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An experimental study of a circular cylinder’s

two-degree-of-freedom motion induced by vortex.

Kim, Shin Woong

Department of Naval Architecture and Ocean systems Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

This paper presents results of an experimental investigation of
vortex-induced vibration(VIV) of a flexibly mounted and rigid cylinder with
two-degrees-of -freedom with respect to wvariable in-line to cross-flow
natural frequency ratio at fixed low mass ratio. Combined motion between
in-line and cross-flow motion was observed in a sub-critical Reynolds
number range. Three-dimensional displacement meter and tension meter
were used to measure dynamic responses of the model. To validate the
results and the experiment system, x and y response amplitudes and ratio
of oscillation frequency to cross-flow natural frequency were compared
with other experimental results. It has been found that the higher
harmonics, such as third and more than third vibration components, can
occur on a certain part of steel catenary riser under a condition of dual
resonance. In this present work, however, due to the limitation of a size
of circulating water channel, it was not sufficient to conduct the VIV
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experiment with a whole configuration of the riser at an adequate
scale. Therefore, we have modelled a rigid cylinder and assumed that
the cylinder is a part of steel catenary riser where the higher harmonic
motions could occur. Through the experiment, we have found that
even though the cylinder was assumed to be rigid, the occurrence of
the higher harmonic motions was observed in a small reduced velocity
O range, where the influence of the in-line response is relatively large.
Transition of the vortex shedding mode from one to another mode was
examined by using x and y displacement time history over all
experimental cases. We also observed the influence of in-line restoring
force power spectral density with.

KEY WORDS: Vortex-induced vibration, Mode ftransition, Dual resonance,

Restoring force of a cylinder, Higher harmonic components, Power spectral density.
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It o g2 oA gL Hdojwpgox 21 A, ATHo| FE(bulff)
AR & FxEL. o8 FolHe A A AARTY kA olH= HF
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AT 4 de B FYHolok e W, HAe ANEE AL A
ARE EolnA st AE7F tiEAQ] ¢o]th(Campbell, 1999; Blevins,

x oz Ay el B ATAS s eolA

a A2 & EAS o
H, I 5 diEFHA &Fo] vIE 9 HF7] F-F(vortex-induced vibration,
VIV)th VIV 82 sidFRE, 53] golAo ] FHol b m7tA vk&
0}?(Cychc loading) & sty 722 v2&ds EYANT= FdUo]
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AA A VIV §52 Fa o] Hojof 'E&D}(Assi et al., 2012). & O
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9} /7] Xl (vortex-induced vibration, VIV)g} &t} VIV 52 o] A A
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THEol7ldl, E8F A4S AR #Set EFAETN 24ES HofetaA
RS 3 A7 F= JAPHo gk FA A AT EZF golA FH
olsiE A FTa} WH F stuolrld B dFF ¥ HoARn
Sarpkaya (2004)= TR dFAEC o8 FHH FAH, A@9H A+ 42

v 2]

TA% F xR 9=, Zhao et al. (2013), Zhao et al.
ol o]& AT 229 Reynolds-Averaged Navier-Stokes
|22 39tk Zhao et al. (2013) H# ¥ ZE(steady flow), L&
B 7Y I & (oscillatory flow)ol A AT FE2ES] &5 &HY lock-in
'

Z zke] #AC #F AFE TSN, Zhao et al. (2012)
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T AHRE 71Esd ok =g AdY A2"e] 5EU8 B-oNA in-lined 32
Edgo] AA AHY Alxdlo] nXe dFS
At

02 AFAEdd o3 F3E VIV A4S BY, giiEe VIV Age F
g3 BEo vE Fd= d#FP(mass ratio)9} 7 HIe] WSl WE &
T SHY Ao #F AFE FI I Th(Stappenbelt et al., 2007; Blevins,
2009; Assi et al., 2009; Srinil et al., 2013). & aFn]9} 7Hain]= o} o} o]
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Table 1.1 Non-dimensional parameters

L/D Aspect ratio
AzRMS/ D In-line amplitude ratio
AyRMS/ D Cross-flow amplitude ratio
V. Reduced velocity
f i =f m/ f ny Natural frequency ratio (in water)
VD
Re=—— Reynolds number
v

Aol 4R ook AfFakgrd wmE AddY EsHEY Il

A3k A= FPHAoH § HESo] Jwk do B AFE FPHIAT

o)

= o
< FYsigtt B =79 438 Aolxe= IA inlined cross-flow H3Fe]
ALY aH Fa v(f), = H(m), 24l vl Wt ok A
ATt

5
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A2d 48 74

AP doaigistae Sl 3F FF(Circulating Water Channel,

CWOeRIA FaEgon Sxel 271% % 18m, Aol 4molth 3§ +=
o %9 #9 AEE Ho}s7] 915 Pitot tubest AYAE ol g3ke]
W, 914 8 1529 AOE BIAYLE fE BS X E F2 BIRY
AolgFoz 47 99, 7 Gt F PFOE 5HAE, FAYFOE 3
EQES BT F OZUES f59 W met BEFAL. F29
R, E W] gAY BRYF FEol BSHAYA W Ao

gio] A Alxdlel HAdE FAL = Strathclyde tigke]  Kelvin
Hydrodynamics Laboratory(KHL)ol| Al <=3 A&l 7]Z=s}tAth. Fig. 2.19
A Hol= Hiel o] A AN="S FA dF Eﬂﬁ, ZholE zE <}, 17
I APt TelE I e dZste 2mAdole &FHE BoE o] Fo
Atk 48 Are] dolE 0.75m, AEL 0.075m (L/D=10)°]31, 7}o]=
ZH Y dFrE B9 AZL universal jointE FHo] o] AHUT ] 274
+EFe &3 ddre FAnIE 1082 2l ddus A 7t
Slasy
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Fig. 2.1 Schematic view of the experimental apparatus.
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o 71l in-line W] efolo] HolE =Ast 4 & H HAYHe 2
7l 9IXE FHdd FAsHA gtao AFS FPsAt
23 A¥ Aol

AA AF Aol2e sub-critical Reynolds number Q! 4.8 100l A

5.8x10" W9 UellA FHGon, ddre 22-f 5 JFFHLE 3244

AAE ol&ste] 4 WF H= WHHE AU ©
o

mE} 34 3REe= Udnh FE= 1.0, 1.8, 183 2.0

ol in-line W& AF 2xPF S AH wAstd 4d =4S AU A

adel nRFsE 2 $F 8, dem 9F 22y

(free decay test)= 53|% st Fal|zl Fan]e) 3
metM A F9shA AHE 1 Adde] dfFuart dojdn
& ¥l (o] A4k o 2ol BT ok
Y
o =1In(———) 3
¢ Yy )
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Table 2.1 Experimental datasets

f*(f /i) Cross—flow CC @) .
na! Ty . (Hz) @ Sy
Case 1-1 0.289 4.6, 3.9
Case 1-2 0.373 4.3, 3.9
Case 1-3 ~ 1.0 0.423 4.1, 3.5
Case 1-4 0.524 3.4, 3.7
Case 1-5 0.675 3.1, 2.8
Case 2-1 0.289 3.4, 39 1.1
Case 2-2 ~ 1.8 0.373 2.9, 39
Case 2-3 0.423 2.4, 3.5
Case 3-1 0.289 3.1, 39
Case 3-2 ~ 2.0 0.373 2.7, 3.9
Case 3-3 0.423 2.2, 3.5

fzkol 200 7Rt E AL indine? cross-flow EFol4 AT T 9
&8 F 3 (oscillation frequency)®t ILfFFo LAE o]F
resonance)’t ¥old F U GEHAS YrsHH, olF Fo= & 1xt
Z3}(higher harmonic) T3 &9 5ol AT F+ Ae AH
gt zb fAelx ME g wWale] mel AEACAE Uy, AP
= 1002 14ste] 83 S F3F o3t A9 VIV §5<S F
23}k Al ST

Zhol A= H(beam)o| & SAS Hole FXEo|7Id olAHE 7HX

[}
NAE & Fo4sl Bas wo med A4 olAsl indine,
cross-flow WaFo| A o] Fxlo] AT £ e Ay LT o}
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Table 2.2 Re number range for each experimental case

Case

Re number range

Case 1-1, 2-1, 3-1

4.8%10° - 2.8x10*

Case 1-2, 2-2, 3-2

5.8x10° - 3.6x10*

Case 1-3, 2-3, 3-3

6.9x10° - 4.1x10*

Case 1-4

8.6<10° - 5.1x10*

Case 1-5

10.3<10° - 5.8x10*

ion @ Kmou
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ZA 4% 4ddH9 F9%

Al 3%

A4

31 A 438 449

(m+ m, )y-i— cg)—i— ky

:FH

op

Lto

2010, 2014). =3+ Fu=

~
ﬂ,ﬂ

FPotential + FVm’teuL’

Fy

4

NG

4L ARHor 7H3Y
TH(Larsen, 2010; Vikestad,

ﬂ,ﬂ

2000; Dahl, 2010).
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U g kA Q4o o3 IS wreth Al2Ele] FxF 73 (structural
stiffness), 4], A3n], F71d & A7 (added mass effect), AHTE &5 F
ggro} 3f F39] v, f/f,, Z18]l3 Reynolds number”Z} TH3EZ Q1 of o]
o+ (Govardhan and Williamson, 2006).

A

322 RoEx Brpae
VIV ggolAe Frrdzre ddd 89 Fy,...°%F 9#°] 3tk VIV
sHy Bde ¥R A5 F,,., 9% inphase@Aol glom, Prpdy

3
AsE Aoyl fsie dddel 283 7Hx1E ) JZ573Te] 9740
golEofok gt} Lo Wstol wie} ddrol] AR FI T A
g27] W&ol A V. |90 ZAH FUHEH A= 2Ekxith(Larsen,

2010). ©hA] L&, FrtAES 183 in-line, Z18]aL cross-flowe] A™T 1L
Fraas A4 Vel 24 OE @S JHH oY #& o UM

(V. dependent added mass)< I#H3t= AFFIHTE AILFFT I (true
natural frequency, f,7.,.)2F AZEH. f, .5 V.o drold ta3t 2ol

Ao "t} (Gabbai, 2005):

fnTIUP 7 27T\/m+p m/lmdm a<‘/7)
AN Vi s ARE S AR, 283 G = F/HEH AlsE 230

Fig. 31& V.ol W& O f/f,& E@3a Utk Fig 310 2d &
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AFe 1A [, S AL Fd(calm watenolA Fe B [ F 2859

< W % 94 f/f, A5 I Arh (Vikestad, 2000). <5 W3}ol

R B4 delAE 14 B 7)E ghol Hol
o wae, £, 8 A8 Hu

Vs
&bz v, ghol 2eAlel Aol A% WaE 9% NFE o A
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Fig. 4.1 Comparisons of in-line and cross-flow response amplitude with

variable damping ratio( f = 1.0).
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o2 Ao]2 W¥WE Reynolds number® W97} Z}o]7} drh Reynolds
number 9 Wslol| W2 JFS pEITAE =T ¢ HES vwrp 2
T AR ARG A fFaben] st Fgel HE] iAo w VIV &
Holl thek d&Fo] #7] w&Eol Reynolds number H% WH3lo] we JFE
TS 2 S

Jauvtis & Williamson (2004)& 2244, 183l W& AFH

d w V IdYEE RodHx F99o nryt thEn, 4 me &5 4

r

£
Lo
£ N
Al

=

5, 53] @& Ao VIVA Pl AN B stE 3F Y HE ‘super upper’

ddolgt AHo3tAth. Williamson (1988) FEZF w7z 2 e @]9
+ initial branch®] §HXt+ © & super upper branch7} A}

@t BTk B AT =3 f . 1.09 Aolxe AdelA e H)

(m'=1.1)¢] 54<] ‘super upper de] A3 tiebS AT

dH AFF VETLH Yoo gmAos tem ol TR T
stream-wise symmetric (SS), stream-wise asymmetric (AS), initial branch
(SU), 123 lower branch (L). SS 2=+ 7H4 A

ol AeHe] meds Tgo] ] YuEA o BolA mAHoR
s REE LM, AS REE A&dA f&o] Sl wheh HeH
Yol Agox WA oAUk Joe om@th Initial
branch= VIV €99 37|17} 443 &7}l #7148 9u)sty 2455 &
o A UEl}= super upper branche ©|ET O & F71FS 7HAE §
s

ok
)=
2 g9S @3t} mlAH O 2 Jower branche VIV HU S5 o] 9]
ok
)=
3

(I), super upper branch

v e p

o] Z77F A& FHE TIY 1AFE VIVAEY HluEe 2455 4
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Table 4.1 Experimental datasets of KMOU,

KHL, and Stappenbelt(2007)

m GGy n | Tt /
KMOU
(Casel-1) 1.1 4.6, 3.9 0.289, 0.292
KHL 1.4 47, 1.6 0.312, 0.316 ~ 1
Stappenbelt
(2007) 2.36 0.6 1.711, 1.711
Fig. 429} o] A@4dxe Hlue f 1.0A10] 29] in-line, cross-flow
VIV X%8d, I8 24 &% E A A9y F3F 3 (oscillation
frequency)®} AU S A FFuH] gho) HwE FPsAT
a5 18
O KMOU(Case 1-1) KMOU({Case 1-1)
0 KHL i | " 0 KHL
04 0 Stappenbelt H! » ®  Stappenbelt
.--r.- . -
oo n'.l_ . 12 . 8
& 03| let _”u ] o i . ool
2 ' Dl z - "
202- '-‘ ~ = =
o ! ® aﬂ| ‘e B
'i\: - | _'.:: k “E i
o1 i .l. o 1 . | Eé .l-.- ~g 5
o E . - .. ety o az)| 3 =
ol2 ae® . olgg oo "Ssases
& - 4 :
::;2: .J - =} o %?! i ; ey 5
% — [ 2 " e % — [ 2 16 P
\r v
(@) (b)
Fig. 4.2 Response amplitude results of KMOU, KHL, and Stappenbelt
(2007).
Fig. 42014 Holx ule}l o] V<100 HHNME= B Ao Azl
KHLS) 277} 437, 445 ofF 448 A¢e veud. 1y

Stappenbelt (2007)%] ZA¥eot= FA A Hol AW Zpom FHFo A7|&=
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(b)

Fig. 4.3 Comparisons of in-line and cross-flow response amplitude

with variable damping ratio ( f ~ 1.8).
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4 L} 12 % 20
W
(b)

Fig. 4.4 Comparisons of in-line and cross-flow response amplitude

with variable damping ratio (f ~ 2.0).
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Fig. 4.5 Comparisons of in-line and cross-flow response amplitude

with variable f*.
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Fig. 4.6 Plotting the cross-flow response amplitude result of case 1-1 in

an amplitude-wavelength plane (Williamson et al., 1988).
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Case 1-3 (f = 1.0)
Fig. 4.7 In-line and cross-flow displacement time history with increasing

v
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Case 2-3 (f =~ 1.8)
Fig. 4.9 In-line and cross-flow displacement time history with V, from

11.6 to 14.5.
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Case 3-3 (f = 2.0)
Fig. 410 In-line and cross-flow displacement time history with V, from

11.6 to 14.5.
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Fig. 411 x-y trajectories of the cylinder with variable f; case 1-1

(f*z 1.0), case 2-1 (f*z 1.8) and case 3-1 (f*z 2.0). In case 1-1,
red-colored trajectories represent a start and an end of the jump regime.
Blue-colored trajectory represents the trajectory in a middle of the jump

regime.
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cross-flow oscillation frequency of the cylinder.
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