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Experimental investigation of vortex- and wake-induced
vibration of tandem cylinders

Park, Cheol Young

Department of Naval Architecture and Ocean Systems Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

This paper presents the experimental investigation of wake-induced
vibration (WIV) and vortex-induced vibration (VIV) acting on two circular
cylinders. In particular, a riser installed in a offshore field may experience
flow interferences between adjacent risers. Accordingly, scaled models were
arranged in a tandem configuration in order to observe the flow
interference between the cylinders. While an upstream cylinder is fixed or
allowed to have one degree of freedom(1-DOF) motion, a downstream
cylinder is allowed to have two degree of freedom(2-DOF) motion. An
experimental test is carried out in a circulating water channel with
cylinders which are connected by linear springs in two horizontal
directions. A three-dimensional displacement meter and a load cell were
used to measure cylinder’s motion and hydrodynamic force of a cylinder,

respectively. In order to implement single and dual resonance condition,

_Vi_
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natural frequency ratio of in-line to cross-flow directions, f* =f/ Sy

was set as 1.0 and 1.9. To validate an experimental result, it is compared
with that of previous study in terms of cylinder’s motion response
amplitude and oscillation frequency. From the experiment, we have
identified that there are relative effects between VIV and WIV with
respect to selected parameters. Influence of WIV are also quantitatively
observed with in-line motion power spectral density and cross-flow motion

time history.

KEY WORDS: Vortex-induced vibration ¢} 7] X%, Flow interference -r
% 3t4, Wake-induced vibration &% 7] *%&, Tandem cylinders g1 2

2, Dual resonance °]= &%,
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Al 1 & Introduction

1.1 Background

H Ael A AR Sz Qs AFeok 7t2o AFE AF 2ol A
(riser)e] 87} 7kt Aok ol e 7|1EFoz FZbluff) F4s 714
T A7 WZel 98T fro] ZEEA HE oA WS wel oA
712 o2 nHAAHQ Bed~o ZI(vortex shedding)e] WA3A At o]
g H " A(vortex)ol] ofste] WASEE TS o f7] Zs(vortex-induced
vibration, VIV)o]gtal slH, o] FREol| &3l F=H(ift force)S F7HAIZ
ol olygl & af FuS(natural frequency)}t &L F3}+4=(oscillation
frequency)7} ¥ xste] WAEE= FR(resonance)?] ¥F<! Lock-in A4S &
o g 7] W&ol 2kolA el BAo o] Fa Aol HojsitkBlevins,
1990). =g VIVS F2E4 A &3le =2 WHEZHQ] 35S 71z IA= grA
(fatigue damage) W<=oll 2to]A AAC o] Ta7F 842 Tesfof Frh(Assi
et al., 2012).

=

N

&

Fig. 1.13} Zo] 3T 2E 49 golAe s T/ wix] et
+ 9o, Fig. 1.29 3stolB &= golA e} (Hybrid riser tower)$} 7o)
1 -3 gl A E7 Y F% 7HA(flow interference)S s 4 Qth o]2gt
A& VIVERE ofyg}, §& 35 ke ol A3 AF{ ol A (upsream
riser)o| A S FF(wake)7} dHF 2hol A (downstream risenZH-E YA EHE=
Redl~o 572 7H4d3te] LAY3E wake-induced vibration (WIV)oll )3k 3
95 fusiA "ok

30
flo

O

v

O.>'I
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Fig. 1.1 Multiple riser configurations.

(source : http://[www.rigzone.com/)

Fig. 1.2 Hybrid riser tower.

(source : http://www.subsea7.com/)
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1.2 Literature review

. AA Al %%9] M9l =717F A- 4 AtHBlevins & Coughran, 2009;
Bearman, 2011; Srinil et al., 2013; Kim et al., 2016). VIVol] 23t 2o =7]|=
VIV 712 wAYUZ] g3 F= FQ w2l #ekv|(mass ratio)et 7+H4n

(damping ratio)e] ¥3FS W=t}

A= Q3 FxE9 A oscillating structure total mass)® Eof z+
29| fA A Hdisplaced fluid mass)e] HIE ojwu]|stH, A IFTF2E
o A= e Fekn) o] Al 2HBl(ow mass ratio system)S 3 3tA Hrk e Ak
"ol A in-lineS a8 3l= 2-DOF A S 83 Ay, 1-DOFo A &
AP cross-flow 7 FHe] dej7}  ‘upper branch’ & el Aol Hs|
in-linee] F&Fo= s o F SF IS FHEHA ‘super upper branch’ 7}
1A 3 TH(Jauvtis & Williamson, 2004; Stappenbelt et al., 2007).

WIVE QI3 SHo] #3 AL F2 F N HAdUE ol&3sto ®iy
(tandem), RAZH HlX|(staggered arrangements)E L3 AHUCzre] AT
(spacing ratio, S/D)ell W& SHol FAsHFtHHover & Triantafyllou, 2001;
Assi et al, 2006; Assi et al., 2010). stF A#@H<e] cross-flowdt 8st=
1-DOF Ad< sdstion, Folr 2} FHE st 3z W4
(resonance range)E Hlo] W Fof o] Folx= VIVE SEHEAF Ei
WIVE Qlafl f&o] S71gte] wet Fdol AL Srtste Aol thal o

‘T‘J— )\]q

Assi et al.(2013)3} Assi et al.(2014)-& VIVel] 2J3) oF7|5 = Ful-8ul o}y

_3_
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2} WIVel 93] in-lineoll Al HA == F/FE I3 Foof thst
PP ed, B dAFAAE o9t o AAS FIFS a
Chaplin & Batten(2014)2 F 71¢] AAYE o] &3l thefsgt wjx|o] w2 A

'I'E"r

<= s st ddre 4 ¥Fe] 2-DOFE ¥ 38t in-linedll A
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53] gholAte Ak 7i7hE A fole F7F H4l(wake interference)®= <
3 sHF ZolAel fFUHEE fF&ol AR FdEHe &5 HE iAo
ZolEth o] Wl &7 oA % 2] (mean drag force)o] ZF24-af
o] WAsH= wake shielding o= sl 2ol A 1ke] FE(collision) 7Hs4 <
Z7HA7A Bk oo #3 AFE, Blevins(2005)= <32 == (mathematical
modeD)& °©]§3te stF A™b o #8st= &¥(drag force)d = (ift force)
o] ZHo X9 Reynolds numbere] Sz FLITE AL HFoH,
Blevins et al.(2007), Wu et al.(2008)= wake shieldingell ther 29 A5 <9

2 2} v wat ot

ofo
o
i
rir
o
g

Wake shielding @4& ol A7) Aelet wix Aerl 23 WH
stAl H+=tl, DNV-RP-F203(2009)° A= 2hol Ao FES I3str] AF HAaT
o AYE golA AZA 2vjgtar AASAT. wEkA B AT E A-EIE
o] FEE F3tr] {8l /D7t 3.001°30] HeE 24 AFe T
Ao wjx Fe) 2 S/D9 Z7le weEt -5 HHoE QIS r
W& (flow pattern)o] @ASHA =™, Zdravkovich(1977)+= AP AFaE] 25|
THEH AP dF AAE HESY 5 HEHo wet EAstE thddt 83
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S0l digt AFS Helstaat skank 1elal Igarashi(1981), Zdravkovich(1988),
Zhou&Yiu(2006)= & (wind tunnel) A3

4Ee 53 Aade bFd WA o
% 6o 548 §/D wet BRI

=

T
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1.3 Objectives and Scopes

Zdravkovich(1988)e] < FtollA = 719 Adr e HiXAeZ ols) wdAs=
5 449 EAS WHE(side by side)E HiRE AEjol A dAEE 2 7HA
(proximity interference)® ®lQ ®ix 2 <la) TAHE= TF 144, 1830 44
o] MAYEA G 7HA Y FHo 2 BEFIHTh

2 AFolAe T/ Aol BAske FFolA str Adred &8st
I} WIVel ¢]3sk
A THFig. 1.3). 37 A HEE in-lined} cross-flows FAlol 183l 2-DOF
systeme AbE3tRoH, AR/ AHAYUue 1AEH 203 cross-flowd
1-DOF systems AH&3Fo 24 7]&8] AaAFolA FaqstA Fdd A7 4

dde P& 240 mE gHe o) thatel BEsgh

LT .. @© Upstram cylinder
. - o .
K 4 .. Downstream cylinder
Yo/ D N
-
-
3r -~
-
PROXIMITY INTERFERENCE ~ *« NO INTERFERENCE
-

2

Lotfes

’

TOUCHING LlNEf
L]
1 L

-2 -1

%/ D

Fig. 1.3 Sketched interference regions about downstream cylinder’s
position (Zdravkovich, 1988).
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A 2 A Experimental set-up

2.1 Circulating Water Channel

2 dAFs FFadugtne] A3ty A= 3] F5=Z(Circulating  water
channel, CWC)ol A 3= o, F=H(observation section)e] &2 1.8m,
o] 1.2m, ol 40mo|thFig. 2.1). AFel A Fzol AH Wz v@—g«

g

\i

N
re N

< ot 589 FY4L FRAGT, AL FAD f5 PIoIAN BT
7 7 =(turbulence intensity)& 2%°1th. 18jal A-G7E A HE #S5
Ao e AW Imfs SR 520 FUstA LA

VIVel WIVel o3 Ast= w4¢1 &5l o) st F714e 9 &%
Hele] ASFE A8 2§45 HeIvth 50023t ASS stAoH, fd& wAd
0E 259 e FHY) s 4 FE3he] AIRE HA(time interval-&

1802 3st¥ ).

P
3

d

ofy

m9

ikl lllllln,
‘g i

Fig. 2.1 Circulating water channel in KMOU.
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2.2 Experimental equipments

5l =2 2= = = O A~
5 Fxo 5% AX 4% 2 5

_l[}l'

AHe Y8l I E HFB(pitot tube)et
] E(pressure transmitten) & AF&3tE o™ Hol 4= A 62.2mbar7hA|
=3 7153 z2pgt-&(differential) 48 E@ 2~ v E(Fig. 2.2)2 AH&3Th

AT e AsES A3 #18 3-D "9 A(displacement meten)E Ak-8-3}+<
WZ e Fu<=(sampling frequency)® =43ttt 5the 7Hd g2 4
H 3-D HYA(Fig. 2.3)= Adre FAlo Fz2td vkAl vl (reflective maker)
o MYE ASFstAa, AelHgolM(calibration)S 53 SHE W

o] HF Q2 2Haverage erron)= 0.2mmo] ko] T},

=3 Aude Fgshe FAE9E ASsh) Y8l 6-2HAload celDS A
stk Fig. 6& Aol A4 AZS Ued, x, y, 29 7 W3] i g
(force)¥ =wl E(moment)7k FAlel 4ol 7Mssie, Aol 24 7153 I3
EHEE Zzb £100N, £10N - mo|th. B dAFoxEs AdAre zgsie 4
AZ37] sl x, y¥eel oid 98 ASees 5Ho= Agsyh

k)
o2
A8
flo

Fig. 2.2 Differential pressure transmitter.
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Z M Bied <
1 iy ’ y >
- A s A ? A L
X ‘V ; , A
VRN W\
Foos ¢, 1 W % f}?’s

Fig. 2.3 3-D displacement meter.

Fig. 2.4 6-axis Load cell.
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2.3 Rigid circular cylinder models

AR el A ) A% Aol ma| Dok 21 AFAZ FAF o] U] wRol
FAd $HY0R Al Wf FALTE ST ohd ole] A EA T 5
glow, 4o FHUE @ Bl ofd old P 54 W e FE9 &
o] A-g3 .

S gel Aol AsketA W sk AAE S e Sz A7s A9 2
Hlo] SAR Qs ol@y] WRel AA eelHe Aol F AR EE el 9
sl ZAA AAEE A ESATHEg. 2.5

Fig. 2.5 Configuration of installed riser in offshore.
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2 AFoA AH8d AddFig. 2.609 AF S 2AsH] 98 3719 AgE
1H3}YET A HAE Bod Ay} sl A LAYElE Reynolds number €,
T HAE T2 Al 93 fEo RAE 1ysida, 1da ¥y gak(wall
effect)7b2] 1ejste] Adde AL 7.5cm, 2ol 75cmzZ 2439t A4
ool F3M|(L/D)7F 1002 27| wjiol] ZAA=Z 7FAstaTh. =3 Zaknlo 9
g FEFE Haslsto APS A £ AR AR REE VR ofad™

(acrylio& AH&3tT

Fig. 2.6 Rigid circular cylinder model.
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2.4 Fixed and two degree of freedom

Fig. 27¢ Szo] 4GS 4X% A% =48 8 292 yehin, 37
oh=BL o gtel Azt
J|

Ad6E ¢Fr)H(@uminum), 5 A g

HF AAdE 9o o8l SHolA @Al Fxo 1YS HPL, HF U™
L xy B A%ol AREA M= HASAT

[e)

AFEA FEE ¢FHF 59 AFE Edols UM =< E(universal joint)

= A 9 &F(free surface effect)E Zo]7]
s} AT A Edhe] ¥ & 12cmeoll YA st=SF AX|st . w3 AT 9
7 g &kol

o w2t & a3Hend effect)«]

TEoE Q% AdduY Awdd HAd"HS AFS] s EFrlE Bl
x-ygo g Z47y Ay ~=ZH(linear spring)S AP AHUY 5o W
EdE o e T A AsiA 2z 31 eholof(wire)E A XS}

3 ¥ UEe
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P __ 4

A A A

Guide frame

2

Downstream
:::::::: cylinder

=W

Fig. 2.7 Schematic design of the experimental apparatus about

Fixed & 2-DOF system.
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2.5 One and two degree of freedom

Fig. 2.8& A4 ’é‘%tﬂ—‘ll $-Z)0)S cross-flowak o
3 Fig. 2.73% 22 "
O89S Yepdth AR Adre 9% % 05%‘:% BesiA &
Z3sl7) 98l stF A9t e 2-DOF systemO. & AA s okslt F Ao 4
0E 2AYdS delle Fx2EY 343 434 Ao R sl 5 Add
1

o
ul

X
ﬁ
ok
38
K
QL
-|11
_WL
Lo

ol mpzhE Fo]7] 8 AUy Aol A3 o Hinear beanng)g_
Z g o] E(plate)9} 2 WaFom Mg ALZE(shaft)E AxegTh =
ZHolEo st/ Adret e AAHE VIR AY 2xH S HAFA

Hle) ol Hzsbslr] sl A=

-
rll_
off

. T/

A A

Universal joint
Guide frame

Aluminum /

N
=
pendulum =

9 \- 20 N =

y +—— loadCell
Shaft //////// I / i
& <L U-TZm !

uuuuuuuu

e =

G S,

by

Fig. 2.8 Schematic design of the experimental apparatus about

1-DOF & 2-DOF system.
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Al 3 & Test matrix for experiment

3.1 Parameter set-up

B Ao AFET £49 M= 0.092~0.69m/so]w, o]o] uw}E Reynolds
number ¢+ 6900~51750°|t}. &2 F23stE reduced velocity(V,)= e}
Wlom ofo &3 o= o 24 (D3 2o

y-_Y 0

A71A Us %, f,,© cross-flowdde] A9 3/ F34, 83 De
E 94 AeFul(mass ratio, m)E 2.747} =

mE okel A s 2o EdHT.

71 me AAde] A A, p= B9 UE, L AHM dolg 9w
gt} o] 9o VIVel #dHE tE T34 HSEnon-dimensional parameters)
2 Table 3.1°] FjstPet. 28]lx AHATE AR FHtll water)ol A A 7+

A (free decay test)s Falste] 2k WaF ¥ 3 F(f ) AHVOE
TFotRTh o] W f & 4 oE AL F o, ke spring stiffness, m, &
1 9] H71dF(added mass)S 2w kot

1 k .
fn= 5’/ prr— (still water) 3)

XZ

>
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e A-Y Al2Hl9] ZR(system damping), 2

(m+m,)k
S HAA AN JA 74 (critical damping)E ] v] gt}
(= ——(still water) (4)
2 (m—i—ma)k

A 3 AP e AdE o Ao A G)F o8 ANY
T 74 Y Yy, s 44 A WAel T ouAE sAae ddde x
BRI

o
=

7 al
dde 3T A3 Bl wE f,8 ¢ @l AL FARY] W&l v

2 sho) gt

Bl 2zge X159
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Table 3.1 Non-dimensional parameters.

Aps/ D Aspect ratio
folfn Oscillation frequency ratio
V.= v Reduced velocit
"TFLD educed velocity
f=f./ Foy Natural frequency ratio (still water)
F -
Sl v— Drag force coefficient
0.5pU>DL
" v Lift force coefficient
0.5pU>DL
S/D Spacing ratio
L/D Aspect ratio
% 4 .
= 7m2 Mass ratio
prD"L
f.D Strouhal number
=" :
S U (f, : vortex shedding frequency)
C . . .
(= W ETAL Damping ratio (still water)
UD Reynolds number
Re=——
v (v : kinematic viscosity of water)
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3.2 Cases for model experiment

Table 2& & A7A4 338 438 =41 @ HFE Y, VIVe WIVeY §
ol sAl vehve HEddbdM s AR AdOrt sxo 18" et
cross-flowqt ¥ &= 1-DOF system¥d uwjol] thste] AES ST}
o7 VIVe] 93 Favt JeltEsE AS(ingle) Mo o 3
of A VA Y Aoz TFAH ATH

=7

b

Sl
Og{:,‘l

mz
]

-

S|

mlo
b

B AFoA 7 FastA 1ed Wee f ok §/Dola, VIVY mAYE
Z mol alAE WErt obd 1Y e Agstden ¢
P P E AYATHKIm et al, 2016)91A4 B3I 7] W

LREARl VIVol Aol & wW7AYFl ostd in-lined&e] 52 F3(f,,)
7} cross-flowd&o] o F3(f, ) 202 2AITh webA in-lined 3o
A Foa(f,)E f,2 2iE S7HA719, in-linedt cross-flowell A Zh2 53
Aro] wAYst= o|F FF(dual resonance)o] BHAYSEHA Ew, o] 3 oA

= riser®] Aol A3 FEHZE 2 & Aok

=

‘_.

(ol

*

= 2 £} (Prototype) 2ol A= f 7} 1.021 71A= whdo] 28 Jteve 2
o] #(steel catenary riser, SCR)¢} Z&& ZHA$ T 2&

Z(axisymmetric)o] obd F= U7 ]
T Atk @A B AFolA = o
in-line¢] 23x# ZA(spring constant)& ZAate], fE 1.07 198 2839

=

ol =) r
Mo
K-y
ok
oft

AAE o] A W& fF A o IFES #F37] H8 5/DE 3.0,
4.0, 6.0, 10.0o.= Flg 1.3% Zo] HIAF oW, AF AUgzRyY LSt
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Table 3.2 Experimental conditions and main parameters.

Parameter Single cylinder Tandem cylinders Tandem cylinders
(2-DOF) (Fixed & 2-DOF) (1-DOF & 2-DOF)
S/D - 3.0, 4.0, 6.0, 10.0
r 1.0, 1.9
foe [HZ] 0.361, 0.676
foy [Hzl 0.361
- 0.081, 0.043
S 0.081
m 2.7
— 19 —
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Al 4 & Amplitudes and frequencies of cylinder’s motion

4.1 Single cylinder with 1-DOF and 2-DOF motions

Fig. 4.1 &<

2 FX(single resonance)o] WAYEHE f7F 1.090 oA Ad
oo Aol 47 1-

2} 1-DOF, 2-DOF system® wj&] Aot} V o] A wi
Ao &5 HAE AU HA s FALst st Ap,/DE UERY
Rom, FAd T8 ForE A Fokgol e Akt st f/f 2 e
WAtk Se7F 0291 A& cross-flowe] HeH 2 = s}<=(vortex-shedding
frequency, f)E 2WstH, 3.0< V, <5.00lM= AdHe &% HL7 2] w
ol f,7F f.oF AR, V.9 ARl whg f ol mis Feopith 22 U
oz f o 2vjE WAEE f = S7F 0.4 A3 ¥aE 4 o

oy

N

Fig. 4.1(@)= cross-flowRt 3.8 3}= 1-DOF systeme] A= V o] ZF7}3te
et VIVE s f,/f,°] 1o] H= 60<V, <8004 T Flo] L3}
Aypys/ D7V 3A F7Feta, HlEx W 9l(non-resonance range)ell Al ZrA-ghrt.
Fig. 4.1(b)& in-line® cross-flows &Alol 1HT 4-+= 1-DOFe] &Hol H]
3 Aoz W VHEAMU0< V. <10.0)o4 Fo] WAL, A, /Dt
Avpus/ D7V ZY2ZF Z7Vete @4s B 4 Atk =S Ayg,,/D7F 1-DOFE]
Rt § =ZA BAsETE ol= 2-DOF system© & ¢la] A7} 71x &=
dol AXA W7 ¥ AA #AT ASFE AAETh Ayn,e/DE T A gk (peak

oo

riy

value)o] 0.42 JEeElJE= AL E3) in-lined 9= v1voﬂ ek gEks W=
Ae & g Jdor, Vol 11.00 FZoA VIVl ogk ko] 343 7AastH

A s Al £, 5= 0l =>EsA Ao
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Fig. 4.1 Amplitude and frequency response of single cylinder with single

resonance condition. (f* =1.0)
(a) Cross-flow motion of 1-DOF

(b) In-line and cross-flow motion of 2-DOF

(Blevins & Coughran, 2009 : f =1.0, m =28, f

ny

=1.2[Hz], ¢, =0.002)
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Fig. 4.2 Amplitude and frequency response of
single cylinder with 2-DOF. (f =1.9)

(Assi et al., 2014 : f =19, m =1.6, ¢, =0.003)
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4.2 Downstream cylinder of WIV

4.2.1 Fixed upstream cylinder & 2-DOF downstream cylinder
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Fig. 4.3 Amplitude and frequency response of tandem cylinders

with Fixed & 2-DOF system. (f =1.0)
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Fig. 4.4 Comparisons of amplitude and frequency response with

Korkischko & Meneghini(2010). (S/D=4.0, f =1.0)

(Korkischko & Meneghini, 2010 : f* =10, m =1.8, ¢, =0.0045, S§/D=4.0)
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Fig. 4.5 Amplitude and frequency response of tandem cylinders

with Fixed & 2-DOF system. (f =1.9)
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Fig. 4.6 Comparisons of amplitude and frequency response with

Assi et al.(2014). (S/D=4.0,f =1.9)

(Assi et al., 2014 : f =19, m =16, ¢, =0.003, S/D=4.0)
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4.2.2 1-DOF upstream cylinder & 2-DOF downstream cylinder
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Fig. 4.7 Amplitude and frequency response of tandem cylinders

with 1-DOF & 2-DOF system. (f =1.0)
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Fig. 4.8 Amplitude and frequency response of tandem cylinders

with 1-DOF & 2-DOF system. (f* =1.9)
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Al 5 & An effect of WIV excitation mechanism

5.1 Time history and Power spectral density
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Fig. 5.1 Cross-flow motion time history. (f* = 1.0)
(a) Single cylinder with 2-DOF system
(b) Tandem cylinders with Fixed & 2-DOF system about S/D=3.0

(c) Tandem cylinders with 1-DOF & 2-DOF system about S/D=3.0
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Fig. 5.2 PSD of in-line motion with Fixed & 2-DOF system. (S/D=3.0)
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Fig. 5.3 PSD of in-line motion with 1-DOF & 2-DOF system. (S/D=3.0)
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5.2 Trajectories of motion
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Fig. 5.4 x-y trajectory of the cylinders with Fixed & 2-DOF system.
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Fig. 5.5 x-y trajectory of the cylinders with 1-DOF & 2-DOF system.
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5.3 Flow interference between two tandem cylinders
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Fig. 5.6 Cross—flow motion time history. (S/D=3.0,f =1.0)
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5.4 Force coefficients with Wake shielding effect
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A 6 & Conclusion
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