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Abstract

The end condition of a cylinder is known to influence its vemtwhuced vibration
(VIV) responseThe design of a short circular cylinder witlt@ncentricbase column
attachedo its bottom is adopteay some floating structurder improvedstability, but
how the base column would affect the VIV of the cylinder has been stralied In
this paper, the VIV o&in elastically mounted rigidylinderwith a base column and a
low aspect ratio of & investigated numerically by solving tNavier-Stokesequations
The numerical methods are validated againstexisting VIV studies, including a 2D
cylinder and a cylinder with a finite lengtiihe impacts of the base coluron the
cylinder are analysett.is foundthatalthoughthe free end effdsassociated with fluid
flowing aroundthecylinderend are still present, attaching the base column ledls to
exparsion of thelock-in regimeof the cylinder respons@ relationship between nen
dimensional response amplitude and lift coefficieneéssablished, which takes into
consideration the geometrical properties of the base colBynanalysing the energy
transfer from fluid to structurehé base columns also found tohave significant

damping effects on the cylinder response.

Keywords: Vortex-induced vibration; base column; free end effects; damping effects.

Page 1 of 41

br a

W

t


mailto:percyliu@ouc.edu.cn

1 Introduction

Vortex-induced vibration (VIV) of elastically mounted rigid cylinders has been
extensively studied over the past few decades due to its significance in Jenlidsis
of engineeringFor a cylinder subjected to incident flow, periodic vortex shedding
occurs resulting in the oscillation of the cylinder in the transverse or crossflow
direction. Under certain circumstances, the lotkhenomenogharacterised by large
transverserespons amplitudeappears which may lead tostructural fatigue and
stability issuesComprehensive reviews of VIM various aspectsan be found in the
publicationsof Bearman(1984), Sarpkayg2004), Williamson and Govardhaf2004)
and Williamson and Govardhaf2008.

The majority @ previous VIV studies have focused on cylinders with a high aspect
ratio, for which the lengtlof the cylinderL is significantly larger than its diametér,
e.g.L/D =10. In thesestudies,the effects of free emsdvere usually not taken into
considerationA thin encplatewith a diameteseveral timeshat of the tested cylinder
wasofteninstalled tothe free endof the cylindern VIV experiments to prevent fluid
from flowing around the endHover et al., 2004Morse et al., 2008Bourdier and
Chaplin, 2012 For numerical investigatiorsd low Reynolds numbers de< 200, as
flow is intrinsically laminay two-dimensional (2D)Computational Fluid Dynamics
(CFD) simulations wereypically carried out(Bao et al., 201;1Zhao, 2013Wang et
al., 2019. As the Reynolds numbeRre increasesalthougha fully threedimensional
(3D) domain vasset upthesimulateccylinderdirectly pierced through the two domain
boundaries normal to &#nd aperiodicor symmetry boundary condition was applied to
them without modelling the free endghao et al., 201AVang et al., 201;/Navrose
and Mittal, 2019.

However, existing researchesthieflow past stationary cylindemwith low aspect
ratios demonstrated that the presencehs free end hasignificantimpacts on the
vortexformation and wake of the cylind@éPalauSalvador et al., 20Q%Bumner, 2013
Fukuoka et al., 20061In their experimenal study ofthe flow around cylinders with
aspect ratioof 0.1¢ L/D ¢2, Gon@lves et al.(2015 observedtwo recirculation

regions with ondormed over the free end and the other behind the cylinder, and
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concludedthat the von Kaman vortex streetypically found for cylinders with high

L/D diminishedasthe aspect ratiaecreasedenitz et al(2016 performeda series

of CFD simulations for circular cylinder across a wide range of aspect ratios from 1
to 19andfound that the tip vortices associated with the free end dominated the flow at

aspect ratiosmaller than 3with no vortex shedding from the cylinder surface

The flow results foistationary finitelength cylinders suggesat the VIV of a
cylinder witha free endan belifferent from thatvith a highL/D , as has begpointed
out by some researcherkitagawa et al.(1999 investigated the VIV of a pivoted
cylinderwith a free end viavind tunnel experimentand observed the smalled end
cell-induced vbration (ECIV) at a wind speed higher than the threshold for VIV. They
attributed ECIV to the vortex shedding associated with the freeMorde et al(2008
experimentally studied the VIV of a rigid cylinder with and without an endplate
attached to its free enat L/D =8. Comparisons betweethe results fronthe two
different conditiongevealed that the response amplitude was considerably higher
the lower branchand there was no clear transition between the upper and lower
branches when the endplate was remo¥edo and Chen(R014) analysed the effest
of the free end on the response of a cylindea 6hite length by conductin@CFD
simulationswith L/D varying from 1 to 20 aRe=300. The vortices generated from
the free end wafound to affect the VIVresponse amplitude and frequeralythe
cylinder even at a high/D of 10.Kinad et al.(2016 argued that the flow around the
tip or free end of the cylinder could not be eliminated completely in VIV experiments
and proposed a tifjow correction factor to represent the lift loss caused by the vortices
associated with the free @rGon@lves et al.(2018 carried out VIV experiments for
cylinders with very low aspect ras®f 0.2¢ L/D ¢2 and concluded that the vortex
sheddingaround the free end was the dominant source for the resonant behaviour of the
cylinder with aL/D lower than 0.5AzadehRanjbar et al(2018 exposed both ends
of finite-length rigid circlar cylinders to the flow in their wind tunnel experimesutsl
spotted a broadened loak regime by about 200% as well as a 230% increase in the

peak response amplituds L/D wasdecreasefrom 28.8 to 5.

It can then besummarised from the above literature review that the condition of

the end of a cylinder plays an important role in its VIV resppaspecially fora
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cylinder with a low L/D . In the present study, the VIV of an elastically mounted
circular cylinder with aifferent end condition,e. with abase colummttached to its

free endasillustrated inFigurel, is investigated numericallyrhe cylinder ad the base
column are concentric but differ in diametérs conjectured thatdaling a base column

to a cylinder with a free end may influence the fluid flow around the structure and
consequently affect the response of the cylindlberefore, the objeéiwe of this work

is to study the impacts of the base column on the flow past the cylinder and its VIV
responseTo t he best of ttheVIVaolatcylindersvith sicmemdv! e d g e,
condition has been rarely analys&teanwhile,due to its advantages in stability and
heave dampingthe cylinderbase modeis found to be adopteth somefloating
structure designs, e.the DeepCwind sersubmersibleplatform (Robertson et al.,
2014 developedto support the OC4 floating offshore wind turbi@OWT) as
displayedin Figure2. It is thus expe&dthat the present study wiielp improvethe
understanding afheresponses of an FOWT due to vortex sheddingurrent which

is more commonly referred to as vordiexuced motion (VIM) in the field obffshore

engineeringZhao et al., 2018 and provide guidance to the design of FOWTs

The rest of this paper is organised as follows. The geometry of the structure and
the flow condition analysed in the present study are firstly described in S&ction
followed by a brief introduction to the adopted numerical methods in S&:tibiwo
numerical tests are then carried ouSection4 to validate thenumericaltool in VIV
studies and Sectioh presents the computational model established for the cylinder
with a base column. Subsequently, in Sec@idhe numerical results obtained for the
cylinder under stationary and oscillating conditions are presented and analysed in detail.

Finally, some onclusions are drawn in Secti@n
2 Problem description

Thegeometry of theylinder with a base colunstudied in this works illustrated
in Figurel. Using the OC4 DeepCwind semsiibmersibleglatform (Robertson et al.,
2014 as a reference, r@latively shortcylinder with a low aspect ratio df/D =2 is
employed whereL is the overall length of the cylinder arial is its characteristic

diameter The base @umnhas a diameter db, =2D and a length oL, =0.2L . A
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low mass ratio ofn =2 is adopted, whicls defined asm = ny m) , wherem is the
mass of the structure andy is the displaced fluid mass calculated via
m,=r ;(DZLC +D§LB)/4 with r being fluid density The aspect ratid/D and
mass ratiom utilised in this study arehe same as tiseof a finite cylinder without
the base column previoustyestigaéd byZhao and Chen014, so thathe effects
of the base column can be assessed by malongparisons betweeie numerical

resultsobtainedfrom the twodifferent g@metries.

The cylinder is subjected to uniform flow with a flow speedJofand is only
allowed to oscillate in the transverse directi®he Reynolds numbeis defined as
Re= UDn, with n denoting kinematic fluid viscosityand remains constant at
Re=300 throughout tfs study, as in the work athao and Chen{014). Although
fluid flow at Re=300 is already in the turbulent regimégtrelatively lowRe makes
it affordable to directly solve the Navi&tokes equationsvhich avoids the potential
uncertainties associated with tindisation of turbulence modelk.is expected thahe
results obtained from the present work may help shed light on dwtsedf base column
on the VIV response of realorld cylindrical structureanderhigh Re flow conditions.
The VIV of the cylinder is simulated for a series reiduced velocies. The reduced
velocity V, in this studyis defined a8/, =U/( f, D), where f, is the natural frequency
of the cylinder in vacuum. In order to ke&e unchangedor different cases whil¥,
is varied only f, or equivalentlythe stiffnessk of the spring res#ining the cylinder,

is adjusted
3 Numerical methods
3.1 Flow model

The flow past a freely oscillating cylinder is assumed to be transient,
incompressible and viscous, and is governed by the following NStades equations
formulated inan Arbitrary Lagrangiafulerian (ALE)framework

DO & Q)
%+ Dglu U)U g —?-n ’U- 2
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whereU and U, represent the velocity vector of flow field andmputationafrid,
respectively;t is time; p is the pressure of flow field; is fluid density;n denotes

the kinematic viscosity of fluid.

The flow field is solved usin@penFOAM version 4.1 littps://openfoam.oig

whichis an open source CFD code ardploys a finié volume method to discretise
the governing equation®penFOAM has a large number of solvers with various
functionalities available andhe pimpleDyMFoam solver with a moving mesh
capabilityis selected, whera PIMPLE (merged PISEIMPLE) algorithm is applied

to deal with the coupling of velocity and pressure in a segregated wagcl&vard
schemewith seconeorder accuracis used for temporal discretisatiamile a second
order upwind scheme is adopted for wective terms. Gradient terms are handled via

a seconebrder Gauss linear scheme.
3.2 Structural model

Thetransverse responséan elastically mounted cylinder subgdto fluid forces

can be described via the following equation of mation
my+cy +ky % 3

where y denotes the transverse motion of the cylindaer; ¢ and k represent the
cylinder mass, structural damping coefficient aspring stiffness, respectivelyt,

stands fothe fluid force exerted upon the cylinder in the transverse direction.

In this study, structural damping is not consideredthusthe damping coefficient
c is set to zero.The Newmarkbeta method(Newmark, 1959 widely usedfor
structural dynamics problensadopted to solve E€B) for the transverse responge
of the cylinder.The integration parameterseaset tog=0.5 and b =0.25 to ensure

that the method is unconditionally stable and seeoddr accurate.
3.3 Fluid-structure interaction

The interaction between fluid arnle cylinderis handled in a coupleshanneras
illustrated inFigure3. When a simulation starts, the flow fieddrrounding the cylinder
is firstly initialised. At the beginning of each time stépe fluid forceacting on the

cylinder is computedby integrating the pressure and shear stress over the cylinder
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surfaceThe response of the cylinder is then calculated by solvin(BE&Gubsequently,
the computational mesh ugpdatedn a solid body motion manngdre. the wholanesh
translates along with the cylindso thatgrid quality remains unchangethe Navier
Stokes equations.e. Eq.(1)-(2), are solved afterwards to update the flow field. The

calculation procedure thenrepeated for every time step until the end of the simulation.
4 Validation tests

The FSI toobresented in Sectidhis validated bystudying the following two VIV

cases and comparing the results from present simulationpubtisheddata.
4.1VIV of a 2D circular cylinder at Re= 150

The first validation case is the VIV of a circular cylinderRe=150, which has
beeninvestigategreviously inseverahumericalstudiegBao et al., 201;1Zhao, 2013
Wang et al., 2019 The mass ration is set to 2.54@nd the structural damping
coefficient ¢ is zero Only the cylinder response in the transverse direction is
consideredAs the Reynolds number is rather latlve flow isin the laminarregime
andvortex shedding behind the cylinder is effectively #hmensiona(Kim and Choi,
2005. Thus 2D simulations are carried oi.series otestcases is set up yarying

the reduced velocity, from 2 to Swith an increment of 0.5

Figure4 shows thenon-dimensionakransverseesponse amplitudé\//D of the
cylinderas well aghe mean and rms of tlileiid force coefficients, including, ...

C andC at variousV. . It is shownin Figure4(a) thatthe transverse response

D,rms L,rms?

amplitude A, reaches its maximum of aroufics times the cylinder diametatV, =4

with a sharp increase from &shan0.1D atV, =3, then stays abov8.4D until

V. =7.5, followed by a significant decrease @1D . Considerable variations of the

force coefficients with respect ¥ are alsopresentfrom Figure 4(b)-(d) with their

maxima occurring at about. =4, which is in accordance Witb(\//D. A good
agreement is achieved between the results calculated using the present tool and those
obtainedfrom the threeexisting studieswhich demonstras that the numerical
methods established in this study are capable of accurately predicting the VIV of a

circular cylinderat low Reynolds numberd Re< 200.
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4.2 VIV of a circular cylinder with a finite length at Re= 300

In the second valationtest the VIV of a circular cylinder with a finite length at
Re=300 is simulated which was previouslystudiedby Zhao and Chen§2014 to
analysethe effects of the free end of the cylinder on its respdisebase column is
attachedand thughe diameterof the cylinderis canstant.Theaspect ratio/D of the
truncated cylindeis set to 2with a low mass ration of 2 and zero structural damping.
The cylinder is only allowed to translate in the transverse diredttmeedimensional
simulationsareperformed for this case due to the intrinsic turbutdrgracteristics of
flow at Re=300 and the threglimensionality of the geometrffhe reduced velocity

V, is varied from 3 td.2 with an increment of .1

Figure5 comparesA//D, response frequency ratib/ f, andC at different

Lrms
V. from the present simulations with the predictitnesn Zhao and Chen014). The
largest transverse response amplitig,,, appears a¥, =6 with a value of about
0.73D, as shown irFigure 5(a). ThenA gradually decreases 29 atV, =12.
Figure5(b) shows that the frequendy of the cylinder response becomes close to its

natural frequency in vacuurfy, asV. increases whileC in Figure 5(c) peaks at

L,rms
V, =5 andremainsrelatively small outside the range 4V, ¢7. The results from
the two simulations agree rather well with each other, which further validates the

present tool for VIVstudies with turbulent and thregimensional flow characteristics.
5 Computational model

The computational model established for the ¥ivulation of thgresentircular

cylinder with a base column is described in this section.
5.1 Computational domain andboundary conditions

Figure6illustrates the ovell computational domaiansed in the present study. The
top of the cylinder isocatedon the top side of the domain while the distance filoen
bottom of the base columito the domainbottom is10D, in which D denotes the
diameter of the upper part of the cylindéhe centreline of the cylindas 20D away
from the other two sideas well asthe Inlet boundary, an@0D from the Outlet

boundiry, so as to minimise the influence of domain boundaries on the cylinder.
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The boundary conditions for all the boundaries of the domain are also annotated in
Figure6. Constant flonspeedU in the x direction isspecified for the fluid velocity
U atthe Inlet boundary whilthe fluidpressurep at the Outlet boundarg set to zero
A symmetryboundary condition isappliedat the fourside boundaries, where the
velocity component normal to the boundaries is ZEne. dfect of free surfacen the
cylinderis not considered in this study. A moving wall boundary condition is applied
to the cylinder surfaceso thatthe fluid velocity U on the surface is equal to the

predicted velocity of the structutd, .
5.2 Mesh andtime-stepsize sensitivity tests

It is well known that the density of the computational meskd for CFD
simulationshaslarge impacts omumericalresults. Thus, a mesh sensitivity test is
carried out by setting up three cases with different mesh gemsimed Coarse,
Medium and Finas listed irTablel. All meshes adopt a same structured grid topology
but with different number of elements assignedding tadifferent overalicell count
Specifically, the number of elements along the circumference of the cylinder for the
three meshes is set to 60, 80 and 100, respectively. The height obtleelf away
from the cylinder surfacis 0.004D for all the grids which is found to be sufficiently
small byZhao and Chen@014) in their simuldions of finitelength cylinders similar
to the present studyrigure 7 showsthe computational mesh for the Medium grid,
focusing onthe top side of the domain and the cylinder surfaceartbeeasilyseen
that grid points are distributed towarthe surface othe structure to better capture
vortex shedding as well as the interaction between fluid flow and the strucsame
flow condition with a reduced velocity. of 6 is applied to all the three cases. This is
the sameV/, at which the VIV response amplitugeaks forthe cylinder with a finite
length in Sectiod.2 Considering the similarities between the memfiguratons, it is
reasonable to expect significant VIV responses for the presahy atV. =6, which
is ideal for a mesh sensitivity tegtigure 8 compares the time seried the non
dimensional cylinderresponsey/D and lift coefficient C, within two periodic
responseyclesfor the three aseslt is shown that thewves from the Medium and
Finemeshs nearly coincide with each othéndicating that the mesh density adopted

for the Mediumgrid is adequate for the present studie time series data is further
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processed intd, / D andC ascomparedn Table 1. In order toquantitatively

L,rms?
assessdlifferences amontheresults from the three mesheesd numerical uncertainties
associated with the present simulatiotie relative errobetween two adjamnt grid
levelsand Grid Convergence Index (GQRoache, 199are calculated and listed

Table 2. The small value of GCI and its reduction for successive mesh refinements
indicate that anumericalsolution insensitive to cell size andith low numerical
uncertainty is obtained. In ordery chievea balance between the accuracy of results

and computational costie Medium grid is selected for subsequent simulations.

Similarly, a sensitivity test is conductéat the timestep sizeDt to determinets
optimal value.A nondimensional timstep sizeDt/T, is defined by dividingDt with
the vortex shedding periof] for a stationary, infinitely long cylindefl, is related to
the Strouhal numbeBt and can be calculated @s= D/( St O) while St is about 0.2
at Re=300 (Zhao and Cheng, 20L4Threesimulatiors are performed wittDt/T, set
to 1/500, 1/1000 and 1/2000, respectively, as summarisethlote 1. All other
parametergcluding the cenputational meshre kept the sam&he comparison of the
time series data iRigure9 reveals very good agreement foi/T, =1/2000 and 1/2000,
which is further corroborated ifiable 1 by the close values ofA /D and C
between the two case&dimilar tothe above meskensitivity test, relative error and GCI
are also computed with the three levels of tstep size. The results listedTiable 2

showthat he timeste size of Dt =T,/1000 is sufficiently small and ishus adopted

in the present study.
6 Resultsand discussion

This section presents the results obtained forctfi@der with the base column
under stationary and oscillating conditioriBetailed analysis is carried out by
comparing the present results with those fritra finite cylinder without the base

columnpreviously studied in Sectich2
6.1 Flow past a stationary cylinderwith a base column

The flow past a stationary cylinder with a base columRext 300 is simulated in
this section to study the flow characteristics associated twvéhpresent geometry.

Results of force coefficients and flow field ameesented andnalysed.
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6.1.1Force coefficients

Figure 10 shows the time series of the force coefficie@is and C, for the
cylinder with the base columnThe force coefficients are obtained by non
dimensionalising the iine and transverse forcd§ and F, in the following way:

F.F

CD’CL:m (4)

where r is fluid density;U is flow speed;A, is the projected area of the structure on
the plane normal to the flow direction and is definedAgs DL. +DgL (refer to
Figurel). Time t is alsonondimensionalised by the flow spe&d and the diameter
of the upper cylindeD asUt/D. Itis easily seen that the variatiofboth coefficients
with respect to timés rather smallSpecifically, C, remains nearly constant at about
0.9andC, stays close to zero throughout the simulgti@hnich is in stark contrast with
the periodically fluctuatingesults for an infinitely long cylindeat the same Reynolds
number of 300, wher€&€ 0©1.32andC, ,__° 0.46 (Kim and Choi, 200p This,

D,mean L,rms

however, is in accordance withe resul of thefinite cylinderwithoutthebase column
as also shown ifrigure 10, wherethe force coefficientsaare found tdbarely oscillate

with C °©0.8andC, __° 0. The results suggest thhe periodic vortex shedding

D,mean L,rms

typically present in the flow past an infinitely long cylinder does not ofmuthe
cylinder with the base columpimplying that the free eneffects may still exist even

with the presence of the base column.
6.1.2Fluid flow

Figure11(a)(b) show the vortex flow in the wake dfe stationary cylinder with
the base column aRe=300 from two different views The threedimensional vortex
structure is repremted by the isgurface ofQ = 0.2, whereQ is the second invariant
of the rate of strain tensoA pair of separated shear laydrda er med fA $hear
Figure11) are generated from the two sides of the upper cylinder and extend to the
downstreanof the structureAdditionally, a pair of vortex tube¢ t e r Uppeateddge
v o r t parallel Yo the incident flow argearly visible, whichoriginate from the two
sides of the upper edge of the base columnraaye with the shear layens the

downstreamSimilar to the shear layers in the upper part, vorficese r med A Si de
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also form from the sides of the base column but fail to develop further possibly due to

the relatively short length of the base column. When viewed from the bottom, another

vortex tube( t e r lnowate dig e v genetatedfioniihe lower edge of the base

coumn can be easily discernedthich bend upward to the positivez direction.

Moreover, a large vortek t e r me d A B o ¢oveonnm they bmttomn efxhe pase

column is present, which igypically referred to as the arch or mushno vortex

(Sumner, 2018 Thevortex patteraassociated with a stationary finite cylinder without

the base columarealsoillustrated inFigure 11(c)-(d). Compamg the vortices from

the two simulations reveasome similarities, e.g. th@esence of the edge vortex and

its merging with the shear lay@eanwhile, more complex vortex fhois also observed

for the case with the base column. Apart fromdtditionali Upper edge vort ex
ASi de ,Nisbeltevwedtidahttaching a base column to the finite cylinder &sals

to the merging of t he dsgayedin Figtireld(d),whichl i ng ed
are generated from the two sides of the bot

int o the single ALOWHEgureldld)ge vortexo shown ir

Anothernotable feature of the vortex floin Figure 11(a)(b) is that it is mostly
symmetricabout the midplang = 0 with noasymmetric patterns suchasn Kaman
vortex streets observedhichis in accordance with the findingsBénitz etal. (2019
and substantiatethe barely noticeable variations in the force coefficients plotted in
FigurelO. This is further corroboratday visualising théocal vorticity field at different
spanwiselocations.Slice planes perpendicular to the axial axis of the cylinder are
constructedasillustrated inFigure 12. A nondimensionallength z/ L is definedto
determine the location of a slice plame dividing the vertical coordinate with the
overall length of the cylindet , with z/ L =0 being the bottom of the base column and
z/ L=1 the topof the cylinder Figure13 shows the contours of the axial vorticigy,
for thestationary cylinder witlthebase column aRe= 300 on four slice planes along
the cylinder, i.e.z/L=0.1, 0.25, 0.5 and 0.93t can be seerfrom Figure 13 that
symmetricshear layers separate from the two sides of the cylinder and stretch out to
the downstream of the cylindeith no apparent vortex shedding observathin the
distance of up tabaut 5D . It is worth pointing out that irigure13(c), where the slice

plane z/ L=0.25is close to the base colunthg pair of shear layers associated with
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the upper cylindegradually spread outwarand merge with thevortices generated

from theupper edge of thease columms discussed earlier.

The suppression of periodic vortex sheddmthe wake of the stationary cylinder
indicates thaattaching a base column with the current dimensions to the cylinder does
not seem treventthe free end effectsom influencingthe fluid flow around the
structure This is further demonstrated fgure 14 by representing the flow with
streamlines coloured by natimensional vertical velocity athe midplane y=0
sectionfor the cylinder with and without the base colurAnarge recirculation zone,
which is characteristic of fluid flow associated with a free €admner, 2018 is
observed behind the cylinder regardless of the presence of the base column, clearly

illustratingthe effects of free ehonthe flow aroundhe cylinder with a base column.
6.2 VIV of an elastically mounted cylinder with a base column

The VIV of the elastically mounted cylinder wittihe base column aRe=300 is
analysed in this section from the following aspects: motion resptose coefficient
and fluid flow.A series of simulationwith different reduced velocity. , varyingfrom

4 to 12 with an increment of Is performed
6.2.1Motion response

Figure 15(a) showsthe variation of thenondimensional transverse response
amplitude A//D with respect tov, . It is found thatA//D is nearly zero a¥. =4 and
quickly rises to its maximum of around 0.6\at=6 then gradually decreasesabout
0.17 atV, =12. The result from a finitdength cylinder without the base column is also
plotted inFigure15(a). Comparing the two curves reveals takihough theyare similar
in shape antboth peak a¥, =6, the largest response amplitude ., =0.6D for the
cylinder with the base columa noticeablysmallerthan 0.73D for the case without
the base column, indicating the great impadft attaching the base column on the
cylinder response-igure 15(b) compares the response frequency rdtid, between
the two caseds-or simulations with irregular responses, a spectral analysis is conducted
for the response time sesand the frequency with the greatest spectnobagnitudas
consideredhe dominantresponse frequency . A similar trend is observea Figure

15(b) with both curves increasing almost linearly fréfn=6 to V., =11 andcrossing
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the line f /f, =1. It is also found thatf / f, for the cylinder with the base column is
generally smaller than that for the case without the base coludthough the
difference idess than 5% as comparedTliable3, it still affects the response amplitude

of the cylinderas will be shown later in Secti@2.2

Khalak and Williamsor(1999 foundthat for the VIV of an elastically mounted
cylinder withalow massdampingm z, there are three distinct response modes, i.e.
an initial branch, an upper branch and a lower branch. As no structural damping is
considered in the present study, neéz =0, these three branches are expected to be
found for the cylirder with the base columras well. The transition between the
branches was found telate toa jump in the response frequency rd@Gmvardhan and
Williamson, 2000. Specifically, he transition between the initial and upper branches
is marked by the jump dlfie respnse frequency ratid / f,, across 1.0 while the upper
lower transition occurs wheri/f, passes through 1.Qvhere f_ and f, are the
natural frequencies of the cylinder in fluid and vacuum, respecti&pbyt from f/f, ,
the response frequency ratfq f,, is also plotted ifFigure15(b). It is shown thatthe
cylinder responsdransits from the initial branch to the upper branch betwéeen5
andV. =6 for both casesThe transition between the upper and lower brantile=s
placenearV, =9,i.e.V. =9~10 andV. =8 ~ 9 for the cylinder with and without the
base column, separatelyherefore, the/. range for the upper branchdstermined as
6¢V. @ for the cylinder with the base column, which sightly larger than

6 ¢V @8 for thecasewithout the base column.

Another indicator forthe transition between branchestise jump in thephase
difference between theylinder response and the fluid forcéwo phase angles are

involved: f

vortex ?

defined as the phase difference between the vortex f§yce and the
responsey ; andf,,,, which is the phase difference between the total fluid fé{ge

=F. F

otal

or F, and the responsg . The vortex forceF

vortex

IS computed by

total potential

subtracting the potential addethss forceF from F,, while F

potential potential IS

calculated ad- €, m,y, in which C, is the added mass coefficient taken as 1

potential

for a circular cylinder andm, is the displaced fluid masd$nstantaneous phases
between the forces and the response arermutaiia the Hilbert transform and averaged
andf’

total

over time.Figure 16 plotsthe timeaveraged’

vortex

with respect tov, for the
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VIV of the cylinder with and without the base colurmdrccording toGovardhan and

Williamson (2000), the 18Gump of £

vortex

betweenV, =5 andV, =6 for both cases

as shown irFigure16(a), denotes the transition between the initial and upper branches.
Meanwhile, inFigure 16(b), 7, jumps from Oto about 18C°at V., =9~10 and

V. =8~ 9for the cylinder with and without the base column, respectively, signifying
the uppeilower transition. It is noted thale transition ranges ane accordance with

the analysis of the response frequency ratidsgare15(b).

Thelock-in or synchronisation regime then determined, which imarked by a
lower boundary (smalledf ) and an upper one (largeét). The lower boundary can
be easily defined fronkigure 15(a), where a step change m//D occurs near the
initial-upper response transition, i¥.=6 for the case with the base column and
V. =5 for that without the base columiihe upper boundary, however, is difficult to
determine visually as theamsition from the lower branch to the desynchronised regime
is not evidentn Figure 15(a). In order to locate the upper boundary of the {otk
regime, the definitionof lock-in proposed bywilliamson and Govardha(2004) is
adopted, i.ethe matching of the cylinder response frequefcwith that of periodic
vortex shedding, or equivalently, tirequency othe fluidforceexerted on the cylinder
Figure17 presents the time series and power spedegakity (PSD) ofy/D andC,
for the VIV of the cylinder withthe base column athreedifferentV, . The plots at
V. =6 show a typical example within the loa@k regime, with a significant response
amplitude and aery good matching of response and force frequencies. Despite the
substantial variations in the time series@f atV, =11, its dominant frequency is
equal to that of the cylinder respongtowever, the PSD plot of, atV. =12 has
multiple peaks and its dominant frequency deviates from that of the response, indicating
that tre response and force are desynchronised. As a reself,1 is regardedthe
upper boundary of the loak regimefor the cylinder withthe base columnwith the
whole rangedetermined a$ ¢ V. 1. Similarly, in order tofind the upper boundary
of the lockin regime for the cylinder without the base colunie, time series and PSD
of y/D andC_ atV. =9 andV. =10 are plottel in Figure 18. By comparingthe
response and force frequencieem the PSD plots it is easily seerthatV. =9

indicates theupper boundaryf the lockin regimewhile V. =10 is already in the
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desynchronised regimalthough A//D atV, =10 is still above 0.3.Therefore,the
lock-in regimefor the cylinder without thedse columms 5¢V. ¢9. TheV. range for
the transition between branches to occur and theitorégime is summarised irable
4 for the two case®8y comparing the lockn regime between the two cas#ss found
that the range o¥. where lockin occurs expands and is shifted towardslaénge V.

end when the base column is attached to the cylinder.
6.2.2Force coefficient

Figure19 compaesthe variation ofC,_, . with respect to/. between the cylinder

L,rms

with and without the base columRor the finite cylindemwithout the baseolumn,

C increases rapidly améaches its maximum & =5, followed by a sudden drop.

L,rms

Govardhan and Williamso(R000 alsofound in their experiment of long cylinders
with high L/D thatthe maximum lift coefficient occurs at the initiapper transition.
This @an be explained by the fact that the vortex force and potential -sxassi force

in the initial branch are in phase with each other, as supported by the nearfy, zero
shown inFigurel6(a), resulting in a relatively large total force\gt=5. Once the two
force components are out of phase by;18@y cancel each other out, leading to an
overall small otal force.Although Figure 19 show thatC,_ . peaks aVv, =6 for the
cylinderwith the base colummonsidering the similarity between the two cases in the

variation of 7.

vortex

illustrated inFigurel6(a), it is thus reasonable &xpect thaén even

larger C, ... would appeabetweenV. =5 andV. =6, where thecylinder response

L,rms

transits from the initial to the upper brandhis is substantiatedy reducing the

increment forV, andachievng a largerC,_ .. of 0.64 atV. =5.4 in the initial branch.

L,rms

Further examiningA /D in Figure15(a) andC in Figurel19for the two cases

L,rms

atV. =6 raises a questiorwhy doesA//D become smallewhile C is larger,

L,rms

when the base column is attachto the cylinderm order to establish a relatisiip

betweenA /D andC a sinusoidal form is assumed fbe transverse responge

L,rms?

and forceF, in the lockin regime

y = A sin(u) (5)
I:y = FO Sin(Wt +]tcotal) (6)
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where w=2 pf is the angular frequency of the cylinder response Bnas the
amplitude ofF, . The frequency of, is equal to that ofy according to the definition

of lock-in mentioned earlieiSubstituting Eq(5)-(6) into Eq. (3) leads to:
(k- m#?) Asin( u) =Fsin( w ) (7)

It should be noted thats structural @mping is not considered in this studye
associated term is removéwm Eq. (7). It immediately becomes apparent tligt,
should be equal to°0r 18C°with no structural damping present, whiéh evidenced

by Figure16(b). Reorganising Ed7) gives the following relation betweef, and F;:
I:0
= 8

wherew, =2 pf, s/k/m is the natural angular frequency of the cylinder in vacuum

and the absolute value sign is associated thigjump in £, from 0°to 180°. By

otal

substitutinga series of nowlimensional parameteisto Eq.(8), i.e.V,, m andC,
(nondimensionalisedr, via Eq. (4)), and employingthe relationC_, . = CLO/\E

which isvalid for a sinusoidal signal,,Ay/D is found torelateto C, __ for the cylinder

L,rms

with the base columim the following form:

J2 CLV?  1+(Dg/D)(Hg/H)
20° mi - ( £/ 1,)°| 1+(Da/D)* (Ho/He)

A /D= ©)

It is evidentfrom Eq.(9) thatin addition toV., m and f/f_, the geometcal
parametersf the structurgi.e. D;/D and H,/H_ asannotated irfrigurel, also play

an importantpart in determining the relationship betweéyy/ D and C For a

L,rms *
cylinder with a constant diameter, e.g. the one without the base column, the third
fraction on the right side of EQ) is equal to 1while it is 0.5 for the cylinder with
the base columanalysedn the present studyn order to make sure that H§) can be

used to describe the relationship betwe,ﬂgyiD andC obtained from the present

L,rms
simulations,the corresponding simulation parameteiscludingV, , m’, f/f, and
C_ms» @re substituted into the equation, ahenthe estimatedd /D via Eq.(9) is
compared with the predicted ualfrom the numerical simulationTable5 lists the
comparisonfor the two cases with and without the base coluhl, =6. Good

agreemenbetween the estimated and predicted values is achiemesideringhat an
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idealsinusoidal assumptias made in Eq(5)-(6). It is thereforademonstrate that Eq.
(9), more specifically the difference in tgeometry of the two cylindersjay be used
as an explanation to the question raised eaAi@loser look intoEq. (9) alsoreveals
that as f/f, approaches 1the part]/ ‘1— (f/fn)z‘ increases significantlyowards

infinity andthuseven a smalC_, . could excite a large), /D, which justifies the

L,rms

relatively large response amplitudethe lower branch ahown inFigure1l5(a) despite

the smallC displayed inFigure19.

L,rms

Neverthelessanother questioremains why does the response amplitude of the
cylinder decrease in the loak regime when the base column is attachgg?urther
comparing thgeometry of the two structurdsis noted hat attaching the base column
introduces twadditionalsurfacesvith considerable area, i.e. the top and bottom sides
of the base columrit is thus speculated that these two sigey produce substantial
dampingforce andadversely affect the cylinder responiseorder to asseskd impacs
of the base columrparticularly its two sidegin theVIV response of theylinder, the
energy transfer between fluid and the cylinder is analys®lbwing Jauvtis and

Williamson (2004 in their experimeratl study ofthe VIV of cylinders with highL/D .

Firstly, the surface grid othe structurds decomposed androuped into three
individual parts: sides (the top and bottom sides of the base column), base column (the
remainingpart of thebase column without the two sides) and upper cylinder (the main
componendf the cylinder without the base column and its gid@sdthe fluid forces
exerted upon theeparts arecalculatedduringthe simulationsFigure20(b) shows the
time series ofC, computed via Eq(4) over a complete response cycle for the three
parts, takingV, =6 for example. Timet is nondimensionalised by the response
period T . It should be pointed out that as the two sides are perpendicular to the axial
direction of the cylindeand parallel to the incident flouC, of the sidesonly comes
from shear stress integration, while both pressure and shear stress contribute for the
other two partdlt is seen fronfigure20(b) thatC, of the sidesndof the base column
aremostly in phasevith each othebutareout of phase witlthat ofthe upper cylinder

indicating a change in the fluid flow close to the base column
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Subsequentlya normalised rate of engrdransferE™ is computed for the three

partsand displayed iffigure20(c). E" at any instanis defined as
E=Cy (10)

where y" = yT/ D is the non-dimensional velocityas depicted irFigure 20(a). The
frequencyof E is found to be twice that of the cylinder respgngi¢h each of the two
cycles corresponding to the movement in either positive or negative transverse direction.
The sign ofE" indicates how energy is transferred between fluid and the cylinder: a
positive E* denotes an energy transfer from fluid to the structure while a negative value
means the opposité notable feature observed fraRigure20(c) isthat although the

sides and the base columncasionally input energy from fluid to the cylinder, they

mostly contribute negatively to the response.

In order to quantify theontribution of the sides, the normalised energy transfer
E" over a complete response cycle is computed in the following manner:
1

E=iRedw =t gy 11
=70 t—foﬁy1 (11

It is worth mentioning that for the present maghnder system without structural
damping, theoverall energy transfer from fluido the cylinderovera cycle must be
eqgual to zero so as to sustain a perioglponseTherefore, the positive energy transfer
associated with the upper cylindeas to be&completely offset by the energy dissipated
from the sides and the base coluResultsof E~ for the three parts show that the sides
accaunt for around 40% of negative energy transééearly demonstrating that the
additionalupper and lower sides of the base column have considerable damping effects

on the cylinder responsehichlikely resulsin the decrease in its response amplitude

The fluid force exerted upon the cylindeith the base columis further analysed
by examiningthe sectional lift coefficientCL(z/ L) on slice plaresat differentlength
z/ L, whichhasbeendefined previously ifFigure12. C,(Z L) is calculated as:

___R(#Y
c(71= 0.5rU°D(z/L)

(12)

whereF, (z/L) and D(z/L) are the sectional transverse force agtinder diameter

atlength z/L. It should be noted that there is a jumpDiz/L) when z/L passes
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through 0.2V, =6 is selected as an example and the time seriés ()ﬂ L) on a
numberof slice planesare plottedin Figure 21, together with the cylinder response
y/D. Two slice planesery close to each othgre. z/ L=0.195 and z/ L=0.20E, are
intentionallyconstructed to investigate the effects of attaching the base column to the
cylinder atz/L=0.20on C_(7/ L). It is seen fronFigure21 that C_(z/ L) at various

z/ L is mostly periodic with the same oscillating frequencyyaB but differs from

each other in bothnaplitude and phase. A detailed analysisagied ouby calculaing

the total phasef,,, andthe sectionalC_, . at differentz/L, as plottedn Figure22.

Lrms
Results from the cylinder without the base column are also displayedure22 for
comparisonFigure 22(a) shows thaf,, gradually increases from abod0°at the
bottom of the cylinder to around 30°at its top for the case without s lwolumn.
When the base column is attached, a sharp 60°jump,jp is observed near the
attachment locationz/ L=0.2, with 7, = 45 on the base column side and
f

total

=15 on the upper cylinder sideAfterwards, f,,, stays at aboufl5°from

otal
z/L=0.2to z/L=0.5, then slowly rises tapproximately 40°atz/L=1. It is
interesting to note that ttsectional lift coefficientst the two ends are out of phase by

about 907 Meanwhile, Figure 22(b) reveals a nearly consta@t . =0.4 along the

rms
cylinder without the base column. For the case with the base column, however, a sudden
dropinC
to C

C

is firstly observed at/ L=0.1, followed by a steep rise to its maximum

L,rms

=0.8 near the upper edge of the base column before fahagplyagain to

L,rms

=0.6 just abovez/L=0.2. SubsequentlyC decreases to about 0.4 at

L,rms L,rms

z/L=0.7 andalmost stays whangd until the topendof the cylinder Jauvtis and

Williamson (2004 argued that the energy transfer over a response cycle is determined
by C
E" (7 L) is alwaysnegative a0< z/ L <0.2 and remaig positive atz/ L>0.2 for the

sinf Figure 22 thusshows that the normalised sectional energy transfer

L,rms total

cylinder with the base colummhichagrees wellvith the results presented kigure
20(c). Conversely, fothe case without the base coluntf,(z/ L) gradually switches
its sign along its vertical directioAdditionally, the significant variations irf,,,, and

C near z/ L=0.2 clearly suggest that theresence of thdase columrgreatly

L,rms

affecs the flow pastthe cylinder which will bediscussedhn the following section
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6.2.3Fluid flow

Figure 23 visualises the thredimensional vortex evolution within one response
cycle for the cylinder with the base colurahV, =6. Seven consecutive instants
denot e dd R&makddinFigure23. The isesurface ofQ =0.2 is constructed
to represent the complex vorticgttucturesNote thatthe cylinder is viewed from its
bottom andhe side of the cylinden the positivey direction is shownSimilar to the
vortices depictedin Figure 11(a)(b) for the stationary cylinderthe shear layer
separated from the side of the upper cylinder merges with the vortex generated by the
upper edge of the base colurin nst an't 6 thed cylindermosed pas itst e
maximum in the positive transverse directieoytex shedding starts fahe upper
cylinderwhi | e t he upper edge vortex stThél adher
incident flowthenconvects thespanwisevortex shedrom the upper cylindeto the
downstream, effectively elongating the vor
The upper edge vortex is finally shed (ins
side of cylinder (i nsd eonek is @dbvegted fuMtieri | e t h
downstream, the upper edge vortex keeps drawing energy from the near wake of the
cylinder and grows into a dominant spanwise vortex (instanFa&®n d ). dh&o
evolution of the vortices in the wake of the cylinder with thesliadumn is similar to
whatZhao and ChenR014) presented for the finite cylinder without the base column,
indicatingagainthatthe freeend effects still exist for the present study. Thiirgher
evidencedy the streamline plahownin Figure24, from which it is clearly seen that
a large number agftreamlines are bent towards theéal direction right after they move
past the lower side of the base column. The twisted shape of these streamlines also

illustrates the complex flow characteristics in the wake of the cylinder.

The fluid flow around the cylindewith the base colummtV, =6 is further
investigated by visualising the vorticity field at different spanwise sectibgsare25
illustrates the contours the axial vorticityw, onfour slice planes, i.ez/ L=0.1, 0.21,
0.5 and 0.9, taa series of instantdefined inFigure23. Near the top of the cylinder at
z/L=0.9, a 2P vortex shedding mode observed, which is characterised by the
shedding of a pair of countestatingvorticesfrom the cylinder within each half cycle.

The second vortex lund to banuch weaker compared the first oneThe 2P mode
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is usually associated with the upper branch of the VIV response, as is the daseor

in the present styd It is also seen that the first vortex splits into a number of smaller
vortices as it travels downstreaht. z/ L=0.5, vortex shedding appedrsa 2C mode,
where two cerotating vortices form irachhalf cycleas annotatetbrinstans 6 B6 and
0 F &rigure25. The 2C mode was firstly reported Bemming and Wliamson (2005

in theVIV of pivoted cylinders and is not spotted for elastically mounted cylinders with
large aspect ratioMeanwhile, #hough not presented in this work, the 2C mode is also
found in the VIV simulation results of the finite cylindeithout the base column.
Therefore, it is likely that the 2C mode is associated with the free end effects.
Additionally, the vortex shedding near the base columg/ &t=0.1 alsoexhibits the

2P mode and the two courtatating vortices are comparable in strength, which is
noticeablydifferent fromthat atz/ L=0.9. It is also worth pointing outhatthe timing

of thevortex sheddinglose tathebase columtagsbehindthatnearthe top end of the

cylinder, which is in accordance with the variationsettionalf

total

, shown inFigure
22(a). As for the slice planez/ L=0.21, the vortices induced by the base column can

be clearly observed due to theilose proximity, which surround the inner circular
crosssection Moreover the vorticity strength close to the cylinder is relativeBaker

than that in the outer region, and the shear layer separated from the cylinder merges
with the outer vortices before vortex shedding occling. presence of the base column

is found to greatly affe¢hefluid flow around the upper cylinder, whiplossiblyresuls

in the sudden jump in sectiong,,, andC_ ., nearz/ L=0.2 depicted inFigure22.

L,rms

7 Conclusions

In this paper, the VIV of an elastically mounted rigid cylinder with a base column
in uniform flowat Re=300 is investigated numerically. The cylindsrelatvely short
with a lowaspect ratio oL/D =2. The base column has a diameterDyf=2D and
a length ofL, =0.2L . A low mass ratio ofm =2 is adopted and no structural
damping is considered.he effeds of the base columon the cylinder are analysed,

andconclusionsarepresented as follows.

Contrary toour initial speculation, the free end effe@ssociated with a finite

cylinderstill exist, andthe base columwith the present dimensiomi®es not seem to
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prevent fluid from flowing around the bottom of the cylindélow visualisationfor a
stationary cylindershows that periodic vortex shedding is suppress@éthen the
cylinderundergoe¥1V, it is foundthatfluid is directed towardgs axial direction after
movingaroundthe base column and streamwise vortices dominate the wake-bow.
V. =6 in theupper branchvortex shedding generally exhibits a 2P mode whil&

modewith two corotating vorticegormedin each half cycle is observed atL=0.5.

Despitethe presence of the free end effecetsaching the base column to the
cylinder resultsn an expanded loek regime, which islsoshifted towards the larger
end of theV, range.For the VIV of the cylinder with the base column in the latk
regime, it is found thaﬁy/ D is smalletthan that of the normal finite cylindelthough
C
C

Variations are also observed for the sectional lift coefficient at diffezelnf with a

is larger. This is explained by establishiagelatonship betweenﬁ\//D and

L,rms

which takes into account the geometrical properties of the base column

L,rms ?

sharp jump in amplitude and phase nea = 0.2 where the base column is attached.

Another finding from the present study is that the base cokxertssignificant
damping effec on the VIV response of the cylinddy analysingthe rate of energy
transfer from fluid to structure among different paftthe cylinderit is found thathe
base colummostly contributes negatively to the cylinder responsdth the upper and
lower sides of the base column accangtfor about 40% of negative energy transfer.
Attaching the base column introduces taduitionalsideswith large surface areand
produca extra viscous damping. It is therefasmasonable texpect that increasing the
diameter of the base column will lead to a further reductioAyi/hD of the cylinder

whichmay serve as a way #&dleviate thegpotentialVIM problemin FOWT desiga
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Tablel Results of mesh and tinstep size sensitivity testsr VIV simulationsat
V, =6: N, T number of elements along cylinder circumfereridej time-step size;

T, Tvortex sheddingeriodfor a stationary, infinitely long cylinder

Mesh | Cell count| N, | Dt/T, | A/D | C_
Coarse | 324,288 | 64 | 1/1000| 0597 | 0.%47
1/500 | 0.595 | 0.544
Medium | 631,000 |80 | 1/1000| 0.588 | 0.539
1/2000| 0.584 | 0.536
Fine 1,119,780| 100| 1/1000| 0.584 | 0.538

Table2 Relative errorel and GCI for three levels of mesh and tistep size:

subscripts 1, 2, 3 represatfitferentcaseswith 1 denoting finest mesh or smallest
time-step sizeand 3 being coarsest mesh or largest t&tep size

Parametel |&,| (%) | |&,| (%) | GCl,, (%) | GCl,, (%)
A /D 1.53 0.68 3.40 1.52
Mesh
Clims 1.48 0.19 3.30 0.41
Timestep| /P 1.19 0.68 1.98 1.14
SIz€ CLms 0.93 0.56 1.55 0.93

Table3 Relative differencef f/f, betweera cylinder with and without a base

column
v, 5 6 7 8 9 10 11
Without base column | 0.75| 0.88 | 0.93| 096 | 1.01 | 1.04 | 1.06
With base column 0.76| 0.85 | 0.89| 093 | 097 | 1.02 | 1.04
Relative difference (%) | 1.33| -3.41 | -4.3 | -3.12 | -3.96 | -1.92 | -1.89

Table4 Comparison oV, rangefor transition betweebranches and loek regime
for VIV of a cylinder with and without a base column

With base columr Without base columi
Initial-upper transition 5¢V. @ 5¢V, @6
Upperlower transition 9¢V. 4o 8¢V. ®
Lock-in regime 6¢V, di S¢V. ®

Table5 Comparison ofA, / D betweerpredictedfrom numerical simulations and

estimated via E(9) for VIV of a cylinder with and without base colummatV, =6

Vr m* f/fn CL,m"lS (A\//D)predicted (A’/D)estimate.‘d
With base column 6 2 | 0.847| 0.542 0.588 0.590
Without base columi 6 2 | 0.878| 0.406 0.742 0.727
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Figurel Definition of a circular cylinder with a base column i overall length of
cylinder; D 1 diameter of upper cylindet;,. 1T length of upper cylinderD; i

diameter of base columi, i length of base column

Figure2 lllustration of DeepCwind sersubmersible platform for OC4 FOWT
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Figure3 Flow chart of fluidstructure interaction
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Figure5 (a) Response amplitude, (t@sponse frequen@nd (c)lift coefficientof
VIV of a circular cylinderof a finite lengthat Re= 300
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Figure6 Dimensions and boundary conditidies VIV simulation of a circular

cylinder with a base columrl T overall length of cylinderD 1 diameter of the
upper part of cylinder
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Figure7 Computational mesfor VIV simulation ofa circular cylinder with a base
column (@) top side; (b) cylinder surface
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Figure8 Comparison of time series (a) response and (b) lift coefficieiar VIV
simulationsof a cylinder with a base colunatV, =6 with different mesh density
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Figure9 Comparison of time series of (a) response and (b) lift coeffitoentlV
simulationsof a cylinder with a base colunatV, =6 with different timestep size
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Figurel0 Time series of force coefficients oktationary cylindewith and withouta
base column

Figurell Vortex flow represented by issurface ofQ = 0.2 for a stationary cylinder
with andwithouta base columat Re=300
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