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Abstract

The vortexinduced vibration phenomenon is a critical aspect for the optimal design and reliability
analysis of offshore structures subjected to waves and current loadings. Phenomenological models are
able to capture some vortinduced vibration (VIV) fetures and estimatgructural responses within a
range of uncertainty. In comparison with steady flow, the subject of VIV in oscillatory flow has not been
much explored; hence, there is a necessity to advance numerical and experimental researchdin this fie
This dissertation aims to develop a phenomenological model for a steady flow VIV and perform a
sensitivity analysis, apply this model to the case of oscillatory flow VIV and perform parametric
investigations, and design and set up a new experimeataé¥vork and perform VIV tests in regular
waves. A sensitivity analysis, pertaining to the empirical coefficients of the nonlinearcylataer
oscillators model, which simulates the tdimnensional coupled itine and crosdlow VIV of a
flexibly-mountedrigid circular cylinder in steady flow, is first performed to relate the input physical
parameters to output responses. Waseillator coefficients, cylinder geometric nonlinearity
coefficients and hydrodynamic coefficients are chosen as varying inpametars in the
implementation of both local and global sensitivity methods. The variability of mean displacements, in
line and crosdlow output responses is then obtained for various reduced velocities and mass ratios. The
advanced wakeylinder oscillato model is then applied to the case of fmensionalVIV of a
flexibly-mounted rigid circular cylinder in planar oscillatory flovhe time-domain simulation model

is calibrated with CFD resulfsom the literatureandshows characteristics of twdimensional VIV in
oscillatory flows Overall, both in-line and crosglow responses highly depend on K& and f;
(cylinderto-flow frequency ratio)The effecs of bi-parametric variationof Vi- m*, V- KC andV:- f;

are examine@nd the dependencefdydrodynamic drag, inertia and lift coefficients the Reynolds
number Reis also studiedA new experimental framework based on a sppegdulum system is
developed and experimental VIV tests in regular waves amdritbinedsteady current and regular
wavesare performed in the waxairrent tank of the Hydrodynamic Laboratory at Newcastle University.
The experimentalresults shedight on the features of VIV in oscillatory flows, through response

amplitudes, frequencieandtrajectory patterns
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CHAPTER 1

Int roducti on

1.1Presentation of the problem

The offshore engineering industry is constantly striving to improve design practices to reduce costs
and increase reliability and safety of manned and unmanned offshore structures. The industry regularly
faces challenges when new technologies aregbaieated and designed, such as offshore renewable
energy systems: offshore wind, wave and tidal energy systédnssequires knowledge transfer from
conventional design methods used in the oil and gas industry and to rethink the design process
specifially for these emerging technologies, while necessitating intensive research and development
efforts. The optimal design of offshore structures requires the appropriate understanding of wave and
current loads. Especially, unproper design may lead to uadesituations such as resonance of the
structure, leading to accelerated fatigue and early damage. Thus, the needs of both industry and academia
have nourished the numerical and experimental studies in order to better comprehendstre ¢huick
interactions phenomena taking place between the incoming flow and the structure. In that regard, some
fluid-structure interaction problematics and physical phenomena pertaining to fluid mechanics and fixed
or floating offshore structures are recurrently invegtg and researched on since they constitute critical

aspects of the design, in certain environmental conditions.

Particularly, for certain flow conditions, when an incident flow passes a cylinder, a-sbedging
appears. This vorteshedding is assaatied with both drag and lift forces acting on the cylinder and can
result in its vibration, this is the smlled vortexinduced vibrations phenomenfih 7]. In steady flow,
typically current, vortexinduced vibrations happen at their utmost when theuénegy of the vibrating
cylinder, the cylinder natural frequency and the vedb&dding frequency are close to each other or
equal. This is the loek phase leading to large amplitude vibrations of the cylinder. Vonaxced
vibrations in steady flow labeen extensively investigated both numerically and experimentally for
stiffly and flexibly mounted cylinders, as well as flexible slender structures, by the industry in an effort
to minimize its effect when designing offshore structures or to concgivem@jate retrofitting methods

[2, 9, 19, 58]

VIV prediction design tools have also been refined in order to asses rapidly potential VIV occurrence.
Due to its complexity, an exact solution of the nonlinear fsirdcture interaction problem cannot be
found. Various numerical methods based on solving the N&udees equations, such as computational
fluid dynamics (CFD) method®25, 28] are satisfying but require heavy computational capabilities and

are costly and time consuming. Reduceder models osimplified mathematical models have thus
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been developed to predict relatively quickly and with sufficient accuracy the VIV of cylindrical

structures in steady flow.

Design tools to predict VIV in steady flow are mainly based on the phenomenologicabsdilkator
model in which the physical vorteshedding is theoretically modelled by an oscillator equation and
coupled with the equation of motion of the cylinf2-36]. Specifically, the lift coefficient representing
the wake component satisfies a tygfevan der Pol oscillator equation. The system of coupled wake
and cylinder equations represent the flsiclicture interaction in the logk conditions, ie. when VIV

is taking placeSuch a model has been used extensively in the industry for botharidifiexible
cylinders crosslow VIV modelling in steady flow, for single and multiple degrees of freedom. This
model is currently incorporated the commerciakoftware OrcaFlex(Orcing for VIV prediction
Research has nevertheless shown thlé& VIV as well as idine drag magnification are taking place
and are coupled with the creisw vibrations, in the steady flow VIV ca$41-45]. Those design tools
should thus incorporate these aspects in doderedict VIV in steady flow more accurately and reliably.

Moreover, a wide collection of experimental data is required to determine some empirical parameters
of the wake oscillatebased prediction model. Hydrodynamic and structural parameters such a
hydrodynamic coefficients, added mass and damping ratio are also parameters of importance whose
values should be defined when voriaguced vibrations take place, but their values are essentially
taken by default in still water condition. Therefore,ue corresponding to a specific representative
case (experiment) are often taken as generic ones. This is specifically why additional experimental
results are always welcomed to validate or refine the values generally used in the m{RieR8h

Most importantly, the values used in the model should be conservative when capturing VIV

mechanisms.

Besides, the case of vortexduced vibrations (VIV) due to unsteady flow is more complex and still
needs further attention in industry applications. For instaincair, unsteady wind on wind turbine
towers may induce tower vibrations whose characteristics are different from the vibrations induced by
constant steady wind. In water or offshore environment, unsteady flow can be formed by a combination
of regular oiirregular waves and current, leading to a complex flow configuration. Oscillatory flow is a
particular case of periodic unsteady flow where the water particle has an oscillatory motion. Regular
waves constitute by nature an oscillatory flow whose verdindlhorizontal velocity components vary

with depth.

The effect of waves on fixed (stiffly mounted) cylinders has been described to some extent, leading to
the welkknown empirical formulation of the {line (in the direction of the incident flow) waverée on
cylindrical members: the Morison equatifk8]. Meanwhile, a lift force also exists when the vortex
shedding takes place, acting principally at integer multiple of the flow/wave frequency and in the

direction normal to the wave direction. Specifigathe vortexshedding mechanism associated with
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harmonic oscillatory flow and regular waves is characterized by vortices swept upstream and
downstream of the cylinder following the wave hadfriods, thus distinguishing itself from the steady
flow vortex-shedding patterf8, 18].

Nevertheless, studies onrtexinduced vibrations of flexibly mounted cylinders in oscillatory flow are

still at this moment quite limitefd 1, 22, 30] VIV in oscillatory flow has not been as much investigated

as VIV in steadyflow (current) probably because the research has focused mainly on offshore oil and
gas applications, where deep water risersuratergoVIV due to steady flow. Nevertheless, within the
growing field of offshore renewable energy, structures are desfgnetallower water depths (up to a

few hundreds of meters of depth, in the case of floating wind), and therefore the floating structures and
associated mooring and cabling systems are particularly proeeptyiencdoads from waves and
potentially resuing vortexinduced vibrations. Numerical modelling aexiperimental testing of VIV

in oscillatory flow remain scarce and so there is a real need to nurture research in this field. For instance,
there has been only a few attempts in the literature togbrestillatory flow VIV using reducedrder
modelling, and at the moment there is no design tool proposing an efficient and rapid oscillatory flow
VIV prediction. Moreover, additional experimental data are continually desired to not only better

understangbhysical mechanisms, but also improve the analytical/numerical modelling validation work.

1.2 Aims and Objectives

The aims of ththesis are formulated in two points:
1 Predict more accurately twdimensional VIV of rigid circular cylinders irsteady and
oscillatory flows via the use of reducedder semiempirical modelling.
1 Capture experimentally twdimensional VIV characteristicof a rigid circular cylinderin

regular waves, and combined current and regular waves.

Furthermore,tierelatad descriptive objectives are:

1 Develop a phenomenological model for steady flow VIV and perform a sensitivity analysis.
As mentioned, steady flow VIV prediction models which are currently used by the industry only capture
the crosdlow component without icorporating the idine direction. A twedimensional prediction
model will thus refine and improve the modelling significantly and better represent the physical VIV
mechanism. Also, since the wa&scillator based reduceamtder model contains several enigzat
coefficients, a sensitivity analysis willake it possibléo identify their relative influence on the cylinder
two-dimensional response.

1 Apply the developed model to oscillatory flow VIV and perform parametric investigations.
The steady flow model is applied and adapted to the case of oscillatory flow. This requires the calibration
of the model with available data of tvdamensional VIV in oscillatory flow, depending on Keulegan
Carpenter number and reduced velocity, leadirmglibrated coefficients. Parametric investigations will

enable the identification ofhe characteristics of the model response dombined variations of
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hydrodynamic and structural parameters, such as Keuléggrenter number KC, reduced velodity

andfrequency ratid.

1 Design and set up a new experimental framework and perform VIV tests in regular waves.
A new experimental framework aimed at investigating VIV mechanisms and specifically suited to the
existing wave tank facility is designed. VIV test regular waves, as well as in a combination of current
and waves, will be conducted and findings will fuel existing results in the field.

Overall, the present research aims at advancing the modelling of VIV in harmonic oscillatory flows

and expamentally investigate the dynamic response features of a vertical cylinder in regular waves.

1.3 Content of the Chapters

The thesis is composed of several chapters which are summarized below, except the present chapter.

Chapter 2 presents a literature review of past researches and recent findings on the field of VIV in steady
and oscillatory flows. While studies and feaipf VIV in steady flows are recalled, focus is particularly

put on the problematics and statiethe-art research of VIV of flexibimounted rigid cylinders in
oscillatory flows, which constitute the core of this thesis wBtlkdies on experimental ingtgation of

VIV in oscillatory flow arerecalled presenting different experimental arrangements and techniques to
capture the dynamic features of the vibrating systeéimdings stemming from these experimental

studies on both rigid flexiblmounted andiéxible cylinders are summarized.

Chapter 3 introduces a system of nonlinear waKmder oscillatorequationssimulating the twe
dimensional coupled iine and crosdlow VIV of a flexibly-mounted rigid circular cylinder in steady
flow. The model incldes fluctuating lift and drag forces, steady drag magnification and relative velocity
between the flow and theylinder. A sensitivity analysis is performed to relate the model empirical
coefficients considered as inputs, such as weddlator coefficiets, cylinder geometric nonlinearity
coefficients and hydrodynamic coefficients, to the cylinddimie and crosd$low responses treated as
outputs. This sensitivity analysisakes it possiblto identify the input parameters of main influence on

the systen response by examining the variability of the latter for varying reduced velocities and mass

ratios. In that regard, several local and global sensitinéthodologies are implemented.

In Chapter 4, the developed model is applied to the case dafitm@sional VIV of a flexiblymounted
rigid circular cylinder in planar harmonic oscillatory flow. This particular adaptation of the model leads
to the introduction of inertia forces as well as quantities representing the flow such as the Keulegan
Carpenter nutmer KC. The model is calibrated with CFD results from the literature for KC=10, 20 and
40 in the reduced velocity ran@e V; < 30. The calibration is optimal when considering an acceleration
coupling term in the wake oscillator equation. Resulting from the calibration, certain empirical
coefficients are expressed as a function of KC and masswatiGharacteristics of twalimensimal
VIV in oscillatory flows are captured, including flow frequeragpendent idine response, muki
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frequency and K&@lependent frequency modulated crliess response as well as the dependence of
in-line and crosdlow response®n KC, V, andf; (cylinder-to-flow frequency ratio). Bparametric
variations ofV,- m*, V- KC andV;- f; are examing, and thelependencefdydrodynamic drag, inertia
and lift coefficients orthe Reynolds number Ris studied, shedding lighihto the model prediction

capabilitiesand limitations.

Chapter 5 presents the experimental framework for the testing of a flexdalpted vertical cylinder

in regular waves conducted within the wave tank in the Hydrodynamics laboratory of Newcastle
University. Preliminary regular waves test® first conducted without the tested structure in place in

order to investigate the depthe pendent wave velocity profile anc
theory. The experimentasetupconsists ofa vertical pendulumtype rigid circular cylinde which is

fixed at its topwith a universal joint and flexibly mounted owmo-dimensional horizontaprings above

the water level Three sets of springwith different linearstiffness coefficientsare usedfor both
symmetric and asymmetric configurations with tdimmensionally equal and nesqgual stiffness,
respectivelyFree decay tests are finally conducted to extract the natural frequency of the system in air

and in still water, before conducting thelftdgular wave tests.

Chapter 6 presents the experimental results of the tests under regular waves, covering various KC and
V: ranges depending on the specific frequency réjioSeveral frequency ratios are covered and both
symmetric and asymmetrgpring stiffness configurations in thelline and crosdlow directions are
investigated. The cylinder vibration frequencies and frequency components as well as amplitude
responses in the dime and crosslow directions are unveiled for varying KG/, and f,. Two-
dimensional cylinder motion trajectories are displayed, either regular or irregular, highlighting the

vibration response pattesn

Chapter 7 exposehdresultsof VIV tests incombined steady current and reguaves, showing the
relative effets of current and wave flows on the cylinder response characteristics. The cylitider in
and crosglow amplitudes are compared for all flow conditions using a similar spring stiffness. Overall,
the experimental results with new databases shed liglthemechanisms and features of VIV in
oscillatory flows, through response amplitudes, frequeraidsrajectory patternsrhich account for a
threedimensional effect along the vertical cylinder span.

Finally, Chapter 8 recalls the main achievements and findings of the thesis as well as limitations, while

presenting suggestions for potential future work and research.



Numerous studies have nurtured the literatmevortexinduced vibrations (VIV) in steady flows.
Sarpkayd1] provided an exhaustive review of the research that has been conducted on VIV, regarding
both modding and e&perimental testing, with key findings and features. A summary of early studies of
VIV mathematical modéing and experimental testing, VIV characteristics and vesteedding
patterns can also be found in the review of Gabbai and Bern@joelowon Figure 2.1s aschematic

view of the types of amplitudes responses obtained for VIV in steady flows at high and low mass
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Although the knowledge that has proliferated on VIV in steady flow constitidesamtial basis for the
study of VIV in oscillatory flow, only the worksn VIV in oscillatory floware principally introduced

in this literature reviewSeveral theoretical, numerical and experimental studies have contributed to an
improved understandingf fluid mechanics, hydrodynamics and wake voibrdding visualizations
associated with oscillatory flows past stationary cylindé+8]. Works on VIV of vibrating cylinders

in oscillatory flow are naturally divided into one and tdegreeof-freedom studies for rigid cylinders

and flexible cylinder studies. Effectively, early studies focused essentially on taegrexof-freedom
problemwith the cylinder moving either in the-lme or crosdlow direction, while recent studies have

focused on the more complex flexible cylinder system

2.1Vortex-Induced Vibrations in Oscillatory Flows

One of the key features of a circular cylindepesed to an oscillatory flow, distinguishing itself from

that of a steady flow, is the occurrence of periodic flow reversals causing a return of the shed vortices
from being downstream to upstream and a sudden change in the associated hydrodynamiittforces
multiple excitation frequencies. These occur whenever the flow velocity changes in sign or direction.
As the cylinder is free to move transversely, ciftes VIV may take place with multiple lockh events

leading to multipeak amplitude response caeteristicd9]. The oscillatory flow VIV behaviour of an
elastically mounted circular cylinder is governed by some dimensionlgdssfiucture parameters.

With a maximum oscillatory flow velocitym, key parameters include the Keulegaarpenter number

(KC), Reynolds number (Re), reduced flow velochy) @nd Strouhal number (St), whose expressions
read

n peP y A,St%ﬁ, 2.1)

in which f, is the flow frequencyD the cylinder diameterg the fluid kinematic viscosityf, the
fundamental or dominant lift forcegquency as a result of the vortex shedding and reversdi, thed

structural natural frequency in still water. Equat{@ri) enables additional relationships:

2
K_C:L :fr’ StKC _LL n= S\‘/r :f_V b Be: D_fﬂ (2.2)
Vo1, f i "7 ke n

in whichf, is referred to as a cylindéo-flow frequency ration is the number of lift force oscillations
(observed to bequivalent to the number of vortex pairs shed frstationarycylinder plusong
seemingly due to thlow reversalmechanism within each oscillation cycle, anflis the secalled
Stokes, viscous or frequency paramégtéy. In generaln increases with KC. For gtanary cylinders,

the oscillatory flow in the 1.8x£6&< Re < 18range was found to produce one, two, three and four pairs
of vortices for 7 < KC < 15, 15 < KC < 24, 24 < KC < 32 and 32 < KC < 40, respectivalillamson

7



[11]. Obasajuwet al.[12] showed that one additional vortex is shed per half flow oscillation cycle each
time KC is increased by about 8. This is a consequence of the Strouhal law applicable to an oscillatory
flow [9].

For a 2DOF inline response prediction, thesa | | ed Mo r i [$3bmmay e usedjtanaotel an n
in-line hydrodynamic force acting on a stationary or oscillating cylinder in oscillatory flow. For a
stationary cylinder, this sereimpirical equation has two components cdsipg an inertia force in

phase with the local flow acceleration and a drag force proportional to the signed and square of the
instantaneous flow velocity. For an oscillating cylinder, the relative velocities and accelerations between
the flow and the cyhder are accounted for. The associated inertia and drag coefficients are determined
based on experimental data typically depending on KC, Re and surface roygin&d$ Williamson

[11] performed a kkhaped oscillating flow tube test of an elastically mounted cylinder with KC up to
35 and compared experiment al results with those
acounting for the cylinder motion. Near a primary resonafff, 1), he suggested that a relative
flow-cylinder velocity formulation may be a reasonable assumption for a prediction model. For a fixed
Re = 200 and 2<KC<2®nagnostopoulos and lliadis [1performed numerical simulations oflime
vibrations of a circular cylinder, capturing the cylinder oscillation effect on the flow pattern and
hydrodynamic forces. By varyiniy/f, (V//KC) and changind, (V) for a fixed KC=10 and 20, they
reported that the #ine force contain§, and the odd multiples &f components amplifying the cylinder

response near resonance.

Williamson [11]carried out an experimental study of thdiire response of an elasticaliyounted rigid

circular cylinder of mass ratio 6.5 placed in the sinusoidal flow oftabg tank for KC < 35. The
experimental resultsr@a compared with analytical predictions resulting from both nonlinear and
linearized expressions of the cylinder equation of motion which employs the Morison force relative
velocity formulation. The relative and absolute response amplitudes, corresptinttisgelative and
absolute coordinates, as well as the inertia and drag coefficients show fair comparison with experimental
results. Later onAnagnostopoulos and lliadis [15jvestigated the #ine vibration of a circular
cylinder in oscillatory flow numerically for a fixed Re=200 and for KC=2, 4, 10 and 20. A wide range

of frequency ratios, expreed ad; = f;/f,, were investigated, whefds the frequency of the oscillating

flow andf, is the natural frequency of the elastically mounted cylinder in air. The power spectrum shows
peaks at odd multiples of the flow frequencyf dt=3 andf /f;=5, which have decreasing amplitude

with increasing frequency ratfa The spectral peak of highest amplitude is at the flow frequency, ie. at
fiff =1. This shows that the cylinder predominantly oscillates at the oscillating flow frequency,
independently of the frequency ratid-or increasing KC number and for a constant frequencyfratio

the cylinder oscillation amplitude increases, also partly justified by the corresponding decrease of spring

stiffness and damping ratio.



For a dominanoscillation frequency of the cylindér it may be written that

fiofaf, 8FaY o, Vé N (23)
fn fw(;fn fwg c = i

where arN; represents the number of cylinder vibrations per flow cydle i/fy) and index = x ory.

Therefore, the ifine response of a flexibly mounted circular cylinder in oscillaftows increassin
amplitude with increasing KC, for a constémejuency ratid;, and the cylinder predominantly oscillates

at the flow frequency with possible higher harmonics at multiple integer values of the flow frequency.

For a onedegreeof-freedom cros$low VIV response.a larger number of studies have investigated

VIV of flexibly-mounted rigid cylinders in oscillatory flowSumer and Fredsoe [1flerformed
experiments on the transverse vibrations of an elastically mounted rigid cylinder, of mass ratios equal
to 1 and 1.8, in oscillatory flow using the carriage technique, with 5< KC,<090/, <16 and

Re = 2x16-1C°. The respores amplitudes and normalized vibration frequencies were found to depend
both on KC andV,. As KC>10, the amplitude responses are characterized by several peaks
corresponding to occurrences of the kickwhere the cylinder vibration frequency is close quad to

its natural frequency. Below the first loak point, i.e. for small values of reduced velocities, the number

of cylindervibrations per flow cycledenotedN=f /f,,, closely follows the number of vortex sheddings

per flow cycle for a stationary cylinder reported by Sarpki@}awhich constitutes an interasg

finding. At the lockpoint, the cylinder vibration frequency, its natural frequency and the vortex
shedding frequency collapse onto one valle response normalized frequency typically takes integer
values and drops several times, as does the anglitith increasing reduced velocity. In other words,
numerous lockn are attainable along the reduced velocity span and the cylinder oscillates at harmonics
of the oscillatory flow frequencyt Is expected that the number of vortex sheddings per diale

similarly drops to a onéess value after each logk point and is consequently a function of both KC
andV,. The effect of increased stiffness is investigated by using springs three times as stiff as the ones
used previously. As a result, the amplgudsponse is larger and the lankoccurs systematically
earlier, mainly due to the fact that the stiffring system is lightly damped (corresponding to lower
stability parameter value). Finally, the effect of increased specific gravity of the cylitéeyed by
increasing the cylinder mass (and thus mass ratio), is studied and reveals smaller and narrower amplitude
responses compared to the previous case, like in the steady flow case. Nevertheless, the frequency
response mechanism, independent othbibte cylinder specific gravity and the vibrating system
stiffness, remains unchanged. For the same experimental sydtemey and Fredsoe [1Fpve also
examined the effect of the Reynolds numRetby varyingUmnandV, from O to 16(f., was also varied

to keep KC fixed, on the cylinder vibrations: the loghk points are reached earlier for higher Re number.
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Sumer and Fredsoe [16ported that, for KC=10\y = 2 throughout th&/, range and the crogbw
amplitude reaches a resonance pedfat 1 atV, = 6. For KC=20, the response begins WiNh= 4 in

a lowerV; range, dropping tdly = 3 andNy = 2 atV; = 5.5 anaV; = 9, respectively. This decreased

is due to the increaségd(for keeping KC fixed) which, in turn, reduces the number of vortices generated
per flow cycle[18]. Such a variation oy entails a multipeak response occurrence\ads varied.
Similarly, for KC=40, the response starts with= 8, exhibiting a zigzagging trend in th#, plot and
consecutively decreasiig This unique multipeak behaviour is different from a single uppesnch
response found in a steady flow V[¥9]. In al KC casesN,=2 is the absolute minimum number of
oscillation cycles. These results suggest that the cylinder-toegscillation pattern follows the
fundamental vorteshedding frequency a& is increased until reaching a first leok point where
Ny © n(fy° ).

Kozakiewiczet al.[20] experimentally studied the @sflow vibrations of a free circular cylinder, of
diameter 2cm and mass ratio 1.62, in oscillatory flow for KC=10 and 20 a¥Wd<B< For KC=10, the
normalized amplitude response increases, while the cylinder vibrates at twice the flow frequency, until
reaching its maximum value of approximately 0.8:at6.29. For KC=40, the cylinder vibrates at four

times and three times the flowefluency before reaching the two maximum peaks indicating that lock

in is happening, at respectivaly=5.86 and/; =7.48. The lockn phenomenon occurs when the cylinder
vibration frequency equals or is close to its natural frequency, which itselfrilyskdpove the value of

one for a vibrating cylinder because of the decrease of the added mass. These results corroborate the
previous findings of Sumer and Fredg21] previously presented. Moreover, the number of vortices

generated over one flow cycle is increased in comparison with the stationary cylinder case.

Hayashi and Chaplif22] comprehensively studied the transverse response of a circular cylinder in
planar oscillating flow for 4< KC <20 and 0.75<pK14.5 where Kyis the Scruton number (mass ratio
damping parameter). The cylinder was mounted horizontally at théainid of the water depth and

was supported flexibly by a spring in the transverse direchonKC=6 and 10, they found that the
maximum transverse response of the cylinder occurs at a frequency ratio equal to 1/2, where the cylinder
vibration frequency locks intots natural frequency. At loek, the response amplitude standard
deviation is low, showing that the response amplitude at resonance is stable and not intermittent and
modulated. An increase ofsieads to a decrease of the peak amplitude aréuwid2. For KC=17,
resonance is observed forl/3 and 1/2. The mulippearance of resonant transverse vibration, and its
dependence on KC andKis a significant feature of the resonance of a flexibly supported cylinder in
waves. Two types of resonance atentified: the one happening when the cylinder vibrates at twice the
oscillatory flow frequency @), called wave coupling, and the one happening when the cylinder vibrates

at a frequency which is between its natural frequéttand 2., called vortex oupling. It is also noted

that the vortex coupling vanishes when increasing either the damping or the Scruton hlayashi

and Chaplinf23] similarly identified what they refer to as the wave coupling and varterpling (for
10



low damping) resonances in the amplitude of the transverse satéed vibration of a vertical circular
cylinder in regular waves for 4=0.2. In the experiment, the test cylinder was pivoted at its base and
supported flexibly by spring at its top, and thdiire motion was restricted. Peaks values of the eross
flow amplitude were also found at submultiples 1/2, 1/3, 1/4 and 1/5 of thefregtatiof./f".

More recently, Wang et d24] investigated the crodtow vortexinduced vibrations of an elastically
mounted cylinder subject to oscillatory flow using Reynolds averaged Natokes (RANS) equations

in conjunction with sheastress transport (SSK)w turbulence model to simulatke flow field, while

the cylinder motion is solved using the Newmérknethod. The model is compared, for the case
KC=10, with experimental results of Sumer and Feed81] as well as numerical results of Zhas],

the latter comparison showing satisfactory agreement. Simulations are then cawét audiameter

of 0.04m, mass ratio of 2.2 and cylinder natural frequency of 0.98Hz fér2%¥8 and KC=25 and 75.

The responsamplitude spectmm indicates the pronounced muftiode feature for high and KC. As

V; and/or KC increases, more frequency pediaracterize the vibration response and these are closer
to each other. The study shows that the amplitude and frequency -ith lxekmainly due to a single
mode for both KC values, the one which has the higlraglitude in the response frequency spectrum.
The dominant mode frequency is close to the natural frequency in thénlaakge, indicating
resonance. For the highest KC, small participation of second and third mode are observed irrihe lock
region atlow values ofV;. The lockin range is larger with higher KC number although its amplitude
remains rather constant with increasing KC. Correspondingly, the hydrodynamic force presents a multi

mode feature which is amplified with increasing KC.

Overall, cossflow VIV of a flexibly-mounted cylindem oscillatory flow is characterized by multiple
lock-in occurrences along tmeduced velocity spaalso depending on the KC number. This multimode

feature is also described by several frequency components iwhiease in numbevith V; and/or KC.

Two-dimensional coupled ifine and crosdlow VIV in oscillatory flow have then en thesubject ¢
several experimental studi®&earman et Mackwod@6] conducted exgriments on a flexibynounted
cylinder exposed to an oscillating water flow generated intabeg for KC up to 50The Utube used

in their experimentssishown on Figure 2.2The cylinder of diameter 5cm was free to move in-two
dimensional motion and thgystem mass ratio was about 4.7. Tests were also conducted for the
transverse motion only, with the cylinder fixed in thdiime direction. The cylinder oscillates in the in

line direction at a fundamental frequency equal to the flow frequirfoy all KC, and the ifine
response increases monotonically with KC. In the efloss direction, the spectral peaks are at even
multiples offy at low KC, and at very high KC the response becomes much more random with a

multitude of frequency components.
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Figure 2.2: Cylinder mounted in the {tube usedy Bearman et Mackwoo[26].

Lipsett and Williamsorj27] proposed a mathematical model to predict the-dwoensional response
of an elastically mounted cylinder in sinusoidal oscillatory flow. The model incorporates the Morison
formulation with the fluidcylinder relatve velocity for the idine force (x direction), and a sinusoidal
lift force as the transverse force (y direction) which includes the wsheglding frequency assumed to
be a multiple integer of the flow frequency. In the dynamic model, {ftydidder corstant
hydrodynamic coefficients (drag, inertia, lift) were taken from Sarpk@lyaconstituting asignificant
assumption. The model predictions are compared with experimental results of fragilohged circular
cylinder in oscillatory flow generated in atube, with 1.07<; <8.62and 5< KC <20, showing some
agreement at low frequency ratio. Whiter fow frequency ratios repeatable cylinder trajectories are
observed, for frequency ratios above four, trajectories are moreepeatable, complex and with
several transverse cycles peilime flow cycle. Trajectories with up to eight transverse cyplasin

line cycle are observed f6r=8.62.

BesidesZhao[28] numerically investigated the twaegreeof-freedom vortexinduced vibrations of a
circular cylinder in sinusoidal oscillatory flowsing numerical CFD for KC=10, 20, 40, <30, and
308< Re <9240. In all cases, the cylinder oscillates primarily at the flow frequency in-lthe in
direction, and the Hine amplitude increases with. In the crosdlow direction, the cylinder primary
vibration frequency is equal to multigletegers of the flow frequency. As KC increases, there are more
frequency components in the crdkswv direction and trajectories become more irregular, complex, and
with larger cycleto-cycle variations. Also, ag; increases, the primary crefisw vibration frequency
gradually decreases in a stepstep manner. This study will be of crucial importance in Chapter 4 of

this thesis in which a proposed model will be compared with these latter CFD results.

Other studies considered a surfgéercing verti@al cylinder flexibly mounted on springs in a wave tank.
Borthwick and Herberf29] performed experiments on a spAnmgunted surfacpiercing and pivoted
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at its base vertical cylindar regular waves for a constant surface KeuleGarpenter number equal to

8 and frequency rfifiwiO®s 8i n Pelh& wvwahgesOo08O0Oforce
amplitudes were observed to occur at integer submultiple values of the freqagady/fnw (integer
multiples offuw/f). Different trends of force coefficients as function$\aff,, were obtained at various
depths, highlighting the thredimensional characteristics of the vortex shedding pattern that occurs in
waves.Kaye and Maull[30] performed experimental tests on a vertical cylinder in waves. The rigid
cylinder is mounted on a universal joint at its base and restrained by a long wire and vertical spring fixed
at its top. The universal joint and wispring components provided a perfect axisymmetric stiffness. It
was found that the peak transverse respatcurred foli/fy=2 and the peak itine response occurred

for fn/fw=1. Also, both the idine and crosglow root-meansquare response amplitudes increase with
KC.

McConnell and Par[31] oscillated a flexibly mounted cylinder sinusoidally in the transverse direction
in otherwise still water and measured transverse forces and response displacements. They defined the

vortexshedding frequency as being equal to the frequency of the lasgdsirpthe lift force spectrum.

Furthermorestudies on numerical modelling of flexible cylinders in unsteady and oscillatory flows has
received increasing attention over the recent ydduarsen et al[32, 33]introduced a new method for
time domain simulation of crogbw vortex-induced vibrations of rigid and flexible circular cylindrical
structures in current b a s-enbiricalrformdlation otbercs#owe q u a t
vortexshedding force. Zanganeh and Sr[Bi#l] proposed a thredimensional VIV prediction model

that incorpoates mean drag amplifications using a fidiference calculation scheme for a long
flexible cylinder. Ulveseter et dl35] used the same theoretical mduiegj to predict pure idine VIV

of rigid and flexible cylindrical structures in uniform current, by synchronizing the-wangng
excitation drag force with the cylinder response. They then modelled theinvemsional VIV of a
flexible riser by combinig the previous sergmpirical hydrodynamic force model with both the in
line and crosdlow directions. Gao et a[36] proposed a model for VIV prediction of a long flexible

cylinder in uniform and linear sheared flows using the wake oscillator model.

Besides, experiments on flexible structures have also been conducted in uniform or shared current.
Chaplin et al[37] investigated the VIV of a vertical tension riser of diameter 28mm and mass ratio
equal to 3 in a stepped current. Up to eight and twelve modes of vibration were identified invedgpect

the crosdlow and irtline directions. Wu et a]38] conducted VIV experiments on a hantal flexible

cylinder in uniform and sheared flow and found that the motion phase angle betweetirtbeaird
crossflow displacements is an essential parameter characterizing the VIV dynamics of a flexible

cylinder.
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2.2 The Wake Oscillator Model

From a modelling and prediction viewpoint, there have been just a few attempts in the literature to semi
empirically model coupled #ine and crosg$low hydrodynamic forces acting on cylinders in oscillatory

fl ows. The Mori sonos toedgsuaribe an dime force11,c(39] Beamwnarktynl. u s e d
[40] proposed a quasiteady model to predict the transverse forces on cylinders in waves and oscillatory
flows. This model assumes St=0.2 and a constant amplitude of the lift coefficient over a half flow cycle,

providing a good prediction when compared with experimental results for 15<KC<53.

The wake oscillator model has been used largely for the tingef the wake forces in the vortex
induced vibration phenomenon taking place in steady flow condibn42] Researchers have first
studied the capability of the van der Pol oscillator to model the wake force irflowsglV [43],
proving its feasibility and applicability. The wakscillator model has then been used to model two
dimensional coupled iine/crossflow VIV. As such, Srinil and ZanganghB4] used coupled double
Duffing and van der Pol wake oscillators to model-thimensional VIV and calibrated the model based
on published experimental results. Postnikov ef4&l] also proposed a twdimensional VIV model
based on the van der Pol wadscillator and calibrated the model parameters wib @sults.

The calibration procedure is based on the existence of several model empirical parameters whose value
can be defined by comparing the model prediction, like the response amplitude, with the available data
in the literature. Nevertheless, itiisually quite challenging to do so since experimental data are limited

and because a single set of parameters is only able to represent certain prediction cases, thus the intrinsic
limitations of calibration. But this also shows the powerful potentiatadibration, when data is

available which canerable a modl to predict fairly well realistic cases.

The calibration also raises the question of the uncertainty embedded in the model and its sensitivity to
variations of the calibrated empirical coeféinis. Since the calibration is done using experimental data
usually obtained from a small number of tests, the question of the quantification of the uncertainty on
the tuned parameters and on calibrated model is raised. In that regard, Gabbai ef48igmrenmposed

a fast methodology to conduct a sensitivity analysis of a Wakly model for the crosfow VIV of a

rigid circular cylinder using Monte Carlo simulatior&rinil et al.[47] used a similar approach to
perform a sensitivity analysis of a twdimensional cougd inline/crossflow VIV prediction model,

determining the model response uncertainty from the uncertainty of the empirical coefficients.

In order to validate or calibrate a seempirical model or to investigate certain aspects of the VIV

physical mechnism, experimental studies have been conducted either inlthe @lirection only{48],

crossflow direction only[49], or both in inline and cros$low directions.Blevins and Coughrajb0]

conducted onelimensional transverse only and coupled-tlimensional idine and crosglow VIV

experiments on a vertical rigid circular cylinderpyiding a systematic database of results of response

amplitude, frequency and drag coefficients by studying the effect of varying mass ratio, damping and
14



Reynolds number. Srinil et §b1] compared tweadegreeof-freedom VIV numerical predictions with
experimental results for ffexibly-mountedvertical rigid circular cylinder in steady flow considering

variable natural frequency ratiBhotos of their experimental setup are shown on Figure 2.3.

Figure 2. 3: Experimental model of a flexiblgnounted circular cylinder undergoing 2dof V|¥1].

Goncalves et al52] conducted twalimensional VIV experiments of a circular rigid cylinder a low
aspect ML/BOI D) (&t ratoom=1n262 and 4.36) over the range of Reynolds number
6000 < Re < 70000. Kim et §b3] also conducted experimental investigations oftimaensional VIV

for a surfacepiercing vertical cylinder in steady flow, highlighting the importance of théna

componentinthecylindebés r esponse.

As an alternative approacHayashi [54]was perhaps the first who attempted to apply a van der Pol
wake oscillator, developed Wyartlen and Currie [41]or steady flows, to model the fluctuating lift
forces in oscillatory flows in predicting creflisw VIV in waves. The amplification of the lift force
around a resonance was reproduced, but the model was ungibéalici the cylinder response in a

certain frequency ratio range. In addition, the effect diln@ motion was neglected.

It is the main aim of the present study to investigate the feasibility and limitation of using wake

oscillators for modelling combimkecrossflow/in-line VIV in oscillatory flows
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2.3Vortex-Induced Vibrations in Current and Waves

In the case of combined current and wdtiie definitions of KCV, and Re need be adapted to take into
accountthe superposition of the flows. In that regard, researchers have used different definitions,

sometimes comparing variants in order to study their respective effects.

Shafieefar and Mass[85] carried out experiments of an oscillating vertical cylinder steadily towed in

the inline direction under a regular/irregular wave flow, which is similar to oscillating the cylinder in a
combined waveurrent fow field. Various definitions of KOy, and Re are introduced and investigated,
taking into account the current velocity, the wave orbital velocity and the oscillating cylinder velocity.
The ratio between the total oscillatory velocity, which includeswie orbital and cylinder oscillatory
velocities, and the steady current velocity is found to be the most suitable parameter to represent the
drag and inertial coefficients in the combined flow field of an oscillating cylinder in waves and current.

Sumerand Fredsog[56] conducted experimental tests on scour around a pile in combined irregular
waves and current, both in codirectional and perpendicular directions. In the experiments, KC is only
defined as a furion of the maximum wave velocity¢/fsD) while two independent definitions of the
Reynolds number are considered based on the current and wave veldgitiesndU,D/3. KC ranges

from 5 to about 30 and the flow ratio from O to 1.

Ulveseter et al[57] compared ifdine and crosdlow VIV experimental results with the predictions of

a semiempirical time domain analysis tool in combined irregular wave amdrdufows. Nevertheless,

in this study, no definition of KC or flow ratio is referred to. The calculation of the fatigue damage for

a vertical pipe system between the combined flow case and the two independent current and wave flows
reveals moderate diffences. One important experimental observation from this study is the wave
damping effect of the Hine amplitude VIV in the combined flow case. This latter result is significant

for design considerations since it shows how the cument flow interacttn would impact the fatigue

damage of offshore cylindrical structures.

Zhao et al[28] studied the twalimensional VIV of a circular cylinder of mass ratio 2.5 in combined
steady and sinusoidal oscillatory flow using numerical CFD. Constant values of KC=10 and Re=5000
were chosen with a flow ratio varying from 0 to 1 with a step of 0.Z4]dheratio being defined as the
percentage of the steady flow velocity component in the total fluid veldditf{.+Um)). For each

flow ratio, V, ranges from 2 to 25, covering the full VIV logk range. Also, the adopted definitions of

KC, V; and Re wee based on the full fluid velocity.+Umn. Two resonance regimes were identified:
when the flow ratio is lower than 0.2 (wave flow dominates), the dtoasvibration frequency locks

onto twice the oscillatory flow frequency; and when the flow ratio fgesor to 0.6 (current flow
dominates), it locks onto the system natural frequency. In summary, depending on the relative
importance of current and oscillatory flow velocities, the cftmss lock-in response follows either the

steady flow mechanism or tlscillatory flow mechanism, which is quite intuitive. Moreover, when the
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flow ratio is between 0.4 and 0.6, which corresponds to approximately equal contribution from both
flows, the lockin regime is the widest and about twice as wide as the onespurh®scillatory flow
or pure steady flow cases. This latter result is a main characteristic-dfrveasional VIVof a circular

cylinder in combined steady and sinusoidal oscillatory flow.

In the next chaptel nonlinear twadimensional model using the wakscillator model is introduced
to predict twedimensional VIV of a flexiblynounted circular cylinder in steady flow. An extensive
sensitivity study will also be performed to as to identify the mostential parameters and their impact
on the cylinder response.
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Chap3er

Empirical Se-Deménsgsi ogpabf Nodwbi n
Cylinder OsciFllloat/idmes Y arditCer» d s
Vi br altn oStseady FIl ow

This chapter presents the sensitivity analysis of the empirical coefficients embedded in the developed
structurewake oscillators model predicting the tdomensional vortesinduced vibrations (VIV) of a
flexibly mounted circular cylinder in steady uniform flowhe sensitivity study is performed by both
Monte Carlo simulations and varianbased methods. The individual and relative importance of
empirical input coefficients are qualitatively and quantitatively assessed relatively to the corresponding
response atput of the twedimensional reducedrder model. The Reynolds humber dependence is also
taken into account by correlating the hydrodynamic coefficients with available experimental data in a
subcritical flow rangeTherefore, this chaptesresendthe advaced nonlinear wakeylinder oscillators

and the systematic study fothe empirical sensitivity and relative input contributions to the output
uncertainties in predicting coupled crdksw/in-line VIV responses and the associated dynamic
amplification of n-line mean displacement®Also, the most influential input variables in VIV
predictionsare identifiedand the interdependence effect of input varialideslemonstrated. fie
influence of Reynolds number (Ris)eventually evaluatethrough the hydrodynamiand empirically

tuned coefficients by introducing some useful empirical functiombich incorporaé available

experimental data.

3.1 Two-Dimensional Nonlinear WakeCylinder Oscillators

A reducedorder fluidstructure interaction model, simulatingugpded crosglow/in-line VIV and in
line mean displacements, is presented and investigiigdre 3.1 displaysa springmassdamper
idealisationmodel of a flexibly mountedcircular cylinderplaced ina steady and uniforrflow of
velocity (V). By accounting for the system relative velociti¥s{ between the free stream flow and the
two-dimensional moving cylinder, a dynamic angle of attarK58] is realized such that the
instantaneous directions of effective dr&g)(and lift (F.) forces acting on the oscillating cylinder are
aligned with and perpendicular to thée vector, respectively. Consequently, bddy and F_
components can be projectedto the global idine (X) and crosdlow (YY) axes, enabling the overall
hydrodynamic dragdift coupling as discussed i@gink and Metrikine [59fnd Zanganeh and Srinil
[34].
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Figure 3.1: A schematic diagram of cro$lew/in-line VIV of an elastically mountedircular cylinder, vectors
of relative velocities and associated hydrodynamic force components.

3.1.1Systemequations andvariables
By considering the dynamic equilibrium ofXOF cylinder motions, the geometrically nonlinear

Duffing-type oscillators, which account for the intrinsic tdionensional displacement coupling and
stretching effects due to potential largmplitude oscillatios and amplified mean displacements
experimentally observefbl, 60] may be expressed in a dimensional form, for cylinddma and
crossflow VIV with the bi-directionally equal quantities of structural masg (fluid-added massw,),
structural viscous dampings| and linear stiffness coefficierk), as

(m+m)X+cx Kxark 4% [ g Feos (31)
(m+m)y+¢y Ky &Fy BWx [oos g Esin (32)

where, asn Figure3.1, sig=dfw andcog= » ®7fw .A dotdenotes differentiation with respect
to time,candcare the cylinder idine and crosdlow displacements, i h and are the geometric
nonlinearity coefficientsyn =} * ?DJ/4, r the fluid densityD the cylinder diamete. the added mass

coefficient. FollowingZanganeh and Srinil [34}the total drag and lift forces per unit length are
expressed as

1 — 1
Fo=2rDVa(G G), R 5 MVG, (33
4 %0 §&
Vrel =V é v 0] -lv& (34)
¢ = 7C

in whichthe mean drag, flugaiting drag and lift force coefficients of the oscillating cylinder are defined

by C,, Co and C., whereas their counterpartsrfthe stationary cylinder aQbO,CDo and Cyo,

respectively
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To simulate the modification of stationary fluid forces due to the wake vortex shedding of the oscillating
cylinder, variations irCp andC, are considered through the normalized wake variabl€s aCpop/2

[44] andC. = C00/2 [43]. These terms are substituted ilguation(3.3) which arepart of Equations

(3.1) and B.2). To capture the se#ixcitation andselflimiting phenomena of cylinder VIV, the
fluctuation of p and g may be described through the nonlinear van der Pol wake oscil[afors
Accordingly, by introducing the dimensionless tintg formalizedwith respect to the croskw

angular natural frequency in still water.§, and the dimensionless displacemettsX/D andy = §/D,
Equations(3.1) and 8.2) can be transformed into the dimensionless forms, with four output variables

(X, p,y,Q), as

o

Rl (x9)xx g% 9 T Mp2 MAY 92w Hos(wy. (39
(% 9) i =, O VR E (xvy
pr2e W' 9p 4°W X (3.6)
. oy 12 dpy © qg 99, ..,
y+/(xy)y +y 9y y% %Mq2 Mgvr 22 'vagaggj( Wy, (3.7)
d+e, WF 1)a Fav 3 (3.8)

in which g, Lx, § and Ly are the empiricalvake coefficients regulating the séhiting response &,
g) and the fluidcylinder interaction(Lx, Ly), ax b a and & are the geometrically nonlinear
coefficients, anaV; is the nominal reduced flow velocity,=2pV/mD, with the normalized fluid
excitation frequencyy =StV,=¥/¥, and the angular vorteshedding frequency according to the
Strouhal number (St) rule. With equ&lY natural frequencies, the dimensionless quantitiks WMo,

0 ), the higherorder nonlinear effect of relative velociti& ot , the system damping Y and the

mass relationship® can be expressed, respectively, as

CLO CDO 1 — éD

M. = 16p2SE 7 Mo = 16p2SE 7. MD_szsﬁ m (39)

& _x o Ay’
fV(X’y):\/Sé -20\7r : +2§% , (3.10)

aC vV 0
/=2 i .
XJGEA?m_ (x.9), (3.11)
+

PR L(m q), (3.12)

rD?

N

wherexis the structural damping ratio and is the mass ratio witht = my(rpD?%4). The coefficient

Camay be assumed to be unity for a circular cylinder oscillating in still Wa8grNevertheless, due to
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the unsteady wake dynamics, the effective added mass isléipgdent which is already accounted
for through the wake oscillators as analytically characterize@anganeh and Srinil [62by
decomposing the total hydrodynamic forceEdguations(3.5) and 8.7) to be in phase with the cylinder

accelerations.

A linearization withVie/° V, sing° cfwand cog® 1 may be further applied to eliminate nonlinear terms
na Awandf, from Equations (3.5) and (3.7) asZianganeh and Srinil [62yho also disregarddd in
order to focus on the oscillation components. In this study, the full nonlinear expresdiopmdns
(3.5) and (3.7) are considered a morecomplete andgeneric model. Numerical integrations of
Equations (3.5)3.8) can be performeby using the Rung&utta solver in Matlalwith adaptivetime
stesand appropriate initial conditions. In each simulation case, the final sséstgyreponses of about
100 cycles of oscillations are kept and statistically analysed.

3.1.2Summary of Phenomenological Aspects
Some key features captured by the present nonlinearbaieoscillators are highlighted as follows.

a) Response Hysteresidt has been experimentally observed that, for a cylinder withrb(«6)
andx (0(10%)), a jump from the upper (lower) to lower (upper) branch response takes placeiN the
amplitude diagrams when increasing (decreasifigyrom a fluid mechanics wigoint, the hysteresis
response is attributed to the wakinder nonlinear interaction, dependent on the wake mode transition,
blockage and mass ratj63], leading to the coexisting upper/lower branch responses in a sp&cific
range. The present model can capture such an intrinsic featureaad¢mmting for the cylinder cubic
stiffness nonlinearitiesd, xy?, y3, yx%) through Eqgations(3.5) and 8.7) [44].

b) Dual 2:1 ResonanceTheX-Y response trajectories exhib#rious figureof-eight patternsx-
Y phase differences and tuned 2:1 oscillation frequencies due to the adapted hydrodynamic added mass
[64]. In accordance with th&:1 draglift vortex-shedding frequency ratio, such a dual resonance
character is associated with quadratic nonlineaf@®sand can be captured through the waknder
coupling (qy, px py ¢») terms[62] in Equations(3.5) and (3.7).

c) SelfLimiting Feature: Both structural viscous (linear) and hydrodynamic (nonlinear) damping
effects are accounted for throughuatjon(3.11). The timeand amplitudedependent hydrodynamic
damping stronglydepends on the relative velocities in bo#Y directions {,) as well as o6 . The

6 wft* ‘expression is equivalent @V/ . as inSrinil and Zanganeh [44jith; & 7t“ 3 ®eing the

so-called stall paramet¢66]. If a constanpis assigned, e.@=0.8(6 ¢, St=0.2)as inFacchinettiet
al. [43], the dynamic variation af is omitted. In the absence gfthe stall term solely contributes to

the cylinder seHimiting or limit cycle feature.
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d) Mean Drag Amplification: Physicalexperiments have evidencthtthe steady or mean drag
force can ba&lynamically and significantlpmplifiedduringthe VIV lock-in or synchronization for the
oscillating cylinder Themagnification of6 may be describeds a linear function ahaximumcross
flow amplitudeper diamete(A’) within a certain lockn range. A typical empirical expression reads
[58]

C, =C,,@ +kA), (3.13)

wherek is the amplification factor which can be obtained via calibration WilOF [58] or 2-DOF
VIV [67] data.A" is unknown and may be specifiagriori based on an existing correlation in the

literature. This point will be again discussed in SectiorR3®ether with the Re effect.

e) Cylinder In-Line Drift : Thed term multiplied withf, in Equation(3.5) has two effects on
the cylinder The first one results in an-lme static drift due to thestationary mean drag force
component proportional t* whereas the second one results in the meandyma@micamplification
depending on oscillation amplitudes. Thdsiéts admit positive values in thédirection. In addition to
0 , smaller drifts due to 2:1 resonance® also generated by the quadratig) and cubic Xy?)
nonlinear terms atheoretically proved iZanganeh and Srinil [62] hese extra values may be positive
or negative depending on the relatigey(or x-y) phases. Nevertheless, a combination of overall drift
components is found to always yieddpositive value suggesting that a final new equilibrium of the

displaced cylinder will take place further downstream.

f) Empiricisms: Overall, he present reducedrder model encompasses g&npirical input

variables classified into 3 groups as doik:

(i) Wake oscillator coefficient&, Lx, 6, Ly),
(i) Cylinder geometricnonlinearitycoefficients @y, &, ay, &), and
(iif) Hydrodynamiacoefficients(St,c,,,G .G, )-
Based on calibration with experimentaD®DF VIV data[67, 68] g may be assumed through the
m* -based functiofi62]:

_ (0.228m")
€, = 0.00234 . (3.14)

As the dynamic amplification ad may be based E@tion (3.13) which contains another empirical
variable®Qand unknowr\". Without specifying these two input variab&epriori, Equations(3.5)-(3.8)

would be solved by iterations which are very tioosuming and not recommended. To overcome this
difficulty, QandA" will be specified based on calibration with experimentth as in Sections 32

and 3.3.3, rendering a total of 14 model empiricisms. In the following, the process of selecting the

random input variables is described.
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3.1.3ldentification of Random Inputs
Table 3.1 summarizes the dimensionless quantities of hydrodynamic coefficients andtflgtire

parameters appearing lguations(3.5)-(3.13). It is noticed that most of the quantities dependrdn
which is one the key parameters ¥DPF VIV [69]. x may also contain some uncertaint[@&§)];
however, a smalt (order of 1) is herein specified as attention is placed omtheffect on empirical
sensitivity. To identify a set of influential coefficients to be considered as ranmgmrh variables in
Sections 2 and3.3 a differential or local sensitivity analysis is first performed by applyingatiae
time variations around the nominal values summarized in TaBldor the abovenentioned 12
empirical coefficients. A perturbatioto their nominal values is considered, and simulations with
nominal values are used as a baseline case. Herein, the local sensitivity indipesp@tional to the
derivatives of output variable¥ (, j=1-3) with respect to the chosen input variales i=1-12) are
evaluated using a finite difference method. With the-brster forward difference of j, the numerical
approximation for §=i[Y;( i+D i)-Y;( )}/D i, whereY, Y,andY sdenote crosflow amplitude
(Ay/D), in-line amplitude A/D) and irline mean displacemeni{/D), respectively. As iSis based on

a local linearity assumption, a small perturbatidn of 5% is applied to i, indicating a reduced
parameter space. A linear differential approximation may be invalid for a largertyagion, see, e.g.,
Cattarinet al. [71]. To overcome thishortcoming, a global sensitivity analysis should instead be
considered as in Section22 and3.2.3.

Table 3.1: Dimensionless quantities, associated hydrodynamic coefficients andfitucture parameters

Dimensionless quantities Hydrodynamic coefficients Fluid -structure parameters
M, (Eq.9) C, St,Ca m*

M, Cpo» St,Ca e

M, C,. St,Ca m*

/., (Eq.11) Co G m*, X, Vi

/ y Co» Ca m*, X;, Vr

W St Ve

Table 3.2: Mean values of empirical wakeylinder and hydrodynamic coefficients in Monte Carlo Simulations

Wake Values Cylinder Values Hydrodynamic Values
coefficients coefficients coefficients
& 0.3 ax 0.7 Co, 0.3
Ly 12 b 0.7 Coo 0.2
g Eq. (14) ay 0.7 C, 2
Ly 12 by 0.7 St 0.2
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Numerical results of Sin the case of varyiny; are illustrated in Figre 3.2 based om* = 3.68 and
x=0.006, distinguishing between the set of walkinder (ac) and hydrodynamic ¢ coefficients for
the three main outputs. It can be noticed that the Glossvake coefficientg has a greatest influence
on all output predictions, especially neae thaximum response %t °©10. Other oscillator variables
including Ly, ax, b, ayandb, also play a role in the predictég/D, AJ/D or A./D, albeit with a lesser

effect thang. Nevertheless, a variation @ and Ly is negligible, confirming what has been remarked

in Srinil and Zanganef4] based on a linearized model predicting oliD andA«/D.
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Figure 3. 2: Local sensitivity indices of response outputs for cylinder with= 3.68 andx = 0.006 due to
perturbation in (&) wakecylinder oscillator and () hydrodynamic coefficients.
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As for the hydrodynamic coefficients, the greatest effect comes@rerithe coefficient also plays

an influential role in the associatAg/D prediction whereas St shows a small sensitivity effect. e
variation is seen to be negligible: this is consistent with the ablserved trivial effect o and L
variatiors governing the iine wake oscillator with a small@mplitude excitation.

In the following, the samplingand variancébased global sensitivity approaches are described by
omitting & and Ly variations and accounting for a greater parameter space with multiple random
variables ofg, Ly, ay, &, ayandb, (Section R.1). Randomness in SEpo, CLoando s also considered

based on Re variations.

3.2 Global Sensitivity Analysis: Qualitative and Quantitative Methodologies

In most studies that use wakglinder oscillators, very little emphasis is placed on how a multitude of
input variables present in the governing equations affects VIV predictions. In addition, no information
onindividual contribution, relative importance and coupling of variables is available. These aspects will
be qualitatively and quantitatively measured through a global sensitivity by applying the Monte Carlo
simulation (MCS) to assess théd®F VIV multiple times under randomly selected inputs. The output
uncertaintiemreassessed through the following cylinder response quantities: thefloressmplitude

(Ay/D), in-line amplitude A/D) and inline mean displacemem\{/D). TheX-Y oscillation frequencies

are not treated as uncertain outputs as most okti¢rajectories exhibit the figuref-eight patterns

due to 2:1 resonances regardless of the inputs.

3.2.1 ®nsitivity to Wake-Cylinder Oscillator Variables
The six wakecylinder oscillator variables are first considered and grouped=@&, ay, &, 8, 6, Ly).

Their nominal values in Tab®2 are treateds mean values in MC8nless stated otherwig®e uniform
distribution over an interval centred smch meanaluesof isintroduced as no associated information
on individual and joindistributions is availabléThe use of uniform distributiois plausible since a
sensitivity analysis depends morne the range than on the assigned distribtf@j. Herein, a random
sampling functionn Matlabis used to creat@vectors eachcontaning N independent random numbers
between 0.8 and 118 allow for the £20% variatiomn . A variation of 10% was considered &abbai
and Hiebert [73ffor a :DOF VIV analysis. This increaset20% variation is due to the doubled
dimensionality and -DOF coupling effect. Such sampling technique has an advaimtggeducing
unbiased estimates of the output mean and vari@2¢eSubsequently, 6eries ofN perturbed values
are generatetdy muliplying the mean values of with the correspondingN randomnumbes. By
keeping the hydrodynamic coefficients in TaBl& invariant,Equations (3.5)3.8) are evaluatedtl
times, and the recorded steagtgteX-Y time histories are transformed into multiglgD, A/D and
An/D outputs for which the uncertainty analysis can be performed by evaluating the relevant mean and

variance.
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Both qualitative and quantitativeharacterizations of response outcomes can be\azh through

several methods. The most convenient qualitative approach is the scatterplots or data cloud relating
outputs A/D, AJ/D, A/D) to the multivariate random inputs)( These scatterplots allow for a visual

inspection of potential dependencibsjng regular or complex, and the subsequent use of appropriate
guantitative methods. As the obtained data cloud presented in Sa@ibrmostly display a linear

relationship, the sensitivity quantification can be first performed by evaluatingtheReérs cor r el at i
coefficients (PC). By letting each output vectovhdi = 1 N)é&@and the random input variablesGge

=1, é, 6) for gasdh, i=mpuydbh, vsieb,t 018, =Ly, the PC for each

j can be evaluated through

PG = a2 | , (3.15)

eN — 2 Ng —\2
\/S.a:'l(q' - J(); dlg Y ) Y
_ - VG
(Ell N’ G % (3.16)

Additional useful quantitative measure based on the regression analysis is also performed to identify
contributions of individual inputs to the output uncertainties. Witt6hhdimensional random sampling
strategy, a linear regression model for each dugkes the form of

6
Y, =, b Gy, (3.17)

j=1
whereb; are the regression coefficients and the residual due to the approximation. Thigsendr;
values can be obtained through the lesigtares approximation directly applied to the scatter maps. For
identifying and comparing the relative importance of each input variables, the standardized regression
coefficients (SRC) are used for which SR gwhere

12 \ 12

. é,N (YI - _\Y o 5 e ( ¢2 ﬂ
s=@yrow YEd oy (3.18)

e u é a

Equation (3.18) implies that estimating SRC is equivalent to performing the regression analysis with
input/output variablesormalised to a zero mean and standard deviation of one.aJ3deiated
coefficients of determination @R which justify how reliably Equation (3.17) can reproduce the actual

outputs, are also computed through

Rzzgg(y -‘)\Z(Z iﬁ iY_)Z‘ (3.19)

where  denotes the estimation of obtained fron Equation (3.17). It should be noted that the
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regression model will achieve the best performance WRdenl [72].

To also elaborate the multivariable interaction or the coupling effect of input changes on the predicted
crossflow/in-line VIV, the secalled Sobglsensitivity indices (SI) are considered in conjunction with
MCS[74]. In supporting the above quantitative observation of individual input contributions using SRC
and R, the interaction between each two independently random variableswittgn, the wake
oscillator, within the cylinder oscillator or creseupling between wake/cylinder oscillators) is herein

of primary interest. According to the variadgased theor}72], the seconarder Sini which capture

the model sensitivity tboth G,andGn changes are evaluated through

Shm = . , (3.20)

VEVEY @V WEC YR (3.21)

wherew is the total variance of outpit (i.e. A/D, AJ/D or Aw/D), E(Y |G is the conditionally
expected value obtained by averaging all possible outcomédased on the (individual or multiple)
Ginput changes, amd ‘O gp denotes the variance of expectations. Equations (3.20) and (3.21) can

be assessed using the ofs@nirceGSAT toolbox in Matlab{75].

Note hat attention should be paid to the coexisting upper/lower branches within the hysteresis region
exhibiting a jump for the cylinder with low* when evaluating PC, SRC,2Rnd Sl for sensitivity
analysesTo avoid the mixed statistics, uppandlower-branch responses in this range are separated
prior to the posprocessing. Although MCS creatdigh number oflata through several runs, the total
required computational effort and data storage are indeed relatively minimal based on the proposed

reducedorder model.

3.2.2 Sensitivity toReynolds Number
The hydrodynamic characteristics of flows around circular cylinders are governed by several factors

including Re, the turbulence intensity of incoming flows and the cylinder surface roughness. In addition,
the measured hydrodynamic forces of vortex shefddimmations are influenced by experimental
arrangement parameters such as the cylinder aspect ratio, wall proximity, free surface, blockage and
threedimensionality[58, 76, 77] With these variable conditions in different testing facilities, the
collected hydrodynamic data are often scattered, leading to some uncertainty contributions to the model
calibration and predictiocomparison. In this study, experimental data of smooth cylinders in steady

flows with free or very low turbulence are considered regardless of their experimental arrangements.

As Re affects the flow regime and vortex shedding pattkisisecond pariimsto incorporate the
dependence into the prediction model for investigating the Re sensitivinD&R2VIV outcomes

(Section3.3.3). This is accomplished by considerifigthe Redependent hydrodynamic coefficients
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(St,6 M R ) which afiect several dimensionless quantities (Tahlg, and (ii) the Ralependent
amplitude function &) which, in turn, influences the mean drag throughEquation 8.13). Re is
varied withV throughRe = VD/nwherenis the fluid kinematic viscosity. To account for the sole Re
variation,V; is assigned and fixed. This implies tBaand/orf, is adjusted through, = V/f.D, as carried
out in Blevins and Coughran [68}ith varying D and Re.In regard to the flow regime, attention is
placed on the subcritical flowsith the approximate range ok10° < Re<3x1([76]. A critical flow
regime (3x10< Re < 3.5x1f) isdisregarded as the present watkely oscillators presently exclude the
possible occurrence of a n@aro mean lift force in this Re ranp&]. The supercritical flow regime at
higher Re $ also disregarded due to the lack of empirical functions and experimental VIV data.

To account for the Re dependence of St, empirical functions based on a compilation of experimental

data in Norberdj79] are considered and pted in Figure 3a. These functions read

St° 0.2139- 4/R ;325¢ Re¢ 1.6x10, (3.22)
St° 0.1853+0.0261exp(- B89 log(Re/%.6° 1(2'Hf) ; 1.6x16¢ Re¢ 1.5x10, (3.23)
St° 0.1848+0.00088 Re/ 5 <104 ; 1.5x1G ¢ Re ¢ 3.4x16. (3.24)

Norberg[79] also proposed the Rmsed empirical functions for the sectional romansquared lift
coefficients of stationary cylinders. These statistical functions which account for the lift force
fluctuations are herein consideraat €, as follows. TheCio variation and sample data are plotted in
Figure 33b.

C,,° 0.045 +1.0§ 1 -Re/1%6 10§ 1 260¢ Re ¢ 1.6x10, (3.25)

CL, © 0.045 +Rlog(Re/1.8 T0 ) . 1.6x10 ¢ Re ¢ 5.4x10, (3.26)
CL,° 0.52 -0.06 log(Re/1% £0 Y’ - 5.4x10 ¢ Re¢ 2.2x10, (3.27)
C,°0.09 +0.43exg -0 (Re/20") ; 2.2x10 ¢ Re¢ 3.4x10. (3.28)

ExperimentalCpo data are scarce arkdng [80] suggested thafpo® 0.2 may be used for all Re as
applied inCurrie and Turnbull [81]NeverthelesBishop and Hassan [8ahdCheung and Melbourne
[83] reported very fevCpodata as plotted in Fige3.3c. In the loweRe ¢ 5.8x10 range, the averaged
Coo® 0.06 is herein assumed whereas a new efittueg Cpo function is introduced for a higher Re

range as

Cpo® 0.4408log(Ré 10 ) +0.24" ;5.8x10 ¢ Re¢ 3.0x1CP. (3.29)

As for6 , experimental data compiled S¢hlichting and Gersten [84}e considered and plotted in

Figure 33d. Accordingly, new empiricad curvefitting functions are introduced as follows:
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Coo © 1.095 Re 18) 1 1.0x10 ¢ Re¢ 2.1x10, (3.30)
Coo°1.164 R¢ 18)" - 0443 20 R 1 2.1x10 ¢ Re¢ 1.0x10, (3.31)

Coo® 0.014 R¢ 18)° - 0.103 Re 1P +0.23/REJl0 +1.  ;1.0x1G ¢ Re¢ 3.0x10. (3.32)

a) b)

0.6

045

0.19 |

0.18 ‘ :
10° 10 10° 3x10° 10° 10* 10° 3x10°

0
10° 10* 10° 3x10°

Figure 3. 3: Variation of hydrodynamic coefficients as function of Re for a stationary cylinder: star, square and
circular symbols denote test data from Bishop ands&fg82], Cheung and Melbourri83], and Schlichting
and Gerstefi84], respectively; solid lines in a)) are based on EHqtions(22)-(32); some test data (symbols) in
a) and b) from Norberfy9]; a dashed line denotes a mean value.

Figure 33 shows the variation ranges of 0.18<St<0.22, 0.05<0.55, 0.06€p0<0.35 and
0.95<0 <1.35 which are more versatile than the usually fixed St€020.3,Cp0=0.2 andd =1.2

in the wake oscillators. Equation3.30)-(3.32) maybe combined withequation 8.13), dependent on
A* and k, for approximating the dynamically amplified steady didg as Re is variedlo capture the

A’ variation as a function dkeas well asr* x, the following correlation for a maximum response may
be used85],

A=(1112 8.34) lof 0.41RE) (3.33)

where a = (m*+Cy)x and C:=1. Note that Egation (3.33) has been validated to be satisfactory for
500<Re<3.3x1band this range may be further valid at a higher subcritical Re as Inp@advardhan
and Williamson [85]As Equation(3.33) has been derived based eDQF VIV tests, it is most suitable
for 2-DOF VIV analysis for cylinders with hight*>6 where the effects of iine VIV and stiffness

nonlinearities are negligible due to the lowering ciftes response. In the absenoé amplitude
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correlation from 2DOF VIV tests, Eqation(3.33) is herein utilised for ath* by assuming that the
drag magnification is proportional to a predomingntesponse as experimentally observed in
Stappenbelt, Lalji [67]Theeffects of inline VIV and geometric nonlinearities can be accounted for by

tuning the empirical curve fitting coefficiehinstead asliscussedn Section3.3.3.

To capture the Re dependence of the lift force wake oscilBtpiation(3.35) from Facchinettiet al.
[43] and Eaation (3.33 may becombined to arrive at a uniquelationshipfor the two wake

coefficiens Ly andg as

L, &S, +1@°St g &5 +8%st
€

¥ = (3:34)
ey é CLO ¢ CLO

4 3.121 8.34) lo§ 0.41R¢")

I-ap: of”
—— 'Iﬁ Y

where S = 80°Stnx = 2p°Sta is the secalled SkopGriffin parametef66]. It is worth remarkinghat
equation (34) depends on both physical paramet#rs) and Redependent hydrodynamic properties
(St, Cro, o(C,, St)) deduced fromEquations (3.22]3.32. The empiricalg expression depending on

m* may be specified througBquation(3.14) so that a sole variation iry is achievedThe L/g, plots
as function of Re anai* will be presented in Sectidh3.3 together with the analysis of model sensitivity
to Re.

3.3 Parametric Investigations

Insights into the model empirical sensitivities, output uncertainties and effects oftfuature
parameters are now highlighté&bnvergence tests have beerfgmened with increasingylin MCS such
that 1000 series of random input vector@\N=1000) provideconvergingoutputswith invariantmeans
and standard deviatioriBable3.2 summarizes the assumed mean values of input variables used in MCS.
These values haveeen deduced bSrinil and Zanganeh [44hrough calibration with severatROF
VIV experimental resultf67-69]. By considering the cylinders with a fixad= 0.6% andsariedm* =
3.68, 5.19 and 8.7f7], crossflow amplitudes A/D), in-line amplitudes A/D) and inline mean
displacementsAn/D) are evaluated in the case of varyMgto capture initial, upper or supapper
(where maximum amplitude occurs), and lower branch respg@8gsin the following, the output
components are explained by also demonstrating the capability of the presewt/livadker oscillators
in capturing basic VIV features.

3.3.1 Response Output Variations
The Reindependent model is first considered to demonstrate output compon&hteis.68, V,=9

andinitial conditions x=y = ¥ = q=0, p=2 andg=2, Figure 3.4 displays the response time
histories including transient dynamics »f(3.4a), p (3.4b), y (3.4c) andq (3.4d) associated with
Equatiors (3.5)(3.8). Overall, the steaestate responses are achieved witelb0, exhibiting a perfect

periodicity and single harmonic oscillation frequency. Maximum, mean and minxregmponents
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can be extracted from Rige3.4a, establishingw/D andA./D. A zero mea iny response is guaranteed
in Figure4c with A/D being equal to the maximum (or the absolute minimyogmponent. The time
histories of wake variablgs(Figure 3.4b) andg (Figure 3.4d) reveal the amplifiechagnitudesg® 3.5,

q° 21.6)which are notably greater than their initial conditigorsgE2) owing to the VIV fluidstructure
interaction effect. A zero mean pandq responses justifies a realistic simulation of fluctuating drag
and lift force components through the van der Pakéqgns forced by the cylinder accelerations.
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Figure 3.4: lllustrativetime histories of fouwakecylinder variables in DOF crossflow/in-line VIV with
m*=3.68, 3=0.006 andV,=9.

With the samen*=3.68, output diagrams o&/D, A/D andA./D with varyingV; are presented in Figure
3.5a,3.5b and3.5¢, respectively.The multiple linegexactly 100 correspond t@amplitude respnses
(Figures 3.5a), 3.5b) and 3.5c¢)) amdjectories (Figure 3.5d0f simulated 10D wakecylinder
oscillator equadns of motion when accounting for a 20% random variation (following a uniform
distribution) from their mean value of the coefficients listed in the vecto (ax, ay, b, b, 6, Ly).
Hence for eachV,, 100 MCS are exemplified, and timitiated displacement and velocity conditions of
all x, y, p andq are fixed; otherwise they will further affect the frescillationvariability. Several key
observations can be made fromurig3.5. Pure inline VIV responsef80, 81]are captured in the range
of 2<V; <3 whose very small amplitudes are insgwsito the input randomness (kig 3.5b). With
regard to the main-ROF VIV range, agreater output certainty appears in an initiaké) and lower
(V> 8) branch range witahigh repeatability oA,/D < 0.5 (Figire3.5a) andA,/D < 0.05 (Figire 3.5b).

In these range#\./D values (Figire 3.5¢) increase linearly with; due to the increasing steady drag
force proportional td/? (Equation (3.3). Within the middle upper branch range ¥<<14, A./D are
substantially enlarged due to the dynamic drag amplification coupleddRrandAy/D. In this main
resonant range, the multivariable output uncertainties increase visibly as amplitudes and mean
displacements increase. The maximum responses dre approximated range$ 1<A/D < 1.4, 0.1

< A/D < 0.3 and 0.25 A/D < 1.5,demonstrating the input sensitivity and output variation when
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compared with experimental dg6¥] whosemaximumA,/D° 1.4 andA,/D° 0.23deduced by averaging

the top 10% of the half pedk-peak values from the experimental time histories.

In Figures3.5a-3.5¢, multiple locations of response jumps suggest a critical parametric range affected
by the hysteresis feature where upper and ldwanches coexist (8% <14). This multiple solution
rangeis susceptible to initial conditions which are uncertainly random in nakbexefore, there is a
wider possibility that theylinder response may undergo and switch between greater or smgller
responses resulting in the cylinder static drift variations. With 9, thex-y orbital motionsassociated

with the upper branch are displayed in®3.5d (leftto-right flow direction) which exhibits various
figure-of-eight trajectories associatedthvdual 2:1 resonanc¢82, 64} The relatively similar patterns

with two lobs pointing downstream are remarked. By inspecting the motion paths, the majority of the
eight figures follow the countarlockwise (clockwise) direction at their top (bottom) parts as
exemplified by arrows in Fige3.5d. These are typical upperanch patterns experimentally observed
[51, 64, 68, 86]Thex-y phase differences are mostly about®@akh x leadingy [69]. Sud repetitive
resembling features suggest the rather quantitative than qualitative effect of the input randomness. This
remark is also supportive to both the amplitude{fég3.5a and3.5b) and mean (Fige3.5¢) response

diagrams where the sdifmiting, jump and hysteresis characters are all maintained.
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Figure 3.5: lllustrative (a) crosglow and (b) inrline responses, (c)4line mean displacements and &y
trajectories aV, = 9 for cylinder withm*=3.68, x= 0.006, and sample 100 MCS for eath
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With 1000 MCS for eachV;, the means and standard deviationsAgD, AJ/D and Aw/D outputs
associated with the upper branches are plottdeigare 3.6 for differentm* = 3.68, 5.19 and 8.76.
Hencein Figure 3.6the dots represent the meatuegFigure 3.6 a)¢) ande)) and standard deviations
(Figure 3.6 b), d) and ff in-line, in-line mean, and crodbow amplitudes(upperbranch)for these
three different mass ratio¥he lines connecting the dots are straight lines, not linear or nonlinear
interpolationsWithin the hysteresis range (i¥.> 8 form*3.68, 6 <V, < 8 form* =5.19, 6 <V, < 7
for m*=8.76), it is necessary to separate the uwanch MCS data from the lowbranch ones to
avoid the mixed statistics which could be misleadingso doing, a threshold,/D value (.e. 1.0for
m*=3.68, 0.8 for m*=5.19, and 0.5 fom*=8.76) is introducd to group the 2DOF VIV data. The
number of MCS is alsimcreased such thtte associated,/D, A/D andA./D in both branches account
for at leastN=1000fulfilling the convergencet can be seen from Fige 3.6 thatmean values oh,/D
(Figure 3.6a),AJD (Figure 3.6¢c) andAn/D (Figure 3.6e)increase a¥, is increasegdand theydecrease
asm* is increasedThis is expected from a logk resonance and mass ratio effect perspef#®e
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Figure 3.6: Mean (a, ¢, €) and standard deviation (b, d, f) valugg/bf, AWD andA./D based on 1000 MCS
for differentV, andm*: red, blueand green points denate* = 3.68, 5.19 and 8.76, respectively.

Nevertheless, in the hysteresis range, the maximum standard dewfafigD in Figure 3.6b is about
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12% fornm*=3.68, 9% fom*=5.19 and 8% fon*=8.76), being greater than those associated AfD

in Figure 3.6d (up to 3.5% form*=3.68) and Aw/D in Figure 3.6f (up to 7.5%m*=3.68). This
demonstrates a greater output variance associated with the yaiegonse. When comparing with
experimental data, these means and standard deviations may be useful for establishing the upper/lower

response bounds.

To identify whichindividual input variables play the most influential role in the output uncertainty and
to understand the interactive changegnultiple variables, a systematic sensitiwianalysis isnext
carried out by alsaccounting fothe effects ofrn* (Section3.3.2 and3.3.3) and Re (Sectio.3.3).

3.3.2 Contribution, Relative Importance and Coupling of WakeCylinder V ariables
Of practical interests the prediction ofmaximumA,/D, AJ/D and A./D associated with the upper

branches (e.gi<Vi<14 in Figure 3.5). By focusing on the model sensitivity to random changes in the

six wakecylinder variables4x, ay, &, b, g, Ly), C,,,.C_,.G,, and St are fixed as in TalB2. From

Equations(3.5) and (3.7)ax and a, govern the onglirectional cubic stiffnesgx® and ayy® terms, b
and f, govern the biirectionally coupled cubic stiffnegsxy? and &yx? terms The coefficientsg and
Ly, presented ifcquation (3.8)govern the fluctuating lift force through Both g and L x which affect
the fluctuating drag force are not treated as random variables as they produce a negligible sensitivity as

in Section3.13. The scatterplots are first qualitatively analysed through 1000 MCS.

Both low (m* = 3.68,V; = 9) and high if* = 8.76, V; = 6) mass ratio systems are considered and
compard. A series of output variations in (4)/D, (b) AJ/D and (c)A«w/D vs. the percentage changes in
ax, ay, b, b, 6 and Ly are presented in Fige 3.7 for m*=3.68 and 8.76 case Because a linear
monotonic relationship is generally observed in the scatter ditastsquars linear fitting is applied
and shown in Figre 3.7 to describe the likelihood of the mapping trevith m*= 3.68, itis seen that
A/D points(Figure3.7a)with ayand variations appear scattered but over two almost horizontal fitting
lines. This implies the independence &AfD outputs onax and &. In other words, théy/D variability

is likely due to deviations in other input variables. This is feasible ginaad 6 govern thex motion
(Equation (3.5). The negligible sensitivity tay is also noticed although the sm#&jl dependence is
realised by a slightly inclinedkfing line. This suggests a weak dependengagebmetric nonlinearities.
Remarkably,A/D outputs are significantly affected by boghand L, variations which reveal their
highly-inclined fitting lines albeit with the opposite effects. Accordingly/D are likely to decrease

with increasingg, or decreasind.y.

The sensitivity state oA/D (Figure 3.7b) becomes rather different from thatA&fD (Figure 3.7a). It
can be seen thaigether withg, Ly and &, both a, and & variations now play a role in the model
sersitivity. Due to thex-y geometric coupling and greateresponse, botyf andy® nonlinearities appear
to govern the smallex response: the former amplifies/D as b increases due to the softening

(quadratic) effect of*> whereas the latter reduc&gD asay increases due to the stiffening (cubic) effect
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of y3. The ayx variation is still negligible because of a small contributiorxbferm. Owing to the
amplified drag force within the main loék range, botlay, and & variations affecf./D outputs (Figire

3.7¢) due to the enlarged driftede.g. Figires. 3.4a and3.5c).
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Figure 3.7: Scatterplots and leastjuare fitting lines of response outputs vs. six empirical input variations: red,
green and turquoise (blue, purple and orange) mapgdf A/D andA.D, respectively, denoter=3.68 and
V=9 (m*=8.76 andV, = 6).
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