6.15)

Bvisc,lin
44 = 1.2344Nms, Bvisc,non−lin

44 = 10.1206Nms2 (6.16)

Bvisc,lin
66 = 65.0383Nms, Bvisc,non−lin

66 = 0.0 (6.17)

As done for the previous cases without forward speed, the generated
incident wave in the experiments have been analysed due to possible differ-
ences between nominal and generated waves. So using the same procedure
as explained in the previous sections we estimated the first component from
the FFT analysis of the incident wave series. A sample of this FFT analysis
is shown in Fig. 6.28.
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Figure 6.28: FFT analysis of incident wave for case C533.

6.2.2 Numerical and experimental results

The experimental and numerical results of all cases at Fn=0.09 are discussed
in this section. The test cases and the wave characteristics according to the
FFT analysis are shown in Tab. 6.5.



Table 6.5: Test cases at Fn = 0.09. The frequency ratio ωn4
ωe

and the steep-
ness kζa refer to the prescribed incident waves. In each cell, three elements
are given vertically, as follows: the first label indicates the case number, the
second value is the wave period in seconds and the last value is the actual
incident-wave steepness. A cell with only X indicates that the corresponding
test was not performed.

kζa ↓,ωn4
ωe
→ 0.45 0.46 0.47 0.48 0.49 0.50

0.1 X X

C521
1.65

0.0976

C538
1.68

0.0972 X X

0.15

C537
1.59

0.1404

C536
1.62

0.1418

C522
1.65

0.1427

C533
1.68

0.1426

C534
1.71

0.1428

C535
1.74

0.1428

0.20 X X X

C539
1.68

0.1838 X X

The experimental and numerical results for roll-motion amplitude in
nearly steady-state conditions in all studied cases are given in Tab. 6.6.
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Table 6.6: Test cases at Fn =0.09, as given in Tab. 6.5. For each examined
case, the experimental (Exp) and numerical (Num) roll-motion amplitudes
in nearly steady-state conditions are given in degrees. A roll angle with a F
shows that the roll steady-state value is obtained by forcing the model with
a roll angle after a while. NOF means that parametric roll did not happen
even with triggering the roll motion.

kζa ↓,ωn4
ωe
→ 0.45 0.46 0.47 0.48 0.49 0.50

0.10 Exp
Num

X
X

X
X

C521
NO
30.0

C538
23.5F
25.6

X
X

X
X

0.15 Exp
Num

C537
NOF
30.0

C536
24.0F
24.5

C522
16.5F
23.0

C533
22.5F
22.4

C534
18.5F
20.5

C535
NOF
19.3

0.20 Exp
Num

X
X

X
X

X
X

C539
15.3F
19.0

X
X

X
X

As it can be seen, the overall results are in good agreement, but for three
cases: C521, C537 and C535, for which the numerical and experimental PR
results are different. These three cases are shown and discussed first.

It seems that these cases are again at the instability border similarly
to the cases at Fn=0. For the numerical simulation of case C521, the PR
starts to grow when the experiment time is over. The numerical simulation
at the end of the experiment time is less than 1 degree. The comparison
of motions for this case is shown in the Fig. 6.29 and the cable tension
comparison is shown in Fig. 6.30.
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Figure 6.29: Comparison of motions for case C521.
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Figure 6.30: Comparison of cable tensions for case C521 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).

The same trend happens for case C537 but, the numerical roll motion at
the end of the experiments is around 4 degree. The comparison of motions
and cable tensions are shown in the Figs. 6.31 and 6.32.
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Figure 6.31: Comparison of motions for case C537.
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Figure 6.32: Comparison of cable tensions for case C537 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).

For case C535, the pitch motion reduces strangely without reaching the
steady state value. This reduction in pitch can avoid PR occurrence in the
experiments. Checking the experimental video for this case also did not
help to find the reason of this pitch reduction. The comparison of motions
and cable tensions for the case C535 are shown in the Figs. 6.33 and 6.34.
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Figure 6.33: Comparison of motions for case C535.
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Figure 6.34: Comparison of cable tensions for case C535 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).

For having a better picture of the position of these cases in the instability
diagram, a numerical study was performed for several cases with different
wave frequency ratios ωn4

ωe
ranging from 0.40 to 0.51 and kζa in the range

from 0.05 to 0.20. Based on the restoring variation in these cases (as ex-
plained in the case for Froude number Fn=0) and on the numerical results
of roll motion (PR or NOPR), Fig. 6.35 is obtained.
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Figure 6.35: Mathieu instability diagram for uncoupled roll (solid lines) and
numerical cases (symbols). Main plot (top), Enlarged view (bottom).

As it can be seen from this figure, the cases C537 and C521 are clearly
at the stability border. But the case C535 seems to be well inside the
instability region. That is because for all cases with higher frequency ratio
(ωn4
ωe

= 0.51) and all wave steepnesses, PR was observed. This shows that
according to the numerical simulation, this case should experience PR in
the experiments as well.

The comparison of the numerical simulations and experimental results
shows a good agreement for the other cases in terms of PR occurrence and
roll steady-state amplitude. The motions and cables tension comparison for
the remaining cases are shown in the Figs. 6.36 to 6.45.
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Figure 6.36: Comparison of motions for case C536.
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Figure 6.37: Comparison of cable tensions for case C536 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).
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Figure 6.38: Comparison of motions for case C522.
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Figure 6.39: Comparison of cable tensions for case C522 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).
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Figure 6.40: Comparison of motions for case C538.
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Figure 6.41: Comparison of cable tensions for case C538 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).
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Figure 6.42: Comparison of motions for case C533.
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Figure 6.43: Comparison of cable tensions for case C533 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).
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Figure 6.44: Comparison of motions for case C534.
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Figure 6.45: Comparison of cable tensions for case C534 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).



6.3 Cases at Fn=0.18

The tests for this part is performed for the frequency ratio ωn4
ωe

from 0.43 to
0.50 with forward speed of U = 0.976m/s which corresponds to Fn = 0.18.
The wave steepness kζa varies between 0.10 to 0.15.

6.3.1 Cable identification and wave characteristics

The experiments performed at Fn = 0.18 are shown in Tab. 6.9.

Table 6.7: The test cases at Fn = 0.18. A cell with symbol X indicates that
the corresponding test was not performed.

kζa ↓,ωn4
ωe
→ 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

0.1 X X X X X C548 X X

0.15 C555 C554 C551 C550 C549 C545 C552 C553

The viscous damping coefficients used for these tests are similar to those
used for cases at Fn = 0.09. As for the cables, it was realized that the first
examined case C545 was characterized by cable tensions not suitable to
limit the horizontal motions of the vessel. Therefore, the pretension was
increased for the other cases in waves. It means that two sets of cables were
identified to model numerically, respectively, case C545 and the other cases
at this Froude number.

The same procedure as explained previously was used for the cables
identifications. For the first set of cables, the tension law identified for the
fore cables in the test C545 is as follows:

T−T0 =

{
141.085∆l + 14.3576∆l2 − 230.4319∆l3 + 1976.8406∆l4; ∆l0 < ∆l < ∆l1

Tmin; ∆l < ∆l0
(6.18)

where T0 = 42.02N is the pretension and Tmin = −23.8N as explained
in Fig. 3.19, ∆l0 = −0.2m and ∆l1 = 0.2m. Moreover, the tension law for
∆l > ∆l1 is a linear fit to the curve at ∆l1.

The tension law used for the aft cables is as follows:

143
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T−T0 =

{
280.5010∆l + 281.2196∆l2 − 3552.0581∆l3 − 3814.8616∆l4; ∆l0 < ∆l < ∆l1

Tmin; ∆l < ∆l0
(6.19)

where T0 = 27.0N is the pretension and Tmin = −23.66N as explained
in Fig. 3.19, ∆l0 = −0.12m and ∆l1 = 0.1m.

For the second set of cables, the tension law remains as for the first set
for the fore cables. Instead, the tension law for the aft cables differs and is
as follows:

T−T0 =

{
50.982∆l + 551.683∆l2 + 2884.489∆l3 − 9000.0∆l4; ∆l0 < ∆l < ∆l1

Tmin; ∆l < ∆l0
(6.20)

where T0 = 16.50N is the pretension and Tmin = −23.66N as explained
in Fig. 3.19, ∆l0 = 0 and ∆l1 = 0.1m.

As done for the cases at Fn=0 and 0.09, the characteristics of the incident
waves generated in the experiments were identified through a FFT process.
The nominal and actual incident-wave parameters for the examined cases
at Fn=0.18 are shown in Tab. 6.8.

Table 6.8: Test cases at Fn = 0.18. The frequency ratio ωn4
ωe

and the steep-
ness kζa refer to the prescribed incident waves. In each cell, three elements
are given vertically, as follows: the first label indicates the case number, the
second value is the wave period in seconds and the last value is the actual
incident-wave steepness. A cell with only X indicates that the corresponding
test was not performed.

kζa ↓,ωn4
ωe
→ 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

0.1 X X X X X

C548
1.88

0.0969 X X

0.15

C555
1.73

0.1422

C554
1.76

0.1424

C551
1.79

0.1429

C550
1.82

0.1427

C549
1.86

0.1421

C545
1.89

0.1428

C552
1.92

0.1432

C553
1.92

0.1429

At this stage all required information was available to perform the nu-
merical simulations in free decay and waves conditions and to compare them
against the corresponding test data. Figs. 6.46 and 6.47 examine, respec-
tively, the surge-decay case C542 and the roll-decay case C541.
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The roll-decay comparison shows that the level of damping used in the
numerical simulation is in agreement with the experimental data. In the
surge decay, the surge natural frequency seems quite similar in numerics
and experiments, which shows the cables have been identified correctly. On
the other hand, the surge amplitude is overestimated a bit after a couple of
oscillations. We could not fix that with changing the linear and quadratic
damping coefficients. The reason for this disagreement has not been ruled
out.
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Figure 6.46: Comparison of surge decay C542.
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Figure 6.47: Comparison of roll decay C541.
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6.3.2 Numerical and experimental results

Before starting the simulations of the test cases at Fn = 0.18, by checking
the videos of experiments, it was clearly observed that the model had a
negative small sinkage (rising up) and a small trim angle (bow up) with this
forward speed. After checking the snapshots from the videos of experiments,
a sinkage and trim values were identified and used in the simulations. One
snapshot of the experiment C551 is shown in Fig. 6.48.

Figure 6.48: Sinkage and trim of the model in test C551.

The distance between each two waterlines in the model is 5cm. Based
on the thickness of the blue lines (shown in the figure), the sinkage is around
8 mm up. The trim appears a small value bringing the bow up, a value of
0.5◦ (bow up) was considered in the numerical simulations, together with
the identified sinkage.

The resulting numerical results for all examined cases at Fn 0.18 are
shown in Tab. 6.9.
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Table 6.9: Test cases at Fn =0.18, as given in Tab 6.8. For each examined
case, the experimental (Exp) and numerical (Num) roll-motion amplitudes
in nearly steady-state conditions are given in degrees. A roll angle with a F
shows that the roll steady-state value is obtained by forcing the model with
a roll angle after a while. NOF means that parametric roll did not happen
even with triggering the roll motion.

kζa ↓,ωn4
ωe
→ 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.50

0.10 Exp
Num X X X X X

C548
21.1F
25.0 X X

0.15 Exp
Num

C555
NOF
27.5

C554
14.5F
27.0

C551
18.5F
26.5

C550
20.6F
25.6

C549
18F

23.0F

C545
NOF
20.2

C552
9F

15.0F

C553
NOF
NOF

From the table, the numerical and experimental results disagree in terms
of PR occurrence for two cases, i.e. C555 and C545. In the other cases, the
numerics predicts well the PR occurrence but the roll amplitude tends to
over-predict the experimental value. A detailed analysis of the individual
cases is presented next.
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Figure 6.49: Comparison of motions for case C555.
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Figure 6.50: Comparison of cable tensions for case C555 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).
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Figure 6.51: Comparison of motions for case C554.
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Figure 6.52: Comparison of cable tensions for case C554 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).
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Figure 6.53: Comparison of motions for case C551.
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Figure 6.54: Comparison of cable tensions for case C551 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).
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Figure 6.55: Comparison of motions for case C550.
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Figure 6.56: Comparison of cable tensions for case C550 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).
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Figure 6.57: Comparison of motions for case C549.
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Figure 6.58: Comparison of cable tensions for case C549 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).

Figs. 6.49 and 6.50 present the comparison for the motions and ca-
ble tensions for case 555. This corresponds to the lowest examined wave-
frequency ratio. Experimentally no PR is observed, even with triggering
the roll motion. Numerically, a PR with amplitude 27.5◦ develops at a time
later than when the roll motion is triggered without PR in the experiments.
Considering the nominal-wave parameters for simplicity, in this case the
wave-frequency ratio is ωn4

ωe
= 0.43 and the wave steepness is kζa = 0.15.

From now on, we refer to the nominal wave characteristics of the cases for
the simplicity.

At the same wave steepness and increasing the nominal wave frequency
ratio to ωn4

ωe
= 0.44 and 0.45, the PR is observed experimentally after forcing

a roll motion. Therefore we can say that the left instability border for the
nominal wave steepness kζa = 0.15, is at a frequency ratio between 0.43
and 0.44. This suggests that the difference in PR occurrence for case C555
might be due to the case being close to the instability border and therefore
to a greater sensitivity of the vessel behaviour to the involved roll damping.

Figs. 6.51 and 6.52 present the comparison for the motions and cable
tensions for case 554 with nominal wave- frequency ratio ωn4

ωe
= 0.44 and the

nominal wave steepness kζa = 0.15. In this case, a PR with value of 14.5◦

is observed experimentally with a forced roll motion. In the numerical sim-
ulations, a PR with value 27.0◦ occurs, without the need of forcing the roll
motion. The reason for the large difference in steady-state roll amplitude
lies in the complicated non-linearities involved for this wave-body interac-
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tion case, which are not fully handled in the proposed numerical model.
At this forward speed and wave parameters, huge amount of wave breaking
in the ship bow and huge bottom slamming and bow flare slamming and
even water on deck are observed experimentally. Fig. 6.59 shows snapshots
of water on deck phenomenon and bottom and bow flare slamming in the
experimental case C554.

Figure 6.59: Snapshots of experiment case C554. Top: Bottom and bow
flare slamming. Bottom: Water on deck phenomenon.

Besides, the combination of large roll, heave and pitch motions, makes
some slamming phenomenon to occur asymmetrically above the waterline
of the vessel. All these non-linearities of course have big effect on the roll
amplitude and have to be modelled with more sophisticated numerical meth-
ods.

At case C551 and C550, with Figs. 6.53 and 6.54, and Figs. 6.55 and
6.56, present the comparison for the motions and cable tensions, respectively
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for cases C551 and C550. These cases correspond to nominal wave-frequency
ratio ωn4

ωe
= 0.45 and 0.46 and the wave steepness kζa = 0.15. For them,

we observe the PR occurrence in the experiments after a forced roll mo-
tion. The numerical results show the PR occurrence without forcing a roll
motion, with larger value than experimentally. In both cases PR developed
at a time later than when the roll motion is triggered in the corresponding
experiments. Forcing the roll motion in the numerical simulations gives the
same amplitude for the PR as obtained without any triggering mechanism
(not shown here).

Figs. 6.57 and 6.58 present the comparison for the motions and cable
tensions for case 549, with nominal wave-frequency ratio ωn4

ωe
= 0.47 at the

same wave steepness as for the cases with Fn = 0.18 examined so far. In
this case, a PR with amplitude of 18◦ is observed in the experiments with
a triggered roll motion. Numerically, the simulation performed without
forcing the roll motion predicts no PR occurrence (see roll time history in
Fig. 6.57). Then we tried to trigger a roll motion in this case as it was done
in the experiments. This was done enforcing a Gaussian roll moment for a
very short time to reproduce a similar forced roll motion as in the model
tests. By doing so, a PR with amplitude of 18◦ builds up. This value is
relatively close to the experimental results, as shown in Fig. 6.60.
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Figure 6.60: Comparison of forced roll motion for case C549.

Figs. 6.61 and 6.62 present the comparison for the motions and cable
tensions for case C548, with nominal wave-frequency ratio ωn4

ωe
= 0.48 and

the wave steepness kζa = 0.10. In this case, a PR with amplitude of 21◦

is observed experimentally after triggering a roll motion. The numerical
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simulations also show a PR with amplitude of 25◦. Figs. 6.63 and 6.64
present the comparison for the motions and cable tensions for case C545,
with larger nominal wave steepness, i.e. kζa = 0.15, and the same nom-
inal wave frequency ratio as for C548. For case C545, experimentally no
parametric resonance is observed even after triggering the parametric roll.
Numerically the PR occurs on a long time scale. Slightly after the numerical
PR starts to develop, experimentally something happened as indicated by
a sign change in surge (t about 75 s), that goes from a saturated negative
value to a large positive value. Shortly after, large sway oscillations are trig-
gered, coupled with yaw. It is hard from the vessel motions to identify the
physical phenomenon occurred in the model tests, but its excitation of sway
and yaw motions could be responsible for preventing the PR occurrence in
the experiments. As a result, we cannot conclude about the PR occurrence
in the experiments for this case.
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Figure 6.61: Comparison of motions for case C548.
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Figure 6.62: Comparison of cable tensions for case C548 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).
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Figure 6.63: Comparison of motions for case C545.
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Figure 6.64: Comparison of cable tensions for case C545 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).

Figs. 6.65 and 6.66 present the comparison for the motions and ca-
ble tensions for case C552, with nominal wave frequency ratio ωn4

ωe
= 0.49

and the nominal wave steepness kζa = 0.15. In this case, experimentally a
triggered roll motion leads to a PR with amplitude around 9◦. The numer-
ical simulation, without a roll-forcing mechanism, indicates no parametric
roll. However, triggering a roll motion as in the experiments leads to PR
occurrence with amplitude 15◦, as shown in Fig. 6.67.
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Figure 6.65: Comparison of motions for case C552.
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Figure 6.66: Comparison of cable tensions for case C552 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).
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Figure 6.67: Comparison of forced roll motion for case C552.

Figs. 6.68 and 6.69 present the comparison for the motions and cable
tensions for case C553, representing the last examined case in this section.
This is with nominal wave-frequency ratio ωn4

ωe
= 0.50 and the nominal

wave steepness kζa = 0.15. The experimental results show no PR even with
forcing a roll motion. The forced roll motion is damped out after some
oscillations.

The numerical results without forcing a roll motion showed no paramet-
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ric resonance. They were then repeated enforcing a roll motion similarly as
forced in the experiments. The new results are presented in Fig. 6.70 and
confirmed no PR for this case. Because case C553 is associated with no PR
and case C552 has a PR with small amplitude, it seems that the instability
border is somewhere between frequency ratio ωn4

ωe
= 0.49 and 0.50.
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Figure 6.68: Comparison of motions for case C553.
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Figure 6.69: Comparison of cable tensions for case C553 (Top: fore star-
board cable tension. Bottom: aft starboard cable tension).
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Figure 6.70: Comparison of forced roll motion for case C553.

In all of these cases, the sensor of surge motion in the experiments is
saturated so we can not compare the values in surge motions directly. But
from the cables tensions comparison it seems that the surge drifts in cases
C550, C551, C554 and C555 are over-predicted in the numerical simulations.

6.4 Conclusion

Experimental results for the fishing vessel SFH112 without forward speed
(Fn = 0) and with two different forward speeds (Fn = 0.09 and Fn = 0.18)
are presented. The tests were performed with different wave periods and
steepnesses. The numerical simulations were also performed and the results
are compared against the experimental results. Before doing the simula-
tions, the mooring cables tensions were identified from the surge decay tests.
The viscous damping coefficients are also obtained from the decay tests. As
a check, the surge and roll decays were simulated and compared against the
experiments, with globally a good agreement. Then after doing the FFT
on the incident wave profiles in the experiments, the simulations were per-
formed for all cases and the general comparison with experimental results
shows a satisfactory agreement, but there are some cases in which the results
are different in terms of PR occurrence. In Fn = 0, plotting the Mathieu
instability diagram for the uncoupled roll equation shows that all the cases
with disagreement in PR occurrence are at the instability border. PR is an
instability phenomenon. Near the instability borders, its occurrence is very
sensitive to the involved parameters. Even small differences between the
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numerical model and the experimental condition could lead on-off change
in the PR occurrence. The comparisons of all six degrees of freedom for all
examined cases show that the motions are the same except for sway and
yaw. One reason could be the differences in the cable systems, i.e. the ca-
bles used in the numerical simulations are exactly symmetrical in port and
starboard side while it is not exactly like that in the experiments. Besides,
the wave reflections from the tank walls especially at Fn=0, not accounted
for in the simulations, might have some effects also. The transient phase in
the surge motion is also different in the numerical and experimental results.
One should also note that in the roll motion, the steady state value is im-
portant and the transient phase should not be compared, due to different
perturbations in the lateral directions in the numerical and experimental
setting which highly affect the PR build up time. The cables tensions are
also compared for all examined wave cases.

In a second part of the chapter, the results for the cases with Fn = 0.09
are compared and presented. Similar to the cases without forward speed,
first we did the FFT of the incident waves. Then we extracted the viscous
damping and the cables identifications from the roll and surge decay tests.
By doing the numerical simulations for surge and roll decay tests and com-
paring them against the experiments, the identification process was correct.
The comparison of the cases in waves showed that, the numerical and ex-
perimental results for three cases differ in terms of PR occurrence. We ran
some more cases for a wider range of frequencies and wave steepness to do
a numerical study on the instability borders. By doing so, as it was shown
in the Fig. 6.35, two of the three cases seem to be at the instability border.
For them, the value of the numerical roll motion in the time range of experi-
ments is very small and the main build up starts after the experimental time
recordings. Besides, in the experiment case C535, it was observed that the
pitch motion decreases in amplitude strangely without reaching a steady-
state value. This reduction in pitch might have some effects in avoiding PR
and anyway indicates the occurrence of some phenomenon in the tests that
is not reproduced in the numerical simulations. The results in the stability
diagram also proved it because the point corresponding to case C535 looked
to be well inside the instability zone. Moreover, the numerical simulations
seem to over predict the surge drift. That is why the cable tensions are
also different a bit in the numerical simulations and experiments. For other
cases, the general trend of agreement is similar to the cases at Fn = 0.

In the last part of the chapter, we performed and presented the results
for the cases with Fn = 0.18. We first extracted the viscous damping and
cable identifications from the surge and roll decay tests. Checking the videos



162 162

of these set of experiments, a sink (up) and trim (bow up) in the experiments
were detected in the ship model before it was reached by incident waves. The
values of the sink and trim were small and guessed from the experimental
videos as 8mm sink (up), equal to 2% of the ship draft and 0.5◦ as trim
value (bow up). These values were used in the numerical simulations.

The results showed that in terms of PR occurrence all cases except
cases C555 and C545 show reasonable agreement between the experiments
and the numerical results. It was shown that case C555 is at the instability
border and in case C545 some phenomenon, not reproduced in the numerical
simulations, occurred in the experiments leading to sudden change in sign of
the mean value in surge motion and triggering an oscillatory sway motion.
In terms of PR steady-state amplitude, the amplitudes agreement was not
good in some cases. This is due to the large non-linear phenomena observed
in the tests. The large vertical motions made lots of wave breaking at the
ship bow and water on deck was also observed in some of the experiments.
Besides, the bottom and bow flare slamming are also important in these
cases and need to be modelled with sophisticate numerical models. The
combination of roll with heave and pitch motions also brought to asymmetric
slamming events.

To understand the level of non-linearities in the experiments, we tried
to compare the linear RAO of heave and pitch motions against the ex-
perimental results for the cases with mentioned two forward speeds. We
used the linear RAO for these two motions based on our 3D hybrid method
frequency-domain code and then superimposed the experimental results on
it. The comparison is shown in Figs. 6.71 and 6.72.



6.4. Conclusion 163

5 10 15
0

0.5

1

1.5

2

ωe

η
3
/ζ

a

5 10 15
0

0.5

1

1.5

2

ωe

η
5
/(
k
ζ
a
)

 

 

3D Hybrid Method
Experiment

4 4.5 5
0

0.5

1

1.5

2

ωe

η
3
/ζ

a

4 4.5 5
0

0.5

1

1.5

2

ωe

η
5
/(
k
ζ
a
)

 

 

3D Hybrid Method
Experiment

Figure 6.71: Comparison of numerical linear RAO against the experimental
results for the fishing vessel SFH112 in head-sea waves for Fn = 0.09. Top:
Main plot. Bottom: Enlarged view.
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Figure 6.72: Comparison of numerical linear RAO against the experimental
results for the fishing vessel SFH112 in head-sea waves for Fn = 0.18. Top:
Main plot. Bottom: Enlarged view.
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We showed only heave and pitch motions because the linear RAO for
sway, roll and yaw are almost zero for longitudinal waves. Besides the
surge motion in the experiments is far from regularly oscillating due to the
coupling to the sway and yaw through mooring system. The heave and pitch
experimental results were obtained selecting a window of several periods
after transient part of the motions and before the build up of a parametric
roll. There are some cases which were repeated in the experiments and
also some cases were performed with the same frequency ratio and different
wave steepnesses. The error bar in the experimental results in the figure
simply shows the variation of the motions amplitudes in these repetitions.
A more sophisticated error analysis on the experimental data is presented
in appendix B. The comparison indicates that the numerical results over-
predict the heave and pitch motions in the shown cases.

But there are some numerical and experimental error sources that might
have influenced the results (the shown RAO and also the PR results) in this
chapter. In the experiments, the heave and pitch motions are not very reg-
ularly oscillating even in the steady-state phase for all cases. That is partly
due to the incident wave which is not perfectly regular because of reflection
of waves from the tank walls. There are many non-linearities connected to
the breaking waves at the ship bow observed for many cases (especially for
cases with forward speed), to the bottom and bow flare slamming and even
to water on deck in some cases. Small misalignments from the head sea
waves in the experiments might also have some influences.

Besides, in the numerical side, the interaction between the local steady
flow and unsteady flow is ignored in the numerical solver. It might have
some effects on the results especially for this ship which does not have a
slender body. Furthermore, the non-linearities that are included in the
numerical solver are simplified. Also local wave elevation is not considered
in the wetted surface of the body in time.
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Chapter 7

Experiments and numerical
simulations for a fishing
vessel with anti-roll tank at
Fn=0

In order to check the anti-roll tank effects in parametric rolling, a tank with
length l = 95cm and filling depth h = 3.9cm was designed and installed
on the ship model. Different tank widths have been used in order to study
the influence on the roll damping provided by the tank. The different tanks
used in the experiments are as follows:r Tank width=3.0 cm, tank water depth=3.9 cm.r Tank width=4.0 cm, tank water depth=3.9 cm.r Tank width=5.1 cm, tank water depth=3.9 cm.r Tank width=8.1 cm, tank water depth=3.9 cm.

The tank position and set-up have been described in section 4.4. Some
forced roll oscillation experiments on the isolated tank were performed be-
fore the main experiments of the ship with tank. In the isolated tank tests,
the centre of roll was 0.4 m below the tank bottom and forces and moments
were measured in a body-fixed reference frame centred at the tank bottom.
The experimental and numerical simulation results for the isolated tank are
presented in section 3.1.1.3.

As discussed in chapter 3, the comparison of numerical and experimen-
tal tank loads show that there is acceptable agreement for the sway force
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while the roll moment is under-predicted numerically by around 25%. The
differences are probably due to the fact that these cases are performed at the
resonance frequency and as observed in the experiments, there are significant
tank roof impacts that make the flow very violent and create pronounced
splashes and non-linearities that cannot be captured correctly by the slosh-
ing solver. Furthermore, pressures at the tank roof will directly influence
roll moments but not directly influence sway force. Numerical convergence
and conservation of fluid mass were checked in the simulations.

7.1 Free surface anti-roll tank mechanism

The free surface anti-roll tank could provide extra roll damping at certain
frequencies and this could help to avoid the parametric rolling resonance
of the ship. Here we simply explain the mechanism of this system and
the parameters that could make the extra damping higher or lower. For
simplicity, we just consider that the tank only experiences roll motion. The
anti-roll tank mechanism is that it uses the transfer of water from one side
of the ship to the other side with, a certain phase lag with respect to the
rolling motion of the vessel, as a mean to provide a counteracting moment.
The tank moment can formally be written as:

Mr = Mr sin (ωt+ εr) (7.1)

Here Mr and εr are the tank roll moment amplitude and phase lag with
respect to the tank motion (here we can say ship roll motion), respectively.
ω is also the rolling frequency of the tank. Mr sin εr is the amplitude of
the tank moment component out of phase with the tank roll motion and
Mr cos εr is the amplitude of the component in phase with respect to the
tank roll motion. The component out of phase with the tank motion is in
fact 180◦ out of phase with respect to the tank roll velocity. Therefore,
this component could be regarded as a damping term. To have a maximum
damping from the tank, it is desired to have the phase angle |εr| = 90◦.

Many parameters influence the fluid motion in the tank and consequently
its roll moment. Some of them are the geometry and the dimension of the
tank, its position with respect to the axis of rotation, the amount of liquid
carried in it, and the ship motions which the tank is subjected to (both as
amplitude and frequency) [61].

Theoretically, at natural sloshing frequency, the roll moment has a phase
lag of −90◦ compared with the oscillatory motion of the tank. Water depth
is one of the most important parameters of the tank. Because for a certain
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tank length (which is equal to the ship breadth in our case), the only pos-
sibility to change the sloshing natural frequency is changing the tank water
depth. It is clear that at or near this natural frequency, the water transfer
is largest and circumstances are most favourable for roll damping [61].

But one should note that this is a complex phenomenon and normally
the actual sloshing natural frequency is different than the theoretical slosh-
ing natural frequency. The actual sloshing frequency is a function of the
tank length, tank water depth, tank height, position of the rotation point
and roll amplitude. By increasing the roll amplitude and decreasing the
h/l ratio (water depth-to-tank length ratio), the actual sloshing frequency
would deviate from the theoretical value and therefore the phase angle of
the sloshing moment would differ from −90◦. The tank roll moment am-
plitude and the phase angle for different tank dimensions were presented
and discussed in section 3.1.1.2. It can be seen that the actual sloshing
frequency, ωa (where the εr = −90◦) is shifted from the theoretical sloshing
frequency, ω1 as explained here.

Van den Bosch et al. [61] did several forced roll experiments on a tank
with tank length l = 1m to study these relations. Some of these tests were
shown in section 3.1.1.2 and were simulated by our numerical solver. The
effect of h/l ratio of the tank and the rotation point position relative to the
tank bottom on the actual sloshing frequency is shown in the Fig. 7.1.
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Figure 7.1: Ratio ωa/ω1 as a function of h/l and s/l. φa = 0.10rad, [61].

ωa is the actual sloshing frequency where the phase angle εr = −90◦ and
ω1 is the theoretical sloshing frequency. s is the distance from the axis of
rotation to the tank bottom and it is positive if the tank bottom is situated
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above this axis. As can be seen from this figure, the actual and theoretical
sloshing frequencies get closer with increasing the h/l ratio of the tank. In
terms of the s/l ratio of the tank, it seems that the ωa and ω1 get closer if
the tank is situated below the axis of rotation. The ratio ωa/ω1 gets closer
to 1 by increasing the value of |s/l|.

The amplitude of roll motion has also an effect on the ωa/ω1 ratio, as
shown in Fig. 7.2.
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Figure 7.2: ωa as a function of φa and s/l. h/l = 0.06, [61].

Fig. 7.2 shows that ωa deviates from ω1 with increasing the roll ampli-
tude. The effect of s/l is similar, as shown in Fig. 7.1.

It is also evident that the flow pattern is two dimensional in a plane
normal to x-axis (ship length axis). So the tank moment is proportional to
the tank width and the phase difference εr will not be influenced.

7.2 Roll decay tests and cable identifications

In Figs. 7.3 to 7.6, the comparison of numerical and experimental results for
roll-decay tests for the fishing vessel with different tank sizes on-board are
shown. The water depth in all cases is 3.9cm while the tank width varies.
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Figure 7.3: Roll decay test for ship with tank (tank width=3.0cm and tank
water depth=3.9cm).
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Figure 7.4: Roll decay test for ship with tank (tank width=4.0cm and tank
water depth=3.9cm).
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Figure 7.5: Roll decay test for ship with tank (tank width=5.1cm and tank
water depth=3.9cm).
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Figure 7.6: Roll decay test for ship with tank (tank width=8.1cm and tank
water depth=3.9cm).
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From the figures, it can be seen that the damping level provided by
the tank is captured very well by the numerical solver. But the natural
roll period looks to be overestimated after five or six oscillations. This
overestimation seems higher in Fig. 7.3,for the tank with smallest width.
This figure shows around 1.5% overestimation after eight oscillations. It
should be noted that in all these cases, big tank-roof impacts were observed
in the experiments. So lots of splashes and non-linearities happened for all
these cases not modelled properly in the numerical solver, as shown by the
numerical water evolution inside the tank. These differences might cause
the overestimation in the roll natural period.

For having a better picture of the damping level provided by these tanks
compared to the case without tank, Fig. 7.7 shows a comparison of the
numerical simulation of roll decays with initial roll angle of 25◦ and with
different cases.

We used the numerical simulation for this comparison, because it is
important to have the same initial roll angle, and this is hard to find in the
experimental data.
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Figure 7.7: Roll-decay simulations for ship with different tank dimensions.

As it can be seen from Fig. 7.7, the tank has a big effect in the roll
damping. It can be seen that while after 10 oscillations, the roll amplitude
is around 8◦ in case without tank, it is less than 2◦ for all other cases with
tank. The relation of the damping level and the tank width is also clear
in this figure. It can also be seen that the damping due to the tank is not
linear and that is why the roll frequency has changed in cases with tanks and
this change increases with tank width. This non-linearity of the damping
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provided by the tanks has been also observed in the experiments by Bosch
et al. [61] which has been mentioned and discussed before in section 3.1.1.2.

Similarly as for the fishing vessel without tank, also for the model with
on-board tank, we identified the cable tensions. The tension law for fore
cables in this case is as follows:

T−T0 =

{
25.3792∆l + 935.2816∆l2 − 2573.407∆l3 + 2013.876∆l4; ∆l0 < ∆l < ∆l1

Tmin; ∆l < ∆l0
(7.2)

where T0 = 4.10N is the pretension and Tmin = 0 as explained in Fig.
3.19, ∆l0 = 0 and ∆l1 = 0.25m. Moreover, the tension law for ∆l > ∆l1 is
a linear fit to the curve at ∆l1.

The tension law for the aft cables is as follows:

T−T0 =

{
140.982∆l + 451.683∆l2 + 1584.489∆l3 − 6000.0∆l4; ∆l0 < ∆l < ∆l1

Tmin; ∆l < ∆l0
(7.3)

where T0 = 6.93N is the pretension and Tmin = 0 as explained in Fig.
3.19, ∆l0 = 0 and ∆l1 = 0.25m.

We then performed the simulations in waves. It should be mentioned
that due to the high damping level from the tanks, PR did not occur both
in the experiments and numerically without triggering an initial roll angle.
After the triggering, PR built up in some cases and reached a steady-state
value. In some other cases, the triggered roll angle damped out after some
oscillations. As it is discussed and shown in [68], it was observed that
the phasing between the roll and heave motions is important in the PR
occurrence. It was also observed that the heave and pitch motion phases
are mutually dependent, so fixing numerically the phasing of the initial
forced roll with the heave motion as in the experiments, will provide the
correct phasing between roll and pitch motions, i.e. consistent with the
experiments. To achieve this, numerically we enforced a roll moment to
the system in the predefined time interval based on the phasing in the
experiments. But it was not that straightforward and was performed with
two parameters as input, connected with the magnitude of roll moment and
its duration, and we had to repeat some cases for several simulations and
tuning the two input parameters for the forced roll moment so to achieve
a good agreement in the initial roll angle and related phase. Since the
simulations in the cases with tank were far more time consuming than those
without tank, we tried the best to achieve a similar forced roll angle but it
is not the same in all examined cases.



We analyze the test cases with different tank sizes in the following sec-
tions.

7.3 Tank width=3.0 cm, tank water depth=3.9
cm

In this section, the simulations for the cases with tank width=3.0cm and
water depth=3.9cm are compared against the experiments. Similar to simu-
lations for the cases without tank in the previous chapter, the FFT analysis
on the incident waves recorded in the experiments was performed first to
identify the actual incident waves. The cases and the wave characteristics
are shown in Tab. 7.1.

Table 7.1: Test cases with tank width=3.0cm and tank water depth=3.9cm at
Fn=0. The frequency ratio ωn4

ωe
and the steepness kζa refer to the prescribed

incident waves. In each cell, three elements are given vertically, as follows:
the first label indicates the case number, the second value is the wave period
in seconds and the last value is the actual incident-wave steepness. A cell
with only X indicates that the corresponding test was not performed.

kζa ↓,ωn4
ωe
→ 0.48 0.49 0.50 0.51 0.52 0.53

0.05 X X

C733
1.50
0.050 X X X

0.10 X X

C730
1.50
0.101 X X X

0.15

C729
1.45
0.152

C728
1.48
0.147

C721
1.50
0.152

C723
1.53
0.147

C726
1.56
0.148

C727
1.60
0.145

0.20 X X

C731
1.51
0.183 X X X

0.25 X X

C732
1.51
0.23 X X X

The numerical and experimental parametric-roll results for all the cases
with this tank are shown in Tab. 7.2.
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The information in the table for nominal kζa = 0.05 and frequency ratio
0.50 for instance shows that in the test C733, with triggering a forced roll
motion of 12.5◦, no parametric roll occurred. In the numerical simulation
also the roll motion of 11.35◦ could not trigger the parametric resonance in
roll. With increasing the wave steepness to 0.10, the parametric resonance
with steady-state value of 10◦ is obtained by forcing a 16.20◦ roll motion.
A parametric roll of 16.3◦ is also obtained from forced roll motion of 14.5◦

in the numerical simulations.
The comparison of numerical and experimental roll-motion time histories

of the mentioned cases is shown in Figs. 7.8 to 7.17.
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Figure 7.8: Comparison of numerical simulation and experimental results
of roll motion for case C721.
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Figure 7.9: Comparison of numerical simulation and experimental results
of roll motion for case C723.
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Figure 7.10: Comparison of numerical simulation and experimental results
of roll motion for case C726.
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Figure 7.11: Comparison of numerical simulation and experimental results
of roll motion for case C727.
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Figure 7.12: Comparison of numerical simulation and experimental results
of roll motion for case C728.
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Figure 7.13: Comparison of numerical simulation and experimental results
of roll motion for case C729.
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Figure 7.14: Comparison of numerical simulation and experimental results
of roll motion for case C730.
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Figure 7.15: Comparison of numerical simulation and experimental results
of roll motion for case C731.
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Figure 7.16: Comparison of numerical simulation and experimental results
of roll motion for case C732.
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Figure 7.17: Comparison of numerical simulation and experimental results
of roll motion for case C733.

From these figures, the PR occurrence and the PR roll amplitude is
captured by the numerical simulations for all cases except C727.

In the experimental case C727, a forced roll motion of 17.2◦ could not
result in PR while in the numerical simulation, triggering a forced roll of
15.6◦ results in PR with steady-state amplitude of 13.8◦. By looking at the
Tabs. 7.1 and 7.2, it can be seen that the case C727 is in the far right
of the experimental table. Using the nominal wave parameters, we can
see that for the wave steepness kζa = 0.15, PR occurred experimentally
with frequency ratio ωn4

ωe
= 0.49 to 0.52. No PR was observed instead for

frequency ratio ωn4
ωe

= 0.48 and 0.53. This indicates that these two cases
are at the stability border for wave steepness kζa = 0.15. It means that
we expect no PR also in cases with higher frequency ratio than case C727
and lower frequency ratio than C729 and the same wave steepness. The
numerical simulations captured the left stability border of frequency ratio
at wave steepness kζa = 0.15 at case C729 but not the right stability border
at case C727.

By looking at the experimental case C733, with frequency ratio ωn4
ωe

=
0.50, and nominal wave steepness kζa = 0.05, no PR was observed. It seems
that the wave steepness is not enough for overcoming the roll damping for
getting the vessel into the instability zone. By increasing the wave steepness
to kζa = 0.10, we see that a PR with steady-state amplitude of 10◦ occurs.
With increasing the wave steepness to higher values the PR always occurred
on all examined cases. So it shows us that the case C733 is the lower



stability border in the wave steepness for the frequency ratio ωn4
ωe

= 0.50.
Even though it is in the stability border, the numerical simulation is able
to provide a similar result for this case as in the experiment.

Since the numerical simulation for the cases with tank is time consuming
(due to the sloshing CFD solver), the simulation is performed until the
roll motion achieves a steady-state amplitude. Only this PR parameter is
compared with the experiments, while the build-up phase of the PR is not
taken as a part of the solver assessment, based on the discussion in the
previous chapter.

7.4 Tank width=4.0 cm, tank water depth=3.9
cm

In this section, we analyze the results for the cases with tank width=4.0cm
and water depth=3.9cm. First the FFT analysis of the incident waves in
the experiments is performed and the wave characteristics are shown in Tab.
7.3.

Table 7.3: Test cases with tank width=4.0cm and tank water depth=3.9cm
at Fn=0. The frequency ratio and the steepness kζa refer to the prescribed
incident waves. In each cell, three elements are given vertically, as follows:
the first label indicates the case number, the second value is the wave period
in seconds and the last value is the actual incident-wave steepness. A cell
with only X indicates that the corresponding test was not performed.

kζa ↓,ωn4
ωe
→ 0.48 0.49 0.50 0.51 0.52 0.53

0.10 X X

C744
1.52
0.102 X X X

0.15

C742
1.46
0.154

C739
1.49
0.151

C735
1.53
0.140

C736
1.55
0.134

C737
1.58
0.127

C738
1.61
0.136

0.20 X X

C743
1.52
0.171 X X X

0.25 X X

C745
1.53
0.21 X X X

The experimental and numerical parametric-roll results of the cases with

184
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this tank are shown in Tab. 7.4.
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It can be seen that in all cases (except two of them), the PR occurrence
and the PR amplitude are in acceptable agreement.

The comparison of the numerical and experimental roll-motion time his-
tories for these cases is shown in Figs. 7.18 to 7.26.
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Figure 7.18: Comparison of numerical simulation and experimental results
of roll motion for case C735.

0 10 20 30 40 50 60 70
−30

−20

−10

0

10

20

30

t(s)

η
4
(d
e
g
)

 

 

Experiment
Simulation

Figure 7.19: Comparison of numerical simulation and experimental results
of roll motion for case C736.
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Figure 7.20: Comparison of numerical simulation and experimental results
of roll motion for case C737.
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Figure 7.21: Comparison of numerical simulation and experimental results
of roll motion for case C738.
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Figure 7.22: Comparison of numerical simulation and experimental results
of roll motion for case C739.
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Figure 7.23: Comparison of numerical simulation and experimental results
of roll motion for case C742.
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Figure 7.24: Comparison of numerical simulation and experimental results
of roll motion for case C743.
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Figure 7.25: Comparison of numerical simulation and experimental results
of roll motion for case C744.
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Figure 7.26: Comparison of numerical simulation and experimental results
of roll motion for case C745.

We can see that the PR occurrence is captured in all cases by the nu-
merics expect for cases C735 and C738. We try to explain why it is like
that.

By looking at the table of experimental results (Tabs. 7.3 to 7.4), for
the case C744 with nominal frequency ratio ωn4

ωe
= 0.50 and nominal wave

steepness kζa = 0.10 we see that no PR occurred in the experiments. It
means that either the wave is not steep enough for triggering the PR or
the roll damping is too high. Fig 7.25 shows that the forced roll motion
of 14.2◦ is damped out in less than five oscillations. So we expect to get
the PR by increasing the wave steepness. By increasing the nominal wave
steepness to kζa = 0.15 at the same nominal frequency ratio, we get case
C735. From the roll time history in Fig. 7.18, also in this case there is
no parametric resonance and a forced roll of 13.4◦ is damped out in time.
However, the experimental roll shows that the case must be close to the
instability border because the decay in time is not as fast as for case C744,
even though the roll is forced with similar initial amplitude. In fact, for
case C735, it takes more than 35 oscillations for the roll to be damped out.
The fact that many oscillations are needed for the roll to die out might
be also due to the incident wave in the experiments. Because if the wave
changes the amplitude, it bring the ship out of the instability zone. With
increasing the wave steepness to kζa = 0.20 we get case C743. In this case,
the same level of forced roll motion as for cases C744 and C735 leads to
a PR of almost 15.0◦ as could be seen in Fig. 7.24. So these three cases
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clearly show that case C735 is at the instability border. As it was mentioned
before, the results at the border are very sensitive to involved parameters
and the experimental and numerical uncertainties might be enough to take
the case into or out of the instability zone. The numerical result for case
C744 is out of instability zone as for the experiments. It also shows a PR
result with steady-state value of 16.9◦ for case C743, which again is similar
to experiments. But for case C735, it is different from the experimental
results and shows a PR with steady-state value of 17.5◦.

For finding the right limit in nominal frequency ratio of the instability
region for the cases with nominal wave steepness of kζa = 0.15, we should
check the results for cases C736, C737 and C738. We can see that case
C736, with lowest frequency ratio among the three, PR was observed with a
steady-state value of 10.0◦. By increasing the frequency ratio to ωn4

ωe
= 0.52,

PR with a steady-state value of 11.5◦ was still observed. In case C738 with
frequency ratio ωn4

ωe
= 0.53, the forced roll motion of 12.5◦ was damped out

after 10 oscillations. It shows that this case is at the instability border and
one can expect not to see any PR for frequency ratios higher than 0.53.
The numerical results for cases C736 and C737 showed PR similar as in
the experiments. But in case C738, the numerical results are different than
experiments. The reason could be explained again as the case being at the
instability border.

7.5 Tank width=5.1 cm, tank water depth=3.9
cm

In this section, we analyze the results for the cases with tank width=5.1cm
and water depth=3.9cm. The cases and the wave characteristics (after doing
the FFT on the incident waves in experiments) are shown in Tab. 7.5.



Table 7.5: Test cases with tank width=5.1cm and tank water depth=3.9cm
at Fn=0. The frequency ratio and the steepness kζa refer to the prescribed
incident waves. In each cell, three elements are given vertically, as follows:
the first label indicates the case number, the second value is the wave period
in seconds and the last value is the actual incident-wave steepness. A cell
with only X indicates that the corresponding test was not performed.

kζa ↓,ωn4
ωe
→ 0.48 0.49 0.50 0.51 0.52

0.10 X X

C751
1.53
0.096 X X

0.15 X

C750
1.50
0.135

C746
1.53
0.134

C772
1.56
0.137

C773
1.59
0.147

0.20

C776
1.46
0.186

C755
1.50
0.172

C752
1.53
0.186

C753
1.55
0.184

C754
1.59
0.185

0.25

C759
1.47
0.220

C757
1.50
0.221

C756
1.53
0.220 X

C758
1.59
0.230

The experimental and numerical parametric-roll results of the cases with
this tank is shown in Tab. 7.6.
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The comparison of numerical and experimental roll-motion time histories
for the mentioned cases is shown in the Figs. 7.27 to 7.40.
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Figure 7.27: Comparison of numerical simulation and experimental results
of roll motion for case C776.
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Figure 7.28: Comparison of numerical simulation and experimental results
of roll motion for case C759.
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Figure 7.29: Comparison of numerical simulation and experimental results
of roll motion for case C750.
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Figure 7.30: Comparison of numerical simulation and experimental results
of roll motion for case C755.
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Figure 7.31: Comparison of numerical simulation and experimental results
of roll motion for case C757.
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Figure 7.32: Comparison of numerical simulation and experimental results
of roll motion for case C751.
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Figure 7.33: Comparison of numerical simulation and experimental results
of roll motion for case C746.
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Figure 7.34: Comparison of numerical simulation and experimental results
of roll motion for case C752.
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Figure 7.35: Comparison of numerical simulation and experimental results
of roll motion for case C756.
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Figure 7.36: Comparison of numerical simulation and experimental results
of roll motion for case C772.



202 202

0 5 10 15 20 25 30 35 40
−30

−20

−10

0

10

20

30

t(s)

η
4
(d
e
g
)

 

 

Experiment
Simulation

Figure 7.37: Comparison of numerical simulation and experimental results
of roll motion for case C753.
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Figure 7.38: Comparison of numerical simulation and experimental results
of roll motion for case C773.
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Figure 7.39: Comparison of numerical simulation and experimental results
of roll motion for case C754.
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Figure 7.40: Comparison of numerical simulation and experimental results
of roll (top figure) and yaw motion (bottom figure) for case C758.
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First we explain a phenomenon observed in the numerical result for the
case C758 and afterwards, we explain the other results of Tab. 7.6. As it can
be seen from the top part of the Fig. 7.40, the numerical roll motion seems
to decrease first in the amplitude and then increase again with a frequency
twice the roll natural frequency. This increase is not the PR and is due to
the coupling to the yaw motion which is shown in the bottom part of Fig.
7.40. It seems that the resonance of the yaw motion (associated with the
modelled mooring system) is excited numerically causing the yaw motion to
increase. So for eliminating the coupling effect from yaw into the roll motion
in this case, the yaw mode of motion was disabled in the solver and the case
was rerun. The new results are shown in Fig. 7.41 and it can be seen that
the previous increase in roll is now eliminated. Now both experiment and
numerical results show no PR occurrence.
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Figure 7.41: Comparison of numerical simulation (with disabled yaw mode)
and experimental results of roll (top figure) and yaw motion (bottom figure)
for case C758.

Concerning the other cases of this section, cases C754 and C773 highlight
differences in PR occurrence while there is consistent in PR occurrence,
between numerics and experiments, for the remaining cases.

If we look at the cases with nominal wave steepness kζa = 0.15, PR does
not occur for the nominal wave frequency ratio ωn4

ωe
= 0.49 ,i.e. for case

C750. By increasing the frequency ratio to 0.50 and keeping the same kζa,
we get case C746. For this we see that a triggered roll motion with amplitude
of 21◦ leads to PR with steady-state amplitude of 11.5◦. This shows that the
left instability border at this wave steepness is at a nominal wave frequency
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ratio between ωn4
ωe

= 0.49 to 0.50. By increasing the frequency ratio to 0.51
we get case C772 for which a PR is observed with amplitude 12.5◦. Now
increasing the frequency ratio to 0.53 in the experiments, the vessel goes out
of the instability zone and no PR occurs. The triggered roll motion with
amplitude 23.1◦ is in fact damped out after 30 oscillations as can be seen in
Fig. 7.38. This shows that this case is out of the instability zone but close to
the instability border. The numerical simulation shows instead a PR with
an amplitude of 14.0◦ differently from the experimental results. Now if we
look at the experimental cases with nominal wave steepness kζa = 0.20 and
the wave frequency ratio in the range of ωn4

ωe
= 0.50 to 0.53, we see the trend

of the results as we expected. A PR with amplitude of 14.5◦ is observed
in case C752 and a PR with amplitude 12.5◦ in case C753. But no PR is
observed for case C754, which is at frequency ratio 0.53. This shows that
this case is at the instability border. As can be seen from Fig. 7.39, the
triggered roll for this case takes many oscillations to be damped out and
this indicates that this case is out of the instability zone but close to the
border. The numerical result for this case shows a PR with amplitude of
12.2◦ differently from the experimental results.

But trying to find the left instability border of the cases with nominal
wave steepness kζa = 0.20, one strange behaviour is observed. For nominal
wave frequency ratio 0.50, i.e for case C752, we observe a PR. Decreasing
the frequency ratio to 0.49, i.e. for case C755, there is no PR experimen-
tally. This might indicate that the instability border is somewhere between
frequency ratio 0.49 and 0.50. But the test C776 with frequency ratio 0.48,
is associated with a PR with amplitude 17.5◦, while we expected no PR in
this case. The numerical simulation also shows the same behaviour. One
reason for this phenomenon could be the fact that in addition to the fre-
quency ratio and the wave steepness, there are some other parameters that
influence the PR occurrence here. For example, since the PR does not occur
spontaneously for the cases with the tank, a forced roll motion should be
triggered at the ship. The amplitude of this triggered roll motion and also
the roll-heave phasing are also important in the PR occurrence.

7.6 Tank width=8.1 cm, tank water depth=3.9
cm

In this section, we analyze the results for the cases with tank width=8.1cm
and water depth=3.9cm. The cases and the wave characteristics (obtained
from FFT of the incident wave in the experiments) are shown in Tab. 7.7.



Table 7.7: Test cases with tank width=8.1cm and tank water depth=3.9cm
at Fn=0. The frequency ratio and the steepness kζa refer to the prescribed
incident waves. In each cell, three elements are given vertically, as follows:
the first label indicates the case number, the second value is the wave period
in seconds and the last value is the actual incident-wave steepness. The cell
with only X indicates that the corresponding test was not performed.

kζa ↓,ωn4
ωe
→ 0.49 0.50 0.51

0.15 X

C779
1.55
0.149

C780
1.58
0.143

0.20

C777
1.52
0.185

C788
1.55
0.193

C785
1.58
0.197

0.25

C786
1.52
0.238

C787
1.55
0.235

C783
1.58
0.251

The experimental and numerical parametric-roll results of the cases with
this tank is shown in Tab. 7.8.

208
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The comparison of the numerical and experimental roll-motion time his-
tories for the mentioned cases is shown in Figs. 7.42 to 7.49.
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Figure 7.42: Comparison of numerical simulation and experimental results
of roll motion for case C777.
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Figure 7.43: Comparison of numerical simulation and experimental results
of roll motion for case C786.
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Figure 7.44: Comparison of numerical simulation and experimental results
of roll motion for case C779.
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Figure 7.45: Comparison of numerical simulation and experimental results
of roll motion for case C788.
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Figure 7.46: Comparison of numerical simulation and experimental results
of roll motion for case C780.
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Figure 7.47: Comparison of numerical simulation and experimental results
of roll motion for case C785.
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Figure 7.48: Comparison of numerical simulation and experimental results
of roll motion for case C783.
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Figure 7.49: Comparison of numerical simulation and experimental results
of roll (top figure) and yaw motion (bottom figure) for case C787.
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Because the tank width for the cases of this section is quite large, we
expect to get a substantial roll-damping effect from the tank. In the exper-
imental cases, triggering the roll motion with big amplitudes even around
20◦ did not result in PR and damped out after some oscillations in all cases
except for case C787. Case C787 has the highest tested nominal wave steep-
ness kζa = 0.25 and nominal frequency ratio ωn4

ωe
= 0.50. This case is in

the center of the instability zone and with a high incident wave steepness
leading to a PR occurrence. Triggering a roll motion of amplitude 20.9◦

resulted in a PR with amplitude 13.7◦. The numerical simulation shows no
PR for all cases without PR experimentally. Case C787 deserves a more
in-depth discussion.

Examining the roll for this case (top plot of Fig. 7.49), one could be
tempted to say that also numerically there is a PR as in the experiments.
But this is not exactly true. Similarly to case C758, previously discussed,
the numerical roll motion of case C787 decreases first and then increases
in amplitude with a frequency twice the roll natural frequency. This fea-
ture is not documented by the experimental roll and suggests a different
phenomenon occurring in the numerical case. This increase does not cor-
respond to a PR and seems to be due to the coupling to the yaw motion,
which is shown in the bottom part of Fig. 7.49. It seems that the resonance
of the yaw is excited leading to an increase in this motion. So as we did for
case C758 in the previous section, for eliminating the coupling effect from
yaw into the roll motion in case C758, the yaw mode was disabled in the
solver and the case was rerun. The new results are shown in Fig. 7.50. In
this case numerically there is no PR, differently from the experiments.
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Figure 7.50: Comparison of numerical simulation (with disabled yaw mode)
and experimental results of roll (top figure) and yaw motion (bottom figure)
for case C787.

7.7 Conclusion

Experiments and numerical simulations are performed and presented to in-
vestigate the effect of different sizes of an anti-roll free surface tank on
parametric resonance in roll motion for a fishing vessel. A tank with differ-
ent tank widths (3.0 cm, 4.0 cm, 5.1 cm and 8.1 cm), with 3.9 cm as tank
water depth and 95 cm as the tank length, has been used in the experiments.
At the beginning of this chapter, the roll decay tests for all the tank sizes
have been simulated using the numerical solver and the comparison of ex-
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periment and numerical results was presented. The comparison shows that
the results are in good agreement and therefore the damping level from the
tank could be obtained from the numerical solver. Then the effectiveness
of the tank in providing roll damping is shown by comparing different roll
decay tests with and without tank and with the same initial roll angle.

Selected tests in each tank size have been simulated and discussed. As
explained before, due to the high damping level from the tank, PR did
not occur spontaneously in the experiments. So, a forced roll motion was
triggered in all the test cases which resulted in PR in some cases and in
no PR in others. In the numerical simulations, we tried to reproduce the
same conditions as in the experiments. So, first the tests have been tested
without triggering the roll motion and no PR occurred in all cases. Then
we triggered a roll motion similarly as in the experiments. The triggered
roll amplitude and the phasing of roll motion and heave motion (at the
trigger time) is important for the PR occurrence. We tried to have the
same triggering in the simulation cases by imposing a roll moment to the
system at the correct time. Although there might be some differences in the
triggered roll amplitude, since the numerical triggering process was not that
straightforward. The roll amplitude and phasing was tuned by using two
parameters as input in the simulations and after each run, we had to repeat
the cases with updated values of parameters, if the tuning of the initial
forcing-roll conditions was not good enough. We had to do this process
several times in some cases to get an acceptable roll amplitude and phasing
in the numerical simulations. To show the importance of the roll phasing
in some cases, Fig. 7.51 shows a numerical study for one case with different
phasing in two simulations.



218 218

0 5 10 15 20 25
−25

−20

−15

−10

−5

0

5

10

15

20

25

t(s)

η
4
(d
eg
),
η
3
(m

)X
20
0

 

 

Roll
A

Roll
B

Heave(m) X 200

Figure 7.51: Numerical study on the effect of forced roll-heave phasing on
roll motion in time for ωn4

ωe
= 0.5 and kζa = 0.25 for the ship model with

tank width=5.1cm.

As it can be seen, the same forced roll amplitude but with different phas-
ing relative to heave, results in totally different numerical roll behaviour. In
one case (RollA), PR occurs while in the other one (RollB), the forced roll
motion is totally damped out.

All the presented and compared results in this chapter are for the cases
with the same roll-heave phasing. As it was discussed and showed, in all
test cases with different tank widths, the numerical results in terms of PR
occurrence were mostly similar to the experiments except for some cases near
the instability border. Totally 41 test cases were examined, among them
35 were captured by the numerical solver and only 6 cases showed different
results in terms of PR occurrence when compared against the experiments.

For an overall picture of the effectiveness of the tanks in avoiding para-
metric rolling, Tab. 7.9 compares the experimental results for cases with
and without tank at Froude number Fn = 0 for nominal wave frequency
ratio ωn4

ωe
= 0.5 and nominal wave steepness kζa ranging from 0.10 to 0.25.

NoPRF means that no PR was observed even with forcing a roll motion.
This frequency ratio was selected for this table because the experiments with
and without tank were performed for different kζa values at this frequency.
Besides, this frequency seems to be in the center of the instability region. It
can be seen that in cases without tank, PR occurred for all examined wave
steepnesses spontaneously, i.e. without triggering any roll motion. For
cases with tanks, PR was not observed at all spontaneously, i.e. without
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Table 7.9: The comparison of experimental results for cases without and
with tank at Fn=0 for frequency ratio ωn4

ωe
= 0.5.

kζa ↓ No tank
tank width

=3.0 cm
tank width

=4.0 cm
tank width

=5.1 cm
tank width

=8.1 cm

0.10 PR 18.27 PR 10.0F NoPRF NoPRF X

0.15 PR 20.76 PR 15.0F NoPRF PR 11.5F NoPRF

0.20 PR 20.70 PR 15.0F PR 14.5F PR 14.5F NoPRF
0.25 PR 18.10 PR 12.5F PR 15.0F PR 13.3F PR 13.7F

triggering roll motion. But with forcing a roll motion, PR was observed only
in some cases. For case with tank width=3.0cm, forced PR was observed
at all wave steepnesses. Increasing the tank width to 4.0cm, the forced PR
vanished at the two smallest wave steepnesses. By increasing the tank width
to 5.1cm, the results are more or less similar except at wave steepness 0.15.
The reason of this might be due to the amplitude of forced roll motion. A
forced PR with amplitude 11.5◦ was observed at wave steepness kζa = 0.15
and with tank width 5.1cm after a forced roll motion of almost 21.0◦ with
a tank width 4.0cm, the forced roll was around 13.0◦ and was damped out.
By increasing the tank width even more to 8.1cm, a PR only occurred at
the highest tested wave steepnesses.

One should also note that Tab. 7.9 just shows an overall picture of the
PR for different cases. It would have been more informative and precise if
we could show all cases with the same roll-heave phasing in the table. But
it is not possible since the roll-heave phasing is not necessarily the same
at all cases. Such analysis could be done numerically and is suggested as
future investigation.

The performed analysis suggests that a well-designed anti-roll free sur-
face tank could easily avoid the parametric rolling phenomena. It was shown
that in most of the cases the parametric rolling could be avoided in longitu-
dinal seas and it only happens in some cases if an initial roll angle more than
a threshold value is imposed on the model at the correct phasing. The per-
formed numerical simulations also showed that the conditions in which the
parametric rolling occurred are in agreement with the experiments. Some
cases only at the instability border had different results in terms of PR oc-
currence when compared to the experiments. As it was discussed before,
for cases at the instability border, a small difference in parameters (due
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to experimental and numerical uncertainties) could bring the ship in the
instability zone or take the ship out of it. Besides, there are some other
parameters that might be important and were not considered in the sim-
ulations. For instance, as it was shown that forced roll-heave phasing is
important, forced roll-yaw phasing might also be important in PR. But on
the practical side, it is so difficult (if not impossible) to reproduce all the
phasing of the experiments in the numerical simulations.

There are some other numerical and experimental error sources that
might have influenced the results in this chapter. In the experiments, the
heave and pitch motions are not very regularly oscillating even in the steady-
state phase for all cases. That is partly due to the incident wave, which is not
perfectly regular because of reflection of waves from the tank walls. There
are many non-linearities connected to the breaking waves at the ship bow,
the bottom and bow flare slamming and even water on deck in some cases.
Small misalignments from the head sea waves in the experiments might also
have some influences. There are also many non-linearities connected to the
sloshing phenomenon inside the tank. Since the tank water depth-to-the
tank length ratio h/l = 0.04 is particularly small, the tank roof impact and
the dry tank bottom was observed in almost all cases of the experiments.
Many splashes occurred in connection to the tank roof impact.

Besides, on the numerical side, the interaction between the local steady
flow and unsteady flow, for the cases with forward speed, is ignored in the
numerical solver. It might have some effects on the results especially for
the studied ship, which does not have a slender hull. Furthermore, the non-
linearities that are included in the numerical solver are simplified. Also,
the local wave elevation is not considered in the wetted surface of the hull
in time. Furthermore, the test cases are performed at or near the sloshing
resonance frequency of the tank, and as observed in the experiments, there
are significant tank roof impacts that make the flow very violent and create
pronounced splashes and non-linearities not captured correctly by our CFD
sloshing solver.



Chapter 8

Summary and further work

The parametric resonance in roll motion has been studied in regular waves
numerically and experimentally. This study was performed with numerical
simulations on a Norwegian fishing vessel and a container ship and dedicated
experimental tests on a typical Norwegian fishing vessel, which has a bluff
hull with small length-to-beam ratio. Numerical solvers with different level
of sophistication were developed and used for the two different ships. The
effect of forward speed and anti-roll tank are also studied. The solvers
were validated against experimental results. The different numerical solvers
developed in this thesis are outlined first.

8.1 Numerical solvers

Different numerical solvers with different level of sophistication were de-
veloped and used in the numerical study of the parametric rolling in this
thesis. First, we used a linear seakeeping formulation with some non-linear
modifications (as explained in chapter 2), which are necessary for capturing
the parametric rolling phenomenon. In this solver, the motions were mod-
elled in a 5-DOF (excluding surge) system and the radiation and diffraction
problem were solved using a 2D strip theory code [72]. The 2D code was val-
idated in chapter 2 for motions of a 2D semi-circular section. In this solver,
the Froude-Krylov and restoring loads are calculated in time where the dy-
namic incident wave pressure and the hydrostatic pressure are integrated on
the wetted hull surface up to the incident wave surface and accounting for
the body motions. These two loads are calculated in time, but we can not
consider this solver as a complete time-domain code, because the memory
effect of radiation loads has not been considered in the formulation. This
solver showed good capability in capturing PR in ships with certain slender

221



222 222

hulls. For cases with more bluff bodies with higher beam-to-length ratio,
where the 3D effects are more important, we can not use the strip theory
any more. That is why we developed further another simulator to study
the bluff bodies like fishing vessels. We used the so-called hybrid method
to solve the radiation and diffraction problem in cases with forward speed
based on the solutions of cases without forward speed from a 3D code. The
Froude-Krylov and restoring forces are calculated in time with integrating
the incident wave dynamic pressure and hydrostatic pressure on the wetted
surface of the ship up to the incident wave elevation and accounting for the
body motions. The cable tensions of the mooring system, modeled to re-
produce the experimental set-up for the fishing vessel, are also calculated in
time. The memory effect of radiation forces are considered through the con-
volution integral, so we can consider this solver as a complete time-domain
simulator. A simple model of water on deck and bottom slamming is also
used in the numerical simulations but the results do not show a big effect
from them for the fishing vessel examined here. More detail for these two
parts could be found in [3]. The effect of using the weak-scatterer assump-
tion in modifying the radiation and diffraction loads is also modelled and
studied. This solver is a 3D 6-DOF time-domain code with weak-scatterer
assumption.

For studying the effect of a simple anti-roll tank, a sloshing solver was
also introduced and customized. The sloshing in the anti-roll tank is numer-
ically simulated as a 2D problem by Computational Fluid Dynamics (CFD)
based on the finite volume method, in which water and air are assumed as
incompressible and the viscous flow to be laminar. The Volume of Fluid
(VOF) technique is used to capture the air-water interface. The solver is
customized based on our needs from the “Open source Field Operation And
Manipulation”, known in short as Open-FOAM, which is an open source
package in fluid mechanics. The coupling between the seakeeping and the
sloshing-tank solver was performed iteratively, as explained in chapter 3.

8.2 Different ships studied

The parametric rolling for a C11 post-Panamax container ship in regu-
lar waves is studied numerically using the 5-DOF solver explained above.
Twelve cases in head sea waves with forward speed U = 8kn were simulated.
The wave length-to-ship length ratio λ/Lpp for these cases varied between
0.8 to 1.4. All 12 cases were simulated correctly according to the results
obtained from the simulator as was shown in Tab. 5.2. In six cases, no
PR occurred and in other cases PR occurred with different steady-state roll
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angle which was simulated with an acceptable agreement with available ex-
periments. Eight cases were also checked in following-sea waves and without
forward speed. The λ/Lpp is in the same range as for the head-sea cases. PR
occurred in all cases in the experiments. In the numerical simulations, we
also predicted PR in all cases and in 3 cases the steady-state roll value was
similar to the experimental results. In 5 cases with the highest roll in the
experiments, the simulator showed a capsize in the numerical simulations as
was documented in the Tab. 5.3. The solver showed good agreement with
the experiments with a tendency of the developed solver to give conservative
results in some examined scenarios. The conditions in which the parametric
rolling occurred with largest documented amplitude are almost the same in
experiments and simulations. Furthermore, we speculated about the influ-
ence of wave reflection from experimental tank walls at zero forward speed
in following waves.

After the C11 post-Panamax container-ship, we investigated the para-
metric rolling in a fishing vessel. The typical fishing vessels are blunt bodies
with high beam-to-length ratio. The fishing vessel studied here has also a
high beam-to-length ratio. This ratio for this fishing vessel is 0.32 while
it was 0.15 for the studied C11 container ship (more than 2 times larger).
This suggests that 3D effects should be important for this vessel and we
can not use the strip theory solver for it. For having a better picture, the
RAOs for heave and pitch of this fishing vessel for Fn = 0, Fn = 0.09 and
Fn = 0.18 in head-sea waves are shown in Figs. 8.1 to 8.3. The interesting
area for our study is the one between the two vertical dashed black lines in
the figures.
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Figure 8.1: Comparison of RAOs in heave and pitch calculated by STF
strip theory and 3D hybrid method for fishing vessel SFH112 with Fn = 0
in head-sea waves.



224 224

0 1 2 3 4 5 6
0

0.2

0.4

0.6

0.8

1

1.2

1.4

ωe(rad/s)

η
3
/ζ

a

0 1 2 3 4 5 6
0

0.2

0.4

0.6

0.8

1

1.2

1.4

ωe(rad/s)

η
5
/(
k
ζ
a
)

 

 

3D Hybrid method
STF strip theory method

Figure 8.2: Comparison of RAOs in heave and pitch for fishing vessel
SFH112 with Fn = 0.09 and head-sea waves, with STF strip theory and
3D hybrid method.
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Figure 8.3: Comparison of RAOs in heave and pitch for fishing vessel
SFH112 with Fn = 0.18 and head-sea waves, with STF strip theory and
3D hybrid method.

From these figures, the 3D effects are important as expected. It seems
that the 3D effects are more important in heave motion than in pitch mo-
tion for the range of frequencies of our interest. Since the heave and pitch
motions are important in PR, we must use the 3D method to capture the
PR phenomenon correctly. The fishing vessel without and with anti-roll
tank have been studied numerically and experimentally in head-sea regular
waves. For the ship model without anti-roll tank, three set of tests with
Fn = 0, Fn = 0.09 and Fn = 0.18 have been studied. Detailed summary
of the results for each examined Fn is given in the following.
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8.2.1 Cases without tank and Fn = 0

The parametric resonance could occur where the natural roll frequency, ωn4

is around half of the excitation frequency ωe, in this case coinciding with
the incident-wave frequency. So these tests were designed and performed
for the frequency ratio ωn4

ωe
from 0.46 to 0.54 to be in the instability zone.

The other condition for occurrence of parametric rolling is that the wave
height should be high enough. So a wave steepness kζa range of 0.1 to 0.25
was considered for this set of tests.

Before doing the simulations, the mooring cables identification was ex-
tracted from the surge-decay experiments. The mooring system was used
to limit the horizontal motions in the tests. So one cable identification was
extracted for the fore cables and one for the aft cables. The viscous damping
coefficients are also obtained from the decay tests. Then the surge and roll
decays were simulated and compared against experiments which showed a
good agreement. It was noted also that the sway and yaw could not be re-
produced numerically probably due to the small difference in cables and also
the wave reflection from the tank walls. Trying a linear restoring coefficient
for sway and yaw also did not help much with the decay tests.

A Fast-Fourier Transform (FFT) of the incident-wave elevations in the
experiments was performed and the first harmonic component was extracted
and used in the simulations. The comparisons of the numerical and exper-
imental results for all cases were shown in chapter 6 documenting a good
agreement.

There are some cases in which the results are different in terms of PR
occurrence. From 32 cases totally, the results in 26 cases were the same in
numerical and experimental estimations in terms of PR occurrence. The
roll steady-state amplitude showed also an acceptable agreement. For the
remaining 6 cases, the numerical results were different from the experiments
in terms of PR occurrence. Plotting the Mathieu instability diagram based
on the 1-DOF roll equation of motion, showed that the six points corre-
sponding to these 6 cases are close to the instability border. It means that
for the cases well inside or outside the instability zone, the numerical and
experimental results agree. PR as an instability phenomenon is highly sen-
sitive to all parameters especially near the instability borders and the ship
could get in or out of the instability zone by even a very small change in the
parameters. The differences in PR occurrence, which occur at the instabil-
ity border, are probably due to uncertainties in the numerical simulations
and experiments. From the Mathieu instability diagram, it is clear that
the instability border is different in the experiments. The reason is that
the Mathieu instability diagram is for a 1-DOF equation with harmonic



restoring variation while apparently for these experiments the ship behaves
strongly as a 6-DOF system in the context of PR occurrence and the roll
was coupled to other modes of motions. In addition, the restoring variation
for the ship is not exactly harmonic as assumed in the Mathieu equation.
The effect of the coupling of motions on the instability border is discussed
in [38].

The comparison between experimental and numerical results of all six
degrees of freedom for all cases at Fn = 0, showed that the motions are in
the same order except for sway and yaw. One reason could be the difference
in cable systems (the cables used in the numerical simulations are port-
starboard symmetric while it is not like that in experiments) and the wave
reflections from the experimental tank walls which are not accounted for
in the simulations. The transient part in surge motion is also different
in numerical and experimental results. One should also note that in roll
motion, the steady-state value is important and the transient phase should
not be compared since the level of transverse disturbances are not the same
in the actual physical experimental conditions and in the ideal numerical
conditions. The cables tensions have also been compared in selected cases.

The effect of using weak-scatterer assumption in the numerical simula-
tion is assessed with running the numerical simulations with and without it
for cases without tank at Fn = 0. The comparison of results are shown in
Tab. 8.1.
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Table 8.1: Test cases at Fn = 0, as given in Tab. 6.2. For each exam-
ined case, the experimental (Exp), numerical with weak-scatterer assumption
(Num WS) and numerical without weak-scatterer assumption (Num NoWS)
roll-motion amplitudes in nearly steady-state conditions are given in degrees.
A roll angle with a F shows that the roll steady-state value is obtained by
forcing the model with a small roll angle after a while. NOF means that
parametric roll did not occur even with triggering the roll motion.

kζa ↓,ωn4
ωe
→ 0.46 0.47 0.48 0.49 0.50 0.51 0.52 0.53 0.54

0.10 Exp
Num WS

Num NoWS
X
X

X
X

C459
NOF
3.8
3.7

C479
21.1
19.2
18.0

C457
18.27
18.9
16.5

C501
15.24
16.75
10.5

C468
12.5
12.9
NOF

C480
NOF
11.0
NOF

X
X

0.15 Exp
Num WS

Num NoWS
X
X

C464
NOF
14.0
5.2

C463
23.66
21.8
18.5

C462
22.2
20.5
16.5

C461
20.76
18.9
5.0

C460
17.11
17.4
NOF

C469
16.0
14.5
NOF

C481
12.5
11.8
NOF

C482
NOF
7.7

NOF

0.20 Exp
Num WS

Num NoWS

C473
NOF
26.9
NOF

C472
19.2
25.0
25.0

C471
25.13
22.4
19.0

C470
22.52
20.7
12.2

C466
20.7
18.25
NOF

C465
17.0
16.0
NOF

C474
16.05
13.0
NOF

C484
10.5F

9.9
NOF

C499
5.0F
5.3

NOF

0.25 Exp
Num WS

Num NoWS

C493
NOF
25.7
27.0

C490
20.0
24.1
25.0

C483
24.6
21.0
20.0

C491
21.4
18.5
NOF

C492
18.1
16.0
NOF

C495
15.0
15.5
NOF

C496
13.7
12.0
NOF

C497
10.0F
11.0
NOF

C500
NOF
NOF
NOF

The cells with different roll amplitudes (difference more than 5◦) for re-
sults using with and without weak-scatterer assumption are marked with the
grey shading. As it can be seen from this table, the weak scatterer assump-
tion shows high importance for higher frequency ratios (longer waves) and
steeper waves. This is in agreement also with its main assumptions. It can
be seen that only for frequency ratio 0.48, it can capture all experimental
results, correctly. For other cases, its results are different from experiments,
either in all or some of the cases. For 3 cases near the instability border
(C473, C480 and C482), the results with solver without weak-scatterer as-
sumption are in agreement with experimental results, while the solver with
weak-scatterer assumption are not. But looking at all the tested cases in
the table, results using weak-scatterer assumption show far closer results to
the experiments than results without weak-scatterer.



To check the effect of coupling of other motions on the PR, we simu-
lated some cases without tank at Fn = 0 with different degrees-of-freedom.
We used our main solver with weak-scatterer assumption and disabled the
horizontal motions and simulate the cases only with roll, heave and pitch
motions. In order to isolate the effect of surge motion only, we simulate all
cases one more time with disabling the sway and yaw modes only. We did
all these simulations only for the cases with frequency ratios between 0.48
and 0.52 where we got the numerical results in agreement with experiments
before. The results are shown in Tab. 8.2.

Table 8.2: Test cases at Fn = 0, as given in Tab. 6.2. For each examined
case, the experimental (Exp), numerical results with 6-DOF model (Num),
numerical results with roll, heave and pitch modes free only (Num 345) and
numerical results with surge, roll, heave and pitch modes free only (Num
1345) roll-motion amplitudes in nearly steady-state conditions are given in
degrees. A roll angle with a F shows that the roll steady-state value is ob-
tained by forcing the model with a small roll angle after a while. NOF means
that parametric roll did not happen even with triggering the roll motion.

kζa ↓,ωn4
ωe
→ 0.48 0.49 0.50 0.51 0.52

0.10 Exp
Num

Num 345
Num 1345

C459
NOF
3.8
4.5
4.5

C479
21.1
19.2
14.0
16.6

C457
18.27
18.9
13.0
16.2

C501
15.24
16.75
8.5
13.5

C468
12.5
12.9
NOF
10.0

0.15 Exp
Num

Num 345
Num 1345

C463
23.66
21.8
12.5
17.8

C462
22.2
20.5
10.0
16.5

C461
20.76
18.9
NOF
14.0

C460
17.11
17.4
NOF
12.0

C469
16.0
14.5
NOF
7.7

0.20 Exp
Num

Num 345
Num 1345

C471
25.13
22.4
12.0
18.0

C470
22.52
20.7
NOF
13.2

C466
20.7
18.25
NOF
11.5

C465
17.0
16.0
NOF
5.5

C474
16.05
13.0
NOF
NOF

0.25 Exp
Num

Num 345
Num 1345

C483
24.6
21.0
NOF
12.3

C491
21.4
18.5
NOF
9.3

C492
18.1
16.0
NOF
NOF

C495
15.0
15.5
NOF
NOF

C496
13.7
12.0
NOF
NOF

228



8.2. Different ships studied 229

In case of all horizontal motions disabled, it seems that the couplings
of horizontal motions gets more important in PR for longer and steeper
waves. For instance for frequency ratio 0.48, for wave steepness up to 0.2,
PR is captured in all cases (although with different roll amplitudes), but
in wave steepness 0.25, no PR was observed numerically. A same trend
could be seen in frequency ratio 0.49, but here no PR was observed in wave
steepness 0.2 and 0.25 and this trend goes on until no PR was observed in
all wave steepnesses in frequency ratio 0.52. So it is clearly observed that
the coupling of horizontal motions gets higher importance with increasing
the wave length and steepness.

The numerical results with surge motion enabled could recover PR in
some cases that were not captured without surge, sway and yaw. For in-
stance for frequency ratio 0.48, PR could be captured in all tested wave
steepnesses (even though the amplitude is different from the experiments).
A same trend could be seen for frequency ratio 0.49 also.

Therefore, these results show that although without sway and yaw and
only with surge motion included, in some moderate steep and not so long
waves, PR could be captured (with slightly different roll amplitude), but
all horizontal motions are important for PR specially for longer and steeper
waves.

8.2.2 Cases without tank and Fn=0.09

The tests for the ship without tank and with Fn = 0.09 were performed
for the frequency ratio ωn4

ωe
from 0.45 to 0.50. The wave steepness kζa was

varied between 0.1 to 0.20. The higher steepness (kζa = 0.25) was dangerous
for the model due to excitation of high vertical motions, and therefore not
analyzed in forward speed.

9 cases totally were studied and for six of them, the numerical and
experimental results were in agreement while for remaining three cases there
was a difference in PR occurrence. In two of these cases (C537 and C521), no
PR were observed experimentally while PR were observed in the numerical
simulations. The amplitude of the numerical roll motion in the time range
of experiments was very small and the main build up started after the
experiment time recording. For the third case C535, experimentally it was
observed that the pitch motion decreases in amplitude strangely without
reaching a steady-state value. This reduction in pitch might have some
effects in avoiding PR. We could not find the exact reason of this pitch
motion behaviour in the test.

To see where these cases are in the instability diagram, numerical simu-
lations were performed for some scenarios and then a stability diagram was
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plotted accordingly. From this, cases C537 and C521 are clearly near the
instability border. Case C535 seems not to be near the instability border,
and looks to be well inside the instability region.

8.2.3 Cases without tank and Fn=0.18

Finally, the tests without tank and with Fn = 0.18 were performed for the
frequency ratio ωn4

ωe
from 0.43 to 0.50. The wave steepness kζa, was varied

between 0.10 to 0.15. Due to the high forward speed and large vertical
motions, it was dangerous for the model to do the tests with higher wave
steepnesses.

By checking the videos of the tests at this forward speed, a sink (rise
up) and trim (bow up) was clearly observed in the experiments (when the
model was towed before hitting the incident waves). The values of sink and
trim were estimated as 8mm (2% of the draft) and 0.5◦, respectively, from
the experiment videos and were considered in the numerical simulations.

There were totally 9 cases and the results in 7 of them showed an agree-
ment in terms of PR occurrence. The numerical PR steady-state amplitude
is not so close to the experimental values in some cases. This is probably
due to the big non-linearities connected to the wave breaking at ship bow,
pronounced water on deck and bottom and bow flare slamming in the ex-
periments. In two cases, the results are different in terms of PR occurrence.
It was discussed and showed that one of these cases, C555, seems to be close
to the instability border. But this does not seem the case for C545.

For some experimental cases, the PR was not observed to build up spon-
taneously without triggering a forced roll motion. We checked if the PR
amplitude could be affected by the triggering process and so we studied nu-
merically the phenomenon both without and with triggering the roll motion
and found the same steady-state PR amplitude in some cases (such as cases
C545 and C553), while in some other cases the results were different (such
as cases C549 and C552).

8.2.4 Cases with tank at Fn=0

The effect of free-surface anti-roll tank on the parametric roll was studied
numerically and experimentally.

Two types of experiments were performed regarding the tanks. One was
with the tank in isolated conditions and forced to oscillate in roll with the
axis of rotation 0.4m below the tank bottom. The loads due to the sloshing
were measured in a body-fixed reference frame centred at the tank bottom.
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These experiments were used to validate the numerical solver for sloshing
simulations and the results were shown in chapter 3.

From the comparison, there is an acceptable agreement for the sway
force while the roll moment is under-predicted in the numerical simulations
by around 25%. The differences are probably due to the fact that these
cases are performed at the resonance frequency and, as observed in the
experiments, there are significant tank roof impacts that make the flow
very violent and create pronounced splashes and non-linearities not captured
correctly by the sloshing solver. Furthermore, pressures at the tank roof will
directly influence the roll moment but not directly the sway force. Numerical
convergence and conservation of fluid mass were checked in the simulations.
Two other different experimental data from the literature were also used in
the chapter 3 for further validation of the sloshing code.

The second type of experiments examined the fishing vessel with on-
board tank in regular incident head-sea waves. These tests were performed
with different tank dimensions, and different wave conditions. These are
dedicated PR experiments on the fishing vessel that were carried out to
understand the physics and occurrence of parametric rolling on the fishing
vessel. These tests were also used for validation of the numerical coupled
solver. A simple rectangular tank was used with a length equal to the ship
beam, draft of 3.9 cm and different tank width (3.0, 4.0, 5.1 and 8.1 cm).
The anti-roll tank set-up is shown and discussed in section 4.4. Considering
the tank dimensions and also checking the videos of the experiments, it
could be considered a 2D tank.

For validation of the seakeeping-sloshing tank coupled solver, first the
1-DOF sway motion of a 2D ship section with two tanks on-board were con-
sidered and the simulations for the RAO (Response Amplitude Operator)
for the sway motion were performed and compared against the experiments
from [5] in chapter 3. The results were in good agreement with the exper-
iments, confirming that our method can solve the problem at the sloshing
resonance frequency more accurately than the non-linear potential solver
presented in [5].

The use of a simpler non-iterative, i.e. weak, coupling strategy was also
examined. The results in Fig. 8.4 highlight a strong coupling phenomenon
and the suitability of the proposed iterative-coupling strategy.

After that, we tried to validate our simulator in a model with 6-DOF
for the fishing vessel.

The anti-roll free surface tank mechanism is explained in section 7.1. It
discussed the tank moment from the tank and the way it acts against the
roll motion. It was shown and discussed that some part of this moment acts
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Figure 8.4: The effect of iteration in coupling of sloshing and seakeeping
solver. Sway RAO for the ship section without tanks (rigid mass) and with
two tanks filled with h = 184mm from present numerical seakeeping-sloshing
coupled solver and from numerical and experimental studies by Rognebakke
[5].

as an extra damping to the system. The roll decay tests for all the tank sizes
were simulated using the numerical solver and compared against the exper-
iments. The comparison showed that the results are in good agreement and
therefore the damping level from the tank could be captured by the numer-
ical solver. The effectiveness of the tanks in roll damping was examined by
comparing different roll decays simulations with and without tank, with the
same initial roll angle. This confirmed a non-linear roll moment from the
anti-roll tanks.

Due to the high damping level from the tanks, PR did not occur spon-
taneously in the experiments with on-board tanks. So a forced roll motion
was triggered for all test cases and only a part of them resulted in a PR oc-
currence. In the numerical simulations, we tried to take the exact conditions
for the experiments into account. So first the simulations were performed
without triggering the roll motion and no PR occurred in all cases. Then
we triggered a roll motion similarly as done in the experiments. The trig-
gered roll amplitude and the phasing between roll and heave motions (at
the trigger time) is important in PR occurrence. We tried to have the same
triggering in the simulation cases by imposing the correct roll moment to
the system at the correct time. However, there might be some differences
in the triggered roll amplitude, since the numerical triggering process was
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not that straightforward. To show the importance of the roll phasing, Fig.
7.51 showed a numerical study for one case with different phasing in two
simulations. It showed that in one case a PR was build up and in another
case, the triggered roll motion damped out after some oscillations. Since
the simulations were time-consuming in the coupled cases, they were only
performed until the roll motion achieved a steady-state value.

The instability region for the tests with different tank widths are ob-
served in the experiments. It was also observed that increasing the tank
width, shrinks the instability region in the tested area. For the highest
value of tank width, PR was not observed at all even with triggering large
roll motions. The simulation results show good agreement in capturing PR
cases and also the PR amplitude. Out of 41 cases examined, 35 cases were
captured by the numerical simulations. It was shown that for most of the
cases with different results, the case is near instability border.

8.3 Conclusion

As final note, we can say that the agreement of the numerical results and the
experimental data is good for all tests, with and without anti-roll tank. It
was observed that at cases close to the instability border, the PR occurrence
is very sensitive to all parameters and even small differences between exper-
imental and numerical set-ups could lead to a difference in PR occurrence
for the corresponding results. The seakeeping-sloshing tank coupled solver
was capable of predicting the counteracting roll moment from the anti-roll
tank. Therefore this solver could be used further for parametric rolling in-
stability of vessels in design or operational stages. The coupled solver could
also be used for general seakeeping analysis of all types of vessels with or
without tanks on-board (from tankers to LNG carriers). Furthermore, the
complete experimental data presented here, could be a good benchmark for
investigating the parametric roll in fishing vessels and also for studying the
effect of anti-roll tanks in the roll motion. Besides, it is a good data set for
validating numerical tools for other researchers.

The performed analysis also suggests that a well-designed anti-roll free
surface tank could easily avoid the parametric-rolling phenomena. It was
shown that in most of the cases the parametric rolling could be avoided in
longitudinal seas and it only happens in some cases if an initial roll angle
more than a threshold value is imposed on the model at the correct phasing.
There are some numerical and experimental uncertainties that might have
influenced the results in some cases.

In the experiments, the incident waves are not perfectly regular due to
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the reflection of waves from the tank walls. The cable attachment position
to the carriage in the experiments might have moved a bit during the exper-
iments and this affects the extracted cable identifications. There are many
non-linearities connected to the breaking waves at the ship bow observed
for many cases (especially for cases with forward speed), to the bottom and
bow flare slamming and even to water on deck in some cases. Large varia-
tion in the wetted area in the aft part of the fishing vessel is also noticed.
Small misalignments from the head-sea waves in the experiments might also
have some influences.

Besides, on the numerical side, the interaction between the local steady
flow and unsteady flow is ignored in the numerical solver, for the cases
with forward speed. It might have some effects on the results especially for
this fishing vessel, which is not slender. Furthermore, the non-linearities
included in the numerical solver are highly simplified. Also local wave ele-
vation is not considered when estimating the wetted surface of the body in
time.

Furthermore, the test cases with the tank, are performed at or near
the sloshing resonance frequency of the tank, and as observed in the experi-
ments, there are significant tank roof impacts that make the flow very violent
and create pronounced splashes and non-linearities not captured correctly
by our CFD sloshing solver.

There are some other parameters that might be important and were
not considered in the numerical simulations. For instance, it was shown
that forced roll-heave phasing is important for PR occurrence. Similarly,
forced roll-yaw phasing might be important. But in practical side, it is
rather difficult (if not impossible) to reproduce properly all phasing of the
experiments in the numerical simulations.

8.4 Recommendation for further work

The present study can be pursued in many different perspectives both ex-
perimentally and numerically. Some recommendations for further research
steps are as follows:

r Studies about the effect of sway and yaw coupling to the roll motion
and their effects on PR could be done. The effect of surge excursion
on PR is also interesting in longitudinal seas.r Since the fishing vessels are rather blunt, it should be very enlight-
ening to account for the interactions between local steady flow and
unsteady flow and study their effects in PR occurrence at forward
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speed. Besides, the local steady flow could be considered in calculat-
ing the non-linear Froude-Krylov and restoring forces.r In this thesis, some polar diagrams were produced for the C11 con-
tainer ship using the STF code (which is fast) for regular waves. Due
to the time limits and the various subjects to study, no polar diagrams
were produced for the examined fishing vessels using time domain 3D
code (which is slower than STF code). It could be a good idea to de-
velop the solver first for irregular waves and then to produce different
polar diagrams for PR occurrence for different vessels and sea states.r A numerical and experimental study on the parametric rolling in the
oblique seas.r A more in-depth study of the sloshing tank and its interaction with
the vessel motions, to investigate further the importance of roll-heave
phasing in the PR occurrence.r A simpler mooring system (e.g. with a linear tension law or without
the steel part in bow part which makes the computation complicated)
could be used in the experiments.
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Appendix A

Retardation function
formulation

A.1 Integrals in the retardation formulation

In the formulation used in the retardation function calculation, the following
integrals have been utilized:

∞∫
a

cos (ωt)

ω2
dω =

1

a
cos (at)− t

π
2
−

at∫
0

sin (x)

x
dx

 (A.1)

∞∫
a

sin (ωt)

ω3
dω =

1

2a2
sin (at) +

t

2

∞∫
a

cos (ωt)

ω2
dω (A.2)

For calculation of retardation function one should note the following
hints:

r The last integral in the right hand side of Eq. A.1 is solved numerically.

r The integral on the right hand side of the Eq. A.2 could be expressed
by Eq. A.1.

r In the numerical integration of retardation function, for high frequen-
cies, the term cos(ωt) is highly oscillating and the time variable t
should be discretized according to the frequency, otherwise one could
get wrong retardation values.
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A.2 Retardation functions for the fishing vessel
SFH112

The retardation functions calculated for the SFH112 fishing vessel at Fn = 0
are shown in Figs. A.1 and A.2.
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Figure A.1: Retardation functions for surge, heave and pitch motions for
Fn=0 based on an extension of Bij = c1

ω2
e

for ωe > 10.5 rads .
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Figure A.2: Retardation functions for sway, roll and yaw motions for Fn=0
based on an extension of Bij = c1
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for ωe > 10.5 rads .
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The damping extension for the frequencies higher than 10.5 rads is based
on the Bij = c1

ω2
e

formula. The extensions for all damping modes are shown

in the Figs. A.3 and A.4.
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Figure A.3: Damping curve extension for surge, heave and pitch motions
for Fn=0 based on an extension of Bij = c1
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for ωe > 10.5 rads .
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Figure A.4: Damping curve extension for sway, roll and yaw motions for
Fn=0 based on an extension of Bij = c1
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for ωe > 10.5 rads .

After the calculation of the retardation functions, we can check the re-
sults by recalculating the damping curves using obtained retardation func-
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tions (as explained in chapter 2). The comparison of the original curves
for the main damping coefficients and corresponding recalculated curves is
shown in Figs. A.5 and A.6.
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Figure A.5: Comparison of main damping curves for surge, heave and pitch
motions and the recalculated damping curves from the retardation functions
for the SFH112 fishing vessel at Fn = 0.
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Figure A.6: Comparison of main damping curves for sway, roll and yaw
motions and the recalculated damping curves from the retardation functions
for the SFH112 fishing vessel at Fn = 0.



Appendix B

Experimental uncertainties

Some aspects of the uncertainties in the dedicated experiments carried out
during this PhD research on the PR on a fishing vessel are studied and
explained in this appendix.

B.1 Instrument precision

The incident wave system is measured by means of two different transduc-
ers fixed to the carriage: a finger (Kenek) and a capacitance wire probe.
The Kenek is a non-intrusive instrument with an accuracy of 0.1mm and a
maximum range of measurement ±150mm. The capacitance wave probe,
developed at CNR-INSEAN, ensures an accuracy of the order of the wire
diameter 0.5mm and a range of measurement of ±300mm. Because of the
intrusive wire, this probe is suitable for station-keeping and low forward
speed.

The wave elevation recorded by a pair of sensors 4m ahead of the model
is used as a measure of the undisturbed incident wave and will be indicated
as incident wave in the following text.

The rigid motions of the hull are measured with an inertial (MOTAN)
and an optical (Krypton) system. The non-intrusive Krypton system pro-
vides real-time measure of the rigid motions using three infrared LEDs to
identify a reference system fixed to the body and three CCD cameras to
record the LED positions in time. This system enables tracking at a high
spatial resolution of less than 1mm for the linear displacements and less
than 0.05◦ for the angular degrees of freedom. The MOTAN is an inertial
platform that measures the accelerations and the angular velocities of a
rigid model. Numerical integration could recover the motion of the body in
post-processing with an error around 1mm for the linear displacements and
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0.15◦ for the rotational degrees of freedom [83].

B.2 Error analysis: Repeatability error

Tab. B.1 summarizes the test matrix for the fishing vessel without tank at
Fn = 0. In each cell, for each test case, the actual values (the values of first
harmonic based on FFT results) for wave frequency ratio (ωn4

ωe
) and wave

steepness (kζa) are shown. The nominal values are also shown in the left
column and upper row of the table.

Table B.1: The nominal and actual wave frequency ratio (ωn4
ωe

) and steepness
(kζa) for test cases at Fn=0.

kζa ↓,ωn4
ωe
→ 0.46 0.47 0.48 0.49 0.50 0.51 0.52 0.53 0.54

0.1 X X

C459
0.482
0.091

C479
0.492
0.098

C457
0.499
0.096

C501
0.511
0.094

C468
0.522
0.093

C480
0.529
0.107 X

0.15 X

C464
0.473
0.143

C463
0.482
0.143

C462
0.492
0.136

C461
0.502
0.143

C460
0.511
0.137

C469
0.523
0.131

C481
0.531
0.144

C482
0.538
0.154

0.20

C473
0.461
0.197

C472
0.470
0.182

C471
0.480
0.152

C470
0.488
0.198

C466
0.502
0.173

C465
0.508
0.191

C474
0.521
0.188

C484
0.533
0.182

C499
0.537
0.190

0.25

C493
0.467
0.207

C490
0.473
0.214

C483
0.482
0.230

C491
0.493
0.216

C492
0.498
0.229

C495
0.508
0.227

C496
0.518
0.216

C497
0.524
0.241

C500
0.534
0.221

In this section, an error analysis is presented to give a global estimation
of the maximum error expected for each quantity. Only the repeatability
error is estimated. An accurate estimation of the repeatability error requires
the test to be repeated several times, which is time consuming and unlikely
to be performed for each test condition. A single physical condition, corre-
sponding to the nominal parameters of wave frequency ratio 0.51 and wave
steepness 0.10 and Fr = 0, is selected (the test case is marked with a grey
highlight in the table). The test is repeated 4 times and each run lasts for
at least 30 cycles after the steady-state regime has been reached (test cases
C489, C494, C498, C501). The parametric rolling occurred in all cases with
roll steady state value of 15.4◦, 15.25◦, 15.01◦ and 15.24◦, respectively. The
error analysis of the heave, roll and pitch motions is performed in this sec-
tion. The incident wave profile and ship motions in the four repetitions of
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Figure B.1: Experimental incident wave profile and ship motions in cases
C489.

this test are shown in Figs. B.1 to B.4.
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Figure B.2: Experimental incident wave profile and ship motions in cases
C494.
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Figure B.3: Experimental incident wave profile and ship motions in cases
C498.
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Figure B.4: Experimental incident wave profile and ship motions in cases
C501.

Assuming that the variable for which we want to perform the uncertainty
analysis is constant in time (for instance, the mean added resistance in
waves, Raw), this would involve the estimate of the average and standard
deviation of the variable over N repeated tests, as follows:

R̄aw =
1

N

N∑
i=1

Raw,i (B.1)

SRaw =

√√√√ 1

N − 1

N∑
i=1

(
Raw,i − R̄aw

)2
(B.2)

In contrast, the uncertainty of the time history of the oscillatory quan-
tities, e.g. the incident wave profile and hull motions, requires the following
procedure as described in [83], when assuming regular incident waves and
nearly steady-state conditions:

r for each run the steady-state signal is divided into at least 10 temporal
windows, each one long two incident-wave periods;

r the mean value on each window is subtracted;

r at each time instant, the mean and the standard deviation, accounting
for the samples coming from all the windows, are estimated.
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Figure B.5: Repeatability analysis for the case with nominal wave frequency
ratio ωn4

ωe
= 0.51 and wave steepness kζa = 0.10; mean time history of

the heave motion together with the error bar (± two times of the standard
deviation).

In this procedure, the windowing process has a small uncertainty es-
timated to be approximately two time steps in the data acquisition (i.e.
approximately 0.0036 s here).

For the incident wave train measured through the first couple of wave
transducers on the front of the ship, the expected wave period is 1.518s.
This period corresponds to the mean period calculated from the repeata-
bility analysis. The mean time history of the heave, roll and pitch motions
together with the error bar giving the standard deviation of the measure-
ments, are shown in Fig. B.5 to B.7.
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Figure B.6: Repeatability analysis for the case with nominal wave frequency
ratio ωn4

ωe
= 0.51 and wave steepness kζa = 0.10; mean time history of

the roll motion together with the error bar (± two times of the standard
deviation).
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Figure B.7: Repeatability analysis for the case with nominal wave frequency
ratio ωn4

ωe
= 0.51 and wave steepness kζa = 0.10; mean time history of

the pitch motion together with the error bar (± two times of the standard
deviation).
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For the cases considered, the mean standard deviations associated with
the heave, roll and pitch motions are approximately 1.62%, 0.3% and 0.3%
of the motion amplitudes, respectively.

This process is not an appropriate process for the incident wave profiles.
The wave profiles as could be seen from the Figs. B.1 to B.4, are affected
by unavoidable seiching modes of the basin which are very long waves and
make the signal less repeatable. These seiching modes do not influence
the motions so much. Since the seiching modes are associated with low
frequencies, they do not influence the first harmonics of the waves. So we
did the FFT analysis of the incident wave profile for these 4 repetitions
and got the first harmonic of the waves and calculated the mean value and
standard deviations for the first harmonic. Although it might be too few
runs and therefore calculation of standard deviation might nor be reliable,
we tried it for just the first harmonic. Figs. B.8 to B.11 show the incident
wave profiles, the selected window for the FFT analysis and their FFT
analyses.



B.2. Error analysis: Repeatability error 257

0 50 100 150 200 250 300 350

−50

0

50

100

t(s)

ζ
(m

m
)

 

 

Main wave
Selected window for the FFT analysis

0 0.5 1 1.5 2 2.5 3
0

20

40 X: 0.65941495
Y: 42.581345

f(Hz)

ζ
(m

m
)

X: 1.3188299
Y: 2.0808399 X: 1.9782448

Y: 0.84779668

Figure B.8: FFT analysis for the incident wave profile for the case C489.
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Figure B.9: FFT analysis for the incident wave profile for the case C494.
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Figure B.10: FFT analysis for the incident wave profile for the case C498.
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Figure B.11: FFT analysis for the incident wave profile for the case C501.
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Since we only used the first harmonic of the waves in the simulations and
the first harmonics are the main components for the low steepness waves
(the nominal wave steepness here is 0.10), the mean and standard deviation
are calculated for them only.

According to the values for the first harmonic of these waves, the mean
wave amplitude is 43.83mm and the standard deviation is 2.1% of the mean
value. The mean frequency for this harmonic is 0.6588Hz with a standard
deviation as 0.02% of the mean value.
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Appendix C

Further experiments and
numerical simulations

The comparison of experimental and numerical motions for cases of the
fishing vessel without anti-roll tank, was presented in all degrees-of-freedom
in chapter 6. For sake of better comparison visibility, here it is provided for
heave, roll and pitch motions only, due to their importance.
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Figure C.1: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C457. Frequency ratio ωn4

ωe
= 0.50,

kζa = 0.10 and Fn = 0.
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Figure C.2: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C483. Frequency ratio ωn4

ωe
= 0.48,

kζa = 0.25 and Fn = 0.
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Figure C.3: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C537. Frequency ratio ωn4

ωe
= 0.45,

kζa = 0.15 and Fn = 0.09.



263

0 20 40 60 80 100 120 140 160 180 200
−200

0

200

t(s)

η
3
(m

m
)

 

 

0 20 40 60 80 100 120 140 160 180 200
−50

0

50

t(s)

η
4
(d
e
g
)

0 20 40 60 80 100 120 140 160 180 200
−20

0

20

t(s)

η
5
(d
e
g
)

Experiment
Simulation

Figure C.4: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C536. Frequency ratio ωn4

ωe
= 0.46,

kζa = 0.15 and Fn = 0.09.
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Figure C.5: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C522. Frequency ratio ωn4

ωe
= 0.47,

kζa = 0.15 and Fn = 0.09.
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Figure C.6: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C521. Frequency ratio ωn4

ωe
= 0.47,

kζa = 0.10 and Fn = 0.09.
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Figure C.7: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C538. Frequency ratio ωn4

ωe
= 0.48,

kζa = 0.10 and Fn = 0.09.
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Figure C.8: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C533. Frequency ratio ωn4

ωe
= 0.48,

kζa = 0.15 and Fn = 0.09.
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Figure C.9: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C534. Frequency ratio ωn4

ωe
= 0.49,

kζa = 0.15 and Fn = 0.09.
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Figure C.10: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C535. Frequency ratio ωn4

ωe
= 0.50,

kζa = 0.15 and Fn = 0.09.
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Figure C.11: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C545. Frequency ratio ωn4

ωe
= 0.48,

kζa = 0.15 and Fn = 0.18.
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Figure C.12: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C548. Frequency ratio ωn4

ωe
= 0.48,

kζa = 0.10 and Fn = 0.18.
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Figure C.13: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C549. Frequency ratio ωn4

ωe
= 0.47,

kζa = 0.15 and Fn = 0.18.
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Figure C.14: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C550. Frequency ratio ωn4

ωe
= 0.46,

kζa = 0.15 and Fn = 0.18.
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Figure C.15: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C551. Frequency ratio ωn4

ωe
= 0.45,

kζa = 0.15 and Fn = 0.18.
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Figure C.16: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C552. Frequency ratio ωn4

ωe
= 0.49,

kζa = 0.15 and Fn = 0.18.
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Figure C.17: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C553. Frequency ratio ωn4

ωe
= 0.50,

kζa = 0.15 and Fn = 0.18.
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Figure C.18: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C554. Frequency ratio ωn4

ωe
= 0.44,

kζa = 0.15 and Fn = 0.18.
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Figure C.19: Comparison of experimental and numerical simulation results
for heave, roll and pitch motions for case C555. Frequency ratio ωn4

ωe
= 0.43,

kζa = 0.15 and Fn = 0.18.
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(Dr.ing.thesis, IMT) 

IMT-
2008-36 

Drummen, Ingo Experimental and Numerical Investigation of 
Nonlinear Wave-Induced Load Effects in 
Containerships considering Hydroelasticity. (PhD 
thesis, CeSOS) 

IMT-
2008-37 

Skejic, Renato Maneuvering and Seakeeping of a Singel Ship and 
of Two Ships in Interaction. (PhD-Thesis, CeSOS) 

IMT-
2008-38 

Harlem, Alf An Age-Based Replacement Model for Repairable 
Systems with Attention to High-Speed Marine 
Diesel Engines. (PhD-Thesis, IMT) 

IMT-
2008-39 

Alsos, Hagbart S. Ship Grounding. Analysis of Ductile Fracture, 
Bottom Damage and Hull Girder Response. (PhD-
thesis, IMT) 

IMT-
2008-40 

Graczyk, Mateusz Experimental Investigation of Sloshing Loading 
and Load Effects in Membrane LNG Tanks 
Subjected to Random Excitation. (PhD-thesis, 
CeSOS) 

IMT-
2008-41 

Taghipour, Reza Efficient Prediction of Dynamic Response for 
Flexible amd Multi-body Marine Structures. (PhD-
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thesis, CeSOS) 

IMT-
2008-42 

Ruth, Eivind Propulsion control and thrust allocation on marine 
vessels. (PhD thesis, CeSOS) 

IMT-
2008-43 

Nystad, Bent Helge Technical Condition Indexes and Remaining Useful 
Life of Aggregated Systems. PhD thesis, IMT 

IMT-
2008-44 

Soni, Prashant Kumar Hydrodynamic Coefficients for Vortex Induced 
 Vibrations of Flexible Beams,  PhD 
thesis, CeSOS 

IMT-
2009-45 

Amlashi, Hadi K.K. Ultimate Strength and Reliability-based Design of 
Ship Hulls with Emphasis on Combined Global and 
Local Loads. PhD Thesis, IMT 

IMT-
2009-46 

Pedersen, Tom Arne Bond Graph Modelling of Marine Power Systems. 
PhD Thesis, IMT 

IMT-
2009-47 

Kristiansen, Trygve Two-Dimensional Numerical and Experimental 
Studies of Piston-Mode Resonance. PhD-Thesis, 
CeSOS 

IMT-
2009-48 

Ong, Muk Chen Applications of a Standard High Reynolds Number   
Model and a Stochastic Scour Prediction Model for 
Marine Structures. PhD-thesis, IMT 

IMT-
2009-49 

Hong, Lin Simplified Analysis and Design of Ships subjected 
to Collision and Grounding. PhD-thesis, IMT 

IMT-
2009-50 

Koushan, Kamran Vortex Induced Vibrations of Free Span Pipelines, 
PhD thesis, IMT 

IMT-
2009-51 

Korsvik, Jarl Eirik Heuristic Methods for Ship Routing and 
Scheduling. PhD-thesis, IMT 

IMT-
2009-52 

Lee, Jihoon Experimental Investigation and Numerical in 
Analyzing the Ocean Current Displacement of 
Longlines. Ph.d.-Thesis, IMT. 

IMT-
2009-53 

Vestbøstad, Tone Gran A Numerical Study of Wave-in-Deck Impact usin a 
Two-Dimensional Constrained Interpolation Profile 
Method, Ph.d.thesis, CeSOS. 

IMT-
2009-54 

Bruun, Kristine Bond Graph Modelling of Fuel Cells for Marine 
Power Plants. Ph.d.-thesis, IMT 

IMT 
2009-55 

Holstad, Anders Numerical Investigation of Turbulence in a Sekwed 
Three-Dimensional Channel Flow, Ph.d.-thesis, 
IMT. 

IMT 
2009-56 

Ayala-Uraga, Efren Reliability-Based Assessment of Deteriorating 
Ship-shaped Offshore Structures, Ph.d.-thesis, IMT 

IMT 
2009-57 

Kong, Xiangjun A Numerical Study of a Damaged Ship in Beam 
Sea Waves. Ph.d.-thesis, IMT/CeSOS. 

IMT 
2010-58 

Kristiansen, David Wave Induced Effects on Floaters of Aquaculture 
Plants, Ph.d.-thesis, CeSOS. 
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IMT 
2010-59 

Ludvigsen, Martin An ROV-Toolbox for Optical and Acoustic 
Scientific Seabed Investigation. Ph.d.-thesis IMT. 

IMT 
2010-60 

Hals, Jørgen Modelling and Phase Control of Wave-Energy 
Converters. Ph.d.thesis, CeSOS. 

 

IMT 
2010- 61 

Shu, Zhi Uncertainty Assessment of Wave Loads and 
Ultimate Strength of Tankers and Bulk Carriers in a 
Reliability Framework. Ph.d. Thesis, IMT/ CeSOS 

IMT 
2010-62 

Shao, Yanlin Numerical Potential-Flow Studies on Weakly-
Nonlinear Wave-Body Interactions with/without 
Small Forward Speed, Ph.d.thesis,CeSOS.  

IMT 
2010-63 

Califano, Andrea Dynamic Loads on Marine Propellers due to 
Intermittent Ventilation. Ph.d.thesis, IMT. 

IMT 
2010-64 

El Khoury, George Numerical Simulations of Massively Separated 
Turbulent Flows, Ph.d.-thesis, IMT 

IMT 
2010-65 

Seim, Knut Sponheim Mixing Process in Dense Overflows with Emphasis 
on the Faroe Bank Channel Overflow. Ph.d.thesis, 
IMT 

IMT 
2010-66 

Jia, Huirong Structural Analysis of Intect and Damaged Ships in 
a Collission Risk Analysis Perspective. Ph.d.thesis 
CeSoS. 

IMT 
2010-67 

Jiao, Linlin Wave-Induced Effects on a Pontoon-type Very 
Large Floating Structures (VLFS). Ph.D.-thesis, 
CeSOS. 

IMT 
2010-68 

Abrahamsen, Bjørn Christian Sloshing Induced Tank Roof with Entrapped Air 
Pocket. Ph.d.thesis, CeSOS. 

IMT 
2011-69 

Karimirad, Madjid Stochastic Dynamic Response Analysis of Spar-
Type Wind Turbines with Catenary or Taut 
Mooring Systems. Ph.d.-thesis, CeSOS. 

IMT -
2011-70 

Erlend Meland Condition Monitoring of Safety Critical Valves. 
Ph.d.-thesis, IMT. 

IMT – 
2011-71 

Yang, Limin Stochastic Dynamic System Analysis of Wave 
Energy Converter with Hydraulic Power Take-Off, 
with Particular Reference to Wear Damage 
Analysis, Ph.d. Thesis, CeSOS. 

IMT – 
2011-72 

Visscher, Jan Application of Particla Image Velocimetry on 
Turbulent Marine Flows, Ph.d.Thesis, IMT. 

IMT – 
2011-73 

Su, Biao Numerical Predictions of Global and Local Ice 
Loads on Ships. Ph.d.Thesis, CeSOS. 

IMT – 
2011-74 

Liu, Zhenhui Analytical and Numerical Analysis of Iceberg 
Collision with Ship Structures. Ph.d.Thesis, IMT. 

IMT – 
2011-75 

Aarsæther, Karl Gunnar Modeling and Analysis of Ship Traffic by 
Observation and Numerical Simulation. 
Ph.d.Thesis, IMT. 
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Imt – 
2011-76 

Wu, Jie Hydrodynamic Force Identification from Stochastic 
Vortex Induced Vibration Experiments with 
Slender Beams. Ph.d.Thesis, IMT. 

Imt – 
2011-77 

Amini, Hamid Azimuth Propulsors in Off-design Conditions. 
Ph.d.Thesis, IMT. 

 

 

IMT – 
2011-78 

Nguyen, Tan-Hoi Toward a System of Real-Time Prediction and 
Monitoring of Bottom Damage Conditions During 
Ship Grounding. Ph.d.thesis, IMT. 

IMT- 
2011-79 

Tavakoli, Mohammad T. Assessment of Oil Spill in Ship Collision and 
Grounding, Ph.d.thesis, IMT. 

IMT- 
2011-80 

Guo, Bingjie Numerical and Experimental Investigation of 
Added Resistance in Waves. Ph.d.Thesis, IMT. 

IMT- 
2011-81 

Chen, Qiaofeng Ultimate Strength of Aluminium Panels, 
considering HAZ Effects, IMT 

IMT- 
2012-82 

Kota, Ravikiran S. Wave Loads on Decks of Offshore Structures in 
Random Seas, CeSOS. 

IMT- 
2012-83 

Sten, Ronny Dynamic Simulation of Deep Water Drilling Risers 
with Heave Compensating System, IMT. 

IMT- 
2012-84 

Berle, Øyvind Risk and resilience in global maritime supply 
chains, IMT. 

IMT- 
2012-85 

Fang, Shaoji Fault Tolerant Position Mooring Control Based on 
Structural Reliability, CeSOS. 

IMT- 
2012-86 

You, Jikun Numerical studies on wave forces and moored ship 
motions in intermediate and shallow water, CeSOS. 

IMT- 
2012-87 

Xiang ,Xu Maneuvering of two interacting ships in waves, 
CeSOS 

IMT- 
2012-88 

Dong, Wenbin Time-domain fatigue response and reliability 
analysis of offshore wind turbines with emphasis on 
welded tubular joints and gear components, CeSOS 

IMT- 
2012-89 

Zhu, Suji Investigation of Wave-Induced Nonlinear Load 
Effects in Open Ships considering Hull Girder 
Vibrations in Bending and Torsion, CeSOS 

IMT- 
2012-90 

Zhou, Li Numerical and Experimental Investigation of 
Station-keeping in Level Ice, CeSOS 

IMT- 
2012-91 

Ushakov, Sergey Particulate matter emission characteristics from 
diesel enignes operating on conventional and 
alternative marine fuels, IMT 

IMT- 
2013-1 

Yin, Decao Experimental and Numerical Analysis of Combined 
In-line and Cross-flow Vortex Induced Vibrations, 
CeSOS 
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IMT- 
2013-2 

Kurniawan, Adi Modelling and geometry optimisation of wave 
energy converters, CeSOS 

IMT- 
2013-3 

Al Ryati, Nabil Technical condition indexes doe auxiliary marine 
diesel engines, IMT 

IMT-
2013-4 

Firoozkoohi, Reza Experimental, numerical and analytical 
investigation of the effect of screens on sloshing, 
CeSOS 

IMT- 
2013-5 

Ommani, Babak Potential-Flow Predictions of a Semi-Displacement 
Vessel Including Applications to Calm Water 
Broaching, CeSOS 

IMT- 
2013-6 

Xing, Yihan Modelling and analysis of the gearbox in a floating 
spar-type wind turbine, CeSOS 

IMT-7-
2013 

Balland, Océane Optimization models for reducing air emissions 
from ships, IMT 

IMT-8-
2013 

Yang, Dan Transitional wake flow behind an inclined flat 
plate-----Computation and analysis,  IMT 

IMT-9-
2013 

Abdillah, Suyuthi Prediction of Extreme Loads and Fatigue Damage 
for a Ship Hull due to Ice Action, IMT 

IMT-10-
2013 

Ramìrez, Pedro Agustìn Pèrez Ageing management and life extension of technical 
systems- 
Concepts and methods applied to oil and gas 
facilities, IMT 

IMT-11-
2013 

Chuang, Zhenju Experimental and Numerical Investigation of Speed 
Loss due to Seakeeping and Maneuvering. IMT 

IMT-12-
2013 

Etemaddar, Mahmoud Load and Response Analysis of Wind Turbines 
under Atmospheric Icing and Controller System 
Faults with Emphasis on Spar Type Floating Wind 
Turbines, IMT 

IMT-13-
2013 

Lindstad, Haakon Strategies and measures for reducing maritime CO2 
emissons, IMT 

IMT-14-
2013 

Haris, Sabril Damage interaction analysis of ship collisions, IMT 

IMT-15-
2013 

Shainee, Mohamed Conceptual Design, Numerical and Experimental 
Investigation of a SPM Cage Concept for Offshore 
Mariculture, IMT 

IMT-16-
2013 

Gansel, Lars Flow past porous cylinders and effects of 
biofouling and fish behavior on the flow in and 
around Atlantic salmon net cages, IMT 

IMT-17-
2013 

Gaspar, Henrique Handling Aspects of Complexity in Conceptual 
Ship Design, IMT 

IMT-18-
2013 

Thys, Maxime Theoretical and Experimental Investigation of a 
Free Running Fishing Vessel at Small Frequency of 
Encounter, CeSOS 

IMT-19-
2013 

Aglen, Ida VIV in Free Spanning Pipelines, CeSOS 
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IMT-1-
2014 

Song, An Theoretical and experimental studies of wave 
diffraction and radiation loads on a horizontally 
submerged perforated plate, CeSOS 

IMT-2-
2014 

Rogne, Øyvind Ygre Numerical and Experimental Investigation of a 
Hinged 5-body Wave Energy Converter, CeSOS 

IMT-3-
2014 

Dai, Lijuan  Safe and efficient operation and maintenance of 
offshore wind farms ,IMT 

IMT-4-
2014 

Bachynski, Erin Elizabeth Design and Dynamic Analysis of Tension Leg 
Platform Wind Turbines, CeSOS 

IMT-5-
2014 

Wang, Jingbo Water Entry of Freefall Wedged – Wedge motions 
and Cavity Dynamics, CeSOS 

IMT-6-
2014 

Kim, Ekaterina Experimental and numerical studies related to the 
coupled behavior of ice mass and steel structures 
during accidental collisions, IMT 

IMT-7-
2014 

Tan, Xiang Numerical investigation of ship’s continuous- mode 
icebreaking in leverl ice, CeSOS 

IMT-8-
2014 

Muliawan, Made Jaya Design and Analysis of Combined Floating Wave 
and Wind Power Facilities, with Emphasis on 
Extreme Load Effects of the Mooring System, 
CeSOS 

IMT-9-
2014 

Jiang, Zhiyu Long-term response analysis of wind turbines with 
an emphasis on fault and shutdown conditions, IMT 

IMT-10-
2014 

Dukan, Fredrik ROV Motion Control Systems, IMT 

IMT-11-
2014 

Grimsmo, Nils I. Dynamic simulations of hydraulic cylinder for 
heave compensation of deep water drilling risers, 
IMT 

IMT-12-
2014 

Kvittem, Marit I. Modelling and response analysis for fatigue design 
of a semisubmersible wind turbine, CeSOS 

IMT-13-
2014 

Akhtar, Juned The Effects of Human Fatigue on Risk at Sea, IMT 

IMT-14-
2014 

Syahroni, Nur Fatigue Assessment of Welded Joints Taking into 
Account Effects of Residual Stress, IMT 

IMT-1-
2015 

Bøckmann, Eirik Wave Propulsion of ships, IMT 

IMT-2-
2015 

Wang, Kai Modelling and dynamic analysis of a semi-
submersible floating vertical axis wind turbine, 
CeSOS 

IMT-3-
2015 

Fredriksen, Arnt Gunvald A numerical and experimental study of a two-
dimensional body with moonpool in waves and 
current, CeSOS 

IMT-4-
2015 

Jose Patricio Gallardo Canabes Numerical studies of viscous flow around bluff 
bodies, IMT 
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IMT-5-
2015 

Vegard Longva Formulation and application of finite element 
techniques for slender marine structures subjected 
to contact interactions, IMT 

IMT-6-
2015 

Jacobus De Vaal Aerodynamic modelling of floating wind turbines, 
CeSOS 

IMT-7-
2015 

Fachri Nasution Fatigue Performance of Copper Power Conductors, 
IMT 

IMT-8-
2015 

Oleh I Karpa Development of bivariate extreme value 
distributions for applications in marine 
technology,CeSOS 

IMT-9-
2015 

Daniel de Almeida Fernandes An output feedback motion control system for 
ROVs, AMOS 

IMT-10-
2015 

Bo Zhao Particle Filter for Fault Diagnosis: Application to 
Dynamic Positioning Vessel and Underwater 
Robotics, CeSOS 

IMT-11-
2015 

Wenting Zhu Impact of emission allocation in maritime 
transportation, IMT 

IMT-12-
2015 

Amir Rasekhi Nejad Dynamic Analysis and Design of Gearboxes in 
Offshore Wind Turbines in a Structural Reliability 
Perspective, CeSOS 

IMT-13-
2015 

Arturo Jesùs Ortega Malca Dynamic Response of Flexibles Risers due to 
Unsteady Slug Flow, CeSOS 

IMT-14-
2015 

Dagfinn Husjord Guidance and decision-support system for safe 
navigation of ships operating in close proximity, 
IMT 

IMT-15-
2015 

Anirban Bhattacharyya Ducted Propellers: Behaviour in Waves and Scale 
Effects, IMT 

IMT-16-
2015 

Qin Zhang Image Processing for Ice Parameter Identification 
in Ice Management, IMT 

IMT-1-
2016 

Vincentius Rumawas Human Factors in Ship Design and Operation: An 
Experiential Learning, IMT 

IMT-2-
2016 

Martin Storheim Structural response in ship-platform and ship-ice 
collisions, IMT 

IMT-3-
2016 

Mia Abrahamsen Prsic Numerical Simulations of the Flow around single 
and Tandem Circular Cylinders Close to a Plane 
Wall, IMT 

IMT-4-
2016 

Tufan Arslan Large-eddy simulations of cross-flow around ship 
sections, IMT 
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IMT-5-
2016 

Pierre Yves-Henry Parametrisation of aquatic vegetation in hydraulic 
and coastal research,IMT 

IMT-6-
2016 

Lin Li Dynamic Analysis of the Instalation of Monopiles 
for Offshore Wind Turbines, CeSOS 

IMT-7-
2016 

Øivind Kåre Kjerstad Dynamic Positioning of Marine Vessels in Ice, IMT 

IMT-8-
2016 

Xiaopeng Wu Numerical Analysis of Anchor Handling and Fish 
Trawling Operations in a Safety Perspective, 
CeSOS 

IMT-9-
2016 

Zhengshun Cheng Integrated Dynamic Analysis of Floating Vertical 
Axis Wind Turbines, CeSOS 

IMT-10-
2016 

Ling Wan Experimental and Numerical Study of a Combined 
Offshore Wind and Wave Energy Converter 
Concept 

IMT-11-
2016 

Wei Chai Stochastic dynamic analysis and reliability 
evaluation of the roll motion for ships in random 
seas, CeSOS 

IMT-12-
2016 

Øyvind Selnes Patricksson Decision support for conceptual ship design with 
focus on a changing life cycle and future 
uncertainty, IMT 

IMT-13-
2016 

Mats Jørgen Thorsen Time domain analysis of vortex-induced vibrations, 
IMT 

IMT-14-
2016 

Edgar McGuinness Safety in the Norwegian Fishing Fleet – Analysis 
and measures for improvement, IMT 

IMT-15-
2016 

Sepideh Jafarzadeh Energy efficiency and emission abatement in the 
fishing fleet, IMT 

IMT-16-
2016 

Wilson Ivan Guachamin Acero Assessment of marine operations for offshore wind 
turbine installation with emphasis on response-
based operational limits, IMT 

IMT-17-
2016 

Mauro Candeloro Tools and Methods for Autonomous  Operations on 
Seabed and Water Coumn using Underwater 
Vehicles, IMT 

IMT-18-
2016 

Valentin Chabaud Real-Time Hybrid Model Testing of Floating Wind 
Tubines, IMT 

IMT-1-
2017 

Mohammad Saud Afzal Three-dimensional streaming in a sea bed boundary 
layer 

IMT-2-
2017 

Peng Li A Theoretical and Experimental Study of Wave-
induced Hydroelastic Response of a Circular 
Floating Collar 

IMT-3-
2017 

Martin Bergström A simulation-based design method for arctic 
maritime transport systems 
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IMT-4-
2017 

Bhushan Taskar The effect of waves on marine propellers and 
propulsion 

IMT-5-
2017 

Mohsen Bardestani A two-dimensional numerical and experimental 
study of a floater with net and sinker tube in waves 
and current 

IMT-6-
2017 

Fatemeh Hoseini Dadmarzi Direct Numerical Simualtion of turbulent wakes 
behind different plate configurations 

IMT-7-
2017 

Michel R. Miyazaki Modeling and control of hybrid marine power 
plants 

IMT-8-
2017 

Giri Rajasekhar Gunnu Safety and effiency enhancement of anchor 
handling operations with particular emphasis on the 
stability of anchor handling vessels 

IMT-9-
2017 

Kevin Koosup Yum Transient Performance and Emissions of a 
Turbocharged Diesel Engine for Marine Power 
Plants 

IMT-10-
2017 

Zhaolong Yu Hydrodynamic and structural aspects of ship 
collisions 

IMT-11-
2017 

Martin Hassel Risk Analysis and Modelling of Allisions between 
Passing Vessels and Offshore Installations 

IMT-12-
2017 

Astrid H. Brodtkorb Hybrid Control of Marine Vessels – Dynamic 
Positioning in Varying Conditions 

IMT-13-
2017 

Kjersti Bruserud Simultaneous stochastic model of waves and 
current for prediction of structural design loads 

IMT-14-
2017 

Finn-Idar Grøtta Giske Long-Term Extreme Response Analysis of Marine 
Structures Using Inverse Reliability Methods 

IMT-15-
2017 

Stian Skjong Modeling and Simulation of Maritime Systems and 
Operations for Virtual Prototyping using co-
Simulations  

IMT-1-
2018 

Yingguang Chu Virtual Prototyping for Marine Crane Design and 
Operations 

IMT-2-
2018 

Sergey Gavrilin Validation of ship manoeuvring simulation models 

IMT-3-
2018 

Jeevith Hegde Tools and methods to manage risk in autonomous 
subsea inspection,maintenance and repair 
operations 

IMT-4-
2018 

Ida M. Strand Sea Loads on Closed Flexible Fish Cages 

IMT-5-
2018 

Erlend Kvinge Jørgensen Navigation and Control of Underwater Robotic 
Vehicles 
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IMT-6-
2018 

Bård Stovner Aided Intertial Navigation of Underwater Vehicles 

IMT-7-
2018 

Erlend Liavåg Grotle Thermodynamic Response Enhanced by Sloshing 
in Marine LNG Fuel Tanks 

IMT-8-
2018 

Børge Rokseth Safety and Verification of Advanced Maritime 
Vessels 

IMT-9-
2018 

Jan Vidar Ulveseter Advances in Semi-Empirical Time Domain 
Modelling of Vortex-Induced Vibrations 

IMT-10-
2018 

Chenyu Luan Design and analysis for a steel braceless semi-
submersible hull for supporting a 5-MW horizontal 
axis wind turbine 

IMT-11-
2018 

Carl Fredrik Rehn Ship Design under Uncertainty 

IMT-12-
2018 

Øyvind Ødegård Towards Autonomous Operations and Systems in 
Marine Archaeology 

IMT-13- 
2018 

Stein Melvær Nornes Guidance and Control of Marine Robotics for 
Ocean Mapping and Monitoring 

IMT-14-
2018 

Petter Norgren Autonomous Underwater Vehicles in Arctic Marine 
Operations: Arctic marine research and ice 
monitoring 

IMT-15-
2018 

Minjoo Choi Modular Adaptable Ship Design for Handling 
Uncertainty in the Future Operating Context  

MT-16-
2018 

Ole Alexander Eidsvik Dynamics of Remotely Operated Underwater 
Vehicle Systems 

IMT-17-
2018 

Mahdi Ghane Fault Diagnosis of Floating Wind Turbine 
Drivetrain- Methodologies and Applications 

IMT-18-
2018 

Christoph Alexander Thieme Risk Analysis and Modelling of Autonomous 
Marine Systems 

IMT-19-
2018 

Yugao Shen Operational limits for floating-collar fish farms in 
waves and current, without and with well-boat 
presence 

IMT-20-
2018 

Tianjiao Dai Investigations of Shear Interaction and Stresses in 
Flexible Pipes and Umbilicals 

IMT-21-
2018 
 
 
IMT-22-
2018 
 
 
 
IMT-23-
2018 

Sigurd Solheim Pettersen 
 
 
 
Thomas Sauder 
 
 
 
 
Jan-Tore Horn 
 

Resilience by Latent Capabilities in Marine 
Systems 
 
 
Fidelity of Cyber-physical Empirical Methods. 
Application to the Active Truncation of Slender 
Marine Structures 
 
 
Statistical and Modelling Uncertainties in the 
Design of Offshore Wind Turbines 
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IMT-24-
2018  
 
 
IMT-1-
2019 
 
 
IMT-2-
2019 

Anna Swider 
 
 
 
Zhao He 
 
 
 
Isar Ghamari 

Data Mining Methods for the Analysis of Power 
Systems of Vessels 
 
 
Hydrodynamic study of a moored fish farming cage 
with fish influence 
 
 
Numerical and Experimental Study on the Ship 
Parametric Roll Resonance and the Effect of Anti-
Roll Tank 

  
 
  


