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Abstract

VIM (Vortex Induced Motion) is one of the important issues in the safety evaluation for
cylindrical floating offshore structures. The VIM is a phenomenon which occurs in strong current
basically, and also appears in current and waves in the sea where offshore structures are
installed.

In order to make clear this VIM phenomenon, VIM characteristic on the column type floater,
that was Spar in this case, was investigated using a large experimental model in supper critical
Reynolds number. And VIM experiment in current and waves using a MPSO (Mono-column hull
type floating Production Storage and Offloading unit) model was also conducted. This VIM
phenomenon and the cause of the VIM generation in current and waves are not well known. Then,
the VIM in waves with different wave height and wave period was researched in detail. Moreover,
CFD calculation on VIM was tried to assist for understanding the cause of the VIM generation in
current and waves.

Using those VIM experimental results, fatigue damage of the Spar and MPSO mooring lines
relating to safety evaluation was assessed as examples. It was clearly understood that the VIM in
current and waves affects mooring lines’ fatigue damage seriously.

As an application of the outcome of this research, part of the results was prescribed in the
regulation on ISO 19901-7, Specific requirements on stationkeeping systems for floating offshore
structures and mobile offshore units. This paper contains these VIM topics for the researches of
the VIM phenomenon, the CFD calculation and the action and reflection in ISO.
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Table 2.1 Experimental models.
ltem Unit Large Spar Small Spar Small Spar
(L-model) (S-model) (S-model, Long)
Diameter (D) m 1.50 0.30 0.39 (Ave.)
Length (L) m 5.00 1.00 2.20
Draft (d) m 4.50 0.90 2.10
Displacement (W) kg 7952 64 233
Sway natural period (Tn)| s 30, 58 13.5 24.9
Towing velocity (V) | m/s | 0.10~0.45 0.08~0.23 0.07~0.20
Reduced velocity
(Vi=VTnD) 3.9~17.7 3.4~9.7 43~11.7
Reynolds number 5 4 4
(Re=VDN) 1.5~7.0x10 2.4~6.9x10 2.8~8.0x10

Fig. 2.1 Large Spar model (L-model).

Fig. 2.2 Small Spar model (S-model(Left) and
Long type S-model(Right)).
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Fig. 2.3 400m towing tank and the carriage used
for the L-model.

Fig. 2.4 Experimental situation at the 400m
towing tank used for the L-model.
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Fig. 2.5 Experimental mooring condition and
position sensing of the L.-model.
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Fig. 2.6 Top view on experimental mooring
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Fig. 2.7 Example of transverse free damping
tests of the L-model using 2 kinds of

springs.
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Fig. 2.9 Example of time series on amplitude in

each direction of the L-model in V,=9.2.
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Fig. 2.10 Mean amplitude of transverse motion of
the models in two different Reynolds
number regions.
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Fig. 2.11 Maximum amplitude of transverse

motion of the models in two different
Reynolds number regions.
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Fig. 2.12 Trajectories of the models in V,=9.2
(upward: L-model, downward:
S-model).
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Fig. 2.14 Event probability of transverse
motion of the L-model in V,=8 and 9 in
SC-Re region tests with Weibull
distribution.
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Fig. 2.16 Maximum amplitude of transverse
motion of the models in different
analyses.
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L2 V,.=9 ORPLTIE, V=8 [T~ TIRIE D £ E)
E 723 K & W, VIM O K & WHRFR#EE ClEe v 7 A
VRBICEWTHIRBIREARE S LT 256
DD EBRINT,

fih D V, 4R 08 & & o R 0> 4 38 5 o0 4R i 22 )
O ATIVHIZYE LD D, lBRE R O SEIRIE
EEDFABIR AT A =4 m & OMFEEZ M Fig.
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" 1/ m
Amm/Dzn{m(—ﬂ (2.6)
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Z 2T, niEEHmEIC B A EBEEK, olid) A
JNTG A= ThHD,

(2.4)~(2.6) X & i o TRAEAREE G D 95% i
B (Z o546 n i3 RO BEBE %, 00=0.05)
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TA TN TR L, B S 95% M
EERDIZAM EZTIE B L, FHE & L TR
BRWZ ENENDO BN D,

ORI X0 B 2 E 1 ERIICB T D R R
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FHEAR Y Spar BUTHIR T O K5 B & B EI T Fig. 2.16
FIZRT, RFEZ, REOZENFHMEZ R T 5
BIcAzCTd D,
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Fig. 2.18 |23 In-line H o Hi 1455k % VIM F
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~0.6 BETHD, T ~/NEFER O E 51X
VIM EEICEEFET 2500 L0 K& 2% Fo, A
BRI DO KX SOBWMCEDERERKZIL RS,
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—fi & LT Table 2.2 |Z/8 &5 LR 7% 8 H
Spar BIVERZ I RICRE 7 A O R 21T -
oo ¥ T A v OELE % Fig. 2.19 2R 7, KEIX
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WD, T OSESAAIL AR E Lo, ZEo i
MiEENRT A= L L THEEITH, Z0L X,
VIM O 2 % Wfl2 32 B2 63, BUIEE L
VW, ISOVE Y APIPMIAIT/R STV D Fig. 2.20
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1) 1 o0kt (Bl LTi&HE) Z@8RL,
P & PRI OFEAFERIZIEDSE FEH T2 DY
i DRk, 2R D,

2)3)4) HREBEROEFEM T, Z3HH L, T O RIC
DX WBWIEY, . VIMEE A/ D, L%



Wi AL SIEATHE B 148 F 35 (CERK 26 £E) wemis 63

Table 2.2 Calculated condition of fatigue

damage of mooring lines for the Spar | Start |
floater. J
Item Unit Value | 1) Determine current condition (i) and duration time (t;) |
Diameter (D) m 20 l
Draft (d) m 90
Spar float i
par floater Displacement (W) ton 29200 | 2) Determine T, of the moored floater |<—
Mooring point depth m -30
Line number - 4 | 3) Specify In-line and Trans. A/D |
Line diameter mm 152
Moorin Length m 806 -
5 Weight in air kg/m 509 | 4) Determine Cp |
(Catenary chain) —=
Weight in sea water kg/m 442
Stiffness (Axis) kN 2040000 5D - -
etermine average tension range R
MBL (Minimum Breaking Load) [ kN 20200 | ) £ g |
Anchor Anchor point radius m 700
Anchor depth m -225 | 6) N decided from R using T-N equation |

Water line is Om height.

? | 7) Dai = (t/Ta) / Ng |
Mooring point /| 700m l
| End |
Fig. 2.20  Analysis procedure for long term
Mooring line fatigue damage of mooring lines on a
700m \ Floater 700m floating structure.
Table 2.3 Formulated maximum transverse VIM
) <= 0deg amplitude for the fatigue life assessment.
/ — = v, <s 7 9.5<
45deg Ar /D 0 0.2 1.0
700m | o ,Z -225m

TA VENEERINERD | K, /R o7
Fig. 2.19 Mooring lines’ plan and current THAEENV VY REZIET S,
direction for the Spar floater in

constant current. . Arm
x=A4; szn(T—t+€)

! (2.8)

B C, R A O ARG E R D D, 0k v = dy sin(2E )

& ZNERORBIBREHE L0 EET . Ty

V, & Transverse J;i ] VIM iR g ke Ap /D D4 ZZT. x. yit In-line. Transverse /%
fRiE. Fig. 2.11 & Lrmodel DFFREA NS Z {ir. A7 1% Tn-line 7717 VIM 58 . 135238 I .
E1Z LT Table 2.3 ® X S5 ICPGE LTz, 24l QI AHECdH 5, B FITRBEE RS 220
DHEE & L CRIBRAT R & BD T £ 5 IC iz 0=3/2mL Liz, A iCoWT b aRBREE T 5k
RDHTN D, Ko k5 IcfiE L,

HiAREIL ISO LA ISR ST 5 R B
(i DI O R(A6), & bic IS0 HHI% T A =0.1274r (2.9)
FIH & TV 5 Bl fE 1212 55 % Fig. 2.18 O

6) MERETA DT -NI#NH . RIZxHET

DREW A 2 VB Ng ik ET 5, ZD & &,
Cp=0.194r/D+0.41 2.7 EHLV Y RENgEOMICIF®RAITRTE
BRrd 5V,

it R BRI TIE L7z,

5) VRIRALE 2 ] Z (T KA D X D R =AM T
Pl N7 A MIZIRITIR » TEML S B2 5,

NgRM =k (2.10)
W) (E 7 IXB AR MAT TH BV ICHRE
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2T MIIT-N##oME, KITEHTH
%, ISO HAIFIRENTHAL vy RL AT =
—DORFEMM=3. K=316 x H\ 7=,
) WRBARMICT D EH 0 O ITHERE Dy,
EHET S5, 2ok &, Dy xRS kv EHE
T 5,
Dy =(6;/T,)/ Ny (2.11)
T, L FFERICET DR TH D 1
4£1 (31,557,600s) , Table 2.3 T/r &7z VIM
WIES kT 2 ERE LT, £/, “E2FK IO
KW EMELTND,

Fig. 2.21 CEEBOREh-T LR T A DW I
FaOFEMER (1/Dyy) ZWFom & FicnRT,
IR R DR R OEA ALK 330s TH - 7,
V.=0.3m/s X L& V,=0.5 {2414 L i 28 L 0 3 <
RoTEBICIE VIM BREAET L0, R-EIT1 0
FMNMEITIKT 5, VIM OFAENTHEN S0
REZRORE 74 v 2 QBHICELSGSG, 208D
R HFHM L ALY TEMET A ENMLETH D,

Fig. 2.22 121%(2.4)~(2.6) X F LIz L v VIM 2
W& Doy AR & BB 2 FHE L, IRIEZAE) S N
WL/ bkToHEmaFMaEITo M RE AT

(ye=30deg.), (2.4 XNTHVD A4,,,, /D DHEIZ
E# Fig. 2.10 ® lL-model, SC-ReJ 1% i\ 5
ZEbL—HETHLN EERKE LT Fig. 2.10
KO Fig. 2.11 OfER 2 L, 2O/ E S L
T Table 2.3 I[Z/R ST ED 80%fE & L 7=,

s A/ Dconst 1X Fig. 2.21 IZ/R SNz fEF O
BT, MRIBWRAERFHENCWD Z EZ2BELT
WD OHFMERE L CIEMAmIc/hEL o T
W5, REFTE TR L Table 2.3 @ VIM {EIE % i K
e UCHEE LML E. Z2Y 4 RO & 72
STWDHEERD,

2.5 2EH#E

FEERDBEEMBECHAIND Z ENEES
5 Spar BIvEik & x4 & LT, VIM ##I13 6k % 5
s DL L BIRE T A DT E T2, 5
bR MmAEZFEDDELTOMY,

R, 55 C R B A AT o0 OB % i o 72 VIM
AR D AR T 5 VIM R R R 23 B
LTI o To, Fio, BRI &AL E ST 7
R, 24 X105 TORMBRERIT, N 2 5 72
INE R R B OFER L VIM IRIEAKE S B D
ZEEHLICLE,
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Fig. 2.21 Predicted fatigue life of one of
mooring lines on the Spar floater in the
constant current.
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Fig. 2.22  Predicted fatigue life of one of

mooring lines on the Spar floater in the
current using constant and Weible
distributed VIM amplitude.
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3.1 #E

RN HE SN OWELECITEREEL MET
X, BELIL, REINEMEERAER TN &
WOH B DA WO I OAR P B~ TR i i
T VIM ORBREZERALONDZ EEB LML
7o VD, AL, FO XD REBHREETHRNEFEOT
WEEIZ LD VIM 3G (2 2 CikpiRd VIM B4
EFRT D) MNRETDHONTHONT T4 REHN R
STV,

Z ZCARMIIETIE. MPSO ozt VIM H 4 %
HOMNMCT 222 HME L CTHAIE R OAHA
o VIM RBRZ2170 ., TOREREZH oL
Too WM ETWMNICELZT D HmE L, #HHIEO S
e LT, WEMEELSE VIM Eig oM
AL, MRS LTREDR &, KA St
T, RO A DK T VIM &7 58 m &
5 LR Uiz, FHNIIZ MPSO 12 5 —
Y=k VIM L OBRRIZOWT AL, i
B FEHE MPSO & xt4 & L CI iR VIM BL5 D 1%
R 57 R R FE TR ARG L,

3.2 VIM 51K ER
3.2. 1 R ER R U ERIREE

Table 3.1 (TR 8 % i VIM 1135k 2 %
L7z, ff& T Fig. 3.1 IZMlm» & ORI X 3k
BROIRRE 2R, BORLE ., KHBRE CAME 800mm., N
£ 298mm O MFERRE (AOMWIER) T, FiF
REE 70m B MPSO & 1/87.56 EF /L Th 5, Ml
HEBEOMEIL FRP ThHYV |, HICHIBLETE D
R OMARET D L THAR L EOME LR
#% L7, BB TIT Fig. 3.1 13T Lo MK
D=2 T L8 HOAREE & IEVIRRE (R S
THNEZEM 72 L) O 2 TRBREZIT- 72,

Fig. 3.2 \Z/R 9 UF L EAR 22 240 58 1T o0 2 75 B
A (B (X) 80mxig (Y) 40mxE X 4.5m) T
AR A M U 7o, SEVEIR T BOKRE (X XY B A i 2
% LT KRNI O WA ATEE 7R 382 B D 1E
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WA 2 TR Y,
x5,

Fig. 3.1 ICITHEAM AR bR L TWD, A
4 KOUA Y EBMEZETNRENLT, GHICEE
T5, VA VICEDBWBOMEMEIL, EomS &
Lz, BHZAKIEOREFFHANCENT Z & Tk s
BT 5, BAEOEM L, R EEICERY T
LED % L#8 CCD /1 A 7 CTiBli4 2 e s E 1 &

DRI L7, BROREN K OWERR LI, AR
B EEICRE L7 7 A NP vy A v TEHEIL
T L. WRFICBOTHERICHE 2T
NEOREBRITF SN2 olz, T A Y O%

i RERE DR AR E L, BALE SR D
Bt A MO %2R 5,

Fig. 3.3 I[CHRMi M, WM& DEHEL T, AR
BRI, RN R OVR LI 2 R L BT S

ICRESHE D,

EEFmMO¥ERL T2 ENT

Table 3.1 Model specifications in full scale.

With Without
Item Unit moon moon
pool pool
Model scale — 1/87.5 1/87.5
Diameter, D m 70.0 70.0
Draft, d m 30.8 30.8
Displacement kg 1.12x108 1.27x108
Center of gravity, KG] m 18.9 18.9
Mooring stiffness kN/m 88.0 88.0
Natural period, 7% S 299.8 296.3
Damping coefficient | %critical 7.15 7.00
32 2EFBRUHREH
VIM %A CE T o T ZRFLT
FET D,
V,=VT,/D (3.1)

TIT. VIEHRMGEE, T3 xEH O RE R
D Rk %f%éI*ﬁlﬁ%@ﬂ@ D 3R
Eé(::fi@@I%é@SWmm)fkéo
Table 3.2. Table 3.3 [ZILHLAIF . REAIF D
R E R T  RPOMEITERA T —LTH D,
H AXH N &, T 3R E ], oy, T &
Hy IH R E, T, 30— 27 WRAH 2R+, B
AL RHEEOBBRN RO 5N D R, KT 1.1
~1.8x 105 TH 5, BRI H W7 AR H I X
JONSWAP B2 ~_7 hv (=27 Bk T A &
y=2.5) ORFEEARHAIE TH D, LaiOMmE V2
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g CCD Camera
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= Load cell
[ag}
LED Coil spring

LED
Gyrocompass
Moon pool

U /

e 298
w
g & 300 *Mooring line
Brim
229
vl s [
} 960 \
Unit:mm
Fig. 3.1 Model size and schematic view of

the experimental model setting with
moon pool (Side view).

Fig. 3.2 Actual sea model basin used for the
experiment.

. AL

Fig. 3.3
with the mooring lines and external
force direction (Top view).

Schematic view of model setting
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Table 3.2 Experimetal conditions in regular
waves in full scale.
Moon % H,, Ty 78
-
pool [m] [s] [deg.]
Without 50 0.90 6.0~14.0
(w/o) ' 0.9~1.25 9.0
50 0.90 6.0~16.0
) 0.90~1.25 9.0 90.0
. 0.90 7.0~14.0 ’
With 1 5.9 757501 95 9.0
3.3 0.90 7.0~16.0
) 0.90~1.25 9.0

Table 3.3 Experimetal conditions in irregular
waves in full scale.

ITtem Value

Vv, 4.5~7.9
H[m] 1.0
7, [s] 8.4
v, [deg.] 90.0

3.2 3MBRAERUBEITAE

WA EERT DM EELEL Lo/ ®E
W B TR A EHE L2, ook
ITHEBEIY 60m RETHY +oLIXF 2RV, FTE
WP TOEMERN VIM RIgZ2H52 2N HNTH
L2 D, VIM ER O EREE 2 TX AR 7
KT H70ic, AHEEHHRGEY 7 Transverse
FEMENZ 525 Z iz L,

Bl 21X Fig. 3.4 [ O\ VR HE T OV AKZENL O RE
R (B A — v V,.=7.9) &R, 7 — &Lk
BAIA L 40s OIFS T, B HE 2 Transverse J7 [ 4
f21Z 40em 1 EWMIAEM ZHIT TS, Z0H%, A
HoA R E S 8 R RE TR A R B L 72 Y
Transverse J7 M IRIEIZE D% bR 12382 L R
&7 3508 R TRER 7 VIM RIEIZE S 20,
WAL D H 2 J7 A3 /& <L RIS NL 0 3t IR 8 A3
ETEEHBRLEAD, 2OXO RS, WIHZEN
EREL LT, HERBREZIT 2,

Fig. 3.5 IZ[AARIZHEAKFV,.=5.9 ORI TdH 2 73,
AENT G 2 T2 O 30cm N K& § X, Wk
BHARIE % CTIX K & 72 Transverse S AR & 72> T
WDRREITNSL o TN D, SEORRIL, ¥
WAEN Z QB LWL L THD ERNESND,
ZOFERLEREME L TO VIM EiFxEH55 2 &%

4% 3 (P26 ) RAemE 67
— Lo Trans.
£ o5 - - —In-line
g 0.0 ~ A\ 2
s oot MM N VL
é’ ) ‘l",' RURVARTEY I v o
e 0 50 100 150 200 250 300 350 400

t(s)

Fig. 3.4 Time series example of the model on too
small initial displacement case (Vr=7.9
in still water).
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05 g

Displacement (m)
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L L I I L L I
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Fig. 3.5 Time series example of the model on too
large initial displacement case (Vr=5.9 in
still water).
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Fig. 3.6 Time series example of the model that
initial displacement has been adjusted
(Vr=7.5 in still water).
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Fig. 3.6 1XV,=7.5 O EKER T, KB MHIEIC
Transverse J7 [f] #] A7 2 %) 50cm % & L T\ 5,
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RIELL B 6D K5, PIIZEM 2T L7220 5[
—HBR BTV IR LEHI A2 AT o 7o, By e il
W, ERIEREEOEHER L RN GFREND,
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i=l1

2T, AEEERIINSE LN DIEROmE
) . NIZIRIESR %2 RT,

SRIOABR TEEHREBICED A WL
Transverse J5 [ #RIE 23 £ &) 1 28 (0 OARME 28 R 22 8
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3.3 HEBKHERE
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1.2
@ in still water °
10 n O in irregular, Hs=1.0m, Tp=8.4s o
[ ]
0.8

w/0 moonpool
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00 1 & q 1
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Fig. 3.7 VIM amplitude on the model without the

moon pool in irregular waves.

014 —
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10 /
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0.4 y O Tp=8.4sec
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0.2 / ® Tp=12.0sec
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Vr
Fig. 3.8 Reference figure on VIM amplitude on
the model with the moon pool in irregular
waves?).
1.2
® in still water ]
10 =" regular, Hw=0.9m, Tw=9.0s s
0.8 ®
with moonpool g DO
S 06 =
0.4 a
[m] [ ]
0.2
0.0 | I [ ] I
0 2 4 6 8 10
Vr
Fig. 3.9 VIM amplitude on the model with the

moon pool in regular waves.
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1.2 0 w/o moonpool Vr=5.0 | _
® with moonpool Vr=5.0
1.0 * with moonpool Vr=6.0 | |
) 4 with moonpool Vr=8.3
0.8 Regular waves —
* T,,=9.0sec
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Fig. 3.10 VIM amplitude in regular waves

(Effect of wave height).

O w/o moonpool Vr=5.0
12 1o with moonpool Vr=5.0
with moonpool Vr=6.0 .
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Fig. 3.11 VIM amplitude in regular waves
(Effect of wave period).

1.0 ——in regular waves
08 /1 - in still water
0.6 Al -+ = VIM A/D in regular waves
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Fig. 3.12 Time series of free decay tests of sway
motion in regular waves and in still
water.
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Fig. 3.13 Comparison of In-line drag coefficient
between the results in still water and
those in waves (y,,=90deg.).
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Fig. 3.14 Comparison of motion period between
the results in still water and those in
waves (y,,=90deg.).
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Fig. 3.15 Caluculated sample MPSO image
with mooring lines.
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Fig. 3.16 Assumed VIM characteristics in

current and waves.
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Table 3.4 Fatigue damage analysis of mooring lines of the MPSO.

) . Arc Length | Fatigue damage per hour Fatigue damage per day
Line position

[m] without VIM | with VIM | without VIM | with VIM

Top 0 455x10"" | 2.95%10° | 1.09x10° | 7.08%x10"

End 4100 1.21%10™ | 4.60x10° | 2.91x10° | 1.10x107
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Fig. 4.1 CFD mesh for the circular form.
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no turbulence model.
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Fig. 4.5 Pressure distribution contour around
the forced oscillation circular in case
of RAS model.
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should be considered in a VIM analysis, if
applicable. |
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