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Abstract

The research summarised in this thesis addressgsdblem of determining the hy-
drodynamic properties of damaged ships subjectdoré@d oscillations in calm wa-
ter.

Traditionally forces of hydrodynamic reaction agton a rigid body moving through
a fluid are derived either analytically or numeligaThe former approach is usually
restricted to small amplitude motions of the bodgving through an unbounded
domain of ideal fluid. The methodology is relativsimple and computationally
effective but, as experimental results suggesuracy of the prediction, particularly
for roll motion is unsatisfactory even for intadtigs. The advanced CFD-based
techniques are more suitable in addressing thibl@mg particularly the case of a
damaged ship, but they are computationally demandiherefore, in order to tackle
the issue efficiently, there is a need for highifu@&xperimental data for validation
of the numerical results. However, the experimepasticularly in roll, are very dif-
ficult and there is very little data available fibvee simpler case of intact ships and
virtually none for damaged ships. As the probleroines complex nonlinear phe-
nomena, the physical tests should be performed dordérollable environment and
therefore, the ‘classical’ sea-keeping tests haanry imited applicability in this re-
spect. Furthermore, the calm-water experimentauavally performed with oscilla-
tions about a fixed axis and the adequacy of sunchpgproach for investigating hy-
drodynamic properties of damaged ships can be iquest That is, the physical
tests on partially restricted models are of greditie, particularly for validating ana-
Iytical / numerical approaches, but the presenceooktraints may introduce artifi-
cial conditions affecting the dynamical characterssof the system.

Accounting for this, the approach adopted in tlhests involves a freely-floating
body subjected to harmonic excitations generatedrbinternal forcing mechanism.
It is postulated that by removing all kinematic straints the system can be analysed

in the most realistic (achievable in calm wated aantrollable configuration.



Although use of gyroscopic moment generators foced roll experiments is not a
novelty, this methodology has never been fully eitpt for measurements of hy-
drodynamic reaction forces acting on an unconstthimodel of a damaged ship. As
the experiments were unprecedented, they resuit@dmodest amount of collected
data but provided great opportunity for examinihg hature and scale of the under-
lying phenomena. Furthermore, in the course ofrésearch the methodology has
been refined and has eventually reached the powhih it can be utilised to pro-

duce large amount of experimental data in an ateuwad efficient way. From this

perspective, the research is prenormative.
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u - gravitational potential

u - group velocity of a wave
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Chapter 1 Introduction

Determining forces of hydrodynamic reaction actamga damaged ship is a very im-
portant but complex task. To date, even accuradigion of hydrodynamics of in-
tact ships is challenging. The existing analytmahumerical methods are either in-
accurate or so computationally demanding that teaynot be used in day-to-day
engineering practice. On one hand, we are useddepa uncertainty as an inherent
part of engineering and therefore we might accegtfacts and assume that tools at
our disposal offer ‘sufficient accuracy for enginag purposes’. However, in so do-
ing we admit that we do not kndwow- the expensive and technologically advanced
ships we build, carrying often several thousandsewiple on board, will behave in a
seaway. Concerning the dynamic response of shipgimg liquid cargo or being
subjected to flooding in a consequence of a damaglkenow even less. This leads to
a serious dissonance between technological advamzesur knowledge about the
dynamics of ships we design and build. The fundaateasearch carried out in the
1960’s and 1970’s gave us great opportunities tlhwmark our understanding of
hydrodynamics of ships. We learnt that we couldadpce theoretical predictions
obtained for basic geometries with reasonable acyuWe learnt also, that the pre-
diction did not actually match up with reality atite differences were not small. In
particular, we were unable to predict the hydrodyicaproperties of a ship rolling
with moderate and large amplitudes and subsequestlijad to introduce empirical
corrections to our predictions. Unfortunately, tdearections are applicable only to
‘typical’ ships in intact condition. There is nockua methodology available for ships
in damaged condition. Given the continuous advant&¥D techniques as well as
always-increasing availability of computational pwwe are capable of addressing
many issues numerically, although not on an intalsscale. Moreover, CFD codes
are not perfect either and they need to be bendmdasgainssomehigh-quality
data. On the other hand, such reliable data idablaionly for simple cases — those
for which wecan obtain reasonable predictions with the use of En@chniques.

The data for complex cases is either unreliableobiavailable at all.
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The research presented in the following addredsesptoblem. It does not aim at
proposing solutions to the problem of hydrodynanotsiamaged ships but it at-
tempts to answer two fundamental questions. Fjrgtig the question of feasibility
to perform simple, efficient and accurate measurgsef hydrodynamic reaction in
roll carried out on a floating body subjected tocgd oscillations in calm water in
intact and damaged conditions. Secondly, an atté&npiade to reason on why con-

temporary 'theory’ and experiments do not match up.

11 Research objectives

The primary objective of this research is to dem@ts and discuss the feasibility of
accurate measurements of hydrodynamic reactioallimotion performed on an un-

constrained cylindrical model in the presence ob@en-to-sea’ compartment.
This entails the following specific tasks:

» Design and deployment of a gyroscopic roll generato

» Validation of measurements of hydrodynamic reactiarthe model in intact
condition

* Measurements of hydrodynamic reaction on the mmd#dmaged condition

» Post-processing and analysis of the results

In the last stage, the data collected during thgeements is analysed and bench-
marked against available experimental and numenisailts.

It should be emphasised here that it wasan objective of the present research to
investigate any particular theoretical model. Tlgective was to investigate — ex-
perimentally — a particular mechanical system drigody in forced roll - intact and
damaged) and to discuss how the evidence colletiedg the measurements could
be used to enhance knowledge of the hydrodynanmefdic properties of the sys-

tem in question.

11



1.2  Organisation of thethess

The thesis opens with a critical review of an afale literature with particular atten-
tion paid to the experimental works on roll hydrodgnics. The review is presented
in Chapter 2.

Some brief introduction to dynamics of a floatiradly is presented in Chapter 3.

In Chapter 4 some experimental works are discusssedme detail in order to ‘set a
stage’ for presenting results of the current redear

Chapter 4 addresses the experiments undertakeené&rgl discussion on the work
undertaken and the key contributions of this rede&ollows in Chapter 6, leading to
specific conclusions and recommendations in Chaptdfinally, bibliography and
references are given in Chapter 8.

12



Chapter 2 Critical Review

While the matter of the research presented heveris specific and narrow, it inher-
its the complexity of several topics. In the moshegral terms, it can be encapsulated
as interaction of a fluid and rigid body. Dependarga problem formulation, a vari-
ety of mathematical techniques can be employedepictiphysics and study the na-
ture of the interaction. The diversity of mathemalitools expands further when the
interaction involves actions of not only externat blso internal fluids. While physi-
cal representation becomes more detailed, the matlelop into very complex
compositions, which can seldom be solved withoup loé numerous assumptions.
This in turn, results in a countless number ofrddfie treatises and engineering pa-
pers. For that reason the résumé of availableaeders cannot be, by any manner of
means, complete. Contrary, the selection of papexsented here, whilst being very
specific, it is dictated mainly by availability tfe source and on personal critique.

From the point of view of the research undertaklbose papers addressing physical
tests are of key interest. Thus, it seems riglgtaot with Froude and his experimen-
tal work on ‘resistance’ forces experienced byrléng ship as reported for exam-
ple in (Froude, 1861). Theoretically, the hydrodywi@areaction and the fluid-body
interaction was investigated by many great reseascle.g. as outlined in (Lamb,
1932), but it was not until the mid-twentieth cewgtiefore first, simplified but
complete, solutions to the problem were obtained€l 1949). This allowed devel-
oping various methods based on distribution of bggnamic singularities and con-
formal mapping, e.g. Frank’s 2D source method (Kra867), making use of the so-
called ‘strip theory’ and evolving further into stéer-body models, e.g.(Wehausen,
1969) or (Webster, 1975). Although based on arsowiflow assumption, the mod-
els proved reasonably accurate, fast and very coeneto use, making them first-
choice tools for many sea-keeping computer appdinai see for instance
(Ankudinov, 1991) or (Journee, 1992).

The numerical techniques for solving flow aboupshadvancing in waves have fur-
ther evolved towards more complex tools allowingdyehandling of nonlinear phe-
nomena, e.g. (Papanikolaou and Shellin, 1992),dRalQ97) or (Yasukawa, 2000).

13



The most advanced but requiring also significanhmatational power CFD tech-

nigues are not yet used in full extent in sea-kagpalculations or numerical surviv-

ability assessment. Instead, they are employedidoeas some very specific prob-
lems of hydrodynamics (Gao et al.,, 2011a) or calpléh other sea-keeping codes
for better performance (Gao et al., 2011b).

Concerning physical experiments, it is impossibte¢ to refer to impressive and
highly appreciated experiments by Vugts, who ingased hydrodynamic reaction
on cylinders swaying, heaving and rolling in freeface (Vugts, 1968). For more
than half a century the experimental work of Vuggsved as a yardstick for bench-
marking numerous theoretical and experimental sgidn roll hydrodynamics. The
works of Vugts were followed by an extensive reskatarried out in Japan in
1970’s, aiming at determining damping due to bikgels and viscous effects. The
research had been reported in a series of detagalts, e.g. (Ikeda et al., 1978a,
Ikeda et al., 1978b, Ikeda et al., 1979) and latglined by Himeno (Himeno, 1981).
These studies provided empirical formulae for esting various components of roll
damping (friction, lift, wave and eddy making aslivas components due to bilge
keels). Although the so-called lkeda’s method bedirslisadvantages of statistical
averaging and is applicable only to ‘typical’ shifgshas been in common use until

today and has been incorporated into numerous dampodes.

Obviously, the research activities on roll dampaogtinue in Japan, e.g. (Katayama
et al., 2012), but the American researchers haa@ ddne some interesting work fo-
cusing on physical experiments and CFD technigoemention only (Seah and
Yeung, 2003, Yeung et al., 1998) or (Bassler et28l12, Bassler et al., 2010). Par-
ticularly the former papers by Yeung and Seah aadng are of special interest as
they report on numerical and experimental studresadling cylinders subjected to
forced oscillations in a free surface of a viscllugl. As shown, the numerical re-
sults obtained by means of Free-surface Randome¥dwvtethod (FRVM) match
very well the authors own experimental data as wasliresults of experiments by
Vugts. Specifically, it is discussed in there ttia viscous flow prediction provides
higher estimate for roll damping and lower for @dlded inertia, in line with Vugts

findings. The numerical results presented in theoseé paper are benchmarked

14



against the experiments by (Na et al., 2002) orofitenised configuration of bilge
keels of FPSOs operating in high seas.

Interesting, although debatable, experiments drdeohping of unconventional mid-
ship sections have been reported in (Yuck et @032 The controversy derives from
the fact that the centre of gravity of the modekwaried in such a way that any
given excitation frequency corresponded to the mahtiiequency of the ship in the

amended configuration.

The nonlinear nature and aspects related to madedii roll damping have attracted
attention of researchers and scientists over decadesummarised in (Cotton et al.,
2000), (Spyrou and Thompson, 2000), (Spyrou, 2@dd)recently in (Bassler et al.,
2009). Generally, the driving factor for this resdawas interest in the stability of
ships in intact and damaged condition, particulanlyrequency ranges close to the
roll natural frequency. In 1980 Cardo (Cardo etE81) presented results of studies
on sub- and ultra-harmonic resonances (where t@onse is dominated either by
natural frequency lower or higher than excitatioegtiency) while taking into ac-
count nonlinearities in damping and restoring motsiel concluded that the ultra-
harmonic resonance would not compromise safetysivthie results indicated a sta-

bility hazard from sub-harmonic resonance.

In the later paper, Cardo studied two distinct n®adé nonlinear damping (Cardo et
al., 1982). The mixed linear-quadratic and linealoic formulae were discussed in a
relation to predicting of roll response in free dacced motions. The meticulous in-
vestigation referred to many earlier research stifincluding those by Froude) sug-
gesting (linear or) quadratic dependency of thedamping on a motion amplitude.
In particular, the point was made after (Dalzeli7&) that the cubic dependency was
used mainly for the reason of simpler mathematecahipulation. The author high-
lighted also that significant discrepancies coutddxpected while deriving critical
damping based on free- or forced- oscillations wudistinctions in the underlying
mathematical models. The author concluded that afsxperiments were needed in
order to explore the problem further - free rollgimp models of the variable inertial
moment and determination of maximum amplitude, taseforced oscillations, as a

function of the excitation intensity.

15



In 1990’s Contento published a paper on the applibaof a constant coefficients
roll equation for predicting large amplitude mosofContento et al., 1996). The au-
thors investigated also the impact of the numbedenfrees of freedom (DoF) con-
sidered. The work was supplemented by an exteresiperimental campaign. Al-
though not entirely concluded, the research hidtdig the need for expressing of the
hydrodynamic coefficients as functions of frequeramplitude and effective wave
steepness. The authors underlined the necessiiyrtber, extensive, experimental
studies in order to derive empirical or semi-engairmultivariate coefficients.

Some interesting studies were presented in (Tay@800), where comparison of
various models of nonlinear damping and restoringal response of a ship sub-
jected to regular wave excitation was presentedo Ah (Kuroda and Ikeda, 2003)
there is an experimental study on intact ship belavn heavy beam seas in relation
to coupling with heave and large drift.

More recently techniques for obtaining critical gang data were published in
(Spyrou, 2004) and (Bulian, 2004).

It is noteworthy that customarily, the ship equasiaf motions are usually given in

the vectorial notation, e.g. see (Pawtowski, 2@@dwitowski, 1999) or any handbook
on basic ship theory. There are relatively few nexiees where the Euler-Lagrange
formulation of the problem is used, e.g. Hamiltonfarmulation by (van Daalen et

al.), effect of forward speed by (Marshall et #082) or dynamics of floating bodies
by (Sadeghi, 2005).

One of the important nonlinear problems relatethto stability of ships highlighted
in (Spyrou and Thompson, 2000) is the presencargtlfree surfaces, e.g. on LNG
carriers or other ship types. This inevitably letmi€onsideration of a sloshing phe-
nomenon i.e. movements of liquid in containers,clhare usually subjected to ex-
ternal excitation. In principle, even relatively glinmotions of the containers may
lead to significant deformations of free surfacd &imlent motions of the fluid. This
may lead to significant dynamic loads on the strtebf the container and have seri-
ous impact on ship motions, in particular roll awehy.

16



An example of the early studies on the stabilityaofree surface can be found in
(Benjamin and Ursell, 1954), where the deformatdra plane free surface of an
ideal fluid is treated analytically. In 1960’s (\\i@gen and Wijngaarden, 1965) stud-
ied hydraulic jumps forming in an oscillating optmk. Based on linearised equa-
tions (shallow water waves) the authors determthedresonant frequency at which
(theoretically) the amplitude of oscillations woulstcome infinite. Experiments

showed good agreement with theory and observed Wan®&tions (jumps) had pro-

files similar to those predicted, within expectetwacy. Furthermore, at the jump
disappearance (at frequencies well beyond resdreaquency), a formation of a soli-

tary wave (travelling across the tank) was observed

It is noteworthy that damping properties of freeface tanks on roll motion has been
known for almost a century, and the passive afiingptanks (ART) as we know
them today, were studied already by Froude andtdrigemporaries. A comprehen-
sive review on the development of anti-rolling ade& can be found in (Moaleji and
Greig, 2007). However, due to the complexity of pneblem advances in theoretical
and experimental studies have been of rather ldmegure. In mid-sixties there was
a remarkable experimental campaign run at the TDeift, Netherlands, where the
damping properties of some type of free-surfackgavere investigated by (van den
Bosch and Vugts, 1966).

In the research that followed, Chester investigabedtheory describing the oscilla-
tions of a liquid in a tank near resonant frequentyre linearised theory is invalid
(Chester, 1968). It was shown by the author thababh phenomena are described
adequately by the classical wave equation the myrzbnditions could not be satis-
fied unless nonlinear terms were included in thenfdation. The nonlinear effects
discussed comprised dissipation in boundary lagely(due to small amplitude) and
dispersion, which introduced higher order harmanitsvas also shown there that
the response spectrum became multivalued at s@gadncies. The theoretical con-
siderations by Chester were benchmarked againgriexpnts reported in the latter
publication (Chester and Bones, 1968). In princighe theory proved to be qualita-
tively in good agreement with the experimental tlssibome discrepancies were ob-

served and explained by the insufficient dissipatio the boundary layer model

17



(where only sides of the tank were accounted fod) the fact that some calculated
parameters diverged from the actual experimentakga Specifically, it was shown
that the nonlinearities included in the matheméatioadel were well pronounced and
the attained wave profiles were similar to thossdmted. Furthermore, the response
characteristics showed clearly the presence ofraklecal maxima (where the re-
sponse curve was multivalued). It was postulatethbyauthors that the fact that the
maximum on the response characteristics was atftand the response curve was

connected indicated influence of dissipative congnbs

Apart from purely theoretical studies there was samork carried out on full-scale
ARTSs, as for example trials addressing efficienéyanti-rolling tanks reported in

(Plank et al., 1972), where an attempt had beetert@a determine a transfer func-
tion of ART fitted onboard of the research vess&l Raquina

The energy dissipation in sloshing was a subjed¢h¢oseries of papers by Demir-
bilek who studied energy dissipation in a rectaagt&énk undergoing roll motion
about a fixed axis (Demirbilek, 1983a, Demirbilé@83b, Demirbilek, 1983c). The
author derived the mathematical formulation to pneblem and proposed a tech-
nigue (based on a variant of Rayleigh dissipatiorctfion) for solving the equations.

.From the point of view of ship dynamics, a matieprime importance is a coupling
of sloshing with ship motions. Given the importamand complexity of the problem,
there is a large volume of publications on the ecthjThis is partially due to the fact,
that similar coupling effects are observed whiledgtng the dynamics of a damaged
ship. Indeed, the only formal difference betwee@slising of liquid cargo and a hull-
floodwater interaction derives from the absenced@iage opening in the former

case.

The principal difficulty in studying the coupling sloshing with ship motions de-
rives from the fact that the resultant system asetl, i.e. by analogy to control sys-
tems it can be said that a ship with a partialledi compartment forms a feedback
system. Furthermore, since both the oscillatingy smd the water sloshing in the
compartment are nonlinear systems (with the latteracterised by a particularly
strong nonlinear characteristics) modelling of thgponses becomes a very complex
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task. Firstly, the nonlinearity of the problem ade® the limit of applicability of lin-

earised approaches. Secondly, response analyasifr@guency domain is by defini-
tion inappropriate for the nonlinear systems. ladiehe analysis (particularly when
the system is subjected to a random excitationlamgyd amplitude motions) should
be carried out in a time domain. For these reasmmsimber of theoretical and ex-
perimental studies were performed in order to eohdhe understanding of the cou-

pling of sloshing with ship motions.

In their research (lkeda and Yoshiyama, 1991) ofeskestrong effect of a coupling
of roll and sway and studied its impact on perfarogof ARTSs. In principle, they
suggested that sway decreases reduction of rédicfefeness of ARTS) and length-

ens the natural period of oscillations of the tank.

In another important paper authors investigatedefifect of a liquid cargo on roll
response (Francescutto and Contento, 1994). Thapa®d experimental data with
CFD results on the coupling of roll and sloshinghiM/ considering a ‘frozen’ cargo
they noticed a very similar behaviour to that obsdrduring the present studies.
Namely, they reported that a presence of a liquagsrcaused a significant shift of
the roll natural frequency towards lower frequeaaempared to the ‘frozen’ mass.
In the case of a compartment filled with the liqaatgo two peaks were observed on
the roll response curve. The first dominated byrbgtitic effects and the second by

sloshing. The measured roll motion was heavily dagnp

Similar observations were made by (Francescuttd. £1996), who presented a pre-
liminary comparison between hydrostatic and ‘fullyydrodynamic models for

sloshing in a 2D roll-sloshing coupling problem.eT$tudies highlighted significant
differences in the mathematical formulations- ia ttase of a hydrostatic model the
roll response was characterised by a single fundeahenode whereas the hydrody-
namic model implied two natural modes. The autep®rted also a noticeable im-

pact of sloshing on roll damping.

In their studies (Kambisseri et al., 1997) investggl damping effect of floodwater.
The experiments were performed with the flooded mamment positioned below-
and above the deck. In both cases, floodwater daassgnificant increase in roll
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damping. However, the authors concluded that mareping was experienced in the
case of the flooded compartment positioned aboxelétk.

The chaotic response of a box-shaped barge wittiajparfilled (closed) compart-
ment oscillating in regular waves was investigdigdMurashige and Aihara, 1998).
Their research originated from the observation nadéng the steady-state oscilla-
tions. Namely, during the steady-state oscillatitressmodel was unintentionally im-
pinged with a stick. As a result, the amplituderaf increased significantly while
the period lengthened from T to 2T. The subseqtests on a simplified cylindrical
model (3DOF - sway, heave and roll) confirmed thaatic behaviour and existence
of strange attractors (not present in case of "tofl). Further analysis indicated that
the chaotic behaviour could be a result of the lgigionlinear restoring moment in
the ship-floodwater system.

The complexity of transient behaviour in a closgdtesm was also highlighted by
(Rognebakke and Faltinsen, 2003). The authorsedutie coupling of sway motion
and sloshing, following a detailed experimentalgpemnme. They observed a har-
monic steady-state response even in the presendgelet sloshing inside the com-
partment. They concluded that the harmonic respatisess employing simplified

models for analysing the steady state sloshinglenod However, an attempt to use

of simplified models to describe transient phenceneas unsuccessful.

By late 1980s a simplified model of floodwater dymes to be used in sea-keeping
simulations was presented by Vassalos and Turam.niddel was further improved
by Letizia and Vassalos (Kaliningrad 1995) and @paimlaou and Spanos, 2002).
This simple model proved sufficiently accurate duialitative assessment of surviv-
ability of damaged ship.

Dedicated studies on the impact of floodwater dyinaran behaviour of a damaged
ship have been carried out by many researche iputsuit for better understanding
of underlying physics and more accurate mathenatcalelling, e.g. (Vassalos et
al., 1998) or (Jasionowski, 2001a, Jasionowskil.et2@07, Jasionowski, 2010). In
one of the attempts (Kong and Faltinsen, 2010)stigated the time-domain behav-
iour of a damaged ship with a large scale damalgey Tarried out physical tests and
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performed numerical simulations in calm water amdegular waves. The simulated
RAOs were checked against the ITTC benchmark stliog.results showed that the
unsatisfactory accuracy of the floodwater model & authors concluded that the
further theoretical studies should be supportedayextensive experimental cam-

paign.

A comprehensive résumé on the impact of liquid cang ship dynamics can be
found in (Journee, 2000). However, there have heeyn few attempts to derive an

expression for a force of hydrodynamic reactionhe damaged condition in a way
similar to the intact ship formulation. Customarihe models of a damaged ship hy-
drodynamics use a set of hydrodynamic coefficieletsved for the intact vessel, e.g.
(Letizia, 1996), (de Kat, 2000), (Dodworth, 2000)(dasionowski, 2001b). An at-

tempt to derive experimentally hydrodynamic coédints of a damaged ship was

reported in (Jasionowski and Vassalos, 2002).

In case of a damaged ship, apart from the floodmnoglel there is a need for model-
ling a flow through the shell openings. High acayréin terms of a flow rate predic-

tion combined with floodwater dynamics) of the fiiog process can only be
achieved with use of CFD techniques. If the interesnainly on the rate of flow,

there are various models based on the Bernoullatemu such as presented in
(Vassalos et al.,, 2000). The simplified inflow/dowé models are easy to integrate
with ship motions calculators, see for example i@resvski, 2001b) and offer rea-
sonable approximation of hydrostatic loads impreéssg floodwater on the ship

structure. An example of validation of the floodingodules based on Bernoulli
equation can be found in (Ruponen, 2006).

The list compiled here would be incomplete withagntioning the PhD theses of
those who carried out physical tests on roll hygnaonics. The studies by (Turan,
1993) and (Chali, 2005) shall be discussed in a mhetail in the following.

The preliminary results of experiments discussethenfollowing have already been
presented in (Cichowicz et al., 2009), (Cichowitzak, 2010). (Cichowicz et al.,

2011). The content of these publications served siarting point to the discussion
presented in Chapter 4 and Chapter 6.
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There is one publication that started it all - teport of forced roll experiments per-
formed with use of gyro-based roll generator (Sgoagal., 1986). Without it, the

thesis would look different.
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Chapter 3 Dynamics of a floating body

31 Introductory remarks

The following chapter addresses a specific probdéma floating body. The body in
guestion shall be considered rigid and its bouedashall be impenetrable to parti-
cles of surrounding fluid. Furthermore, the bodyl ansurrounding fluid shall be
treated generally asne dynamical system and thus the troublesome lesitmus of
the effect of the fluid pressures on the surfa¢eseosolids is avoide(Lamb, 1932).
Unless specified otherwise, the fluid, by which tiggd body is surrounded either
entirely or in part, is assumed incompressible mrdational, characterised by sin-

gle-valued velocity potentiaf, and motions of the fluid are due to those oftibdy.

The fluid must satisfy continuity condition expredsy means of Laplace equation

0%p=0 (3.1)

Additionally, a component of the fluid velocity moal to the surface of the body at
any given point must be equal to the normal compboé the velocity of the sur-

face. Finally, all components of the fluid velociigr from the body must vanish.
This implies that a closed surface can be detewnmithin the otherwise unbounded
domain of the fluid surrounding the body, throughiah, on account of vanishing

velocity, no flux of matter is observed.

From formal point of view, both the rigid body ati@ fluid domain are described by
the same mathematical model of continuum. It shdedhoted, however, that the
model of continuum is an abstraction — physicalteras discrete, composed of ele-
mentary particles (Aris, 1962) although in many $b&l applications the micro-

scopic structure of matter is of secondary impar¢amnstead of looking into interac-
tions between molecules, the attention is paichteractions between small but finite
dimensionsparticles These particles are characterised by properéas €nergy,

momentum, velocity, temperature) taken as an aeeohghe properties of the indi-
vidual molecules constituting the particle. The damental difference between a
rigid body and a fluid is that it is assumed in thest physical applications that de-
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formation of the former is assumed negligible. Tpisperty is a consequence of
very strong forces of interactions between molesuBach forces are much weaker
within fluids; furthermore, fluid molecules perforfrequent, chaotic, “jumps” be-
tween points of a space. Subsequently, the moleade respond fast to external
forces of relatively small magnitudes by rearraggom deforming Since a structure
of fluid adapts “fast”, the deformation takes placéh finite velocities, proportional

to impressed forces. Such feature is cdilgaidity.

32 Hydrodynamic reaction due to motion of a solid body

In the most general case a force and moment ofleoblynamic reaction can be ex-

pressed in the following form

fy =~Pp,dS (3.2)
S
M, :—CﬁrXpndS (3.3
S

These equations — the force of reaction and morogiitt - portray interaction of

some isolated fluid domain with the rest of the surrounding fluid. However the

case of a floating body the expressions could bmmailated; if the integration of

took place over surface of the solid, these quantities would correspond to forces

of interaction between the solid body and the surding fluid. Furthermore, since
the body and the fluid constitute the same mechhsistem they must, at any given
point in time maintain the dynamical equilibriumhi¥ also implies that it is irrele-
vant whether motions of fluid initiated motions tfe solid or vice versa — the
d’Alembert’s principle requires all the forces te balanced, regardless of their na-
ture and origin. Thus, the problem can be formdlaveofold — either as motions of
the fluid in which the wetted surface of the bodynfis a part of the fluid boundary
or as motions of the body in which the entire fldmimain reduces to the wetted sur-
face of the body. In the following, the problemIvioé addressed from the fluid per-
spective at first and then it shall be reformulatedrder to derive description coher-

ent with the physical tests presented in the falgwhapters.
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3.2.1 General formulation

The principles of mechanics imply that the ratelwinge of linear momentum of the
fluid domain must be equal to all the forces actamgin. These forces consist of
body, or mass forces, and surface forces actinghenfluid domain through the
bounding surface. In a presence of the body immdeirséhe fluid, the surface of the

fluid domain will be a sum of the “outside” surfaoéthe fluid domairs: and the
surface of the bod; that iss; = § + §. Hence, conservation of linear momentum

takes the following form

jp%dvz '[deV+<'iSpndS (3.4)
Vi Vi S

Analogically, rate of change of angular momenturmoaemodates for a presence of
the body immersed in the fluid domain, that is

j%[rx(pv)JdV=er(pF) dV+('i5rXpndS (3.5)

Ve \G S
It should be noted that the differentiation operaimuld be applied to the integrand
based on the assumption that the volurpeorresponds to volume of fluid at initial

timet=0.

Bearing in mind that the normal stressesan be expressed @B, the surface inte-
grals of the above equations can be expanded bgswdahe bodys;, and fluid,s:
surfaces with normal vectarsandng, respectively. Thus, given that theandn,

have opposite directions, it follows that

(ﬁpndS:(f)nF-PSdS—(J.)nB-PS 6:('[>nF- RdS-f, (3.6)
S S $ $

and

(ﬁr XpndS:cﬁr x(ng-Ps) dS—(ﬁr X(nB-PS)dS:<J.>r x(n P dS-M, (3.7)
S S S $

whereP;denotes the stress tensor grahdv , are a force and a moment of force of

hydrodynamic reaction, respectively.
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Coming back to the linear momentum equation, thé& Ldfl the expression can be
rewritten by expanding the material derivativeld velocity, namely

dv= [ .
pgdv= patw+Jp(Dv)vdV (3.8)

F F

The second integral on the RHS can be transposed isurface integral by means of
the Gauss’s divergence theorem, that is

Ip(D-v)vdV: .[pD-(va) dV:(JSpnF (vOv) dS:(ﬁp(nF v)v d%(ﬁp RVAVNG! (3.9)
$ S

Ve Ve $

wherev, . is magnitude of velocityin direction normal to the fluid’s surface.

Clearly, the above integral can be expressed mdef the fluids- , and the body,

S;, surfaces, as in the following

(ﬁpvandsz (j)p VeV ds—q.)p Vv d (3.10)
S S S

Combining these terms results in the following ditya

jpg—\t/dv+("5pvandS—<'|5p YaV &= '[pF d/+<'|SnF- RdSf, (3.11)
Ve S $ ¥ ®

Hence, the hydrodynamic reaction can be written as

f, =—J'pﬂdv—§|'>pvands+§|'>p MoV dsij dvcﬁnF-PSds=
w o q 5 % 5 (3.12)
=—%+\}[deV+§EnF-PSdS

wherepP stands for the vector of linear momentum

Proceeding analogically with the equation of angumlamentum, the moment of the
hydrodynamic reaction with respect to a stationaayne of reference can be ex-
pressed as

26



Mh:rxfh:

:—.[rX[pg—\tljdv—(j')rX(pvan)dS+€ﬁr><(pvnBv) dS+<ﬁr><nF- R 8+'[r><(pF) W =
Y

Ve S S S (3 13)

:_?j_:ﬂ.fr an-PSdS+\'/[r x(oF)dv

These equations are valid for any kind of fluid buty express the force and mo-
ment at the given poimtof the fluid domain. Therefore, in order to obttuwe resul-
tant force of hydrodynamic reaction and resultantmant of that force it is neces-
sary to calculate the force in every point of thedf domain. The hydrodynamic
force field can be obtained by means of CFD cat@iria but this is time consuming
and requires a significant computational effortst.@ccurate but much faster solu-
tion can be obtained if the velocity field is givas a potential field, i.e. the flow of
the fluid caused by motions of the body can berdateed as a gradient of some sca-

lar functiong.

3.2.2 Hydrodynamic reaction in a potential flow

In the potential flow approach, it is assumed thatfluid is incompressiblelv =0,
and inviscidy =0. Specifically, assuming one of the axes of théglldrame of ref-

erence aligned with a vector of the gravity acalen (pointed from the centre of

the Earth) the unit body forces become-0u =-gk , wheray = gzandg stands for a

magnitude of the gravitational acceleration and an unit vector in a direction of

the axis. Furthermore, in the inviscid fluid theess tensar,becomes a spherical
tensor-pl , wherel is a unit matrix angstands for the hydrodynamic pressure.
Thus, the produei.-P;becomespn. and the force of hydrodynamic reaction can be

written as

dpP drP
=== - = - - S
i - \;[pDUdV 15 medS p\'[ Oudv gipnF ds (3.14)

Bearing in mind that the fluid is incompressiblelats velocity can be derived from

a single scalar function, i.e=Ogp, where the velocity potential is given as a fumcti
of coordinates and time=¢(x,y,z 1 , the rate of change of linear momentum can be

expressed as
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jp dV+<'|5vavdS—<'iSp ¥gvdS= p'[ qudv+p('|5 VeV dSp(JSp v d (3.15)

Based on the Gauss’s divergehtdeeorem and on the fact thas continuous func-

tion, the first integral can be transposed to &aserintegral, that is
pjiﬂmvzpjﬂa—qodvzpc'lsa—qon dS=p<j> n dS—p(JS—n (3.16)
o ot g oot Lot F ! F B '

Following the same procedure, the volume integfathe body forces can be ex-

pressed by means of a surface integral as

pj Oudv = p<ﬁ Ung dS- p(f) Uhg dS (3.17)
Ve S S

Therefore, substituting these relations into thpression for a hydrodynamic reac-

tion and grouping similar terms yields

0 0
= —i[pa—?ﬂou + pjanS—gi \(]deS+§Ep U(S+p<£[6_?n8 +V, ij & (3.18)

Since the flow is potential and viscosity is netgel; the first integral can be ap-
proached with help of the Cauchy-Lagrange’s equatibere a general solution to

the equation of motion assumes the following form

640 Ve +U+p C(t) (319)
ot 2 P

! Considering a scalar functidnand an orthonormal basis (frame of reference), sitthat

IDde_IlI_dV+|2I_ dv+|3j— av.

Hence, the integrands can be expressed] fig and thus the Gauss's theorem reads

ikjm-fikzikjn-fikds.
\% S

However, it is also thati, =n, and the surface integral beconj‘efs(nli1+ Moi,+ngs) dS='[ fn de.
S S

Thus, it is thaj OfdV = j fnds
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Indeed, it can be assumed that if the fluid donmisufficiently large, the fluid ve-
locity v must vanish at the far-field boundary and the viglogotential and pressure

will assume some constant valugand p,, respectively. Thus, the integration con-
stantc(t)in the Cauchy-Lagrange’s equation can be deriveah fhe following iden-
tity
_0¢ Po 3.20
C(t)=—2+U,+2 :
(=5 * o+ (3.20)

From this, is it follows that the integral can leplaced with

a 2
i[ﬂa—?*'m*'pj%dszipv?% dS+<'£(pUO+ p)ne 8 (3.21)

However, since the integrand of the second integnalhe RHS is constant for an

incompressible fluid the integral must vanish, lns@nds:o. Thus, the hydrody-
S

namic reaction becomes

v 9
f,, = —p(ﬁ?anS—pCﬁ yevdS+ p(ﬁ Uhg dS+ p(ﬁ[a—?nB + %ijds (3.22)
S S $ S

Furthermore, the kinematical condition implies ttta velocity of the fluid on the

surface of the body must be equal to the veloditthe body’s surface, i.@,5 = v, -

From thig, it follows that

o9 —$( 92 . -d <
i[at Ng +vnijdS—(£[at nB+(va)nB)dS— dtiqud“ (3.23)

Moreover, as the assumption of an unbounded flaidadn implies vanishing of the

velocity at far-field boundaries, the sum of thestfitwo terms in the expression for

2 The surface integral can be transposed to volunegial of integranﬂ]-[g—?+v O v] . Then, mak-

ing use of continuity of it can be rewritten a;gt-Dw D-(D¢D v) , which makes generalised Rey-

nolds’s transport theorem applicable to the integra
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the hydrodynamic reaction must vanish, which redube equation to the following

form

fh—pgSUn dS+p— gSmﬂBd&ij Ud\ o - qumstngBkw gSqud (3.24)

Vg
It can be readily seen from the above equatior, iththe body is completely sub-
merged in the unbounded domain of the inviscid iandmpressible fluid character-
ised by the velocity potential, the hydrodynamiaat®on assumes very simple form.
The first term on the RHS corresponds to the masse$ produced by the gravita-
tional potential. The second, inertial, term copmexls simply to the rate of change

of the linear momentum of the fluid.

When the body moves in the free surface, the baynoandition on the undisturbed

free surface is following

pa—qo p—+pU+p P (3.25)

Thus, the hydrodynamic reaction becomes

fh:—J.(p Pp)NgdS= p.[[aw v +an dS—pI n dSpI£%+ l}anﬁl (3.26)
Ss S

wheres; denotes the wetted surface of the body@adhe velocity potential given

in the local, body-fixed, coordinate system.

As shown in (Kezelewski, 1982) the first integral on the RHS carekpanded with
help of a variant of the Reynolds’s transport teeaf and thus, the hydrodynamic

reaction can be written as

¥ For an arbitrary vectarit is that% I udS = I —dS+ I v(Ou)ds+ gs (uxv) er . Where
(9 ) (e 05,

0Sis a boundary curve of a surf8at some initial timg,, i.e.S, = §( t= ). The line integral can

also be written a§> (vxdr)u
0S
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d V2
i :paj.qudS—pJ. qu(v-nB)dS—p(f) (v x d)+p'[[?+uj-n8ds (3.27)
Ss S5 9S5 Se
Therefore, after simple rearrangement, the equaaorbe rewritten as

2

0
f, = P IqudS+pI un dS+pI[ —a—fqu] dS+piB(drxqovs) (3.28)

wherey? = vv = Dplg= (0g)* andvgn ;= vn 5= Ogn B:%’, based on the assumption

that the surfacs;is impenetrable to the fluid and there is no floeparation on the

surface (and thus the condition of equal velochielsls).

Similar formula can be obtained for moment of tlyelrodynamic reaction which,

bearing in mind tha# :—pj (p-po)rsxn S, is given as
Sy

M,=p d IqasandS+pIu andS+pJ‘[ an reXng—rg xg—wﬂqajds+
S S (3.29)

+p<ﬁrs dr xgv g)

wherergis a radius vector of the surface elemisih the global, fixed in space, ref-

erence system.

Comparing the above equations to that obtained feolid moving through the un-
bounded fluid - equation (3.24) - shows clearlyt it presence of the free surface
introduces additional terms to the formulation e hydrodynamic reaction. These,
given as the last two terms on the RHS of the eguabrrespond to the system of
waves generated by motions of the body in or inptteximity of the free surface of

the fluid. It is noteworthy that even in the caseasubmerged bodye§, =0) only

the line integral vanishes while the third termtibe@ RHS remains.

Although the above equation could be further trammséd to reveal additional infor-
mation about a nature of the hydrodynamic reactioshall be left in the current
form — sufficient to withdraw general conclusions a flow caused by motions of a
body in proximity of the free surface of the inugscincompressible and irrotational
fluid.
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3.2.3 Free surface deformation — energy radiation

Motion of some hypothetical object, e.g. of annitély long circular cylinder or of a
hydrodynamic singularity (e.g. infinitely long vex filament), moving with constant
velocity parallel to the undisturbed free surfates@me small deptibelow the sur-
face induces a pressure field in the fluid domaissuming the deptisufficiently
small, the movement must cause deformation ofrée gurface. More precisely, far
away in front of the object, the free surface wondthain undisturbed but far behind
the body it would become a two-dimensional regularve. The wave would propa-
gate away from the object with the group velocitp& to the velocity of the cylin-
der or the singularity. Generation of the wave soasequence of transporting en-
ergy from the body to the free surface of the flurdthe simple case, the amount of
energy transferred from the body can be readilgutated.
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Fig.3.1: The free surface deformation caused by motianlofpothetical boc

Firstly, let a region of the fluid be containedvweén two flat surfaces of unit length,

S ands,, parallel to the axis of the cylinder and perpeuldir to the undisturbed free
surface. The surfacgis located far in front of the object while the fages,is lo-

cated far behind it. Then, as shown in (Pawtow2RD5), the increase of energy of
the fluid within one second is given RS/, whereE, is an average, per period, total
energy of the wave per unit area of the free serfaol stands for a magnitude of
the velocity of the object. The energy increaseaéxjto a sum of power of pressure
E,u In the surfaces, and power of the wave resistance force inducedembjectr,

, that is
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E,v=E,u+R, (3.30)

whereuis a group velocity of the wave. Note that the gedf the wave resistance

force is parallel but opposite to the velocity et

Given that the average total enemys given ag, :% 09¢,, WhereZ,stands for the

amplitude of the wave, the wave resistance forcaipi length of the object is given
as

1 uy_1 2kH
== === S L 3.31
Ru 2’09(0 [1 v] 2/09(0(1 sinh 2<HJ ( )

wherek is the wave numbexr:27” ,A stands for length of the wave amds depth of

the fluid domain.

It can be readily seen from the above that initnéihg case oH - 0the wave resis-
tance would vanish, i.e, - 0. Furthermore, if the object in question were aewr
filament of intensity , then it would be that

RW :%rzexp[—zihj (332)

\Y

Hence, as shown in (Krelewski, 1982) , for the singularity characteridsdthe
v
N

small (0.0003) and the wave resistance would Mistwanish.

depth Froude number 0.5, i~ =0.5, the exponential term would be very

Before proceeding further to the case of oscillataotion, it is noteworthy that, the

assumptions made at the beginning of this chapeerigviscid and incompressible

fluid) imply that the wave generated by the objgould never decay — instead, in an
unbounded fluid domain the radiated wave would pgape to infinity.

Furthermore, the energy needed to generate thaetiadivave was not dissipated but
merely transferred from the body to the free sw@fathat is because dissipative

forces assume a form of an antisymmetric tensotdkibgy =0causes vanishing of

the antisymmetric part of the fluid stress tensoithe case of a viscid fluid, the av-
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erage power dissipated by the two dimensional serf@ave, can be given after
(Krezelewski, 1982), as follows

2
N, = -2p o2 = 272 g[ﬁj (3.33)
Yo, A

3.3  Added inertia and damping

It has been shown in the previous section thatammeponent of the hydrodynamic
reaction can be identified as rate of change @&adinmomentum of the fluid and as
such can be accounted for as an inertial forceus®y again unbounded domain of
ideal (i.e. inviscid, incompressible and irrotaabfluid) the momentum is given by
means of integral over surface of the body

p' =—p<.f>¢JanS (3.34)
S

where the superscripts used to emphasise inertial character of the mtume

3.3.1 Added inertia

In the linear formulation of the problem the vetygotentialis often expressed (in

the Cartesian frame of reference) as a sum of kedaanit potentials, that is

DX, Xp, X3, 1) = iv, (1)@ (X1, % %) (3.35)

The number of unit potentials and the tevfig are derived from the kinematical

condition on the body surface. Namely, since theony of the surface element is
given awsg=v,+oxrsthe scalar produ%t:—f:vs-thas Six components, i.e.
VgNg=Vong+(oxrdn z=v n gre(r xn ). Furthermore, the components of the ve-
locity vectorv, can be denoted bywherep=1,2,3while components of the angular
velocitye can be substituted withQwhereq=4,5,6. Similarly, components of normal

vectomg can be represented hyn,andn,whereas,,n.andn;are given by appropri-
ate components of the vector prodyetn g, €.9.n, = x,n,— %n,. Bearing in mind that

the terms,,...,v;are independent on a location, the directionalMaérie of the veloc-
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ity potential given by the equation above can lmp$y expressed as (summation

overk =1,2,...,6)
90, 28 -y, (3.36)
The above implies that following identity hold§;%—ﬁ.

The terms, are often referred to as generalised directionsines.

Now, the linear momentum can be expressed in tefraemponents, as

P = —[pgﬁcmmdsh +p g, A8, + o gread SaJ (3.37)
S

Sp Sp

: 0 .
Furthermore, given thaig; = n, :a—ﬁfor j =1,2,3andg=gv,fork =1,2,....6and bearing

in mind that the termg depend only on time not on a position, the momentgoa-

tion expands as

o 99 4 99 OB gi |-_ 9 4. 3.38
P! = [mﬁ%vk “Lasi+phawSE ds, + pha v 8is|=- wha—_lds, (3.38)
S Sg Sg S
wherej =1,2,3andk =1,2,...,6.

Hence, denoting components of the momentur] alows expressing the momen-

tum equation as

0
P :[—péﬂa—qjds}k = gV (3.39)
S

Similar procedure can be followed with respecth® moment of the hydrodynamic

reaction, where the inertial angular momentum\veias

L' =—p§f>¢rsxnsd8 (3.40)
S

* See equation (3.29).
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For example, component of the momentum along tis,axgiven as

o
L == p @i (s = %) dSka[-pgfm n d%wk[-pgﬁ@a—de} (3.41)
S S $

Hence, the term in parentheses can also be wastiertly as,, wherek =1,2,...,6and

| =4,5,6. It can be readily seen the terapanda, have the identical form hence, the

components of the inertial momenta can be writtenrapact form, as in the follow-
ing

FjI = akj Vi (342)
wherej,k =1,2,...,€.

The components of th@x6] matrixa, are called added mass or added inertia, as they

have dimensions of a mass, static moments of nmasmaments of inertia.

In the case of the flow considered here mafyig symmetrical, i.ea, =a, So in total

there are 21 different componeatsn the added inertia matrix.

Furthermore, if the body has planes or axes of sgtrynsome terms in the added
inertia matrix will vanish. This could be provedratitly by application of the

Green’s theorem to integrals in the teegisut it could also be deducted if the com-

ponents, are seen as coupling terms between different motie®tions.
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Fig.3.2: The body fixed coordine systel

In the case of a body symmetrical with respecthtoglaneoxx, of the body-fixed
coordinate system motion in a direction of the axy€annot, due to symmetry of the

body, induce any motion (and thus any reactiongapposing the motion) in a di-

rection of the axi®x, or a rotation about other two axes. Heheg , a,, anda,, must

vanish. Similarly, rotations about an axis perpeualdir to the plane of symmetry

cannot produce any motions along the axis or diootabout the axisx , therefore
a,s = a,s=0. Furthermore, pure rotations about the axigannot induce motions
along or rotations about the awmig, perpendicular to the plane of symmetry -
a5 =ags=0. For the same reason translations about thiscaxigot produce rotations
about the axiex which results ira,; =0. Due to symmetry of the matrix the compo-

nents with the transposed indices must vanishdnd,thus, in total there are twelve

non-zero components of the added inertia matrix.

The reasoning on symmetry of added inertia termgarsicularly helpful in model
tests when some of the assumptions made with regp#weideal nature of the fluid

are violated. In such a case, the inertial pathefhydrodynamic reaction force and

® The convention adopted here is th#t mode of motion (i.e. second index) correspad$nain”
mode of motion whereas tlheth mode is induced motion.

37



moment must still be associated with momenta oflthé but the components of the
reaction force could not be subjected to such acmoletis analytical treatment. The
concept of an added momentum due to the fluid metinduced by movements of
the rigid body would holdn principle but its mathematical formulation would be

either much complex or unavailable at all.

Before proceeding further to the case of motionproximity of the free surface of
the fluid it is noteworthy to show, that kineticezgy of the fluid can be conveniently
expressed by components of the added inertia m#tax is

_P _ 0p o P 0@ 1
T=E|Vdv=Epp—dSs=-Epg—— d$= v,
2 J 27 one 22 ong o ViR (3.43)

3.3.2 Oscillations in a free surface of an idealdl

In the case of motions in or proximity of the fia@face, the problem of determining
forces of the hydrodynamic reaction becomes mormepéex. This derives from the
formulation of the boundary condition on the freeface accounting for its deforma-
tion. In the linear approach, the problem is ugutdtkled by a superposition of the

potential flow corresponding to steady motionshef body with some velocityand

small oscillations of the body about its mean positFurthermore, in problems ad-
dressing motions or responses of the body in wavesnecessary to include wave
and diffraction potentials — the former inducingedocity field in the fluid domain
(as without the body) and the latter describingudizances introduced by steady mo-
tions of the body to the fluid’s velocity field assated with waves. Hereafter, only
problem of body oscillations in the otherwise utgtised fluid domain will be
briefly presented.

Analytically the problem of a body oscillating imgximity of the free surface is usu-
ally formulated as follows:

- The fluid is inviscid and incompressible and itsaflirrotational.
- The effects of surface tensions can be neglected.
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- The motion amplitudes are small so the generate@svare of small am-
plitudes and the boundary condition on free surtasebe linearised.

It follows from these assumptions that the flow maatisfy continuity equation

given by the Laplace’s equatiafp=0. Furthermore, if the origin of global frame of
reference is located in the plane of undisturbed Surface anox;axis directed ver-

tically down, the free surface condition takes th®llowing form

P % dp _ . o
a_Z_VOF_ga__O' The boundary condition accounts for the progvesselocity
t X X

of the body of magnitudgin the direction of the body-fixed axdsx, . Additionally,

it is assumed that the fluid is deep, thus the aiglovanish at large depth, i.e.

lim |0g=0and the fluid velocity on the surface of the bodystmbe equal to normal

X3 —»
velocity component of the surface, %«%’.: vgng. The latter condition implies that the

surface is impenetrable to the fluid and that tbevfseparation cannot occur. The
final condition is that the wave generated by tkeil@ating body must have, in the
far field, a form of a regular and progressive gedional wave.

The linear problem can be solved by means of sgémpn of individual solutions.
For instance, the Kirhoff's method of unit potelgi@gan be employed in the same
fashion as in solving the problem of the body mgvihrough an unbounded fluid.
The individual modes of motions could be consideseparately, thus the velocity
field in general motion of the body could be givehmeans of a sum of the poten-
tials obtained for the individual modes of motiohe,qo:i#) . Obviously all the
i=1

individual potentials must satisfy the specifiedibdary conditions. Furthermore, the
excitation forces can be given by means of lineantwnation of harmonic compo-
nents, e.g. in terms of Fourier series. However piloblem may be quite challenging
in the case of an arbitrarily shaped body, evethendomain of the ideal fluid, par-
ticularly at the presence of a progressive velocCityus, quite often components of
the hydrodynamic reaction are obtained for indiaidtross-sections of the body and

integrated along the body. The technique, oftearredl to as the strip theory, origi-
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nated in the mid-twentieth centlrgnd it remains in common use to date. Details on
the strip theory (or more general on applicatiopatiential flow to the problem of a
body moving through an unbounded domain of thelitle@@) can be found in many
textbooks and scientific publications see for exienfdournee, 1992) or (Dudziak,
2008). In the following, however, equations of matshall be derived with use of a
very simple technique based on a variant of thedm@gan formulation, as described
by (Sadeghi, 2005).

3.3.3 Equations of motions of a floating body ingyalised coordinates

The equation (3.43) demonstrates clearly, how coewtly kinetic energy of the
system can be expressed by means of the compooiketiie added inertia matrix.

The termsy,,...,ysare nothing else than the time derivatives of theegalised coordi-

natesy,....q°, thus, the equation (3.43) could be simply reemitas

1 ., (3.43).a
T :Eajk g d
The fact of upmost importance is that althoughdystem is infinitely large (due to
the infinitely large fluid domain), kinetic energf the entire fluid domain can be
expressed in terms finite number of dimensionsitmple terms, it is that kinetic en-

ergy of the entire fluid domain can be associatéth the wetted surfacg of the

body.

In the procedure detailed by Sadeghi a complexnpialgusually employed in the
6

free-surface problemsp=>"(¢f +igf) is replaced by a superposition of the real-
i=1

valued potentials (in phase with generalised degtaents and velocities, respec-

tively)

6

¢:Z(¢f+i¢]§):njqj+z/quj (3.44)

=

® Details can be found, for example, in (Ursell, 3Pdr (Frank, 1967)
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where thern; andy; are steady-state potentials, which satisfy allrtéeessary bound-

ary conditions.

The dynamic pressure induced on the wetted sudbattee body can be derived from
the Bernoulli equation, hence

_ 0p_ Ji 4
pg ==p— ==p(mil +4,0)) (3.45)

From this, it follows that the generalised ineftediiation force is given as

07T; 07T,

R_ _ _ K _ k_ _ O ik o

Qf =-p [ nmdsi-p [ nu agt=-p[ 7, o ast o[ w o dsd" (3.46)
S $ Ss S
Thus, making the following substitutiomj§:—pj n77;dS andb, :—pj neds, results
S S

in the following
QF =ay, g + by k (3.47)

Hence, kinetic energy of the system is given as

S

5 ds (3.48)

=

e
Ss

oY . o
on

However, by analogy to the equation (3.36) it Estglgf a”k qk +—k g“and from the

boundary condition it follows th%\‘% must vanish. Therefore, kinetic energy can be

written as
T=_P[,9%4s=_P 67Tk- __P P
- ziqo%ds— Zinqw, 4 ds=- jn(ndeé jw,d 8¢ (3.49)

After substitutingy, andb, in the place of the integrals, kinetic energy o fhuid

can be expressed in a very compact way, as irotloaving

1 ik, 1 i
T :Eajkqjqk +Ebjkqjd< (350)
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It can be readily seen from the above equationvthe body oscillates in the free

surface, kinetic energy is a quadratic form of galieed velocities and generalised

displacements. Most importantly, the scalar qua#sociated with the wetted sur-

face of the body contains all the information abimettial and radiation components

of the hydrodynamic reactiénTo see this, one can compute the Lagrangianeof th
above equation, which yields

d(oT) 0T _1_ 4 1, . _1d{ .4 1 .
— — |-——=Za. -—b, =——|a - h (351)
dt[aql] ag 2 kT TRk 2dt( ) 2%

The first term in the above is nothing else thamponents of the rate of change of

the momentum, wheR;:a—Tas discussed in (Kzelewski, 1982) whereas the sec-

o9’
ond term stands for a generaliskssipativeforce. In fact, the term%bjkq" is simply

partial derivative of the Rayleigh dissipation ftina with respect tg', that is
ob _ 0 1 .. 1, .
a_qj:w[_zbjkqjd(j:_abjkd( =Q° (3.52)

where-Q? is generalised dissipative force, as assérted

The remaining part of derivation of the equatiohsnotion involves the hydrostatic
reaction forces (restoring forces). These forceslmexpressed in a matrix form as

c; d where the nonzero componesgjisare given as (Dudziak, 2008)

Ci3 = POAY Cas= P oNYs (3.53)
C35 = ~PYAy XF  Cs3= PGH ¥p

whereA, is the area enclosed by the conisyr, x,- stands for the abscissa of the cen-
tre of floatationh,is the transverse metacentric heights the longitudinal meta-
centric height, and, stands for the volume of the submerged part ofothaty. All

the quantities correspond to the upright positibthe body in the undisturbed free

surface.

"It should be noted that in his thesis Sadeghi cmngiite different conclusion.

& More details can be found in (Skalmierski, 1994)
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It is assumed, that the generalised external fgteeapplied directly to the body and

not to the fluid and therefore motions of the flaiek induced by the body. Thus, ac-
tion of the external force is opposed by:

- rate of change of generalised momentum of the bguly alone, given as
M jqu
- generalised hydrodynamic reaction associated \ighrate of change of

the generalised momentum of the flajgdi and the generalised radiation
forcen, g

- generalised hydrostatic reactiopq"

Given that no wave-induced forces act on the btwygeneralised diffraction forces
as well as the generalised Froude-Krylov forcesbmimgnored. Thus, the equation of

motion has the following matrix form

(Mjk+ajk)q‘k+bjqu+cjk o = o3 (3.54)

where components of the generalised external fgraee harmonic functions of

time.

This equation constitutes starting point for analysesults of experiments on forced

oscillations of a floating body, detailed in théldaving chapter.

34 Summary

One of the most important implications of the d’'ileert’s principle is that a parti-

cle or a system of material particles can be reglagith an inertial force. In case of
a floating body oscillating in an unbounded dom@fian ideal fluid, the entire fluid

domain is replaced with a force of hydrodynamicctiea. It has been show that ki-
netic energy of the entire fluid domain can be esded with kinetic energy of the
wetted surface. This scalar quantity containstadl information about momenta of
the fluid and about the energy radiated througHrdee surface deformation.
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Chapter 4 Some physical experiments on roll hydrodynamics

There have been many physical experiments addgesslirnydrodynamics but most
of them have been performed solely to provide arpemtal data for benchmarking
of the particular case. There are very few systensatidies involving comprehen-
sive test matrices and the most important of theenvary briefly discussed in the

following.

41  Vugts (1968)

The objective of Vugts’s work was to benchmark phediction of roll hydrodynam-
ics (based on potential theory) with measuremdiits.experiments were carried out
on cylindrical bodies subjected to forced oscillat in a free surface. Vugts investi-
gated three modes of motion — sway, heave and aodl, the measurements were
conducted on the cylinders of different cross-sasti circle, rectangle (with three
different beam-to-draught ratios, B/T: 2, 4 andtBangle and two Lewis forms (the
Lewis sections were not tested in sway and rallyall, the cylinders were oscillated
about a fixed axis of rotation passing through gbetions’ centre of gravity. Apart
from the rectangular sections of B/T-ratio 4 anithé® sections’ centre of gravity was
lying in the calm-water plane.

In his paper, Vugts presented a detailed accouthhefxperiments with particular
attention paid to the accuracy of the measurem&hts heave and sway experiments
proved very reliable and matched closely the th#adeprediction. The roll meas-
urements, however, were less reliable. The meastinathcteristics deviated sub-
stantially from the prediction and the results waffected by significant uncertain-
ties. In particular, Vugts pointed out to the peshs in an accurate assessment of the
sections’ inertia in air causing substantial ureety in the added inertia estimates.
An additional difficulty derived from the fact thaylinders of B/T-ratio 4 and 8 were

oscillated about an elevated axis of rotation.

The results obtained for the rectangle of B/T-ra@tshowed good agreement with the

prediction. The coupling terms followed closely dhetical curves. The roll added
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inertia and damping terms deviated slightly frore gredicted characteristics. An
influence of viscosity was observed in the dampstimates resulting in differences

increasing almost linearly with the roll amplitude.

The measurements for the sections rolling abouéelieated axis of rotation showed
much larger discrepancies. For example, the estonadll damping at the 0.05 rad
roll amplitude was much higher that the estimate8.hand 0.2 radians. The meas-
ured added inertia in turn exhibited an anticipategendency on the roll amplitude
but its magnitude was much smaller than predictedits reasoned that these results
are overall highly unreliable. He accounted themigancies mainly for the inaccu-
rate estimates of the inertia in air and the faat the roll motion was about the ele-
vated axis of rotation, but it he also pointed thatt these explanations were rather
speculative. In particular, he concluded that th&-Etio influences strongly the
measured quantities with the roll damping almostisiaing in the practical range of
draughts. Furthermore, he pointed out to the compadationship between of the
coupling terms (sway-into-roll and roll-into-swaghd the vertical position of the

centre of gravity.

The results for the rectangular cylinders of B/fir@ and 4 are presented in the fig-

ures below.
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42 Ikeda (19709

The research carried out in Japan in the 1970scaahdeveloping empirical formu-
lae for individual damping componehtshat is: radiation, skin friction, lift, eddy
making as well as the components associated witfe lieels. The study involved
considerable experimental programme, where not omty-dimensional but also
three-dimensional models were tested. As a redtempirical formulae were de-
veloped for individual damping components. The egpions, valid for “typical”
ship geometries, are in use to date in many sepitgeomputer codéSbased oth-
erwise on the linear theory. These formulae all®tngating corrections terms ac-
counting for viscous effects and supplementing m@e damping prediction (the
formulae and even the original Fortran code dewxopy lkeda can be found in
(Himeno, 1981) ).

It is noteworthy that the Ikeda’s method was na&dus the present research to esti-
mate relevant damping components (i.e. eddy mamdyfriction). The reason for
this is that the additional damping components ipted by the Ikeda’s method need
to be added to the predicted potential damping. él@wn the prediction presented in
the following is used solely to provide referenoe dualitative judgment of the ex-
perimental estimates. Therefore, given the subslatiscrepancies between the pre-
diction and the experiments there is no point @filagl corrective terms to the calcu-
lated damping. On the other hand, the comprehemes&arch carried out by Ikeda
provides valuable information on the scale of théividual damping components
and may help to understand the results of the presgperiment.

As mentioned above, from the results presentedibyeHo, it follows that in the ab-

sence of forward speed and bilge keels the equivéifeear damping is a sum of the
friction (Bg), wave-Bw) and eddy-makingBg) components. It can be concluded
from the figures below (reproduced from Himeno diaded on the experimental

data) that for a “typical” ship-like shape the eddgking components is a linear

° Based on the assumption that equivalent linearpifagrcan be given as a combination of several
components.

10 This includes the Proteus 3 mentioned earlier.
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function of frequency of oscillation while the ftien component is almost linear.
The wave-making component is present only at hidiezguencies and is strongly

nonlinear.

Considering the dependency on roll amplitude, it ba concluded that the friction
and wave-making components are amplitude indepéndgbitle the eddy-making
component is almost linear function of the ampkud@his implies combined linear-
quadratic damping model, eRy+B,|4|¢ whereB contains friction and wave-
making components whiig includes the amplitude-dependent eddy-making compo-
nent. Furthermore, a rough estimate can be madejriplies that the skin-friction
damping is much smaller (order of magnitude) tHawave damping. The ampli-
tude-dependent eddy-making component reaches siamiglitude to the friction
component at about 5 degrees roll angle. This atdscthaBg, By andBg contribu-
tions to the total damping (given=0.0 and no bilge keels) are approximately 10, 75
and 15%. Obviously, these figures are only intileaand must be approached with

due reserve.
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4.3  Standing (1992)

The test performed by the BMT Fluid Mechanics lindolved the 1:50 scale models
of the cylindrical sections of a typical ocean-gpbarge used in the offshore and oil
industry. The tests were carried out with threaudhas: shallow (B/T=15), medium
(B/T=10) and deep of B/T-ratio 5. The sections wited with 0, 10 and 20 mm
bilge keels. Furthermore, the sections were madle aviferent bilge (corner) curva-
ture of 0, 10 and 30mm. Additional tests were pented with bare hull sections at
high rolling centre of 0.3 m. Breadth of all modelas 0.6 m and their length chosen
to allow 5-10 mm clearance each side of the tafild (2 m width). The test matrix

covered significant number of configurations.
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As reported in (Standing et al., 1992) the foragdtlexperiments (with the fixed axis
of rotation) tended to give lower damping estimgegsthe roll natural frequency of
0.67 Hz) than a free roll.

The prediction by the discrete vortex method wagy &tisfactory for the sharp-
cornered sections and the sections fitted withebidgels but seriously overestimated
damping for the round-cornered sections.

The experiments and predictions both showed lim¥aalmost linear increase in
damping with roll velocity amplitude. That is, theeasured and predicted damping
remained in agreement with the combined liner amadegatic terms of damping mo-

ment of the forme g+ BngM

In all the cases tested the friction damping wagigible and, as expected, the wave
radiation independent of the velocity amplitude.

44  Chai (2005)

Results of the experiment were presented firsdasibnowski and Vassalos, 2002)
and elaborated further in (Chai, 2005). The measeants were performed on a 1:40
scale model of RoPax ferfy The tests comprised measurements in intact dsawel
damaged condition in heave and roll modes of madbanwithout considering cou-
pling between the modes in damaged condition. Togoms were induced by exter-
nal forced mechanism, as shown in the figure belowoll, the oscillations took
place about a fixed axis passing through centrgravity of the model. The exten-
sive test matrix covered frequencfés range of 0.2-1.3 rad/s (with low frequency
tests to determine restoring characteristics & @ad/s), 0, 10 and 20 degrees heel
angles. The measurements were performed with twaitahes of oscillations: 0.4
and 1.0m in heave and 5 and 10 degrees in roll.

" The model, known as the PRRO1, was extensivetgdds many survivability studies, including
EU project HARDER and ITTC benchmark studies. Tyiender tested during the research presented
herein is a midship-section of the model testeChsti.

12 All data in full scale
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Fig.4.13: Forcing mechanism iexperimentby Cha

In spite of the robust instrumentation, the expentproved very difficult not only
in damaged but also in intact condition. One ofrénesons for this was that the tests
were performed on a 3D ship model and this muse @voduced complex interac-
tions between various modes of motion. As suchasdn had been anticipated,
forces were measured with use of state-of-thefaafoload-cell. However, as it was
learnt later, due to its large inertia and commlemnstruction, the load-cell was source
of the significant time lags. In addition to thike measurements in higher frequen-
cies might have been affected by large and heamgtoaction of the forcing mecha-

nism.

Nevertheless, although the experiments lacked ¢aracy they provided very valu-
able insight, particularly into hull-floodwater eraction. Specifically, the following

observations were made (Jasionowski and Vassd)02) 2

» The floodwater free surface undergoes oscillatafrdifferent amplitude than
that of the roll motion and vary significantly witfequency of excitation.

» The amplitude of floodwater free surface variehwite direction of roll, i.e.
it depends on whether the ship rolls towards thmeadge side or away from it.

* The phase angle between roll motion and floodwiaesr surface oscillation

varies with frequency and amplitude of excitation.
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Chapter 5 Experiments on a floating body

5.1 Introductory remarks

The methodology for forced oscillations of an urstoained cylindrical body as well
as its validation for intact ship measurements Hasen already presentéih the
series of conference papers (Cichowicz et al., 22090, 2011). In the following,
the matter will be discussed in a detail with martar attention paid to the interpreta-

tion of results.

Undoubtedly, the measurements on a floating bod leartain disadvantages, such
as limitation in imposed modes of oscillation, laut the other hand, they offer a
unique possibility to study complex, multi-modaspense of the vessel without im-
posing extra constraints on the system. This aspeat a particular importance in
measurements in a damaged condition where shiphflater interaction may as-

sume very complex form.

5.2 Experimental set-up and thetest programme

The experiments reported in the ensuing were cdeduwat the Kelvin Hydrodynam-
ics Laboratory (KHM), testing facilities of the UWmirsity of Strathclyd®é. Main di-
mensions of the towing tank at the KHM are (lendtheadth and depth respec-
tively): 76.0x4.6x2.5 m. The tank is equipped with a modern four-paddave
maker and on opposite end of the tank there isdarst@ble beach allowing tests at
variable water depths. Additionally, for the purpad the tests reported herein, two
sets of pool booms (swimming pool line-markers) eviited alongside of the tank.

13 Some sections in the following are largely basedhese publications. Contents of the first paper,
comprised mainly mathematical model and designcjpies of the forcing apparatus, and this is de-
tailed in the Appendix A The paper presented in02@ported the first successful measurements in
intact conditions (details on these are given edbction 5.8). The last paper, presented in i1,
cussed preliminary results of the measurementgedaout on the flooded model as elaborated further
in the section 5.9.

1 http://www.strath.ac.uk/na-me/facilities/cmh/
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The reason for fitting the line-markers was torait radiation waves from the side-
walls of the tank when the model was not positioaedurately across the tank. In
fact, given that the wave-damping beach was fittedne end of the tank only, it has
been observed that positioning the model “diagghdlad a positive impact on re-
peatability of measurements, particularly whilditesat low frequencies.

Fig.5.1: The model ar main dimensics of the tank (meter

Fig.5.2: Main dimensior and the internal arrangemer of the modke
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The model was manufactured of fibreglass about Simiock and fitted with the

acrylic-glass bulkhead deck. Below the deck, tvemswverse bulkheads divided the
internal space into three watertight compartmente midship compartment was
floodable through the prismatic (SOLAS-type) ope@nipenetrating the shell and the
deck up to B/5. The width of the opening was 0.80Q3vhich corresponded to 8.1m
full scale. During the measurements in the intactdition, the opening was sealed

with a detachable piece of the hull shell.

Particular dimensions of the model are presenteddriable below:

Table 1 Particular dimensions of the model

Dim. Intact Dam.

m 1.500 1.500

B m 0.695 0.695

m 0.158 0.157

KMT m 0.343 0.344

KG (dry) m 0.220 | 0.297

KG (flooded) m - 0.232

GM m 0.123 0.047

Mass kg 156.8 116.7

kxx Nm/rad | 189.2 53.79
Roll inertia (air) kgm? 10.4 4.8

Radius of in. (k) m 0.258 0.251
ix/B - 0.370 0.36
Scale - 40 40

The unconstrained, freely floating, model was fdrte roll in calm water by an in-
ternal gyroscopic device (see Appendix A for dejailhe device was pivoted (an
axis of pivoting is schematically represented ia figure below by the poirR) on a
stiff frame attached to the steel structure rerifgg uppermost part of the model.
The supporting frame comprised of three longitubdama two transverse Bosch pro-
files of considerable stiffness. The rolling momeeherated by the forcing appara-

tus was impressed upon the model through a tonqudtae L-shaped plate attached
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to the side of the mechanism) through a 500Ib loeltifixed to one of the longitudi-
nal beams of the supporting frame (positioned 0120¥ the centre of the model).
The apparatus was intentionally pivoted with a mali clearance above the deck in
order to maintain position of the centre of grawtiythe model close to the water-
plane.

-~ 0.212—=!

FORCING MECHANISM
A
r4
SUPPORTING FRAME
LOAD CELL
| \F—I B 1
T

| P '

0.355

|<0.220 (0.297)=~
e 0.343 (0.344)

—0.226——=

0.158 (0.157)

Fig.5.3: Theconfigurationof the syster(values in parentheses as in damaged cong, all dimensions imil-
limetres). In the upright position, stationary abody-fixed frames of reference overlap.

Motions of the model were recorded with use of atical motion capture system
(Qualisys™). In order to monitor possible deflection of theeding mechanism two
“rigid bodies” were defined (with use of reflectivearkers) in the optical tracker —
one associated with the model and one “attachettigdorcing mechanism. Motions
of the markers were recorded by a set of four,-Bjgged, infrared cameras. Motions
of the individual markers were combined into tratishs and rotations of the “rigid
bodies” resulting in 6DoF recordings. For the refere estimate of the phase lag (be-
tween excitation and response), a single axis ewm®eter was also fitted to the
model.
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The model was ballasted to the draught marks watllast weights located in the
“forward” and “aft” compartments. Some small wegghtere placed on the deck to
allow correcting trim and heel of the model. Theights were secured in their posi-
tions with use of silicon adhesive. Additionallpr tests in the intact condition,
some weights were placed in the middle compartniEmse weights were used to
make up for amount of floodwater inside of the camiment (in static equilibrium)
while testing in the damaged condition. Tests weneied out at virtually the same
draught in both conditions (dry and flooded hulpwever, due to some inaccuracy
in positioning of the replacement masses (i.e. htsigplaced inside the floodable
compartments) the estimated position of the cewitigravity of the flooded system
was 0.012 m (0.48 m full scale) higher than in¢hee of the intact ship. Freeboard
in the flooded condition was 0.071 m (2.82 m fdhle) — sufficient to realise roll
motions of an amplitude of about 10 degrees withsuldmerging of the bulkhead
deck.

Fig.5.4: The arrangement of the forcing appar:

53  Calibration, data acquisition and data processing

The motion capture system was calibrated in twgestaas described in the system’s
manual (Qualisys, 2009). At the first stage, theasaeement volume was specified
by placing a calibration frame (an L-shaped refeeestructure) in the calm-water

plane in such a way that one of the arms of thereetce frame was aligned with the
longitudinal axis of the tank. The static caliboatiaimed at determining axes of the
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global (Earth-fixed) coordinate system. In the setstage, dynamic calibration was
performed with use of a calibration wand moved initihe measurement volume in
some random way. Once the calibration was complétedaforementioned “rigid
bodies” were defined by identifying appropriate keais on the model.

The model was weighted with use of a standard in@liscale with +/- 0.050 kg
accuracy. Estimates of the model's centre of gyavitre based on a standard inclin-
ing test.

The final stage of model preparation involved eating of the model’s inertia in air.
This was carried out by swinging the model on gpse-built platform and measur-
ing a period of natural oscillations. The platfowas suspended from a frame with

use of a “knife-edge” support. Bearings were nedus the suspension.

The load-cell measuring a component of the momergustain motion was cali-
brated before and after each series of measuremdmscalibration involved plac-
ing the forcing apparatus (along with its supp@rtirame) “upside-down” on a rigid
horizontal surface (a table of a CNC router wasldsethis purpose). Once the sup-
porting frame of the forcing mechanism was fasteteedhe table the calibration
weights were placed on a steel rod fitted to thigue arm. The load-cell was cali-
brated up to 150% of an anticipated load. The mhoeinvolved up- and download-
ing and a characteristics obtained this way didimbtate any substantial hysteresis
error. The load-cell output was amplified so maximand minimum loads corre-
sponded to +/- 5V analogue output. The amplifidtiregs were held fixed between
the calibrations.

In total, there were thirteen signals recorded:
* the moment to sustain motion (channel 1);

» six components of the model motions (i.e. surgays heave, roll, pitch and
yaw; channels 2-7);

» the roll component of the gyro frame (in order tonor possible system de-

flection at large loads; channel 8);
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the inclinometer output (channel 9);
» spin velocities of the gyros (channels 10 and 11);

» the reference signal of the frequency of the exoih (channel 12);

the output of the MEM single axis gyro (channel.13)

All the channels were sampled with the CambridgeecEbnic Design
(Power1401 mk I1), 16-bit ADC (Analogue to Digit@bnverter) at the sampling
rate of 150.08 Hz. The analogue input signals wsamapled sequentially but, ac-
cording to the manufacturer's data, ADC’s chip Iso#d built-in “sample-and-
hold” circuit. Therefore, it is expectEdthat the time latency of the sampling
could be considered negligible.

Sampled signals were exported to the text files@ondessed in the Matlab envi-

ronment. The process was carried out in few steps:

» filtering with a digital, low-pass filter (Butterwth) of cut-off frequency
5Hz;

» manual selection of the steady-state part of theefoams;

» least-square fitting of the steady-state signalsdeétermine frequency,

amplitudes and phases of the signals;

» correcting of the phases of motion signals basedheninclinometer’s

phase estimate.

5.4 Equations of equilibrium

As shown in the previous chapter, the equation bba@y oscillating in undisturbed
free surface of the fluid can be expressed in tashggeneralised coordinates as fol-

lows

!5 The latency in the ADC sampling was also inveséidaat the early stage of the research. It was

verified that the ADC does not introduce any sigaifit lags.
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(Mjk+ajk)qk+bjqu+cjk qk: QJE (354)

where (), areéx6matrices ang)’ aresx1column vectors.

Fig.5.5: Free-body diagram of the cinder during forced ro. In the sketch the assumed rotation takes g

about the axis passing through the p&@and therefore it is thDA= OG

In the case of a cylindrical body rolling aboutaats perpendicular to the cylinder’'s
cross-section, the above equation can be re-wnittdnhelp of3x3matrices andx1

vectors

m+ &, %3 By y by, by byl Y Cxm Coz Coy Y ¥
asp m+ 2g3 334 Z|+| by by by Z|+| C3 Cy3 Cay Z|=| Fj (5.1)
a4 3 lgg+ayq|| @ bp bz byl @ Cip Cy3 Cyy| @ My,

wheremstands for the mass of the model (dry hull), whekiaplacements (and their
time derivativesy, z,¢ and external forces,F;, M are harmonic functions of the

form
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y= yasin(a)t +£y)

z=zsin(wt+¢,)
= i t +
) ¢asm(a) £¢) (5.2)
F, =F,, sin(a)t+£F2)
F;= F3asin(a)t +£F3)
My = My, sin(wt+&y )
The subscripd denotes amplitudepstands for circular frequency angs a phase of
the waveform. All the coordinates are expressetheninertial (or simply stationary

in this case) frame of reference, as shown irFigxes.

Given that the tested model has two planes of symno x,andox, x;, it can be

reasoned that the vertical displacements indugenangtric pressure field, and there-
foreay,, a,; b,,ando,;should vanish. On the other hand, while flooded,tlodel was
no longer symmetrical with respect to thex;plane so the coupling of heave into
roll and sway might have taken place, due to tlesqmce of the opening. However,
this contribution could be expected small compdoetthe other modes of motion and
therefore, it has been neglected. Furthermoreagmland heel are opposed by non-
zero hydrostatic forces. In the case of two couplisglacements, i.e,,andc,;, it is
apparent that the latter should not generate astpniag moment, due to symmetry
of the model, however static heel may generatenazeoo restoring force along the
Ozaxis. Thus, in the case of oscillations about tkie passing through the poi@,

the equations take the following form

m+ &, 0 Qo4 y b, O by|lyl [0 0O Oy 0
asp m+ 853 334 Z|+| by by byl z|+]0 3 Cyyl z|=| O (5.3)
Ay 0 lggt@uq)| @ by, O byf@] [0 0 gylo My

It is noteworthy, that the above equation implieattthe external forces impressed
on a body do not have any vertical or lateral congmbs. This assumption is based
on the mathematical model of the forcing apparaagjiscussed in detail in the ap-

pendix A.1.

Furthermore, no assumption is being made on thengtny of added inertia and

damping matrices, hence, the equation contaireefitunknowns (fourteen compo-
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nents of added inertia and damping matrices anccomgonent of the restoring ma-

trix) while thecg;andc,, are approximated by the formulae presented irpthgious

chapter.

The above equation has been derived for the caesadfation about the axis pass-
ing through the poir®. However, an unconstrained body experiences oomabout
the so-called natural axis of rotation (Balcer, £200n fact, the natural axis is associ-
ated with instantaneous rotation, which, in priteigan change direction and loca-
tion during the motion. However, in the case inigeged here, the pitch angle ob-
served during the motion was at least one ordenadnitude smaller than roll and
could be considered negligible (see the graph belo®imilarly, when the forcing
apparatus was properly set the model did not espeed any significant yaw mo-
tion, thus it could be safely assumed that theamtsineous axis of rotation lies on a
cylindrical surface with an axis parallel to thaditudinal axis of the model.

Roll and pitch motions at ®=2.710 rad/s

=——Roll ——Pitch

! I TN N F o
4 ™ / 7 N, N\ g
. LTI (o T TV W e L ) )W A e YT o e e e Yt R
L S L R NG g N A LA D

Fig.5.6. Roll and pitch time histories for low-frequenzscillations of intact model.

In his paper, Balcer has shown that the locatiothefnatural rolling axis could be
quite easily determined based on the homogeneoayg eguation. This procedure
requires however, prior knowledge of the added myaasd the coupling term of
added inertia of roll into sway,. This makes the procedure inapplicable for mathe-

matical modelling presented in this section (themidla derived by Balcer shall be
discussed later).

At this stage, it has been decided that an avdi@grecycle) elevation of the axis of

rotation above the calm-water plane can be appmEbadhas

___Ya
OA= (5.4)
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It is expected, that the above relation should Holdsmall amplitudes and small
phase difference between roll and sway.
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Fig.5.7: Approximated elevation of the rolling axis abdle caln-water plane- intact (left) and flooded mod
(right). Solid line represents elevation of cerdfgravity in upright position of floating model.
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The hydrodynamic forces (s€®.5.5) are assumed to act at the fixed in space loca-
tion, corresponding to the orighof the stationary frame of reference, and therefore
components of added inertia and damping matricesldlbe expressed in this coor-
dinates system. The rigid body equations of matiare, on the other hand, most
conveniently expressed as translations of andioottabout the body's centre of
gravity, G. However, following the assumptions made witlpees to the elevation

of the axis of rotation and the fact that the motersustain motion was measured
about the poire, it seems reasonable to treat the paad an effective centre of
gravity of the system. This allows expressing tblowing relationships between

coordinates

ya(t) = y(1)-¢(t)OA
za(t) = 2(t) (5.5)

#a(t)=4(t)
It should be noted that if roll motion were abowetl axis of rotation the first equa-

tion in the above would read that=0.

If the magnitude of roll is small (i.esin(¢)=¢ andcos(¢) = 1) the dynamic equilib-
rium condition could be expressed by means of thcadar equations

th = rnyA

Fn, = _(mzA+ Q33ZA) (5.6)
My, + th&” lLuaf p+ Cab o+ MY,AP=M

wheremg(@—WD) = mgGVl =¢,,, I,,Stands for the inertia of the body about the axis
passing through, F,, arer,, are components of the hydrodynamic force along the

appropriate axes of the global coordinate systetvgiis a moment of the hydrody-

namic force about the poiat

Based on the equation (5.3) hydrodynamic forcesbeaaxpanded in terms of com-

ponents of added inertia and damping matrices,ishat
Fry = oY + 240 + byoy+ b0

Frp = ag Y+ aggzt+ agf + by b g3z b of (5.7)
My =ay,y +asf + by +b g
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Substituting these identities into the equatioB)%ads to the set of governing equa-

tions
Ay +ayP + byt b = m( V- ¢56"}

a22'y53+ a24¢6P+ an ¥ af+b zé/aa*' sz)HP* byt b 4= (5.8)
=My, —(I wmt mﬁz)¢ —Cyffp - m( “y—¢'56,%7p

B+ Bga7+ B+ bz + b =—(mz coof

55 Estimates of added inertia and damping

The first two expressions in the set given by theation (5.8) are coupled roll-sway
equations containing eight unknown coefficientsd@linertia and damping terms).
The third, heave equation, contains seven unknavefficients but it is not coupled
with the other two. With the help of orthogonal dexposition, the coupled roll-sway
equation can be expanded into a system of foualipendependent equations with
eight unknowns, while the heave equation resulthensystem of two equations with

seven unknowns. Denoting Py displacements, velocities, accelerations and forces

at the time=0, and by(.),the values correspondingtt:c)%, the roll-sway system

can be written simply as a matrix equatik®C, where the matrices are

1 $p 0 O Y1 ¢ 0 0
12 #p 0 0 V¥ #, 0 0
J10P $0P 'y #; HOP §; 0P 'y ¢,
yzab ¢zab Y% P YZaD ¢ 2aD Yo ¢,

.
B:[azz Ay Ay Ay Dy by, by b4]4

] (5.9)

_m(yl ‘¢1E)
‘m(yz ‘¢2E)

M4t :O)_(l 44+mE2)¢1— Caff 1~ m( Vi@ EA)_AP

IV|44[t =£)]—(|44+mﬁz)¢l— Caff 1~ m( Vi ﬁ)ﬁ
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wherem,, (t =0) = M sin(g,,) andMM[t :Zij =M sin(ghe,\,l J ,M stands for an ampli-
w

tude of the measured moment apds a phase angle of the excitation. All other de-

rivatives are computed in the similar fashion.

Proceeding analogically with the heave equatiois, possible to express it in matrix
form as:DE =G, where

D:|:yl 3 ¢ 3z ¢1}
Vo Z, §, % 2z ¢,

E=[a;, @ @ ba by by (5.10)

G :|:_(m?l+ %321)}

—(m2, +c342,)
The systems of equations are under-determined andot be solved analytically.
Numerically, the problem could by attacked fromieas directions. One of the
strategies would be to employ a method based ofe#ist-squares fitting methodol-
ogy and apply it directly to the scalar equatioh8) to minimise error in fits. How-
ever, the problem with the least-squares estimatisrthat some of the unknown
added inertia and damping terms are in phase vaith ether e.gy,anda,,in the
moment equation. Obviously, the coupling teypecould be determined from the
sway equation, which does not contain waveformgtéxa phase, but this imposes
an assumption of symmetry of the added inertiadamping matrices, i.e,, =a,,,
etc. Clearly, the symmetry assumption is acceptaibkne case of intact measure-
ments but does not have to remain valid in the céske flooded cylinder. This is
one of the main reasons, for which it had beend#ecto derive estimates of added
inertia and damping terms with use of the Lagrasmgaultipliers method. The
method will be discussed from more formal perspectater, when the results will
be analysed. At this point, it should suffice tatstthat applying the Lagrange’s mul-
tiplier method to the present problem would resufinding such components of the
vectors ande which would minimise length of the vectors. The &gpns of motion
are given as a constraint to the problem. Namaking for instance the coupled roll-
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sway equation, the constraint is giverABs:C and components of the vecsomust
minimise its magnitud@é

|B|=BB=B"B=min (5.11)
The corresponding Lagrangian functiofw,2)is given as

A(B,,)=B'B+AT(C-AB) (5.12)
whereiis a vector of Lagrange multipliers.

The multipliers. corresponding to the minimdlsolution can be determined by find-
ing the stationary value of the Lagrangian functioa. by solving the following

equation

aiB/\(B,k):aiB(BTB+LT (c-B))=0 (5.13)

From this, it follows that

2B-ATA=2B- A"h=2MAB- AAL= - AAL=0 (5.14)

Hence, assuming that the matix is not singular, the required multipliersan be

given as

A= 2(AAT)_1C (5.15)

However, it is also that'a=2Band therefore after multiplying both sides of the

above equation b4 and dividing by 2 leads to the solution ve&or

B=A" (AAT)_lC (5.16)

-1, . .
whereA’ (AAT ) is a pseudo-inverse of the mataix

'® The procedure found here follows an (unnamedjlarfound on the website:

http://people.csail.mit.edu/bkph/articles/Pseudweeire. pdf

7 Strictly speaking, the solution obtained with né¢he Lagrange’s multiplier method corresponds to
an extremum, i.e. the vector may be of either mimmor maximum length. The exact nature of the
solution could be determined by an additional t@gtQuarrie, 2003).
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It needs to be emphasised that the componentsofdbtors ande are not added
inertia or damping terms. They are jgsimecoefficients, which happen to satisfy the
equations of motion. However, the estimates am\liko be closely related to their
hydrodynamic counterparts and to emphasise thatigaship they will be printed in

square brackets, ija] ,denotes the estimate of the sway added ingttia

5.6 Dissipation of energy

It has been already shown that damping matrix aestaformation on dissipative

forces. More specifically, the radiation force cha expressed by means of the
Rayleigh dissipation function, which in turn candmnstructed with use of the sym-
metrical part of the damping matrix. It has beeatest in the foregoing that symme-
try of the added inertia and damping matrices showlt be assumed thus, for the
purpose of the energy dissipation the damping matould be decomposed into

symmetricah, and anti-symmetricah, (parts) matrices. As shown in (Skalmierski,
1994) the antisymmetric mattiy is associated with the gyroscopic forces, which are

not dissipative (their work vanish). Hence, thesipiative forces are associated only

the symmetrical matrix, . The matrix, is given as

b, S(Bls*ley) S(8.0d.)
hjk :%([b]jk +[b]kj) = %([b]z3+[b]32) [dss _;([ t]34+[ t}43) (5'17)
(00 S(9+18e)  [H.,

The rate of work done by the dissipative force lbarexpressed (in terms of general-

ised velocities) a%vt—v:—hjkqjc'fand thus the work over one period of oscillatigis

given as

+T,

W, = —hy j gldf dt (5.18)

In the case discussed here the generalised veldte harmonic functions of the

formg’ = qlwcos(at+ £;) whereglis amplitude of thg-th mode of motion ang is the

corresponding phase angle, the above equationecaewritten in the following form
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r+To 4 T+T,

W, = —hy I q ¢ dt= Z ~a’hy gl I cos(a)t+£j)co$wt+£k)dt (5.19)

jk=2 T

where no summation ovetakes place.

Based on the trigonometric identities the abovegrdl can be rewritten as

T+T, T+T, T+T,

J.cos(a)t+£j)cos(m+£k)dt:%j coéZwt+£j+£k)dt+%J. cc(sj—ek)dt:
T

T

(5.20)

T

To cos(ej - ek)

N

Hence, the amount of work dissipated over one gdeaviooscillations can be simply

expressed as

W, :—T—Zoa)2 24: [hjk Q cicos(é:j —sk)]: —72&)24: [ he d § cos{gj—gk” (5.21)

j k=2 jk=2

Making use of the symmetry of the matrix, the sum can be expanded as follows

=]+ ] 4]

—ﬂw[2h23q§q§COS(£2—£3)+ D050, CO%E ;=& )+ Bogida cdE 5 € ”

(5.22)

Interestingly, as the rate of change of work i€@aa quantity (zero-order tensor) of

the form given byzitvz—hjkqjcfthis implies® thath, must be a second-order tensor in

the case of the system of 3DoF (sway-heave-ral)neestigated herein.

5.7 Non-dimensional forms of added mass and damping

In the ensuing, the estimates (as well as theaitior numerically derived compo-
nents) of added inertia and damping matrices wallgiven in the form of non-
dimensional hydrodynamic coefficients, plotted agathe non-dimensional circular

frequencyy, . These coefficients, are obtained by multiplyimpprpriate terms by

the normalising factors as shown below

18 By means of the quotient rule (Borisenko and Tangd976)
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5.8 Intact ship measurements

The measurements in the intact condition were pexd mainly in order to provide
data for validation against the theoretical pradicand other experimental data. It is
clear that the quantitative judgment is difficultboth cases, as neither the prediction
nor the available experimental data maintain oreri® correspondence with the
present measurements. Both — the theory and theopseexperiments - deal with
oscillations about the fixed axis. In the caseloéting body, the axis of rotation is
instantaneous and even its “average” elevationesanith the frequency. Further-
more, as indicated already, the estimates of adutia and damping are merely
related to their analytical counterparts by the that they are components of the hy-
drodynamic reaction. Mainly for these reasons, ttheoretical prediction is given
here simply as a guidance, in order to verify whettne data collected follow ex-

pected trends.

5.8.1 Summary

The measurements were performed at dB@uand 5 degrees roll amplitudes. How-
ever, due to very small magnitude of the hydrodyicafiorce, the results for 2 de-
grees roll should not be considered reliable, paldrly at the low-frequency part of

!9 The inaccuracy in roll amplitude may be significah some points. However, the results indicate
that estimates of added inertia and damping aatively insensitive to the errors in the attainetll r
amplitude (see section 5.10 for details). For tha&son, it was decided to carry out measuremeras in

wide range of frequencies on the expense of arlibsaccuracy.
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the spectrum. Indeed, some 10% of the measurerhadtso be disregarded due to
observed irregularities in motion caused by therenge setting of the forcing appa-

ratus.

The roll RAO and phase lag characterisicmdicate clearly that the system is
lightly damped — the near resonance amplituderig kiggh and the phase lag transi-
tion very rapid. Outside the 0.75-1.25 frequenaydotine roll damping is very low.

The elevatiomAof the axis of rotation above the waterplane sutggést the verti-
cal position of the centre of gravity of the motles been slightly underestimated.
The less likely but still possible explanation fotations about the axis lying above
the estimatedG is that at the low frequencies the body might havegergone some

sidewise translations resulting in higher than expe amplitudes of sway.

Roll and sway motions are generally out of phasagtcally over the entire range of
frequencies. In fact, the phase lag of sway becaés significant at frequencies
where the largest damping occurs.

The vertical motions induced by roll were, wheregant at all, so small, that it vir-
tually prohibited any realistic estimates of heaeefficients. Therefore, at the fur-
ther stages, the heave motion has been disregarakethe entire attention focused
on the coupled roll-sway motion. There, the maiesiion was whether the added
inertia and damping matrices should be consideyedreetrical. In order to compare
the estimates it has been assumed at first thasyimenetry assumption holds, and
the results were obtained for that case with dightodified equations (5.8). Then
the analysis was performed without assuming synyredtthe matrices. As antici-

pated, the results produced by either of methodidfierent.

Firstly, both methods failed to give realistic estes of sway coefficierfty,,. The
estimates are not random (they follow clear trefus)are about two orders of mag-
nitude smaller than predicted by the theory. Thepting ternfkﬂ24is practically un-

affected by the choice of the method. Remainingntjties, i.e. roll added inertia and

% Graphs illustrating the results can be found atethd of the section.
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damping as well as coupling added inertia coefficief roll into sway, are strongly
influenced by the assumed symmetry of the matricethe case when the assump-
tion is dropped, not only sway coefficients butoalke coupling terms of sway into
roll virtually vanish. This results in the slighthjigher roll damping and in the sig-

nificantly lower added inertia. The coupling addaelrtia,[a] has similar distribu-

247

tion but much lower magnitude than in the casdef‘inconstrained” equations.

Although results of the exercise do not provide definitive answer as to which
method is “better” they do offer some “hints”. Thest indication is that the sway
added mass and damping vanish by both methodsiefarbre, if the symmetry of
the matrices is not imposed the coupling termswaysinto roll vanish as well. In
this case only the roll and roll-into-sway quasstremain, all in phase with roll ve-
locity and displacement (acceleration). It is apamant observation, because unlike
in the case of the fixed-axis oscillations, hereagwand roll are generally, out of
phase and yet, the contribution of hydrodynamicdsrassociated with sway and

sway into roll is negligible.

Those “hints” lead to the conclusion that thereasevidence supporting the assump-
tion of the symmetrical matrices. This is so, netduise those matrices are not sym-
metrical but because such information is not presethe measured moment. This is
a direct consequence of yet another “hint”, alrefmynulated in the previous sec-

tion. Namely, it has been stated there that tleeniassumed functional relationship

between roll and sway, in the form of the idenyityt) = y(t)-0Ap(t). However, if

the phase difference between roll and sway is snial relation reduces to

y(t)=0Ap(t) and this implies that sway is completely determiibg roll. More for-

mally, the last identity is a geometrical consttaifhe functional relation between
coordinates is finite (holonomic) and as such redutumber of degrees of freedom
of the system. Initially, the analysed system Haed degrees of freedom — sway,
heave and roll. Heave motion was disregarded asliberved heave amplitude was
practically zero and thus, only two degrees ofdosa remain — sway and roll. How-
ever, the number of degrees of freedom has beémefureduced by introducing the
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constrainty(t) =0Ap(t). Hence, the analysed system is a single degr&reezfom os-

cillator.

5.8.2 Applicability of the multipliers method

The conclusion on number of degrees of freedonmgbrthe discussion back to the
method chosen for deriving the estimates of addedia and damping. In analytical
mechanics the Lagrange’s multiplayer method is lyseanployed for handling sys-
tems with constraints (Lanczos, 1986). Formalhg equilibrium conditions com-
bined with kinematical constraints form an overeletined system of equations. In a
simple case of holonomic constraints, i.e. giverth®y finite relationships between
coordinates, the constraints can be used to eltemis@me variables but the arbitrary
process of reduction may violate symmetry of thealdes. The multipliers method
works even if the constraints are non-holonomictrso variables cannot be elimi-
nated arbitrarily but far more important is thelypical interpretation — they give a
force of reaction necessary to maintain the comstra

In the problem of determining added inertia and piam components, the con-
straints are given in the form of equilibrium eqoas. The systens in dynamic

equilibrium and the multipliers method is employedderive the force of reaction
necessary to maintain the equilibrium at any giiexe. There is however one im-
portant question, namely whether the assumed kinemhacondition given as

ya(t) = y(t)-0Ap(t) could be maintained in the equilibrium or notthé constraint is

not violated, the number of degrees of freedom shbe reduced. Indeed, in the
case discussed here the multipliers method resuitednishing of the components
associated with sway. Only quantities associated wall remain and hence it was
stated that the system is a single degree of fieedlscillator, as reasoned earlier.
The fact of upmost importance is that the resuésawobtained without imposing any
partiality — roll was not underscored as a mairp@ferred mode of motion. Based
on this it has been concluded that the Lagrangeliphers method is an appropri-
ate technique for estimating added inertia and diagnp the case studied here. Fur-

thermore, fact that the system has single degréeedom implies that the measured
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moment does not contain information on the hydraayic quantities associated

with sway.

5.8.3 Experimental estimates vs. prediction

The added mass and potential damping componenéshigen calculated with use of
in-house developed sea-keeping c@deteus 3( details on the development can be
found in (Jasionowski, 2001Db)).

The prediction of hydrodynamic quantities produbgdhe software is based on the
strip theory discussed already in the section Bt 2D pressure field induced by
harmonic oscillations of a body is calculated obasis of linearised momentum
equation with the velocity potentials derived frahe boundary element method
(BEM). The viscous effects can be accounted fomeans of the Ikeda method but

they were not included in the prediction.

The added mass and the potential damping in relldarived for oscillations about
the axis passing through the centre of gravity. déesystem’s configuration in the-
ory and during the experiments was very similateast in the low-frequency part of
the spectrum. Yet, the experimental estimates dejgarificantly from the predicted
components of the hydrodynamic reaction. Althoutithydrodynamic coefficients
preserve (to some extent) trends of the theoretlistilibution, quantitatively the re-

sults are completely different. Specifically, thdl dampingdb],,is much larger and
the added inertfa],, much smaller than predicted. Noticeably, the disaneies are

large irrespective of whether the assumed symnuadttige added inertia and damp-

ing matrices was investigated.
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5.9 Damaged ship measurements

The estimates of added inertia and damping inldedéd conditions have been de-
rived with use of the same technique as in the o&#ee intact hull. The only differ-
ence derives from the fact that the mathematicalehaccounts for the drift result-
ing from the asymmetric pressure distribution dusloshing.

5.9.1 Summary

The amplitude-phase characteristics show cleady alihough the effective mass of
the system (i.e. the resultant mass of the hullthedloodwater) did not change the
hull natural frequency shifted from aboaug =0.5t0w; =0.5. However, the maximum
measured RAO (at the hull natural frequency) ingisaimilar (to the case of intact
hull) amount of critical damping.

Impact of the floodwater and sloshing is more proweed in the phase characteris-
tics. Firstly, a large decrease (in absolute tewhshe phase lag can be observed in

the frequency range ef =(1,1.25 . Furthermore, at the frequencies exceedjngl.6
there is a phase jump in the characteristics. éngitaph, the phase angle is wrapped
to the(-180;18Q degrees but in fact, the response phase anglees¢ tiequencies
simply exceeds -180 degrees. Generally, at fregegsmyvery, >0.75the response is

dominated by the floodwater dynamics.

The phase difference between sway and roll inahge of frequencies dominated by

the hull dynamicéw; <0.75), has similar characteristics to that of the dryl. it

higher frequencies, where the sloshing startsdy pldominant role the difference
undergoes rapid changes from the significant laghéonoticeable phase advance.
The observed difference is much higher there thzserved for the intact hull and

this indicates relatively high damping in the cagbiode.

Basic characteristics of the system in with floodedhpartment indicate clearly that
its hydrodynamic properties must be completelyedédht to those associated with the
intact hull, particularly at the frequencies wharetions of the body are significantly
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affected by sloshing and the intensive flow throdlgd opening occurs. Inside the
flooded compartment, fluid pressure acts on batflessiof the shell and this, com-
bined with the presence of the opening, must resala very complex flow. Waves
are not only radiated from the body but also ddfea while passing the opening.
This makes the direct comparison of intact and dgedlaneasurements difficult even

in qualitative terms.

At low frequencies, where impact of slosh dynamécsnuch smaller, the response
can be affected by the asymmetry in the restoringhent caused by the presence of
the opening. The asymmetry undermines adequadyeo$ingle harmonic model of
the response. This is particularly important at Itasaplitude motions where the

error in the fitting model may result in the relatly large uncertainties.

5.9.2 Estimates of added inertia and damping

Although the estimates of the sway added mass ampithg (in particular) are gen-
erally smaller than the intact ship prediction, theults indicate that in the flooded
case sway plays more important role than duringod®llations of the intact hull.
Specifically, there is a visible dip on the addeadssicharacteristics at the sloshing
resonance. On the other hand, this region correlsptanthe observed maximum drift
velocity and it could be that the sway added masesttibution” might be due to the
drift forces, which are not accounted for in thetmeanatical model. In any case,
simplicity of the model is a certain drawback. Altlyh the overall performance of
the model is satisfactory, it is incapable of actowg for more complex phenomena
occurring at the range of significant sloshing bvexy high frequencies. Thus, since
the drift forced' are not accounted for in the equations of motibrean only be as-
sumed that any sway or sway-into-roll contributismot genuine but comes from

the fact that the equations of motion are inconeplet

Similar comments apply to the coupling tefajs and [b],, where damping is virtu-

ally unaffected by sloshing but impact of sloshisgclearly visible on the added

2L A comprehensive briefing to the mathematical miautglof drift forces can be found in (Journee
and Massie, 2001)
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mass characteristics. Here again it is assumedhéaeffect is caused by the incom-
pleteness of the mathematical model.

The roll-into-sway.],, characteristics comprise of three distinct regiokislow fre-

guencies, belowy =0.5 added inertia and damping are determined by metdnhe

body. In the higher, relatively broad range of freqcies, the quantities are affected
by sloshing and undergo dramatic changes. Addeatiarend damping both vanish
at abouty =1.35 . In the range of the highest frequencies (beythedy, =1.35)

damping becomes positive and the magnitude of aohdetia begins to increase.

The roll added inertiaja],, is much higher than in the case of the intact. hulin-

dergoes changes similar to the coupling feim.

In the roll damping characteristic there are alsed regions worth attention. At the

lowest frequency ranged; <0.5) the damping magnitude is similar to that of the |
tact ship. Above they, =0.5the roll damping decreases gradually but risesnaggi
frequenciesy >0.6. At the frequencies below thg =0.6, damping is comparable to

that of the intact hull. At higher frequencies, doated by the sloshing phenomena
up to almosty, =1.5the damping is very large. At its peak, it is alim@sfold higher
than maximum damping corresponding to the dry htll.a, >1.5 the roll damping
becomes negative. The phase lag characteristiegsstiearly that in that range of
frequencies there is a phase jump in the respotise roll lag exceeds -180 degrees.
This may indicate instability of the system andbspossibility cannot be disregarded
as the recorded time series were not tested agagsitability criteria. However, the
phase jump can occur due to changes in the vohestding formations. Such phe-
nomena has been reported by some authors, paryctiase investigating the vor-
tex-induced vibrations of the offshore structuresg for example (Bearman and
Currie, 1979) or (Ongoren and Rockwell, 1988).

At the high frequency rangey >1.6), work of the dissipative forces becomes posi-

tive and this fact is a serious indication that thesipation model based on the
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Rayleigh dissipation function is not sufficientdescribe the phenomena observed at
the high-frequency oscillations.

The results obtained for the flooded model show hmstconger dependency of the
hydrodynamic quantities on the roll amplitude.

The coupling added inertia terfa,,,, is most sensitive to changes in the roll ampli-

tude at the frequencies below sloshing resonandeghendependency on the motion
amplitude diminishes gradually at higher frequesicie

In the case of the coupling term in damping, theran indication of small nonlin-

earities in the sloshing region but more pronoundewdations could be observed in
the very high frequency range, where presumed &anghe vortex shedding for-
mation takes place.

Roll added inertia is affected by the change inrtitgion amplitude over the entire
frequency range except the relatively narrow barwlred the sloshing resonance.

The roll damping coefficienfh],,, is most notably influenced by the magnitude of

motion in the region between the hull natural frersey and sloshing resonance. In
the remaining part of the spectrum, impact of tigplgude on roll damping is rather

insignificant.
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Fig.5.42: Sequence of video frames (numbered) showing pattethe waves created by the fl
through the opening at 1.69 Hz roll frequency (apjmately 1 cycle)

510 Noteson uncertainty

The studies on uncertainty in the coupled roll-swagydel have been presented in
(Cichowicz et al., 2010). Similar assessment has lperformed for the mathemati-
cal model derived in this thesis. However, duehi® time-consuming symbolic op-
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erationd® the analysis was carried out only for several fiNevertheless, since the
both methods resulted in comparable error estinthgsincertainty assessment will

be demonstrated with use of the simpler, 2DoF, mode

The 2DoF mathematical model comprise coupled wwédys equations with the as-

sumed symmetry in coupling terms, as shown below

(M 2,) 9+ B+ by 'y 0 =0 (5.23)
1Y+ (laa* gg) P+ Doy + Dagp + G = My,
The added mass and damping components were ddovembcillations about the

natural axis of rotation with help of the followingentities

y= aAsin¢

y = OApcos (5.24)
= OA(¢ cosp - ¢ sing)

The roll added inertia and damping have been deénvieh use of the orthogonal de-

composition, where sway coefficients were assunmeavk quantities, that is

M, cose ——2
[au] = Cag _oCO¥ _ |, 0A (m(l— cos ¢0) + 8y, co§¢0)
@ g (5.25)
[b44] - _ M;Sci:f +&2 |:|b22
0

where the superscrit denotes amplitude of the appropriate harmonictfang is
hull inertia about axis passing througandes stands for the phase lag of roll with re-

spect to excitation.

The assessment aimed at the systematic uncersaonlg and it was assumed that
the measured variables are not correlated andftinerthe total systematic error can

be estimated with use of the following scheme (@ale and Steele, 1999)

2 The[] jx obtained by means of Lagrange’s multipliers meth@functions of several variables de-

-1
rived from the pseudo-inverse matA&(AAT) . In order to compute errors the components of the

total differentials of these functions had to bigkated.
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us( )2 :i[ius(xi)f (5.26)

wheref is a functional relation between measured varia)lplesus(.) denote system-

atic errors in derived quantities and measuredabées;n stands for number of vari-
ables. Partial derivatives in the above formula raferred to as sensitivity coeffi-

cients.

The results based on the errors in the measurémbles obtained for roll added iner-
tia and damping are presented in the figures below
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Fig.5.43 Systematic errors in roll added inertia estimate
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It can be readily seen in the above graphs thabidgest uncertainties can be ex-
pected at the very low and the very high frequendie particular, the two points at
the lowest frequency should be disregarded as iahtel In this case the negative
added inertia derives from the fact that the momémtertia of the hull was not cor-
rected to account for the location of the axisatétion. Negative damping, in turn, is

a consequence of the uncertainty in phase lag sreses.

The contribution of individual components to théateerror can be more systemati-

cally analysed with use of the following ratio

[;ZUS:XZ)T _ [2; uS(Xi)j: (5.27)
() Z[Z;Us(xi)]

i=1

Individual contributions, expressed in terms ofgestage, are presented in the fol-

lowing figures
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There are four major contributors to the errordded inertia estimate, namely: re-
storing coefficient, external moment amplitude] sohplitude and hull inertia. Fur-

thermore, the influence of coefficients (except tastoring coefficient) varies sig-
nificantly with the frequency. At the low-frequentgnge, major contributors are the
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guantities derived from the recorded time seritéise-moment amplitude and the roll
amplitude. At the high-frequency range, the ersamostly dominated by the dry hull

inertia.

In the case of roll damping, the picture is monoatmatic — the entire error is caused
virtually by one quantity — the phase lag, with theception of near resonance fre-
guencies, where the moment amplitude error is ptaygome role (i.e. where the

measured moment is very small and the corresporatiogs large).

As stated before, the analysis performed on seyerats estimated with use of the
Lagrange’s multipliers method resulted in compagafh terms of magnitude and
distribution) systematic errors. However, one fabdar in mind that the matter is
more complex when it comes to the flooded hull whére mathematical model is
incomplete. Therefore, the error estimates baseth® simple model are underesti-

mated.
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Fig.5.47 Time history of force measured by load cell, rAh7, damaged condition, 5 degrees roll,

w= 9.637${rad /s]

For instance, the time history in the graph abdes that the signal (the measured
moment to sustain motion) is not harmonic. It igeaiodic function and the simple
sinusoidal fit removes the information carried bg tigher order harmonics. On the
other hand, it is clear from the graph that whenlibdy starts to roll away from the
damage (just beyond the maximum of the load cutivele is some substantial (al-
though short-lasting) change in the flow charast@&s. Similarly, when the hull ap-
proaches maximum roll, away from the damage (th&mum on the load curve)

there is symmetrical variation in the induced flodnfortunately, although the in-
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formation is there, it cannot be easily extractad tb sampling rate insufficient for
use of the spectral techniques. On the other Hhedsinusoidal fitting is an averag-
ing process and therefore the data carried withdrigharmonics is not completely
lost— it results in the local trend’s variationsresiduals. Obviously, such incomplete

information is of limited use but it indicates ordd magnitude of the higher-order
effects.
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Chapter 6 Analysis of Results

6.1 Introductory remarks

As discussed in the foregoing, the problem of degiforces of hydrodynamic reac-
tion acting on a body moving in or below the freeface of the fluid is often ad-
dressed by means of the linear theory. In a coresesp) motions of the body are re-
quired to be small in order to allow neglectingh®g order velocity-terms. Further-
more, the linearised free-surface condition requiree radiated wave to be of small
steepness (small amplitude to wave-length ratio)dduibtedly, the linear models
have many advantages — they are computationallgieaft, relatively simple and
reasonably accurate in predicting the hydrodynamaction oftypical ship-like ob-
jects. Moreover, linearity of the models allows dmymg the superposition principle
— the usual complexity of the time-domain analysia be eased by approaching the
problem in the frequency domain.

Clearly, the notion ofmall-amplitude motionbears all the drawbacks of arbitrari-

ness. For instance, in the original Frank’s papeartk, 1967) it is stated that

“...] the motion amplitudes and velocities are all srealbugh that all but the linear
terms of the free surface condition, the kinemiadigndary condition on the cylinder,
and the Bernoulli equation may be neglected.

Although not particularly specific, such definiti@sufficient in analytical formula-
tion, where arbitrariness can indeed be an advanfag. customary assumption of
the infinitesimal motion amplitudes). However, whi¢ comes to physical experi-
ments the perception of smallness is differenis ftot dictated by the boundary con-
dition or a conformance with relevant mathematfoaiulae but determined by the
ability to measure the requisite physical entitys lalways desirable to maintain one-
to-one correspondence between the theory and ffeximent but this seldom can be
achieved. Even if most physical constraints co@dtercome, there always are pa-
rameters that could not be controlled and the duisitwhich could not be directly

measured. Finally, there is a question concerniiegnhathematical modelling and
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data processing - the question of uncertainty assest and the inherent necessity
for reasoning on the errors that cannot be fornguigntified.

6.2 Dealing with errors - intact ship

In the theoretical approach, the rigid body is niledeas an impenetrable to the fluid
boundary, a surface upon which certain kinematioaktraints have to hold. Hence,
the body is a massless entity subjected to prestrhotions in the fluid domain.
Furthermore, the velocity field resulting from tim®tion of the wetted surface is in-
duced in the fluid instantaneously as a serieg@dgure impulses, which in the limit
become a continuous function of time. In such afigaration, neither inertia nor
hydrostatic forces have to be accounted for, asydeodynamic reaction is obtained
by means of surface integration of the hydrodyngméssure impressed by the fluid
upon the wetted surface of the body. In a caseaofbnic motions, the derived
forces are usually expressed by means of orthogmmaponents in phase with ac-
celeration and in phase with velocity in the cooatie system corresponding to the
mean position of the wetted surface.

Similarly, in the ‘classical’ experiment, the foscef hydrodynamic reaction are de-
rived from measurements performed on a model undaggorescribed motions but
the measured forces and moments to sustain themiotlude the body’s inertia as
well as hydrostatic forces, which need to be sebtdhfrom the total load recorded.
As the motions of the body are prescribed, the ex@mts on constrained body re-
semble well the configuration of the mathematicatlel. However, some theoretical
assumptionsnustbe violated during the physical tests. Firstlye tieal fluid is vis-
cous and therefore energy is not only radiated ftbensystem but it is also dissi-
pated through friction and eddy making componehts. often assumed that effects
of water viscosityare small for small velocities of the body but agalme notion of
"smallness" is inconveniently arbitrary. In fadtetsignificant deviation of the hy-
drodynamic forces derived experimentally from pcédn is rather a rule than an
exception. As demonstrated by Seah and Yeung atinguor viscosity brings the
theoretical prediction closer to the measured \&($®=ah and Yeung, 2003). Similar
results were reported by Standing in (Standind. e1892).
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Nevertheless, althougim principle impact of the fluid viscosity on the hydrody-
namic quantities is obvious, the question of theuescy of the prediction is still

open particularly in the case of smooth bodies.ec8ipally, the experiments by

Vugts indicate relatively strong dependency of hylirodynamic coefficients on the
amplitude of motion whereas the present measurenséioiwv much lesser sensitivity
to increase in the motion amplitude, at least en¢ase of the intact ship. Similarly,
experiments by Ikeda and Standing show that theous roll damping can be accu-
rately predicted for sections fitted with bilge keer sharp corners but Standing’s
prediction fails in case of the round-cornered isest without bilge keels. It is

unlikely that a simple and straightforward explasatcould be given to these dis-
crepancies but it is possible that in the casenwdath, lightly damped bodies, the
viscous effects are strongly influenced by the esystonfiguration, i.e. presence of
physical constraints.

In forced sway, the model is allowed to move omnlyhe calm-water plane with the
roll constrained. In such configuration, the measwents of the lateral force and the

moment to maintain the constraint are sufficientderiving sway coefficients),,

and coupling coefficients of sway into rp)l,,.

In forced roll, the model undergoes prescribedtimta about a fixed axis — in this

case, sway is the constrained motion. This condigoms allows deriving rol(,),,,
and roll into sway,),, coefficients. Intuitively, if the body is a symmietl cylinder

the symmetry in coupling terms should also be ramed. Furthermore, in both
cases the presence of the constraint results siieglee of freedom oscillations.

In the case of the measurements on the floatingds, the oscillations take place
about the natural, variable, axis of rotation. Bhisrno physical constraint present in
the system and apparently the body has two (if de&an be neglected) degrees of
freedom. Yet, as shown in the foregoing, effectivible system is also a single de-
gree of freedom oscillator. That is because initivestigated case sway and roll

could be linked by means of the identityoAs . The finite relationship between the

coordinates forms a holonomic constraint and tleeeet reduces number of degrees
of freedom. However, during the forced roll abche fixed axis the constraint is no
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longer y=0A¢ buty=0. These two systems are not mechanically equivaknt

maintaining of the different constraints requiréedent forces.

Furthermore, there is a principal difference betwaemerical and physical experi-
ments. Namely, in the former case, the system csepof a fluid domain bounded
(entirely or partially) by a set of surfaces and thetted surface of the body is just
one of the boundaries. The velocity field inside thiid domain is determined by the
physical properties of the fluid and the kinemdtaanditions imposed upon bounda-
ries. The resultant hydrodynamic reaction musilfofit only the boundary condition

on the wetted surface but also the “global’ cownditihaty=0. In the linear theory

approach, where the flow separation cannot occuthmiamplitudes are finite, the
constraint may lead to local singularities in tleenbdary condition on the wetted sur-
face. In fact the integrability issues are inhernthe linear approach and a variant
of such the problem was addressed by Frankho discussed the presence of dis-
crete ‘eigenfrequencies’ in certain formulation28f and 3D potential problems, for
which Green’s equations would fail to provide ugeolutions. Although such the
problem did not have to be caused by the boundangiton on the free surface
alone, one can speculate that in some cases tlstraioty or rather the forces to
maintain the constraint may be a factor determitih@gflow around the wetted sur-
face. Subsequently, the constraint may cause ggnif “deformations” in the pre-
dicted hydrodynamic quantities.

In the physical system the flow separation can obewce, maintaining of the con-
straint may lead to the local flow conditions rémgl in the flow separation, which
might not happen if the constramere different. Noticeably, the fixed-axis experi-
ments discussed in the Chapter 4 show clearlyrtiegisurements are in good agree-
ment with the theory where the system charactesiss “bold”, i.e. for small B/T
ratios, for sharp-rounded hulls or for the modéted with bilge keels. In virtually
all other configurations, large discrepancies o@nd these differences are not only

due to an inaccuracy of the measurements.

% Frank reported the problem after (John, 1950)cétesluded that in case of slender bodies the prob-

lem is practically irrelevant.
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In experiments on the floating body there are nastaints imposed on the system.
The system has six degrees of freedom, but onbetbf these need to be considered.
That is, the excitation — a pure moment - doespnotiuce surge, pitch and yaw of
the cylinder. Furthermore, sinkage resulting framal roll angles did not exceed 1
mm and the heave motion could be neglected. Thg swdion is a consequence of
rolling about the axis lying above the calm-wat&mp. However, as shown earlier
there is aconceptuakonstraint imposed on the system, apparently iciib that of

rolling about a fixed axis of rotatiop=¢OA. The constraint is not physical — we

simply assume that since there is no excitatiothénlateral plane sway is caused by
the roll motion. Therefore, since the coupling ineave can be neglected, the system
can be considered as having two degrees of freedeway and roll. However, es-
tablishing functional relation between sway and roékes the system a single-
degree-of-freedom oscillator. The constraint isviotated by large amount because
it would require large forces although it does lnold exactly- when the phase dif-
ference between the roll and sway motion incredsesway motion becomes more
“independent” and the sway coefficients start @my@ome role. The system still has

single degree of freedom but the conditjorpOA describes the relationship between

roll and sway inaccurately.

The amplitude of sway varies with the frequencyosetillations and it is that the
identity OA=0Gholds at low frequencies. However, maintaining tiandition
would require an additional force as it changesnidweiral path along which the mo-
tion would be realised in the configuration spdostead, the elevation of the axis of
rotation changes — a striking example of the ppiecof least action.

There can be another constraint imposed on themystthe assumed symmetry of

(.),,and(),, coefficients. The first question is whether sucfoimation can be ac-

quired from the forced roll experiments performextioe floating body. The question
is valid as it determines the form of equationsraftion. The second question is
whether assuming the symmetry is appropriate tordesthe mechanical system in
guestion. Eventually, the constraint has been d¥dpp it has been postulated that
such information cannot be derived without perfargnadditional sway experiments.
It has been reasoned — based on comparison @&fdddld inertia and damping coeffi-
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cients — that the symmetry assumption resultechimraealistic prediction of these

two coefficients.

In any case, there is a certain ambiguity in expenitally derived hydrodynamic.
This derives directly from the fact that the axigaation does not lie in the calm-
water plane. From the point of view of the rigiddlgaconfiguration, it does not really
matter how we describe the motion — whether itasglation of the body-fixed ori-
gin followed by a rotation about that point, or wher it is pure rotation about some
elevated axis of rotation. However, since sway artesultsfrom roll and both mo-
tions are practically in phase - how to distinguigitween components in phase with

lateral and angular accelerations?

In his report, Vugts provided the equations he eygd for deriving the estimates of
hydrodynamic coefficients for rolling about a fixagis passing through the centre of

gravity of the model ©G. In particular the,,anda,, were given as

YoscCOS &
a, = ‘—2?( Y) -m
(6.1)
ay, = _YoscC0S(£y) -0Ga,
24 2¢ 22

whereY,,Stands for amplitude of the horizontal forgas phase angle between the

force and swayy andg, denote amplitude of sway and roll, respectively.

Resolving both equations fe%“%os(ﬂ)and combining the expressions yields in
the following
Y_Ae -y
a,,| =-0G|-a,,==—m (6.2)
22(¢ ] 24 ¢

However, when the cylinder oscillates about thediaxis of rotation the expression

[%—J;Jvanishes and hence the coupling term cannot depetitea,, coefficient.

114



Regarding the axis of rotation, Balcer showed & per (Balcer, 2004) that the
vertical position of the axis of rotation above ttsdm-water surface is in the case of
two degrees of freedom given as

OA= mOG- a,

m+ &,

(6.3)

However, taking the experimental resultsdaanda],,, and solving the equation for

247
ay,resulted approximately 3, = m. Therefore, it is proposed to modify the formula,

so the following holds (for a cylinder rolling imdisturbed free surface)

OA= mO_G—[ 424 =1[O_G—[ 6]24} (6.4)
2m 2 m
In this case, the following should hold, at leastdmall roll angles
—mloc_208 = d e oY
[a],, = m(0G-20A = rr( 0G- 25] (6.5)

Obviously, the modification to the Balcer’s equatiwas arbitrary and should not be

generalised but it shows the physical significaoténefa],,. That is, it shows that
the axis of rotation was completely determined by toupling terrfa],,and the

model’'s mass distribution.
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degrees roll.

Interestingly, the original formula presented byldga gives the correct prediction
when applied to the results obtained with the presisymmetry in coupling coeffi-

cients but with[a,,] zero.

6.3 Key findings

The key findings (valid in the particular case ¢ée3tcould be summarised as follows:

* The system, i.e. the unconstrained cylindrical bfmiged to roll in the undis-
turbed free surface, is a single degree of freedeaillator. This is a conse-

guence of the holonomic constrajnt gOA.
« The roll motion is practically unaffected by swayefficients(.),,and(.),, .

« The cylinder is rolling about theatural axis of rotation lying in distancs
above the calm-water plane.
« Elevation of natural the axis of rotati@®, is completely determined by the

coupling term of added inertfa],,, mass of the cylinder and vertical position

247
of its centre of gravitpG. There is no indication that damping has any im-
pact on the roll axis, although this may not neaglyshold in principle. Ele-

vation of the axis is a function of frequency. layrbe dependent on motion
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amplitude (although there is no such evidencegfeshdency on amplitude is
observed ifa,,.

» The damping term in coupling of roll-into-swéy),, determines the phase

difference between roll and sway. When the damgsrigw, the lateral com-
ponent of the hydrodynamic reaction is completedyedmined by terms in
phase with roll acceleration and velocity. As damgpincreases, correction
terms appear in phase with sway acceleration alotithe These corrective

terms are of much smaller magnitude than the prex(i,, and(.),, terms.

* The question of symmetry of coupling terms cannetalmswered without
dedicated sway experiments

6.4 Dealing with Errors- Damaged Ship

It is apparent that the above conclusions shoalgrinciple, hold also in the case of
the flooded cylinder. Nevertheless, the measuresnentthe flooded cylinder pro-
vided some interesting observations, as briefeovibel

Firstly, the asymmetry in a pressure distributiare do the presence of the damage
opening causes significant drift at some, relayiNnebad, frequency range.

The damping characteristics become bimodal. Atltweer frequency range, it is

dominated by the ‘hull dynamics’. As the frequemagreases towards the first natu-
ral frequency of sloshing the damping increasemdt®ally — its magnitude is about
ten-fold larger than the maximum observed at loggliencies. Subsequently, the
increase in motion amplitude (RAO) is almost nablg Furthermore, the hydrody-

namic coefficients exhibit a slight nonlinearitytbedugh the nonlinear behaviour is
somehow smaller than expected.

As in the intact condition, the system has a sinlglgree of freedom, but the impact
of sway is much more pronounced, particularly aslsing resonance and higher fre-
guencies. This is a consequence of a much largeliog term in damping and cor-

responding phase difference between roll and sway.
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Most importantly, the flow viscosity starts to plaignificant role, particularly during

the high-frequency oscillations. At >1.5work of dissipative forces is positive — en-

ergy in the system increases. This is because agmpithe principal mode of mo-
tion — roll — becomes negative and the increagbdrcoupling term is insufficient to
maintain the balance. The mathematical model usedetive the coefficients as-
sumed that the dissipative force is a linear fofrvedocity (Rayleigh’s dissipation
function in mechanical system or the symmetric parhe velocity gradient tensor
in viscous flow formulation). Clearly, such a dagtion is insufficient — the energy
dissipation function must involve higher order terfaurthermore, the phase jump in
both roll and sway observed at this frequency imidis that an abrupt change in the

mechanism of vortex shedding must have taken place.

However, it has been concluded that this compleenpmena cannot be fully inves-

tigated by the adopted research methodology. Safoemation, although present in

the recordings, could not be retrieved from theréed signals because of the insuf-
ficient sampling rate but some quantities were metsured at all (e.g. waves pat-
terns). On the other hand, the complexity of obsgrphenomena requires much
more systematic studies, where scale of individaetis could be properly assessed.
In the case of the damaged ship, there are mangréato be taken into account —
such as shape, size and configuration of the ogesmd the flooded compartment,
an effect of end conditions or mass propertiehefrhodel. Furthermore, some fun-
damental questions cannot be answered without nmeirfg of a dedicated forced

sway experiment.

It has been anticipated that behaviour of a damaggul must deviate significantly

from that observed in the intact condition. This l@en confirmed by the measure-
ments but on the other hand, there is very litdlertap in what was expected and
what was observed. In particular, the observedesahhonlinearity did not meet the

anticipation — before commencing the experimerttsyas thought that sloshing

might have some very significant impact on the rediponse. It clearly has but it ap-
pears that the impact of higher-order effects wiasnished to some extent by the
sloshing-induced drift.
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Furthermore, it had been expected that the asymroéthe model (e.g. large open-
ing) would result in a strong non-harmonic respohsgeed, as discussed in the pre-
vious chapter, the measured moment to sustain me#s periodic but not harmonic
at some frequencies but the deviations from thgleifrequency response assump-
tion were relatively small. Nevertheless, the tini&oriescontainvaluable informa-
tion about instantaneous changes in the flow patter the course of data post-
processing, the information is lost but if the séingpfrequency were higher, the data
could provide high-quality figures for studying tbemplex nature of the flow. This
could be particularly useful while comparing th@esimental results with CFD pre-
diction and therefore the issue of sampling fregyeshould be taken into account in

future studies.
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Chapter 7 Conclusions and future work

7.1 Summary

The present research shows significant discrepaiti@éveen the linear theory pre-
diction and measurements in roll hydrodynamicsdauilar discrepancies are dem-
onstrated by another experimental works. An atteropld be made to calculate the
viscous corrections but it is unlikely that correetterms, would bridge the gap. Ob-
viously, there is a possibility that neglecting thscous effects combined with the

measurements error results in these substantfareiiices. However, the results are
very consistent and therefore the differences waalde to occur due to some sys-
tematic error. On the other hand, similar discrepEmare experienced in the most
experimental works on roll hydrodynamics, thus iy be that the linear theory is

deficient. Alternatively, it could be that the thetical and experimental problems
are different, or, as put by professor Pawlowskirwate discussion

“[...] in my opinion, the linear approach is consisterthweality as long as we do

not make conceptual errors s applicatiori

Hence, assuming that the linear theory is congistéh reality what are thoseon-

ceptualerrors?

The research behind this thesis cannot provide engwthis question. It can only

indicate possible sources of discrepancies.

Firstly, in the analytical approach, we considedividual modes of motion sepa-
rately — the wetted surface is subjected to a singdde oscillations. Such configura-
tion is usually reproduced during the fixed-axigilbstions. Nevertheless, from the
perspective of a floating body the configuratiomisficial. A cylinder (to stay in the
realm of two dimensions) of an arbitrary cross4isectand an arbitrary centre of
gravity will not realise the single mode oscillatso In the case studied here there
were two modes of oscillations — sway and rolw#s demonstrated that from the
mechanical perspective the oscillations were dflsinlegree of freedom as the sway

motion was completely determined by roll. The syst&as kinematically con-
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strained and it was stated that the forces necge$samaintain the constraint are
strong. In the investigated system, the only stréoiges are inertia and restoring,
both dependent on the mass distribution. The ptassearch and the CFD studies
(Gao et al., 2011a) indicate that in the unconsthimotion the hydrodynamic ef-
fects have different scale than in oscillationswhibe fixed axis. It would be specu-
lative to judge to what extent these discrepanarescaused by the viscous effects
but it is worth considering whether the strong needrities reported in some ex-
periments are not caused by the physical constra@sulting from the fixed axis of
rotation. In fact, Ikeda carried out some of itpemments on vertical cylinders to

minimise the impact of restoring and buoyancy oasaeements.

Finally there is an interesting question concernimg tensor character of the added
inertia and damping matrices as discussed in ($adaygl Incecik, 2005). Sadeghi
and Incecik considered thesadded inertia and damping matrices as partitionad m
trices comprising of3x3block. They tested characters of the these blookiscan-
cluded that some of them transformed like tenssosne like pseudotensors and
some were just matrices. However, when the prolderaduced to the natural con-
figuration of the sway-heave-roll (as in the présesearch) thexamatrices in the
equation of motion are second-order tensors. Tdlisws directly from the quotient
rule. Therefore, in the natural configuration tlgg&ions of motion are invariant un-
der coordinate transformation. They hold in anyrieaof reference. It is noteworthy
that after the heave motion was neglected, theesydiecame a single degree of
freedom oscillator. The single equation of motioasvagain expressed terms of ten-
sor quantities. These simple facts are additiamditation that the configuration of a
system is very important. Irrespective of whetheg system is subjected to the
physical tests or to the analytical treatment, degafrom the natural configuration
introduce a risk that the measurements and theythetd diverge. The research pre-
sented here was also an adventure that startestinray desire to find similarities in
the experiment and the theoretical prediction bbappened that:

“[...] he expected to find Piglet warming his toes in frohhs fire, but to his sur-
prise he saw that the door was open, and the meredked inside the more Piglet
wasn't theré€’ (A.A. Milne: The House at Pooh Corner
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7.2

Conclusions

All the objectives have been met. In particular:

The gyroscopic roll generator proved to be readdwtrollable device pro-
ducing pure, virtually harmonic, roll moment. Tmgtial problems with stiff-
ness of the apparatus required only minor amendsrfetiowing which the
device performed very well within entire range @ddls.

The measurements were very difficult with particyd@oblems concerning
uncertainty in the phase angle estimation (caugelrandom time latency of
the motion capture system). This has been resdiyeeimploying of an ac-
celerometer as a reference for phase lag derivation

Results of the final stage of measurements canifensirised as follows

In the tested configuration, the measured hydroehyniaeaction (particularly
damping) was very small which resulted in the reddy large uncertainties.
Although it was anticipated that viscous effectglmiplay significant role the
experimentally derived coefficients exhibit weakpdedency on roll ampli-
tude (within the tested range).

Results obtained for the flooded cylinder indicateid change in the vortex-
shedding pattern observed at high frequencies wiihergphase jump occurs
and the mathematical model inappropriately pointshe negative work of
dissipative forces.

During the damaged ship measurements, significafitod the model is ob-
served at frequencies in proximity of the sloshiegonance. Impact of the
drift on the hydrodynamic reaction cannot be eaasgessed but it is pre-
sumed that it might be significant if tests arefgened on a constrained
model.

The differences between theory and experiment areasily explainable but
there is an indication that the difference may be tb the system configura-
tion in theoretical treatment and during the expents. In principle, during
physical tests a floating body oscillates about ‘ttegural’ axis of rotation.

Elevation of the axis varies with frequency andaesermined by the position
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of the centre of gravity of the body and coupliegn (roll into sway) in the
added inertia. Therefore, in ‘natural’ configuratidody cannot oscillate
about ‘theoretical’ axis lying in the calm-wateapé without imposing addi-
tional constraints.

* Results show clearly that the tested model was@esdegree of freedom os-
cillator. Entire sway contribution is rendered I tcoupling coefficients of

roll-into-sway.

7.3 Future work

The systematic research involving both CFD and exmntal techniques is needed

to address points raised in this thesis. In pdericu

* Experiments should be performed on constraineduandnstrained model

* Roll experiments should be supplemented with fosygdy measurements

* Experiments should be performed on cylinders dirdis shapes

» Study on viscous effects require broader rangelbdmplitudes

» Effect of bilge keels should be investigated omaconstrained body

* Experiments in flooded condition should allow tegtin various configura-
tions (geometries) of the flooded compartments simould involve varia-
tions in opening size

» Direct comparison with theory is possible only whaanfiguration of the
system is preserved by both methods. For that nets® vertical centre of
gravity of the model should be adjusted in ordgvedorm oscillations about

axis lying in the calm-water plane
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Appendix A Forcing mechanism

A.1Design

An idea of using gyroscope to generate (or to cenawct to) rolling moment is
not entirely new. Such a device was built and ssgfedly run at British Maritime
Technology Ltd. during 1980’s (Spouge et al., 19&6arry out the experiments
with large amplitude roll in calm water. The gyrop& devices are also in use at the
Vienna Model Basin (SVA) in Austria and at the MARIn Netherlands.

A principal advantage of using gyroscopic roll geators for calm water tests
is that the model can be oscillated by an intedesice. Among the others, this fea-
ture allows the model to oscillate around “natufditermined by hull geometry and
its hydrodynamic characteristic) axis of rotafib(Balcer, 2004), which is of utmost
importance if unsteady states or dynamics of systemth time-varying configura-

tion (e.g. ship subjected to progressive floodigp to be investigated.

Major downside of gyro-based forcing apparatuads it, principally, allows
generating only single degree of freedom angulaflasons. Furthermore, setting
desired amplitude of motions involves usually ‘ttaad error” approach. Neverthe-
less, performing measurements on freely floatingyboffers great opportunity to
study dynamics of rolling motion of damaged shiphi@ most natural conditions and
this seem to overrule other drawbacks of the ambr.oa

A.1.1Mechanical principles

The mechanical principles of the gyroscopic rohgmator are very simple. They are
based on a well-known fact that if the directiorntlo spin axis (of an axially- sym-

metrical body) is being changed (so-called torquatuced precession) a reaction

It is thought that constraining the model mayadtrce various changes to the flow around the body
of difficult to assess impact on hydrodynamics.sTisi particularly important during large amplitude

motions or in a case of a flooded body.
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force (moment) will be induced. The reaction isgodional to the rate of change of

the angular momentum (caused by the angular dispiant of the spin axis).

Schematic picture of the two-axis gyro is preseimetie figurea.1.1

Fig. A.1.1 Coordinate frames used to derive equations of motio

A rotor of the gyroscope is pivoted in the innemgal, which in turn is allowed for
an angular displacement within the outer gimbat. é@nvenience, equations of mo-
tion of the system are usually expressed with diskree distinct co-ordinate frames,

as shown in the figure1.1

Fig. A.1.2: Free-body diagram for system r(otor)+[inner]g(imbal
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The system can be decomposed on two subsystestsdimprising the rotor and the
inner gimbal and the second made up of the rotdrbarth gimbal®. Free-body dia-
grams of these sub-systems are shown below

o
r

Fig. A.1.3: Free-body diagram of the system r+g+o(uter gimbal).

Angular velocities of the gimbals can be converjeexpressed as

oF =ye,

. (A.1.1)
Q" =Q"" +QF = e, +ye,

where a denotes inner subsystem (rotor+inner gimlbajenotes rotor, and refers
to the outer frame.

Inertial forces of the system components can beesged by means of a vector
equations

r_d r _ar a r
-M, —E(L )_L +09 xH

d

_Mig =_(|_g)=|_9+gﬂx|_g (A12)
dt

-M° =%(L°) = Lﬁ°+9ﬁ xL°

where m, denote inertial moments, stands for angutamemtum,r, g ando de-

note rotor, inner system (rotor+inner gimbal) andieo ¢+g+0) system respectively.

% More detailed derivation of the mathematical mamel be found in (Cannon, 1967).
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Greek indices above the symbols of angular momer{tuinindicate time deriva-

tives computed with respect to appropriate refezdraomes.

With the help of figuren.1.1 equations of equilibrium for the inner and outenlgpls

can be defined as

for system # g

(), =o=(o +me) v,

for system & g+ 0
(ZM)Z :Oz(Mi' +M,8 +Mi0)z +M,

(A.1.3)

Time derivatives of the angular momentum in theatiogy frames of refernce are

given as

a
L' =3,/ (- sine-yb cosd)e, + 3, de,+ 3] (¢ cod-yb sid)e,
a

L9=J,9 (—zﬂsine—wé co:aé?)eX +J%6e + 3] (zp co$ -6 siﬂ)e . (A.1.4)

B
L® =3, e,

The vector products can be expanded as

Q7 xL' =z,//8'(JZr —Jyr)coseex+(z//2(J; - J;) sind cog+ Jin co&)e 7

+(wg(fo—Jyr sinH—J){érl)ez (A.1.5)

Q7 L9 =y(3,9-3,%)coste, +¢?( 3,8~ 3,9) sirg cose +p( 3,2~ 3,9) sifle ,

Qfx1°=0

whereJ denotes mass moment of inertia of the rotprifiner gimbal ) and outer
gimbal (hull) ©) with respect to appropriate axes (subscript Eg)ic

The above equations can be further simplified \welp of the following identities

D D D D
J+39=3, J'+39= J+39=3 JOm | (A.1.6)
X X X z z X

9
y y J

X z

whereh stands for constant “spin” momentum of the rotor.
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Equations (A.1.4), (A.1.5) and (A.1.6) can be sitnsd into (A.1.3), which leads to
the set of two scalar equations

63, +y?(3,- J,)sinf cosH+yh cod = M,

@(3,008 6+ 3, sit6+ 1) -Ohcod+ LI~ L)yb sifl cds= M, (AL.7)
The above equations determine configuration of glyeoscopic mechanism for
forced roll experiments. That is, the gyroscopeushbe fitted to the hull model with
the OZ axis parallel to the roll axis. The outer gimblabsld be rigidly connected to
the model while the inner gimbal should be displaaéth the torqueMy, (aboutOY
axis). Thus, given that there is no external monagpiied about axi®Z (M:=0), the
second equation of the (A.1.7) could be rewrittethe form

(3,008 0+ 3, st 6+ 3,°)+ 43,- )b si® co8=6h cab (A.1.8)

The RHS of the above equation represents the (feadt@ rolling moment and the

LHS corresponds to hull respoASe

However, careful investigation of the equationsl(A) and (A.1.5) reveals that sin-
gle gyroscope would also produce a moment compatsnit theOX axis. In order
to cancel this undesired coupling second gyrosadpbe same inertia parameters
has to be fitted to the model — its rotor’s premesand spin equal in magnitude but
opposite in direction to the precession and spitheffirst gyroscope. The rolling
moment produced by the coupled gyroscopes withnkatigal constrainn is

given as

M couptea(t ¢ (t) = 0) = 26h cosd (A.1.9)

The kinematic constrain imposed on the system lisl wanly for conditions of sta-

tionary calibration, and therefore during actudlimg the quadratic and douBfean-

% This equation describes motion of the pivoted halling aboutOZ axis. In the case of single DoF
oscillations of a floating body it should be suppénted with corresponding added inertia, damping
and restoring forces.

" Productssin@cosé
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gle harmonic terms in the equation (A.1.7) wouldpbesent. Their impact on actual
forcing moment can be assessed as shown in tlosvialj section.

A.1.2Design

The design objectives had been primarily pre-deffiog the fact that the existing

model was to be used in the experiment. Total degyhent of the model was about
150 kg at the hull mass of about 50 kg. This lishieaximum mass of the device to
about 50 kg (the reserve of 50kg was necessargdonamodate for the floodwater

inside the flooded compartment). The mechanismnegaired to generate the roll-

ing moment (at roll amplitude 2 degrees) within-8.HZ® frequency range. The

maximum rotors’ speed should not exceed 10 000 rpm.

HULL

SPEED DC MOTOR

TIMING BELT

TRANSMISSION

Fig. A.1.4: Design concept

The calculations based on the predicted hydrodymami hydrostatic properties of
the model indicated that two rotors of mass Skghesud spinning at rate of 7 000
rpm should generate sufficient momentum to maintianrequired roll amplitude at

28 Upper boundary used for strength calculationsoraan actual rolling experiment.
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the lowest frequency. For safety reasons rotossg decided to enclose rotors in the

thick-walled aluminium casings.

In order to maintain equal precession of the gimlaasynchronous belt transmission
driven by one DC motor was used. In order to reduass of the device it was de-
cided not to use any additional reduction gearkoth@ motor shaft and therefore
gear ratio had been determined by the size of grpinleys (~1:43°.

The rotors were directly driven by small, high sp€@000 rpm at 100V), DC mo-
tors. Power feed and control signals were transchitb motors through the low-

noise slip rings with gold-on-gold contacts.

Transmission and gimbals bearing housings weredfitb the side plates of the

bolted aluminium case (frame).

The assembled device had maximum dimensions of38Xx220 mm (these include
transmission and slip rings). Mass of the genemitbnot exceed 50 kg.

Special attention was paid to the fitting of thevide to the model — in order to

minimise possibility of lateral loads on the loaglt¢he gyro was pivoted on a sepa-
rate frame (with bearings axis lying in the cergl@re of the model) with rotation

about the pivoting axis constrained by the traneduthe frame was then fixed to
the top of the model. Another advantage of the goigowas that it allowed for some

adjustments in the vertical position of centre cdvify of the model — the mecha-
nism could be fixed to either side of the frame #metefore about 1/3 of the model
mass can be easily moved by about 60 mm in a aédiection.

Gimbals and rotors were design in a way ensurirgdigible contribution of quad-

ratic and double angle harmonic terms to the géegranoment (see equation
(A.1.7)). The estimates show that the magnitudéh@fperiodic inertia variations was
about 0.006 and 0.013 kgrfor the quadratic and double-angle terms respelgtiv

29 At later stages, the low-speed DC motor has beplaced with digitally controlled AC motor fitted

with 1:10 mechanical gearbox.
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(calculated about the axes of precessfbriyhis corresponds to about 0.06 and
0.12% of the dry hull inertia. Therefore, it candssumed that impact of the instan-

taneous changes of inertia is negligible.

A.1.30perational aspects

The first runs of the mechanism showed that thecdewas easy to set and control-
lable. Nevertheless, the deployment phase expasabder of problems that could be
split into two categories: mechanical and contedéted. Mechanically, the gyro-
scope’s case proved to be insufficiently stiff atsckwisting could be observed even
at moderate loads. Furthermore, use of single &&gm fitted on the pivoting shaft
led to a damage of the keyway connection. The problwere resolved by reinforc-
ing middle part of the case frame and fitting agqtee arm made of thick L-shaped
plate fixed to the side of the case at the reimfgycib.

The control related problems had serious operdtiomalications. Most importantly,
the drives for the high speed motors recommendetthdynotors’ manufacturer al-
lowed for running them with only 70% of nominal sdg(4900 instead of 7000 rpm)
reducing output moment at the lowest (and mostiahutrequencies from expected
7.41t0 5.2 Nm.

Furthermore, the controllers did not perform welhgher gain settings. It was very
difficult to tune (synchronise) the gyroscopes t@nms of gain-current couple set-
tings needed to attain the same acceleration-datiele pattern at dynamic load
changes). Eventually it was decided to use the maxi safe settings for gain but
“by-pass” the controllers and use the power supplie order to set the voltage and

to control the speed adjustment dynamics.

30 Although gyroscopes are balanced, during gimbalsition (precession) the mass distribution of
the hull with fitted gyroscopes changes. This posdutime variations of the total inertia about roll
axis.

31 The drives kept tripping the motors while accdiagaat the high gain/current settings. This often
led to some potentially dangerous situations withdeh suddenly forced to conical motion (roll in-

phase with yaw).
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Another difficulty related to high-speed motors whs lack of control dynamics in
the feedback loop observable particularly at loseeeds. This can be solely en-
dorsed to the fact that Hall sensors instead afaligncoders were used for speed
feedback.

Low-speed motor (driving synchronous transmissiaoyked generally very well,
except predictable difficulties while running atrydow speeds. However, bearing in
mind that target minimal roll frequency corresponds0.1 Hz, it requires, at gear
ratio 1:4, the motor to run with 24 rpm. During hiffequency runs, the only ob-
served issue was acoustic noise of the transmisslewertheless, due to winding
damage, the low-speed motor had to be replaced amtAC motor fitted with the
1:10 mechanical gearbox (the results presenteddnerebtained with use of this mo-
tor). This undesired change in the configuratisulied in much better operability of
the device over the whole frequency range.

The single point force measurement proved to beadrtbe most reliable compo-
nents. The force measurements were performed wgighal a simple 500Ib strain
transducer calibrated over entire range. It is@&sbthat due to plain construction of
the gauge the readings were satisfactorily preaigkeunaffected by transducer’s own
inertia and damping.

300

250

200

Force ampl. [N]

I

T T
2 3 4 5 6 7 8
Force freq. [rad/sec]

Fig. A.1.5: Characteristics of the forcing mechanism obtaif@drotors’ spin within range 500-4000 rpm with
500 rpm step.

The by-passing (the term is used here colloquiafygontrollers means that drives’ output current
was limited by the supply output. This temporarjuon worked well and such arrangement pre-

vented accidental overloads and subsequent urioneahtripping of the motors.
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A.2 Construction
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Appendix B Results summary

Intact, 2 deg, symmetric coefficients

Frequency Moment ampl. Moment phase Roll ampl. Roll phase Sway ampl. Sway phase Drift

Run name [rad/s] [Nm] [deg] [deg] [deg] [mm] [deg] [mm/s]
Run21 6.0049 8.5559 276.1963 2.0604 99.473 1.8667 87.1666 -0.3712
Run23 4.1236 0.5311 120.2816 3.1971 -42.3 3.4982 -50.9887 0.646
Run24 3.6656 1.5633 -7.1666 2.6524 -9.6271 3.1471 -9.8798 0.0087
Run26 7.4375 16.5065 1063.0464 2.0227 884.4209 1.6611 877.7362 0.228
Run27 8.0476 24.2383 232.8645 2.3741 54.1825 2.073 52.2858 0.6412
Run30 10.6458 39.8077 146.8878 1.9152 -32.5304 1.4985 -29.6223 -0.0391
Run31 10.6431 39.8263 210.2713 1.9429 30.6819 1.2427 40.3092 0.0078
Run35 8.3099 25.0593 128.9789 2.2663 -49.5642 2.0182 -51.1932 0.1565
Run36 8.4547 25.5953 122.485 2.2103 -56.2631 1.9657 -56.7854 0.0017
Run37 7.2786 16.4308 210.6466 2.1558 32.3829 2.0154 26.8907 0.0186
Run38 7.2809 16.4167 306.5093 2.1414 128.5207 2.0539 123.1893 0.153
Run39 2.1808 6.1806 -168.4813 2.5311 -168.3983 2.9019 -167.1329 -0.027
Run45 5.4712 5.8162 126.3054 2.0401 -50.0651 2.2929 -60.6284 0.0399
Run46 5.4669 5.8244 308.2113 2.0219 131.5566 2.2621 122.8626 -0.0587
Run48 5.3834 5.4619 250.2858 2.0281 74.5024 1.959 66.6394 0.0685
Run50 5.18 4.6401 34.046 2.0894 -141.301 2.0212 -150.2524 0.0508
Run52 4.8118 3.3744 42.7634 2.3384 -132.6366 2.7366 -140.3603 0.0044

[a22] [a24] [a42] [a44] [b22] [b24] [b42] [ba4] Dissipation work
[kg] [kg.m] [kg.m] [kg.m"2] [ke/s] [kg.m/s] [kg.m/s] [kg.m"2/s] 0}

-0.622 1.8 1.8 1.2168 -0.5568 -10.3467 -10.3467 3.3362 -0.0558
-0.2486 0.0188 0.0188 1.2452 -0.4073 -6.0869 -6.0869 1.4712 -0.0288
-0.0696 -0.9329 -0.9329 1.2916 -0.0135 -0.1714 -0.1714 0.4189 -0.0098
-0.1577 2.4012 2.4012 1.2057 -0.2966 -6.3674 -6.3674 2.0969 -0.0437
0.0603 1.8783 1.8783 1.3397 -0.1089 -2.0849 -2.0849 1.8798 -0.0725
0.0279 2.7 2.7 1.4876 0.1681 3.7897 3.7897 0.7969 -0.0425
-0.5182 4.0748 4.0748 1.2338 0.3701 10.1808 10.1808 0.0545 -0.0304
0.059 1.7215 1.7215 1.3163 -0.1034 -1.8853 -1.8853 2.1322 -0.0792
0.0815 1.7281 1.7281 1.3311 -0.036 -0.6143 -0.6143 1.7773 -0.0678
-0.1577 1.3693 1.3693 1.2487 -0.3186 -5.8282 -5.8282 2.4404 -0.0589
-0.1679 1.1509 1.1509 1.3122 -0.3217 -5.8059 -5.8059 2.7491 -0.0675
-0.0394 -0.5733 -0.5733 0.0375 0.0329 0.4938 0.4938 -0.158 0.0012
-0.6901 -0.1624 -0.1624 1.3681 -0.6502 -10.0416 -10.0416 3.167 -0.0412
-0.4732 -0.1852 -0.1852 1.4539 -0.5366 -8.2468 -8.2468 2.8127 -0.0378
-0.2134 1.1365 1.1365 1.297 -0.3569 -6.3628 -6.3628 2.8047 -0.0446
-0.2655 1.1507 1.1507 1.2332 -0.3911 -6.9714 -6.9714 2.757 -0.0431
-0.3568 -0.674 -0.674 1.4066 -0.457 -6.7534 -6.7534 2.2776 -0.0347
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Intact, 5 deg, asymmetric coefficients

Frequency Moment ampl. Moment phase Roll ampl. Roll phase Sway ampl. Sway phase Drift

Run name [rad/s] [Nm] [deg] [deg] [deg] [mm] [deg] [mm/s]
Run98 8.0737 43.9378 215.8886 4.3263 37.003 3.7605 34.2842 0.1851
Run96 7.5076 38.8023 261.2656 4.6602 82.7929 3.6138 76.1269 -0.0978
Run93 5.6618 16.8834 319.1751 5.1177 142.7281 5.3436 131.9243 -0.1198
Run92 2.5472 9.8118 -69.1908 4.7221 -69.5738 5.5121 -69.3634 0.078
Run91 2.5484 9.7956 -1218.7401 4.7247 -1219.1262 5.5337 -1219.1674 0.0574
Run90 2.7134 8.5672 -35.638 4.5004 -36.0372 5.2095 -34.8099 0.1023
Run89 2.7081 8.4458 149.7945 4.457 149.6209 5.1461 150.1623 0.2075
Run87 3.1881 5.659 35.3565 4.3136 34.4887 4.8445 33.059 0.0543
Run86 3.1868 5.6372 101.8391 4.3411 101.3058 4.8702 99.5947 0.1514
Run85 3.5402 4.5928 -29.9877 5.7614 -31.2388 6.8892 -31.194 0.0035
Rung4 3.5437 4.2942 136.3702 5.4413 134.7278 6.2843 134.801 -0.0579
Run83 3.5941 2.6294 103.5976 3.7632 100.9605 4.5593 97.7575 0.0222
Run79 4.0108 0.3411 583.4946 4.2415 529.957 4.8959 523.4239 0.1849
Run77 4.1395 0.9275 127.1989 5.3242 -31.3229 6.134 -38.4461 0.4356
Run76 4.1401 0.9491 315.9371 5.2771 154.7185 6.2177 147.7556 0.2536
Run75 4.3197 2.5218 302.1382 4.9142 129.3043 5.8734 123.4149 0.0596
Run72 4.5478 4.6553 143.7834 5.1684 -31.0748 5.7849 -38.9663 0.0466
Run71 4.545 4.6516 172.5915 5.1339 -2.9272 5.8806 -9.2716 -0.0981
Run70 4.8946 7.5851 65.2651 4.7339 -110.2497 5.2704 -120.3101 -0.0347
Run69 4.89 7.5583 232.7061 4.6872 57.3664 4.9831 48.2956 -0.0186
Run68 4.865 7.4514 340.3992 4.8374 165.0714 4.941 155.3348 0.1022
Run67 5.0912 10.1162 51.7428 5.0176 -124.1916 5.1602 -134.1049 0.2693
Run66 5.0903 10.1025 67.3575 5.0296 -108.1622 5.1163 -118.3201 0.0225
Run65 5.1351 10.2807 121.6351 4.8609 -53.9729 5.2088 -64.6371 0.1338
Run63 5.3231 12.8405 269.0458 5.1026 93.0457 5.3195 83.3577 0.8434
Run62 5.3431 12.819 35.4505 5.0169 -140.8939 5.3567 -150.4684 0.4729
Run61 6.0507 19.8772 240.3902 4.7074 63.3306 4.665 52.9651 1.2065

[a22] [a24] [a42] [a44] [b22] [b24] [b42] [b44] Dissipation work
[kg] [kg.m] [kg.m] [kg-m"2] [ke/s] [kg.m/s] [kg.m/s] [kg.m"2/s] 0}

-0.3492 -5.8778 0.1137 1.6929 -0.1462 -2.9766 0.0764 1.5448 -0.2025
-0.4174 -4.1543 0.144 1.5488 -0.2648 -6.0437 0.0855 1.9543 -0.2638
-1.1436 -8.8195 0.2793 1.9028 -0.5645 -9.8494 0.1521 2.6386 -0.2933
-0.75 -11.2139 0.0772 1.157 0.0045 0.0973 0.0207 0.3045 -0.017
-0.7572 -11.2842 0.0802 1.1942 -0.0028 -0.019 0.0212 0.3139 -0.0171
-0.7341 -11.0368 0.0794 1.2115 0.0348 0.5992 0.0166 0.2391 -0.0147
-0.7272 -10.9863 0.0869 1.3161 0.0131 0.2634 0.0072 0.1036 -0.0063
-0.6744 -10.4211 0.0978 1.4872 -0.045 -0.7963 0.0253 0.4066 -0.0203
-0.6739 -10.3985 0.1024 1.5681 -0.0526 -0.9516 0.0164 0.2774 -0.0125
-0.8034 -11.7268 0.1264 1.8457 0.0018 0.0294 0.0191 0.2784 -0.0317
-0.7277 -10.9974 0.1182 1.7883 0.0028 0.0465 0.024 0.361 -0.0367
-0.8604 -11.979 0.1456 1.9686 -0.1366 -2.1643 0.0435 0.6593 -0.0249
-0.858 -10.9051 0.1621 1.9032 -0.2856 -4.688 0.0764 1.2275 -0.0637
-0.8894 -10.8567 0.1654 1.8917 -0.3303 -5.2607 0.0781 1.2232 -0.0991
-0.937 -11.3239 0.1704 1.961 -0.3263 -5.2594 0.0723 1.1499 -0.0884
-0.9363 -11.6467 0.1775 2.0869 -0.3008 -4.7104 0.0757 1.1649 -0.0846
-0.9002 -10.2514 0.176 1.8831 -0.3761 -6.2187 0.086 1.4077 -0.1182
-0.8702 -10.7541 0.1682 1.9621 -0.316 -5.1191 0.0763 1.2216 -0.1022
-1.0941 -10.0725 0.2312 1.9504 -0.5078 -8.4604 0.1206 1.9927 -0.154
-0.8971 -9.2189 0.2077 1.9164 -0.421 -7.2959 0.1146 1.9675 -0.1577
-0.8485 -8.4616 0.1953 1.7962 -0.4126 -7.4853 0.1057 1.9046 -0.161
-0.9124 -8.5789 0.2137 1.8403 -0.4514 -8.0249 0.117 2.0686 -0.1973
-0.9058 -8.3735 0.2202 1.8072 -0.4499 -8.1309 0.1242 2.2263 -0.2175
-1.0901 -9.313 0.2526 1.9184 -0.5296 -9.0524 0.1384 2.3463 -0.2098
-0.9648 -8.8329 0.237 1.8702 -0.4544 -8.3123 0.131 2.371 -0.2504
-1.0188 -9.2815 0.237 1.903 -0.4927 -8.44 0.1322 2.2484 -0.2246
-1.0343 -7.8925 0.26 1.8009 -0.5083 -9.6007 0.1372 2.5784 -0.2628
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Run name
Run107
Run110
Run112
Run113
Run114
Run118
Run121
Run122
Run123
Run124
Run125
Run126
Run127
Run128
Run129
Run136
Run137
Run138
Run139
Run146
Run147
Run148
Run149
Run150
Run151
Run152
Run153
Run154
Run155
Run156
Run157
Run158
Run159
Run160
Run162
Run165
Run166
Run167
Run168
Run169
Run172
Run173
Run174
Run175

Frequency
[rad/s]

8.002
8.0664
7.4139
6.1533
6.1527
6.2844
4.6864
4.2272
4.2126

3.841
3.8569
3.6116

3.613
3.6114
3.1262

2.607
1.8578
1.7511
1.7474
5.4424
5.4405
6.1333
6.1397
6.1709
5.8235
5.8359
5.5957
4.9485
4.9393
4.9314
6.7802
6.8053
6.5535

6.553
6.4139
8.7306
9.0193
9.0224

9.938

9.928
2.2227
2.4022
2.3846
2.3982

Moment ampl.
[Nm]

14.9765
14.8955
13.4892
9.4341
9.3636
8.6013
5.63
4.1769
4.3752
3.4781
2.8925
2.3218
2.0839
2.2917
1.1396
0.0938
1.2763
1.1658
1.2897
7.1329
7.1689
8.8553
8.9765
8.6951
8.9274
9.0209
9.2606
8.3531
7.9562
6.9586
9.7635
10.0923
9.6335
9.4612
9.3061
20.8067
22.7255
22.9399
26.7674
26.8992
0.5764
0.3756
0.4398
0.4585

Damaged, 2 deg, asymmetric coefficients

Moment phase
[deg]

317.2276
279.5137
238.8897
257.2546
297.6562
7.0564
206.5607
20.7175
193.2797
205.6604
106.0846
279.9728
69.1811
194.4077
283.3237
-25.5895
-12.6371
-144.3638
1254.2734
-1084.7537
61.2224
48.2997
233.9495
228.4713
16.1412
147.8843
182.8192
107.2087
342.3938
254.7304
150.2344
137.4149
64.1556
272.8225
334.5024
-25.7862
-206.5407
-221.9969
-82.005
-231.4786
134.7583
136.0649
-87.0472
53.237

Roll ampl.
[deg]

1.7739
1.7683
1.9429
2.1003
2.1956
1.9749
2.1737
2.2894
2.2893
2.4364
2.2052
2.1322
2.1534
2.1307
2.3965
1.9327
2.5065
2.0475
2.1257
1.8506
1.7679
2.013
2.0292
2.0335
1.95
1.9799
2.1747
3.2207
3.0664
2.4867
1.8783
1.89
2.0705
2.0449
2.1266
2.1122
1.9865
2.053
1.9655
1.9441
1.7857
2.0539
2.1049
2.4466

Roll phase
[deg]

137.4349
99.6378
61.1892

102.2077

143.4228

-149.3705
31.6373
-156.1981
16.3287
29.6611
-68.3017
104.8191
-102.8836
19.5586

119.7155

-81.7179

-17.9489

-149.5138
1246.8016
-1256.2924
-109.1726
-104.7753
79.9901
73.6059
-144.7661

-11.9085
16.2628

-66.7701

166.9589
79.2243

-20.9434

-34.1498

-104.6884

105.7871

172.7825

152.9318

-27.3343

-42.9214
97.1149

-52.1999

121.8725

124.1748

-103.6327
43.443

Sway ampl.
[mm]

2.6968
2.5989
2.7079
4.8317
4.8114
4.0188
4.6502

4.609

4.688
4.8878
4.2707
4.2099
4.3302
4.3338
4.5692
3.4569
6.6612
5.7245

6.019
4.4477
4.3079
4.8039
4.7732
4.3403
5.2274
5.3319
5.7286
6.7284

6.368
5.2614
2.6792
2.6615
3.1175

2.985
3.8303
3.5085
3.2664
3.3995
3.4747
3.4129
2.9831
3.5297
3.6551
4.2558

Sway phase
[deg]

141.528
105.2499
60.9234
74.0924
115.0078
-181.7658
31.5702
-155.2861
16.2496
29.018
-68.5686
103.3994
-103.736
18.2892
117.082
-85.5164
-31.7078
-155.2711
1235.8049
-1265.0887
-110.1394
-134.1378
52.1308
44.0843
-158.9706
-24.891
11.5526
-66.913
166.6323
81.1472
-37.3718
-51.2939
-130.6411
79.652
141.515
158.445
-20.0781
-31.8129
107.038
-41.6432
105.8533
116.8951
-110.979
34.2285

158

Drift
[mm/s]

0.0324
-0.0231
-0.8821
-9.0783
-6.8234
-5.5949
-1.3498
-0.9383
-0.8306
-0.4642
-0.4251
0.1138
0.012
0.009
-0.3749
-0.3047
-0.0423
-0.3227
-0.4519
-1.4218
-1.8905
-4.9681
-4.1651
-4.698
-3.9114
-4.2419
-3.6539
-2.5313
-2.3892
-1.4874
-1.9788
-1.5369
-4.2864
-4.3003
-7.2333
-0.6011
-0.0783
-0.1053
-0.2961
-0.7452
-0.2382
0.0017
-0.0759
-0.6191



[a22] [a24] [a42] [a44] [b22] [b24] [b42] [b44] Dissipation work

[kg] [kg.m] [kg.m] [kg.m"2] [ke/s] [kg.m/s] [kg.m/s] [kg.m"2/s] 0}
-0.6252 -3.9138 0.3249 3.5855 0.4939 5.7319 -0.0205 -0.2691 -0.0056
-0.7768 -3.207 0.3123 3.3309 0.6384 7.6471 -0.0385 -0.4993 -0.0034
-0.1835 -2.287 0.2576 3.1511 -0.0272 -0.3178 0.1776 2.1633 -0.0576

-15.6382 -10.8274 8.0248 3.5222 -6.1188 -37.6223 3.2518 19.9247 -0.4105
-14.5662 -9.6552 7.4877 3.0213 -5.4392 -36.7241 2.9048 19.4613 -0.4437
-16.0505 -7.2432 7.3717 2.6148 -4.0878 -39.0709 1.9077 18.1231 -0.3379
-1.4823 -12.0924 0.7081 5.7617 -0.0354 -0.0733 0.3453 2.7697 -0.0594
-1.2116 -10.446 0.5828 5.1351 0.1178 0.8824 0.1368 1.2144 -0.0283
-1.2791 -10.9008 0.6525 5.5532 -0.0241 -0.076 0.1643 1.3728 -0.0292
-1.193 -10.3556 0.6325 5.4368 -0.0712 -0.5642 0.1777 1.5288 -0.0324
-1.0487 -9.447 0.5307 4.7483 -0.0193 -0.2285 0.2021 1.9092 -0.0342
-1.1354 -9.9365 0.5902 5.0781 -0.1202 -1.1563 0.1709 1.568 -0.0229
-1.2044 -10.4164 0.5445 4.6097 -0.0768 -0.7064 0.2481 2.1699 -0.0339
-1.2583 -10.7152 0.6165 5.1607 -0.116 -1.0628 0.1863 1.6314 -0.024
-1.0145 -9.0389 0.5009 42134 -0.1913 -1.7937 0.2907 2.6188 -0.0421
-0.8006 -7.4767 0.3729 3.4592 -0.1722 -2.0345 0.0934 1.0814 -0.0082
-3.2036 -18.2376 0.9208 5.0676 -0.7557 -7.5247 0.2771 2.5469 -0.0163
-3.3447 -20.4295 0.9072 5.316 -0.2382 -3.1512 0.273 2.1289 -0.0117
-3.6098 -20.6225 0.9474 4.7675 -0.5823 -6.0179 0.4845 3.4786 -0.0195
-3.5192 -15.147 1.715 6.3135 -1.7446 -12.7207 1.0382 7.4672 -0.1042
-2.243 -15.9353 1.0528 6.8811 -0.1432 -1.4479 0.9336 7.1969 -0.1159
-17.9041 -11.4571 9.1235 3.3989 -3.9549 -40.2196 2.1259 21.2019 -0.3944
-16.1329 -11.4105 8.3786 3.4778 -5.07 -38.2049 2.751 20.5962 -0.3938
-14.8224 -8.8015 7.422 2.8896 -4.4681 -37.3427 2.2981 19.1327 -0.3744
-7.789 -17.8441 4.7228 6.3128 -3.3925 -23.3827 2.5772 17.2356 -0.2979
-7.1444 -18.1521 4.5572 6.2361 -2.6803 -21.8259 2.2247 17.8933 -0.3258
-3.2931 -18.3367 1.8244 7.0487 -1.0992 -7.7125 1.5398 11.0187 -0.2549
-1.3699 -11.4429 0.5679 4.7061 -0.0065 -0.1696 0.3328 3.1339 -0.1549
-1.3434 -11.28 0.5699 4.7223 -0.0326 -0.3822 0.3046 2.4006 -0.1063
-1.4725 -11.7757 0.5997 5.3198 0.2596 2.2786 0.2967 2.238 -0.0745
-2.9476 -2.1213 1.4417 2.4563 -1.1816 -17.7476 0.5267 7.9707 -0.1514
-3.1044 -1.8417 1.4661 2.5424 -1.2311 -18.3028 0.5222 7.8468 -0.1505
-6.8718 -2.2673 2.5714 2.252 -1.7289 -27.0625 0.6057 9.6867 -0.2049
-6.4912 -1.7093 2.7326 2.0797 -2.5708 -26.3557 1.0358 10.6717 -0.2295
-12.5506 -4.9477 5.1577 2.3231 -4.2463 -35.2617 1.7323 14.4164 -0.3166
-1.2695 -5.7074 0.5204 3.58 0.8823 9.1292 -0.2174 -2.2705 0.0529
-1.8163 -5.3966 0.6127 4.1408 1.1311 12.2244 -0.1903 -2.1033 0.033
-3.543 -5.2748 0.8306 3.942 1.7036 18.5049 -0.2524 -2.8111 0.0399
-4.0277 -6.7296 0.9403 4.0983 1.9369 19.3491 -0.3011 -3.0633 0.042
-4.3698 -6.513 0.9564 42113 1.9387 20.3651 -0.2751 -2.9518 0.034
-0.9013 -5.4945 0.3942 2.7097 -0.5896 -6.7416 0.2079 2.4682 -0.0126
-0.7364 -6.4826 0.3449 3.156 -0.3028 -3.4459 0.103 1.2227 -0.0087
-0.7685 -6.7165 0.3585 3.0918 -0.3031 -3.4871 0.1546 1.7594 -0.0144
-0.8271 -6.6977 0.3566 3.1647 -0.4106 -4.3946 0.1063 1.1828 -0.0104
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Run name
Run193
Run194
Run195
Run197
Run198
Run199
Run200
Run201
Run202
Run203
Run205
Run206
Run208
Run209
Run211
Run212
Run213
Run215
Run217
Run218
Run219
Run220
Run221
Run222
Run223
Run224
Run225
Run226
Run227
Run228
Run229
Run230
Run231
Run232
Run233
Run234
Run235
Run237
Run238
Run240
Run241
Run242
Run243
Run244
Run245
Run246
Run247
Run248
Run249
Run251

Frequency
[rad/s]

1.5595
1.5602
1.8711
2.2124
2.2118
2.4517
2.4502
2.5742
2.573
2.7846
3.2864
3.2881
3.6587
3.549
4.2721
5.0723
5.076
10.6373
9.6379
9.3785
8.8433
8.6889
8.69
7.9221
8.3856
8.2535
7.784
7.6984
6.8719
7.0229
6.692
6.4359
6.4979
6.3957
6.3877
6.2412
6.2572
6.164
6.0962
5.9957
5.9117
5.814
5.673
5.4473
5.5687
5.293
5.1341
4.8222
4.7062
7.3492

Moment ampl.
[Nm]

3.6742
3.6458
3.1615
2.1646
1.3162
0.7392
0.8326
0.3547
0.4111
0.6966
2.6938
3.0506
5.6137
5.28
9.5156
14.6661
14.7941
64.776
59.3207
57.4187
53.928
53.0843
52.8605
44.3387
46.2729
45.4847
39.3492
38.8988
30.0811
30.8891
26.3835
25.2471
24.4336
21.3466
22.405
19.3579
19.9017
20.1581
20.5747
20.8823
20.6768
21.3526
19.8644
19.5229
19.1036
17.9642
16.8095
14.5835
13.4533
31.6336

Damaged, 2 deg, asymmetric coefficients

Moment phase Roll ampl.
[deg] [deg]

-2.8811 5.1878
67.8685 5.2044
-5.105 5.862
53.8859 6.4384
-106.9171 4.1199
5.9292 4.4714
71.4922 4.8115
-95.4774 4.4773
22.9809 4.9496
1044.5953 4.99
299.219 4.4342
-1084.6268 4.7899
24.0907 5.3291
203.2525 5.6267
214.2866 4.9978
78.421 4.6522
196.7171 4.4669
-207.8023 3.8776
-100.6573 4.5265
-219.4532 4.7654
-11.1801 4.924
-217.7791 4.9798
-122.2575 4.9778
340.3405 5.4488
69.5507 4.8111
249.5447 5.1943
253.4479 4.9952
1433.9839 5.1556
299.1174 5.3952
297.4743 5.3158
219.2957 5.3879
34.1181 5.6067
45.798 5.2604
194.939 4.7818
53.1974 5.0407
243.8739 4.5041
6.366 4.6043
273.5584 4.7413
236.7283 4.8501
693.5701 4.9788
192.5252 4.8876
208.967 5.1544
101.7496 4.7777
15.186 5.2913
327.5825 4.7083
111.5814 4.9761
-330.3622 4.8539
235.7389 5.562
215.2091 5.5456
189.7933 4.7441

Roll phase
[deg]

-4.9151
65.8638
-10.3533
43.075
-117.5785
-13.5472
51.6116
-138.5499
-22.0438
891.3874
126.609
-1256.9024
-149.2827
30.2596
40.908
-95.0072
23.264
-28.2666
78.5444
-40.4898
168.4078
-37.7936
57.4237
161.9278
-110.205
70.3756
75.1798
1255.641
126.2165
122.6012
48.7217
-131.5433
-121.5285
31.0895
-110.8698
85.2401
-153.2963
115.8115
79.591
536.826
35.4319
50.5762
-60.0182
-150.9695
164.5092
-58.0268
-501.6777
64.3845
44.4504
12.8276

Sway ampl.
[mm]

13.1251
12.976
14.3423
12.8789
7.7458
8.4344
9.509
8.3648
8.3925
10.0689
8.4688
8.8246
10.1445
11.686
10.1314
9.8261
10.8709
6.4243
7.7793
8.0297
7.4672
8.062
7.7569
7.7629
7.5733
7.4786
7.3786
7.4277
7.3264
6.8142
6.6199
8.7472
7.8472
8.1365
8.1152
8.6138
8.7367
9.6296
10.243
11.2263
11.4126
12.0601
11.8747
12.5307
11.5728
11.3607
11.907
12.0198
11.7365
6.2548

Sway phase
[deg]

-6.177
64.6444
-20.5024
32.0059
-128.9378
-20.4108
37.8394
-146.9373
-26.9768
888.3017
122.6807
-1259.5146
-151.2668
28.1
42.371
-95.7005
22.7784
-15.2753
88.343
-30.34
179.9415
-28.1018
67.311
165.7512
-107.2943
79.5275
77.1534
1257.2126
110.9106
112.5753
29.4853
-159.298
-147.3489
1.8322
-139.103
56.3374
-182.4596
87.4726
53.9584
517.4654
14.4024
33.8474
-72.2732
-157.75
154.8778
-61.3089
-504.3339
63.0494
42.7092
9.9143
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Drift
[mm/s]

0.0302
-0.2656
-1.1911
-1.9829
-1.3383
-0.9757
-1.7227
-1.4446
-0.7035
-0.7922
-1.0138
-1.9895
-2.0143
-3.4072
-4.5403
-6.9731
-7.3516
-4.6203
-4.4152
-5.7497
-3.2021
-2.5131
-2.9682
-3.2556
-2.7872
-2.3382
-2.6507
-3.0491
-12.0583
-8.4873
-17.3502
-34.1391
-29.001
-30.9539
-30.4268
-30.5211
-31.7816
-30.5299
-28.0234
-28.1522
-23.7762
-24.2638
-14.2878
-13.7569
-16.058
-10.9319
-9.2796
-8.4113
-6.2721
-3.8266



[a22] [a24] [a42] [a44] [b22] [b24] [b42] [ba4] Dissipation work

[kg] [kg.m] [kg.m] [kg.m"2] [ke/s] [kg.m/s] [kg.m/s] [kg.m"2/s] 0}
-2.4887 -17.1535 0.4565 3.1158 -0.0443 -0.5622 0.1363 0.9858 -0.0371
-2.3851 -16.6826 0.4598 3.1873 -0.0705 -0.5321 0.1365 0.9572 -0.0364
-2.4245 -15.824 0.6479 3.9566 -0.5152 -5.2143 0.2468 2.2058 -0.0929
-1.3991 -10.0369 0.4876 3.3672 -0.5733 -5.5488 0.2343 2.2356 -0.1431
-1.1453 -8.4543 0.4439 3.277 -0.4245 -5.3794 0.1644 2.0839 -0.0549
-1.0483 -8.6987 0.4231 3.4532 -0.3346 -3.6285 0.1549 1.6588 -0.0601
-1.5481 -9.561 0.5372 3.5691 -0.7779 -7.519 0.2217 2.1898 -0.0748
-1.0762 -8.4153 0.4442 3.559 -0.4063 -4.604 0.1427 1.6739 -0.0591
-0.6577 -6.2458 0.3412 3.1848 -0.2133 -2.4745 0.1338 1.5325 -0.0787
-1.2464 -10.5001 0.5066 4.1633 -0.2018 -1.9767 0.1654 1.5004 -0.0855
-1.0595 -9.0701 0.5012 4.2199 -0.3045 -2.814 0.1801 1.6442 -0.0837
-0.8941 -8.2072 0.4703 4.2108 -0.1725 -1.8125 0.1705 1.6602 -0.1072
-1.0051 -9.0205 0.5218 4.5274 -0.1464 -1.5822 0.2129 2.0489 -0.1887
-1.3707 -11.2847 0.6206 4.947 -0.2369 -1.808 0.2468 2.0311 -0.1981
-1.2536 -10.6389 0.5697 5.2055 0.1163 1.4491 0.3394 2.7407 -0.3012

-1.428 -11.749 0.7064 5.5841 -0.0441 -0.8515 0.4146 4.1315 -0.4284
-2.2227 -15.9122 0.9643 6.7316 -0.1592 -0.6661 0.5857 4.2783 -0.4133
-6.1192 -4.9814 1.0768 4.3252 2.0778 24.9274 -0.2401 -2.9811 0.1039
-3.5196 -6.1522 0.8579 4.2187 1.8228 18.095 -0.2718 -2.7773 0.1947
-3.4066 -5.711 0.8494 3.9426 1.5083 17.949 -0.2443 -2.9751 0.2606

-2.961 -3.4998 0.6292 3.8566 1.5563 17.3339 -0.1703 -1.9582 0.0995

-2.538 -4.9416 0.5715 4.1716 1.3248 15.3751 -0.1138 -1.401 -0.0012
-2.3785 -4.153 0.5778 4.0095 1.3373 15.1114 -0.1411 -1.6898 0.0747
-0.4322 -2.6722 0.2155 3.2909 0.4315 4.9761 0.107 1.2188 -0.3682
-0.5896 -4.6586 0.3561 3.9068 0.3885 4.4252 -0.0099 -0.11 -0.054
-1.5594 -2.6815 0.2733 3.1793 1.0264 12.3832 -0.0044 -0.1325 -0.1881
-0.3464 -3.3931 0.2569 3.4453 0.2255 2.6201 0.1364 1.522 -0.3265
-0.2756 -2.9148 0.2419 3.2378 0.1764 2.0138 0.1256 1.4489 -0.3185
-2.3552 -1.3399 1.1569 2.635 -1.6117 -15.9751 0.6807 6.7963 -1.0792
-0.9702 -0.6165 0.6222 2.5045 -0.9302 -10.3083 0.4404 4.9114 -0.7962
-2.6977 0.5361 1.3519 1.9018 -1.2138 -17.6105 0.5492 7.8956 -1.2556

-7.979 -2.7494 3.3346 2.2868 -2.1073 -28.9706 0.8348 11.7716 -1.8425
-6.5852 -2.1478 2.7642 2.3001 -1.5825 -26.54 0.6148 10.6956 -1.4939

-10.1968 -4.1005 4.2431 2.4321 -2.132 -32.3163 0.8776 13.245 -1.4746
-8.6396 -3.2482 3.7751 2.3216 -1.4437 -30.0484 0.6016 12.8665 -1.6235
-11.8209 -6.5113 5.6595 2.6522 -5.1892 -33.8734 2.504 16.3526 -1.6044
-11.9523 -6.3973 5.529 2.7185 -4.0685 -34.2233 1.8958 15.9004 -1.6186
-12.5073 -7.9569 6.078 2.9493 -6.2271 -34.3404 3.0805 16.9639 -1.8079
-11.4811 -9.27 5.9951 3.2492 -5.0263 -32.8091 2.7048 17.6759 -1.9609
-8.3952 -12.0312 5.0615 3.9361 -4.637 -26.9823 3.1292 17.8425 -2.1094
-10.0531 -12.6011 5.7851 4.2521 -3.4376 -29.8769 2.1193 18.5124 -2.0231
-7.1325 -13.3796 4.4634 4.6529 -3.3139 -24.1351 2.3436 17.2321 -2.1228
-5.4407 -15.7957 3.4234 5.7935 -1.7363 -18.9088 1.4521 15.262 -1.5855
-2.8544 -14.8705 1.6797 5.787 -1.2721 -9.7497 1.4428 10.3137 -1.3383
-4.0703 -15.775 2.6174 6.0644 -2.4722 -14.3282 2.4108 13.531 -1.3965
-1.9976 -13.9277 1.0943 6.09 -0.4013 -4.5075 0.7204 7.5411 -0.8829
-2.3913 -16.1362 1.1687 6.8414 -0.4266 -3.7614 0.847 6.2238 -0.6721
-1.5551 -12.3865 0.7273 5.3377 -0.2614 -1.5673 0.6563 4.7875 -0.6668
-1.4644 -11.8012 0.7092 5.1495 -0.2773 -1.9646 0.6106 4.9026 -0.6557
-0.1887 -1.2774 0.2991 2.8509 -0.2319 -3.271 0.2119 2.9773 -0.4345
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