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Figure 1-1 The trends in world energy consumption [1]
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Figure 1-3 The position holding system about onshore and offshore wind turbine [3]
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Figure 1-4 Flow pattern for a circular cylinder [4]
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Figure 1-5 The image of the force on vortex shedding
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Present results. Averaged value in the subcritical regime
Okamoto & Yagita (1973), Res= 1.33x10#

Farivar (1981), Re;= 7=10*

Taniguchi et al. (1981), Rey=3.3x10%

Sakamoto & Oiwake (1984), Reg= 3x10*~6x10*
Okamoto & Sunabashiri (1992), Res=4.7x10%

Uematsu & Yamada (1995), Re; = 3.8x10%~1.4x10%
Sumner et al. (2004), Req= 6%10*

Cengel & Cimbala (2009), Res < 2x10°
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Figure 1-8 The effect of aspect ratio(H/d) on drag coefficient[7]
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Figure 1-9 Simplified classification scheme of the flow patterns for two tandem circular cylinders in

cross-flow[8]

Table 1-2 Effect of Reynolds number, Froude number, Aspect ratio on Cd, Cd_rms and Cl_rms[10]
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~

Reflexive passive /"

targets / B
.

Figure 1-10 Picture of a run test for square model with 0-degree incidence at the IPT towing tank[11]
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Figure 2-8 Signal generator
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Th 5, MBI E O R KW EZFROEME I PB 27202 L 25 B L, MR ITMEE 3
$¥fD/U % 0.05~0.35 (7% L7z, F7=. Williamson[19)IXE ELt GHADE BTk 577K
OHEREO) N 1RRE L/ NS0 & X TE R 100 BREOLA LD & AID BRE L
B LERLTEY, ZOMEIT AID=10 f2E ThH 5, F£7-. Gongalves H[20]E ., KT &
R MRS REZRO B HEHERBR 21TV, AID=10TVWVEAZ MR L WD, Loz &
235 AID=1.0 E % X 9 7k & MR ST IMHRIRIE O FBRE I L3R ET H XX 7203, TRl
ERAEE OMEGE & IR A B A BEHEOZGF EbH Y . RFEBRTIT AD=0.1~08 £ L
77
FR T A — L2 % Table2-1 1ZRd, F7o, &5 7 LESNCxH 5 RS % Figure 2-12~2-
1417 T, BANFERM LIS TH D,

Table 2-1 Experimental cases

Parameter Value Unit

External diameter(circular) D 0.25 | m
Towing velocity U 0.3 | m/s
Longitudinal pitch ratio(circular) S/D 0.2,0.3

Aspect ratio L/D 15
Reynolds number(circular) Rec 75,000
Nondimensional oscillation amplitude A/D 0.1-0.8
Nondimensional oscillation frequency fD/U 0.05-0.35
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Figure 2-12 Experiment condition (S/D=3.0)
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Figure 2-13 Experiment condition (S/D=2.0)
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Figure 2-14 Experiment condition (1cylinder)
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B0 & RMS &Rz,

FEE

1
Xmean = N (1 + x5 + 23+ -+ xy) (2.4)
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RMS

1
XrMs = \]ﬁ (X% +x2 + x5+ +x3) (2.5)
i - 5
E., F
Co =T (2.6)
EpAUZ

ST MRHREE, A BWEHL U A, F B0 F  BOTHA,

2-7-2 IR R A 3EER

IR RAIEBR CH A 7 DMAERT 28500 LB O L RMS &3k 7z,

F 7o, MR BT 25 0 SRR BT B RIS ARl SN T — 2 i1x =
BRI D E A2 I U CREE O JERE Ry DI 2 B -, LLFIS, £ OFEOBZEE %
Y,

FEx)&7—V =i cRT &,

x(t) = x¢ + Z(akcoswkt + by sinwyt) (2.7)
ko

B H U720 EESZw, & LT, coswyt, sino,t L x() & DFEZERD D &
x(t)coswyt = xgcoswyt

+ 2[7" {cos(wy + wp)t + cos(wy — wy)t} +7R{Sin(wk +wp)t  (28)
3

+ sin(wy, — wy)t}]

x(t)sinw,t = xoSinw,t
c ag . . by
+ 2[7 {sin(wy + wy)t — sin(wy — w,)t} —7{cos(a),c + wy)t (2.9)
K

— cos(wy — wp)t}]

BHX, B2XEZKM 0226 TETHENTH L. THHHREITIUL,
coswyt, sinwpt, sin(wy + wy)t, sin(wy, — wy)t, cos(wy + w, ) tDOFESEIX 012725, Fi-.
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cos(wy — wtDFEDEIX, k=n DL E T, TNUANTO L7225,
([ S=NEN

T
a
J' x(t) coswyt dt = %T =C, (2.10)
0

T
b
f x(t) sinwyt dt = %T =C (2.11)
0
L2 0 B w, DRy DIREA I IFEMEC,, C, % VT,
2
An=(a%+b@”2=§ﬂf§+cffﬂ (2.12)

ERTENTE D, MHBTREEL B S B ERERDOANEZEZMWT, Hh%x
IPRZENLN S 2D S1Caq &« MEIRZENLE 90°572 5, T 72D BRI T 2 F1Champ T
SEET S 2 LT AT S D AIVE AR & R i L7,

Faga — MA(Zﬂf)Z

Caaa = 2 2.13
Eﬁ?—LA(an)Z 213
C _ FDamp
Damp — 1 (2.14)
5PDLUA(2rf)

ZZ T,
Fpamp \FENAZHBIT D3, Fagq (ZHEEITHGIT D050, p 1F0AE .. AIZIREMRIE,
fIFIRENER L TH D,

Figure2-15 [XFHII S 745 7) DRERET — & OFFNTRIFE OB 2 7~k LTV B 28, @8 D2
FaE G A TSI ENDND, MEFIAE 7 — U ff#hr L A5 &, Figure2-16 d X 9 125
JAB D ) A AREENTND Z EBRMER S NZ, WEBIS & BRWEFICE T 2 &
5> T % fDIU=6.0 & 71 v b L7 & D ZfigtT L7z (Figure2-17), £7-, 7 — U =fif#r DEE,
B OEB Ry T 5720, FEEA R T D/U=0 DRk H 0 & LTV D,
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Figure 2-15 Time series data of lift of a column without filter
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Figure 2-16 Frequency spectrum of cross-flow hydrodynamic forces of a column (foscD/U=0.1)
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Figure 2-17 Time series data of lift of a column with filter
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Figure 2-20 RMS lift coefficient of 4 circular cylinders

Figure2-19,2-20 & 4 T4y % K 9, SLHEB LGN EB TIIRIHF A7 LKV %G T LD
EIONRKREVEE R LT, 2@ Tandem @ 2 AEN—ERICH D & DB 2—
1%, Zdravkovich[21]*° Zhou H[22[IC K> THIFES N TR Y | #5130 7 AFHEEEHZ L > T2
MAEE Y oo Z— 3 3 fBEH DL LR XTED, KERIZEBIT S S/D=23
I3 ”Reattachment regime” & FEIXN S FFHICE T2, Z4UZ, I T LOEEFEHIBEN %7
BT BAE LT, %FH T 2O%ICHEE L TRHENS X9 etk ch b, £/, Alam
5[23]1xz2 iz 31T % Tandem?2 FIAE: D B EER 2 ATV IAIZAER 92 12 31 L 7,

- @

Figure 2-21 Reattachment of the flow pattern image
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Figure 2-22 Variation in fluctuating fluid forces with increase in spacing ratio L/D: (a) fluctuating
lift coefficient, €,z ; (b) fluctuating drag coefficient, Cpf[23]
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Table 2-2 Details of plot data between Figure3-20~3-28
s3_front SID=3.0 (\ZBF D 4 KB T LIS H T LOFEIfE
s3_rear SID=3.0 (2B} D 4 KH T Ltk H T LOFEIfE
S2_front SID=3.0 {ZBF D 4 KB T LIS H T LOFEIE
S2_rear SID=3.0 IZBIF 5 4 KB T L% TI7H T O NFHIE
1cylinder B T 5 OYHE

ZOFERIZONTHELE L T, Figure2-23~2-24 2 THnd K o2, %57 7 KX
AT LLVNSREZERTZ LR, BT LHERED /NS VIE ER T T DO FEHIRE
WINSL 72287l 2-7-1 THERINTZ O LR TEMA R S 7z, IHRIRIEA K & <
IRDIEEPNPRELIRD ZEDHERETE Do THUE, IRIEARE < 251250 TE
WXHT B0 7 LOBRERBENAIRELSRDEINDIELEZZOND, DFEV | HENKREITHZ &
T, BIOFHHANKRE L R D70, MERBEZEIRNANPRELS 2D, 29 LTAEERTZE
ﬁ%ﬁﬁﬁ%%ééﬁf“éﬁf\&m@ﬂlﬂﬁ%<&ékbﬁﬁ#ﬁ%<ﬁOTP5
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Figure 2-23 Mean drag coefficient (A/D=0.2)
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Figure 2-25 Mean drag coefficient (A/D=0.8)
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Figure 2-27 RMS drag coefficient (A/D=0.2)
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Figure 2-29 RMS drag coefficient (A/D=0.8)
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Figure 2-31 RMS lift coefficient (A/D=0.4)
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Table 2-3 Details of plot data between Figure3-30~3-33

FrontA/D=0.4 AID=0.4 28T 2571 T L OFHfE
FrontA/D=0.8 A/D=0.8 |Z8F DT 71 T L O
RearA/D=0.4 AID=0.4 IZ8F 2% J7 71 T L OFHfE
RearA/D=0.8 AID=0.8 |ZH5T 2% T7 71 T L OFHfE
1cyA/D=0.4 AID=0.4 |23\ 5 HM B T A
1cyA/D=0.8 A/D=0.8 |23\ HHM Y T A

36



foseD/U

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Figure 2-33 Damping coefficient for front and rear cylinder(S/D=3)
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Figure 2-34 Damping coefficient for front and rear cylinder(S/D=2)
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Figure 2-36 Added mass coefficient for front and rear cylinder(S/D=2)
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Figure 2-39 Contour diagram of the added mass coefficient of rear column(S/D=3.0)
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Figure 2-40 Contour diagram of the damping coefficient of rear column(S/D=3.0)
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Figure 2-41 Contour diagram of the added mass coefficient of front column(S/D=2.0)
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Figure 2-42 Contour diagram of the damping coefficient of front column(S/D=2.0)
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Figure 2-43 Contour diagram of the added mass coefficient of rear column(S/D=2.0)
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Figure 2-44 Contour diagram of the damping coefficient of rear column(S/D=2.0)
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Start
\ S,
——— history of | Qscillation
[ Calculate floating | response | estimation Estimate the
§ _ body response | filter oscillation state
; O -frequency
O] i . .
> ‘/ Deudefthe external }:: The - a-mf]!iide
orce hydrodynamic P
U force function

e

Figure 3-1 Flowchart of VIM prediction model

32 LT vRE

T Bk T TEAERRAT IS 30T B H iy SRR AUk L C o EfiRED 1 o T, i
ORI EMHEIND FHIED 1D TH D, A UWAGED NV 7y ZIEOERIREO RS 12>
WT, RO FHRER E WAL Z B L7222 Bt R FNEIC O W TR 5 [25],

w oy R

. dy

y—a—f(x.y) (3.1)
IEUESLS

y(x0) = yo (3.2)

(1) FCDIZ, AR h>Z 5/ S <EBO, Xfilxy < x < oZ LI A5 h THERIT 2,
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Xl = xo + h, XZ = xo + Zh, b (33)

(i) x0T 2y Dy, Z MIHIRIFIZ L > TEHEZ D,
(iii ) xoc:ﬁ“'%) y@1ﬁyoﬁ)6\ xﬂ:%“—é y@fﬁyﬁi’b/'(itfﬂ?&)éo

Ky + 2k, + 2ks + ky

Y1=Yot 3 (3.4)
ZZT,
k1 = hf(xo, o) (3.5)
h k
ko = hf(xo +5, % + =) (3.6)
2 2
h k
ks = hf(xo + =, Vo + =) 3.7)
2 2
k4 = hf(xO + h, yO + k3) (38)
Th 5,

(tv) —BHIIC. x| 2B By Oy 7B . Xy \FT Dy Dy, Z R TRD 5,

ky + 2k, + 2ks + Ky

Yn+t1 =¥nt 6 (3.9)
Z I,
ki = hf(xn, yn) (3.10)
h k
ky = hfCe, +5,9n + ?1) (3.11)
h k
ks = hfCo, + 5,90 + 72) (3.12)
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k, = hf(x, + h, y, + k3) (3.13)

ThD,
ZDEZ, Y1 — VDT HEUIVEENROM) THDH Z PRI ND,
Ny ZIEOFH R DX % Figure3-2 2R,

(Xns1,Yn+1)

\
<4
=l
=
w

> kz

(xnyn)

Xn xn+g Xpt+h

Figure 3-2 Image of solving of Runge-Kutta method

33 EMEBEORE

VIM EENEB) SRR CITREHEE 7 4 VX —Z2H 0 D720I12, 7 4 v Z—% T HEN
JERE %2 BT L TR T T e e\, 7'a 7 F AT, EBh R A i X 250 ORER S
NEFHEND TN, BAEREZ TH LT\ 5, BABREEHFOA A — % Figure3-3 (7%
R
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Times=i Y Yi3) Y(5)
Yf(5)  Yf(4) Yf(3) Yf(2) Yf(1) Yf(0)
Y(2) Y(6)
v@) Y@ Y() ')
Time=i+1

Yf(5)  Yf(4) Yf(3) Yf(2) Yf(1) Yf(0)

Y: time series of displacement

Yf: Displacement history for filtering

Figure 3-3 Displacement history update

34 RENMEEIT«4ILE—
3-4-1 IREMEE T 1 L2 —DHEE

BNLDRERS DB BAEDIRBNIRIEZ HEE T 272012, TR[26]D FikE 552 LBk~
— VWA AN T AV F—EAFRR LTz, LT, 74 V2 —TiThbiLd 2 L Z IR L
T,

XUDIZ, HHRANCBT D EREORENRIBIZ OV T, BT % In-line e 425 &
X, [EZRT % Cross-flow FZI 1T DB ORERYNT — 2 D | HEEHRZ: b L2 REED BR
<o, ZOLE| REREZHET D722, FEREEICTOWTHIEE TO m o OFITD

48



UNTTHRHT LT < ARHEAT CIIOMNR BT SE R C 52k L 7= )8 e E&ipl CiREh A i35 2 &
ZEE L, IHREAS T=2.4-100[sec.]% 7 4 VX —CHRDEH 45, DF 0, MEREE
DENJBIFEIL mxT BETLAEOERN HUZ LV, T EiiE+ 5 N EORZRIT — 4 {y,}

IZHOWNWT, K TREINDEHELEIT I,
5; = bo + blnAt
ZoLE,

_ 2(2N + 1) Zﬁ:lyn B 62%:1“3’11

bo = N(N —1)

_ 122%:1”3’11 - 6(N + 1) Zﬁ:lyn

by = AtN(N + 1)(N — 1)

(3.14)

(3.15)

(3.16)

THh ., BRINT = Z {3 bt SN EREE LI LTV FBRRESND

[27].
kLY RERZEDA A —T % Figure3-4 (277,
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BEFORE
y(t)-y(t)
1
AR M\ M
UV 1) Y/ V -t
W AFTER RVAY,

Figure 3-4 Image of trend removal

WIS, REREDOHETEIEIZ SV THIT D, ARBIFEIZ IV THEE S 2 J8 15 2P 13
f=0.01-0.42[Hz] TH Y . Z D% 0.01[HZ]%] A CIEBILIGMOHEE 21T 5, HEET 2 A
ok i b b BT O THREBEEMICRROEAZ BB LIHEEZ1T ),

50



a;=p y(t)sin(2nfir)e ¥t Ddr (3.17)

t—NT;
t
b, =p y(t)cos(2rfit)e *(¢t=dr (3.18)
t—NT;
X fi
= —Ip(— L 3.19
a=-In(z55)y (3.19)
2a
B=—"m (3.20)
1—e fi

T, alIOEARE G Z DB TH D, NIFSBRTHEOKTHY . XIINJEHORE
18 % TEOIRIED XWIEET DT A—HTh D, ab B2 DI ETT 4 NH—DRREETHH
B D ENTE D, BENREZHEE T 27O T 2B EOHOKERD DL L&, HD
FREZ < OWFITK LTS ZIT- 7213 2 BMHESHE X B3 503, ST 2 EOLEAIE R
MHEZTLE D, £, KVEZL OWREDFRE TH D Z LITIRENRED (IR LSS
P 725720, IRENVRIED SUK R ICH R TE 22\, BITIE L RIFZ KR T 570 0%
HTho,

3-4-2 RENHETE T 4 ILF —DHEREIREE
Casel FZUER )72 (IE5EIRAE = DHEE
T UDIZ, IREHEE 7 4 V7 —DOMEREERRGET D72 OO THR IND ELEGE IR
BHEE 7 4 L E—ITNT T,
y(t) = Apsin(2rft + 6) (3.22)
IRIEIE 0.2[m]. JEEk % 0.24[Hz]. DIEsEH 2 ANfE5 & LTz,

£lo, BROERZ 52 DaeZ AT, MEHROHE BT 72,
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Casel-1 ZRT A DD 7 ¢ V& —Lbifg
RENVZHEE T D20 BT DO %E 5, 10, 15 LB X TEFE 7 4V F =T 1=,
Z OFER % Figure 3-5~3-6 (2", T —H (X Table (Zft->TC7 ry hEn T 5,

Table 3-1 plot data of figure3-5~3-6

input ANINEH
Swave ST DI DE5 WK
10wave ZIS DI DL 10
15wave ST DI D15 K

0.42

04 t
0.38 |
0.36
0.34 |
032 |

f[Hz]

0.3
0.28 |

0.26

0.24

0.22 - - : : - : - - -
0 10 20 30 40 50 60 70 80 90 100
time[sec]

Figure 3-5 Frequency comparison
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0.25

| AL A Ll 1 1 | 1 |
0.2 | ; LLLLELT AARARARARAN
0.15 |
E
Y
0.1
0.05 input
Swave ——
10wave —
0 15wave —
0 10 20 30 40 50 60 70 80 90 100

time[sec]

Figure 3-6 Amplitude comparison

Figure3-5,3-6 6070 K912, 74 WEZ Y U T BRIEE - Thb b HRREOR AR T 5
&L EDRMETH BB EERIEDOHEENHRTWD Z b0 d, ZRT DO LD 72<
5 LR RIEIT LD RSANEEZHEE S 205, BBIEARE WV, 5T, 2RI DK
DI LHEEMEOLE D /N E 2D 0 AJHMEIE W& B 2 3 % % TIZRERH
MDD TNV D,

Casel-2 Bl OB o D 7 ¢ )L Z —LLlE

A(3.17)X°B.18) B 43D K 91T, R D E A IFEEPIBEN NN TL D, R O EA A
JETHF o lCBAL T, T A—Z 22 b S THEER R4 bl U 7o, BBk ol
D ThD, HEESHIIRIE, A% Figure 3-7~3-10 |27 7,

Table 3-2 plot data of figure 3-7~3-10

input NG
X0.02wave3 ST DI OE 3 T 31 B OIEIE% 0.02%
X0.2wave3 ST 2P OB 3 W T 3 H OIEEE 0.2%
X2wave3 ST DWW OH 3 T 3 W HOIREE 2%
X0.02wave5 SR DI OS5 T 53 H OIRIEZ 0.02%
X0.2wave5 ST DWW OE5 BT 5 HOIREE 0.2%
X2wave5 ST DO 5 W T 5 HOREE 2%
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Figure3-7~3-10 OFE RN G, X.0.02 TiE L VES ATEEHEE L TWD P, HEEMEOZEE)
MREL o TND, —FH T, X2 TIEANMEEZHET HETIZ, LWL ORRZEL T
WAN, HEMBOEENIR H/NSWZ ER00 5, ZHUTBEDIREEFEROBEREEZ K& <
ToE, HERHEITHS ROV EHNRRELSRDHIELEZBERLTEY, 2L, EEOEH
DHTHELTNDZ L LFAZBTHHEOTH D, KK DELTEES LG
TE SRR - HEE IR & B ICE@BA DI, AMEE BT 5 E TORMITRBEL 2> T
W5,

0.25 ! ! ! ! ! ! ! ! !

1 | 1 I| 1 . !

| TP T PR e TP e LR R ) ]
0.2 . |IJJ.II_l]Illllill.lilJlllllllllllillll_l_lllllllll_lli

R e S
< W

0.05 [ g
X0.02wave3
X0.2wave3
0 : , : , , X2wave3
0 10 20 30 40 50 60 70 80 90 100
time[sec.]

Figure 3-7 Amplitude comparison (wave3)
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0.25 ' ! ' ! ! ! ! ! !
0.2

oas gt

Alm]

0.1 -+ T T 1

oos

X2waved
0 10 20 30 40 50 60 70 80 90 100

time[sec.]

Figure 3-8 Amplitude comparison (wave5)

0.42 ; : . : . . —
: ! : ! ! ! mput ——
04 | __________ __________ __________ __________ 5______}_(0.02wave3 —_—

0.38 o Xowave

osefl

ol

o W

f[Hz]

0.3 il
0.28 Fl|y
0.26 o o S |

----------------------------------------------------------------------------------------- —

0.24 “lil

0.22 : : ; ; : ; : : .
0 10 20 30 40 50 60 70 80 90 100

time[sec.]

Figure 3-9 Frequency comparison (wave3)
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0.42 ; : . : . . —
: ! : ! ! ! mput
04 | __________ __________ __________ __________ 5______}_(0.02wave5

oasff o Xowmes —

0.36
0.34
0.32

f[Hz]

0.3
0.28
0.26
0.24

0.22

0 10 20 30 40 50 60 70 80 90 100
time[sec.]

Figure 3-10 Frequency comparison (wave5)

Case2 W] & & HITIRBO K & < 72 5 IELIE OHEE

WIZ, IR RA VK EL RDIELEEATIETE L, 74V Z—DOREEEZGE LT,
VIM OIEERRICEZBRLE > ELTNnDZ b, KVBEITEWATET L7255 T
W5, ANMEFERATET,

y(t) = Ay(t)sin(2nft) (3.23)

100 TV ICHRIE S 0.2[m]IC 72 5 K 9 7R354 38 L=, JEIAUT 0.24[HZ] & LT 5,
AJ11E 5 % Figure3-11 127~k 7,
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input

0 10 20 30 40 50 60 70 80 90 100
time[sec.]

Figure 3-11 Input data
Case2-1 ZMT 2 DDA
ZHbHbBMT DR DE5,10,15 L X THEE B L OIRIEO 21T > 72, k%

Figure3-12~3-13 |Z/:9,

Table 3-3 plot data of figure 3-12~3-13

input ANIHE =
Swave ST DI DHE WK
10wave ST DI DH 10 K
15wave ST DI DH 15 K

JE B OHEE L Casel-1 & FARICS T 2 O L T AUTEOHEE TR X305 03
HEEMHEOEEIT/ NSV, LW RERBZSE O N, LML, Figure3-12 o b Ko, &
BT DEOBENZ NI E, RIEZE/NHEL TLES>TND Z LRS-, ZRT DK
DEPH 2722 L TRV L OMEOHEBRVPBIEDOHEEITHEL 521270 EEEZ BN
%, VIM OiERN 725852 E TR 2 7201201%, SRTHEOETDRVEI BRIV ES X
bivd, LinL, ST 2O EDRL T EHEMBOEHNRELL 2o TLEI D,
EEhZzMz 5 LRETH72E, HELRTIUZR S22,
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0.42

0.4
0.38
0.36
0.34
0.32

f[Hz]

0.3
0.28
0.26

0.24 |

0.22

0 10 20 30 40 50 60 70 80 90 100
time[sec.]

Figure 3-12 Frequency comparison (case2_wave)

0.25

0.2

0.15

Alm]

0.1

0.05

0 10 20 30 40 50 60 70 80 90 100
time[sec.]

Figure 3-13 Amplitude comparison (case2_wave)
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Case2-2 BFH]DOEA o D7 4 )X —Lhig
Casel-2 & [F] UM Clbsg 217> 7=, fEF % Figure3-14 5 3-17 (239, 7 — ¥ |4 Table3-

4T~ TT ey FENT-,

Table 3-4 plot data of figure 3-14~3-17
input ANIME=
X0.02wave3 ST 5O 3 1T 31 H OREMEA 0.02%
X0.2wave3 ZHRT DO 3T 3% B OEMEZ 0.2%
X2wave3 ZHT D OE 3T 3B OREMEZ 2%
X0.02wave5 ZHT DO 5 KT 5K B OEMEZ 0.02%
X0.2waves ZHT DO 5 KT 5K HOREEZ 0.2%
X2wave5 ZHT DI OE 5 TS5 E ORIEZ 2%
0.3 ! ! ! ! !
0.25 ---------- ---------- R e s R A ¥ 1
02 b S S Y
E 0.15 ---------- T Rt LSRR e SRR
< S T Y |
175 [ IS S S L S
005 | _.ake@* put ——
§ LA § g - X0.02waved ——
- : ; ; ; X0.2wave3 —
0 ! : : , i i X2wave3 ——
0 10 20 30 40 50 60 70 80 90 100
time[sec.]

Figure 3-14 Frequency comparison (case2_wave3)
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0.25

0.2

0.15
E
&y
0.1
0.05
0
0.45
0.4
0.35
o
=
0.3

0.25

0.2

0 10

X2waves
0 10 20 30 40 50 60 70 80 90 100
time[sec.]
Figure 3-15 Frequency comparison (case2_wave5s)
T T I T T T ]_n'put T
X0.02waved ——
X0.2wavel ——
I || TSR AU OSSR SO U S Xawaved —— |

_- : .

40 50
time[sec.]

20 30 60 70 80 90 100

Figure 3-16 Frequency comparison (case2_wave3)

60



mput ——
04 | X0.02waves —
’ X0.2wavesS —
2 —_—

038 X2waves

f[Hz]

0 10 20 30 40 50 60 70 80 90 100
time[sec.]

Figure 3-17 Frequency comparison (case2_wave5)

Casel & [FIBRIC, Figure3-14 & Figure3-15 2> H BT 53 OB L NE ELE DI 2 H i
TWDZ EnfEREINT=, Lo L. Figure3-14 |Ztb~<T Figure3-15 IX input 7 — % % i/ NG
fliL TLE - T, AJVERIEIZE L TR D & & HITKE L 2o TV HIT, B
T HWDENLNeHOIZ, WED ATMEIRIEL/NE o T AEFRPHEE I EL 52 T0D
DIEEZEZBND, ZIUIRH OB 2 < LI FBATMEREEZ L > 220 2k Twn
L2 EHAMHANTE D,

F7-. Figure3-16,3-17 [XEM I OHEEHERT2A, Casel-2 & [F U & 5 2@ sk o HEE 13 H
TN BB DR E < 720 Casel-2 1T EDREENHE TV RN EBNER SN,

20D —AEREELIZHERAEE L O D,
IREMEE 7 A N H—F T D EE, BIRTDHIPEOHE T EHEEME O EIT BN D
23, AJVMEOHEE £ TR R 005, £z, IEERREOZEICH ., BEDOEFRIZE £T

LT LEI D, BUSHH,

ST 2 EANEV E & AMEOHEE £ TORMPEN S LD, 72720, LBk
ZPMATLE D, LT, KIS T 2EAT BN L T, BEOHERE LY %<

61



ZITE 5720 HEERED/NSWORIRENIZATEAVEREL 2D XD REFITH LT
T/ N L CLE S RIS H D,

343 HEEZBOMNMITEIT4ILE2—DR%

F5[26] S 1 TREHEE 7 4 V2 — 2T D8, SO LOiIREIZ 52 TV TH D RRER
HERPEFINTOOIREHEE 7 4 L Z —ZHEH L T e, D728, #1070 HIRENHEE
OREENEL . BRI DEOKDE 25 E LWz, AENFERAREIE L TODIREED il
WERNIRBIAHIE L T BHRERZ D200, BT LEOKE /NS L LT, ZOHEEM
NN THEBECIIEER LS JOET HIEINRENEEZ NS, LovL, 342 fHind sy
25D XN, IREVEMITRERS RIS LE D & 925 & HEERENKE S RHMHMICH T,
VIM RENES) G T, #HEE SN ERECOIRIE 2 28 8 LTk 2B5 T 5720,
EEFRENKE WL | IEFICARLERIMAENZ G52 TLE S 72, #E SO EEILH
KDIZT/INSUVIE D BEFE LUy,

Z 2T, MO LB BB ) & 0T T B A HEE SRR IRIEE T2 X 91
Uiz, 2T DO E VR T2 LHEEMMNPETH L CTLE S 2, HESINEIBENT
V)& CTHEBME DO EE 2 % 7=, 200step £ 200 DOBENEL ZNT b, 7L,
200step & CTIFFHREBAMAD D BRL E TOT — X B TRENTFEEE )T T 5,

BENEEZEAN LT T 4 VE —DORERERT,

Case3-1 1= HERY 70 IESLIE 5 B DO HEE

AJMEIFR(B.22) TR 45 Casel LRI HDOEHWZ, BT DT nidd7zun
EERISICHURIC 2 D 2 s 2T 2% 321 & L THREEEIT> 72, Mean 23 HE)
YEFRT, T —FX Table3-5 2V 2y hERTW5D,

Table 3-5 plot data of figure 3-18~3-23

Input/disp ANINE =

nami3x20 ZHT W OB 3P T 3 H 20% DR IE
nami3x02 ST DWW O3 I T 3 H DIRIEZ 0.2%
nami2x20 ST DD 2 T 2 H 20%DHRIE
nami2x02 ZWRT WO 2 T 2 3 H OIRIEZ 0.2%
nami1x20 ST HWDOH LI T LI H 20%DHRIE
nami1x02 ST HWOE LT LI HOIREE 0.2%
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[ZHT 5 3]

0.25
AW ﬂ@vﬂﬁwf
0.15
E
<
0.1
0.05
13x20 —
namlx :
o il —
0 2 4 6 8 10 12 14 16 18 20
time[sec.]
Figure 3-18 Amplitude estimation by moving average (wave3)
042 3p 13x20 —
nami X 1§l§g -
0.4 nami -
mput ——
0.38
0.36
0.34
20.32
=
0.3
0.28
0.26 Q
S
22
022 5 2 4 6 8 10 12 14 16 18 20

time[sec.]

Figure 3-19 Frequency estimation by moving average (wave3)
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Figure3-18,3-19 7> 5, AW - IRIE & LICHIHI TH 72 &L 9 2B FHRRENHZ LI TN D
ZENHERTE S, F2. 2O —ADGE THRBOBEAHFIIREWVEI N, LD
L OHEE R - IR E BICEENIR OGN DN, L0 B ANMEZHEE TE TWDH Z LNy
MD,

(BT 20 2]

BT, ST DWDE A 2 L Lo EORRATRT, T E TLRERICSRT 2D
W 72728, HEEMHOEEFRAENKE R D0, HEEDKENRL 72> T D L9 A
PG DALz, EAAHT OB — 2T, BBV 2 B2 O HEE IR 336 K +0.5 FREL
L TWAR, BEIEHZT7-2 L THA U Iz o T,

0.3

0.25

AAAAQ&&@

< o
// //
[/ //
0.1 | / 7
/ /
y ,/
/
/
//
0.05 //
// 12x20 -
/ nam1 X 83 i
0 4 i | 1 1 | | | nan‘fln{a(mlgl(f: —
0 2 4 6 8 10 12 14 16 18 20

time[sec.]

Figure 3-20 Amplitude estimation by moving average (wave2)
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0.45 i2x20 —
naml X 88 -
namiZx03mean ——

mput ——

0.4
0.35
N
jan}
=

0.3

025 A BL A A & @

16 1'8 20
t1me[sec]

0.2

Figure 3-21 Frequency estimation by moving average (wave2)

[T 58 1]

el
ML

WT, 2RI 1L SORERERT,

0.35
03t
N A &
P 27N rh
0.2 7 ot = S f
— , )
0.15 ' -
i L/
!
/ /
01t
I //
I
/
0.05 t//
’ / fla%ll)(ZO —
; nami x20meg
/ namlfl&i an ——
0 1Sp———
0 2 4 6 8 10 12 14 16 18 20
time[sec.]

Figure 3-22 Amplitude estimation by moving average (wave2)
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nami[Eg —
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0.35

0.2

0.15

0.1

0 2 4 6 g 10 12 14 16 18 20
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Figure 3-23 Frequency estimation by moving average (wave2)

IO —ATIL, B OBEADPRKE D EBEEEOHEE, 8L ORIBOHEED EF 0o T
RN ENHER SN2, UL, 2RI T —2 0307 RE AT 5 Z E SRR
=it EZILND,

Case3-2 HKfflil & & HIZIRME DR Z < 2 5 1IEZ I OHEE
BENIEN 2B AN L7 4 V2 —T, B L & BICIRENR K E S RAHBANMEEOHEE 21T

S7, fER% Figure3-24~3-29 (2”7, 7 —# 1% Table3-6 (2t 7' 2> I TV 5,

Table 3-6 plot data of figure 3-24~3-29

Input/disp ANINE =

nami3x20 ZHT W OB 3P T 3 H 20% DR IE
nami3x02 ST HWOE 3 T 3 HDIREE 0.2%
nami2x20 ST DD 2 T 2 H 20%DHRIE
nami2x02 ST HWOE2 1T 2 1 H OIREZ 0.2%
nami1x20 ST HWDOH LI T LI H 20%DHRIE
nami1x02 ST HWOE LT LI HOIREZ 0.2%
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Figure 3-24 Amplitude estimation by moving average (wave3)
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Figure 3-25 Frequency estimation by moving average (wave3)
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Figure 3-26 Amplitude estimation by moving average (wave2)
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Figure 3-27 Frequency estimation by moving average (wave2)



[T 58 1]

0.3 T T T T T T T

025

0.1

T T
~——
o ——
St
C——
—
o T———
- —
e
 — om———
e —
e —
o ——
—
1

0.05 - ;'.‘,‘v“"' ‘i nami1x20mean -~

0:45 T T T T T T T T T
namilx20 ——
- i b namilx20mean —-—
| TR A
04}
inp
035+

0251

f[Hz]
e
= —
.
e— -
e ———
e se— S
e ——
—
e — X
o —

02
0.15F b
o.l 1 1 L 1 1 " L A 1
0 10 20 30 40 50 60 70 80 90 100
time[sec.]

Figure 3-29 Frequency estimation by moving average (wavel)
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Figure3-23~3-29 OfE RN S, BEVWEH A & o722 & THEEHEOZE RN b TS 2
LIRS S ATz, Figure3-24 3SR 2 OR 3 W DORRIZNS. x20 £V x02 DHEEEDIZ
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Figure 3-30 Added mass coefficient (S/D=3.0)
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Figure 3-31 Damping coefficient (S/D=3.0)
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Figure 3-32 Added mass coefficient (S/D=2.0)
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Figure 3-33 Damping coefficient (5/D=2.0)
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Figure 3-34 Image of linear interpolation
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Figure 3-35 Frequency spectrum of cross-flow hydrodynamic forces of one column
(foscD/U=0.05,A/D=0.2, S/D=3.0)
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Figure 3-36 Frequency spectrum of cross-flow hydrodynamic forces of one column
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Figure 4-1 Schematic of the configurations of the array of four circular cylinders tested for 0-degree
incident[28]
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Table 4-1 Matrix of conditions carried out for VIM studies of circular cylinders[28]

parameter symbol value Unit
External diameter D 0.25
Draft H 0.375
Column distance S 1.0
Spring constant of the | k 20 N/m
whole system
Aspect ratio H/D 15 -
Column distance ratio S/D 4.0 -
Reynolds number Re 10,000-85000 -

Tabled-1 Z WLTHMMDH B0, T AT N, LA 2V ZEITIARMSE TIT - T iR R
MEBRLFARETCHL2 DD, 77 LHBEBELITIAFER TIL, SD=30 T
Gongalves[28] &> D FEBR TIL S/ID=4.0 £t L T\ 5, Lo L. VIM EBR 21T - 7= F&i#[12]12
£5L . SID=3 L 4DH T AMBEBECIZATA I 7 A0 SN DR Sl X 5 BITT &
N EENIRNEIRXTND, ZHUE, 77 AREEEED & D FREHEN - Z L 72D, 71 T A
DOFHEEBIIFE > TNHZ EEZER LTS, LLEND Gongalves DEERRIL VIM %87
WET N CTRET D ETHRBENR 2V &I LT,

Gongalves B3 FE &7, KHMEEL IR 5 Cross-flow 7D VIM HRIE D iy KAE %
Figure4-2 (27”3,

1.2

0 2 4 6 8 10 12
Reduced velocity(Vr)

Figure 4-2 Nondimensional motion amplitude in the transverse direction (Ay/D) as a function of the

reduced velocity
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fo
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4 L7325 8957 L ZITIMBUE R E A BT —B L TRERMRA 267, L)
ZEEFLTWD, fEMIT, Figured-2 TH Vr N 4 2B 2 TOBIREHEENA K E < po T
L2 EDERINTND,

4-1-3 VIMEFBFRTOY S LOANE

Gongalves O DOFHAFER & T 57212, O DFEBRGFUESEIC LN L, ANfEE
BRIET D, Gongalves H DEERTIL I F I F 7 QT E TFHMZIT - TV ey, ARBFSETIT
DIV IR BT SEER TR L 7= AR 1 0.3mis Th -T2, TORMFICH -5 Vr it
B2, IUOIC, HEROBEAEEERT A TRDLND,

1 k

- 2 m(l+ a) (43)
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ZZ T, alIfPINE &R TH 5, Gongalves ©H DFEERITE EL 1 OFKEZEAH L TW5H72
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DZ
m = prt—-H x 4 = 73.6[kg] (4.4)

ThY ., FHET D L EAEEEIL0.05867[Hz] & e o7, ZOfEE WD & ABFFED Vr X
235 &7 %, ZiUE Gongalves H DEHAISN & 72> T L E NI TE 720N, £ 2T, VIM %5)
THIT v 7T A TIXFEERIC Gongalves © DO FEER T S L7 ITREEOEZ AW IZ, /33
TEBDOANIMEE LR L35 Z & THHRAIZ Gongalves H D Vr & &7z, Table4-2 (24
Gl SRS EE LD D,

Table 4-2 Calculation condition

No. Initial Initial Initial Initial | Spring constant | Reduced
posision[m] | velocity[m/s] | C,qq Caamp | (K[N/m]) velocity(Vr)

Case3 |0 0 1 0 930 3.0
Cased | O 0 1 0 683 35
Case5 |0 0 1 0 523 4.0
Case6 |0 0 1 0 413 4.5
Case7 |0 0 1 0 335 5.0
Case8 |0 0 1 0 277 55
Case9 | O 0 1 0 232 6.0
Casel0 | O 0 1 0 198 6.5
Casell | O 0 1 0 171 7.0
Casel2 | O 0 1 0 149 7.5
Casel3d | 0 0 1 0 131 8.0
Caseld | O 0 1 0 116 8.5
Casel5 | 0 0 1 0 103 9.0
Casel6 | 0 0 1 0 93 9.5
Casel7 | O 0 1 0 84 10.0
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Figure 4-3 Comparison of nondimensional amplitudes
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Figure 4-4 Time series of displacement (Vr = 4.0)
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Figure 4-5 Time series of estimation oscillation (Vr = 4.0)
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Figure 4-6 Time series of damping and spring force (Vr = 4.0)
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Figure 4-7 Time series of added mass and damping coefficient (\Vr = 4.0)
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Figure 4-8 Time series of displacement (Vr = 5.5)
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Figure 4-10 Time series of damping and spring force (Vr = 5.5)
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Figure 4-12 Development of oscillation
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Figure 4-13 Time series of displacement (Vr = 8.0)
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Figure 4-14 Time series of estimation oscillation (\Vr = 8.0)
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Figure 4-15 Time series of damping and spring force (Vr = 8.0)

88



(R

1.5 M | |

added mass,damping coefficient[-]
=) o
n = n
y— i)
———

2.5 i Cdamp ——
3 Cadd ——
0 50 100 150 200 250 300
time[sec]

Figure 4-16 Time series of added mass and damping coefficient (Vr = 8.0)
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Figure 4-19 Time series of estimation oscillation (Vr =5.5)
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Figure 4-20 Time series of damping and spring force (Vr =5.5)
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Figure 4-21 Time series of added mass and damping coefficient (Vr = 5.5)
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Figure 4-22 Time series of displacement (Vr = 7.5)
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Figure 4-23 Time series of estimation oscillation (Vr =7.5)
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Figure 4-24 Time series of damping and spring force (Vr =7.5)
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