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Nomenclature

A area open o flow (aren aperture)
i acoslration of noninertalframe of refernce, K. (= (01,,0))
a forcing amplitude of the retlinear clinder oscilation (= A"/d)
€ cooficient (= 20/p)

G moan it conficient

Curms RMS it coofficient

Co  drog coelicient

Do)

@o  mean duog coofficient

Corms RS drag coeficient

4 cylinder damoter
D o foroe per ut lngth

E o total dimensionless mechanical eersy

§ forcing fequency ofthe rctinea cylinde osilaton (= f*/U)

S natural vortex shodding frequency (1) in the absenco of a free srface (= df/U);

(i) in the presence of a froe surace (= df"o/0)

Fr o Froude mmber (= U/\AF)
P dimensonal extermal foree (= (", F,0))
7 dimeosonal gravitational eceleration in nertial

frame of eference, X (= 0,4,0))



depth of cylnder submergence (= /)

Spatil uniform grid step sioe
height of the fuid a the outflow boundary
gt of a Suid-body itesface open to o
it foree per unit lengeh

outvard unit pormal vector (= (s, 0))
Aud property

fuid pressure

Reynolds mber (= pUd/ )

contrel volume bandary
time (= 0/d)

time step

period of forced cylidor xcilltion

7
period of natural vorte: shecding in the absence of a free surface. (= 1/f5)
hid selocity (= (1,.0))

niform flow velocity

masimum svelocity of the fid in the region diectly above the ylinder
average wvelcity of the fuid i the region divctly above the cylder
ractional volume open to flw

contral volume.



ateial vlumo
oltme open o flw (vl apertue)

mateial volume boundary

imensionl selocty ofan aebitracy time dependent i domain ()

velocity of non-inerial frame of eference, &

o 0)

woctor of sptial coordintes n fnestial rame of reference, X,

{nertial frame of reference. (= ()

noninertialframe of refeence )

Greek Symbols

dynamic viscoity of the fluid
Kinematic viscosty of the id (= 1/p)
i density

dmensional fequescy of the eylinder oscllation

aebitzary i don

computational domain occupied by the iid

boundary.

arbitzary B doy
vector diffrential operator

Laplace operator

e of reference which moves with the uniform flow



Superscripts
. dimensional quantity
difventition by time.
Abbreviations

CFD  computationsl fuid dynamics
PSD power spectral density

VOF  volume of iid

RS root mesn square



1. Introduction

‘Combined wave motions and steady currents past ocean structures can induce fuid

excitaion forces. This causes structural vibrations due (o asymmeric vorte shed-

ding, s well

son brdge in Washington State in 1040 i & welknown example of the detructive
potenia of resonant B sate structural vibratons (ee Figure 1.1). Contrl of
ortex shadding Jeds to rdction in the forcs acting on the stucture and can sig-
ifcantly reduce it vibrations. Since the work of Roshko (195), many pasive and

active open-loop control methods have been introduced to contrl vortex shedd

behind o blufl body oscilation, inline with (or traasverse 10 the fncident flow, and

Inthe past 15

on the contel of fow over . bl by using pasive,acive openloop, and active
clasetoop control methods, Contrl methods fo cases of actuntors withot power
it o fendback sensors (ssive contrl) are e (0 implment han the ative
fodback conteol method, which reies sensing s well o actuation (God-EHak.
(2000) aad Choi e . (2008)

cireular eylinder i tho presence and absence of  fre surfce. I examines circular

forced (streammise or .
e combined force treamwise and transverse csclltions (ative close-loop). The
primary goal of this research i 10 understand the physical mechanims behind the




wiing gl Toama Narows B wich e
0 in the U  Washington - opened on July 1, 1040
hotosclu7ID—0000074)

hanismus. This i acheived by examining

theeffect of forced cylinder ol

ey on the near-wake structurs, and the

computational i dynamis code developed by Dr. 5. Kocabiyl's research group
at Memoril Univarsity of Newloundiand.
A s sehematic that lustrates the physial problen i shown in Figure 1.2

The
present

nvolves two fd phases n th regions £, and 2 which hav

ively. The flow

s from et to
ight with uniform stream v

0w s aumed o b two-dimensional n the
(4%,4°)-plane. The present model consider unifom, viscous, incompressble low

ast an scllting, horizontal and infnitey long crcula eylinder of diameter d that

submerged in region €3 at a distance A

he undisturbed fee urface a seen
wF

ure 1.2, Hore g the dimensional acceleration due to gravity

fined by 7
0,4°,0); A* i the dimensc

eptnder ociltion;




forcing frequency of an oscllting cylinder; /i the dimensional natural vortex
shedding frequency of a stationary cylinder; and (" s the dimensional time. The
cormpanding dimensionless parameters of the physcal problem are the maximum
oxcllation amplitude, A — A"/ the fequency eatio, /fo with £ = /U and fo =
G
shodding frequency; the Reynolds mumber, defined as R = Ud/un and R = Ud/v for
s n £, and €2, respectively: the Fronde number, Fr = U737 and the cylider
Submergence depth, h = /. Titally, the cylinder s a rest i the flow Then, at

- =ur/i=o, (@) forced

streamvise o transverse oscllations assigned by (1) = Acos(2e0), y(0) = 0, or
V(0) = Acos(2x 1), £(t) = 0, espectvel. O (i) combined forced streamise and
transverse cscllations assgaed by 2(t) = Acos(251), y(6) = Acos(2n /).

Figore 12: Schematic of the problen.




Fullowing the work of Gubanor (206), it s otel tht the dimesiones clinder
elocity, et at any point (7,,0), on the cylindr boundary ca be determined by
Vst = (23,0).

Uniform flow pas a sationary ciruls cylinder s dependent on the vabe of the
Reynolds mumber s summaized by Sume and Freoe (1997). Below  Reynokds

“The vortices form n the sparated aye, bt remain atached (0 the cylinder. As
the Reyokds mumber increass, however, there is  transiton from & table -
dimensional wake to  turbulent three-dimensional wake within 200 < 7 < 300. An
in-depth aalysis of how the characteristis of flow change a the Reynolds mumber
fnceeases from 1 o 10, and the ffect on the soticty ceste in the wake of the
eplnder, can be found in Batcheor (1967). For a Reynokds muber of 40 < R <
200, th trassition from a stable wake it

ached vorties o the eylnder, 1o the
lternate shodding of vortices from eithee ide of the circalar eylinder, kaown as &

von Kirmn vortex stret, occurs. Pesistence of thes vortics i the wako causos

cturs. The review paper by Willamson and Govardhan (2004) summarizes the
most infucntial investgations i the past two decades concerned mostly with flow

behaviour behind cylindrical bodies.

“The shecding of vortices from a circlar cylnder lead to wnsteady, periodic forces

ich . fore, and
the sresmwise (drug) force. A stationy cylinder s subjected (o & it force with a

natural (Strouhal) shedding fequency of o, and  drag force equivalent to twice the.



atural shedding roquency frequency, 2/ (Bishop & Hassan, 1064). An analysis of
e it force and Reynolds
mumber, s wellasthe fuctuating ft force and nesr wake flow patterns fo fow past

For  transverely oscilting cylindr,f thefrcing fequency, / of the ylinder ap-
proaches the natural shdin frequency, the cylinder will ccillte a the imposcd
forcing frequency: This phesomenon i called “synchronizaton” or “lockon” For a
steeamise oxcillting cylinder, lock-o occurs when the imposed frgeney i tyice
the natural shecking fequency o the cylinder. The mechasism of vortex sheking.
and consequntly the fuid forces acting on the cylinder, i greatly affctod by the
forcd scllaions to which . cylinder s subject: that i, transvere, streamvie,

rotational (or a combination of these) oscilations. The majority of numerical and

and fruency of the oscllation. Litraturerelatd 10 the sy of flow characteris-
i of a clinder subjecte 1o transerse ocllaions can be found in Ongoren and
Rocvell (1968), Willumson and Rk (195), Blckbur and Henerson (1999,
Anagnostoporios (2000) and Pham e al. (2010). Fundamental leratue relate to

aey i be o in
Cetiner and Rockwell (20012, Ceinerand Rockwel (2001, AL-Mdallal et al. (2007)
and Kim et al. (2009, Lite iformation has been publishd o exlinders oo (0

ndergo combined transverse and streamvise ascillations (s Li et al. (2009), Leong.
and Wei (2008), Dabl et al. (2006), Jaueis and Willamson (2004), asd Jeon and
Gharib (2001).




o . the main goal the physcial
mechanisms behind the response of a cylinder wake to foreing mechaicms (for
thres types of forced osilltory motion) when a cylinder s in the presense of
free surface, Relatively few studics have been carried out on free surface prob-
lems concerning the efect of time-dependent streamise (see Cetiner and Rockwell
(20015), Mironova (2008) or transverse cylinder oscillatons (see Gubanov (2006)
on the vortex shedding proccss. Cetiner and Rockwell (2001b), considere the vor-
tex shedding modes near the fundamental lock-on region and the resuling fuid
forces at R = 917,2075; Fr = 007,018 A = 096, f/fy = 044,10; and
= 0.06,0.19,11.23. The experiments were condctod for over a lundred cylnder

. for is lockedon over
several cycles ofeylinder oscilltion. Subsequenty, the transition to the non-locked

state occurs. Cetiner and Rockwell show that in the event. a finite gap exists be-

cween the cylinder and thefre surface (h = 0.19),jtlke low throngh the gap act
o destabilze such locked-on states by ndicing a negative voriex from the cylin-
der sarce, 1t was ol demonstrated that localzd istortons of the free suface
appen due Lo vortical strucures s from both the cylinder and the e surfce
Mironors (2008, considerd it dimensiona) e surface o smltions
of forced streamise oscillations of a cirnla cylindee. The mumeical simltions

were conducte at. R = 200, A = 013, and f/fy

0.20.30,40 fo thre il
et cylinde submergence depths, = 025, 0.5 and 0.75, and the Froude mumbers
Fr 00, Fr = 02 and 0.4 Mironowss work demonsrated tht it is posible to
generate distincly diflevent patterns of the vortex: formation than tha of clasial

i that the cylinder close to the,




free surfce and the Froude mumber i bigh. For the limiting case Fr = 0.0, threo

The colescence between the vortces in the vortex shedding layers appears fo the.
roquency ratios, //fo =208t h =03 f/fo =30 at h = 05,075 and [/fo = 402t
025,0.75. In the sumercal work by Gubanov (2006), uniform two-dimensional

cxamined. The simulations were carriedaut at /= 20, for e eylindes submer-
ence depth, h = 1.2, dsplacement amplitdes A = 025 e A = 05, fequency
ratios ffo = 0.95,1.0,2.0,30, 4.0, Fluid forces and pear wake vortcy paticrus were
examined to analyze the mumericl el and deteemine f ko of vortex shed-
ding occured. It was demmonstrate that the nclsion of thefoe surfce at = 1.25
alowed for the formation of non-clasical modes. In partcular, the formation of
s modes occured at f/fy = 20,40 at A = 05, For small amplitude cseillaton,
A= 025, the presence of  fre surface had  slight ffct o th vortex shodding.
mode. A=05.11h2

of  freesueface. I was scen at A = 0.5, that the inlusion of the free surfoce sl

95,10 and /[

o ndee peiod daubling of Cl at. 1/fo 0. For all cases,
the combination of the foroed traasverse motion and the fnclusion o the frce surfuce
i not suppress ortex shedding and conseqently the occurence of locked-on vortex.

Shodding bebaviour.

I this thsi, dtermination of lock-on regimes i base heaviy on the work of On-
soren and Rockwell (105). They classfy lockon rgimes based on the rpetition of
vortesheddin i the nea walke region of a cirularcylnder over an ineger mumber
of osciltion cycles. The methods to detemine lock.on by Anagnostoponls (2000)



and Cotiner and il

p

flow at R = 106, for the frequency ratio range 08 < f/Jo < 1.20, and an scila
tion amplitude that was increased 0 50% of the cylinder diameter. In his sty
e repetiton of the it force for  ransversely scilting cylinder, and correspond-
ingly the existence of a large peak at the forcing fequency in the power spectra of
the it forc, was usd o determine iflock-on exsts. The dominant froquencies at
which the lf das

coefficents. The figures are develope by taking the time dependent lif and drag

conffcents and transforming thern nto the frequency domain sing Fourer analyss
“The work of Cetiner and Rockwel (2001a) examined the streamise osilations of
 circular cylinder subjet to uniform o in the absence of  free surfce for the

Reynolds number and frequency rato ranges 405 < Jt € 2452 and 0.0 < f/fo < 30,

rspectivel. The work focuse on the relationship between the patterns of vortex.

forces,

A

1 o drag cooficienta s o function of cylner displacement, Highly congrunt Lis
sajous patterns are asociated with lockon of the focin frequency with the natural
shoding froquency of the cylnder Tn Chiapter 1.2, the ik beéworn th dirction of
e Lisajous patteras of the it (o drag)foce o the transer of mechanical enrgy

(from eylinder to uid or fukd to eylinder) s discuss

The lockeon modes of this work are clasifid in accordance o the nomenclature do-
fined by Willamson and Raskko (1988). Williamson and Roshko studied the vortex.

‘modes produced a8 a result of motion of a transversly oscilting cylinder i the




Figure 13 A map of the locked-on vortex modes i the wavelengt-omplitude plane
ear the fundamental lock on tegion, s abserved by Willamson aad Roshko (1985).

“The lined aren marks where the coalescenee” type shedding occurs.
abence of a froe-surfice.  They extensively mappod. the locked-on vortex modes

the wavelengihamplitude plae ot Reynokds mumbers and cylinder amplitudes
within 300 < R < 1000 and 0 <

/) < 18, rspretivly, for feqency ratios
/0 03 (see Figure 1.3). The wavelength ratio is defind as /d = UT"/d. The
orf=fo)
s obwerved by Wilamson and Reshko include the 28, 2P and P + S modes. The.

common vortex patterns nea the fundamental lock-on resion (\/d

25 mode i commony efered 10 a the lasical Von Kirmin steet. It refers t0 the.

lternate shedding of two single votices of oppasite rotation from cach side of the



L1, Methodology and Equat n

cylinder within a singl vorte: shedding cycle,

o anintger. The 2P mode refee tothe alternae sheking counterrotating vortex

i from esch sid of the ylnder pee ;. The P +'S mode rfes (o th shedding

of  counterotatng vortex par, followed by a single vortex within one cycle. The

conkscence phenrmenon i the merging of vortice immediatly b the cylinder,

or donstres. - Conlscence i denifi to have occurrd if an wppercase °C” is
mode. For exampie,

of two pasitive vortces of appesite roation, where at least one of the shd vortices
‘s formed by the coalesence of vortces.

1.1 Methodology and Governing Equations

This thesis mploys the two-fuid flow moel wsed by Mironova (2008). The model
desibes the enterinof iuids £ and 8 int the cll nflow boundary with uniform
velocity U, which leave the cell v the outflow boundasy. Mironova’s model is an
extenson of th singl-fuid flow model used by Gubanov (2006). The single-fid
model dscribes the motion of sebiteaily moving bodie including fre sutacs ows
“The model

s posibe. The in the dimen

sional and A rame of

reference, expressed s

+ fa-mas 5



1.1, Methodology and Governing Equations u

car- faewas =L [ puasos [ roeas [Fa

. . 2)
RO PI———
po———

o v
4gk=L,
G-t

3

where V and. "

cell V. The dimensional fid-body inteface s defined as I i s the dimensional
veocity; i i the outward normal veetor o the cel bowndazy and §° s the control

volume boundary

Not previously defined dimmensionss fors of the pataeters fousd in equations 1.1

and 12 are writien as




L1, Methodology and Governing Equations )

i the two i model, the dimensionless fuid prssure s deined as p/c = 3°/paU?,
whete ¢ = o/ when € 0, and ¢ = 1 when 7 € 0. I this thsis, the lid densiy
100 and g

and viscoscity rtios e st 10,/ /100, repectively, which

resilts in  Kinematio viscoscity ratio o /vy = 1. Henoe vy = by, which can niw be.

reorz 0. The goveening cquations in dimensionless form are

P
2 fanas

L fpmass g [avaass [Fav 0

(14

foren, 7

~an, g -an, O
=
force, 7= (0, 1/, 0), and the dimersioness acelration o the nonertil frame

ofreerence, @ = (a1d/ %, a3d/U%, 0)

1 ollows that the dimensionles boundaey conditons of the probien: ar the no-sip
conditonsat thecybinder boundary

wet, e )
“The inflow bourdary condition, an the outow boundary conditon as proposed by

Gresho i Sun (1998), are respectivly

T &)

vou |k

R -0 1)

il the fre-lp conditions at the tap and bottom boundaries of the dosnain




L1, Methodalogy and is

19)

AL =0, that the froo-surface i assumed to be undisturbe

Cartsian grid. Verstoog and Malalasekee (1995) provide an excllnt desciption of
A
s used forvard

accuracy of The freesurface wing
o volume-ofuid (VOF) method propose by (Hir & Nichls, 1981). A mass con-
serving VOF adsection method in two-dimensional ncompressive flows,as roposed
by Al et al. (2003, i wsed. For the movin fid-body inerace, the factional
areslum betack rpresetation method proposod by Hir and Scilan (1985),
and thecutcll mthord of Gerit (2001) are s, T thi thess, he mmercl i
e o by
sroup at Memorial University. Detsils of the development, and implementation of
e code can b found i Mironows (2008) and Gubanov (2006). The comprtational
code i appled o the model proble of unstendy, inar, two-dimensional o of

 viscous incompressible fuid past  circular cylinder subjet 1o forced (i) stream-

wise, (i) i (i) combined

prescnce of  fre surface. The unsteady flow calculations are conducte at a fixed

of R =200, and cylinder dis) A

eaticn, /= 125,1.75,225,2.75 at (1) Fr = 00,02,0.4 at eylinder submergence



1.2, Culeulation of Lift and Drag Fores, and Mechanical Eneryy u

depths h = 025,05,075; (i) Fr

2at h = 05 and (i) Fr = 02t h
A comparison of the present rsults with the refrence case h = o, are includes to

illustrate the effcts causo by the incusion o o froe surface.

1.2 Calculation of Lift and Drag Forces, and Me-

chanical Energy

The  and y components of the dimensonles:force, F = 2F*/(pdU), exertd by the
cplinder on the fid are the dimensionles drag, Cp, and dimentonless i, Cy, force
corticints are

=3

Con +Coy Cin + Ca (110)
respectivey, where Ci, and C e the contebutions due to the pressre gradient,

and Cl, and Cy, o the contributions e o the viscous she forcs. The press

contributions e

o [ ontit, o - [ i

oy o L [T
il % cu=if 5

o=

where 7 = (con(8), sn(6),0) s the outward unit normal 10 the cylinder boundary
The i force e analyzed based on the pover spoctrum density of the i and
drag coefcents and the Lisajous trajoctorie of the force coeficents. In all fig-

res selated to fuid forces that follow, the observe flow regiues n various states




1.2, Culeuation of Lft and Drug Forees, and Mechanical Eneryy I

(e perodic, quasiperiodic or non-periodic sates) o indicate (0 illstrate the
link between the various flw states and the behaviou of the force corfficents. The
power spectrum densitie and the Lisajous trajctories of the lift and drag coofi-
fayed separately in
the time intervals corresponding to each of the relevant flow states. The Lissjous.

cients, Cu(z) (Cu(y) and Co(z) (Co(v), respectively, e dis

curve describes the time change of the it and drag coelfcent s a functon of the
cylinder displacement, #(t) (y(1)). The Lissaons representations of the it and dreg

confficients are lso s to demonstrate the mechanism of mechanical energy trans-

fo e the Bkl an clnder, egos of phaselocking o o of oo, a1
aociied phe it Fo o clindor undorgoing ey coclation,che atal
dimenonems mchaical ey b the cylinde o s i ave e
e o yinda e, T, cu o deond e

£ [ custon, )

with respoct (2008)).

The total dimensionlss mechanical energy transer between the cylier and the
hid over one perod of eylinder osclltion, 7, for a eylinder undergoing transverse
asclltons i deine 15

B [ cuito (112)

Fora. comwise and . the total

dimensionless mochanical energy trassfer between the cylinder an the fhid over

one perod of eylinder osellation i defined by the sum of equations 111 and 112

Ths, it fllows that the total dimensonless mechanical nergy ransfer between (he



1.9, Cole Validation i

evlinder and fuid, over o period ofcylinder oscilltion, 7, foe a ylinder peforning.

transverse.streamvise escllations can be defined as

o= [/t s i3,

“The goometrcalinterprotation of £ i the sgnee arc nclose by the hyserss oope.

of Cp(x) and Cyfy) where the siga s defind by the dicecton of the Lissajous

traectorin (Cetiner and Rockwel (20011)). T allfigures that follow, the dirction

of Lissajoustrajectoris e ndicated by areows, The energy, , i negative when the
)

transfer i from ylinder o fuid. Convesel; the cnergy is positive, and the transfer

of mochasical energy s fom the fud o cylinder when the disection of Cof(r) or

Culy) i lockwise

1.3 Code Validation

In this thesis, the present numerical model is validated by conducting mumerical

sulations for two-dimensional, wasteady, i Sow past. (1) & stationary cylinder

in the absence )

A lidation. pasta cyinder
s difficalt to find, The comparison of the compute flow properties and neae vake

structures of Reich et al. (2005) with the present mumerical model in the presence of

 froe surface can be found in Mironow (2008). The reslts o i good agreement
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A computational grid resoution of 60 cells per diameter i chosen for the current

imvestigation x
mesh concentrtion both around the cylindee and in the wake. For this mesh, the

distances to e sad boundaris of

defined to be Ly
in princple the same as given by Mironova (2008),and the time step & = 0.005 used

0, = 30,y = 40, The discusson of spatial geid rescluion is

for autin

Furthermore, o time-sep of & = 0,005 an o ncar wake g resolution of 60 cels per
vlinder diameter s chosen

1 Flow past a stationary cylinder in the absence of a free
surface

sumbers of R = 550 and 10°. The numerical stulations of  stationary cylinder for

the present model ae compased with mumericl reslts of L  al (2004, Powluss
and Winclelmans (2000) Gubanov (2006) and A-Mdallal (2004). Near-wake equiv

oricity paterns at 1t = 550 are compared with mumerical esultsof L t l. (2004)
an Gubanov (2006 i Figure 14. L et al. (2004) employed a Kinetc-theory-based.

550, ™

for ®

s shown

i Figure 1.4 for the carly time instances of £ = 05,15,25.



o,
3

i 1 Ensricty s o oyt st i
f a fee srfac . R = 650 L f . 2004) ), Gubanov (2006 (i) preen work
oy when 03,1525 (e 1 b

@
e
e

@@@

Numerical simlations ace also carried out a. 12 = 1000 for the case of uniform fow

past a stationary cylinder. Figure 1.5 shows good comparison between the present
esalts e the ones obtained by Coutanceau and Pincas (1997) experimentally aad

the numeicalresults of AkMaallal (2009). 1t i noted that the numerical method of

AL'Mdalll is base] n a conjugating Fourier spectrl analyss with fnte-diffrence

Figure 1.6 displays the arly time development of the e coeficent fo vaiform flow

past o stationary cylinder a¢ 1 = 550, It can bo scen that the figure shows  good

comparison between the present. results an the results obtained by Plovmbans and
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Winchelmans (2000) and Li t al. (2004). Li et al. (2004) implement the latice

Boltamann method the

impulsively startd fow past  clrlar

eplinder for a Reynolds number of R = 560, Ploumbans and Windk

of the Navier-Stokes equations i combination with the partice srength exchange

scheme for diffuson. The value of the drag coefficen t the local maxisum (and
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Figure 1.6: The duog coefficent, i, for uniform flow pat o tatonary eylndes i the

(2000, () Li et al. (2000, () presnt wock. |

e local minmum) observd by Gubanow (2006 i bigher (lower) than the nes
obtaned by Plounbass and Wincimans (2000, Li ot l. (200) ad the preent
sy This
(000wl e

it b due to the use of difevent boundary conditions: Li el

upper and lower boundaries of the comptational domain, whereas Gubanov (2006)
conplayedfnviscid wall conditions. 1t s note that the difference between the drag

confficent of Gubanav (2006) and the resltsin this thesis s about 20%. This conld

that the flow wing o
whereas the present study employs & two-phase fuid model. n the singl-phase flow
i in . Therefore

odel the i i £ s assumed to be much lighte than

the i in 0, can be eglectd, and the governing equations are solee in the egion

2, only. Although computational more appealing, the single-phase maodel is sy
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to have mumerical difficulies which arie de fo complexity of the application of
boundary conditons at the frce surface on the non-boundary-fitted Cartesian grid

(Gubavo, 2006

1.3.2 Flow past a streamwise oscillating cylinder in the ab-

sence of a free surface

The numerical simnlations are caried out at R = 8554 = 013, /3 = 05,1,2.3,4
by stting the rectlnear osilatory eylinder displacement to

=)

cos(22 /1) (113)

In Figure 1.7, thepresent mumerical results ofthe flow development behind a strean-

and the availble experimental results obtained by Ongoren and Rockwel (1958), Tt

can e sen that these comparisons are in good agreement

133 Flow past a transversely oscillating cylinder in the ab-

sence of a free surface

the case of a transverscly ear-

e out at Reynolds numbers of 1 =200 and &

5. Figure 18 shows the com-
parison of the present sumerical ssmlations (R = 200, f/fy = 0, A = 06) ater
setting the ectilness cylinder displacement o

{0) = ~Acos(2z10), (19
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(Figh) o streamuise
=05 0) S/fo=1i

ey
with mumerical results of Meneghini and Bearman (1905) and Gubasos (2006)
Meneghini and Bearman simulated flow about an oscllting cylinder sing o discrete
vortex method. Figure 1§ shows good agteement between the present equivortc

ity potterns n the near wake region with both Meneghini and Bearman (1995) and

ubasor (2006),
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Figure 1.8 Equivorticty patterns for  trapsersely ocilating cylinder st R = 200,4
O o oo 5/ v 03 g o B (199 (. raner (G0
(ke prsent work (rght.

Figuce 1.9: Comporison offow isulization of Ongores i Rockwel (1955, quiv
orety patrs y ALl IO ), b (20 i) o e
work{rght)fo vniorm o past . traneverscly cclating elider at o
a fsquency rtioss (8) /o 05 (6) /= s €) 110= % @) 111

o
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“Tho mumericalsmultions o  transversel oxelating eylinder s b cartied ut at
R=s5 4
iy patterns s compare with the work of Ongoren and Rocksel (1958) and the
smmeical el of ALdallal (2004) and Gubaov (2006) i Figare 19, It can b
seenth i ’ foflhs2

13 n the frequency range 05 < f/fo < 40. The present equivor-

withall thre ses of et



2. Flow past a streamwise oscillating
circular cylinder in the absence of a free
surface

This chapter focuses on the resuls or flw past a ciralar eylinder subjct t0 forced

treamvise oscllations i the absence of  fro surface (symbolically represeted by

). The numercal simulatioss re condcte at  Reynolds mamber of = 20,
for a fxed amplitude, A = 013, in the frequency ratio range, 125 < /o < 275,

‘whic increases by an increment of 05,

2.1 Fluid forces and vortex shedding modes

211 Fluid forces

The time history of the fuctuating it cooficent, ., the PSD of C aad the Lisajous
puttors, Cy(x), are displayed in Figure 2.1, 1 is evident that for frequency rati,
1o

osilaion,

the trco of , exhibits a periodic signature every tno eyeles of xlinder

T within 5483 < ¢ < 150. The perodic natue of . for this frequency
atio i o suggsto by the coresponding Lissajous pttern which dispays highly
congruent behaviour rom cycle to cyce of cylinde cocillaton. The C, traces for
frcquency ratios, £/ = 1.25,225,2.75, display quash-perodic signatures every 7T

for J /1o

125 within 6061 < ¢ < 150, evory OT for f/fy = 225 within 8081 <
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£ <150, and every 3T for f/fy = 275 within OLSS < ¢ < 150, It can be seen
that the corresponding Lisajous patteens exbibit congruent behaviour, an that the
congruency of these patterns inceeass sy increases fom 125 0 275, 10 i noted
hat. for each fraquency ratio, /o = 125,175,225, 275, the hysteresis loops of
Cul) are confind to both the upper and lowe half planes. For each frequency
ratio, f/f, the cortesponding specten of C1, show one dominant pesk at fo. This

hat C, oseilates at fo @ I b

the it corfficents of Figure 2.1 display that ther i a transtion period for all the
froquency ratio cases consilred, f/fy = 1.25,1.75,2.25,2.75, untl % 40,50,00,65,
respectively. Conseqently, the tervals 0 < £ < 6061 for /fy = 1250 < £ < 5483
for /= 1750/ t < 8081 for J/fo = 225; and 0 < £ < 9183 for f/fy = 275,
respresent the time it takes the flow 10 setle into the quasi-periodic and periodic

ates in the near wako rgion of the eylnder (the transiton period)

In Figare 22, the time history of the g coeficent, Cp, the PSD of Cp and the.

corresponding Lisajous patterns, Co(z), of Cp are displayed. 1 is important to.
note that the Lissajous patterns of i, and the PSD of Cp are produced uing the.
o time intervals o those use in Cy, to determine the corresponding efcts of
o traces on flow states, 1t s evident that the Cl traces disply almost periodic
gatures every seven periods of eylinder osclluton, T, for f/Jo = 125 overy
period of cylinder ocilltion, 7. for f o = 1.75; and every nine perids of cylinder

oscillton, 9T, for [/fy = 225. The teace of Cl for /= 275, dislays a periodic

igmature every two periods of cylinder oscllation, 2T Thus, the increase of f/fo is
assocated with the sabilzaton of the fluctuations of C. The bebaviour of each Cp

trace i lso suggeste by the corrsponding Lisajous patterns. The Cp() patterns
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21 Tt i of the 6 ot i (k) ad e stwmin
SD of i Linajous ptiern of Cy 20

115225275 whn | = o, T Lissions i PSD s o

s 5 ae obaine for quat-periodic sat i the ollowing

mmmlnm\nﬁﬂ&l(L<l§|l51&l €< 150,081 € £ < 150,083 < ¢ < 150,

expectively. The corresponding flow states n the near wake region are indicated for

imal phase shift for f/fy

display congruent patterns with 125,175,225, and

o ighy congruent patern wih it to o phse i or //fo

75, indicatng.

periodic behaviour. T can be seen that the hysteress lops, for all //f, are mainly
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Colt) ()

A

Toe e oo g e, i, (k) e e o
patterns of Cp at K = 200

e T i PR plot o

are obtained for quasi-periodic states n the following

umcmln'm\a G061 < ¢ < 190,54.83 < £ < 150,8081 < <i<m,

pectivly. Thecovsponlng ow et he st wns region i ncied o

Y

confined to the uppes hal

planes. As o ncreass, thee i a shift ofthe patterns
of C(s) into the lowes half plane. The direction of each Cp(z) s counter-clockwie.
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Hnce,the mechanicl eneegy transfe s from the eylinder to the fid, T can aso be

s that a1/ f increase, the ana enclose by Cp(r) icreases. This implies that
 higher amount of energy i being transferrd from the eylinder to fukd with the
increas of  from 1.25 10 2.7, For cach frequency ratio, f/fo the corresponding
spectra, PSD, o Cp show o dominant peak st . This idicates that Cp osilaes

it for all fequency raios.

2.2 Vortex formation modes

Figuces 2210 display the cquivorticity and streamlne patterns, and the prossure
contours in the near wake of the cylinder when //fy = 125,175,225,275. The
T, for £/

per TTLOT, T, for 1/ =1.25,225,275, rspectivly

In Figure 2:3, the cqivortcty patierns ore displayd for //fy = 1.25 over seven
peios o cylndee oscllation, 77 The vortex shodding mado i the quaslocko-
on C(108)" mode, per 71, within 6061 < ¢ < 150 (quashperodic tate). This i
conitent with the bebaviour of C, and Cp at. this frequency rato. Th flow i non-
peioicfor ¢ < 6061 Tn this mode, fve ortce develop e shed o ach s of

T Intially, o o<t

conlescaat £ = 2173,
2 51/3. O 27 € ST/3, the development of (w0 covotatin negative vortioes
s obscrve in the near wake region. The secondary megative vortex formod in Ui

ayer dotaches at £ A sheds nko the downtrean
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of the cylinder, at ¢ = 3T Similarly, over 1073 < ¢ < 4T, two negative co-rotating
the upper shear Then, the o
becomes detached at £ % 4T and propogates nto the downstream o the cylinder,

aided the positive vortice in I
AT/3 and then the newly formed vortex sheds

“Two negative vorties coulesce at
into the downstream of the cylinder at € % 177/3. Fially, in the upper voriex
Shedding region of the cylinder, the primary negative vortex i the nea wake of
e cylnder at £ = 17T/3 contioues t0 develop over 6T < ¢ < 2073 and is shed
downstream ofthe cylinde a ¢ 7T Meashile n the lower vorte shedding region
ofthecylnder,  positive vortex devloped i the previousshedin cycle clongates
=213

Subsequently, the newly formed positive vortex formed over 0 < ¢ < 7 elongates,
i then detaches rom the postive vortex shedding laye at ¢ % 2T On the other
band, ot

ST/3, two pasitve vortces coslesce to form a single positive vortex
which continues to develop over 3T < £ < 107/3, and then bocormes detaches] at
£ % 11T/3. The positive vortex attached (o the eylinder at ¢ = 4T is forced to

clongate,over 1373 < ¢ € 14TY3, due o the interaction with the negative vortex in

5. Fnall rsis o

he inteaction with the negative vorices in the uppes vortex shelding region, and
then conseqently sheds oo the downsteam of the cylinde at ¢ = 77 Ths, n the
quastlodckon C(108)" mode, per 7T, five voties alternatly develop from cach
ide o thecylinder. T addition, the firsttwo vortces which develop from ach side
conlsce to form one single vortex followed by a third vorex shed from ach il in
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ke region), and the region of high pressure in the stagnation egion. AL evry
{T/2 (n = 1,3,5,7,9,11,19),the high presare refon seems to be confised above
and [ On theather
hand, for exampl at { = 27, synonomous with the shdding of the negaive voriex
intothe uppes vorte shecing region, i i eviden that the high presre region has

oy = 57/2. The high
pressure region shifts above and below the low pressure regions,in the downstream
of the cylind o

cegon. It i als interstin 1o vote that the structure of the pressure contours n
the near wake region at ¢ = 0,7/2,T,3T)2 e almst. mirror images of the low
pressure regions at = 27" (47, 67),57/2 (9T/2,18T/2), 37 (S1.71),77/2 (1T/2),
rspectively. This indicates the perodic nature of the flow field as expectd.

Figue 25 displays the equivorticity patterns for /o = 175 over two periods of

o, o,
por 2T, within the interval 197" < ¢ < S17. This is consitent with the ., but nok
it the Cp, behaviou o tisfrsquency atio. The fow is non-perioic o ¢ < 197
Apaieof o

i cylinder ovee O < £ £ 476, and then sheds nto the near wake of the clinder
£ /6. On th ot had,  pieof postive co-otating ortees develop n the
region ofthe. <e<ory

oy =~z foe this case










LYY

Figus 25 The epivority paters ove v periods o e oilaion, 27,
20 A-013, /o= 110 e o I 28 (1,257)]
[t

The peroiclock-on 2P e, pe

The pressare contours are displayed in the las. column of Figure 26 or £/fy = 175,

over two periods of cylinde osclltion, 27 The pressure contours indicato that the

high pressure regon i ssocate with the stagaation rgion. AL = 0T, i i evident.
Chat the low pressre tgion develops in the lower side of the cylinder folloving the
deveopmen of the positive vort i he loer vortex shedding aye. A £ = 7/2,
s - e megativ vorte: deveops and the negative vortex pir, i the upper region
of the cylnder, g o detac the ko prssur regon sifs masty 1 the upper
e of the cylinder, in the near wake region. Ax the pai i flly sbed a ¢ = 7,

ly bebind the cylinder,

0 evident. that the low presure region shifts substants

the e wale, As a new pasitve vortex deveops in the lowe vortex shedding
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layer and a the positve pair of vortces begin (o detach at.
that the regon oflow pressure mostly shifts from bebind the cylinder (o the lower

4T/2, it can be seen

side of the cylinder. The concentraion of the high pressure region, at this time,
increases drasticall. Finally, ot
and s located

27, the high presure concentration docrenses

/2.1t s ot that, v 0 < ¢ < T,

the conterclockwise dirction. I general, at

AT/2 (n = 1,3), the igh pressure

cylinder.
Figure 2.7 po
9T, of the quasi-periodic state when f/fy = 2.25. The vortex shedding mode is the.

. per o, <tsor.
with the behaviour of Cy, and i at this frequeney rato. The
for £ < 367 n this mede,four vorices develop o each sideof the ylindr and shed

il o<esom,

flow is non-periodic

hods int the upper vortex sheing regon of the cylinder at % 572, A negative
vortex formed by the conlscence f two negative vortcs at = 3T, continues (0
dovelop over 3T < 1 < 4T, and then t staet t approach anotber o-Totating negative
vorex. These o otating voties coslsce at. £ = 972, and are then shed nto the
sear wake of the cybinder at £ = 5T. A new negative ortex devlops at
then coslsces with . scond negative vortex a = 67 This newly formed vortex
developsover 6T < t < 13T/2, an £ = 7T, shds intothe e wake o te cylnder
Similary,  egative vortex develops ovr 7T < £ < 157/2, and coslsces with &
T, and this newly formed vortex s downstream of

ST, and

second negative vortex at ¢




Figure 26 The equivorticty pastarns (), strealine pottcens (middl) and the pres-
e oo () the s ks o of h ke o v s of
aciltion, 27, st R — 200 A-0.13, /o = 175 when h = o0 [T

T TR The o o 2 e 2, o

5

the cylinder at

— 7. Meamwile,inthe lawer vortex:shedding region of the cylinder,

egion of the ylinder at £ = . Then,  positive vortex is formes rom the coalescence

of two positive vortces

7. This vortex: continics to develop, and then begins
o approach  postive o otating vortex at ¢ % 37 The pasitve votex attached
o the positve pair of vorices i the near wake of the cylnder, sheds downstream
ofthe cylinder at ¢ = 4T, and the positve par conlesce t this time. The newly

formed posiive vortex contines o develop over 97/2 < ¢ < 5T, and at £ = 117/2, it
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- @Bole
aes®

z S 15 T (AT
T sttt G103 ot pr 97 s ool

conlsces with  primary positve vortex in the near wake of th cylinder, This ewly
fomed positive vortexis subsaquently shed it the lowe vorex sheddin region of
he cylinder at { = 67 The primary positive vortex in the near wake of the cylinder
conties to develop ove 6 < ¢ < 13T/2, and at £ = 7T, conlesces with  second

positve vortex i the near wake, This newly. formed positve vorte: sheds oo the.
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downstream of the cylinder at £ ST,

The las column of Figure 2.5 displays the presse contours for the frequency ratio
1/ =225 vet i periods o cylinder oscilation, IT. At t = OT the high pressure

the cylinder. Sinilaly 10 the cae f/fo = 125 (h = o),  large mumber of vortioss
are shed into the upper and lower sides of the cylinder. As a result of the multiple
Shedding of singl vortices com the upper and lover regions of the cylinder, the

cylinder Suctuate deamaticaly over OT. At £ = nT/2 (n = 1,3,5,7.9,11,13,15,17)

e high pressure region n the
downstecam of the cylinder. On the otber hand for cxample, at
with the dovelopment, and the shedding, of a positive vortex in the lower vortex

= T, synonomous

shodding region of the cylinder, it can bo seen that the low presure region shifts
substantially dovenstream of the cylinder, and the high pressue tegion sifts mostly

vortex n the upp he cylinder
occurs it is evident ¢ = 3T/2 that the concentraion of the low presure is i
e ear vk of the cylnder, an tht the bigh prssr region shifs (0 he above
and beloe the low prssue regon n the dowstream ofthe cylinder, That i, the

concentration of the igh pressure egion dramatially feases.

For frequency ratio f/f the near wake of the
cylinder over three periods of cylinder oscillation, 37, are diplayed in Figure 2.,

75, the equivorticity pattern

“The shedding of  singl negative vorte, and a pai of postive co-Totating vortices




0



Figuro 2.8 Tho oquivorticty st (i), sreaniln
s contour (ight) in tho nens e
on, 07, . R - 200, A-0.13, /f
L0171 (07,47, Th s sk o




21, Plid forces and vortez shdding modes )

Figue 20, Th iy s on s prtodsof s o, 37,
R 20 A—013, 11§y ~ 275 when h = o [T % LEST,0083 < (< 0734+ (07
o et 7L i s ST

s . 3T.

P+ S)" mode, pe 37, witin the interval 507 < ¢ < SIT. This s consisten with
the behaviour of Cy, but not Co, at. this frequency rato. The flow is non-piodic
for ¢ < S0T. At £ = 0,  paie of postive co-otatng vorties has developed, in the
lower vortex sheddin region. in the previous shedding cycle. The pair of posiive

rotating vortces detaches at ¢ ~ 76, temporarly, oy to t-attach at ¢ = 4T/6.
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Finally,at =T,
e wake of the cylinder. O the otber hand, at ¢ = TT76, the vortex formed from

the coalescence of two negative vortics, a = 2T/, sheds into the upper vortex.
Shodding region of the cylinder. Coalscence of new negative votice and paiing of

of the period under consideation, 7T/6 < £ < 3T-

In Figure 2.10, the pressure contours in the bear wake region of the cylinder are
Iif=

T, At € = OT, the high pressure regon has developed in the stagnation region of

the cylinder, s the low pressure region develops behind the cylnder. AUt = T/2,

e high presure region extends from the stagaation reon of the ylinder 0 above
s b the o pressre rgion in the dowstrean of the cylinder. In the near
walke, thelow pressue region i locate n the upper and lower side of the cylinder
Synonmons with the development of a positive vortex and the shodding of a positive
vortex pair, at 1 = T, it i evident that the high prssure region shifs back o the
Stgnaion rgion. The low pressare region skt substantally bl the xlinder

hasshod a0 = T7/6, s i e

pressure distibution displyed at ¢ = 37/2 that the area of high pressure has once

ot
of e postive votex i the nea wake of the cylinder, it can b see that over
27 < £ < 5T/2, the area of high pressue, now in the stagnation regon, moves
towards the downstream ofthe cylinder, and that the area oflow presure sifts to
the upper and lower sides of the cylinder eom ts downsresm psiton. This figure
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suggest that at £ = nT/2 (n

1,3,5) the high pressure rogon extends from the.
tagnation region of the cylnder to above and below the low pressure region i the
downstream of the cylinder. It also suggests that at ¢ = n7/2, (n = 1,3,5) that the

simltaneous development of negative and positive vorices i the near wake regon

at the e time instanees

1140 | Vortex shedding mode | T, | Cy behaviour | T, | Cp behaviour ‘T.
= thmes oo |

125)  Caosy | 77| aqueiperodic |77 qussbperiotic |77
(6061 < ¢ < 150) (6061 < ¢ < 150) (0061 <t < 150) |

| |7 e |2r] awstpene | T
pmsism | |omeisio| | omsisim

13| sy |0r| wwtoeiode |97 | bt |07
oomsism | |wmsicm| |oomsisum

2| cmrsr o] it [o7]  peic |27
omsism | |owcicno| | omsicim

Tl .1 ety boe s e of e W, i ot
the vortex shedding modes in the  fro urface (h = oc) for [/fo =
e s 1 /7 175 sy €1 1601 -ﬂamnnﬂ(lw)
and [/ = 275 (9183 < < 150). The supensript * denotes

modes.

In Table 2.1, the relationship between the behaviour of the i and drag. co-
fcents and. the flow states with the indicaed vortexsbodding modes for
lfo = 125,175,225,275 are displaywd.  For the fequency ratos, f/fy =
125,175,225, 275 the lock.on modes oecur every 7, 27,97 and 3T pesods of el






from the €,
If=1251 iplaye l

repeatable signatures every 7T, T,T and 27, rspectively, and thus the locksd-on

vortex sheding modes and their periods are consistent with the C bebaviour at.
Iy /1y =125 and 225

2.2 Summary and Discussion

The pressure contour plots of Figures 24210, for h = o0 when f/fy =
1.25,1.75,2:25,2.75 indicate that at £ = 0T (when the cylinder reaches maximum

displacement, (1) = 4) the high pressure region develops prodominantly in the
stagnation region ofthe cylnder for ench f . Converely, the low presue regions

op, Jlf=125,225
(s Figures 2425). Low pressure dovelops mosty bekind, but also in the lower

e of the cylinder or f/fy = 175,275 (s Figures 26,210). In general, the low

(formation o new vortice) and bence ignificanly affect the lutuating i forces:

acting on the ciralr cylinder. T additon, it can be seen tht posiive and -
ative vortice which have shed i the downstream of the cylinder, are repreenied
by the low prssune segion (e contours) for all /1t s inersting t0 ote that
for f/fo = 125, 175,225,275 at h = oo, the regions of high pressre surround the
regons of low pressure i the downstrea of the cylinder at every ¢ = nT/2, when n
s an o nteger (refer to Figuren 2.4, 26,28 and 2.10),
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¥y

Fisto 21 The ot o e tc, =, e ey
0,11 (=125, 175, 225, 275), on the eqivorticity patterns at = 200: A = 0,13,
The effct of the absence of o froe suface h = o, and the froquency raio,

1= 1251

s summarized i Figure 2.11. The snapshots are taken at the fnstant the cylinder

5), on the equivortcty patterns in the ear wake regon

renches maimum displacement, =(1) = A. For the periodic/quas peri

snapots are taken ove the time interval in whih the low reaches  periodic/quast
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periodic state. It can be seen a the smaller frequency raios, f/f 175, that

b in the upper Jeding Jayer of the cyln-

der (near wake region). This i the case for f/fo = 2.75, but in adition there s also

egative vorticity in the lower vorte shecing region of the eylinder. The near vl

structure of the equivorticty pattes seem 10 be more skew symmetri (centeline of
1/ =125,175

i the near wake structurs i evident in Che oquivorticity patterns as f/fy incroases

from 1.25 to 275, As 1/ increass from 1.25 t0 22 the vortex formation length

soems o decrease (by maxivmm of % 46 %),




3. Free surface flow past a streamwise
oscillating cylinder Fr ~ 0.0

i this Chapter, a viscons incompressble two-fuid model with a streamwise el
Ining ylinder beneath o freip surface (Fr ~ 0.0) i mumerically investigated for
the cylinder submergence depths
case, Fr 0, the surface becomes  non-deformable fee sufae (7, 7) and due to

75,05,0.25. In the limiting Froude number

proounced pressure spikes observc i the sumerial experiments, the fiid forces
cannot be calculated. This, only vortex sheckling modes are analyzed 0 determine.
lockon modes and ther vortex shedding periods, ., for non-harmonic ocilations
7

ment amplitude of

25,1.75,2.25,275) at o Reyrolds mumber of R = 200, and a fied displace-

0.13. The mumerical experimentsfr the Froude mmber case
of Fr % 0.0, are conducte by stting Fr 10 0.03 (o g to 1111) in the computer
program, since Fr = U/, The resuling flat. frv-slip suface resuls e wsed as
the refrence cas for analyzing the results in Chapters 4 and § which examine the
Froude number cass of Fr = 02 and Fr

4, respectivey.

.75

3.1 Vortex shedding modes at Fr~00:

Figures 3135 dispay the equivorticity patterns for f/fy = 125,175,225,275
The observed flow behaviour s (i) quas-periodic for f/fo = 125 175,225,275 per

AT, 2T 2T 1T, respectively




v ajvo - Q,‘ °
MR AT
| as

0 A= 015,111 < 15 when h - 07, Fr = 00 1 ~ 10036566 < t € 77
(TR, The ot et 85 moder e 7, e,

For frequency ratio f/fo = 1.2, the flow exhibits quasi-periodic behaviour every
four periods of cylinder cacilation, 4T, within 107 < ¢ < 24T. The flow is nou-
for 111

over four periods of cylindee oscillaton, 4T, within 14T < t < 18T: The vortex

periodic for £ < 107 Figure 3.1 displays the equivortiity patien 12

Shedding mode i the quaslocked-on 68" mode, per 47, In this mode, thee single

vortces from the uppes and lower the

cylnder within 4T A negative vortex formed during the previous vortex shedding

eyele shds nto the near wake ofthe cylinder at ¢ = T/3, Over 2T/3 < £ < 4T/3, the

development of a second negative vortex is observed in the near wake region. This
vortex formed in the uppe vortex shedding layer shds into the dowstream of the

/3. Similary, ovee T < £ < ST/3,a ngative vortex develops i the

cylnder, at ¢
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upper sheat layer of the cylinder. Then, this vortex becomes detached shorly after
/3, and Sl propogates it the downstream o the cylinder, aided by the
development of postive vurtices i the lowe shedding laye. Meanwhik, a posiive
<isT,
and then shods oto the downstecam o the cylinder T the Jowe vortex shodding
region of the cylinder, a negative vortex in the near wake of the cylinder develops
over 4T/3 < ¢ < ST/3, and then sk into the downstram o the cylinder at
£ ST/3. Finally,  positive votex developing over $T/2 € < 107/3 s subjet t0

interacton with the negative vorties i the upper vortex shedding region, and the
consequently shods into the downs

cam of the cylinder at % 1173, 1t vident.
hat the negative vorex i the uppe side of the cylinder, forcs the this positive

= 17/3. Thus, 68" mode,six
orties develop and s on each side ofthe cylnder over 4T, No couscence vas
obmerved n this case

Tho behaviour of the flow for f/fy = 175, i quasi-periodic evry two periods of
eylinder oeillation, 27, within 47" < ¢ < 35T Tho flow s non-periodic for ¢ < 4,
In Figure 3:2, the quivortciy patterns over tvo periods of eylinder oscllation, 27,
within 107 < < 127 are displayed for f/fo = 175. The vortex shedding mode i
the quasi-lockd-on C(P +8)" mode, er 27, within 47" < ( < 35T In this mode,the
hecding of single negativ vortex and a postive pair of co-Totating vortices occurs
within two periods of eylinder ascillation, 27. AL = 0, n negative vortex formed
during the previous vortex shodding cycl continues to develop over 0  { < 976,
ayer at £ = 1076, Meanwhi

of pusitve corotating vortices has developed in the lower vortex shedding regon, n
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o develop over 0 < £ < 4T/6, and then sheds nto the lower vortex shedding region

of the cylinder at ¢ = 57/6. Hence,

n the quasklocked-on C(P+ §)" mode, per 27,
single vortex and a pai of co-rotating vortices bed alternately over 27 Coalesonce.

is observed for his frequency rati.

&% Lk

.
'w

%

N

Figure 3.2 Tho equivorticty pattern aver two perkods of cylinder cxcltion, 23
o A0l T/ 178 whe h = 075 Fr 00 ' 248038300 1€ 201
(107,121, The qusblocn C(P + 8)° mode,pe 2T, i oberve

For frequency ratio o = 2.25, the flow displays quasi-periolic behviour every 27

within 4T < 1

71, followed by non-periodic behaviour within 277 < t < 32T,
i then quas-perodic behaviour every 27" within 327 < £ < 427, Figures 3.3 and
3.4 displays the equivortcity patterns for f/fo = 225 over two periods of eylinder

oscillton, 27, within 8T < 1 < 107 and 4T < 1 < 3T, respectivey (quas

ates). The observed vortex shedding modes is the quasi-locked on C(28)" mode,
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per 2T, within AT < ¢ < 277 and 327 < (< 427, T this mod, the alernate
shodding of a single vurtex of opposite otation from the upper and lower shear
Iayers oceue within two priodsofcylinde asciltion, 27 In Figore 33, negative
vortex formed during the previous vortex shedding eyee continues (o develop over
0 1< 37/6, and coners with  second negatve vortx a ¢ = 7). The rsuling
negative vortex develops over 4T/6 < (< 1076, and then subsequentl shed into

o uppes votex sheding region of thecylndee at £ = 117/6. Meanwhile,a posiive
vortex formed during the previons vortex shedding cyce contines to develop ovee
002 4T/6, an then sheds ino the near vake reion a ¢ = S7/6. I can b scen
s the pasitiv s negativ vortices which have shed, remain in the mid-vake of
the cylinder over 2T, I Figure 3.4, » negaive vortx formed during the previous
becin cycle continues to develop over 0 < ¢ 47/6, and then subscqetly shods
into the upper vortex sheding layer a £ % 57/6. A positive vorlex formed durig.
e provious votex shaddin cycl contines to develop over 01 < £ < 27/6 and then
conlsces with a positiv vortex in the near wake regin at. ¢ = 376, The resuling.
postive sorte, deselops over A7/6 < £ < 107/, e then s o the eas wake
of the eylinder at t = 11T/6. Hence,in the quasilockrkon C(28)" mode, per 27,
o votiesave akeenately shod within 27

The flow of fequency ratio £/ = 275, exhibits quaskperiodic behaviour every

even periods of cylinder osilltion, 117, within OT < £ < 35T. The flow is non-
,

periodic for < 9T Figure 3.5, displays the equivorticty patterns or f/fo =
ove ceven periods o eylindr csclltion, 117, within 22T < £ < 39T, The vortex
shodding mode s the quas-locked-on C(88)" mode,per 117, within 9T < ¢ < 35T
In this mode,fou vorics develop on eac side of the cylinder and alterntel shed
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P 33 The cnorty s o o pe o e o T 0.
13,1/ o — 225 when h — 0.75,Fr = 00 [T ~ 2247,23088 < ¢ < 28560
(BTG, Th s oo O3S moder o 7, e

over 1. Initialy, a negative vortex which has developed in the previously vortex

Shedding cycle contnnes to develop over T)/2 < € < 27, and sheds into the upper

vortx shedding region ofthe cylnder 1 secondary vortex at ¢ 57/2. A negative
wortex developed over 3T < £ 712, conlescs with the primary negativ vorcx in
the nea ke ofthe cylinder at % 4. The reulting negative voriex: subsequently
shes into the near wake of the cylinder £ = 5T. A negaive vortex devloped over
11T/2 < £ < 7T, coslesces with  scond ortex i the e wake region a ¢ = 1572
“This vortex subsequently shds o the upper ortex bedding region of the ylidee

1772 The coslescence of two negative vortices at £ = 0T is observed in the

at ¢ % 11T, Meanwhile, at ¢

o cosrotating posiive vortices are observe i




3.1._Vortez shedding modes at Fr = 00: h=075 5

g
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Figure 3.4 The equivoticity pattern over two periods of cylinder oscllaion, 21
R=200: A=0.13, f/fy = 225 when h = 075, Fr = 0.0 [T = 22047, 0.319 < ¢ < 80808
(WT,367). The qusstlockd-on C{25)" mode pe 2T, i obervol.

the near ke ofthe cylinder. These vortioes subsequently coalesce at ¢ = T/2, and
Chen the resulting postive vortex sheds nto the lover vorte sheckding region of the
cplnder at £ = 372, The pasitve vortex formed fom the coulscence of two pastve

vortces a1 = 27, develops ove 2T < ¢ < 5T/2 and then approaches another co-

rotaing positiv vortex at £ = 37. These theee pasitve co-otating vortices develop

over 3T < ¢ < 772, e then they conlesce to orm a positive vortex at £ = 4T This

positive vorte: sheds nto the downsteeam of the cylinder at ¢ = 97/2. Similacy, &

sT<t<wr

the near wake of the cylnder at ¢ = 7T At = ST, a positve vorte formed by the

ST <<y

an then subseqently sheds into the lower vortex: shding region of the cylide at



Figure 3.5 The uz at

R
(227,357 The quaslocked on C(85)
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3.2 Vortex shedding modes at Fr=~00: h

Figores 3.0-59 display the cqivortiity paterns in the neas wake region of the ylin-
der for [/fo =12
/= 1.25,1.75,2.25,275 per OT, 27, 27 3, respctivey.

1.75,2.25,2.75. The observed low helaviour is quas-perodic or

“The abserved behaviour of the flow fo the smallst froquency ratio, £/, = 125, s
quasi-perodic every nine periods of cylinder oscilltions, 97, within 47 < t < 24T.
“The flow is non-periodic for ¢ < 47: Figuro 0.6 displays the cquivorticty patterns
for {5

“The observed vortex shedding more s the quasi-lockd-on 148" mode,

20

e uine periods of eylinder oxcillations, 9T, within 137" < 1 < 22T

O, with
AT < < T, In this mode, altesnate shodding of seven vortces from the upper and

Tower vores shedding rgion of the xlinder, wit

W 0T i obscrved, From th

igu
0 evident that the majoriy of pegative vorices shed are secondary vortices which
etach from primary ncgative vortices in the near wake region. The positive vortioes
‘which have s into the lower vortex shekding tegion, appear o have been aded by
the development of negative vortces in Uhe uppes vortex shedding layer. Tntally,

egative vortex formed during the provios vortex shodding cye

sheds downstream

ofthecylinder at = 3T/2. Ovr 3T/2.< € < 21, secne negative vortx develops
i the upper sheing Jayer of the cylinder. This vortex i then subsequely shod
into the near wake ogion of the ylinder at ¢ = 57/2. A ngativ vorex developed
over 37 < ¢ < 7772, is oo o shed at = 4T due o the nteracion of  developing
postive vorex in the lower vortex shedding regon of the cylider, Over 4T <
£ 0772, & nogative vortex develops n the upper vorex shekling laye of the

i nogative vortex Chn el downtrea of thecylinder at € = 57, The
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devel nrp<eser,

ortex subseently shods ko the upper vorte shedding layer of the cylinder at
1372, Similal,  negative vortex devloped over 137/2 < { < 77, sheds inio
the upper vortex shedding region ofthe c 15772 Over ST < < 17772,
 negative vortex develops in the upper shedding Iyer of the cylider. Then, this
=9 aided vt of a pos
Meanwil

ider ot

shedding cycle shods into the near wake regon a ¢ = T/2. The development of o
positive vortex in theower vorte: shekding region occurs over 7/2 < ¢ < 3T)2, and

At = 2T Over 27 < £ < 37, pusitive vortex develops n the lower shear layer of

thecylinder, Thispositive vortex then sheds downatreaof thecylinder it = 7772

— -
772 € 115 4, and i the e int the lwe vortex sheddin rgion a £ = 972
“The newly formol posiiv vortex formed over 57 < 1 < 117/2, subequently shods
£ 6T At the noxt ma

postive vortex,formed ovr 11T/2 < £ 1372, s nko the lowe vortexsheding
togion of tho cylnder Finaly,  postiv vortx developing over 1572 € € 177/2
s ubjocte 10 the iteracton with  negativ vortex i the uppes vortex shedding
rogion, and consequenly shds dowstram of the cylinder ¢ = OT. Hee, in the
quas-lockek-on 145 mande, per 9T, seven vortces alternately develop from each ide
of the ylinder.

In Figure 3.7, the quivorticiy patterns over two periods of cylinder osclltion,
are dislayed for f/fo = 1.7 within 14 < ¢ < 167: The vortex sbecding mode for
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- o %

The iy s v i pede of i
3,/ hen 0.5, Fr = 00 [T % 4045253
{7,221, The s St 145+ e e 7, s v

ilation, 9T, at
o< om0

this froquency ratio i the quasilocked-on C(P + S)" mede, per 27, within 4T <

1< 34T The flow exbibits non-periodic behaviour for ¢ < 47. This mode descrbes

the alternate shedding of a negative vortex from the upper vortex shedding region
e i of positive vortices from the lower vortex shedding region of the cylinder
A negative vortex formes durin the previous vortex shedding el develops over

< £ < 37/6, and then coalesces with a second negative vortex a 1

AT/6. The

reiling negative vortex develops aver ST/6 < ¢ < T and subsoquendly sheds into
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ot £~ 7T/6. Meazwhil, & pac of

oties formc during the previous orte: shodding cycle continue to deelop ovr
< 1 < AT/6. This paitive vorte it s then subjeced {0 the intracton of a
lacge egatie vorex i the upper orte: sbedding layer and as a s, shds o
e lower vortex shedding region of the clinder at ( = 57/6. Henc, in the qust
Jockson C(P + 5)° mode,  negative vortex and o-otain pasitive vortex pai are

ernately shed within 27

Figw 87 The ety s v e pie of ol il 7
0. 4 ~0187f 115 vk 08,07 <00 1 L0 0400 Frt
(T A Tt et etsion GIP 1.3 o, o 8, b,

At frequency rtio £/ fy = 225, the flow exhibits quas-perodic behaviour every two

periods of cylinder osciltion, 2T, within 3T < ¢ < OT, 15T < ¢ < 197,257 < ¢ £
31T and 3TT < t < AIT, respectively. A transiton into non-periodic behaviou

T < T < 97T and

of the flow, occurs within 9T < { < 1T, 19T < t < 2
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AIT < < 45T, Figue 3.5 displays the equivrticity paterns for f/fy = 225 over
wo pesods o clinder oscilation, 27, within 167 < ¢ < 18T. The vortex shedding

wode i the quashlockon C(2S)" mode, per 2T, in exch tme nteral the flow
diplays quasiperiodic behavioue. In this mode,  sigle vortex deveops on cach
ide of the cylnder and alternatly sheds over 2T: A negative vortex formed from
e conlescence of o negative vorties in the previous vortex shodding cylinder,
continues to deveop over 0 < £ < /6 and s subseqently shod downstream of the
cplinder at ¢ = 27/6. A pasitive vorte, formed from the coslecence of o positive
votics at. 1 = 37/, develops over 4T/ < < 107/6 and shds downstream of the

cplnder at ¢ = 117/6. Heace,in the quisi-locksd-on C(28)" mode, a egative and

posiive vortex are alernately sbed within 2T:

»‘éé‘%ﬁ\

¥

:
| &
D

Fgre 5 T ity psnsove v prids of ol celaon 2, st
40331/ = 20w = 08,7 0O frrirprelih

(G0T18D). e s et on 39

21, in oervol.
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At the frequency ratio f/fo = 275, the flow displays quasi-periodic behavious every

ST, within OT < ¢ < 54T

cquiortiity patterns over three poriods of cylinder osilation, 3T, for f/fo = 275,
within 30T < ¢ < 39T. The vortex shedding mode observed i the quasi-locked-on
C(2S)" mode, per 3T within 6T < ¢ < 54T, This mode describes the shodding of a
singl vortex of opposie totaton from the upper and lowe vortex shedding regions
of the cylinder, within 3T. In his igure, & co-rotating negative vortex: paie formed
during the previous vortex shedding cycle conties o develop 0 < ( < 2176, and
a third negative vortex begins to co-otate with the pair at £ = 37/6. The three
Begative vortices co-rotate over 3T/6 < € < T, and the tertary negative vortex

(farthest from the near wake of the cylinder) sheds into the uper vortex shodding

 TT/6. s evident th e scond

negative vortex stetches almost.paralel 1o the free-surface. The development and

cubsequent conlscence of negative vortices occur for the remainder of the vortex.

vortex doselopee during the provious vortex shedding cycle develops over 0 < t <
2775, and then appronches  second posiive vorex at ¢ = 3T/6, These two postive
Vortces conlsce at ¢ = ST/G, only 1o seperate into wo posiive vortices which co-

rotate over T < £ < 9T/6. At t = 1076, the co-rotting postive vortices conlese

a fnal time and the resulting positive vortex develops over 1076 < ¢ < 11T/6

and then subsequently shods ino the downstzeam of the cylinder at { = 27. Hence,

the alternate formation and sheding of two vortices within 37, rsuls n the quasi-

locked-on C(28)" mode, pee 3T.
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Figne 5. The ity psrsoms s i of ol o, 27 st
R=200: A=013, /o = 275 when h = 05, 97,5500 < £ 6000
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3.3 Vortex shedding modes at Fr~00:h =

Figores 3.10-3.14 disply the oquivorticity patterns in the near wake o the cylnder
when f/fo = 125,1.75,2.25,275. The observed flow behaviour i (i) perodic for
/o = 125,175,275 per 37,27, 10T vespectivel, and () csi-periodic for f/fy =

225, per 5T, respectivly
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025 o

For f/fo = 125, the flow displays a periodic pattern over thee periods of ylinder

aeillations, 3T, within 27 < ¢ < 20T, The fiw i non-peiodic for £ > 20. In Figure

310, the cquivorticty patterns are displayee for f/Jo = 125 over three perods of
T, within 10 < £ £ 17.

on C(4S) mode, per 3T, within 2T < ¢ < 207. Figre 3,10, revens that a pegative

vortex developes from the presious vortex shedding eycle shecs promptly into the.
upper vortex shodding layer at ¢ = T/6. The development of  negative vortex occurs
over 0< < 27/6,and at

IT/6 this negative vortex: conksces with the primary

negative vortex.
develops over 4T/6 < ¢ < 117/6, and then sheds compltely into the upper vortex
Shedding layer of the cylinder at

‘which shed, retain an attachment to the fee sucface. Meamvhile,  poitve vortex

27,1 should be noted that the negative vortices:

forme during the previous vortx sheeding cycle dovelops over 0 < ¢ < 4T/6, and
then sheds downstrean of the cylinder at ¢ = 5T/6. Over T < < 8T/6,  positive
£ 97/6. The

1076 < £ < 137/, and

postive sorte at £ = 14T/ This posive vorie dovelops ovr 1576 < ¢ 17776,
and then dus to the itense inessction with  egative vorex i the upper Vo
shedding laye, the positive vortex i then forced to shed ko the downstream of
he cylinder at ¢ = 3T: Hence, i the locked-on C(48) mode, per 37, two vortces
altecmtely deveop snd shs rom ach side of the cylnder.

At f/fo = 175, the Sl displays periodic behaviour every two priods of cylnder
escillton, 2T, within 3T < € 34T. The flow is non-peiodic fo ¢ < 3T Figure 3.11

i patterns on . 2T, within
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=
[
=% T |

e 8.1 T iy pterus o e e of e vilsion, 7, 4
R 20, A-013, 1/ — 125 when b~ 025, Fr ~ 00 (7 = 4010, 10,40 ¢ < 5252
007,151 Th st ok on G148) moder s 3T, s oo

197" < ¢ € 21T, The vortex sheding mode observ i the hockion C(25) mode,
per 2T, within 3T < ¢ < 34, I this mande, one vortex develops and alterntely shed
on ench sid of the cylinder over 27, Ttially, a negative vortex form during the
previons vortex shedding cyele shods ito the upper shedding ayer of the clinder

at ¢ = T/6. The formation of ther negative vortces oceur o the remaiader of the

but these a linder. Tn the lower

b of the ylin . o<,
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% @

and then begins (o approach the primary positive vortex in the near wake region
of the cylnder a ¢ = ST/6. The positve vorties coalese at ¢ = 47/6, and the
rsulting positive vortex which develops over 5776 < ¢ < OT/6, sheds downstream of

the cylinder at £ % 97/6,

e

e
v
B T T e T

(15T BT The et it G(28) mode, pe 7, s e

A the froay Iif=22 within
AT < ¢ < 237 and 26T < ¢ < 36T and non-perodic behavious within 237 < ( < 26T
e > 36T, Figures .12 and 313 display the equivortciy patterns ver ive periods.
of cylinder oscilltion, 5T, within 5T < ¢ < 107 and 26T < t < 31T, respectively
for f/fo =
eylinder oscilaion, ST, within 4T < ¢ < 257 and 26T < { < 367, respetivey

25, The quasi-locked-on C(4S)" mode is observe over ive periods of

In Figure 312, it can be soen that & negative vortex formed during the previous
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% o

vortex shedding cycle, sheds into the uppe vortex sheding laye of the cylnder at
.

T/3. The shed negative vortex: reains an attachment {0 tho free-surface and

vortex i the nea wake rgion a £ = 2773, These negative vortices co-roate o
2T/3 < 1 < T, and at ¢ = 4T/ the covotaing pegative vortces cosksce. The
sl negative vorts: sbeds it the upper vortex shodding layer i ¢ % 2T. A
Degative vortex formes from the conescence of two negative vortcs i { = 5T/
develops ovee 3T < £ < 11T)3. This negative vorte s then shed into the upper
7. Meanehi

during the previous vortex sheding cycl approaches  second co-fotating posiive
vortex at ¢ = /3. These co-cotating positive vortces conlscs at ¢ = 2173, The
sl posiive vortex develops over T < 5T/3, e then begins o co-rotate
with & seco positve vortes: i the near wake regon ovr 21 < ¢ < 7T/ At
£ = ST3, the corotating pasitive vortice coslsce ad the newly formes posiive
wortex subseently shods into the love shodding Jyer of the eyl at ¢ = 37
A positiv vorte: develops over 3T < < 1073, ane then contsces with a second

posiive vortes in the near wake region ot

LI/, The resiling posiive vortex
develops aver 1IT/3 < ¢ < 14T/3, and then shods into the lower shedding layer of
the cylinder ot £ = 5T.

A frequency ratio f/fo = 275, quas-peiodic fow belaviour ove ten periods of
eplinder oclltion, 107, within 9T < { < 50T is observed. The fiow is no-periodic
for £ < . In Figure .14, the cqivonticity patterns of the flow are displayed ovee
e periods o elinder ocilltion, 107, within 197 < 29T, for f/fy = 275, The
ortex shoking mode i the locke-on C(65) mde, per 107 In his mode, three
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A=013, §/fo =225 e £ £ i
(10T T it ot om Gl e, e 7,1+ G,

Figro 812 The oy ptrsove o priodsof ol il
0 h - 025, Fr =00 T

single vortces acs alternately s eom he upper and ko votex shdding region
o thecylnder, within 107, Tniall, a negative ortex formed duin e previous
vortex shding cyle s dawasteca ofthe clinder t. ¢ 7. The development of
a gtiv vorex oceues ovr 0 < < T/2, and then this negatve vortex approaches
he primary nogative vortex in the near wake rgion of the cylinder at ¢ = T. Both

Degtive vortices conlesce at £ =

/2, i the resilting negative vortex sheds nto
the near wlke of the cylinder at ¢ % 27 The shed negative vortex reattaches 1o
ST/2, but then sheds

the secondary négtive vortex i the near wake region at

completely ino the upper vortex shedding layer at ¢ % OT/2. A primary negative



Vortez sheiding modes at Fr 00 h =025 ]

[Tvp *

" [ |
(B

Fge 5.1 Th sy s o o pride of o i, S 3t
= 0. Tfo = 225 when h = 025, Fr = 00 [T = 2215,5837 < t < 0305
(0673, The ik G4 e, et 7, s e,

vortex develops ove 3T)2 < (< 5T/2, and then conlsces with  second negative

vortex at ¢ = 37.
i the near wake region of the cylinder at ¢ ~ 4T, and the newly formed negative
vortex i then shed o the downstream o the cylinder at t = 7T In the lower

Vortex shedking region, & positive vortex develops over 0T < ¢ < T/2, and then

conlesces with  second positive vortex at €= T
to approsch a second pasitve vortex at ¢ = 3T/2, and then these positive vortices
conlesce at ¢ = 5T/2. The resulting negatve vortex detaches from the primary positive

vortex i the near wake of the cylnder at £ = 3T, and then immeiately re-aitaches




Vorter shedding modes a Fr = 00:h=025 )

14443

E

m
E

Fipre S1: Th vy ptrs ot peds o ol oo, 17t
1fo =275 when h = 025, F 01 <t < 53200
S0 o aoes o G8Y ot ot 1T,

0 the secondary pasitve vorex i the near wake regon of thecylinder at ¢ = 7T/2.

-

OT/2.< 1< 5T and then sheds downstream of the eylinder at ¢ = 117/2. A posiive

vorte formed from the coalescence of two positive vortices at ¢ = 7T, dovelops over

T < 1< 1772 and then sheds s & tetiay vortex into the lower vortex shedding.
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cegion of the cylinder at £ = 9T Hece, i the locked-on C(6S) mode, per 107, three
vortces develop and sbed on each sde of the cylinder over 107:

3.4 Summary and Discussion

Tubles 3.15 summarizs the cfct of the froe surace presence for the case Fr
00, h = 075,05,025 when f/fy = 125,1.75,225,275 has on vortex shedding
wodes and their periods, 7,. The majority of the occurring vortex sheckding modes

Unlike the case Fr = 02, the presence of the froe surface does not lead 10 the loss
offock-on for h = 0.25,0.5,0.75.In fact, lck-on modes occur at each /o, for each
cylnder submergence depth, h. Tuble 3.15 shows that the perio of vortex shedding
27 for /o = 175, regardies of cylinder submergence depth, h. Thi

case for f/fy = 1.75, in the aboence of th free surace. However, it can be seen

s o the

from thi table that with the decrose of i from h = 075,05 1o h = 025, the
vort shedding modes of o = 175 change rom the quaslockeckon (P + 8) ak
075,05 1o the locked-on C(25) mode at = 025,
At h = 0:25,05,0.75 for f/fy = 1.7 b ol i the occurence of conlecence in

inclusion of free surface

the vortex sheding mods, a3 oppos o the vortex shedding mode in the abwence

of the free surface (h = o0). On the other hand, the inclusion of free surface at

= 05,075 renults i the lows of conlescence for the vortex shodding modes of

Iit=1 mode of h = o
1=
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bekaviour at cylinder submergence depths h = 0.75,0.5,0.25. The vortex shedding.
modes occuring for cach quasi-periodic tate at. this f/fo, are cquivalent.  Hence,
there are o changes in modes synonmous with the change in states for f/fo = 225
at h = 0.75,0.5,025. The commonly observee moves fo this case are the classical
C(28)" mode, the C(4S)" and C(8S)" modes. New modes obeerved fo this case
are the C(45)", 68" and C(145)" modes which are bascaly the repettion of the
classical C(28)" mode two, three and seven tmes, respectivel.

The cfct of the cylinder submergence depth, h(= 025,03,0.75,00), and the fre-
quency ratio, //fo(=125,1.75,225,2.75), on the equivortcity patterns n the near

the nstant the

eylinder reaches masimum displacement, (1) = A. For the periodic/quas-periodic

cases the snapsbots aze taken over the time interval in which the flow reaches a

periodic/quas-periodic state, 1 can be socn that there s neglgible deformations
of the fre surfoce at b = 0.25,05,0.75. That is, the free surfce acts s  non-

daformable surface

espective ofeylnder submergence depth, h o fequency rato,
1/ v, T ca b s that the positiv vortex stuctues in the lower secding.
i s

eylinder submergence depth deceeass from = 0.7 0 h = 0.25 when compared 10

e refrence case h = . A A = 025, it can bo sen that the negative vortex sruc-

reatly

e s et experience rapil diffsion across the fre surface at this cylinder sub-
mergence depth. A cach h the negative vortex structures dominate the near wake

region ofthe ylinder 10 i evident tha the vortex s

favor of the positive vortices. A the eylinder submergence depth s rduced from o0
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2.4 Sunmary and Discussion %

: Tho i of e ol submegecsdept,H=025, 05, 07, snd
1h;v :mw.m o 150 178, 325 378y on he vty pacr o
A0

£010:25 the sh vortios dowstreasn of the cylnder bocome more oval shaped, o
heir major axes lesalmost paralll t0 the fee surface. For al eylinder submergence

et = 0.25,0,5,0.75, the fiow behavions becomes more complieated a5 /i

increases. It is evident that the bahaviour of the near wake reglon . h = 0.5 for
ench i sl o the eference case h = oo, wheeeas & oticeabl difference oc-

curs for ~02,05m

2510 275, In general, an increas in the frequency ratho, f/f from 125 10 2.25

esalts i the decrease of vortex formation length (masimm length by 40%) for the

eplnder submergence depths h = 0.25,0.5,0.75.In aliton, the length of the upper
vortex shoding layer increases s f/f inceeases i the presence of  fee surface at

h=025,05,




4. Free surface flow past a streamwi

oscillating cylinder at Fr = 0.2

1o this Chapter,
cylnder beneath  fee suface i mumericllyinvestigate or the Froude number case

of Fr = 02, at the cylinder submergence depths h = 0.75,05,025. The numerical

smlations are conducted at. fxed Reynokds mumber of R = 200, and displace
amplitude, A = 0.13, in the froquency ratio range, 125 < f/fo < 275, by an

increment of 05

4.1 Fluid forces and vortex shedding modes

401 Fluid forees at Fr =02: h=0.75

In Figure 4.1, the tine History of the it cooficint, Cy, the PSD of C; and the

Lisajous patterns of . aro displayd. 10 i evident that. or the smallst and largest

frquency ratios, 1/ = = 275, the €, traces exkibit non-tepeatable

sgnatures. Hence,indicative that a complte loss of phase locking occurs (o these

froquency raios, On the othe hand, the C, traces of the roqueney ratis £/ fy = 175

and /1o

the nonperodic state. The switchover, for each Cy, i observe at ¢

225 indicate the transition of the flow from the quaskperiodic sate to

62,426 for

the frequency ratios /fo = 1.7, 225, eepectively. The Cy traces for /= 175
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Iih= y o .
2, within 0 < ¢ < 462 and 0 < ¢ < 426, respectively. The quasi-perodicity
of the Oy patterns for J/fy = 175,225, s also suggeste by the corresponding
Lissajous patterns, C (z), and hence for bt frequency raios  lockon between the.
eylnder motions and the . patterns oceur. As the switching time is reached for
/o= 175,225, the traces of €y, becor

o persisent, and thus the transition
from the quasiperiodic state to the non-periodic state of the nea wake occurs. The,
transition to the non-periodic state s also suggested by the Cy(z) patterns (non-
periodic sates) which are bighly non-congruent. The spectra of Cy, both in the.
quas-periodic and non-periodic flow sates indicate that . osciltes at. fo when
/1 < 225, The spectrum of Cy, corresponding t0 f/fy = 275, dispay a dominant
peak at fo, but o + . Hen
10275, At any rae,the doni  of each

, the ffct of f weakens s //fyinreases from 1.25

sates) oceurs a o, fo each /o Simlaly, to the reference case h = o, it can be.

Iy contained in both the

s that the hysteresis loops of () ate also precomi
upper and lower bl planes

Tn Figure 4.2, the time hitory of the drag coeficent, C, the PSD of C, and the
2,27

Lissajous patterns of Cp i displayed. The tences of Co for [/ =

display nor-repentablesignature. The trae ofCp for /o = 1.75 dislays an almost

periodic signaturo every 27, 1 s evident that the doctean n epetitiveness of the
o tences for 1/fo > 175, indicates the destabilization of Cp s/ f increases from
175 to 275, The spectra corrsponding to //fy < 225, both in the quasi-periodic
e operiodic flow states, indicate that Cp omcilaten ot the focing frequency .

The spectrum corresponing to J/fy = 275, howeve, displays one dominant peak
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4.1, Plid forces and vortez shedding modes w

At -+ 3//4. This i indicative of the effct of / weakening as f/fyincreass from
125 t0 275, Similaly, to the reerence case h = o0, i can be seen that the hysterss
Toops for each f/fy are also procminantly confined 10 the upper half planes, and
then they slightly shift o the lower alf plave s/ increases from 1.25 to 275

A all the considered froquency ratis, o, the directon of the hystereis oops are
counte-clockwise. This indicates that for each froquency ratio f/f, the mechanical

energy transfe i from the cylinder to uid. Tt is also note that as //fyincreass

Jider o the fuid ncreases.

412 Vortex formation modes at Fr = 0.2: h =

Figures 4:3-4.8 display the equivortcty and streamline patterus, and pressure con-

tours n the near wake of the eylinder when f/fy = 125,175,225, and 2.75. The

obwerved flow behavious is (3) quas-perlodic per 27 for f/fy = 1.75,2.25, wd (i)

Don-peridic for /o = 1.25,2

207, is plotte in Figure 43 for f/fo = 125, This igure shows that th frequency
of the vortex shodding is not locksc-on o the frequency of the cylinder motion

Conlescence was not observed for this case

» oxcillations,
27, for f/Jo = 1.75. The shedding of  single vortex and a pai of ositive co-totating.

Vortices occurs within two periods of cylinder oscilation, 27 This resuls in the.




1. Fluid forces and vortes shedding modes P

Figure 43: The, tventy ation, 201,
R~ 200, A=013, 1/~ 125 when h — 075, Fr - 02 [7 = 404,020 < ¢ < 10101
(57,257) (v priode stte).

quashlocked-on C(P -+ 8)° mode, per 27, within 4T € ¢ < 16T. This is consisent
with the C; and Cp behaviour o this froquency ratio, The flow is non-periodic for
> 16T, At t = 0T, a negative vortex formed during the previous vortex shodding

eyelecontinues to develop over 0 < ¢ < 376, and at = 47/6, coalesce with  newly

wake of the cylinder

develope over AT/6 < ¢ < ST/6, and then sheds into the near wake of the cylinder
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at ¢ % OT/6. Meanwhile, a pai of positive co-roating vortices develope during
e previous vortex shcdin cycle continues to deelop ove O < { < 4T/6, and
e s into the neae wake of the region t { 5T/ The development of a
Degative ortex e the deveopment of a i of e otating posiive voties occur,

ot shedin cewes o the reminder f s period, Wl 076 < 1< 27

Figuro 44: The r e periods o ol lnion, 27,
R 200, A=010, 1/ - 115 when h ~ 075, Fr ~ 02 7 u
(57,101, The quastloced o CP + e 27 b o

The pressure contours for f/fy = 175 i the near wake reglon are presented in

i pressure rgion bas developed

the st column of Figure 45, AUt = O, the

the stagnation region and upper lef sid of the cylinder, and the low prossure

eegion has developed mostly in the upper side, ad the downstzeam of the cylider,

clopment of & posiive vortex in

Over T/4 < t < 3T/4, synonormos with the de

the near wake of the cylinder, the ko pressure shifts mosly to the lowe side, and
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downstres, of the cylinde, The bigh pressre region shifs {0 the uppes side of the
eplnder. At T, symonomos with the shedding of positive vorte pai, i can be
scn that the high prosre egion shifts mosly back (o the sagnation region. The
low prssure region remains predominantly downstream and in the ower side of the
cvlnder. Furthermore over T < ¢ < 5T/4, the high pressure region moves in the
counterlockvis direction which ultimately leds to the shifing of the majority of
he low presare to the upper side of the cylinder. A  negative vortex s shed at
£ GT/4, it i wident that. th ko pressure region sifs motly to the uppes side

of the cylnder. Tt s also cvdent at this time, that the concenteation of the bigh

pressure region dramatically decresses.

pu aciltions,
27, fo f/fy = 225 within 3T < 1 < 5. The ahernate shotding o singe vortex
of opposit rotationfrom the upper s ower shea Iyersoccurs within two periods
of elinder scllatio, 27, This el in the quas-lockdan C(25)° mode, per 27,
within 37 < £ < 197, Thi s consisent with the Cy, bt not Co, bobavious at this

frequency ratio. The flow becomes non-perioic foe ¢ > 19T ALt

0, negaiive
vortex: develope in the previous vortex shekling cycle contnues to devlop over
U < 1 < 276, and subseguently shods into the upper ortex shecing region of
e cylinder ai ¢ 37/6. Meanwlile, o pitive votex formed during the previous
£ 97/6.The

16< < 107

of the cylinder at £

176, 1t can be scen that the positve and negative vortices

‘which have shod, remin in the mid-wake of the eylinder over 27



B . Lo




4.1, Fluid fores and vortez shedding modes s

"
LA
v [ U
IS

%%%\%

g 4 T ity ptrnsove vy of s claon 2, o1
R=200: A= 013, /fo = 225 when h = 0.7, Fr =02 [T ~ 22047, 6751
(47,51, The quas-locked.cn C(25°) mode, per 27, i hse

In Figure 4.7, the presure contours of frequency ratio f/fy = 2.2 are displayol
for ovr two periods of cylnder oscillation, 21 AL ¢ = OT, this fgue dislays the
dovelopment o the the high pressure i the stagnation region of the cyider, e Che
o pressure tegon mainly in the lawer side, and downstzeam of the eylinder (near

ke region). ALt = /2, synanomots with the deelopment ofa ew negative vortex

10 the near e
hifs mastly to the upperside ofthe cylnder. The high presure region shitsabove
and below thelow presure regions n the dowsteeam f the cylinder. At ¢ = 3T/4, it
can b seen that  Trge positve vortex and a developing negative vortex are siuated

i the near wake region. Tn response, thelow pressure region is seen (o fully enclse

thecy Over
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<4< 5T/3, s o positive vortex starts to detach, and the development of a new

can be seen that the high

e side of the cylinder and downsteam. Synonomos with the development of a
fsesa, e
ide of the ylnder (at = G7/4), the downstroam (st = 7T/4), an then fnlly
(att=2m)

st counterclockwie, ave this tme. 1t i interesting o note that he structure
ofthelow presware egionsinthe near wake of the cylinder at £ = 0, T/4,3T/4,T are
almost miror images of th low pressur reglons a ¢ = T,5T/4,7T/4.2T. The low
/2 0 74, how m

the near wake rogon (at both time instances the low pressure reskls predominantly

he upper ide of the cylinder), but are in the downstream of the cylnder

Figuro 4.8, displays  seros of instantancous equivoriey plots over twenty periods.
of eylinder oscllation for f/fy

the vorte sheding is ot locked-on to the frequency of the eylnder moton t this

5. This igure dispays that the froqueney of

particular case (non-periodic sate). Conkscenco was observl for this case.

i natio, f/fo = 275, i

for 1/ = 275 ove thre periods of cylnder ocllton, . In thisfiure, o ¢ = 0T,
" L
Iy at =07, -
3" develop from the upper and lower sides of the cylinde over T/6 < ( 3T/,
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T o -

Figure 4. The civorticty patters over vty periods of clinder oscllion, 20T,
200, A=0.13, /o — 275 when h 075 Fr = 02 [T = L7, 1857 < ( < 7336

(17,27, (non-perodic sae).

AL E= TG, the two positive vortices “2" and *3" conesce o form  single posiive

Vortex “243° in the Javer shedding layer of the cylinder. A negative vortex ‘6"

and pasitve ortex °5” deselop from the upper sn lower sdes of the cylinder over
TI/6 < ¢ < 9T/6. The tw negativ vortics *4” and 6" conesco o form the sngle
negativ vorte: *£46° i the upper shedding ayer at. = 107/6. Fially, within 37
 egative vortex: 5" e psiiv vortex T e develope rom the upe and lower

s of the cylinder ove 137/6 < ¢ < 16T/6. ALt = 17T/, the negative vortices 5"
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4.3 Fluid forces at Fr=02: h

I Figure 410, the time variation of the lif coeficient, Cy, the PSD, of C;. and the
Lisajous patterns, C; (s) o Cy. aredisplayed. 1t evident thatfo f/fy = 125,275,
the . traces exlibit non-repentable signatures. This observation is also suggested
by the corresponing Lisajous patterns of the lft coeficients, C1(z),in which the
patterns display highly non-congruent behavious. This suggets that there are large
phase variatons betwen the fuctuating C; and.the cylinder motion, and bence

a Jos of lock-on for these frequency ratios. For J/fy = 175,225 the signatures

of €, sugsest that the flow exhibits two regimes. The C. trace of f/fy = 175,
ndicates the transiton of the flow from the quast-periodic state (o the non-peiodic
r ot € = 16T: On the other hand, the

state of the near wake, The swichover oce
e of C, cormesponding o f/f = 225 sugassts that the flow ranstons from the
non-periodic state to the quasi-peridic state. The switchover occurs at £ ~ 25T,
for i frequeny eatio. The C teacs foe f/fy = 175 display  quasperiodic

sgmature eery two periods of ylinder oseilaion, 27, within 47 < { < 167 Once

the switching e at £ 167,

The C, trace for f/fy = 225 displas a non-periodic signature for 1 < 257, but
at the switcing tme of ¢ ~ 28 the trace displays a quas-periodic sgnature every.

seven peods of ylinder oscilation, 77, within 28T < ¢ < 42T, The quaskperiodic

behaviour f £/ = 175,225 within 4T < ¢ < 16T and 28T < 1 < 427, respectivey,
indicates a lock-on between the cylnder motions and the O, patters. It s evdent,
that the quas-periodic behaviour of each fequency ratio s alo sugaested by the

cortesponding Lissajous patterns, C; (z), which exhibit congruent bebaviour. It can
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be seen, howeve, that for f/fy = 225 the () patter of the quasi-periodic state
3
- 12510225, there

ol

s o destabilization of C. It shoukd be noted that the justfcaton of the exstence
of  quasi-periodic state for f/f = 225 was based on not only & quasi-repeatable
signature for Cy, a acge peak in the PSD and the quasi-congruent nature of the

() ptterns, bt most importantly the epetitivenes of the vortex shekling within

25T < € < 427 The corresponding PSD of Cy. fo cach /o, bokh i the quas-

periodic and non-peridic flow states, indicate that ;. osilltes predominantly at
It shoukd

large peak at 3f i presen in the PSID of f/fp = 275, This suggests that the efect:
of fo weskens s/ increass from 1.25 to 275 Similary, to the hystersis Toops
of the reference case h = oc, it can be soen that the hysteresis laops of Cy(x) are

predominantly confined to both the upper and lower half plaes.

I Figare 4.1, the time hisory of the g cocficient, Cp, the PSD of Cp and Lis-
sajous patters, Cp(s), of Cp are displayed. It i evident tha the C traces for
1140 = 125,225t 275 dispay non-
Co trace for /7
of ylnder csiltion, 27 Spectrof i sugaest that, a /i
C fctuntes ot th forcng requency, i both the quas-periodic and non-peiodic

peatabie sgnatures. On the other hand, the

175 displays an almost repeatable signature very two periods
2,175,225,2

fow staes. The Lissajous patterns, Cp(z), show that the hysereis loops ae pre-
domineantly confined o the upper half plane. 1t i aso evident that a //Jo increase
from 1.2 10 275, that there i slight shiftng of the hysteess loops o the lower
Bl plane. This shiting to the lowe half plane lso occurs fo the refeence case
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B = 00 as f/fo inceeases from 125 to 275, but to a leser extent. The dirction
ofthe hysteress oops e countr-clockwise, indicating that the mechanical energy
transfer i from the cylinder to the fid. Furthermare, the amount of energy trans-
frte from the cylinder to the id incresses a o increases fom 125 t0 275
“Thi i sl of the icrease i the area covere by the ystressJoopsof C(x)

1/ ncreases from 125 10 275

4.4 Vortex formation modes at Fr=02: h=05

Figures 4.12-4.17 display the cquivorticty and streamlie patierns, and pressre con-
toursn the neae wake ofthecylinder when /o = 1.25,1.75,2.25,275. The observed
per 7T, for [/fo = 175.2 iy and

125,275,

(i) nonperodic for f/f

In Figare 412, the equivorticity patterns for f/fy = 1.5 are displayed over twenty

periods of cylinder osilltion, 207 This s tepeesnts the that the vortex she
ing i ot locked- to the fequency of the cylinder motion o thi froquency rato.

No conlescence s observed in this fgure

Figure 4. y pat
o, o f/fo
comrotaing vortioes oceurs within 27 Thi results i the quaslocked-on C(P +8)°

5. The shedding of  singl negative vortex, and  paie of posiive

mode, per 2T, within 4T < ¢ < 16T. This is consistent with the bebaviour of
i Cp for this requency ratio. The flow is non-periodic for ¢ > 16T, At £ = 0,

negative vortex have deseloped from the previous vortex shedding cycle continues
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Fgue 413 The eivriy s ove oy priode o ol i,
ot R = 200 =013, 17y = 125 when h = 05, Fr = 02 [T = 1042020 < £ 101
(St (o ).

o develop over O < ¢ < 3T/6, e then conleces with  secon negatve votex
in the near wake of the cylinder at £ = 47/6. This vortex continues (o devlop
ovee ST/ < 1 776, e then s into the upper voriex sheding layer of the
cplinder at ¢ ST/6. Moreove,  pai of positive crotaing vorties formed during
e positive vorte sheking yele contine to develop ver 7 < ¢ < 5776, Tis paie

s then she downstream of the cylinder at £ =T
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EERKE

Figure 4.13: The equivorticty paterns over two periods of cylinder oscilaion, 27, at
= 200 A-013, f/fo = 175 when h = 05, Fr = 02 [T = 258,151 < £ < 1732

(47,61, The quieiockd-on (P + 8)* more,per 27 i observel.

The pressure contours of frequeney rati f/ £, = 1.7 ave displayed n the bt column
of Figure 4,14, AUL = 07, this figure displays the development o the low pressure
cogion bebind e i the upper sice o the ylinder and the dovelopment of the high

Aut = T2, the high pres

from thestagnation region ofth cylinder 10 above an brlw the low pressur region
i thedownstran of the cylnder. I the nea wake, the ow presure region s located
mostly i the lower sde o the cylnder, but i the upper side and downsiream(ear
walke) s wel. Synonomous, with the developmet of  pastive vortex and the shed-
ding of a positive vortex pai, at ¢ = 7, it is evident tha the high pressure region
shifs back o the stagnation egion. The low presure regon sifts susantilly be-

hind the cylinder. Once the negative vortex has shed at ¢ = ST, (sce Figure 4.13)
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it can be seen fom the presure distribution displayed at ¢ = 3772 that the area of
Jbove ane below the low presure

regions. The low pressure shifts mastly o the uppes side of the cylinder and remains
there for The high o

in the stagntaion tegion of thecylinder, except at
of cylinder sciltion, 27, This figure suggests that at € = 7/2, 3772, the high pres-

/2,372 ove the two periods

sure egion extends from the stagnation regon of te cylnder 10 above and below
e low pressur cegon in the dowstres of the cylinder. The low pressre rgio,
ot = T/2, 372 devlop i the ke and upperses of the xlinder, respectvely
following the development of positive and negative vortiees, i the neat wake of the

cylinder, at the same time values

For frequency ratio f/Jo = 225, the vortex shedding is more diffcult to analyze
because of the strong interaction of the cylinder and the shed vortices. The free
susface also plays & signifcant role in the shedding of the vortices because of the
close proimity to the cylinder. Figure 4.15 dispays the oquivoticty patterus for
13
s the quasi-lockec-on C(6S)" mode, per 7T, within 287 < ¢ < 42T, I this mode,

225, ove soven perods ofeslindor osilation, 7T The vortex shedding mode

e ortoes develop and altermately shed on each s of thecylinde ovee 7T This
s consistent with the bebaviour of C bt not. Cp, at. thi frequeney raio. The fow
s non-peiodic fo £ < 25T niilly, a ncgative vutex developed i the previous
vortex shoding cyce sheds int the upper ortex sheding region o the clinder
4t = T A negative vortex formed from the conecence of o negative vortees

wt

§7/3, contimues to develop over 5T)/3 < £ < 2T, and then detaches into the

neat wake of the cylinder a ¢ = 7T/3. This negative vortex, however, approaches







ear wake ofthe cylinder at ¢ = 773, Furthermore, two positiv vortices conlsce in
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415 Fluid forces at Fr=02: h=0.2
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L%\;%Lﬁ\g‘\% 4

g 417 T oy ptns o s psot o e olon, 3,
e R~ 200: A=013, [/ 275 when h - 05, Fr = 02 1 0185 <
ST, (o et st

cylinder). On the other hand, the C, traces for f/Jy = 175,225,275 ndicate
the transition of flow from the quash-periodic stat to the non-periodic state. The

switehover for cach f/fy oocurs at

= 18T, 247, 257, respectivey. The C. traces for

1/y=1.75,225,2.75 exhibi a quasi perodic ignature every 2T, 3T, 4T within 7T <
(< 137, 167 < £ 24T and 127 < £ < 25T, respectively. The flow elsewhereis non-

periodic for each J f The quasi-perodic behaviour of Cy at f/fo =

73,225,275

indicates a lock-on between cylinder motion and the C, pattern. It can be scn that
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eaticn. It i alo evident that the congruency ofthe C1(x) patterns ncrease as f/fo
increases rom 175 to 275, This impliesthat ther i a reduction in phase variations.

o Cy, and traces

a5 1/ icreases. Similaly (0 the reference case h = oo, the Cy(x) patterns are
confined in both the upper and lowes hal planes. Spectra of €, corresponding to
the quasi-periodic and nonperiodic flow states of f/fo = 125,225,275,
that the dominant peak occurs at the forcing froquency, /. On the other hand, the.
dominant peak occurs a fo for f/fo = 175

cate

Figure 419 displays the drag cooficint, C, power spectrn, PSD, and Lisajous.
patterns, C(z), of Cp. I can b soen that the Cp tracesfor f/fo = 1.25, 2.2 display
an almost repeatable signatures ove 3T. The Cp trace for [/ = 1.75 displays an
" On theather hand, e for f/fo =275

extibits & non-repeatable signature. The corresponding spectra of Cp both in the
quas-periodic and non-periodic o states, foreach /o, indicate that the dominant
eak oceurs at . It can be seen that the corresponding Lissajous patterss, Ci(z),
o /> 1.25 seem o increnso n congruency, s/ ncseases from 175 0 2.75. 1t
i evident that there i an increase in total area covered by Co(z), s f/fyinereases
from 175 to 2.75. It can b seen that the hysteresis loops are mainly confine t0 e
upper baltplane, but that there s  slight shifin into the lowe haltplane as f/fo
increas from 1.2 to 275, The dirction ofeach hysteresis loop is counter-clockwise,
el ths the meshanical nergy transfe s from the cylinder to fid. The amount of
o

in total are covered by the hysteress loops s f/fp increass.
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" e~ 51

P 421; T ey ptrns ot ptat o ol i, 2.
3 02 (7'~ 2386,2308 < £ < 25
(ST, To s o CUSS e, e 7 e

eylinder oscllaton, 2T At ¢

. the region o high pressuee develops in the upper
Jef side of the cylnder and the low pressure region develops bebind the eylinde in

the near wake rgion, and i the lower side of the clinder, At £ = 72, the high

e stagnation tegion of below

the low pressure regionsin the downstream of the eylnder. T the near wake regon,

per s ofthe cylinder
the sbedding of a poitive vortex at £ = 476 (s Figuee 421) and the development
of  negative vortex i ¢ = 3T/, it is evident that. the high pressure region moves

mostly from the stagaation region to far downsteeam at. this tie. This i a rsul of

the movement of the low pressure egion (o the front, op, bottom, and bekind the

eylnder i the near wake region. Henc, the nea wake rgion s fully enclosed by low
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pressure at s time. Once a negativ vortex has shed at ¢ = $7/6 (e Figure 421)
new " =T/,

it can be s tht the concentration of kow pressre ncreases dramaticll i the
sear wake sgion o th cylinder. High pressure cannot b detetod downstream of
e cylnder at s time. However, ovee TT/4 < 1 < 2, the high prssre regon
(locate mostly downstream) hifs mestly o the sagaation regon, and upper side
ofthe cylnder, The kow prssure seion shiflsmosly from the ront and botiom of
e cylinde, o bebie the cylinder. The low presure contours n the near wake of

the cylinder are alimost the same a the time instances { = O and t = 27 Hence, the

contours i the near wake of the eylinder

In Figure 423, the oquivoricty paiterns over thee periods of eylinder oscllation,
37, are dislayed for f/fo = 2.25, The vortex shedding mode is the quasiocked-on
C(P + 8)" mose, e 3T, within 167" < ¢ < 24T: The flow i

“This s consstent with the behious of C:, wnd C for this frequency ratio. 1 is

wperodic for > 247

evbdnt that . negativ vortex formd diring the provions vorex sholding, shds
1o the near wake of the cylinder i £ = 2176, 1 can b oen that this ngative
ortex ne-attaches Lo negative vort i the ear wake o the cylinder i ¢ = 470,
dotaches again a £ = 7T/, ttachen 0 a negative voriex n the near ke reg
o the clinder once more at ¢ = 107/6, and then fnlly detaches at. ¢ = 137/

Hence, the frt detachment of thi negative vorte ¢ = 2776 plays an important
ol in clasiying vortex shodding modes at thissmall cylinder submergence depih,
b = 025, Mesawhile, a positv vortex develops ove 0 < ¢ < 37/, an then
conlesces with  second postive vortex in the near wak region o = 476, This
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positve vortex continmes to develop over 5T/6 < ¢ < 107/6, and then begins to

co-rotate with a second positive vortex at £ = 117/6. The pasitive vortex p

rotate ove 1276 < 1 < 147/6 and then shed nto the near wake of the cylinder at

£ = 157/6. Hence, the shedding of a negative vortex followed by the shedding of &

i from conlescence

results i the quasi-ocked-on C(P + ) mode, pe 37, within 18T < ¢ < 21T

re 12 The iy ptrsowe e s of e o, 3.
200° A =013,/ = 235 when h = 02 21 22407, 40,40 < .
(8T B Tt s it P + 81 e e 37t s
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In Figure 4.2, the pressare contous are displaye fo /= 225 over two periods

of cylinder oscilation, ST. At £ = OT, this igure shows the development of the bigh

upper ight side and downstream of the i

e Synonormous with the shedding of
 negative vortex at £ = T/3, it s evident that the regon oflow presare is confnel
predominaaly to the upper and ower sids of the cylinder in the nese wake rgion
“The high pressure region is mosly confnes t the stagnation rgion o the cylnder
At=nT3

o lover sic  rsides in

1,4,7),the low pressure regions ace mainly confined 10 the upper

the stagnation region. With the development of new negative and postive vortioes
at £ = 2T/3, it can be soen that the low pressure regon shifs substantaly 10 the
i Asaresul,

trcamm of the cylinder. At every.
0 b confine to above sad beloe the low pressue regions in the downstream of the

= nT/3 (2,5.8), the high pressure regions seem

eplnder. The low pressure egions n the near wake region, are confined to the ront
i Tower sides of the cylnder at these time nstances. Furthermore, synonomous

57/5 (s Pigure 423) and the

with the shedding of the positive vortex: pir at
development of e negative an posiive ortice ot { = ST/, s expected, the low
pressure region dominates the front,lover ide, an downstroam o the cylnder. On

the other hand, at ¢ = " (1 =0,1,2,3), it can bo scn that the low pressure regions

o bebind the cylinder . bt
ide of the cylinder. Once again, the high pressure region reskds preominastly in

the cyinder. The e ear vake of
hecyinde ar lmost th same st the tme instances { = 0T an ¢ = 3T Hence, the
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» around the » C

contoursin the near wake of the cylinder.

/43
§444

H
1

Figns 425: Th exsricty pins o i pai of sl i, 2T st
R= 2002 4 =013, f/fy = 275 when h = 025, Fr =02 T 6T < o<
(6T.5T). The qussloksdon C(P-+ )" mode, per 27, s obwerw.

Figure 4.25 exkibits the squiortiity patterns for f/fy = 2.75 ovr four periods of

eplinder scllion, 47 The vortex shekding mode i the quas-lockckon C(P+ S)
mode, per AT, within 121" < ¢ < 25T. The flow i non-periodic for ¢ > 28T, This
s constent with the C, behaviou at.tis /. il . negativ vortex shods
Desr the fre surface a ¢ = 7/3. This ngative voiex thn reattaches & pegative

ben sheds once more

vortex in the near wake region of the cylinder at { = 7, and

7/3. Purthermor, this negative vortex re-attaches o the near wake region

7, and immedistely sheds at £ = TT/3. It can be seen that this negative
ar

vorte attaches to negaive vortce i the near wake ogion of the ylinder at ¢



and "

wake region of the cylinder. Meanmwhile, & pair of posiive votices develops over
0.5 £.< T/3, and then sheds into the lower vortex sheding resion o the clinder at
773

4.1, Fhuid fores and vorter shedding modes us

Figoce 4.2 displaysthe pessure contours for the frequency rato //fo = 2.5 over four

AT ALE=0T,

behind the

ylinder. Synonomous with the sheding of & negative vortex at £ = T/3

(s Figure 4.25), it s evident from the pressure distrbutions displayed at t = T/2
that the cylinder, the

o pressure regions in the downstrean of the cylinder. The low pressre has been
forced to the immedinte upper and lower sids of the ylinder. On the other hand,
synomamons with the shedding of & positive ortex into the upper vortex shedding

region at = 27/
= T that the high pressure rgion has sifted mastly back to the stagaation region.
“The low pressure regin bas shite] Lo the front and bottom sices, and downstream,

11,23,4)

of the cylnder (neas wake segion). I general, at every ¢ = T (n

with the bighest concentration of low pressure occurring in the near wake region of

/2 (n = 1,3,5,7), the bigh pressue region

the cylinder. On the otber hand, at
extends from the stagntion region o below the cylnder (bea vake region), and

bove and preseuee Thelow
pressure contours at. ¢ = OT and ¢ = 47 are nearly repicated in this figue. Hence,
the periodic nature of the flow e i reprodced.
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4.2 Summary and Discussion

75,05,025 when f/fo = 125,175,225, 2.7 table 4.1

0z

For the case Fr

heir periods, T,. Tabl 4.1 shows that no-classical modes occur n the prsence of
e free surface at = 05 for f/fo = 225 and i the absence of the free suface
(h = o) for f/fo = 125,225, The new non-lassicl vorex shodding modes are
formed from multiples of the clascal C(28)" mode (e Willamson and Roskko

(1958)) and include the C(10S)", C(8)" and C(68)" modes, where 10,5 and 6 efers

o the totl mumber of vortics shed from the cylinder ithi the respretive perios,
1, of vortex shedding. Tt can b seen that the incsion of the fre sufaceresulisin
e loss lock n for the malet. roquency ratio, //fo = 125, at h = 075,0.5,025
and the largest. roquency rati, 1/ = 275, at h = 0.5,0.5. On the ot hand,
ockon modes oceue at. f/fo = 175,225, regardies of eylinder submergenc depth

Tt i iteresting to note ha regardles of cylinder submergence depth, , the vortex

Shodding period fo = 175 i two pecods of elinder asilation, 27 However,

s h decrenssfrom o6 0 025 at 1/

75, the lock-on modes, unlike the vortex
hodding periods, change. Haweves at. the highest frequency ratio, //fo = 275, the
25,1t is evident

quasilocked-on C(P +)° mode oceurs at both = x and I
from Table 4.1 that the commanly cbeerved mode is C(P + §)"

for f/Jo

1:25,1.75,2:25, .75, espectively:. It i evident. that as h decreases fom oo t0 025,

Tables 4.2 display the mean lft, Cz, and mean drag coeffcients,

the € values switch from positive values (for A 75) to negative values (h

0.5,0.25). In the presence of a free surface, it can be seen that the G, values vary



125 | C(108)" | 77 | nowlocksd | - | nonlocked | - | nomocked | -

15| e |or|c@esy |ar|cwesy|or| casy |

225 | c@sy |or| cosy |ar| cesy |m|c@+sy|sr

275 | C(P+5)" | 3T | nondocked | - | nonlocked | - | CP+8)| a7
Tl 1 The o ofthe e stcn o 0n e sheding o s
for the case 2 when h = 025,05,075, 00 ot

o 20
Tl V20170325, 275. The apesri = dots s okedon
modes.

within the range ~0.6131 < Gy, < 0.1826. As 1/ incrensesfrom 1.25 t0 275, it can
e seen that. the G, values decrease for h = 0.25,h = 0.5 (except /o = 1.75) and
o0 (except f/Jo = 2.75). In contrast, for
increases, except at.f/Jo = 275, Fially,i s evdent. that the abslute values of G,
st that the magnitude of G values for

175 the G values ncrense s f/fo

o0 are much less than the Gy, values

btaine in the presence of  froe suface. Furthermore, a h docrenses from 0.75 to
0.25, it is evident that the magnitude of C, values increase. The greatest increase in
‘magnitude observed in &, values s by a factor of 0.3244. The mean drag coeffcient
values, G, do not show as much fiuctuation as the values of the mean lft coefficient,
G Each Gp value is positive and vary within the range 12235 < Cp < 1.76%.
There are no overwheming difecences i the magnitudes of the G values in the
presence of a free surce h = 0.75,0.5,0.25, as compared (o those i the absence of

 fre surface, h = . The masimum incresses in G values s by a factor of 144




G 23

1t | A= | h=075| h=05 | h-025 | n=x | h=075] h=03 | h-0z

125 | oooss | o | -oooma | o | vawr | sz | 1aew | e

175 | oo | aases | —oasm | —oses | vams | vemsa | 170 | vomemn

225 | oo | osses | -00ires | -oseam | 1200 | 1w | vom | v
275 [ 000 | ossus | -oaoi | -omn |12 | vowe | 1o | ramse

Table 4.2 The effect of the freo i, and drag,
oo o sk o 1 e < 01080 o = 0 4
0T 1/ 125,175,225,275

Ctams Coms

7 e ] ey e e

125 [ oo | oo | oon | amen | 1307 | vose | vosss | 1000

175 [ oz | romss | voma | oomas [ vaest | 1asn [ 202 | 20000

225 | oams | ooo | ossss | vost | 7ot | 2 | 2as | 2o

275 | 03wn | oo | amies | omer | 22500 | 23me7 | s0em | sy

bl 43 Th et of e v e incon o he RS Iy i, i
e, cooficients for the case 2 when h = 0.25,05,0.75, 0 st
ST 25175 230875
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In Table 43, the root mean square (RMS) values of the lift and drag coeficients,

75,058,025, and

Clr € 0 displayod fr cylnder submergence depths
e reference case b = oo, espectively: n this context, the RMS olues are used to

nd effcients. The Ciuxs

and Co, o vals e defind rspectivly, s

i evident, tha the magaitude of the C s valuesare much lager i the presence

Clm

of th free surface, A = 0.75,0.5,0.25, than the RS values i the absence o the.

fren suface, = oc. In geneel, s decteass from o 10.0:25, the €

ales

tend o inrense, for f/fy = 125,225,275, with the exceptions of Cpm values
of f/fo = 125,225 at h = 05, The Gy, vilues of {/y

eylinder subime

75 decrease u the.

aco depth deonse from = 0% t0

025, with the exception of

/=175 ¢ = 0. The reatest s in magnitude observed fo s vltes

by actor of 209, Similarly,  the teend exbibited by the i can be se

hat s tho eylinder submergence do

I decrensen from b = 00 10 0.25, the Cpms
valuesncrese, Furthermore, it vident that s the fequency ratios, 1/ f, inerease

from 125 10 275 the O vl icrease for = 25,0.75,0.5,0.25. The maxim

creas bserved i Cp, s valis is by a fctor of 150, However, b nterstin to

Dote that the masin

i incrense for f/fy
1/ =225 and 275 by n actor of 159,

25 and 175 i by a factor of 1.4 and

Figures 45426, display the presure contour plovsof h = 0.75,0.5,0.25 when £/fo =
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125,1.75,2.25, 275, The presure contour plot a h = 0.7 when //
when 1/ = 175 and h = 025 when f/fo = 275 indicat that at ¢ = OT the bigh
pressure region develops mestly i the sagnation rgion of the cylinde. The high
75, h = 05 when 1/fo = 225, and

pressure region st h = 075 when f/fo
= 025 when f/fy = 1.75,2.25, develops in the stagnation region and the upper
lef side of the cylnder. For /s
tinly develops i the upper side of the cylnder and downstream. On the other

175 at h = 075,05, the low pressure region

hand at h = 025 for this fequency ratio, the low pressure regions develops in the
Tower side of the cylinder and downstream, For f/fy = 225 at h = 0.75,0.5 the low

pressure rgion develop intially in the lower ide and dowstream of the ylinder

However, at h = 025 the low pressure region develops i the upper right sde and
downstream of the cylinder. AL h = 025, the requency ratio f/fo = 275 initially

tisplays the development o the ow presure regon in the upper sl of the cylinder

a E— the

eslnder, where the vlociy is bighest ({ormation of new vortices) and hence signf-

fcantly affect the Suctuatin lift fores actng on the circulr cylinder, Positive and

s ave sl f the cylind ted by the
11 thelow

presse contours ofthe cirula eylinder i tht for some case, miror mages of the
Specit

el at h = 0.75 when /= 225, thelow presure regions at ¢ = 0.T/4.9T/4,T

TLST/4,TT/4,2T (e Figure
5 when f/Jy = 225, the low pressuee regions at = 0(2T, 5T, 77) are

are miror images of the low pressure contours at
46 Ach
almost miror images of the low pressure contours at £ = T(3T, 7). On the other




12

hand, for his frequency ratio, the structures of low presure at ¢ = T/2 is neacly »

replicnofthelow pressureregionsat. = nT/2 (n

9,11,13) see Figure 4.16).
s oo interes

o ot that for /= 275 t h = 0.25, the bigh pressue region
att = T/2 (n = 1,3,5,7) extends from the stagnation region of the cylinder o
below the cylinder (near wake region) and above and below the low pressure egions

in the downstream of the cylnder (efr to Figure 4.26).

Ve B, (250, 258y

v i, 114
20 4= 013, Fr =02

submergence depth, A(=0:25, 0.5, 0.75), andd
5, 175, 2:25, 215), on the squivorticty patierns at

T Figure 427, the effect of the eylnder submergence dep

025,05,075,)
and the froquency ratio, /(= 1.25,1.75,2.25,275), on the equivorticiy patterns

in the

. wake region are summaized. The snapahots are taken at the fnstat,
(1) = A. For the peridic/qusi peiodic cases the smapsbots are taken over the
time terval in which the flw reaches & periodic/quask-periodic state. For non-

periodic cases, the commonly appearing equivortcty plots at (1) = A, within
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time interval 0 < ¢ < 100, aee displayed. 1t can be sen that the doformations
of the feo surfoce become more pronounced as h decreases from oo t0 025, and
1/ inceeass from 1.25 1o 275 Similarl 1o tho case Fr % 00, the positive
vortex strucure i the lower shedding ayer display significan canges, s oppased

1o the negative vorte: strictures as the cylinder submergence dopth decreass from

25, it can

ok

0.2 when compared to th rlerencecase h = o0, AL h
e o that the negative vortx stauctes i the upper shedding layer of the ey
interact grently with the froe surfce, and s eslt experence rapd diffsion across
e foe surfce o thiscylinder submergenc dopth. The vortex shedding b skewed
ymmtrc in fvor of th positive vorties. Fo ench 1 sl the shed vorics are
relativel oval shaped, but s the cylinder sbmeegence depth s rdeed from 0
10/0:25 the major axes of the she vortices downsizeam of the eylinder e more
e submergence depths h = 025,0,5,0.7

paralll o the free surface. For al yl
the flow behavionr becormes more complicated as £/ incronses, [t is vident, that
the behaviour of the near wake region ot h = 0.5 for cach /7y i similar 10 the

occur for the smalle cylinder

reorenco case i = 0o, whereas  noticeable difren

submergence depths h = 025,05 as f/fy inereases from 1.25 10 2.7, In general,

an incroase i the froquency rato, £/, from 1.25 10 2:25 rsuls in the decroase

of vortex formation length (i length by 445%) for the cylinder submergnco

el = 0.25,0.5,0.75, T adliton, he Jngth o the upper vortex shedding lyer

ncreases s /f increases i the prosenc of  fre surfce at h = 0.25,0.5,0.75,




5. Free surface flow past a streamwise
oscillating cylinder at Fr = 0.4

s Chapter,

for

of Fr = 04, at the cylinder submergence depths i = 0.75,0.5,025. The numerical

simlations aze condcted i fixed Reyiolds nuanber of 7 =200, and displacoment

amplitude, A = 0,13, i the frequency ratio range, 125 < f/fo < 2.75, whete [/fy

fncroases by an increment of 05,

5.1 Fluid forces and vortex shedding modes

5.1 Fluid forces at Fr=0.4: h=075

Tho time istory ofth it coeficent, ., the PSD of Cy, an thecorresponing Lis
Sajous paternsof i, Cy(z), aee displayed i Figare 5.1 At the smallet ane lrgest
frequency ratios f/fo = 125,275, the Cy. traces exhibit non-repeatable sgnatures,
and therefors idicats that a compiet loss of phas locking occurs. The €} traces
o F/Jo = 175,225 sugset that the flow trsiions from the quas-peiodic tae t0

near valke. The switchover oceurs at £ % 127, 197 for

the non-periodic state of

Sy = 175,225, vespectively. The €. traces of feequency ratios [/ = 175 and

25, display quasi-periodic signatures every two periods o cylnder osclltion, 27,
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within 6T < ¢ < 127 and 4T < { < 197, respectively (quas-perodic sates). The,

st per 3 by
e corresponding Lisajouspatters which are congrent. It s ot howeser, that
e congroncy of the Cy(s) patterns inceese o o inreses from 17 (0 225
The Ci(x) paterns corrsponding 10 o = 1,25, 275, an 0 the non-perodic fow
Sates of f/fo = 1.75,2:25 are highly non-congruent. It can b seen that the Lisajous
patters of cach f ace conind n boh the pe e ower bl planes. The spec-

states, all exhibit one dominant peak at fo. This indicates that C; ocilates at the
natural shedding frequency, fo,for all /o

I/ fo = 1.25,2.75,
‘the Cp traces exhibit non-repeatable signatures. The Cp traces for f/fo = 1.75,2.25.
iplay an lmost repestabe signaturs evry two priod of ylinde anllation, 27,
rspectively. 1t can e s Lt the hystenis oopsdiplay congrent bkaviour or
I1hy= 175 i

fo the nopeviodic state of th flow for 1/ = 17,225 and //fy = 125,275,

Co(a). diny 3 2
case. It i evident that as f/foinceeases, the angl between the Lissajous patterns

an the 2-axi ncressesfrom 7o (o /2. Similarl (0 the case h = o, the direction

transter i from the cylinder to the fid. The asociated spectra of f//o < 225,al
Jior
periodic states of the flow. The PSD of frequency ratio f/Jo = 275, displays two
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arge peaks st and f+5fu/4, with the dominant pesk occuring at / +5fo/4. Hence,
it is evident that the effect o f, on Cip, weakens s /o increass from 125 t0 275

5.2 Vortex formation modes at /'

In this section the cquivoricty and streamline patierns and the pressure contours
in the near wake of the evlnder when £/ = 125,1.
Figures 5.3-5.5. The observed flow behaviour i (i) non-periodic or 1/ = 125,275

225,275 are displayed in

and (i) quasi-perodic,per 27, for f/fo = 175,225, espectvely.

I Figure 5.3, o p

der oscllaion, 20T, s ploted for f/fo

25, This figure shows that the requency
of vortex shedding i not lockekon ta the frequeney of the cylinder motion, for tis

freuency soio. Conlscence i not observed i this figure.

Figure 5.4, dispays the equivortcty pattcens n the near wake of the cylinder over
o periods f eylnde oscilltons, 27, o frequency tato f/fo = 175, The aleenate
shodding of a negative vortex from tho upper vortex shedding regin, and a pair of

pasitive co-rotating voriees from the lower vortex shekding regon, occurs within

v periods of eylinder cscilltion, 27 The resulting vortex shodding mode s the
quasilocked-on C(P+ S)" mode, per 2T, within 67  t < 127. The flow becomes.
on-perodic fo £ > 127 This is consistent with the bebaviour of Cy and Cp for

s frequency ratio. At £ =07, a nogaive vorex formed durin the previons vortex

(7/6. The

shecding cycle coalesces with a newly formee negative vortex at ¢

rsulting megative vortex continues o develop over 4T/6 < t < 107/6, and then




5.1, Fluid fores and vortez shedding modes w0

sheds into the upper vortex: shedding region of the cylnder at ¢ = 1176 aidod by
the " On the other
uund,  paic

cyele contime 0 co-totate over O < ¢ < 5T/6, and are susecquently shed into the

»
TI/6.< € < 27, psitve pai of o-roating vortices and a negative vortex develop,
but cense to shed.

“The pressure contours in the near wake region of the cylnder for f/fy = 175 are

o n the X

ACE = 0, the bigh pressure region develops in the stagnation rogon of the cylinder,
and the egion of el
o devel "

eplindor ovee /4. < 374, the ow presre regon shifs mosly 10 the lower e
of the cylnder. The high pressue region et to it n the clockovie diection
A the positive vortex paie i shol at ¢ = T, it i evidnt. that the bigh prosure
regon shift mosly back o the tagnation ogion. The low pressure remains oy

Vortex i the nene wake of the eylider, it can be soen that owe 5T/4 < ¢ < TT/4,

e segion of high presse it i tho conntorclockwise diretion. In the ear wike,
the lw pressur egion shift mastly to the upper side of the cylinder. Onee the
aegative vortx has shed a £ = 117/6 (s Figure 5.0), it can b seen from the
prosare distrbutions displayed at £ = 21" that the high pressre hs shifs back t0
e stagnation egion, e that th rogion of low prssute shifs o the upper side of

1/4,67/4,77/4 and 2, the high pressure

tho eylinder, Furthermore at (= 0,7/2
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Figure 5.3 The cqivosicity pactrms over vty periods o clider xcllation, 0T, i
R~ 200, A=013, f/fy = 175 when h = 035, Fr = 0.4 [T = 104020 < ¢ < 10101
(67,257) (on-pecodic sate).

region has a significant presence sbove and below the low presure regions i the
downstream of the cylinder. The pressure contours a ime fstanees ¢ = 0T and
¢ = 2T are nearly entical to each other. Hence, the quasi-periodic nature of the

v i veproduced by the pressure contours

wake o

o, cucy ratio = 225,
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Figure 54: The equivorticty patterns over two periods of clinder "
= 200, A=0.13, f/f = 175 when h = 075, Fr = 04 [T  2.886,2

(87,107 The quaslocecon C(P + 8)° mode, pr 2T, i obervel

o

he shdding of psiiv vortex rom the upper ortes shedding rgion, ollowed by
theshding of a negatve vorex from lower vortex shdding rgion, witkin 27, Th

vowiting modo the qusocked.on C(28)" mode, per 21, within AT < ¢ < 197:
“Tho flow i non-perioic fo ¢ > 197, Thi b consstent with the behaviour of
/2

and Cp at this froquency tio. A negativ vortex develops over O < ¢
subisequently conlesces with a second negativ vortex i the near wake region of the
AT/6 <0< 10T/

eylinder at. ¢ = 273, The resuling negative vortex develops ove
e then detaches rom the upper skl of the cylinder at ¢ = 117/6. 1 s evident that

e large positive

this negaive vortex i prevented from foving downstzeam, i
vortex dovwnstream disipates. On the other hand,  pasitive vortex formod during

the previous vortex sheding cycle continues t develop over OT < ¢ < 2173, and
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Figure 56: The aquivorticty pattern over two periods of clinder oscilltion, 27, at
R= 200 A-0.13, /fo — 225 when h = 015, Fr = 0.4 [T = 225713468 < £ < 17958
(6T.8T). The quaslockad-on C(28)" mode,pe 27, s obmerved

subsecquently shed int the lower vortex: shedding region of the cylindor at ¢ = 5776,
New negtive and postive vorties develop over T < < 2T, bt cease t0 shed.

In Figure 5.7,

the e for
1o =225 over two periods o clinder ccilation, 27 AL { = 0, the bigh prssure
egion has developed in the stagnation rgion of the cylinder, and the low pressure
resion has developed b, and in the upper side of,the cylinder. Symonomous
with the developmment of a pasitive vortex over T/4 < ¢ < 3T/4, it can be seen that
helow pressure shifts mostly 1 the lowe side of the cylnder. There i presnce of
low pressure behind the ylinder, as wel. The high prossre regon sifs from the
sagnation region to abore e below ¢

e low pressure contours n the downstream
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Figure 5. The cqivorticty patterns ves ety periods o clinder ocllation, 20T, at
200 A=015, 1/ 275 when h — 075, Fr = 04 [1'~ 1857,0.188 < ¢ € 1591

(57,257 (- peridic sate).

of the cylinder at ¢ = 3T/4. Once the pastive vortes has shed at £ = 5T/6 (see

Figur

it can b sen from the pressure distributions dspayod at ¢ = T that
e ace of high pressure shitsmostly back t the staguaton rgio of the ylinder.
“The regons of low presure emain mostly in the lower side of the cylinder. I
connection with the development of & new negative vortex in the nea wake of the
cpinder, it can be seen that over ST/4 < ( < 7T/, the aren of high presure shis

countrclockvise. The high pressue region alo extends from the stagnation region
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of the cylinder to above an below the low pressre contours in the downstream
of the cylinder. The low pressue region sifts mostly from the lower side of the
eplinde 1o the upper side. Onee the negative vortex b shed at € = 11T/6 (see
Figure 5.6), it can be seen from the presure distibutions dispayed at. ¢ = 2T that
e high prssure segon sides prodorsinantly i the stagnation reon and the ko
presse tegion mstly o the upper side of the cylinder. The stuctures of the ow
presare contours i the e wake region o the cylindera ¢ = 02T), T/4,1/2,8T/4

e almost mitror mages of the low pressure regions n the near wake region of the

eylinder at ¢ = T, 574,674, TT/4,27. Thereore, the periodic nature o the flow
eld around the eylinder s eproduced by the presure contours,

Figure 5.8 displays the equivortcity patterns for f/fy = .75 over twenty perods of
eylinder asclltion, 207, This figuee displays that the froquency of vortex shedding
ot lockdon 10 the froqueney of the eylinder motion, for this frequency rato

Coalescence s observed at this frequency tato

513 Fl

forces at Fr

Figare 5.9 displays the time bistory of the it coeficent, i, the PSD of Gy and
. Cufz). The € tnce of 1/

fr— €, display quasiep

275, exhibit a nonperiodic

the Lissajous pt

ST for f/fy = 1.25 within 8T < ¢ < 13T, wnd over 27 for f/fy = 175,225 within
137 1< 197, and 4T < ¢ € 207, repectively. ALL % 13T, 107,227, the €y
e of f/fo

5,175,225, switch from exhibiing quas-periodic signatures to
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anperiodic signatures. The corresponding specte of C, display o dominant peak
it the natural shedding frequency, fo for 1/fy = 1.25 two well defind peaks at fi
and f for f/fo = 175 and 225, espectivel; an three well dfined peaks a fo
and (5] + 204 for f/fo = 275, For each frequency ratio it is evident that the

dominan pesk occurs atf, The Lisajous patterns corrsponding o f/fo = 175
. f/fy = 225, exibit congeuent patterns which s representative of the qusi-

periodic nature of the €y, traces at. these frequency ratios, However,

weongruent
patterns are observ in the non-peridic flow states of £/ fy = 125,1.75,2.25 an or
S fo = 275, 1 cvident that the Lissajous patterns for £/ = 125,175,225 and
275 e confined predorminantly 1o the lower halfplane, as opposed 0 the Lissajous
patterns t the eference case, h = o, whichare predominantly confined to both the

top and ottom halE plases

“Tho time bistory of the drag coeflicent, C, the PSD of Cip ane the Lissajous pat-
v, Cp(), of Cp are displaye in Figare 5.10. 1 can be son that the Cip troce
of 11
Sy = 1.75,2:25, dislay almost repeatable signatures evry 27 The Cp trace for
k=
for /i 225, all display one dorinant pek a the forcing frece

2 displays an almost. repestable signature per 5T, The Cp traces of

¥ /. Two well do-
e peaksoceur at f and (57+2/5)/4 forthe spectr correspondin o f/fy = 275,
Henco,the ffect of  weakens s /f inereases rom 1/fo = 125 10 275, Overall,the
dominant peak oceursatJ for enchfroquency rato. 1 b evident that the correspond-
ing Lisajous patterus, C(s), fo each froquency ratio display congruent behaviour
and that the congruency of each Lisajous pottern increase as f/fy inceeass from

125 to 275, The hysteresis loops reside prodominently in the upper half plase, o
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opposed to the bystereis loops of C;, dispayed in Figure 5.9, Similarly to the case
Fr

A when h = 0.75, it can bo soe that as increases from 1.2 t0 275, that
the angle betwnen the hyseress oop ane the #-axis ncreases. The dirction of cach
hystereis oop is counter-clockvise and therefre the transfr of mecharical energy

s rom the evlnder to the surounding fluid

5.4 Vortex formation modes at Fr = 0.4

05

I Figures 5.11-5.17, the eqivrticty and streamline patterns and the pressure con-
1172=125,175,225
“The observed flow bebaviour s () quasiperiodic, per 5T for 1/

2 or J/f=1.

25, and per

5

225, espectively (i) v peridic for /o

Figure 5.1 b oy
1/fa=125,
lockedk-on C(8S)" mode, pee 5T, within 37" < < 137 The iw i non-perodic for

£ 1. Thi s conitent with the behaviour of C; an Cip at this rquency raio
i thi mode, our votics develop on cach side of the cylinder and shod alernately
over ST, Intilly, o negative vortex: which has developo aver 0 < ¢ < 2773, shds
into the upper vortex shedding region of the cylnder at ¢ = T. A negative voriex
develops ove 4T3 < & < 2T, and then sheds fom the upper s o the cylinder at

7T/, Furthermore, a negaive vortex formed by the conlescence of o negative
otios at ¢ = ST/3 dewlops over T < { < 10773, nd ten shods downstream
of the cylinde at £ = 11T/3. Finally a negative vortex which has developed over
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AT < £ < 1373, sheds into the upper vortex shedding laer of the cylinder at

£ = 14T/3. Meanwhile in the lower vorte: shedding layer, a positive vortex: formeed

at=1
/3

A pasitive vortex formed from the coalescence of two positive vortices at ¢
develops over T < ¢ < 4T3, and then shedks downstream of the cylinder at ¢ = 5T3.
Next, a positive vortex develops over 27" < £ < ST/, and then sheds rom the lower

i of the cylinder at ¢ = 3T A primary positve vortex in the near vake of the

107/3.< ¢ < 11773, and th into

the lower vortex: shedding of the eylinder at ¢ = 4T

115 The eqivorticty patterns over five peiods o cylinder osclaion, ST, st
R= 25 when h — 05, Fr = 0.4 [T ~ 4002020 < ¢ < 0.0
(57,107, The quaslockd-on C{8S)" mode, pe ST is obervel

Figure 5.



5.1, Fhud fores eding modes us

In Figure 5.1 y ratio f/fo =125
over five periods o cylinder oscilltion, ST. At ¢ = 0, the high pressure egion has
developes in the stagnation regin, and the low pressure region in the front, upper
and lower side of the cylnder. There i signiicant development of low prossure
downstream of the cylinder a well I can be seen that overall, the concentration of

low presare in the near vk region ofthe cylindee s very bigh ver the fve periods
ofcylinde onciltion, ST, At £ = /2 (n = 1,3,5,7,9), the bigh presure region s
mainly confined to the upper lft side of the eylinder. AL (= nT (1= 0,1,2.3,4,5),
e concentetion o high pressuce b dramtcally decreasd in the upper left side
of the cylinder. It is evident, hovever, that ovee 5T tha the high pressure region

o extends above and below the low pressure regions in the downstream of the
cylinder. With the development of e vortioes, it i evidet that the ow pressure
cegions favor the side of the cylinder on which the dovelopment of these new vortioss

occur. For exampl, at. ¢ = /2 synonomous with the development of a new ngative
vortex in the upper side of the cylinder, the region of low prssure shifs mastly 1o
the upper side of the cylinder. That s the concentration of high prssure i greatest
i the uppe i of the cylnder at thitime nstance. On the oher hand, s & ew
positive vortex begins to develops at { = 3T/2 the low pressure region s sen (0
it mostly o the lower sid ofthe cylnder (ear waks tegion). Consoquenly the
concentration of ow presse s grestest in the lowe sde ofthe cylinder, The low
i

egion at ¢ = 0T and

thus the quasi-periodic nature of the flow i reprodced in his gure

Figure 5.13 displays the cquivorticty patterns for /= 175 over two periods of

hin 15 < ¢ < 177
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locked-on C(28)" mode, pee 2T, within 13T < £ < 197. The flow is non-peridic for
1> 197, This i consistent with the bebaviour of C; and Cp at thi fequency rato.

from the upper and.

ovr 2T A
over 0T £ < 376, and then coleses with  second negative vortex a t = 4776
sts
upper 7. A pu _—
SesaTen
positiv vorex, ex i,

the near walke of thecylnder at ¢ = 4T/6. Over 4T/6 < ¢ <, the newly developed
postive votex contiones 1o co-rotate with the scondary positive vorte, but the
postive vortices axe eventally distanced from each other by the edge of a negative

y,the secondary

; the cylinder,
eylindee ¢ = TT/5

0 3
of eylinder oscllation, 27, in Figure 5.14. At

7, two periods

 the bigh prssre develops in tho
stagnation egion and the low pressre eegon i the upper ide and downstream of
e cylinde (nea ke region). Immeciatl /4 (n=03.T)
hat the high presureregion s t be confind above and blow the o presare

it exident at

regions in the downstream of the cylinder. The low pressure egions are confined to
on

the other hand, for example at

27, synonomons with the shedding of & negative
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Fige 313

The sty ptrs v o oot of loder ot T
5.1/f0 05,Fr = 04 17 = 2856,1329 < £ < 196
(15717}, e v e on U3 e o 21, e

ortex ito the upper vorte: shedding region, it is eviden that. the bigh prssure
region has sifted compltely 10 the fron ofthe cylinder and that the low pressure
region hasshiftd somewhat bebind the cylinder. Ther i il signicant presnce
ofow pressure in the upper side ofthe cylinder. Synomomous with he development
of a postive vortex over T/4 < < T, the low pressre region sifts mosly behind
Che cylinde. As the positive vorte s shed at ¢ = T7/6 (see Figure 5.13), the low
pressure region i confned o the uppes and lower side of the cylindor i the e

wake. The high pressare has returned mostly (o the stagnation region. The low

pressurestructures i the near wak region at ¢ = 0T and = 27 are neatly identical,

pasi-periodic nature of the flow iekd i reproduced i this fgure
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the pressue distibut
 cucillsion, 27, 3t
T~ 28866320 < ¢ < 006
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“[@eN

(e |

i 15 The bty s ot o peods o ol slion 7,4
20 A = 0.13,4/fo - 225 when A — 05, Fr 04 T = 2245,2095 < ¢ < 3112
(13,03 T o G e e 1

In Figuro 5.5, the equivoricty pattern are dispayed for f/fy = 225 over two
peios of cylnder osciltion, 27, The vortex hodding mode i th qus-ockd-on
(C(25) mode, pr 27, within 4T € < 227, The flow s non-periodic for > 227 This
i consistent. with the bbaviour of C, and Cp o this requency rti. A negative
vortex, formed from the coulescence of Ewo negative vortioes at ¢ = /2, develops
over 2T/3 € €< 11T/6. Then, his negative vorte sheds fom the upper side of the
cplnder at ¢ = 27, Menawhile  positive vortex formed durin the previous vortex
shodding cycle,contnnes o develop over 7 < £ < 4T/ and submequently shods nto

the near wake of the cylinder at ¢ = 57/

Figure 5.16 displays the pressure contours for fequency ratho //fy
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Fie 547 T sotoricty s v sy peiods of ol o, 7
i = 20 1ih 05, Fr = 04 [T ~ LB37,0.185 < 1 < 501
151 (o o ).

periods o cylnder oscillation, 27 At =0, the high pressue region has developed

in the stagnation region of the cylnder and the low pressure rgion has doveloped

in the upper side, and downstreanm, of the cylinder. Over 0 < ¢ < 3T/4 us the
positive vortex develops, i i evident that the low pressure region shifts mostly from

the upper the 1 The

Hhigh pressure region shifts in a clockwise direction during this time.  Synonomos

with the development of the negative vortex over T < ¢ < 2T, the low pressure



151

egion shifs mostly from the lower side o the cylinder to the upper side. The high

thecylinder,at ths time. AL = 0,574, 7T/, it i evident that the presence f the
high pressure region i ot osy high in the staguaton rgion but above and below
thelow pressure regons in the downstzeam of the cylinder as well. The low pressre
contours at
of the flow el i reproced in thi iure.

OF s ¢ = 27 axe neaely identcal, hence the quas-perodic nature

Figure 5. pat if=275 per
of cylinder osciltion, 207 This fgure is prescated in accompaniment with the ift
3

s

to conclude that

at this frequency rato.

5.5 Fluid forces at Fr=0.4: h =025

Figare 518 displys the time bistory of the it cocffciont, Cy, wnd the PSD and Lis-

C T evident th

catics, £/ = 125,275, the C. tracess xkibit. almst repeatable signatures every
four periods of eylnder oscllation, 4T, within 7T < { < 147 and 107 < ¢ < 277,

respectivey. The quasi-periodicty o the C;, patteens for f/fo = 125,275 indicate
 Jock-on betwen the cylinder motions and the Cy patterns. A complete loss of
phase locking occurs for the froquency ratos f/fy = 175 and 2.25. The traces of

both frequency ratios dispay no-repeatable signatures. The corresponding spectra
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1752 dicate th 7 the

ol ilfo
forcing frequency J. Tt shovid be noted however that additonal large peaks occur
27+ 3/5/2 and 2/ for /o175 and 225, respectivey. It s intereting to note
that as the cylinder submergenee depth decreass from h = o0 t0 025, the effct
of the natural shedding frequency, f, on C;. docrease, and the effec of the forcing
froquency, , on C; increases fo the case Fr = 0.4, Furthermore, the C(z) patterns
of C,, display somewhat congruent shapes for f/fy = 1.25 and 275, in the quasi-

s s the flow
for /o = 1.25,2.75 and £/ = 175,225, It i evident that for al 1/, the hys-
tersis loops are argely confined 10 the lower haf plane, as compared (o thase at the

reference case

In Figare 5,19, the time bistory of the drag couficient, Cp, the PSD of Co, and the
Lissajous patteens of Cp are displayed. Similaly (o what was oboerved in Gy for
114 = 125, the Ci teaco dlisplays almost periodic behaviour every four periods of
cylinder ascilltion, 7. The Cp traco for f/fy = 2.2 i almast periodic every 37 a5

compared to the non-repeatabl signature of the C; trace. Nou persistent patterns

of Cl are observd for f/fy = 175 and, in contadiction o what was seen in the C;.
trace, f/fy = 275, T all cases the dominant peak occurs at the forcng frequency,
7. Howeve, the PSD of f/fo = 1.75 and 225 alo display additonal lasge peaks at
2+ 3u/2 and 2, respectively. The signatures of Cp(z) are highly congruent for
/=125 and 275 for the quasi-periodic states of the flow, and therefre indicate
that Cp s phaselocked to the eylnder motion at. these frequency ratios. On the.
other hand, the Cp(z) patterns for f/fo = 125,275 aad f/fo = 175,225 for the

the flow displ b less congruent
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hapes. Similarly to the refrenco case, = oc, it s evident that the Cp(z) patterns

are essentially confined to the upper half plase. The dirction of the bysteresisloops

s from the cylinder o the flud.

5.6 Vortex formation modes at Fr = 0.4: h

n strcanline patterns, and

i the mear wake region of the cylinder when f/fy = 125,175,225, 275, e dis-

played. The observed flow behavionr i (i) quasi-eciodic e AT, for £/fo = 125,275
(i) nonpesodic or f/fy = 175,225

In Figre 520, tho quivorticity patterns for f/fy = 125 are displayed ver fo

periods of cylnder osclltion, 4T. The vortex shedding mode is the quaslocked-
on C(48)" mode, per AT, within 77" < £ < 14 The flow becomes non-periodic at
> 177 Thi i consistent with the behaviour of Cy, and Ci at this froqueney ratio

I the upy <tsT/2md

e surfacoat £ = 273, A prin

Chen approachs a egative vortex atachie 1 the y
ogative vortex develops in the mear vake of the eylinder, and as & consequence
the negative vortex: which has attached o the negative vortex at the free surace

detaches over ST/6 < £ < TT/5. Thix vortex i fully shed into the upper shedding

ayer at ¢ = 473, 10 is tho case that this shed vortex remains in contact with the

free suace. Over 47/3 < t < 21

" the secondary negative vortex in the near woke

ofthe cylinder develops. This negative votex contacts the froe surface ot = 137/0
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g 520 The ey puters e s priods o e o, 17, ¢
02, 404,3232 < ¢ < 4518

A=013, f/fa = 125 when
47213, T s e, e e 1

e a5 result sheds nto the upper vortex sheding layer at £ = 7773, Meanwhil in
the lower vortex shedding region, it can be seen that the pasitve vortex developed

i the previous sheding cycl sheds downstream of the cylinder at ¢ = T/3. Over
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273 < £ < AT/3, two postive vortces co-rotate, and then conkesce at ¢ = 3T/2. The.

resulting postiv vortex i then she into the downstrea of the clinder a £ % 2T

For /i =1.25,the pressure contours in the near wake of the cylinder are displayed
over four periods of cylinder osiltion, 4T, in Figure 521. At

sure segion develops downstream of the eylnder and towards the lower ide of the

0, the low pres-

evlnder. The high pressure region develops in the stagnation region of the cylinder.

Synonomons with the shodding of a postive vorte at = 7/3 (see Figur 5.20), it
can be seen tht the concentation of low presure behind the cylinder dramaticaly
decreass. The bigh prssure region sees (o it counterclockwise. O the other
b, a  positive vortex devlops and @ secondary psiive votex shds a £ = 27,
it can b sen that. the region of ow pressure shifts mostly behind the cylnder and
it the concnteation of o pressre incecases dramtially. In eneral, when there
are sgaificantly lrge votices i the downstream of the cylnder (ery near vake) ot

£~ T30 37,47, the concentration ofow pressure is bigh i the downstream of the

cylinder at these times. 1 i inteesting to note that the ow pressre steuctures n

tho near wake ofthe cylinder, at £ = 0,7/2.T, o quite similr 1o images of the low
pressure at ¢ = 2 (i7),3T/2 (6T/2,7T/2),

fow el i reproducd for f/fo = 1.5

7. Hence, the periodic nature o the

Figure 5.2 and 5.23 diplay the cquivorticty patierns for f/fy = 175 and 225

o oy 207, From both Figure, it i
evident that. the requency of the vortex shedding i ot locked-on 10 the requency
of the eylinder motion. Coalesoence is observed at both frequency

Figure 5.24 displays the equivortcity pattern of /o = 275 over four periods of
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e GRE DR

Figare 5.22: Tho oquivarticiy patterns over swenty periods o cylinder asellton, 207, .
R~ 200, A=010, F/fy = 175 when h ~ 026, Fr - 04 [7 = 2886,10.13 ¢ £ 7215
(57,257 (v periodic e,

eplnder oeilation, 47 The vortex shodding mode i the quastlocked-on C(25)

mode, per 4T, within 197 < ¢ <

The flow i non-perodic for ¢ > 277. This

s consistent with C;, behaviour for this requency ratio, This figure displays the

lteruate and out-of phase shedding of one singl vortex from both the upper and
Jower vorte shddin regions of the cylinder, Over 0.< 1 < T/3, a negativ vortex
forme during the previous vortex shodding cycle contines to develop n the upper

hocding ayer, ALt = 72, this negative vortex attaches (0 negative vorte already
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TEEEEE

Figure 5.23: The oquivarticy patterns ave swenty periods o cylinder asilton, 207 .
R~ 200 A=013, 1/fy ~ 225 whea h — 026, Fr = 0.4 [T N2 < s it
(57,257) (v priodic st

A this time and

over 273 ¢ < 7T/6. A thind negative vortex forms in the near wake rogon at ¢ =
AT/3 and the three negative vortces co-rotate over 372 < ¢ < 5T/3. At t = 11T/,

and secondary vortces conlesce in the near wake region. The resuling

Vortex then co-rotates with the now secondary vortex ver 117/6 < ¢ < 177/6 and at.

= 3T this socondary vortex sheds nto the upper vortex shodding layer. In the lower
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can be sen from that a from the
previous shedding cyce, continues to develop over 0T < ¢ < T. This psitve vortex

|
|
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sheds from the lower vortex shedding layer of the cylinder at ¢ = 7.

In the st column of Figure 5.25, the pressure contoursaee displayed or //fo
for over four periods of cylnder ocilltions, 7. The pressure plots indicate that

7

the low presure region niialy develops n the lower side, and downstream of the
eylnder. The high pressure region develops in the stagnation region. As a positive
vortex develops over 0 < ¢ < T, it is evident. that at £ = T, that the low pressu

egion has mastly sifted t the dowmsteam of the cylnder i the very nea e
At = 2137, 4T, synonomous with the development of new negative and posiive
vortics it i evident that the low pressure regon sifts meosdly bebind the clinde in
e e vk s well. It i vident ¢ = OT, 7,21, 37, 4T, that the high pressure
regon resides motly in the stagnation egion, immediately n front. of the cylinder
T/2,3T/2,5T/2.7T/2, the high prese regon shifts mestly o the upper
et side of the cylinder, The low pressre stroctures ot £ = OT and ¢ = 4T are

At

nearly identical, his

requency ratio, 1/fy = 275

5.2 Summary and Discussion

Table 5.1 . the vor-
tex sheskding meodes and thie peiods, T, fo the case Fr = 0.4 at h
when f/fo = 125,1.75,225,2.75. Table 5.1 dsplays that for the case Fr = 0.4, the.

075,035,025
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presence of the free sucface at h = 0.25 seems (o break up the periodicity of vor-
tex: shesding when f/fy = 1.75,2.25. Destabilzation of the flow also occurs at the
finder submergence depths h = 0.75 when f/fo = 125,275, and at h
15
perio ofthe vortex shedding is 2T for f/fo
period of vortex shedding is 2T for f/fo

5 when

75, compared to the eference case h = o, Interstng o note i that the

175, at h = 00,0.75,0.5. Similaly, the

225 ot the large cylinder submergence.
depthis h = 0.75,0.5. At f/fy = 225, it i evident that the docrease in cylinder sub-
mergence depth from h = 0.75 to h = 0.5, does not resul i a switchoer in vortex
Shedding modes. A switchover in vortex shoding miodes, Hovever, is observed for
/o = 175 48 h = 075 decreases o h = 0.5. Purthermore, at
of vortex sheeding is AT for both £/fy = 125,275 where qu

025 the period
periodic behaviour

of the flow s observed. The commonly observe moe for the case Fr = 0.4 the
classical C(28)" mode.

hew n=om h=05 h=025

Sio| Mode |T.| Mote |T| Mode |T| Mode |7,

125 | C(108)" |77 | nontocked | - | 88y |57 | clasy |4

15| 2P |or|c@isy | ar| csy | o |sowdodka | -

225 | c@sy |or| cosy || c@sy | o nowiockd | -

275 | C(P+5) | o7 | nonlocket | - | nonlocked | - | cpp8y |47

bl 8.5 Theallc fthe e sulace inclson o e shding, ot and
thei periods, T, 20
A= 013, 1/
modes.

hen
T T 25275 The sepermrit = dentes e oo
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Table 5.2 displays the values of the mean lift and drag coefficents & and Cp,
the parameters Fr = 0.4, = 200 : A = 0.13,h = 075,05,0.25, 50 when {/y =
1.25,1.75,2:25,2.75. Upon inspection, it s evident that for h = 0.75,05,025all 1/

values of G are negative, whereas those in the absence of a free surface, h = oo, are.
positive. Tt can be seen that the magnitude of each C value, in the presence of a.
free surface at h = 0.75,0.5,0.25, are much larger than the &, values in the absence

of a free surace, h = 2. Furthermone, it i evident that

vares within the range

08245 < Gy < 01950 when the free surace is present. Ao, s  docreases

from 0.75 to 0.25, it can be seen that the values of C, decrease susbstantially (Q:Can

1/2 plane).
When in the prsence of  free surface, the O values of ach /o docrease as [/fo

increases from 1.25 to 275, with the exceptin of f/fo = 175,225 when h

Analyzing the mean drag coefficient, T, values it i evident that there is not much
Suctuation in these values as h decreases from 0.75 to 0.25. Each Cp) values are.

positive and are confined with the range 14477 < Cp < 15790 when the free surface

is present. Similarly to 7, the values of Cp increase as f/ fy increases from 1.25
275 ot b = 0.5,k = 05 and S/

0 275, with the exception of 1/ 2

h=02s

“Table 5.3 displays the RMS vales of the 1t and drag coeficients, Ci s, Co s
“The RMS values of the It and drag coefficents are presnted for

and compased 1o the RMS values of th reference case h = oo, I s evident that

075,05,025

s the cylinder submergence depth i decreasd from % 0 0.25, the values of the.

RS 1t coeficint, Cl_aurs, increase, with the exception of f/fy = 125,175,225

when h = 05 Furtbermore, it s evident that a f/ o increases from 125 0 2.75, the.
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“Tuble 5.2 The effect of the froo surface inclusion

013,1/fy=1.25,1.75,225,25.
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ot o e case P - 0.4 i = 035,00,0.75 5 2 200° 4.5
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317532027
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Cinas values ncrease, except for the cases f/fo

175 when h = 0251/

when h = 0.5,0.75. The maximum increase obsrved or C s vles is by a fctor
of 332, From Table 53, it i evident that when the cylinder submergence depth
increasesfrom 0.25 o 0.75, the RS values of the drag coefficient, Cip s increases

for J/fo = 1.75,225.278

On the other hand, the Cp,pus values tend to decrease,
with the exception of /o = 125 at h = 0.75. Overal, s f/ fy increases from 1.25 o

175 when h = 0.25.

5te
® % 35°s V) |

F&Sﬂ'émc‘ ooy Yy

Figures 55525, display the pressure contour plot ofh = 0.75,05,0.25 when f/fo

1.25,1.75,2:25, 75, The pressure contour plots at h = 025,05, 0.5 for each //fo
periodic/quas-periodic behaviour s exhibited, dispay the development of the high
225 00

pressure region n the stagnation region of the cylinder. For f/fy = 17
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= 0.75,0.5, the low pressure region develops n the upper sde of the eylnder and

downstream. For f/fy = 125 at h = 05 thelow pressure rgion initally develops n
the uper, lower, front (close prosimity to bear wake than stagnation region) sdes,
an downstrea of the cylinder. On the other hand at h = 025 for 1/ = 125,275,

the low pressure regions develops in the lower sid of the cylinder and downstream.

In generl, thelow pressure regions develo n the near wake of the cylnder, where
e elociy s bighest (ormation of new vortis) and bence signfandly aflect the
Suctuating It fores acting on the circular cyinder, Posiive and negative vorticrs
hich have shed downates of the cylnder, are rpresento by the low presure
regon (blue contours) for all /o Another ntersting aspect of the low pressure

o o imagesofthestruct

of low presue are observed in the near wake rgion of the cylinder. Specifically at

= 075 when = 2:25, the low prssue contours i the near wake region of the

eylinder £ = O(21),7/4,T/2,3T/4 are almost wirror images of the low pressure
regions in the nea vak regon o the eylinder ot € = 7,574, 6T/4,7T/4,27 (e
Figuro 5.7). On the other hand, the low pressure strctures for f/fy = 125 (h =
025) at £ = 0,1/2,7 are similar (0 images of the low presure strutures at

27 (4T),3T/2 (ST/277/2),5T (see Figure 521). An intrestng rend observed in

contours in the dowstream of thecylinder, At h = 0.75 when £/ = 175, the igh
pressure egion has signfcat presence above and blow the ow prssre regions
i the downstrenm of thecylnder at = 0,7/2,3T/4,6T/4,7T/4,2T. Slaly, at
= 05 when 1/ = 1.75,2:25 the bigh prosre ogions extend above and below

the low prssue contours nthe downstrean of the eylinder ot £ = 0,37/4,77/4 and
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1= 0,5T/4,TT/4, respectively (s Figures 5.14:5.16),

= 0.25,0.5,0.75, and the re
/o = 125, 1.75,2:25,2.75 on the cquivoticty paiterns for the case R = 200, A

013 when Fr = 0.4 is displayed in Figure 5.26. The relerence case o = o0 is
presente (0 help demonstrate the changes the vorticity undergoes in the near woke
of the eylnder with the inclusion of free surfsce.  All sapsbots are taken at the
instant the cylinder reaches maximum displacement, z(t) = A and are taken within
the time intervl the flow reaches  perodic/quasi-periodic state. For non-periodics
cases, the smapsbots are taken within 0 < £ < 100, It is immediately evident that
opposed to the case Fr % 0.0, the free suface undergoes considersble deformation
I comparison to thereference case h = o, it i evident that s h decreass rom 075
10.0.25the near wake strocture of the voricity change considerably. From this igure

s vident that opposed o the cases Fr 00 and Fr = 0.2, that & consilerable

amount of opposite signed voricity is present. at.the free suface and in the flow

devlopmentof m
layer ofth cylinder at = 0.7 at the smallet cylind
= 05,025 fo each 1/fo AL each clinder submergence dep, , shd egative

submergence depth, and at

Vortces seem 10 be lifted up towards the free surface aided by the propogation of
posiive voricity into the upper shedding laye. As & result, these negative vortioes
be

dissapate rapidl, and become weak, a they approach the fee surfce. Heece,

eylinder submergence depth decreasesfrom o0 10 025, It can be seen that the major

s of the negative vorties dowstream of the cylinder tend to lie perpendicular

o the fre surface for the large cylinder submergece depths, h = 05,075, . On
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the oher hand, the major axes of the negative vo

nteeacion with the froe

paralel 1o the froe surface. This i resul of the str

surface and the rapid diffusion of these vortices after contact is made. Both cases

Shed pasitive vortioes n the downstrean of the cylinder,except that

also apply o

et with the free surface. In general, the

25, forall

On the other hand, the increase in f/f from 1

by = 45%) for the cylinder submergence depths

ortex format




6. Flow past a transversely ocillating

circular cylinder

This Chapter analyzes the results for flow past a transversely oscillting cylinder.
“The mumerical imlations ace carred ont at & Reyaokds mumber of R = 200, at
e subimegenc depths o h = o (absenceof fre-surfce) and .= 05 (prsence
of fre-sufac),  displacement. amplitude of A = 0.13,in the requeney range of
125 < f/fo < 275, where 1/f ncacases by increments of 05 The resals are
obtained by analyaing the i foces acting o the cylindee and by means of the
cquivorticity patterns i the nar wake of the cylnder 1t should b noted that the
sl obained orflow past  transversely scllting ylinder in the absenee of e
Sorfacs, will b compare to those obtaind e the samo conitons s above with

the exception of the cylinder submergence depth,

05, The goal i 0 understand
the effct fre-surfoce inclusion has on vortex: sheding modes and fuid forees acting

on the cylinder. The uasteady flow caleulations are condcted vp to time ¢ = 100

when h = 00 and i = 05, when Fr = 02
6.1 Flow past a transversely ocillating circular

cylinder in the absence of a free surface

1 Fluid Forces (h = )

Figure 6.1 displays the time histry ofthe fuctusting if coefficien, C, and the PSD.

ofthe lft ocficint. For 1/,

25 and 175, th traces of the

i cocffiient display

m
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almost repentable sgnaturs, every 9T, within 5T < t < 24T and ST < ¢ < T,
respctively. The trace o C. for f/
7T within 6T < ¢ < 437. Finally, the trace of Cy,for f/o = 275 displays o quasi-

ST within ST < 1 < S4T. of the
It coeffiients display pesks at the natural shedding roquency, /o, and the forcing
frequency, . The dominant peak, howeser, occurs at.  for each /. I should also
be ot that. a sgnificant. pesk occurs at { + 2/ in the spectrum of 1/ = 275,
‘which i indicative of a decreas in the ffec of £ on Cy. as f/f inreases from 125

25 displays  quast periodic signature every

t027.

In Figure 6.2, the tme history ofthe ctuting drag coeficent, Cp, and the PSD of
Cps displayed
for /1y
from Figure 2, that cach spectea displays multiple peaks for each froquency ratio
For /a = 125, .75,2:25, 275, the dominant peak accurs at fo/4,3fo/4,5/o/4 and
7)o/, respoctivel. Bvidently, an inceease of fo/2 s observed from dominant peak to
dominant peak us / f increnses from 1.25 0 25,

125,1.75,2.25,2.75, every 9T, O, 7T an 3T, rspectively. It is evident

In Figure 6.3, the Lisajous patterns of Cy, Cy(y), ad Cp, C(y), are displyed. 1t
can b seen that the hysteresis loops associate with C1 (1) are confine to both the
upper and lower halF-planes foreach frequency ratio, f/Jo = 125, 175,225, 2.75. The
Lissajous patterns of C;, display somewhat congruent shapes, but it is evident that
there i variations in the phase occurring from cycle 1o cyee of cylinder oscilation
s ncresses from 1.2 to 275, In column (b) of Figure 3, the Cy(y) patterns
for f/fa = 1:25, 1.7 are shown for over two periods of cylinder oscllation, 27, to
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o of lift cooficent, Cy, (back) and the trans
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verse displacement, (1), (g7
125,1.75,2.25,2.75 when h = o, The PSD plots for £/, = 125, 175,22
obtained for quasi-periodic states in the following tim ntervals 5T < ¢ < 247.5T <

The time varia
e

T <t < 4378 < ¢ < SAT, respectivly. The corresponding flow states in

the neas wak region areals indicated for each //f
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02

Fiare 63 Limajow paters of ) and Co(), (0, for R = 20,4 —
013, = o, and 7

patterns for f/],
Cclton to dipley e hange in il enegy transier betwwen cylinder and

5,275 (from top to bottom). The C
il are s ot e of e

Buid, The Lisajous patterns in column (a) and (c) or 1/
obtained for quas-periodic tatesin the following tme intervals 57
v ar,sr

< MT,67 < ¢ < 437,87 <1 BT, respectvely:




6.1, Flow past a tronsversey ocllating circuar cylinder i the absence of a fee
e 15

o

display the change in the transfer of mechanical energy. The diretion of C,(y), or

1o = 125,175,

Therelor, n both case, the e between the cylinder

cchanical eney s trasle

and fuid. The direction of the hysterss loops of Ci(s) for f/fy = 225,275, are

counterclockwise, and thos the energy transfr s from the cylinder to the fluid. The
hysteess loops associated with Ci(y) are confined predominantly o the upper half-

plane. Also eviden, s that the trjectores of Cp(y) display kess cong

from one cyee 1o eycl of cylinder oscllation, as /o increases from 1.25 t0 2
“This indicates an increas in phse variations betwen C and the cylinder motions,

and hence  Joss of phase-locking occurs.

6.2 Vortex formation modes (i = )

In Figure 6.4, the equivortcity patterns are displayed over nin peiods of cylnder

oxcillations, OT for f/fy = 1.2

The observe lockean mode is the quast-lockeskon
145" o, per 97, within 57" £ < 24T This i consisent with the behaviour of

odic for £ < 57 In this mode

Cy wnd Cp ot this reguency ratio. The flow i non

scven vortioe dovelop and then alernately she on each side of the cylinder, within

9T, A negative d during

0.5 .57, and then sheds from the primary negative vortex into the upper shedding,

layer of the cylinder at ¢ = 37/2. A negative vortex developed ove 3T/2 < ¢ < 27

sheds from the upper side of the cylinder at = 57/2, Over /2 < ¢ € 4T,  negative

devclops, and is then forced o shed downstreanm due to the ineraction with

& positive vortex n the lower sbedding laye at ¢ = 07)2. Shordly aftr, & negative
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vortex i shed from the upper vortex shodding layer at
formes over 1172 < ¢ < 6T, sheds nto the upper vortex shedding layer at ¢
Furthermore, T<e<ITP2

172, A pegative vortex
37/2

thecylnder a ¢ = ST. Finaly, a negativ vorte develops over ST < ¢ < 1772, and
e shods it the upper vorte shedding lyer ofthe cylinder at £ = OT. Meanwhile
 postive vortex developed from the previous vortex sheddin cycle shds from the

728 <tsar,

and then sheds downstream of the cylinder at ¢ = 27, Over 2T < £ < 3T, a positive
vortex: deelops and i then shed int the lowee vortex aye at ¢ = 77/2. A positive
orex deveoped aver TT/2 < ¢ < 4T, shes dowtzcam of the cylinder at
Without dela  psitive vortex is shed from th lower side o the ylinder at £ = 6T.
A 6 < ¢ < 1572 and then detach

ortex in the nea walksofth i a ¢ = 77 Ly, positive vortes deeloped
v 1572 < £ 1772, sheds o th lower votex sheddin regon o the e
9. Conlesence s not abserved i this gy

.

at

Figu 6.5 displas the pesre contoue o /= 125, ove e perids of lin-
der cecillation, O Initial, thi S displays the deslopment of bgh pressure
i the lower lf are of the staguaton segon, ad the ow pressure regon in the
wpper s and downstram of the cylinder. 1 s eviden, that over 9T, the igh
prsse egion rsides predominenly in the tagaaion egion o th cylinder. The
concentration ofthe high prsse egions lo e el consisent ove the
vortex shodding peciod. T, = OT. AL = T/2 (n = 0,2,4,5,8,10,12,15,18) the
ow prsse region i conined mastly (o the upper ide and downstram of the
cplinde (nest wake). At £ = /2 (n = 1,3,6,9,11,13,14,17), the low presure
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i 64 The oty gt v e s of s silion, o, o
125 when h — o0 [T~ 401, 52,25 < ¢ < 50880 (1572
sode, er OT, s cbscrve

Tie vt locnton 145

sgion i mostly confined to the lower side, ad downstream of the ylinder (near
wake). AUt = T/, 5T the low pressure region is conined predominently (o the
dovasteeam of the cylinder. For example a £ = 372, synonomous wih the do-
velopment of the positive vortex i the lower vortex sheding layer, the low pres-
e region hifs mosly to the lower side and downstream of the cylinder. As

vortex i formed, at

the secondary positive vortex detachcs, and @ new posi

£ = 27, the low pressure region shifts 1o the upper skl of the cylinder. 1t is v
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dent. that the structr of the pressure cononrs, n the near wake of the cylder,
S04 OF (97), T2, 1,373, 20,57)2,31, T1/2, 7,97/ are sl miveo images
ofthe o presure egionsat. = OT/2,5T, 11T/, 67, 13T/, 7T, 16T/2,8T, 11T /2,
sspectively. Thereor,the prssure contours rcrete the piodic nate of the flow
el arnnd th eylinde at this frqueney i

In Figure 66, the equivorticlty potterns are diplaed for //fy = 175 over nine

eriods of eylinder ascillation, 97 The observod sortex sbeckding mode is the quasi-

locknd-on 108" mode, per 97, within 5T < ( < 347, This is consstent with the.

bekavionr of Cy and Co a this frequency tatio. A negativ vortex ormed during the

<isT,

i of the clinder a ¢ = 57/2. Over 27 < 5T, a vgative vorex deveops and
e shods downstrsn st £ = 772 A negative vortex developed over 47 < £ 57,
s s econdary negative vorto st = 11T/ Over 6 < £ € 137/2, w negative
T.A

Vortex dovelops and is then shed from the upper side of the eylinder at (
egtive vortex developed over 1572 < < 1772, shes nto the near wake of the

1. I the lowne vortex shodding regon, a secondary pasitve vortex

eylinder at ¢

i shed in the near vake of the cylinder at £ = 7. Over T < ¢ < 27, u postive

Vortex doselops i the lower side of the cylider and i then st downatrean of the
57/2. A positive vortex dovelops over 3T < ¢ < 7T/2, and then
-z,

eylinder at

Furtbermore, owe 97/2 < ¢ € 117/2  posiive vortex develops. This vortex s
hen shed from the lowe side of the cylinder at ¢ = G7. A pasitve vortex develops

2

over 137/2 < ¢ < 1572, and then shods dowastream of the cylinder at ¢

Conlescence was not observd in this e,
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In Figure 67, the pressre contours are displayed for £/ = 175 over seven peri-
ads of cylinder oscllton, 7T AL £ = OT, thi figure diplays the developmment of
the low pressure regon in the upper side and downsiream of the cybdes in the
near wake. ‘The developmeat. of bigh presure occurs in the stagnation region to-

wands the lower side of the cylinder, At € = nT/2 (n = 1,3,5,7,9,11,13,15,17),

the high pressure tegion seems to be confiued to the upper acea of the stagnation

eegion and moreso above, then below, the low presire regions n the downstroam
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of the cylider. AL = nT/2 (n = 0.2,4,6,8,10,12,14,16,18), the bigh pres-
suee region sems 10 be confined to the Jowe portion of the stagnation region and
morese below, than above, the low pressure egions in the dowsstream of the eyl
der. At ¢ = nT/2, when n is an even integer, the low pressue region is mostly
confned to the upper side and behind the cylinder. At ¢ = nT/2, when n is an
odd intger, the ko pressue segon i mostly confned to the lower side and be-
ind the cylinder, Hene,
of the cylinder 10 the lover side and then back 1o the upper side, and 30 on, -

ially the low presse region shifs rom the upper side

peating this cycle until £ = OT. I i also intersting to note that similaty to the.
behaviour of the pressure at f/fo = 1.25, the structure of the pressure contours at
= OT (9T), T/2,T,3T)3,2T, 5T/2,9T, 7T/2, T, 97/2 are almost mirror images of

OF /2,57, 11T/2,67, 1372, 7T, 15T 2,7, 17T}

spoctivel. Thereore, the pressure contours sereate the periodlic nature of the flow

fild azoun the cylinder o this frequency raio

T, o /o = 225, The observed mod fo this Feency eatio i the quashlock-
on 65" mode, per 7T, wihin 6T < £ < 437 In this mode, thre vorties develop
on cach sde of th cylinde and she altenately ave 7T A nogative ortex formed
during the previass vortes: shein cyele conines o develop over OT < 1 < T
and then sheds downstrea of the clinder at € % 4T/3. Over ST/3 < ¢ < 11T/3,
o dewlopment of a scond negaiv voriex s observed in the ear wake region
This vortex: subsequently shds into the downstram. of the cylinder a £ = 11773
A negative vortex develops over 4T < £ < 177/3 and i she ko the neae wake

7. Meanwhile, a posiive vortex formed dusing the previous

of the eylinder at (
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vortex sheding cycle sheds into the near wake at ¢ = T/3. Over T/3 < ¢ < 7T/3,

the development b [
the lower side of the cylinder a £ = 8773, Finaly, a positive vortex developing over
107/3 < 1 < 14T/3 is subject to interacton with & negative vortex in the upper
o,

Conlescence was not observe in this figure.

In Figure 69, the pressure contours of /o = 2:25 are displayed for over seven
periods of cylinder oscilaton, 7T AL = OT, this igure displays the development
of the low pressure region i the upper side of the cylinder and downstream (near

‘wake region). The developmeat of high presre occurs i the stagnation region. At
= nT/2 (n =13,

agaation region, and moreso above, than below, the low pressure regions in the

11,13), the high presure region s confined mostly to the

downstream of the cylinder. Purthermore, the low pressuee rogons are postioned
bt the near wake.

14), the high pressure rgon s 0

roion. ALt = nT/2 (»
e confne to the kover potion of the stagaation region wnd mores blow, than
abave, the low presure egions i the downtream of the cylinder, Furthermore the
Jow presare egions are pasitioned inthe upper side of the cylinder, but also behind
he cylinder in the
£ T, the areof high pressure i situated i the lower et portion of

wake region. For example os the negative vortex sheds at

sagn-
ton regon and the low pressure is ituated i the upper side of the cylinder. As

the positive vortex begins to shed over 7 < £ < 27, the high pressure region shifts

cpounter clockwise. At ¢ = 5T)2, the high prosure tegion s positoned in the up-

per portion of the stagnation rglon, and the low presure region i the lower ide



6.1, Flow past a transversely cilloing circular clinder in the absence of a fee
surface 187

YR YR YD
aE-YLE a\!d oY)

Figure 65: The quivorticky pattrns over seven periods of clinder osiln
Py sreyirtrib vty
The quas ok on 65" mode, pr TT, i observl.

of the cylinder. It i interesting to note that the siructure of the pressre contours
8t = OT (77),T/2,T.T/3,7,5T/2, 37 ace almost mior inuages of the ow pres-
sure egions at £ = T7/2, 4T,07)2,5, 11T)2,6T, 137/, espectively. Therefore, the

peridic maue of the flow ek are reprodces i the pressure contours.
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@ 1/=275
asiltons, 3T, i Fgare 6,10, The obserse mode for this roquency ot i tho
qusiocked-on 26", pe 3T, within ST < ¢ < T, This is consitent with the
and Cp behaviour ot this frequency ratio. The low is nonperiodic for ¢ < ST, This
mode desribes the alernate sheding of  single vortex from the upper and lower
vortex sheding eegons of the cylinder within 37, A £ = 0, negative vortx forme
during the previons vortex cycle contines Lo develop i the wper vorte shodding
region ove T/ < ¢ < 0T/ This negative vorte i then she fom the upper side of

the cylinder

107/6. Meanwhile i the lower vortex shedding region,  positive
vortex formed during the previous vortex shedding eyel sheds dowstream of the
eylinder at ¢ = T/,

i

qwed11, -

for = 275 aver thee peiods of cylindor scltion, 37. At t = 0T, the region
of bigh pressure has developed in the lower Jft. are of the stagnation regon. The
low prssues regin s deelopod in the spper side of th cylinder, olloing tho
dvelopment of & new negative vortex i the upper vortex layer of th cylinder It i

5)the high redominently

oot that at £ = nT/2 (n = 1,

i the lowe el region of the stagnation region, and the low presure resides n
the the lower side of the cylinder, At € = nT/2 (n = 0,2,4,6) the high presure

vesion i mastl confined to the upper Lft aea of the stagaation rgion, e the low
prese rgion to the uper side of the cylinder Synonomos with th shodding
and development of & negatve vortex at ¢ = T, the low presue shil from the
over s ofthe cylinder (st £ = T/2), 0 the upper side of the cylinder. As tho
positive vorte detaches a £

17/2, the low presure reon moves from the upper
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6.2 Fluid forces and vortex shedding modes in the

presence of a free surface

621 Fluid forces at F'

“The time history of the it coeficient, Cy, and the spectrn of Cy, are displaye in
Figure 6.12. The C, trace for f/fo = 225 diplays a quas-periodic sgnature every
7T within 3T < t < 26T, followed by  non-perodic ignature for { > 267, On the.
ot o e T it
within 4T < ¢ € 4T (OT < t 4T, refes 0 the transiion state). The C races

s perodic signature per 3T

for o= 125,175 display noneriodicsignatures. The spetrum coresponding (0
Cufor f/fo = 125, display two pesks ot fy and . The spectrum corrspondin to
1. The specra

of f/fa= 175 and f/fo =
flow both display  dominast peak at /. Finally, two wel defined pesks at [ and
1+31o/2 ae observed from the spectrum of [/fy = 275

25 for the quasi-periodic and o periodic states of the

Figure 6.13 displys the time history of the deag cocficint, Cp, and the spectza of
125,1.75,225,275,

o 1 i evident that each Cp trace, corresponding o /o
rspectively, display non-periodic signatures. The cortesponding specten al display
dominant peaks at the forcing froquency, f, with the exception of the spectrum of
/o = 275 which displays an cqually lage peak at  + 3fs/2. Hence, onco again
indicative of the weakened effct of £ on .
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It i evident. that the corresponding Lissajous patterns of Cy Cy(y), of Figure 6.12

are confined to both the lower and upper hlf planes. On the other hand, the Ci(y)

13 are confind mastly tothe upper halfplane. It is evident that

a5 f/fo increase from 125 to 275, that the total area coverd and the congruency of
o th

of the patterns into the lower half plane. For f/fy = 125 and f/fy = 175, the

pechanical energy tranfer occurs between the fuid an cylinder and this i denoted
by ++ . On the otber hand, the mechanical energy translr i from the cylinder o
id, " for 1/

225 and 275

622 Vortex formation modes at F’

Figures 616610 display the e
ours in the nea wake of the cylder when 1/
observe flow belaviour is () quasipesioic er 7 for 1/
S/Jo =275 and (if) non-periodic for f/fy

25,175,225, and 275, The
225, and per 9T for

125,175,

07, for /= 125 and .75 are plotted n Figars 6.14-6.15. Both fgure show that
e s ot locked: - the cylinder
motion . thee frequency ratios. Coalesence was ot observe fo bt frequency

Figure 6.16 displays the equivorticity pattern over seven periods of cylinder osi
ton, 7T, Ilis=23.
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- %% - A% -[B%Y

Figue 614 The iy psrs o vty prids of ol lion 7,
s when = 05, Fr = 02 [T ~ 404408 < ¢

LR
.20 (oo pertoic st

the quasilockod-on C(68)" mode, per 7T, within 3T < ¢ < 207: This i consistent
with the C) bebaviour, but ot Cl,  this frequency atio. The flow is non-perodic

for £ > 267, I this mode,

hr vortics develop an each side o the cylinder and
alernately shed over 7 s o cxident from thi gure that conlescnce of ortces
anly occurs in the upper shedding layer (ony the negative vortices experience con-
lesence). A negaive vortex forme in th previous vortex shdding cycle, conlsees

with a second negative vortex at

27/3. The resuling negatve vortex develops.
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e ity s o oty i of ol o, 207
o

Figure 615
R 20 A0 Zos ke =02 %
(17,207 (v periodic st

over T ¢ < 4T3, and shecks nto the upper vortex shedding region at ¢ % 5T/3

A negative vortex develops over 5T/3 < ¢ < TT/3 and then couleses with another
ST/3. This vortex develops over 3T < ¢ < 1073, and then

negtive vortex at
shods nto the neae wake of the cylinder at £ % 1173, A negatie vortex formed from
AT/, develops ver 14T/3 < £ < 5T

the conlescence of two negatie vortoes at ¢
At 16773, the negative vortex s secn to approach a second co-rotating negative

vorte. These two nogative vortices conlesce at = 67, The resuling negative shecs
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.
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Figure 610, he iy ptrs o s s of s ol 7t
013, 1/fy — 225 when h = 05 Fr = 02
(L2730 T e on S ot et 7, e

A= 2073, Meanwhil

during the previous vortex shedding cycle continies to develop over O < ¢

This postiv vortex i shed downsteeam of the cylnder at ¢ = T A positive vortex

develops over 4T/3 < < TT/3, and at.

T3 shods downstream of the cylinder
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ing laye. A postive
vortex developes over T/3 < ¢ < 14T/3, shods from the lower side of the cylinder
atmsT.

In Figure 6.17, the pressure contours in the near wake region of the cylinder are dis-
played fo the fequency ratio f/fo = 2.25, ove seven periods of cylnder oxcillaton,
A

07, the bigh presure rgion hs developed in the stagnation egion, and.
above and below the low pressue regions in the downstream of the cylinder. The
low presure region s developed mostly i the upper sid, and dowstream of the
eplnder. At =T)2 has shited

thecylinder, and the low pressre regon has dramatcaly increasd i conceniration
s shifted below and downstream of the cylinder. Note that the concentration
of high presre i very low dowstres of the cylinder at £ = T/2. Oveal, this
figur suggests that at £ = /2 (n = 1,3,5,7.9,11,19) tht the low pressue region
develops in the ke side, and dowstres of the cylinder. T bigh presure re-
i s been o mostly t the upper side of the cybnder n the vy neas wake

Interesing o note i that at £ = nT/2 (n = 2,4,6,8,10,12, 14), the positioning of

e bigh and low pressre sgions are amost mieor images of the positions of the
igh e low prese meatonod sbove, That i, the high pressure region i largely
confned to the stagnation regio, lowr side, nd above and below the low presure

o eturn, the ow foreed

o the upper sde ofthe cylinder

In Figare 6.18, the equivortcity patterns for /= 275 ae displayed for over the
peridos of eylinder osilation, 3T The shedding of two vortios occur wit

the
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Figre 018 The vty psersove s ps o s oxlaon, 37 11
1fo - 275 when h = 05, Fr = 02 [T % 1867.0185 < £ < 9731
(G075, The o dmon 25 e, e T, 0 G,

e piods of cylindercsllton, 37 This el in the quas-lock on 26" mode,
per 3T, within 47 < ¢ < SAT. This i consistent with Cy. bt not Cyp behaviou, at
this froquency ratio. The flow is non-peiodic for ¢ < 47: nitally,a negative vortex
deveoped in the previous vortex: sheddin cyele shds from the primary negative
vortex in tho near walke f the cylinder a £ % 47/0. The primary negaive vortex
develops ove AT/6 < ¢ < 37, bt emains attaced to the cylinder. Meanwhile a

positive vortex
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over O7 < t < 1176, and then shods downstream of the cylinder at ¢ = 14T/6. A
» 18T/5 €< 3T, but o the cylinder.

Coalescence was not obseved at this frequency rato.

Figure 6.19 displays the presure contonrs fo the frequency ratio f/fo = 2.75 over

three periods of eylinder oscilaion, 3T At t = OT, the high pressure region has
devloped in the sagoation region and the upper it side of the cylinder, and the.
e pressure segion in the upper side and downstream of the cylinder. At = T/2,

osotson it the i ekt of ™
e ke of the cylinder,thelow presure shits above, below, bebind the cylinder
(oear wake), and i th stagnation resin. The high pressure rgion has boen forced
dovastream. As the negative vortex has shed at £ = 4T/6 (see Figure 615), it

can be seen at £ = T that. the high pressure region has shifted mostly back to the

uppe If side of the cylinder (i the stagnation region) an the kow pressre region
sty t the uppes sde of the cylinder n the nar vabe,and very far downstrean,
Ovenall, it i exident. that at £ = 172 (1 = 0,2,4,6) tha the bigh presure egion is
Hocate i the ppe lf side ofthecylnder (tagnation region) and the o pressre
egion i the upper side ofthe cylinder and far downsream. On he other hand, ot
=T @m=1,

5)the concentration ofthe low pressure region is vy high in the
ear wake ofthe cylinder, and islocated above, below, behind and in the sognation
egion o the cylinder. The high pressure region i locatd very e downsream. The
Structures ofthe low presse eegons t ¢ = 07 and € = 3T are somewhat simlar

s the quas-periodic nature of the flow el i reproducd n this figure.
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6.3 Summary and Discussion

a1
of freesltace at h = 0.5 has on the vortex shedding moves for the transversely
cncillating cylinder case when f/f = 125,175,225, 2.75. It i interetin o note
hat a1/ ncreasesfrom 125 o 275, the momber o otal vortiees shed per vortex
shokding peio deerense by 4 at ach froquency rato when h = o, 1t is evide
it conlscence s mot. obsrsed i the vortx shodding fo A = . For the free

surfaco incluson at i

0.5, conlesence was observed for f/fy = 225, Otherwise,

o conlesence was observed. 1 can be seen that the inclusion of the fee surfuce

ol i the loss of lockeo for £/ = 125 at h

modes classfd, based on the trminology of Willamson and Roshko (1988),aee the

5. Tho new vortex sheckding

1457, 108" and 08 modes, where 14,10 a6 refer o the total mumber of vorties
shod from the eylinder within the rspective periods, T, of vorex shedding, 1t s
evident from Table 6.1 that the commonly observed modes aee 68" and 28", It is

periodic ovr 71" and 9T for 1/fy = 225,275, respctively

In Figure 62 the oot of the free surace inlusion A(= 0.5), and frequeney raio,
/= 125,175, 2:25,275), on the mechanical energy transfr i summarizod. 10 is

h =125,
at the cylinder submergenco depth & = 0.5 Thin i indicative of the transes of
mechanical eneegy for /= 225,275t h = 00,05, but not s for f/fy = 125,175
b = 00,05, From the Lisajous patteens of //fy = 125,175 at h = 00,0, (we

Figures 6.1:6.12), 1 s evident that changes i direction of the patterns takes place




| s150 | ode | T, | Mode |7,

125 | 145° | o7 | non-locked

175 | 108" | oF | non-locksd | -

[228] o5 [7r] ciosy |

(oo o7 = ||

“Tuble 6.1: The effct of the free surface inclusion, at Fr = 03,5
aency i, compare o theshomen o e,
ding modes avd their periods, T, at R =200+ A = 0.13, f/f
“The supercript ~* denotes quatlodkek-on modes

05 wd i

Atreres

at these frequency ratios, hence the transfr of mechanical encrgy is betworn the
cylinder and fiuid. 1t is concuded tht regardles of the valu of E the direcon of
the Lissajous patterus must be taken nto account. when cstablishing the transtr of
mechanical energy for any case. As f/fo decreases from 125 10 275 at b = 00,05,

Veads

o docroase, with the exeeption of f/fo = 1.25 which increases. The transfer of
mechanical eneegy between cylinder and fuid s represented by "+, from cylinder
o fuid by " and finall, rom uid o cylinder by * = For [/
= 00,05, the transfer of mechanical energy oceurs between the fid and cylinder
aad for 1/

125,175, at

25,275 from the cylinder to uid. Hence, the deroase of cylinder

of mechanical energy for each f/fo



Mechaical By Traalr (<F) | Drctionof o)
S| h=se | k=03

125 240 038 .
1| 2w | am cpindr st
225 [ -1ams | s cpindr — st
215 |30 | o cpindr —

2 The el oftho e st chsion, (= 03 and ey
Il 125,175,235, 275, o U il sy e, £, o e
=02 when R0 A 01, fo o 135,1.75,225,375.

Table 6.3 summarizes the ffct of f/fo and h on the meaa it cocfficent, G, and
mean drag coffcient, Cp, This table suggests that G values are affcted by the
presence of a free surface ot h = 05 for 125 < f/fy < 275. The G values of
/fo = 126,175, in the presence of a froe surfuce at h = 0.5, are larger then the.
nearly ser0 G, vaues i the absenco of a froe surface at = 00. As //fy increnses
from 1,25 (o0 2.75, the & values ath = o0 tend to increase, and the 5 volues ot
= 0.5 dectease, with the xception of ) f = 275 for both cases. The G vabues at-
= 0.5 are larger then the G values at h = oc, which are = 13 for cach //fo. W is
evident that as //fyis increased from 125 to 275, the C values at h = 0,05 tend
10 increase, with the exception of f/fy = 275 at h = 05.

In Table 6.4 the values of the root mean square (rms) it and drag coeffents, Crrma

1 Cpe ate lisplayed. 1 s evident that with the inclusion of a fre surface at
= 05 that the e vl increase. The s incrensed boerved for Cr e
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Vales i by a factor f 1.30. As f/f increase from 125 to 275, it i evident that the

Clp vl st h = 50,05 incrcase. Similaly (0 the C s valoes, the Cp, valies

h=05 y
 fctor of 1.35. A value 0.01 ower then the maximum focrease of the Cir, values

As well, s f/fy 1 increased, the C,m, vaus increase.

The effc of cylinde submergence depth, h(= 0.5), and the frequency ratio, //fof
1.25,1.75,2.25,2.75), on the equivertcity patterns n the near wake region of the

eylinde is summarized i Figure 6.0, The snapshots are taken at 1(0) = A. For
periodic/ quasi-peiodic cases the snapehots are taken within the tme intervls the
. i

are taken with 0 < ¢ < 100, It i evident that with the inclusion of the frce suface
at = 05, that deformation o th fre surface s more pronounced as f/fyincreases
from 1.25 to 2.75. Only modorate changes in the ear wake stuctures are observerd
st h = 05 when compared to the reference case, h = oo. It can be seen that the.
egative vortex i lifod up toward the fre surface,fo each f/f, by the propogation

of a positive vortex into the upper vortex: shedding layer. In additon, the negative

vorticity
sgned vortcty i observed, at b = 0., near the froe surace. As h decreases from
% 1005, it is evident that the vortex formation length remains relativel the same.
“This i also the case a5 f/finreases rom 125 t0 275



16| h=o

125 | 0001547 | 003367 | 132 | 16200

175 | 0oz | 00250 | 1335 | 16509

225 | 000328 | noo2126 | 1353 | 17201

275 | oor2 | noo6szr | 13689 | 17100

“Table o The effect of the free surface inclusion on the mean lift, Gy, and drag
1 for the cases Fr = 02 when h = 0.5, 5 at R= 200 4 = 013, /o =
T

/| h=20 [h=05 | h=oo|n=05

125 | 07306 | 09000 | 13340 | 16700

175 | 10550 | 1393 | 13301 | 17188

225 | 155 | 21000 | 13585 | 18190

275 [ 21010 | 21878 | 136m | 18748

bl .4 The e of e o sutace ko n the o i, G g
cocficint, Cpm, for the case hen h = 05,00 at
R







7. Flow past a circular cylinder under
combined streamwise and transverse
oscillations

“This Chapter analyzes the resuls for flow past o crcula cylider under cobined

forced streamvise and transvere ociltions, both in the absence (1 = o) and pres-

ence of a froe surfac at h ved strcamise and trasverse motions are

05 Con

St i Ui thosis because they are thought t0 b more natueal than transverse o
treamise only motons. The mumerical smulations are cartied out at o Reynolds

umber of R

200, in the frequency range of 125 < f/fy < 275, where f/fy in-
crcases by increments of 050, Similarly o the previous two cases, the results e

obtainod by analysing the fud forces acing on tho cylindee and by means of the

oquivortcty pattern in the near wake of the cylinder, Based on the abov oqua-

on for total mechanical energy, the Lisajous patterns €, (y) and Co(e), e the
only Lisajous pitterns presened in this chapte. 1t shoud be noted that the sl

o 1o those obtaine for flow past an stecamyise an s

obtained will be comp

depth of h = 05, Tho gonl i to undenstand the effct the mtion, and fee-surfuce
Inclusion has o vortex sheding modes and fuid forcs ncting on the cylinder fo the

evlindee wndergoing the fgure-ight type wotion
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7.1 Flow past a circular cylinder under combined

oscillations in the absence of a free surface

7.1 Fluid Forces (= )

Figure 7.1 displays th time history of the uctusting it cocficent, ., and the PSD.
of € for f1fo
ease when h = ox, the C, trace of 1/

25,175,225,275. 1t s eviden, that. smilaely (0 the

75 displays a periodic signature every.
w0 cycle of cylinder scilation, 27 This periodic behaviour s observed withia
7T < £ < T, The periodic nature of Cy. for this froquency ratio is also suggested

by the coresponding Lissajous pttern, which s ighly congruent from cycle to eycle

of eylinder osciltion. The Cy. traces for J/y = 1.25,2.75 display quasi-periodic
signatures vy thrce periods of cylider cscillation, 3T, within 5T < ¢ < 24T and
5T < ¢ < 4T, respectivly. The Oy trace for f/fy = 225 displays a quask-periodic
signature very seven periods of eylinder oscllaton, 77, within 8T < ¢ < 4T
The quashperiodic behusious of each Cy, trace, for [/fy = 125,225,275, is also
suggesed by the corresponding C;(4) patterns which display congruent behaviour
1 is evident, however, that the congruency of the Lisajous patters increase as //fo
increases from 1.25 to 275 1 can be scen that the hysteress Joops of Cy, for cach
o e iy confines o both the upper and lowe balEplaves. As f/foinereases,
there i slight shit of the C(y) potterns into the lower half-plae. It i evident
Chat for cach frequency atio, 1/, the coresponding spectra dispay peaks ot fo
£, with the dominant pesk occusing at £ An additional peak at  +2//3 s slso



1. Pl ot il conder wder combined oseiltons i the s o o
fve surface 21

bserved in the spectrum for f/fy = 275, indicative of the weakened eflect of f on

Cu as f/foincrees

Sy
Yo A i !
AR |,

jim

':,;"V””

Figue 7.1: The ime variadon of Ut cont, G, (Bac) o the e
200 o1

=
bvaine o antperidic e i h lloin i el ST << o T <
< <0< T5T < 1 < SIT, espectivel. The corresponding flow states

UTST <1 <
are also indicated for cach f/f.

In Figure 7.2, th tme hisory of the ctuting drag cooficent, Cp, and the PSD of

o for f/fo = 125,175,225, 275 is displaye. The behaviour of the Cp traces and




11, Fiow s o yinder der combinedavcltions in e ahensof
fe surface
YD g Col)

Figwe 72: Th i viaion of dr colint, o, () and the s
dimacement, <), (g PSD of Cp at R .41k =

5D s o 1/
i g oo o th ol i ers ST <

MI,ST < t < .5 < t < ST, respectively. The corresponding low states
are also indicated for each £/ f.

with C, in Figure 7.1, Similarl to the traces of Cy. the Clp teaces display almost
sepentable sgnatures every 3T for f/fy = 1.25,2.75, aud 7T for [/fy = 225. The

o tace of /= 175, displays  repeatable signaturo cvery 27 I s seen that the
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116 E Direction of
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7.1 The mechaical energy mumercal values, £, and diection of Lisajous
patterns C,(y) and o) at R =200 A = 013,/ = 125, 1.75,225, 275 when
» fer of mochanical energy betwoen cylinder and fluid is epresented
by "~ from cyliner to fuid by " and inally,from i to cylinder by * "

=1,
he wi/f=1
behaviour, It soen that s £/ f ncrcass, the congrueny o these Lissajous ptterns

{ncrease. 1 can o be sen tha the Lisiajous pattrns shift to the lower half lane
o f/fy ncreases from 125 10 2.5, The spectrn correspondin t0 the Cl traces of
/o= 1.25,1.75,2.25,2.75, all display o dominant pesk at £, 1 can be seen that an

! Hf=275.10
o note, howeer, that unlike the PSD) of C, for each 1/ f, the spectra of Cp do ot
isplay discernable peaks ot -

1t noted that Lissajous patterns () and Cp(s) axe presentd in Figures 7.1
i 7.2, espectively, in accordance wih the quation of mechanical energy transfer
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fe surface o7

113, Equation 113 describes the total dimensionless mechanical energy transfer

of a cylinder undergoing orbital motion i terms of Cy(y) and Cp(x). Table 7.1
B,

for 1/
mechanical energy valus, E, are negative and thercby the transfr of mechasical
energy isfrom the cylinder to uid , for each // f However, it s evident. that there

11
/4= 1.75. Otherwise,the dirction o the Liscajous patterns are counterclockwise
(for Ciy) at /o = 275, and for Cols) at 1/ = 1.25,225,275).

125,175,225, 2.7 at b = oo. I s seen from this tabl that the total

7.

2 Vortex formation modes (1= ) :

Figures 737,10, display the equivorticit, streamline paterns and the pressure con-
when f/fo = 1.25,1.75,2.25, 275, The observed

e behaviour s (i) periodic per 2, for /s
for Jf

75 and () quasi-pesodic per 3T

25,275 and per 71 for f/Jo = 225, respctively.

1 Fiure 73 the equivortcity pttecns are displaye avr thron peros of clinder
oscillaion, 3T, for f/fy = 1.25. The observe Jockon mode i the quast-lockd-on
C(28) + 25" mode, per 3T, within ST < 1 < 24T, Thi is conssent with the
behasiour of Cy, and Cp at this frequency ratio. This mode dscribes the alternae

hedding of a positive and negative vortex: (formed from coalescence), followed by
the alernate sheding of a positive and negative wortex. A negative vortex formed
during the previous vortex sheddin cycle continnes to develop over 0 < ¢ < 776,
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fe surface

YK caa \cu"
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73 The ety s owe e peeds of e olaon 7,
018,1/fo = 1.2 when h ~ 1010061 < (57180,

Fiwe
Tor a8+ 35 s e 7, oo

and then shds downstram o the cylinde at. ¢ % ST/6. A negative voriex formod
from conlscenc at ¢ = 76 develop v 107/6 < < 167/ The negativ votex
e downatrea of the ylinder at £ = 1775, I thelower vortex shoddin region,
postive vortex developed from the previous vorte shedding el shds downstrean
of thocylnder i ¢ = T/6. A positive votex formod from conlscence at ( = 416,
develops over ST/6 < £ < 1076, an then shds downstzeam of the cylinder at

t=nzfs






Flow st  irlr e e ombined silatins i e obsnc of ¢

fre surfoce

cylinder (near wake region). 1t is evident over 3T, that the high presure remains

predominently in the stagaation region of the eylinder except at

237/2,5T/2
when it alo extends above and below the low presse regions n the downstream
of the cylinder. Synonomons with the development of a positive vortex at ¢ = T2,

the region of low pressure resides mostly n the lowe side of the cylinder. On the

 hand, ot ¢

ST/2, as & mew negaive vortex: deselops in the pear wake region
of the cylinder it can be seen 4

e low pressure region resides in the upper side
of the cylinder and also behind the cylnder (near wake region). It can be sen that
the low pressure stuctures at ¢ = 0T and ¢ = 3T are nearly identical. Honee, the

OATREE
ey N PNy
BT
DAY

Pges 15 Thn ety e o e of o oclen, 7,
=210 A=013 when h— 5 [T = 2886,00.98 < 1 < 7215
The bk CIF + §) mode, per 2, i heerved

Ty

(oa1.26)
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Figwe 76 Th oy psrns (). sl s (i) s e o
oo (1) e s v e of e lder o v s of e

muw.‘ BT 1 200 A1, 110 175 when - . T = 396,665 <

EA1, 2513, The ket om Gl 1.5)mode,p 21, 3 obcrvd

InFiguee 75 » llation, 27

isplaye for /o = 175 The vortex shckling mode s the quas-lockd-on C(P +5)
mode, pr 27, within 7T < ¢ AT, Thi s consistent ith the behavione of ;s
i at. this froquency rato. T this mode the shedding of o posive vorex followed
by the shedin of  negtive vortex: pair occurs within thre periods of clinder

ascilltion, 3T. A negative vortex in the upper side of the cylnder develops over

0 < 376, and the development.of & second negativ vortex occurs o £ = 47/

Over 4T/6 < 1 < T, these negative vortices co-otate and at ¢ = 27" this negative
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Figuro 7.7: The equivrticiy paterns ove
=20 A=013, 1 .
The quas lockedon C(68)" m
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e
The presure contoursare displayed i the last. coum of Figure 7.6 for 1/

.

over two periods of cylinder cacilation, 2T. At ¢ = OT, it is evident that the low

upper lindee. The high
pressre develops in the stagnation region of the cylinder. Over 0.< £ < 72, s the

positive vortex develops in the lower region of the cylnder, the low pressure region

The igh
above the cylinder in the near wake region and above and below the low presure
regions n the downstream of the cylinder. On the other hand, as  negative voriex
develos i the ness wake ofthe cylinder, and the shedding of the pgative voriex
it of voticesfrom the upper vortex sheking rgion occurs, t ¢ = 2T, the low
pressae region shits mstly to the upper side of the cylinder. The high pressure

region shift mostly to the stagnation regon. In general, at £ = nT/2 (n = 1,3), the

e 7 A ab
e below the low pressur regions in the downstream of the cylinder. It is evident
at = OT and £ = 27, that the high and low pressure sructures i the near wake of

the cylinder are identicl for this requency rato. Hence, the periodic nature of the

e i reprodced by the pr

Figure 7.7 dispays the oquivorticty patters for f/fy = 225 over seve perods of
cyindr oscllation, 7T The obscrve mode for this frequency ratio s the quas-
lodskon C(68)
behaviou of Cy. and Cp at thi frequency ratio. I tis mode, thre vorioes develop

e, per 7T, within ST < ¢ < 44T: This is consisent. with the

on each side of the eylnder and e alternately shed over 7T In the upper vortex.
hedding ayer, o negative vorte develops ovr 0 < (< 773, and then coalescs with

a second negative vortex at ¢ = 2773, The resuling negative vortex develops over
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fe surf

T < 1 < 27, und then sheds downstream of the cyinder at ¢ = TT/3. A nogative

vortex formee from the coslescence of (o negative vortice at £ = ST3, develops
ver 3T < < 4T and then coakces with a thid negative vorte at ¢ = 1372

This arge negative vortex sheds downstream of the cylinder at

ST. A negative
vortex develops over ST < ¢ < 167/3, and. then conlescs with a newly formed

17T/3. This vortex develops

megaive vortex in the near wake of the ylinder at
over 17T/3 < €< 2073, and then sheds downstream of the eylinder at ¢ % 7T

Meanwhi

in the ower vortex shedding region, a pasitive vorte developed from the.
previous vortes shedding cycle contmes to develop over 0 < ¢ < 2773, This vortex

then sheds into the neas wake of the eylinder at £ = T. A posiive vortex develops

over T < 1< 5T/3, and coslsces with a second positive vortex at t = 2. This
newly formed positiv vortex develops over 21 < 1 < 117/3, and then sheds o
the near wake of the cylinde at ¢ = 4T. Too unshed positive vorice in the near
valke of the cylinder conlsce at ¢ = 1373, The newly formed vortex develops ovr
19T < 1 < 57, and then coslescs with  thind positive vorex at { = 16T/3. This
newy formol positive vortex deelops over 1673 < £ < 177/3, an then shcs o

the downstrea of the cylinder at ¢ = 6T:

Figure 7.8 displays the pressre contours for the frequeney vatio 1/ = 225 over
soven periods of cylinder xcllation, 7 AL 1 = 0T, he high presse reion develops
in tho stagnation rgion, and the low presure egion develope n the upper side and
downstream of the cylinder. As a result of the multple sheddin of single vorices

from the upper and lower regions of the cylinder, the concentrations of igh and low
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EREYL
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. cm/f

e thre periods of ylinder ocllation, 3T, at
oo I~ LT, 0000 < £ 6512 (337,307
‘mode, pe 3T, s beere,

Figure 7.9 The equivortic
R=20: A= 015.1/fo =2
The quasiodacton (P + 5

o of the cylinde, s above and b the o pressre ogios i the dowrtream
of the cylnder.On the other hand for example at ¢ = 27, as a negative vorix
in the upper vorte shedding egion o the cylinder begins to detac, i can be seen
hat the low presare regon shifs substaatally bebind, e 1o the upper side of
e cylnder The aro o high presure shits sl (o the sagaation egion. As &

negative vortex propogates downstrean, and the development of & positve vortex in

the lower vortex shedding region of th eylnder occurs it i evident at £ = 5T7/2 that
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Figure 7.10; The equivwsticty ptterns (i), sreamline patters (i) and the pres-
e periods o clinder

sur conours (ight) i the s vake reion of the cylinder ove

ccillaion, 37, 3¢ R  200: A-0.13, 1/fo

1591 (221,257), The quaslocked on C(P+8)" mode,

the concentration of the low pressure is quite high n the near wake of the cylinder.

The b v

i the downsteeam of the cylinder. The snapshots at £ = 0T and ¢ = 7T are nealy
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dentical, ths the quas periodic nature ofthe ow fildis reproduced i this figure

n Figure 7.9 the qivorticity patterns for f/fo
a7,

275 are displayed over three.

CUP + 5)" mode, per S, within 5T < ¢ < 54T This s consistent with the beaviour
of Cy. and Cp o this eoquency rti. This mode describes the altrnate shodding
of a pai of pasiive vortces fllowd by the shodding of & negative vortex within
e periods of ylnder oscllation. In the upper vortex shdding region o negative
vorteforme fromthe colescenc of two hegaive vortce a £ = 2T/6 develops over
ST < 1 < T, and then sheds dowastroa of the cylnder at. ¢

the lower ofpo

/6. Meanwhie, in

vortex shoding cyce, shods downstream of the eylnder at ¢ = T/6.

“The pressure conoursfr 1y = 275 ar displayed n the st colun of Figure 710,
Iniialy, the high prssue segon develops i the stagnation regon of the cylinder.
The low pressure region develops bebind, and in the upper side of the cylinder. At
€ T2 (n = 2,4,6), the Jow pressue sgion s confne sl bebind and In the
uppe sido of the cylinder. The high pressure egion s posioned in the lowe left
side ofthe cylinder. At ¢ = nT/2 (n = 1,

5),the low presure region mosty to the

i of the cylinder in the near wake, and abave and below thelow pressure regions

downstream of the cylinder. The instantaneous suapshots at ¢ = 07 and

=3

early identical, e of the flow iekd i reproduced in

figure.
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7.2 Free surface flow past a cylinder under com-

bined oscillations at Fr = 0.2

721 Fluid forces at Fr

“Thetme history f the flctuating if coeficint, . the PSID of Cy and the Lissajons
patterns, C,(y), ave displayed in Figure 7.11. The C, trace of f/fo
ns-periodic signature per 27" within 6T < ¢ < 34T, The €

75 displays
trace of £/ =
2.75 displays & qasi-periodic signaturo per 3T within 5T < ¢ < 54T, On the other

Hand, the

C1 traces of o = 1:25,2:25 display both quasi-periodic and non-periodic
signatures, The. O, trace of £/ = 1.25 displays a quesi-periodic ignature per AT

within 97" < 1 207, ollowe by non-periodic signature within 217 < ¢ < 2T, For

1o =225, the . trace displays & quas-periodic sigaatare per 27 within 37
T, and per 5T within 14T < ¢ < 327, The trace displays nons-perodic signatures

within 107 < ¢ 137 and 337 < (AT, respectively. 1 Is evident that the Lissajous

111y 1.75,2.75 disp

Lissajous ptterns ssociated with /o = 125,225, Ax J/fy increases from 125 to

275, the Cyy) paterns sif frther int the lower half plane. The speca of Figure

7.1l display a dominant prak at the forcingfrequency J. 1t s noted, however, hat

 very lrge peal st 7/o/4 + 1 in the spectrum of £/fo = 275, This i indicativo of

the wealened ffct of f on Cp as 1/ ncreass.

In Figure 7,12, the tin

istory of the deng cooficient, Co, the PSD of Cp and the

cortesponding Lisajous patterns, (e}, of C e displayed. 1t is evident. that the
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bl 73: The mechni enry el i, £, and Ao of Lisajons
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Ch traces of /= 125, 175,275 display quasi-perodic signatures evry 47,27,
and 3T, espectively. The Cop teace for f/fo = 225, similarly o the €y trace, dis-
plays & quasi-perodic signature per 27 wnil ¢ % 97, followed by o quas peiodic
signature per ST within 14T < ¢ < 327 1t i observ that the Lissajous pat-
L incrense i congrueny as f/f increnses from 1.25 10 275. As wel, the Lis
sajous patterns sift morso int the bottom haltplane. The corresponing spectrn
of f/fy = 1.25,1.75,2.25,2.75 ll display  dom
i of £/fo = 275 displays an additional peak at 7/o/4 + /. This i indicativ of
the weakenod cffct of f on Cp as  ncrenses,

1 penk at . whereas the spoc-

Intable’ 5,

for f/fy = 1:26,1.75,2:25,27 ot h = 05, when Fr = 0.2 are summarized. I i soen
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from this table that the total mechanical energy values, E, are negative and thereby
foreach f/fo As f/fo
increases from 1.25 to 275 the values of E increase sbstantally. I s vident that

the traasfer of mechanicl energy i from the cylinder o fl

there are changes i the direction of Cy(y) when /fo = 1.25, 175,225, 275 and of
Cola) when 1/fo=
the direction of the Lisajous patterns are strictly comnterclockwise (for Cp(z) at
1/0y=175,225,279).

25 (switching from counterclockwise to clockwise). Otberwise,

7.2.2 Vortex shedding modes at Fr.

Figures 7.137.22 display the equivortciy and streamline patterns, and pressu
contours i the near wako of the eylinder when f/fo
“The observed S belasiout s (i) quas-periodic per 47, 27,27 (7). T for 1/ fy =

2,175,225, and 275,

1.25,1.75,2.25,2.75, respectively.

Figure .13 displays the sqivortiity patterns for f/fy = 1.25 over four periods of
eylider oscillation, 4T, within 157 < £ < 197: The vortex shedding mode is the
quasilocked-on (C(28) + 4S]%, per 4T, within 0T < ¢ € 207 This Is consistent
with €, behaviour at this frequency eaio, bt ot Cp. n this mode, three single

e lternately shod from the uppes and the
cplnder, one of which i formed from coalescence, within AT. In the upper vortex

completely detaches from the primary vortex, into the upper vortex shedding layer
at € = 273, A negative vortex develops over 2773 < ¢ < 4T/3, and due to the
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interaction of with a psiive vortex i the lover ort shodding layer at ¢ = 5T/3
e egative vrte i forcd up towards the re surfac. This egative ortex sheds
compltey into the upper laye ofthe cylnder at ¢ = 27 A egative vortex forms
over 27 < 1 < ST/3, and i then sheds downstream of the cylioder a¢ £ = 3T. In

Shodding eycle begins o co-rotate with a second positive vortex at ¢

273 This
positive: vortex subsequently sepeates from the primary positve vortex in the near
wake of the cylnder at

. A postive vortex develops aver T < £ < 4T3, aod

at = 5T/3 coaleses with a secon positive vortex. The resuting posiive voriex

s downsresm of the cylinder at ¢ = TT/3. Over 8T/3  { < 3T, a positive
=T/ y former s

vortex. the cylinder o posi

downstream of the cylinder at ¢ = 117/3. To summarize, » negative and posiive

single are shed within 0 < ¢ < T (28). Within 4T/3 < ¢ < TT/3 a negative

vortex and a posiive vortex: formed from coslescence e both shed downstream of
). Finally,

within §7/3 < ¢ < 4T. (25). Therelore, the mode s deseribed as [C(28) + 45",

In Figure 714, the pressure contours for f/fy = 1.25 are displayed for over four

periods of e . AT. Iitaly, the high o the

Staguation reion of the cylnder and the low presre egion deelops bkind, and

in the upper side of the cylinder. At = T/2,synonmous with the devlopment of a

e positive orte, the low prssue egion shifs 1 the lower s ofthe cylinder, and

downstream. The high pressure egion remain i the stagaation region. With the
-,
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Figwre 713 Tho soronicky s o o psine ol i, 4.
3.

A =013,/ = 1.25,Fr = 02 when h
LT ) T ok ()1 51 mode et 17 St

o the upper et side of the eylnder, an the ow presure region has shifted behind,

and in the upper sid of¢h ylnder (sinilarly o the peston ¢ = OT), AL ¢ =372,
¢ can bo son that the concentration of o pressure s cramatically ncressed, and
it thee is o discerable presenceof the high prsse regon i the neae ke o
downstream ofthe cylinder. T s known that the distibution of low pressur in the
sear vake of a cyinder i highly dependent on the formation of new vortcs. For
example, at t = 5T/2 synonmots with the formation of a psitive vortex, he low
pressure region sifs sosty o th ke sideof the cylinder and dowastzeam (v

T

wake region). O the. act

e of the cylinder, the low pressure shifs mastly (o the uppe side of the cylinder

and also downstream (near wake region). At { = 372,772, the concentration of
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o pressare in the nesr wake of thecylnder and downstream s very igh. It can be
s that ow presure completly encloses th cylinder in the near wake. There s no
dicernabe presenceofhigh presre i the nar wake o downstrean of the clinder
at these tme instances. Conversel, at ¢ = 07,2, 7, the high pressure region s

confine mastly to the stagnation region of the clinder, and above and below the

v pressure regions in the downstrea of the cylinder. The low pressure is o

mastly to the upper side of the cylinder and downstream (near wake), ot thse time
instanees. The structure ofow pressure at = 0T and ¢ = 47 are somewhat alike,

e hence the quas-periodic nature of the flow fied s eproduced in this igue.

:

%
iﬂﬁ“

Tigre 13 Tie amboricy s o o e o ol e, 7
200, A=0.13, 1/fo — 175, Fr ~ 03 when h = 05 [T % 2856,66.3% < ¢ < 7215
wode,per 2T, obaerved

{25757 The o ek ( 1

Figure 7.15 displays the cquivortcity patterns for f/f = 175 foe over two periods

of cylinder osilation, 27, within 237" < ¢ < 257 The vortex shecling mode s the
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quastocketon (P + S)° mode, per 27, within 67 < £ < 34 In the upper vortex
shoding layer, a negatve sortex developed from the previous vortx shedding cycle
s dowtacam of th cylinde at ( = 27/, I the lower vorte shodding reion
 puitve vortx develops ave 0.< ¢ < 37/6, and begins to co-otate with . second

positve vorte: Jocated in the near wake of the cylinder at ¢ = 47)/6. These vortices

co-totate over 4T)6 < ¢ < 8T/, and the pasitive vortex: pair s shed completly into.
the downstream of the cylinder at ¢ = 976, The coalescence phenomenom was ot

observod in this case

e last column of Figure

“The pressure contours for f/o = 175 are dislayed
716, AU E = O, it in evident that the high pressure region s developing in the
upper stagnaton region of the cylnder, e the Jow prosure egion i the upper
side and downstream of the cylider. AUt = T/2, it i evident that th low presure

cogon has shifted below aad above the cylinde in the near vake regon, and that

the bigh pressure above and below the low p w

i tho downstroam of the eylinder. As & pgative vortex: shes and  postve vortex

i has devloped, it i cvident that ot = 7, that the Jow pressure region has
it prodominently tothe upper right side of the clinder and behind the clinder
in the near vake. The high pressure region has shifed mostly o the stagaation
vegion. Synonomous with the shedding o a pastive pair, and the development of &

/2, the low presure region has shite mastly 1o the

cylinder. The

awer side of the cylinder, stagnation region and downstream of

High pressure region has shifted dirctly above the cylinder, 1t is evident that the

concenteation of high pressure has dramatically decreasd at. this tn

pper side o the

£ 2T it can be s that the low pressure egion has shifed t the
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Figure 7.16: The squivortcty pattern (), tronnlin

presaure contours (right) n the neas wak regon of the
21, R ~ 20 A=013, //f
15 (asn, 257

eylinder oelatior
[~ 28800038 < <

s oo,

cylinde, bt mosly downstream of the cylinder. The high prosure egion has shited

o the stagnation regon of thecylnder. 1 is the case that the quasiperiodic nature

of the flow ield has been reproduced i this igur since the suapshots at = O and

=27 aro ewrly dentical
For frequency ratio f/fo = 225, the flw dsplays quasi-perioic behaviour every two

periods of cylinder oscllation, 27, within 3T < £ < OT and every five periods of
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cylinder oscillation, 5T, within 14T < ( < 327: Within 107 < ¢ < 13T and ¢ > 32T
the flw behaviour is non-periodic. Figure 5 displays the vorte shedding mode of

S/4o =225 within AT < (< GT. The vortex shedding mode is the quashlocked-on
C(2S)" mode, per 21, within 3T < ¢ < 97, In this mode two vortices of oppesite
e cylinds Iy o

e it evident that. i
e previous vorex sheding cyce. This vorte continues (o develop over T/6 < ¢ <
a1y =376
vortex: develops over 4T/5 < £ < TT/6, and i shed downstream of the cylinder at

= ST/6. In the lower vorte: shedding region, a postive vortex formed during the
previous vortex shedding cycle detaches from the primary vortex in the near wale
of the cylinder at £ % 2T/6. Posiive vortices developed in the remainder of the
period, remain ataches o the cylinder. In Figure 719, the equivortiity paterns for
Iio=22

£ < BT, The vortex shedding mode is the quasilocked-on [C(P + 8) + C(28)]*

mde, per ST, within 147 < ¢ < 27 In ths mode a pai of positive vorties and a

single negative vortex are alternatly shed, from the top and bottom of the cylinder
fllowed by the alternate shedkding of two single vortice of oppasite rotation. In
tho upper vortex shedding rogion, a negative vortex formed from the conlescence

of two negative vortce at £ = 27/3, contines o develop over T < ( < ST/3. The

lkimately loads

o detachment from the primary negative vortex i the near wake of the cylinder at
¢ = 3. Furthermore, a negative vortex develops over 3T < ¢ < 107/3, and then

conlescs with  second negative vortex at

1AT/3. The resultng negative vortex
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sheds into the spper vortex shedding layr of the cylnder at ¢ = 137/3. In the

lower vortex sheckding region, a positve vortex formed during the previous vortex

Shedding cycle begins to co-rotate with  second negative vortex at ¢ = 2773, Tis
pair T<t<aT/3and

with a third positive vortex at ¢

/3. The thee pasitive vortcs e totate over
ST/3 <t < 2T and then the postive vortex pait sheds downsream of the cylinder
at /= 7T/3. A postive vortex formes from the coakescence of two posiive vortces
= 10773, the s dowastess of the linder t (= 117/3. The sequence of
vortex sheing i asfllows: & postive ortex pie i shd at £ = 77/3 ollowsl by

 negative vortex at ¢ = 3T, which gives the C(P + )” mode. Then the shodding of

a posiive vorex oceurs at ¢

At = 5T, giving the C(25)” mode.

173, followed by the shedding of a negative vortex

“The prissure contours of f/fy = 225 are dsplaye fo over two perods of cylinder
cxclltion, 27, in Figure 7.18. At ¢ = OT, the bigh pressre region is developing in

a

i the upper side of he cylinder and dowasiream. As negative and positive vortices
dovelop in the neas woke of the cylinder at £ = T/2,37/2, it i evident that the
low pressure region compltely ncloss the cylinder at these times. That s the low
presare region rsides mosty i the front, upper and lower ses of the cylider
and ks dowastzen. The concentraton ofhigh prssre s ery low at boh time

instances. On theother hasd, at £ = OT. T, 2T the bigh presure region rsides mostly

the cylinder and rsides mostly in

the upper side of the cylinder and downstream. 1 i evident that the low prossure

structures i the near wake o the cylinder are nearly ilenticalat = 07 and t = 2T,
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Figue 7.7 The cqioricly patems ow two e of s
200 A013, 1/ = 225, Fr = 02 when h = 05 [ % 215,89
(4707, The qunslockn C(28)" mode, per 27, s oberve.

xlin, 7,

en the quast-perodic nature of the low field s reprodced in this igure

o figure .20, the pressre contounsfor £/ fo = 225 e diplayod fo ovr five periods

ofcylinder oscllation, 5T. ALt =0,
A i the upper sde of

reglon and the ko pressure region dovelops downstrean,
the cylinder, ALt = nT/2 (n = 1,3,5,7,9), the regon of low pressure s highly

concenteatd in the near vake of the cylinder, 1 i confned mosty to the front,

. these time instancesare ocated mostly in the upper rght side of the cylinder and

the concentration o kow pressure i very low at these times. Else, at £ = nT/2 (n



Figure 7.18: The squivartcty patterns (k) streamline pattrus (midl

e cous (i) Inthe v vl e of U

et i, 7, ot ' 0 A-01 22 = 02 wh
1,

[T~ 22058 DY, o coinbeton G(28Y mod
obwerned,

and the
nder

2,4,6,5,10), the high pressure region is maialy confined to the stagnat

A downstream of the eylinder (near wake region). For example
as  positive vortex is shed at ¢ = 77/3 (se Figure 7.19), and the development

a new pasitve and pegative vortex occurs at £ = 572, is can be seen that the low

pressure egion resides mastly in the

e side of the cylinder. The high pressure

eplnder. i vident thatthe low pressurestructures n the e wake of the cylinder



o
bk

,W“
= -
35%5 .

Figure
R= 20 A=013, //fy = 228, Fr
(277,320, The quastockon (€

15 The vy psors awe G s o s oclaon 7,
n <~ 2205,00.00 < 1 < 71520
syt

s e 57 e,

are nearly dentical a ¢ = 0T anu ¢ = 57, hence the quas-periocic ature of the flow

fikd i reprodced in this fgure

In Figure 7:21 the cquivortcty patterns for /= 275 are displayed for over three

perods o ylinder oscillations, 37, within 25T ¢ 25T, The vortex shdding mode
s the quasiocked-on C(25)", pe 37, within 67 < ¢ < BT, ALt = OT, the negative
orex i the ness vake of the cylinder continues 1o devlop until ¢ = 5T/ when
a ths time it conesces with  second ngtive vortex. The negative vortex formod

from the coalescence develops ove 7 < £ S 117/6 and t ¢ = 2T begina o co-ota
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with a second negative vortex, nly 1o detachfrom this negative vortex at = 1376

Meahile, in the lowe vortex sheddin region, i is evident at £ = OT that.  pai of
o rotating vortices s boen developod i the previous vorte shodding cycle. This
pair continnes to develop until ¢ = 4T/6 when at this ime it detaches rom the
posiive vorte:in the near wake. AL ¢ = 5T/6 the positive vortex paie reataches to

wake, in

the near wake, the psitve pai of ortioe conlsce to form a single positive vortex.

‘This psitive vortex s shed downsizeam of the cylinde at ¢ = 7T/

I Figure 721 pu b=
escllaton, 3T, are displayed. A egaive vortes develops over < 1 < AT/6 and then
coalescs with  second negative vartex at. ¢ = 5T/6. The resulting negative vortex

37/6.

declops over T < < 27, and then sheds downstroam of the evlinder at

A duing the p

deelop over 01< 1 < 4T/, and then two vortcesof this paie coalesces at. ¢ = 77/6.

Figure 7.2, dispays the prssure contours for f/fy = 275, over theve periods of
evlinder osclaion, 3. Tuitialy this gure displays the development of the high
pressues in the sagaation reglon of the cylinder and the low pressure region in the

- Tt can be seen that

of » = T/2, that the high region shits

Iy The low. s mostly
o the feont, upper and lower sid of the cylinder. In general, it is evident. that at.

(=t (0

0.2,4,6), that the low pressre region is mostly confined to the

upper side, and downstzeam, o the cylinder and the high pressure region is mostly
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Figune 721 The ity ptrs v e s of e il 3. .
R=200: A =013,1/fy = 275, Fr = 02 when h = 05 [T 94 << 5128
{5 28T e avt ok on Y e e 7.

conined to the tagnation region. On the other hand, at ¢ = nT/2 (n = 1,3,5),
the low prssure segion is confined mosly to the front, upper and lower sde of the
eylinder, dominating the near wake at these times. The bigh prisure moves fasther

downsteeam. It s evident that the concentration of high pressue in the downstream

of the cylinder, i highest at ¢ = T/2 as oppse to = 3T/2.57/2. The low pressure
structures of the snapsbots at ¢ = 0T ane ¢ = 3T are almost identical, and hence the

quas-peridic ature of the flo ek s eproduced n this figure.



Figwe 72 The oy s (), oo s (ki) ad e e
sure contoues (sigh) i the neae ke reion o the e thre periods of eyl

m ST, 4t R = 20 A = 013.f/fy = 2 02 v 05
14'< 1 < 51423 (ST,T)]. The quatlockdan C(28)" mode, per
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7.3 Summary and Discussion
Table 7.3 displays the effect the free surface presence at h = 05, when [/fo
125,175,225,275, has on vortex shedding modes of & cylinder undorgoing.

periods, T, For f/fo = 1.25, 175,225,275,
lock-on modes were found every 37,27, 77, 3T, respectively. It i interestin to note
that regardies of the cylnder submergence depth, , the vortex shedding periods
for f/fo = 175,275 are 2T and 3T, respectvely. Also interstin 1o mote s that
the sum of the vortex: shedding periods T, = 27+ 5T, for f/fo = 225 at h = 05,
i equal to the vortex shedding period, T, = 7T, for f/fy = 225 at h = co. The
newly classifiod vortex sheding modes are the (C(28) + 28], for 1/ = 125, and.
[C(P+8) + C2S)], for f/fy = 225. These meds are combinations of the most

Willamson
e Roshko in the 1988 study of  transversely oscllating cylinde in the absence of

a free surfae,

ble 7.4 summasize the ofct cylinder submergence depth, h, and f/fy has on

tho mean 1t corfficent, &, and the wacan deag coeficint, Cp. This table suggests

that the values of & are afected by the inclusion of the free surface at h = 0.5 for

values ot = oo are geeater than those at h = 0.5, As //f increases rom 125 to
275, the G values decreases for h = 0.5, oc. The magnitude of the G, values for
= 50 are less than the magnitude of the Cy values at
5 has only a slight effect on Cp values. In fact,

5. In contast, the

inclusion o the froe surface st
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e heos
] vt |n|  wew |m
v |cusy o || cesr |
[1n] cwses) || @esr |
2| cesr |m|  cas |

P +5)+ casy |
an| cwesy |or|  casy |

Tuble 7.3: The effect of the froo suface inclusion, at Fr = 02,h = 0.5 and the.
frequency eatio, f/fo, compared to the absence of a free surface when h = o
o vortex shedding modes and ther periods, T,, at R = 200 : A = 013, f/fo =
1.25,1.75,2.25,2.75. The superscipt. **" denates quaslocked-on modes.

the alues of G do no increase by more than  factor of 130 for il /s Eoch G,

value i positve, and vasy within the range 1326 < Gp < 1852 As 1/ increases
from 1.25 to 2.75, the (T values tend to decrease for A = oo, with the exception of
J/fo = 125, On the other hand, the Cp values at h = 0.5, tend to decrease as f/fo

ncreases from 125 to 275, with the exception of /o = 125

Tuble s and
05, The inclusion of the free surface.

the drag cooficent, Cp s, at h = o0 and
ath=
Sif=2T50h
 factor of 1293, and by a actor of 1510 fo the Cip, values. It s evident that as

5 s 40 G, Vil b value for

5. The maximum increase observed (o the ., values is by

1/ increases, the Ci s a8 Cip s vl increase at ot h = 5,05, I general,
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the magitude of the C s values at h = 0.3, 50 e kower than the Cpes valies st
h=05,5.

In Figure 725, the ffct of cylinder submergence depth, (= 0.5), and the frequency
125,175, 22

raio, f/ on the equivortcty patterns in the near wake.
region of the cylnder is summarized. The suapshots are taken at x(1) = A. For
periodic/quas-periodic case the smapshots are taken within the tme interals the

the snapsbots

are taken with 0 < ¢ < 100, The reference case is also displaye o this igure. It i
0.5, that the frce surface deformations are pronownced. Only moderate
Sat f/h

compared to the reference case, b = o¢. The negative vortex strctures asociated

scen ot

225,275 when

changesin the near wako suctures are boerved at 1

with £/fo = 125,175 diflr more dranticallythan those of o = o, whercas the

positve vorte: sructues difle slightl. 1 s eviden from this iyare that there i

presence of apposite sigued vorticity near the free surfuce. 1t is evident from this
fipure that the vortex strictures s f/f fncrenses from 125 to 275 vary highly o
opposed to the vortex strucures of the tranvere case s f/ inceeases from 125 to
275, Hence, the inceease in £/ for this case resuts geeatly afet the formation of
the vortex structures. As h decreases from o0 (0 0.5, i s evident that the vortex
formation length of the positve and negaive vorte structures remain relacively the
Same, with the cxception of /= 125,175 whose positve vortex structures sem

o decrease in length (maimumn by 22.9%). When h = 05,5 the negative vortex

formation length tends to decease o/ ncreases from 1.25 0 225 (maximum by

~T35%).
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125 | -0a012 | 01250 | 1326 | 16304

175 | ~0.1495 | 02500 | 16168 | 1852

225 | 01919 | 04610 | 14428 | 17477

275 | —01516 | ~03580 | 14248 | 15340

sean 1, G, and drag.

Tl T4: The el of e e stace o o 0
e, . o thecass Fr = 02 when = 05,0

ke
I x‘h:ns he=oo | k=05
175 | 1.2190 | 15107 1789 | 20172
5 0w | e [
275 | 21028 | 17707 | 278 | assar

3,1/ o'= 135,175,225, 275
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