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Figure 1-1 Changes in energy consumption.[1]
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T2 HOBBELEKT S T, B 7 LA VIMBRO FHlZHI L 55,
717 L [EIEEEE & SRS D orbT
- VIM ZERIH % #85% L 72 VIM 28)E 7 v OERL



B28. VIMZERRIT T AT 7 L

21. VIM E7 L

ly:displacement

M : mass

Spring
constant

Hy:displacement

Figure 2-1 VIM simulation model.

Figure2-1 ® X 5 1iC, 4 DDA 7 L0 60 . HEIXRICEIE X 72 1R — Bk I & 2>
NRREZET 2, N EERFAOE N 2ys L, yOEEZRFRVICTHIT 2%, C
DEERNT 7 0 7T LOREL T 5,

2.2. VIM EfHE
e CliE, (1) TR I N2 VIM O#EE 2 BIEICHE 2 LT, HEH 7 2857k
DEE % TS 5,

My = —ky —cy — MC,y + F, sin w,t (D)
X (1) DFIHA KT {HIZ Table2-1 DY TH 5,

Table 2-1 Item in equation.

ky Mooring force

(proportional to displacement)

cy Damping force
(proportional to speed)
MC,y Added mass force

(proportional to acceleration)

E, sin w,t Lift force with different period from displacement

(only when the vortex shedding cycle and vibration cycle are different)

o, BB LRI MER Table2-2 DY TH 3,

Table 2-2 Variable and coefficient in equation.

y Displacement of floater. One of the equation solutions.

y Speed of floater. One of the equation solutions.
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y Acceleration of floater. One of the equation solutions.
M Mass of floater
k Elastic coefficient of mooring system
c Damping coefficient
(proportional coefficient of damping force)
C, Added mass coefficient
(proportional coefficient of added mass force)
E, Absolute value off the lift force with different period from displacement
Wy Frequency of lift the lift force with different period from displacement
t time

INLDERDI B, ¢, Cp F, IFIRBPIREE (R & JHIE0) 1< X - TS %,

23. BHETIVE

BT AE L L. VIM OZFEH I 5, FEBITFETDH 2, EETE 2K
THRED ) b, REPRIEIC X > TEMT B2 FIRTROBE 2 LT, T -2 =2 %H]
W CEE) R 2 BUER ST 2 FiETH 5,

24. 70077 LHE
7'v 77 LDOFE% Figure2-2 IC/R L 72,

( Start )
0

(DOscillation estimation

—) function
114

2Hydrodynamic force

y function
ﬂFaddr Fdamp
— 3VIM equation

0
C End )

Figure 2-2 Step of VIM simulation.
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1. BEDZENIEED O BTEORENIRAE 2 HEE 3 2, IREMREE & 13, IRIR & &R e 153,
2. T—2X—REZWL T, IREPREBICIO U 23R 2 ko 5,

3. Ko7 B EHFRERCRAL T, IBEERD %,

1~3 80 R$ 2 &C, VIM ORAIGE % FHl$ 3,

25 REMREEHET 275E
ZERLIEIE 2> O IR B IR B (R & JH B0 % HEAE 3 2 BRR DIREIMEE 7 4 v 2 2 7, B,
MIRBHEE 7 4 L 2T TFIR[6]IC X o TERI N D RBEL 7,

t
a;=f f y(@sin(2nf t)e~*¢Ddt @
t—NT; L
t
b; = ﬁf y(@cos(2nf 1)e"*tDdt 3)
t—NT; t
_ X \f;
“__mGWQN “)
2
p=—"m 5)
1 —e fl

A= /aiz +b? (6)

T, y(O) I IIRBPRE A HEE T 2 BMBEA R L TE Y, y(@)ITE TN 5 AT
DIRIEZA, L F T, B Ialb—va vy TiETF—2_—Z2DHPHA 0.000-0.594 & 72> T
2 DT, f;OHFPHIZ 0.00-0.60[Hz] & L 72, aiZTEL DR %580 < FHili % 7z o EA AT D
T, BIRIRIAZ 7272 LA T 2720 DRETH 5, NIZSWT 2 ZNERE O FIRECC
HYH, YFETIIN=3E L7,

26. REIDBEH
VEIRIC A0 B T IE. IRBIRBE ISk E T 2, C 2T HERXHNDe, C ERD X 5 I
Xl 3 %,

T TCIHEEFREL
Cc
Caamp = 1 (7)
ETCA I 2 AR %L
C
Caaa = 7.[—52 (8)
7 L

X o T, BHEIIMRESRIC X Coamp, Caaa® T —EXX—A%AFKT 2 2 &<, RERE IS
C7zE. fHInEEN#H T 2,

Table 2-3 Coefficient in definition formula.
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p Density [kg/m3]
D Diameter [m]

L Draft [m]

U Fluid velocity [m/s]
y Column velocity [m/s]
y Column acceleration [m/s?]

Caamp Caqald % N WIRELREL MINEBARE L WFIT0, =N L AINE R 2 E2oTfb L
2bDTHD, TS DMEDT D NI Fgamp Faqa PTEPFHTE 5, Cagmp Coga PEIZT —

ﬁ’{—XZ’)‘EHXf%j—%o

@ & L& M o N & o ®

0.8 , ; : ,
071 .+ AN . SRR
061 .+ SN RS
051 .+ AN . WS,
20.4— + A . -+ o+ o+ +
0.3 +
0.2 +
0.1+ |

0.05 0.1 0.15 0.2 0.25

fD/U

Figure 2-3 Contour of damping coefficient in previous study [6].

Figure2-3 (ZMEZE [1]235RHIIIRFEER X 0 FER L 72, BB D = v 2 —KTH 5, Kl
MR TCJE B HEmh I IEXOTIRIE 2 R L T 0 | BRTTHEREOMEE 1 7 —= v 7 TRL
TWwd, 2OXHIC, T —2X=2%2Z WL CTIREMAEICIE U 72 BT R E & EAoTh
IMEEREZRD 52 LT, BENEMNMERNZHTT 5,

2.7. FEOREDES

T—2RX=2AHoRE o itk % (12) cR I N 2@ TEKRA L CTLEREDIGEZ R
92, TRAOEITICIE, vy T2y 2DT7EE S, VYT 7y 23k ZEAEET IC
BF 2 EW TR L CoRBIERD 1 ©T, FEROMMELIFIENETED 1 D

TH5, |

My = —-ky —cy — MC,y + F,sinw,t
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CERESE:- LI IERES g

31 =ER#IE

ARERRIT, EEH 7 LRIk E Y T SmAlR 217w, &7 7 LIEfS %0
ZERINCHHIE L. #5718 7 AE Tl 2 BB (RS 5 7201247 5 72, HEZE[T]
THRIUBMEDORBRE 21T TE Y, AR CREREMFZIRL TiTo 7

32. EREH

Table 3-1 Experimental condition.

Symbol Parameter Previous study[7] This study unit
U Fluid velocity 0.3 0.21 m/s
D Diameter 0.25 0.125 m
L/D Aspect ratio 1.5 1.5 —
A/D Dimensionless 0.1-0.8 0.05-1.6 -
amplitude
fD/U Dimensionless 0.05-0.35 0.06-0.35 -
frequency
Re Reynolds number 75000 26250 -
Fr Froude number 0.12 0.12 -

321, MRS

HEZE[7] D B < 12 FERHEER O E & RIEXOTIRIE %2 0.1-0.8 ICEUE L CTHR 21T - 72 23,
VIM O ZEMEIR % HFETE T o 72729, 0.1-0.8 DEPHIL O T — X IFIMFIC L Y 7 —
ZR—=REER LTz % 2Ty REBRTITERESEZZL 2, BXOTRIEZ 0.05-1.6 ICEE
L CHEBEZITo 72,

%7z, h 7 L[EEEREEZ S/D=2.0, 3.0 I AT, #Ah 7 L4, 7 S/D=1.5-5.0 % 0.5 Z| &
TEZTART 7 —2AFEEBKR L=, S/D=2.0, 3.0 D7 — X% patternl, ZNLUIND7r—=2%
pattern2 & 3 5,

Figure3-1, 3-21CC, #REPRAEZ 'm0 v F L7z, IREPIKFEZ E T 2 B%, imH IR E O
HRE—AVIZEZERL, E— XAV P —ERICNE 2HPANIC TSR EZREL 2, 2V X
—KDh T ==y T AT L ICEGIIREBEIC» 2 E—A VPO, FFREE—A VT
T B HEERL TS,
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- . . oscillation case(patternt) 5
I§|‘|5 e o o o g
< S ‘
E . ?
%— 1 e o o o o @ 9 E
e o o o o o =
; L LE
§ e o o o o o o o 0 E
<09 B e e, o o 45
'9 L ] [ ] [ ] [ ] L ] [ ] [ ] L ] L ] [ ] L ] L ] H6
(7]
c e ¢ o o o o 0 0 o o o o o o -2.2
o L ] . . [ ] L ] [ ] L] L ] L ] L ] L ] [ ] .E;
g e e @ ¢ o o ¢ o © o o o 9 J—3 =
© 0 0.1 0.2 0.3 04
dimensionless frequency fD/U[-]
Figure 3-1 Oscillation cases of patternl.
— oscillation case(pattern2) .
§1.5 ) 3
[ ]
< @
3 i
= =
> . o
% 1 2
e
(]
= L=
2 o
- — (o]
8 ° . ° -2 .2
o ®

o

0.1 0.2 0.3 04
dimensionless frequency fD/U[-]

Figure 3-2 Oscillation cases of pattern2.

322, —ERME

N7 LE—KRROBRA, [7TIeMlch2 L9, 7= FBRE)BFLL RS L Hic—
Mz RE LTze — LA 7 VB (Re)IZFATIHIE[7T] L 1R 22 o T LE I, A
A= VIHORAEICKRELRFEEZ L LT3RV E L, IA—FE X225 2L 2B
Lz,
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33 ERREME
331 EEaEsl

Figure3-3 07 7 2% A KFHE L, Z DA BEK I & TR L L 72, BT 125mm
T, EERCTIET AT A 15 275 X5, 187.5mm H/KICIRD 5 L 5 MO E % i
7=,

Figure 3-3 Cylinder.

3.32. EHHEEZR
3.3.2.1. MEZ(LMC3502-A, HZ=EHE)

Figure 3-4 Loadcell.

717 D0 BTN R E T 5 729 1C, Figure3-4 OffEF %5, 50NDOF v U 7
L—ya ViR 2 ARDOnTWwWAD, EEERIICEF YY) 7L—SavERy 72 2A2HNT
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HMEBELEEOF ¥ ) TL—va vy &{Tor,
3.3.2.2. RAG
RO % ST 2 Fi& CH Wz, AT IERE L ) o, 204 L 38R
(WP ZFEST 2 2 & T, WP LEMNT -2 2R ET 5,
3.3.2.3. FUEHEFCARMAER:SF-2012, 1 &R :SFT-200-05, B 5 AR & 1)
—RRRASERE L 720 ) O FE TN T\ B3 2 % iR 5 Fi&TH V72,

Figure 3-5 Anemometer.[8]

3.3.2.4. R4igse (DSA-100B, 0 &= HE )
fIEGFHCAE L 2 O TR EZEBILES LT 3 HETH W,

DC TN | | | ) e (R
- STRAIN S © ] » STRAIN
& AMPLIFIER @ AMPLIFIER € @ AMPLIFIER
WBALIven) W BALvon) W BALivons

e e 2

[ - ]
‘l‘“ POWER 42 ,; our ALM POWER S

> DSA-100B NEW @ DSA-100B NEW (> DSA-1008 D

Figure 3-6 Amplifier.

3.3.2.5. {55 aiidE (NR60O,  — = v %)
HiEER 2 O M N EEES % PCICEE kT 2 Hik THw 72,
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HIGH Vi
1YOLTAGE HIGH VOLTAGE

FEYENCE ,

CH1

o)

CH2

)

Figure 3-7 Data logger.

333, m@HINREE (EASEX-D060-AZAAD-3, 4 U T X ILE—X —)

Figure 3-6 Forced oscillation machine.

R D AR IC Figure3-6 OIEE % L 72, & OREE 133E) % Ak SR EAGES) X ¢ 5 /-
DOREBETH L0, 1 JEM%E 80 EIL CHMME & EWEEZIEET 5 & T, HiRE %5
I /E D Hi L 72, Bl 21E Figure3-7 123 WC, (a)ICRT I N7 & 5 SR A LES) 2 MH
HrbE s LT, (b)D X ICREBEEICTVEE Z(EY L 7,

control signal (A=0.1[m] f=0.2[Hz])

0.1 ontrol signal (A=0.1[m] =0.2[Hz])
0.03 1y

y=—0‘.1,232t+0.1543

displacement[m]
o
= o
w N

e o
o
=

displacement[m]
o

-0.1
1 1.05 11 1.15 0
timel[s]

timel[s]

(a)Part. (b)Overall.

Figure 3-7 Example of control signal.
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334, 2EoEE

Oscillation
direction

Force
oscillation
machine

Load
cell

__— Cylinder —_ ‘

Figure 3-8 Overall structure.

Lo E % Figure3-8 ® X 9 AT T, KEICHKEL 2. 7 7 LDOEKILDT A
<7 M 1515 X5, KEDKEE 950mm ICHTE L 72,
335, EERHEL
3.3.5.1. K D
SR IR 13 R D sk % FIFH L 7z
i« UK SE AR PE BRI ST A & T 52 S BT
Al RS & U o] KA (Bl AR 25 1)
<& 2 1800mm, 7K © ~1200mm

3.3.5.2. [MIIRDFEHEDERE

fluid velocity

o
N
~

y=0.00212x+0.01949

o =)
— © &
() () N

fluid velocity[m/s]

o
—_
D

0.14

60 70 80 90 100
dial number

Figure 3-9 dial and fluid velocity.
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AERICE T, TiE%E 0.21[m/sICERET 5, M II XA Y L2 flio TRET 2720,
ROICEA YLD E 10 AHTETF &, BEOTEZ LKL 720 £4 YL Dfl%Zx,
TRDEZ y[m/s]& L7z & %,

y = 0.00212x + 0.01949 (10)
EEMTE L, ZORDLLyARD 0.21 ICTWEE & 3B BxE KDL T Ax =91, o
TeDT, XA X% ILICEE LTIkt k 4 T &7,

20



BAT. BRI OB FIE

41. BET —ROEH
411, O—FRELBEET —XDEET — X ~DEH

9. WERIceE—FerDF v ) FL—2av&{To/, B—FEAfED 50N F ¢
Y7V —vavRy 7 Z2Mw3 T, &fiidd ON Of& 50N Oz Z o BT
ZHIEL, Yol mE/BLEOREE 77— AT LICEHBL 72,

F(t) = {V(t) — zero point} X coef ficient (11)

COXSICLT, &BH T LICHhr 5 2T AGERNCHTRITR, B3 % J710) D HE % K

D7z,

412, FNEBRT HHET —ZDBHT —Z~DEH

PRI ORI, N EERT 2HET — X IOFHEEEOEE I nE&EEhb 0T, %
NERYBRS DELRD B, BENEZELIE2HERII22CHELCHELAZ, 121k, 7
FL AT LERNFIOBICANE Y a4 v P ZND 20 CEL T 2ADEEEM,,
b5 12iku— Fer oo EEM,(Figured-1 TRINZED)TH 5,

Figure 4-1 Movable part of load cell.

M ZTEEFHCHEA TR L 720 My (3 PTER D A 2150 GHLY L CRHIlIE 2 2 & A8
TERVDOT, XRDOLIICHEBL 72,

BRAIGHCE Y 2T 3T, Y il 1A 2 $R1E 5 1N [EE L 7= KR8, Y Hil)7 1A 2 /K5 1a)ic [
ELIREECEZMEST 2, MEOEDEIIAIFOEREDEICL b DT, HRELE
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DIRE D SR ERTOEE*H B L2, &7 7 L DM,;, M, Table4-1 DY TH 3,

Table 4-1 Mass to be remove.
Mll[g] | M2[g] | M1+M2[g]
column A | 1,844.9 | 466.1 2,311.0
column B | 1,839.9 | 465.1 2,305.0
column C | 1,842.0 | 465.1 2,307.1
column D | 1,842.0 | 465.7 2,307.7

DEoXsweko2EE802 oBIEN 2R L, mE2 LA 25 L 72,
Flift(t) = F(t) - Finertial(t) = F(t) + (Ml + Mz)y (12)

4.1.3. SRNFEET — X OERI(RAE) T — R ~DZi

YRR BT 2 IR OZEAT I IRIE & BB BT 2 2 L A TE 25, RGO F
FGANEENFHOT— 2 A —FRBL TRV T, F—XA+LORA% &by 5 SE
BB b, $oT, IFNDERNE VI B TENT — X% T —Z2uH—ICHY AL LT, &
LEORSRY T — & R & 2 7=,

1 JEHA & L ICER IR o ) of/IMiE % Se A D | D) 238 /IMiE % BB R i AR o A
B0 D X IEMNT— 2 EERL T2,

dlsplacement(f—O 17[Hz] A=O0. 15[m])

0.2
—vohage
“minimum value
_ 0.1 —displacement
=,
&
g 0/
e M
-0.1 \
-0.2

20 50 60 70 80 90 100
time[s]

Figure 4-2 How to make displacement data.
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42. AR, BHRBOEH
77 L TR D S B —Bkit & B LA < 250, — BRI & EASS B TN

B < NERGI LS, P e B Ro X 5 IR b L, PiRE L SRz ko 5,
E,, Fy
Cp,C, = 1 (13)
7PAU2
CCT, prMAEE, A BOPIEME, U —BRIEE, F U0, F I TH B,
/. EBT — X IRRIT -2 & L TR L TV B DT, ZORERIIT — 256 Jilitk
BV, PiRBOEERZE. SR OEERZE % R 72, SFHE & R 2 13RO

IHICHEET S,

P A
1
xmeanzﬁ(xl'i'xz +X3+"'+XN) (14)

el

1
Xstd = \/N ((xl - xmean)z + (xz - xmean)z + (x3 - xmean)2 + -t (xN - xmean)z) (15)

43. BEFHH SINEERBOES

BREBE T —2iconT, GHlI N5 D 5 Bl EICHBIS 2 oy & IR I Hpl 3 2
Mooz L7z, 2hbxhnthnz, MEN, HINEEN v, BKaDORDITIZRD &
BHTH S,
fEax()z 7 — ) ZfgckT L,

oo

x(t) = 2 (agcoswyt + bysinwyt) (16)
k=ko
&b, LY HL 72 WEBE Z w, & L Coswyt, sinwpt & x(H) & DIEZRD 5 &
x(t)coswpt
= XoCoSWyt

oo

+ Z [% {cos(wy, + w,)t + cos(wy — wy)t} +b—2k{sin(wk + )t +sin(wg — 0D} (17)
k=ko
x(t)sinw,t
= xoSinwyt

oo

b
+ z [% {sin(wy + wp)t + sin(wy — w,)t} —?k{cos(a),c + w,)t — cos(w, — wy)t}]  (18)
k=Ko
L%, MpA%KZ 0 225 T $TCRL, Z0fiz T CH 5, ZOFf, k=n DDA
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cos(wy — wItDFEFEIT T &0, ZDIF2DMEIZET-1~1 OFHFANICINE 5, X- T,
Zofix T CHlo 72K, T 2B+t KREFhid,

L tdt = 2 (19)
Tfo x(t) cosw, =3
1" . by
TJ; x(t) sinw,t dt = > (20)
KXoT, Zfi%
y(t) = Acoswt (21)
ELzeE, WA
y(t) = —A wsinwt (22)
HH B 1
y(t) = —Aw? cos wt (23)
EREDLDT, WEIZ
2 T
Faamp = ?f y(t) sinwt dt (24)
0
fHIE =)k
2 T
Foga = —f y(t) cos wt dt (25)
T Jy
b,
COXIICLTRDEWEN EMERN 2. KD X 5 iclRIeft L <, WEREL g
BREEKD 5,
TR AL
F,
Cdamp = H& (26)
7pDLUAa)
e =2RE
F,
Caqa = —nDzadd 3 (27)
p—7—L(Aw)

T ZCplITafRB R, DIZA 7 L1ERE, LITBUK, AZHIIRIRIE. o ZMRMEEE 2R L T

44, BERE FNEERBDO T — 2 N—IER

WERE L g B EEOE I, 77— _—2{t+ 22T VIMEHTFH v J L
CAHARAD Z L DBHTH B, B2 LG T -2 XR=AZ T TR T—ZE AR Z0D
T, WFHIC X > TTF =2 Ofif %79,

Figure 4-3 ICC, ¥ 32l —3va v THWETF—ZR— 20RO —H% 7o v |
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L7z,
Bom--FEKRICX Y 7T — 2 2,
o NiFIC X Y 7 — & 2 4ifE, fD/U=0.06, 0.08 Dz ZFic T, 3 mDEKE
ICED W TR EZ (T - 72,
Hom % 0 IC3E, EREEIC»2 2 AMOHE L, Z OFEMOIRBIIRE Tl HE
BEITA R0, ik o F—23FELEV, VIMDY T aL—Y a vitkn
TZDHEBORIIRENEHNSE Z L3V EZL, MbbLiWnEd 0 ICEKEL -,
ARt D RIS 0 D 51) - [F UJEEEC 1 FlE VB M L R UERRE L 72, EREAT
> 72 BN IR TR 2 0.05 72D T, 2N X W /NS RIRIGICIZ T — 2 237522 5 72, VIM
DIRENREE X Z DTS A 2 F[REMEIZ T H W fix AN TEE o720 T, FIEL
WKW ETET—2E LT, bIEWEDEHDODT— X2 ANEZ LIT LT,
Frta D AR 0 DRl % 1 ICEREFHEREEDL S v I 2L —v a v To 2[5,
fD/U 2% 0.00-0.06 DHEIFHLTHEST 2 2 & Icm b 720, MHLoDHEEZHREL THL
DERB DB EFZ, 1ICRE LT,

how to make database

[

T R .

<15 ° ® © o o o o e 4 Sameasupone

'g o e o o o o o e « interpolation

B o e e o o o o e ¢ experiment

= ° ® o o o o o o <. iyt 10

e 1] EBERY PEREBERRERERNED SRNER

©

0 ° e © o © o o o o e o o o o o

;) ° e o o o o o o o o o o o

2 [ [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] o o [ ]

505 ¢ e e e e e a e F el 14

w

0 ° e o o o o o o o o o o o

- ° e T e e T e B ey o o S T o |

o ° et e @t @i @ A i e e et ot @ e et Qo

% 0 ° e ¢ 2 o ¢ o 2 2 o o o o o o
0 005 01 0.15 0.2 025 03 035

dimensionless frequency fD/U
Figure 4-3 How to make database.
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BOE. mIIREER DEITHER

4 BN TECERRED, O FHRA IR R 2 H L7z, COETIE, £hb
DIEDS, MHRIRIE, IIREEEL, 7 7 LZREEEEC X > TED X 5 ILRLT 2 DpERE(T-
T <,

5.1, MAREOFHEDOER
PN FEIC, Figureb-1 TRIND L9 7h 7 LD FflCER S L5 B O fFE7EIC X
OT%?E?%O

wake

=

flow

Figure 5-1 Wake.

C_drag mean (S/D=2.0 front 2 columns)

> —not oscillated
5 -=fD/U=0.06
--fD/U=0.08
fD/U=0.1
--fD/U=0.12
s ~=fD/U=0.14
-fD/U=0.16
. —=fD/U=0.18
--fD/U=0.2
not oscillated <-fD/U=0.225
fD/U=0.25
--fD/U=0.275
--fD/U=0.3
0.5 --fD/U=0.325
--fD/U=0.35

g mean

C dra

0 0.5 1 15
dimensionless amplitude A/D
Figure 5-2 Mean of drag with amplitude(S/D=2.0 front).

Figure5-2 13, MMRIRIEE . BT 7 7 L0 2 M O FHEOBBRERLTEY . RO
ED3 0 B o NIHRIRIE & FIH A OBRICH 2, ZOBHE LT, IRI|EAKRE (725
T LI X o THRREOFHDILD 255 TH 5 L # 2 b5 (Figure5-3), BifDEE W
T2 WIikBXZ2A+D L%, o T, BMOEZIMRIRIEC LGS 2 2 L 23005
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DT, FEFIBIRENRIE & TP OBIRIC o T DR EEZ LN D,

-, D/2 4
—? ——————————————
amplitude A
Wake
) (=Y W=2A+D
flow
SR A

Figure 5-3 Amplitude and wake.

C_drag mean (S/D=2.0 rear 2 columns)

—not oscillated
-fD/U=0.06
-fD/U=0.08
fD/U=0.1
1.5 +fD/U=0.12
-fD/U=0.14
~fD/U=0.16
-fD/U=0.18
1 <-fD/U=0.2
--fD/U=0.225
fD/U=0.25
. ~-fD/U=0.275
--fD/U=0.3

g mean

C dra

not oscillated <©-fD/U=0.35

0 0.5 1 1.5
dimensionless amplitude A/D
Figure 5-4 Mean of drag with amplitude(S/D=2.0 rear).

Figure5-4 [ZNHRIRIE & . #5777 7 i< hH 25N O FAOBGRERLCH Y | HilTH 7
LA 2 HUITFE LR TR A A b D,

—TJi\ BT 7 7 L TIRRABEB O — ZDHE At 7 — R ~/NE W—T7, 8&ITH
SLTIEEORBEBOEZRHEVEDLO VWL ICR SN, F 2T, MIRERE & HTh
P O BRI &2 RITR T,
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C_drag mean (S/D=2.0 front 2 columns)

2 —not oscillated
P2 <A/D=0.05
gt <A/D=0.1
o A/D=0.2
15 ‘f’,"’ ,g'o“z’o -A/D=0.3
= B2 +A/D=0.4
© ol =g - TN
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Figure 5-5 Mean of drag with frequency(S/D=2.0 front).
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Figure 5-6 Frequency and wake.
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C_drag mean (rear 2 columns fD/U=0.12 A/D=0.4)
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Figure 5-7 Mean of drag S/D(fD/U=0.12 A/D=0.4 rear).
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Figure 5-8 Mean of drag with columns space(rear).
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Figure 5-9 Rear cylinder in wake flow.
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Figure 5-10 Mean of drag with columns space(front).
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C_drag mean (single column front 2 columns)
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Figure 5-11 Mean of drag with amplitude(S/D=1.5 rear).
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Figure 5-12 Wake of two front columns.
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Figure 5-13 Disassembly of vortex force.
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C_lift std (S/D=2.0 4 columns)
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Figure 5-14 Std of lift with amplitude(S/D=2.0).
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Figure 5-15 Std of drag with amplitude(S/D=2.0).
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Figure 5-16 Std of lift with frequency(S/D=2.0).
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Figure 5-17 Std of drag with frequency(S/D=2.0).
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Figure 5-18 Std of lift with columns space(front).
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Figure 5-19 Wake of forced oscillation.
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C_lift std (rear 2 columns)
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Figure 5-20 Std of lift with columns space(rear).
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Figure 5-21 Damping coefficient(S/D=3.0).
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Figure 5-22 Damping coefficient (S/D=3.0 front).
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Figure 5-23 Damping coefficient (S/D=3.0 rear).
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Figure 5-24 Added-mass coefficient (S/D=3.0).
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Figure 5-25 Added-mass with columns space.
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damping coefficient (S/D=2.0)
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Figure 5-26 Contour of damping coefficient(S/D=2.0).
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Figure 5-27 Contour of damping coefficient(S/D=3.0).
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added-mass coefficient (S/D=2.0)
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Figure 5-28 Contour of added-mass coefficient(S/D=2.0).
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Figure 5-29 Contour of added-mass coefficient(S/D=3.0).
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Table 6-1 Parameter in simulation.

S/D Column space
Vr Reduced Velocity
fD/U Dimensionless frequency
A/D Dimensionless amplitude
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Figure 6-1 Time series1(S/D=3.0 Vr=8 fD/U=0.00 A/D=0.0).
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Figure 6-2 Time series2(S/D=3.0 Vr=8 fD/U=0.00 A/D=0.0).
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Figure 6-3 Vibrational status on damping(S/D=3 Vr=8 fD/U=0.0 A/D=0.0)

dimensionless amplitude A/D[-]

S/D=3 Vr=8 FiniD/U=0.00 Aini/D=0.00 (C_add)

0

15 ral frequency

S B

= 0.5
>

=

o

£ 0

a

205

.9 _05
1]

C

(]

£

e]

0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
dimensionless frequency fD/U[-]
Figure 6-4 Vibrational status on added mass(S/D=3 Vr=8 fD/U=0.0 A/D=0.0).
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Figure 6-5 Time series1(S/D=2.0 Vr=8 fD/U=0.00 A/D=0.0).
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Figure 6-6 Vibrational status on damping(S/D=2 Vr=8 fD/U=0.0 A/D=0.0).
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Figure 6-7 Time series1(S/D=3.0 Vr=8 fD/U=0.12 A/D=0.08).
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Figure 6-8 Vibrational status on damping(S/D=3.0 Vr=8 fD/U=0.12 A/D=0.08).
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Figure 6-9 Time series1(S/D=3.0 Vr=6 fD/U=0.00 A/D=0.00).
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Figure 6-10 Time series2(S/D=3.0 Vr=6 fD/U=0.00 A/D=0.00).
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Figure 6-11 Vibrational status on damping(S/D=3 Vr=6 fD/U=0.00 A/D=0.00).
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6.3.1.3. Vr=9, 10, 13
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Figure 6-12 Time series1(S/D=3.0 Vr=9 fD/U=0.00 A/D=0.00).
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Figure 6-13 Vibrational status on damping(S/D=3 Vr=10 fD/U=0.00 A/D=0.00).
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Figure 6-14 Vibrational status on damping(S/D=3 Vr=13 fD/U=0.00 A/D=0.00).
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Figure 6-15 Vibrational status on damping(S/D=2 Vr=7 fD/U=0.00 A/D=0.00).
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Figure 6-16 Vibrational status on damping(S/D=2 Vr=10 fD/U=0.00 A/D=0.00).
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Figure 6-17 Vibrational status on damping(S/D=2 Vr=12 fD/U=0.00 A/D=0.00).

Figure6-17 I T, Vr=12 %7 — 2% /R L7z, RIC Figure6-18 ic T, [A IR FHE T, #)
A Z 2Ty Ialb—ya v EfToTHaiz,

—  §/D=2 Vr=12 FiniD/U=0.08 Aini/D=0.80 (C_damp) 1

|

Q15 Netural frequency

<

_g 0.5
>

2 ]

o

: | o
a

iC’O.S 1

S  : 05
° -

g o o o

£ I h
=2 -
T 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

dimensionless frequency fD/U[-]
Figure 6-18 Vibrational status on damping(S/D=2 Vr=12 fD/U=0.08 A/D=0.8).
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Table 6-2 Parameter in experiment and simulation.

Symbol parameter Goncalves[4] simulation unit
U Velocity 0.3 0.21 m/s
D Diameter 0.25 0.125 m
L/D Aspect ratio 1.5 1.5 —
Re Reynolds number 10,000-110,000 | 26250 —
Fr Froude number 0.023-0.253 0.12 -

amplitude with velocity
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Figure 6-19 Velocity and amplitude(S/D=3.0).
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