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Abstract

The intact stability is an essential parameter in the design phase of a vessel, and
has significant affect on the main dimension and hull form. For the safety of crew
and vessel, governments have specific stability requirements, which often refer to the
International Maritime Organization’s Code on Intact Stability. A vessels stability
is defined by the metacentric height (GM), which is usually found by conducting an
inclining test. Although, in certain circumstances it might not be possible due to
time or cost. In such cases, one may estimate the metacentric height based on a roll
decay test or the response spectre of the vessel in irregular waves.

Rolling motions of a vessel is complex due to the viscous effects and dependence
on forward speed. Viscous damping is also an important factor with regards to re-
ducing the rolling motion to avoid damages on the cargo or even capsizing. One way
of reducing the rolling motion is use of bilge keels, which increases the viscous damp-
ing. The roll damping effect have been studied in this thesis.

Model tests have been conducted in order to study the possibility of determining
the metacentric height by roll decay tests or based on the response spectre, as well
as the affect of viscous damping on the roll period and amplitude. Two different ship
models were tested in various loading conditions, with and without bilge keels. Ini-
tially an inclining test was carried out, in order to determine the metacentric height,
before roll decay tests were conducted.

Based on existing hull lines for one of the vessels, the geometry was imported into a
computer program in order to calculate the hydrostatic data. These data have then
been used to predict the damping coefficients by Kawahara’s simple method, which
is based on Ikeda’s well know prediction method. The process of digitalizing the hull
lines proved to be challenging.
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Sammendrag

Intaktstabilitet er en viktig parameter i designfasen for et fartgy, og har stor in-
nvirkning pa hoveddimensjoner og skrogform. For at fartgyer og mannskap skal vaere
trygge, settes det derfor krav til stabiliteten fra myndighetene, som ofte refererer til
International Maritime Organizations intaktkode. Et fartgys stabilitet defineres av
metasenterhgyden (GM), som normalt blir funnet ved & utfgre en krengeprgve. I noen
tilfeller er det derimot ikke mulig eller gnskelig & gjennomfgre en krengeprgve pa grunn
av tid eller kostnad. Dermed er det noen ganger gnskelig a beregne metasenterhgyden
ved hjelp av andre metoder, som rulledempingstest eller basert pa responsspekteret
til et fartgy i bolger.

Rullebevegelsen til et fartgy er den mest komplekse bevegelsen, pa grunn av viskgse
effekter og kobling til fart. Viskgs demping er ogsé en vesentlig faktor med tanke pa
reduksjon av rullebevegelser, for & unnga skader pa last eller i verste fall kantring. En
av metodene som ofte blir brukt for & redusere rullebevegelsen er slingrekjgler, hvor
reduserte bevegelser folger av gkt viskgs demping.

Modellforsgk har blitt gjennomfgrt for 4 undersgke om det er mulig & bestemme
metasenterhgyden ved hjelp av rulledempingstester eller basert pa responsspekteret,
og pavirkningen av rulledempingens effekt pé periode og amplitude. To ulike mod-
eller har blitt testet, hvor den ene modellen har blitt testet med to ulike slingrekjgler.
Innledningsvis ble en krengeprgve er utfgrt for & bestemme metasenterhgyden, for
rulleperiodetester ble gjennomfgrt.

Videre har geometrien til den ene modellen blitt modellert ved hjelp av et datapro-
gram som beregner hydrostatiske data pd bakgrunn av skrogform. Disse dataene
har s& blitt brukt som input i Kawaharas metode, som er en metode for a beregne
dempingskoeffisienten. Prosessen med & modellere den eksisterende geometrien og
bruke de hydrostatiske dataene for & predikere dempingskoeffisienten viste seg a veere
utfordrende.
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1 INTRODUCTION

1 Introduction

Intact stability is one of the main criteria when designing a vessel and is important
when determining the main dimensions, hull form and arrangement. During years
of accidents at sea, the rules and regulations stated by International Maritime Orga-
nization (IMO) have been revised and changed in order to build safer vessels. The
International Convention for the Safety of Life at Sea (SOLAS) is generally regarded
as the most important of all international treaties concerning the safety of merchant
ships, and the Code on Intact Stability are generally viewed as requirements for most
vessels. Mathematical simulation, experiments and investigation of empirical data
have been conducted to create stability criteria which satisfies the operational re-
quirements of the vessel and need for safe environment to the seafarers. In an ever
more demanding market, ship safety is an increasingly important factor and the intact
stability requirements will continually be revised, taking both experience and further
development into consideration [13].

The vessels stability, which is measured by the metacentric height, is dependent on
the weight and centre of gravity. The weight and centre of gravity can normally be
found by conducting an inclining test, but at certain circumstances such exercise is
not possible or desirable. In such cases, one will need other methods for determining
the metacentric height, such as a free roll decay test or estimation based on the ships
response spectra.

Rolling motions are probably the most important phenomenon for vessels, as small
changes have huge impact on the ship response. They are hard to overcome and dif-
ficult to estimate, due to their complexity. Viscous effects gives a clearly non-linear
behaviour, which makes estimating even more difficult. The effects have been studied
comprehensively by an empirical and experimental approach, and later by a technique
of dividing the roll damping into different components. Most of the commercial com-
puter programs are based on the latter approach, hence that is the main focus in this
thesis.

Based on ship motion theory, including the viscous roll damping presented in chapter
2.5 based on the review of Himeno [8] and the traditional strip theory developed by
Salvesen et al. [18], computer programs such as MARINTEK’s VERES and Univer-
sity of Michigan’s SHIPMO have been made for calculating vessel responses [5]. From
the vessel data, one are able to calculate the motion transfer function for six degrees
of freedom. These motion transfer functions, also knows as response amplitude oper-
ators (RAO), can be combined with wave spectres to obtain response spectra. This
way, designers, owners and operators can calculate the accelerations at certain points
of the vessel for dimensioning equipment or planning operations.

1.1 Objective

This thesis will evaluate how the rolling motion is affected by the damping effect. The
objective is to investigate if a roll decay test or response spectra will give sufficient
accuracy when calculating the metacentric height, for vessels which do not have the
opportunity to conduct a complete inclining test. Model tests will be conducted for
two different ship models with various loading conditions, load distributions, sizes of
bilge keels, in still water and waves with different headings. The damping coefficient
is calculated based on the results from model tests and compared to estimated values
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from a numerical prediction method. Four main objectives are to be studied:
e Review of alternative methods for estimating the metacentric height

e Model tests to assess if the metacentric height can be estimated by roll decay
tests

e Model tests to assess if the metacentric height can be estimated by the ships
response spectra

e Numerical calculations to predict the damping coefficients

1.2 Structure of the Thesis

Chapter 2: A brief review of previous research on the topic is presented. Then theory
of stability and the general stability criteria are introduced, before a more thorough
review of the rolling motion equation and roll viscous damping are presented.

Chapter 3: The models and setups, test procedures, results and analysis of the model
tests are presented, before a short discussion with conclusions.

Chapter 4: Kawahara’s prediction method is presented, and the predicted damp-
ing coefficients are compared with experimental data from the model tests.

Chapter 5: General discussions with conclusions and proposals for further work.



2 THEORY

2 Theory

An introduction to previous research on roll damping and the theory of stability and
stability requirements are briefly presented, before a more thorough review is done
for the theory of rolling motions and the viscous damping effects.

2.1 Previous research

The strip method was established in 1970 by Salvesen, Tuck and Faltinsen to predict
heave, pitch, sway, roll and yaw motions [18] and was based on potential flow theories
(Ursell-Tasai method, source distribution method, etc). As the roll damping is more
complex than the other motions due to its non-linear behaviour and dependency on
forward speed, it has been subject to loads of studies. Two different approaches have
been made to the prediction of roll damping; empirical models based on data from
regression analysis of model experiments and later the analytical treatment, where
the damping component is divided into different parts. The latter were investigated
in Japan, where Himeno, Tanaka and Ikeda at the Osaka Prefecture University pub-
lished several papers. lkeda created a prediction method, known as Ikeda’s method
based on existing formulas such as Kato’s formula for the friction coefficient [14], his
own work for eddy making [10] and bilge keel damping, and the strip method for
wave damping. Late 1978, the method was summarized in a computer program to
determine the damping coefficient [19]. A complete review of the method was done
in 1981 by Himeno [8] with references both to the Japanese and non-Japanese litter-
ature on the topic. As Ikeda’s method is too complicated to use in the design phase,
Kahawara, Maekawa and Ikeda created a simple roll damping prediction method by
using regression analysis in 2008 [15]. As that method could not be used for modern
ships with high position of centre of gravity, such as cargo ships. Kawahara et al.
investigated the method’s limits and proposed a new prediction method in 2009 [16].
As some of the key references are not available in English and some contains typo-
graphical errors, Falzarano et al. presented 'An overview of the prediction methods
for roll damping of ships’ in 2015 [5] to provide a comprehensive summary of the state
of the art method in one place.



2.2 Stability 2 THEORY

2.2 Stability
2.2.1 Definition of stability

If a floated body returns to its initial position when a force or moment causes a small
change in its position, it is considered as stable. The second alternative is that the
vessel is unstable, the condition when the body continues change. The last option is
when the vessel is in neutral equilibrium [1].

2.2.2 Metacentric height

The metacentre is the intersection between two vertical lines, one through the centre
of buoyancy of a hull in equilibrium, the other through the centre of buoyancy when
the hull is inclined slightly to one side or toward one end.

The metacentric height, GM, is the distance from the centre of gravity, G, to the
metacentre M:

GM = KB + BM - KG (1)

A ship is initially stable if its initial metacentre is above the centre of gravity and
unstable if it is below. The condition of initial stability is expressed as:

GM >0 (2)

(a)

Figure 1: Initial stability, [1]

(a) Vessel is in upright position and stable. In (b) the vessel is stable, as the metacen-
tre is above the vertical centre of gravity. (c) The vessel is unstable as the metacentre
is below the centre of gravity.

The metacentric height of a vessel varies due to the operational tasks. E.g. a passen-
ger ship will have totally different GM than an offshore vessel with need for stability
in heavy crane or cable laying operations. As the metacentric height depends on the
centre of gravity, it will also vary significantly in different loading conditions.

2.2.3 The righting lever

The righting lever (GZ) and righting lever curve (GZ curve) are important when
determining if a vessel have sufficient intact stability. A ship whose waterline in
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upright position is shown in figure 2, where the forces of weight and buoyancy produce
a righting moment whose values is [1]

Mp = AGZ (3)

The righting lever can also be calculated by

GZ = GM -sin(f) (4)

for small angles of heel, 6, up to approximate 10 deg.

Wi

KG sin ¢

Figure 2: Definition of righting arm, [1]

2.2.4 The righting lever curve

The righting lever curve is the righting arm, GZ, plotted against the heel angle, often
called the GZ curve.
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Diagram of statical stability, Lido9, V = 50.5 m*, KG = 2.2

25 T T T T T T T T

Righting arm, GZ, m

1
* e Margin line Submerged
T : : :
8 il
0 10 20 30 40 50 60 0 30 90

Heel angle, degrees

1
|
: : ) [
T I e 5 L e £
: : |
1
1
1

Figure 3: Righting lever curve, [13]

The properties of the GZ curve are important with regards to the intact stability
requirements in the Code on Intact Stability.

2.3 Stability criteria

The International Code on Intact Stability 2008 (2008 IS Code) is the latest revision
of the IMO regulations. It contains the general stability criteria based on righting
arm characteristics which was adopted in 1968. Later, in 1985, the Weather Criterion
was included [7]. Since the requirements first was adopted, it have been reviewed
and revised continuously. Specific criteria are available for different types of vessels,
such as cargo ships, passenger ships, fishing vessels, offshore supply vessels (OSV) or
mobile offshore drilling units (MODU). In those cases where specific codes are given,
the other codes should be taken as the prevailing instrument [13].

2.3.1 Criteria regarding righting lever curve properties

The Code on Intact Stability have specific requirements regarding the lever curve
properties, such as area under the GZ curve, position of max GZ and minimum GZ
at certain angles of heel. The requirement varies for different types of vessels, but the
general criteria are shown below.

221 The area under the righting lever curve (GZ curve) shall not be less
than 0.055 metre-radians up to ¢ = 30° angle of heel and not less than 0.09 metre-radians up
to @ = 40° or the angle of down-flooding ¢ if this angle is less than 40°. Additionally, the area
under the righting lever curve (GZ curve) between the angles of heel of 30° and 40° or
between 30° and oy, if this angle is less than 40°, shall not be less than 0.03 metre-radians.

@r is an angle of heel at which openings in the hull, superstructures or deckhouses which cannot be closed
weathertight immerse. In applying this criterion, small openings through which progressive flooding cannot
take place need not be considered as open.
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2.2.2 The righting lever GZ shall be at least 0.2 m at an angle of heel equal to or greater
than 30°.

2.2.3 The maximum righting lever shall occur at an angle of heel not less than 25°. If this is
not practicable, alternative criteria, based on an equivalent level of safety®, may be applied
subject to the approval of the Administration.

2.2.4 The initial metacentric height GM, shall not be less than 0.15 m.

2.3.2 Severe wind and rolling criterion (weather criterion)

The weather criterion was adopted in 1985, after IMO recommended that external
forces affecting ships in seaway that may lead to capsizing or unacceptable angle of
heel, were taken into the regulations [7]. An excerpt from the criterion is shown below

2.3 Severe wind and rolling criterion (weather criterion)

2.3.1 The ability of a ship to withstand the combined effects of beam wind and rolling shall be
demonstrated, with reference to the figure 2.3.1 as follows:

N the ship is subjected to a steady wind pressure acting perpendicular to the ship’s
centreline which results in a steady wind heeling lever (/,,;);

2 from the resultant angle of equilibrium (o), the ship is assumed to roll owing to
wave action to an angle of roll (¢;) to windward. The angle of heel under action
of steady wind (¢py) should not exceed 16° or 80% of the angle of deck edge
immersion, whichever is less;

3 the ship is then subjected to a gust wind pressure which results in a gust wind
heeling lever (/,.); and

4 under these circumstances, area b shall be equal to or greater than area a, as
indicated in figure 2.3.1 below:

GZ

Lever

1) N
& /'
Y "

P,
a Angle of Heel

Pq

@,

Figure 4: Severe wind and rolling criterion, [13]
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2.4 Equation of roll motion

Rolling motion is dependent on the other ship responses, such as pitch, heave, sway
and yaw. In order to reduce the complexity, the equation of roll motion is most often
presented in a simple single-degree-of-freedom form and can be written as:

(T4 + Agg)® + Bya(®)D + Cpy® = Myy(wt) (5)

where & is the roll angular acceleration, ® is the roll angular velocity and @ is the roll
angle [21]. Even if the coupling effects are being neglected, the accuracy have been
proven to be very good.

The ship longitudinal mass moment of inertia I;4 is controlled by the mass distri-
bution of the vessel and can be calculated

I44 =M - Ti4 (6)

where M is mass and 144 is the radii of gyration which can be calculated by

7 2.
?"44—\/Z(y +M) AM (7)

where the coordinates y and z are given relative to the center of gravity. AM is the
weight of the item at (x,y) and M is the total weight of the vessel [6].

Typical values for r44 are between 0.3 - B - 0.45 - B, where B is the vessel breadth [6].
According to Faltinsen 0.35 - B is a typical value [4]. Loaded vessels have typically
radius of gyration in the lower part of the range, while vessels with large superstruc-
tures or deck cargo have radius in the upper part of the range.

Roll added inertia A4y is also called added mass, which determines the necessary
work done to change the kinetic energy associated with the motion of the fluid [2].
It is determined by the hull shape and the appendices such as keel, bilge keel and
stabilizer fins. A rounded hull form with no keel will have low added mass, when a
v-shaped hull form with keel and bilge keels will have a significantly higher added
mass. Added mass can be calculated quite accurate by special computer software,
and is typically 20-40%, depending og hull form and appendices.

The virtual moment of inertia, (I44 + A44) is often used in calculations, as it can
be determined directly from experiments.

Byy represents roll damping moment, which are to be predicted by formulas in the
next part. The damping moment can be composed into linear and non-linear terms
of the roll velocity, which are time dependent. The damping coefficients have been
presented in different ways, depending on whether the roll damping is expressed as
linear or non-linear form [3], where

B(®) = B,® + By|®|® + B39* (8)

is a presentation of a non-linear model. The total damping is often approximated by
an equivalent linear term

B(®) = B, (9)
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where B¢, can be expressed as
8 3
Beq = Bl + 7B2(COR0) + *Bg(WRo) (10)
3T 4
and Ry is the roll amplitude.

Cy4 is the restoring force term, and can be calculated by g - A - GZ. To achieve
better accuracy, the righting arm can be approximated as polynomial of third or fifth
order.

GZ(®) = C1® + C3®3 + C5° (11)
where C; = GM and GM is the metacentric height.

The restoring moment can be estimated linearly for roll angles up to approximate
7 deg, which may be extended for wall-sided ships [21]

C44zg-A-GW (12)

My, is the excitation moment due to waves or external forces and is non-linear due
to its dependency on time and the radian frequency, w.

Then the linear form of roll equation of motion can be expressed as

(Ija + Agg)® + Bpy® +g-A-GM® =0 (13)
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2.5 Viscous roll damping

By using the potential strip method, where the fluid is assumed to be homogeneous,
non-viscous and incompressible, one can calculate all of the terms in the equation of
ship motions by practical accuracy, except from the roll damping. The roll damping
has proven difficult to estimate due to the viscous effect and dependence on for-
ward speed [8]. Roll damping is mainly due to wave generation, but for certain bilge
forms or hulls with bilge keels and at certain frequencies, the viscous effects becomes
important, which makes the response non-linear and much more complex to calculate.

The estimation of roll damping has been widely studied, as accurate estimates gives
a good base for predicting the rolling motion, which is considered the most critical
ship motion with regards to cargo shifting or even capsizing. The main purpose of
determining the roll damping is to analyse the effect on roll amplitudes [17]. The
damping effects and added mass are usually neglected by the stability regulations as
it is conservative when determining the metacentric height. But some regulations like
IMO, takes it indirectly into account by using different parameters for ships fitted
with sharp bilges og bilge keels [1]. For accurate prediction of the rolling motion, for
a vessel with known geometry, one has to determine the damping coefficients and the
added mass, either by experiments or predicting methods. Often special computer
software are used, based on empirical or theoretical models and data.

For a long time the Watanabe-Inoue formula was the simplest method for estimat-
ing the roll damping moment. The formula is empirical and experimental, based on
analysis of model tests on actual ships and some theoretical considerations on the
pressure distribution on the hull caused by the ship roll motion [8]. As the first pro-
posed formula only covered a few ship forms, its was slightly modified in 1963 [20]
to cover for a larger range of hull forms. Another simple method based on the same
approach is the Tasai-Takaki’s table.

In the 1970s professor Ikeda et al. studied the different components of the roll damp-
ing and divided the equivalent linear damping B, into seven separate components

[8].

By = Br + Bg + Br + Bw + Bpxn + Bpxu + Berw (14)
where Bp is the frictional component, Bg is the eddy making component, By, is the
liftt component, By is the wave component, Bgxn is the bilge keel component for

natural force, By is the bilge keel component for hull pressure and Bgxw is the
bilge keel component for waves.

The bilge keel terms are often summed up:

Bpk = BpknN + Bpxu + Berxw (15)
which gives the equivalent linear damping B., with five components
Beq = Brp + B + B, + Bw + Bk (16)

where the values varies with the roll amplitude ® 4 and the frequency w.
Lift damping By, is linear, independent of w and proportional to ship speed, hence

there is no damping due to lift when the vessel has zero forward speed [8]. Thus it
will not be studied further in this thesis.
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2 THEORY 2.5 Viscous roll damping

2.5.1 Friction damping

Friction damping By is the damping caused by the viscous skin friction stress acting
on the hull surface and was studied by Kato in 1958 [14] where he, in the absence of
forward speed, applied Blasius formula for laminar flow

4
Bpo = gpSr;ijschf (17)

Then he applied Hughes formula to adjust for turbulent flow [8]. The formula can be
expressed in terms of an equivalent linear damping coefficient as follows

2 righw
Bro = 0.787pSr3/wr(1 + 0.00814(=4)) (18)

where Bpg is the friction damping coefficient at zero speed, p is the density and v is
the kinematic viscosity of the fluid.

The wetted surface S and the average roll radius can be expressed approximately

by the following formulas

S=L(1.7D+Cg - B) (19)

1
rs = —((0.887+ 0.14503)% —20G) (20)

L, d, B and Cp are length, draft, breadth and block coefficient of the ship respectively.
OG denotes the distance between the water surface and the centre of gravity, where
positive values are defined as below the water surface.

Ikeda et al. confirmed the validity of Kato’s formula in practical use through the
measurements of the velocity profile in the boundary layer on two-dimensional cylin-
ders of ship like sections [9].

2.5.2 Eddy damping

Eddy damping at zero speed By is caused by vortices generated by flow separation at
the bilge of cross section. The pressure drop in the separation increases the damping.
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Figure 5: Eddies near hull, [10]

Tkeda et.al. studied this effect and proposed the following equation for the two di-
mensional cross section coefficient [10]

4 r R oG
Blpo = —pd* — -T2 (=, Hy,0, —) - 21
EO 3ﬂ_pd qubA( d ) (da 0,0, d ) CP ( )
where w is natural frequency, ¢ 4 is the roll angle, Hy is hal