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NUMERICAL INVESTIGATION OF VORTEX-INDUCED
MOTION OF BUOYANCY CAN

ABSTRACT

Buoyancy can (BC) is a common structure in ocean engineering. Under
inflow conditions, the wake field of BC will produce periodic vortex
shedding, which will cause vortex-induced motion (VIM) of BC. The
displacement of BC affects the tension and movement of the riser, which
will lead to fatigue damage of the riser. At present, the research on VIM in
industry and academia is mostly concentrated on the platform, and the
research on the VIM of BC is just startup. Therefore, this paper carries out
researches on the numerical simulation of VIM of BC, and offers a reference
for the model test and numerical simulation of BC in the future.

The solver applied in this work is the naoe-FOAM-SJTU solver
developed by our research team based on the open source toolkit
OpenFOAM. The shear stress transport (SST) delayed detached-eddy
simulation (DDES) method is utilized to deal with the flow separation.
Conventional dynamic mesh is not able to perform large amplitude rotation
due to the excessive mesh distortion. In this work, overset grid method is
used to avoid this problem. The main research content of this paper includes
the following three aspects:

First of all, in order to explore the influence of the free-end on the VIM,
the numerical simulation of the single free-end cylinder is carried out. The
reliability of the numerical method used in this work is verified by
comparing the numerical simulation results with model test results. Then,
by analyzing the two-dimensional vorticity field distribution at different
sections of the single free-end cylinder under static state and VIM state, it is
found that the free-end structure not only affects the vortex shedding of
cylinder, but also affects the distribution of the shear layer in the wake field.



a2 b N e el VA

Secondly, the initial computational model of BC released the degrees
of freedom (DOF) in inline, crossflow, heave, and yaw to analyze the
characteristics of yaw motion. The influence of the yaw motion on the VIM
is analyzed by comparing the VIM responses of the release and fixed yaw
DOF BCs. Furthermore, the mechanism of vortex-induced rotation (VIR) is
analyzed by the results of the shear stress distribution and forced-motion
numerical experiments of BC.

Finally, a numerical simulation pertaining to VIM of BC with six DOF
is performed. By comparing the results of the inline and crossflow
displacement of the model test and the numerical simulation, the sources of
error in the numerical experiments are analyzed. Then, according to the
displacement data and distribution of vorticity around BC at different
reduced velocities, the roll and pitch characteristics of BC and the vortex-
shedding mode in the wake field are explored.

The research of this paper not only can be applied to explore methods
to reduce the amplitude of VIM of BC, but also offers a reference for the
subsequent investigation of the numerical simulation of VIM and the
mechanism of VIR. Therefore, the work of this paper possesses both

engineering and academic significance.

KEY WORDS: vortex-induced motion, buoyancy can, numerical
simulation, SST-DDES, naoe-FOAM-SJTU
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DDES) J7 240 18 8 1 )\ ORI /K 087 & R A R G T I i 51 i
o fEEK BUE S, @i xttk SST-DDES 5 SST-URANS HERILE[H 1 2%
R SRR IS S5 5, Wil T SST-DDES #iRBILE# K J) Wik 20 T SST-
URANS B, FFE 3 HimiiRi B2 70 A = B @R 7 SST-URANS 58 Fil &
i R B SR A



ARSI LR IATS
1.2.3 FRIRASHAFIER

TV S imias sh A 72, W EIRBus st 54 BIRGEL . Xl a
BB S FE W RKCFR A B, TR AR R RS R T . Govardhan %%
BUC1997) 347 T F20E KI  B  R VA BRIR B BUS S A B RS . fERFFL A, A7)
WA T ER R E L SIEIE R AR LR EiIIS Y Govardhan WLl E] T #k
PRI “8” FIRIBBNENIE, H i KIG BN )18 SR E (Ama/D)TE 1 T X (8]

Wilde ££131(2007) 2 F AR 50 A5 12 A i 37 SR & S0 RG0S 3 )
(IR FE TN o FEREFL AT AR T S IR A L RGN, FFVIP R T
R 7 5 AR ANREG R 7T 1 RIUHE [ 5 3L RN X-Y T A HIE 3
IR FR . HT RIS I PR, Wilde 7EAR S 1o 2 A I F 38 1 3% BT 14 B 3
RIS 8t Wilde BB ALAIR A R oS, HTEMAR RSO S LEDR
TR B AN 187 i s B R ) e B0 S 0 e 28 I RE A 31 50 TR us sh I R 1
FAitESE e, R4E Wilde WP TR OC TV MR BUs s B 7t 1A, R\ T
WAL F & 2R (B 5T 0722 AN AT B, DR R 0 7 SR & S8 R 4 )
AT S E . WSR-S L RGBSR A R, WTLUESLE RSN
TRy 8 9 7 T I s 1 1) I S A IR IR B0 I . 0 R R EAT I () 40 i o] LA
A HERE R 18] 5 L E ARG R R T 9T AR

T fE iR 02 3l 5 L R AR SRR S AR Y (R S 1t AE Jim 2R — BN TR] Y A
FoN G IR — 0] T R itk — B R 8 TAE. N TR B —BONE Rk EUs
5 5 IR IR SRS A 19, Kang 28 N'81(2016) 07 A 5 504 (R S AR B 1R 47 1 fei 4k,
2% 7 Wilde 55 NGB ARS8 RMTT A 70 14 B3R 0 3 AR
5o FEREANALS HOR RS S AR A S RN L IR TR AR Y SR IR O B I R,
SFR A B ) 0] R mT AR A A R 2 5 V2 AT B A R

K 1-8 451 7 Kang 25 ARG B . AERE AL Kang BIBARH 1 18303
JE RS Qualisys. Qualisys REtH & A mnd K iz S S AL, 7T LU [ € 7277
] b B = AR BRIV IS B i B 15 B3F 1 S e B, A5 AL IS o R A R o =
TEfRER T 2007 4F Wilde SFUSRAR A 5000 A I & 1Y) S50 B /b 5 T e R
A7 AT 1 e 12 5 4 ) I
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Fig.1-8 Diagram of buoy model experiment

Kang K F (1 87 40 B 5 R TATE L 2R L T 1997 4F Govardhan S5O 5 g1
TAERIR AR IS . FEAE RIS, Kang 25USIGE AR R4 K 2 T RIAFE R
WS B S N AT TiCs 50, # PR TR B H A E
ANIE] 5T & B 18 B E BT & T AR AR R s sh A . AR AR 1, Kang T &
TR B 1) SR R AL AB R N, JEAESEES O ] T E PR s IR . il
o AR, AR I T E RIS AR SR R e S AR R, a2 HE
ML IR 12 30 5 B R ia 3 v Re A AH R . ZEAE i, Kang A 0 E ¥Rz
Bl % N RIS 8l (vortex-induced rotation, VIR).

Curtis 5FP(2017) AT 7 AN A RIAZAK 5 A F 5 2 N 32 14 i iuis 2 5 1Y
WA, DAY, EARBEASRNEE RS, ARG E T 7 E R EN
ML 1) 7 R WA 22 S 80y, TG 1) S A% Wi R [ A A0 23 P a0 22 e R R . i —
A, A TR RGAIR S5 R, R IS I 1 R AT R R AR G I [ A AR DA
B R A T TR W O B B SR T

Crosswell Z£P2(2018)4r AT 1 OGIE A 53R 1% E £ fL4& 8 2297 & (porous
metal screen) )% AR A RIGHT 7T, BEALIGAR B R WE 1-9 foR. @ik
P AP fE AR B EOE B N RAE, R IR A IR L IX A N R B A
B (1) BRI 2H P R I 1) 5 D [ 57 RS MR AEL I AR THORIg i A AL RS RE . cJe, JEid
BAGAIR ISR | 2 L8 8 2237 B I % A B 2RI 22 S W fa i ios s e 5
g L
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Fig.1-9 Model test of BC with and without a porous metal screen

CFD BB 7 LB R ST i imiua sl i @A R T . 7F Kang 5256
HOWI ] T e 5 kImAEH TR E 2 KA B R shiash. —RAEREE 3NN
BRI, B FE N G R S RS R IEEAT T (BRI Tk 4
HEhiaa, MENISENE T 5 R RIS R ORI TR 2 A
S, PR R FH 30 X 7 9 B A 40 i 30 30 A 0 B S A TP T AN FE KRB
B3 . X AT I ilis S U AR AU, b 75 S DL ) 0]

Minguez ZEPNQ01 )M T —ANFE L FERZ N THEBAL, 7E7F Em I
BB R A T —FR A URANS 5 LES (754> % U (variational multi-scale,
VMS) 7%, ESLEwBIREN TR T tHRER TR, ARRIRMAE 2
Wi 3% 187 PR 02 SRR 5 S IR IR B TR A -

Minguez %5 B4(2012) # 17 T % T £ R [ # #l (scale-resolving simulation,
SRS R 7 f Wi (1) — 4E 405 B o EHAT T B &S R G IE 2 )5,
Minguez iff 7t 1B () JEXT RR 1 DA S i e shis sl e .

TEVE R R 02 B B R I it e U S R I A B R I R AV PR IR, T
TEEE DT B HVR A 2238 W B BOS s % 30 i) /. FEIY B 0 e % [ A Se i
v R PRI T A, 8 R T8 R B (R e A A 1 UYL R I & AT ) 22
Sto Lam S5E07(2003)1E47 1 B 44 it 0 o 28 e e A A A X 5 30l se e . ad sk X
FOIRER 45 R 5 BAE AL, A 1 ASTR] A B2 T siie 4% S0 1 [ A R 47 ) 3 AT AR AE
BT 2RI F R AR, J5 2 RRIE 5T S TR A It N B8 T DX TR AR AR 0 R 1 A R i HY)
ZR SR 57— 771, Lee PSR 45 SRR, 45 B & 1) # 3 E v]
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CLB/NMEAE T 77, FFE— 25 G R e e (1 1A FH 55 R it F) B s

Etienne 5°)(2010)HEAT (R 7 V80 B A WA Oz 3h 1 —4ERU B0 ESUE B
FH S PRI T RECE 18 E AT AR IZ SR 22 5k, RV IO
H 25 A8 R 25 N OS Sh IR R 8, I HIgsh il 2 /e R € 2 Ja 231
487 T MR R RSB Ty 2R, AR B 1) R A R S B[R] R
—HEE AT R AR .

13 AXAXMERTIESEX

AR SCHETEE TAEIK B )% 5K 2% naoe-FOAM-SITU SR 7 1] IR A0S 21 i)
Al BUE SR F K SST-DDES A DU #ie i fal i BE i (i sl 0 BB R - N T
PRA RS AL AL PP (8 e iz B I T S AN ST L, AN SCHE I 1 BB AR AU 20K
F T BB RS TR LU R IX — T e ASCAMUAE ] T naoe-FOAM-SITU K fig4s
S R AR R, T HLES & 7N B H SR DR AT B B AR SRR T 5 ) T Pz 3l Y
(VRSP SIS

BB T RIS SRR T 5 DL SCRIE TR 1 -5 L BT E AT
NG LE ARG &4, ERBIsshit A4 1T I sh sk,
ERSRERCININNAY e LT sl - I e A Pl A WA Y e G B2 i L N A RN L)
SR B AR SR R AUE )y

N T ERITE mm Xt TS s, 58 = eor 1R E i R AL s
ANBUE R TSR AE R . 85T R WSO 56 UE AT 7Y 156 5 B A A0, 45 SR A0 L
UE 7 BUEE R TS . AETiia s BUE S, JE SCRTGE R, T T A
[ SR I8 P (R s os w2 1AL AR . B, IR LR IR IRES S imioe
PR T RS 13 5 A FAI KR RS A 227, 28 1 B s T3
Pz zh R .

SV EEAT 1 i Bos s EUE R . Oy 1 R MR RS s R
55 VU 5 P s S EUE Se 56 1 T SRR SR R R, ORI B A L R
A T DO E BRI B R s PRI SR S B iia s TR A R b
Uk 7 BEAE R RS . AR S BUE SE IR i, AR SCEE R M I fAT ) = 4
Zaiazh, it PR T ARPTEEE T A E B E IR M A
MR i 58 70 AT R 5 A 73 B -5 B T e i s 0 28 o0 AT 1) B 20 e RO A1 BE AR
Ft 1 B st T E e sh iR . I Has e EAS R A R [ E
EEZAENEE PR RN eaya L DIALTE SN V=K 2 = NEE) Dol R EA R Y bl i} 2
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Wi o 5, ARV ) Al HLHE R B AT I 2 = [ S smaa s s B E SR A 1 i 5
SRR, BIE T RNE B 5 ORI L I S M A 2 R B D)2 20 A A AR DL R T
TR B S LB LA

BALEREAT 1N H R e Os s EE A . I8 I A e 5 B e
BEAL PRI 7] 5 R R IS SR B G 2R, b 7 BUE SR P R 22k . 155, &
s T ANFT A N R SRR I D il 2k 5 8 U AR s A, i 1 R T
BERE S RN NLRISZ N . O 1B R E R i oA, @ ARG
T VR RIS T, oA TSR R AL S e
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EEF AR His

2.1 BBOE o E IR
2.1.1 ;mHEEhH I8

B 2-1 "ahn & &R
Fig.2-1 Diagram of flow separation

RFGr T IR IR BOE S IA T, 758 T R IR A BRI B 5 i LI

Kl 2-1 5 T IR =B R R R A AT, R P AR

FH T U BE T AR B RE 2 Rk AE B, #R8 F 1) J5 5E 5 (aft stagnation point) i B /214

ANEIH) . Rk, i7Jl]E’JiﬁEﬁﬁfgjjA\@iﬁ%ﬁBﬁi&lﬁ’]?fﬁﬁiﬁi@‘?ﬁifﬂ?f\ peialii]

TE R #: 2R 1H A AE 8l 70 25 B0 4 (flow separation) (091, L4 B i g7 B v DLId i =8 2-
D)IEAT H 7 -

ou,

on

b, u BRI EMYIH — S A R B R YI R R, n 3R R AR 1 X

MR R, b AERIA R 2R ) n) 7> EAEAR R AR AR 2 0 IR 2 K AT

My EMER . WL RE qJTH{iEEﬁ{%ﬁLLrEﬁE*EWW T U(y)5 i 2 BE
IS y AR 2R an B 2-2 o, Horp ¢ BT sl 2

=0 @2-1)
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U(y)

0

B’ 2-2 F4tk @ RRE4z B ARG L@ @R R R

Fig.2-2 Diagram of tangential velocity distribution around cylinder surface

K 2-3 g5t 7 ARSI RS, BEEEUNT 40 1, R RR X
SN 23 I — X AR W RO 2R TR Re KT 40 I, Jids b I — s
NIPEBN RN 2 SR g A e, Bk, i 2-3 fronHd—/Niein B 2z
B K. it B 1R 2 LLUI BY DR F-leis A ROim EALRIN, e A =R A M
WK . B A BBiv, Fries C 18184, stk B f5TY) =4t
JS2, e B BIAAE I o BRI, (B4 R IR X AR A 7 T i S e 3 G 1020,

(Q) A A8y = A& (b) B iA8y = &
B 2-3 AikiEnidiErE
Fig.2-3 Diagram of periodic vortex shedding process

FEE A A S I v R T, — R A A B BT e R BRI 7 A — A e B
SR RIIBTAR [0 5 77, 1 — e v R A2 il Bt v A R it 170 52 70 (0 — A e B
DRL A 53 A 52 380 4 o AP PR A 1 A5 e 17 52 T RO 22 ey 2, HLBUA A0 32 77 1)
e B/ TR AL 170 52 77 RO AL

e RGBT B A BIMIRG RS0, RS RA G v AL
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A=A R B R FHBE T . BEAS R G n] LR — A “BE+ S5+ BEE 7 3R
&G, WK 2-4 s

/.

B 2-4 WHBGEH R AT ER
Fig.2-4 Diagram of VIM system

Hizgh i r LRIy
my+cy+ky=F (2-2)
B, m B RE, o ASSTHEHE, k NEENIEE, F YRG5
Jo Y ¥ y I AFRRBRAE—ANT7 R ERINEE . HE S EiRiEiEsh R
girprh F 48R B 52 200 SRV TR ) . R RS S B IR A AR 11k
T, BEFEAE R E YR T FR G0 A I B0 5] 5 R R [ 12 8

212 EAXSH

TEIRBUS E A U AR E RECEN S, WHEE Re. a5 #E U
Figlt m*s A HRE Cer. BHITRE Con LENIZINRME A, FCHNZ T H I
%%%%%ﬁo

) HIEH
Hawﬁiﬁlieﬁgfrﬂﬁzzﬂﬁﬁﬁ P IR AR TR bl A S N R

Gkt )y _UpD _UD
AR fﬁiijj H v

B, U ARIGERE, D A4 ﬁ%m%ﬁﬁf,u%ﬂﬁ%T%ﬁ,uﬁ@
B PE R B Re MIIBUE 2R B2 IR A SRsIR S %m Gy ALY ERPE
Wz zh®, LT HEIES Re XHRIUZ 3N IS 7E 5 4: mw% BEATIE B

Wik

Re=

(2-3)
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2) HrRFT7 e IR EL
Wy o7 W R BCRAL AR E W s s/ S HE T B LR, Rk S0 R s

St

== (2-4)

o

X FIAPE R AR € F a8 HEREA R f AR 1t o« RS -S mi
B8 PRHEAZ RIS i AEe, | RONVS iZe, D ABIF B, U AR .

3) P&

P HEU, ZAE NG ENH R B e i, HRIAL T

U
Y=TD (2-5)
Ho, UFRRRMEE, D #rERER, | RN RE0NEGEN%E, i
H HH R IR RS o
4) JrEll
ARSI TR GO RREAR, BRI B b i ik s an
__4m_ >
_pDzLﬂ (2-6)

ERr, m R E, L ZoREAEKE. FRERXHREs RS
EANRAE A A6 BB . (RO F0 i & LU AR (SRR iR aE shnl @ e, T
RN B, R B IR 5T B ) K/ T IR 0E B I A R R B2, DAL I 7 4
JE X Al R G W AR R AR . fE/K P BRI ) B, & o 51k R G i ]
AINEE R AR EBE XA, BN BT & 1 PR 2 S B0 EE R 3G o . R4
Govardhan I FLR B, POAAEAEARS SRR 77, 5t & e B PR 2 S BUR A IR
B0Z B AR P L3 0

5) JHH 1 R%L

P 5%Cy 5H 1 55C REENKHIE N Fy 5HA N F, HEREXWT:

C =
1 2-7
pUDL ,PUDL (2-7)

b, BHI By 5TH 0 F 20 ) 3R R R A AL 1) _E SR 2 B R 7T, p
R, URoRiids e, DRREER, LRRETEKE.
6) LEMMLIZHEE
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TR SR E H ] LU IZ 3088 5 45 AP R R 2 EUAE A5 3«

* X * y
X'==y =21 2-8
5 5 (2-3)

FEFERET, AL VR EAR, Bk D NEREEAR, x,y 700 & s A )
ARSI LA AR . RIS B ST rh, SO iRIE(E B2 — A B 2 AL -

1 < 2
A; _ \/N2i=l(xi _ﬂ) (2-9)
MS D

B, x REREERFTOARAE, o & TINEE, D ARER
18, N HE. AidhTimiissh 2B R 2SI, Oakley 45107
T8 H T LR N2 A0 BEAT PPN B RS SN IR .

22 WHE R NF R
2.2.1 RIS HI 532

Ak 8 AN AT G Rl AR 1 475 1) 7 AR 4 23 ol T o & < TE AN B & < E 1) 3%
SRR B T
V-u=0 (2-10)

%$+vxpw—u0m—pmﬁu:4m (2-11)

Hodr, UCREREE, o NRIRGHTE, PONREEEE, v ORISR, p AR

TIREQHFFAEAFLNEIV - (p(u—uy)u) » FFHIE SHEERBEH, HERH
B SR AR 27 AL T K BT 6 I, A4S N A7 SRR FE R . SR s ) AT —
MR FH 43 B8 AU ff 2 (Segregated method), BU #4651k J18GE BEMIME, X & J1AiTE
FEREAT 43 FF 3R, SRR 25 R 5 45 08 B R B0 FEEAT LA, I AT s 20
Bz, DAULRHEE S FFERE PR, BRI G W 2 R 220 2 245 E %
(e

5 B S R N R B IR, AR ST ) naoe-FOAM-SITU SKfif &%
K HIH PIMPLE S35 &X fh 7% . PIMPLE £ /2 7£ PISO(Pressure Implicit with
Splitting of Operator) 52813 Attt [ 454 SIMPLE 5.7, PISO J7ik i) BAKERE A
Wil — BBl XS RIATPOBAEIEEAR, R SR g e AR ) ) 75 2%
NI TR 2B K . SIMPLE B35 U AT H T BOR I (AP KSR g ds a) @l . 206 )5 (1)
PIMPLE HyEN| SV EAF ORI AP ATHE T, X —/Nf TR0 A B 45 i AT 2
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AT AR 2 i
B IEIEAR, TR G — IREARGE BT —B P 5.
222 IEHIGIEER

OpenFOAM HR 45l 5 R K A BRARFR AT B 8 IR 0K B Bk e =X
J& 25 B X

1

1 3 n+1 n n-1|__ n+1
E[E¢ 2§+ 2 ]—F(¢ ) (2-12)

B, n oA, n+ DONRERAERT R @ UERAERYEE, F(4)
AL BRI TR T4 (¥ BT A 128 BT

SHLIUR F B 2ttt RS 8 A AiIE (LUST) B i 2 o4z il iz F s i e
BRI AR AR o B Ot AR AR 2305 2, i et A 4 1 T AR AT B L

jvv-(u¢)dv =jsn-(u¢)ds (2-13)
[.n-gys NZ[Sf (uigr)] (2-14)
U, v oOREESIE, S AEHART, NoAMAR MR, A RESAK
[ H.TT .
FEOmUR e v s e B R 20 [T I AR AR 43 J5 dE FH e 3 e L
LV(WWNV~ZISv0V¢L] (2-15)

B, (W), BRI, SRARIZ IR 4 38 2 IR A2 RS 75 20 HZ I K
RIS RS> A AR IEAZER 73, IEAZ A RS AL, AR IEASER /0 F on A B
I Lot EL i i B 1) 8 PADRALE B AR E o

2.2.3 imintREY

Xt N-S J5 REREAT AR EME AR R AER, T SRR T2 Pl o F i i i A
R N-S Jrke. H iz H) 2 i 2 8 3T 2 (RANS) J5 a5 AR AR 4
(LES)J5i%. RANS JjEXS A% (1 ERA ARy, XTI E i sh sl o B sh
T, SR1 RANS JHE BRI AL BRI 5 30, 2 RS AR BRI k3,
TEARRAN BB — AT LAzl TR A . LES J7 2R FH 0 0 R R A A
AR AN R, DRI T 23 s B — e MA@ P, HARXT T RANS U5
T RE AT A S B, EZT R R 7 AR ORI RS SR AR /D RO It it
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A, WHEBEEFEER, LGS TP LSS ESRsh I E . 5RA%HE
PeHf RANS J77EM1 LES HiEgs &R, Ho s - A 7 853k 757 1% (Detach
eddy simulation, DES). DES 757K T RANS 1 LES fIfL#A, TEimaEm X R
F RANS 7772 DABLAULEE [ 73 BS 3l , £ K5 B iRt ah XA F LES 77 LR 40 B e
) = 4EIR 4

RANS 2244 N-S J7 7% 040 3 5 43 fff BSCAN 1] T 25 S5URA Rk 20 T30 P AR

P(x, 1) = (X, 1) +¢'(x,1) (2-16)

Pl 7 REEAT B P38, RIS R SRR 1) N-S 72 H 51\ & ki I R AE 1 ik 31

Buw e, B TFER:

8 J—
a(uj):o (2-17)
]
5_“_i+i(ﬁ)__lﬁ_p+li CTRRETR v 2-18
ot 0O, Y P OX  p OX, # ox;  OX PR 19

RS RANS J7 F24L 06 H o] R B RANS A% 1 ¥R 15 —puyy, »
ZIUETS R AN E A, AR R R 7 R 2E D) 2500 12 B 15 I 70 TR FH A A 2 3
ATRE, X AN [R] R ABA 7 V2 U G i Y A2 28 (turbulence models)

Boussinesq H T ¢ Tk (eddy viscosity) MR BE, NN BN 115 P15 B
BEEE A IE L . Boussinesq AR5 ) 32 B N 25 72 SR AR TURG P 11 5 e 3 R HIAN[F] )
iz 7 FEAA B Tl R AR T (eddy viscosity model) . F FH HITR AR TG ARt k — & 199,
K — o HERITOAT SST Kk — o ARAITIEE

AR SR FH B AR Y 2 5 T Menter $2 ) SST k-0 BB ELBN TR, SST &-
o BERRHEEEA A, oalinshae k MR EmRFERE o, Bt —4
P PR AR . SST k— o A k —s Ak — o RAUAEE A Kk — o B
FZE NSRS TR R IR 8, I HORE 5 NBER KA H k- 02 5 8y
PIRIX B sl o XA EEIR B T K — oo A0 T BE 11 b 32 5 5% 44 1Y) R i b B e
[ B T Kk — o BAAE B BT X 3800 N O 280 T HUS A 2 « PRI
it s s 5 B R N BIR A SR LLSEIAS R XK B B P10, R K — o BI51E T
R 7R 9

ok o
E+v-(uk):G—ﬂ ka)+V-[(v+akvt)Vk:| (2-2)

%0+V-(ua)) =S’ - o’ +V-[ (v+a,v, )V |+(1-F)CD,, (2-20)
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FoOVIRGRREL, HoE Lnr:
~ \[_ 500v | 4a,,k '
B {mn poy' y'o | CD,y? 22
b,y RSB BOILIEE, JVk/ B oy ZimAMKERE, cD), 1
JESANF

CD,, =

ke

ax(CD,,,,10™) (2-22)
CD,, =2a,, Ivve (2-23)
(4]

FEAN A DX 3 s n] LLadad y AN B oE B, WA [ DX 38002E A ] B 30 R SR -
FEN T BEM AR R ZNBUME N 1, RA ko 8L 7EXDFY)Z A I 25 BE I X 3 &%
TIHWHUE R 0, KA ke BAY, DLMLSCELBT PR 146 .

oy~ B ENIE RS R, TTRIREA KR B8], LTI A RER S
M ¢ o

¢9=Fg+(1-F)¢, (2-24)

&, A1 g, 53 XL K — o0 FTREFIARUE k — & 5 FEH AR B, 2R %, e ELAREUE LK
FAthAH SC SR ST WA ISR 761,

fi b4 T IEAR Kk Mo f5, sl S ot Eim i

v (2-25)
" max(aw,SF,)
F, AEE —/NRA R

JK SOOVJ i
F, = tanh 2——— 2-26
an Hmax( /3’ a)y y p ( )

TR BRI T X T R RS 2 A 3 FE R, (EAR 208 TR
PRI = AERFAE o RS Y R BT AURG 14 ZR 0 2% 1) [F) AR R AE A3 T 3 AN T
KL, B IR NR R IR AR i N S I E M, A3
TG =N R 1P SR 2 Gt P S E I LN R I v B N /A =) 5 S 1]
FEAHFH RANS B i /D AT LAt 37368 F (i oA 2

LES J7 15 (1254 AR U 2 LES X K EAT AEAT 4D 1R B Xof N i AT 48— 1Ak Ak

T L I pR BSOE N-S 7 R R AT 2 (R) a1, 4 o) Ak 3 KR i i@ RS RUBEE i g
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LES AN Kim B #5210 F A Bz, PRt 5 220 H N-S J7 kAT Bt |
A& /NI A TR PR 1, A AT TR AR 5], B8 b ] DA A S X % 3 AU 28 (Sub-grid-scale
Model, SGS)# 7.5 KUK it fig 11 % R AT HAL .

T S SRR R EON N-S AR T R IB IR, 19 2I3hET71%:

ou 0 (— 1op 1 0 ou
i (uu)=—= = | y 2-27
o axj(' ) p 0x ;)ax.("ax qd] (&-27)
Forr i 18 B2 g R R T i 73 B A X A JRUPE 73 e 2 M«
u; =1, +u; (2-28)

A&7 R R S — Wi, B0 AR T VR R T, 5 R AL, AT
R TREREAE LES BO4H 7 BEA B 1, 75 Ed i g 3L A% RBE B A (SGS) X 7
FEEATE . PTLUEH, 2 AR B A5 2 B 3% m) R /N RO i, TR et
HAmm R A BN — M, BRI RN 2 PR sh . SR LES HiETR
TR RS A0 ) WA BN RO SRR s, THRSRIRE AR E R, e DR Ve B AR
Ko BN i

MEE RANS Fi%EA LES JiEMsh&E A2 nl UKL, 3 13 7 R Ris
oy AL, X BANAE T B 5 — TR J 00, RANS J7V2:5%F B2 I A& 76 ¥ M. S5 300, LES 75
VX NP A2 AT T, SR AR I N ) S 5 S A S A AT T R ) 3 A

RANS 8t AR B 2, e AN 5 i B S H AR B B B 4 i A O«

RANS __ %
T = f (axi ,k,g,CJ (2-29)
LES W) VA% AR, HIA 555 WS 1 R BE AR %
LES __ %
s = f (axi ,A,CJ (2-30)
oA RS KNSR BLR 8 X
A= (AX,Ay,AZ)m 2-31)

R Es b, G 53 106 2 2 15 v] DK 5 v O B2t A A o H A B I BE
BN -S WA A SR O FE RS, DASEL RANS 5 LES ik [ E 0]
o, BIFLENTRET X IOR A RANS JikBidtl, I/ PR AT 58, 7610 25 BETH 1)
XIRAE A LES ik, {RIEREFE 2K RE 7 B s .

B35 LA A, Spalart!12006 4E%1 5K 1) DES97I Mt TAEIE: Ji SA B
ZH r AR K S RS S REBE B I LA, K L E B ON ra:
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v, +Vv

WK_zdz (2-32)
Horpv 2 sh ekt ;s vag s FRRME, DX —2E Ry 7 RIEEE Ba B
WIS ra ANNF; Uy i B ERRRE: d RBEHIRE: e RITHH. A TIEX
BDXEEET 1, BT R RN ENE . ra B H T LU B R f,:
f, =1—tanh([8r, ") (2-33)
fa BB Ery > 1N RME N 0, RLFZ RANS XK, R fEry « 1 H{E
H 1, AR LES X3, B8 A1 3 [ ER N T IRIES, Z AR, PALRIE M
MREZ/NTIARZEER, HHEGES RANS HHEFF . KT 8 1 DALE B RE I 4%
T XIAEIR LES J7iE e, DA/ MEAL R 45 R 1] /U AE B AT RE: . BRI,
FEIR Sy BRI T A A 4 o 51N S HUE I L R Ik )
d=d - f, max(0,d - CopsA) (2-34)
JET Ot Rd = AL, BRI TYZ X 58K RANS i, Ef, 5T 1
It & 2 AT ) DES97 J712:(SA-DES).
A SR IR F SST #2241 DDES J5 AU 48R e 20 0N

=

f, =1—tanh[ (C,,1,)™ ] (2-35)
;H\:EP ’ Cdl = 8 ’ Cd2 = 3 ) K:041 o ‘]ﬁuﬁ?}ﬁﬁg‘&i%ﬁﬁiy‘j
|DDES = IRANS - fd max(O, IRANS _CDESA) (2‘36)

2.3 RBETINEE S X
231 NEHEENRE

PRI OE s A A Bz (MR 1230 . oz (R FEsh). E . BiiE. I
REAIE RN B HERNIZE), 76 DR 7 nod i H o 25 Ry B A
B X-Y P23, ZBETF 6 H AR 5 tHEE RS 8, 0 T 8L i 7 A4 A B 2 6 Pl
F B N — B 5. 55T naoe-FOAM-SITU /N H H ¥ i B B [ S B 40 5 7]
2[5 SCHR[78,79]
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Y9

KitbARTER X’

>
>

BEARAAERER o

B 2-1 K35 RAR AR R
Fig.2-1 Earth and local system

%N HHEZIZ SRR T AN PR R : KHLARER 2 (earth system) A BE AR AL b
Z(local system). KHUASFR Z 8] g 76 THEIS T BE AR A AR R 8 E R Tk L,
AR R R R BRI IR O ERE G b 7E SERR I RAE R e sh T 7T A — A A
BEARALAR R, B E X N: 1 = (x1,%2,%3,0,0,¢), HFHSEIHAE X/Y/Z FIT
P 5 UL X/Y/Z I Ehia ) .

NRIGEEPIN S H RIS, B REE ST Bz 210 77

dF, =7-d|S,|+ pdS, (2-37)

FaCrr, SR G IR ST IENEAR R &, J7 4R R S5 R, BESE T
PREICHITH R, FhreRniE KHABARR T, THNEIRN )1, phE)E.

R3] VYRR — Ao L G, W RIS -T2 216
NE G EFBMETZANLS N EL8NEZ G, B SRR AR &R
T, PMETXIN B H BT FEAT R, K T78 B S 8) TR SR g ]
PLZ [ SCHR[80,81]

2.3.2 RIBRGRE

IEPELRI RGN — A A ER 7 5t E RN RS, A SCHs K g 48y
BB TR T RIARGEY . K2 Ao R e 2 38 i 2 U A PR ) 5 A P A2 7K T
I Figzh, RN R AT RiH. BENAE R EGPIR T #H
AT BT AT E . ANEIRRAT B, — MBS DU 59058 55 e AP AR A fE 45 1
ViR . 503 5 S5 A R S PR R g8, 85 B B EEmiae nT DASK H S5/ Y
T B RE [ A47 34 -
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m+M

T =2rx 2-38

: < (2-38)
J+J

T.=2 2 2-39

W= 2m = (2-39)

A, KK A HCF R NI RN . m AT 53550 R 45 A () )i
BAFEIEE, M A, S YRR AR ) B 05T 2R B A sh it E .

JiE L — H R R B FE TR R WL M £ R s gl R R Ak R
AR, naoe-FOAM-SITU KfEZRHI RIARFNFHIE T 2 HHEZ MG IE
MRS HUEBL I R RGBT, RIS UL BT & B E 2L
WIFE & B S A% RIS A AR AL B Tk 77 S SRR 53
WA FE S o oA i s AR [ AN BN, FR1H s ARAR N B 25 25 K018 Bl gk AT 38T
Tk 77 B ORAIE R AR AL G5 M IE B I AR R AL Tk BORES . 5 LB 3 3 A B R
=K 2-2 iR

e
—)

o FiAM (Fm)
o {HAS (BE)

22 RiARAAHFETEN

Fig.2-2 Arrangement of mooring system

SRAR R A RGP N A2 5 MWL 7% W UG I Z1 50 55 1 2R VA A (B ) A1
B 55 G ) IR AR b TIEK 23RS S50, Fan it i &5 SR A 338 1) 73R DR IR /N A
NIjH e BARREILFEGPE 2-3 AR
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LRSI LRAR |
[ EArEAER ]

v

[ HEEAETAR SN ]

KRB HESIERES
BRI ZI SIS

T

B 2-3 i8R %8R b5 0 RS EA2
Fig.2-3 Process of mooring system module and six degrees of freedom module

2.3.3 BB T

OpenFOAM HAT W Fft AL BR PR IZ B FRIHOAR s — Tl Do A% (0719 s 3845 7 5
AEITTH AN R R, W RS ASTEAS SEI AR 2 3l 53—l A
[ J= P Z T8 3R AN R 2R, RIS Bl e ST R S A SR TR B e, s 9
{8 15 2R R 132 5]

PSSR T 56— AR M W )1 SO BRI R K aE Bl
PEARTEANRLART, A (07 SRR A BT 8] (R R R R AN R A A . ARSI
B, RS R I T SR R AR B U 3, B A BRI D A RSCF) KRR
GEN, ST R A R I K B R SR TR S R AR Bl . AR SR RS
AT LU KA H A R K Laplacian J5 245131

V((Vx,)/r?)=0 (2-40)
Horb, o ORI L RE S A B, x, N RS . T REIIA SR SR A i Bl
Fr LI AR RTINS 2] S A 2K AR R ZE A . SRR HOR AR F3d F AR e
1%, AEZITIRAFAE ARG EHIRIEEIREIE R, ATRES SRS I A
s, SRS R, BRI TSR AN .
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234 EEMIR AL

A8 SO 5 B3 5 W 8oz 3 1) B BV R R IE P i 2z sl . (RUORTE VR R 4%
BN B — 7€ A B I, TR R 2 R AR KBTI, &4 S8 E AU
IR K AL L SRS 515 E A A . naoe-FOAM-SITU KR 2% HAT B S M%7
%, AT DAR UG TAR S P KR FE 7S B B EEE 3, [R5 248 naoe-FOAM-
SITU R ffE A 11 2 B XA 5 VR A B VE 5 175 I 3

Fringe cell in

body gnd
Donor cell in
Background grid body grid Hole
| i ‘ | 11 : |
Outter | " —

,,,,,,

Body grid
Solid Surface

Fringe cell in
background

B 23 & & A% o7 & B 15
Fig.2-3 Overset grid element

el 2-3 flros, S MRS IE R 2> 9 SRR (background grid) M4 (AU 45 X A%
(body grid), i 2 P& 2 8] ] X IR E A8 46 X 35 . naoe-FOAM-SITU K fif 4 K
Fl B S M A& FE R SUGGAR++ 8015k i 5 45 3% 3& 14 /5 & (domain connectivity
information, DCI). DCI &% i 5 o/5 B AN E R . Hh B n R A g
&) ¥ JG(active cell)« %7 .76 (hole cell) 48 {E 5. JG (interpolated cell) 51k ¥ JG(donor
cell). 3L T5(orphan ). Hrr, HaNHITRZILE S 5IFENEE T, 2
TCRANL T THRIRZ A B VAR N B BTG A BA T0 2 A% B S XA R AT R
SRR ST TS R AR E S B i E R T G AL
TCRARIRA Be SR 3 STk B T G (E BT .

TEE B WA TR, 150 TR BN SR AT IS R 40, SRS R B A R R
Gt — RN SIS o AN BB A FR U 425 [ gt 0 5 P A -2 T A7 A B 28 1) X
L WAL BN Z J5, RSN A S AR TSR 2 A . SRS E S B S
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X 5k m 3 37508 N PR D% 28 DA 5 B A [ [X g ) f A 22 e o
RS, BRI STk R TT R A AT NS E R BT INBCR A,
T 7€ AR -

h=30¢ (2-41)

b, S RERAAER, MR, RS S R T, SRS A
TR TC A RS 1 A TTERER T A TR R R, % R A AT B
RACALER, I HL A -

dw=1 (2-42)

naoe-FOAM-SITU =K fi# #% 57 43 Jill #£ A [°) it #2 # 32 1T OpenFOAM  F
SUGGAR-++ LA SR 7 i A1 EL B I AS A T H L1 58 22 FEAT 4, 55T OpenFOAM H
SUGGAR++H# & [ PRI F2 AT LAZE Shen B85 S0 R 3R 2.

2.4 IRE 25

KREEENG T IWEGE s FEREES . BUE TR e R A SR F 5
E77, FEAFERBES I SEARSH. RS L EEOr L
WA, NH SR, RINRFEHAL, B WA E S MRS 7.

EL A ARIBAE VAT, B ARSI R TAE, FERE TR IA
Jii: TR R EAREES RN E TR, IR A R S g .
MR AUR T SST k— o AL E Y AEIR 43 B 9% 772 (SST-DDES) . K4
I BRI 25 FEIR TS EH B R A I AERMERE I 7S B IS BB . 7555 FE 7
TRIFE S BE AR, SR T B PR 7 VR R ARAIE S 3 X% 1 7
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R
F=EF B HRIKEERRABIZE N BERL

AR CFD HUEALIUITETHE T 5 B i B A AR A R R AR T B
BN . JE I PRSI SIOE SR . BERRIE SAE SEIG AR . RN RS
ML o B s RS L, BRAIE TR A A AR A S . I B R S
PG T RGWEE MR G, REHAT TAFEYTEEE T B s sh =5 .
INIZ 2 V1e0 J87 iy B 53 AT P AN A0 BE AT 1 AN [T G B T i s sh R 2 il o IR,
BT A RST A EE N 4 S An, 8T 1 E i R ) R R
wJa, B HITAEEE 7.9 MRS SRS SRS B BRI IES B
FH S P AT B 2 AT, ARFE T H HH S T iR 0E shim b I 52
3.1 HERB SIEIE
311 ERSH

AZEHERHAMENEZEZ% T Rodolfo ZBNKMAIRES, & T KA N
2 [MEAEEAT BUE A . A B AR S 336 3-1 B . B B el [ A gk AT 500E
4L

& 3-1 #AEH P BAR QA HAZ &

Table 3-1 Parameters of cylinder in numerical cases

ST M AL
H#/D 0.125 m
%M 0.25 m
Jii &/m 3.068 kg

i & L /m* 1

KFLH 1A
—

[ FEAA

B 3-1 sk B R

Fig.3-1 Schematic of mooring lines arrangement
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HEE RGN E S S0 BN E KGRI E PR, & iRiEis s i E B0
R K. W04 E S L BRI T S, WA 3-1 Fios. SRR 4
BELEWIEE A 0.73N/m, Tk 774 0.305N,

3.1.2 HEIH S MIgX 2

AT 8 A ()b 2R T B0 BT AL e SCRIT N X T,
FEORWM A A Y TR, FFRERA Z J7H. IHEREE T 2B KNERX SR
1) X R 0 25 DX 3k AARAIE T S v A v o B8R Y B N-5D<X<15D, -5D<
Y<5D, -4D<Z<0, Wl 3-2 ffirx. tHEISA R SRR E N ¥5REEA M,
FEJTH, KRR S A BT SRR, T T 5 3a F kR, AR R T N T
o [ B 101 2 AF o

kit

K32 it HBTER

Fig.3-2 Schematic of computational domain

A ) B AE TSI N AR B OpenFOAM A ) 4% 1 4> T H. blockMesh 5
snappyHexMesh AT XI55 4 T ORETHE FIHERR A5 45 B BRI G R 55 K&,
BARMS A T IR I DX, s XA = ANy ) B, ikl 3-3()fr
No N T BEMERAAH SR AT BE T R B 7 LA, TR IE T 8 FIUAEM
¥, il 3-3(b)ha, yHELE 2.5 Eh.
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(a) EARRAES A
A 3-3 FasXl 5
Fig.3-3 Distribution of global and local mesh

R T PRI R RS E SRR, BT S S AT AR S SR B E . 7
OpenFOAM 1, wJ LU snappyHexMesh fREFINH EH K R, A FHEITIHE S =
P RS SR 503 AR X 85 152 A IO AT SO 90 3 o [ A 00 35 A e 5 AL D A
1k 3-4 Fivss

0

111 [
LT A T T T T T T T T T T T T T T

(a) HRA&

(b) @M%

B 3-4 [ Az A& A

Fig.3-4 Distribution of mesh around cylinder when
TEM RS IS IAIE H, SRIEEE N 0.1 m/s, B % Re=10938, X/Y/Z AP H%
FRITHIL LA N2 5T N o THEAS B = A T YRR 2 HC, T R B

JifRAE !, Wk 3-4 PR

% 3-2 WAL S 30 4E
Table.3-2 Mesh test

db B2
gy L TR | mwe | G c:
X \FRICE | Y MHIE | Z MR T
1 50 25 8 1324659 0.85 0.046
2 70 35 10 2957623 0.83 0.039
3 100 50 12 7173119 0.83 0.038

32



oSS N T e S VAT

X = WA (TSR R, AR P AR B IR 1 T SE S s BT SE R
ZRUIN, R T SRR A7 2 18 R 58 5 JEE A%

& 3-3 B ] A sk M B E
Table.3-3 Timestep test

%i'5 i 1) 25 C, o
1 0.005 0.84 0.042
2 0.003 0.83 0.039
3 0.002 0.83 0.039

R B TR P USSP B AIE , AT B8R 5 065 BRI P TR] 224 0.003s.
BA3VEIR

ARNTHE TARRE WA, 5o A s, 28 50N
IS SN BUE SR . O T SR RGN B SR EAT 1 B g iilie . Bt
TR EEEL S i shBuase s, BEE ORIEE QR 3-4 s,

& 3-4 VIM #A85= 3%+ £ 10
Table 3-4 Case condition of VIM numerical test

s Wik U IrEEE U
1 0.050 3.9
2 0.066 52
3 0.083 6.5
4 0.100 7.9
5 0.116 9.2
6 0.132 10.5

3.2 EHEREINTESER

TEAE ) B 3 SE a0 b, BAEAE TR O R B 0.1m/s BI)38 B Rl
B RERGER TITHBEREs), HEE2MER0E 3-5 s,
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0.05
0.10 1
0.04
/g 0.054
g 0.03 |
= | o
§ 0.00 =
E‘ 0.02 {
5 —0.05 1
0.01 1
—0.10+
T T T T T T g 0.00 T T 7 T T
0 10 20 30 40 50 60 70 80 0.0 0.1 02 0.3 04 0.5 0.6
Time(s) Frequency(l1z)
(a) B W A& (b) MG Zrt T HesE R

B35 amRAKMAFERTHLER
Fig.3-5 Time evolution of numerical experiment and Fourier transform result

&35 AmRAERERARAALER
Table 3-5 Experimental and numerical result in free decay test
SR 45 R QISR S FHXF IR 2
[t 45 4% /Hz 0.10 0.1012 1.2%

£ 3-5 U5 TREENRIG K [t REIRSE R SR LI 1Y R . AR
AR B (45 SR, BUE SIS SR RS B, BT T R
BRI A 5, 7E 3.3 ATHRHEHT T AN RIS 1 IR0E Zh BUE 525 LARR 90 B il
i IR (TR 2 Bh A
3.3 JRBUE BRI Bl B 43

3.3.1 IG5 [2) S48 7 (235 B e R

0.10
144
0.14 0.084

0.06-
5 012

S(H

0.044

0.10+ 0.024

50 60 70 80 90 100 110 120 130 0'000_0 0.1 0.2 03 0.4 0.5 0.6
T(s) Frequency(Hz)

(a) U=3.9 B9 B )7 o 2%, (b) U=3.9 #9545 2ot T P 4d
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0.6
508 -
& 1
06 0.4
0.4 02 J
- ‘ - ‘ ; ‘ i 0.0 ,
50 60 70 80 90 100 110 120 130 0.0 0.1 0.2 0.3 0.4 0.5 0.6
T(s) Frequency(Hz)
(c) U=6.5 &9 ¢ )7 ¥ 2% (d) U=6.5 694 Z ot T 3225 R
0.5
2.5
0.4
] 03
a 2.0 <
> A
0.2
1.51 01
0.0
50 60 70 8 90 100 110 120 130 o o1 02 03 04 05 06
T(s) Frequency(Hz)
(e) Ui=9.2 &9t )7 ¥ 2% (D UF9.2 691G Z ot T2 R
B 3-6 [ 42 iR IE ) 69 A @ B 54E 2ot T4
Fig.3-6 Evolution of inline displacement and Fourier transform results
05 .
! — CFD
011 0.4 R Exp.
= 0.0 = !
0.2 |
0.1 0.1 i
: : : : : : : 0.0 A : : : :
50 60 70 80 90 100 110 120 130 0.0 0.1 0.2 0.3 0.4 0.5 0.6
T(s) Frequency(Hz)
(a) Ur=3.9 &9 & 7y ¥ 2%, (b) Ur=3.9 8944 Z vt T 3223
1.0 1.50 i
1.25 | o
: e Exp.
0.5 ! »
1.00 |
£ o0f <075
0.50 .
0.5 :
025 |
— 0.00 i T
50 60 70 8O 90 100 110 120 130 00 01 02 03 04 05 06
T(s) Frequency(Hz)

(c) Ur=6.5 a9 8% 7 i 2%,
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1.001

0751
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0.00
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T(s)

(e) Ur=9.2 a4 it jiy i £,

0.0

0.1 02 03 04
Frequency(Hz)

B 3-7 WAL R BIE S AR @ B 518 Zet T e sd

Fig.3-7 Evolution of crossflow displacement and Fourier transform results

0.5

() Ur=9.2 a91§ ot T LER

0.6

B 3-6 5 3-7 s 7SR G R I AT e HoE B K B 1] -5 R AT ]
B 2 5 M B AR H A R . AT G TSR AEE, R AiE

AR E AR IR . BB Gl BN, R A 12 350 = il 2 3,

HPAPARRI B 2 iAo 1B 3-8 43t 1 AN & I8 L T AR [ 55 A e 22
JitRiashiE e . M@ LA 1, A5 R R RiE s s 3 A A1 N
N, AR Gy 9.2 I 2477 HRIEAE M A1 R2 g o Ao P AR IO 5 A 2 e
R, BARUHREREONIG . EITEEEN 5.2 SIEEEY 9.2 M 10.5 [14h
FAR R, HEMAEARYT G L Tl T B A€ 75 T S0 B e E AL X
[V RRET 5 SR 2. A HEN 9.2 M 105 T, HTHELRIGHAAEHR H B
7, 100 AR 0 S 36 PR IR AR I S 2 1, BTN SR 508 B el - D AR I
L m i B R A B s R IR E

0.8

(a) *%i /nﬂl.‘ ‘%J

(b) JRFH ™

B 3-8 RREITER AT L2 M 75 ARIEL
Fig.3-8 Inline and crossflow RMS amplitude at different reduced velocities
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3.3.2 BRI

2.0
— U,=39
- —— U,=52
1.0 ~ = 24 — U=65
. 1,’ g ',‘.’ - Ur:”/_g
. Ry — U,=92
a 0.0 R/ /A ~ “‘ — U =105
SONNY \\\\"""Qg'fi%{ \
BN
B ‘\-‘--‘;"i\\,_t_g_,
-2.0 v ‘ ‘ .
0.0 1.0 2.0 3.0 4.0 5.0

X/D
B 3-9 RRATE R FiEshHid B
Fig.3-9 Motion trajectory

B 3-9 2 T RFEHT AL T R E t AL R s sh L . MIRIEE R3]
USRI OISR R BEE TS N, R AT A 38 Sh IR E Y = PR RFEK
HAEr &N 5.2 20, JBER R ALR8 BARA IRz g, H 2 Hg (IR gefs
€, X5 BRI ARBEIE A E B RA <. I EHEEN 6.5 25, AERRAT
Jk RS RE 5 I, DML AR IAL 1] 55 AR [e PRS2 A% (13 30 ) A ki EL M SE AR E
BRIz LR “8” T, MBI G PRI, RS R s s
ER KRS, I EEEN 9.2 AR TEE .

3.4 mEMNT

Ul‘=3.9 Ur=6.5 l:’j/r

Vorticity-Z
-10 -5 0 5 10

H-" JLLLLEEEN gl H
(a) Ur=3.9 (b) Ur=6.5
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Ur=7.9 S Ur=9.2

(c) Ur=7.9 (d) Ur=9.2
B 3-10 AR &R AT Z o) —BEHNH
Fig.3-10 The distribution of vorticity field at different reduced velocities

Bl 3-10 25 1A EFTEEEE R R 2/H=0.5 #IHa N Z minEE. AT
BAFFTEEE TR ER AR, BRERALE IR0 RHEAE iz sh Bk
A BAL AL . NI ES BRI ATRT R, A H R E, Bt
N R Im S MO A, HLEE I 6 38 P2 A 39 0 HL B i B im DA K [ AV
T AR DX ST K o A TE PR B (¥ SR AL 1 i mH O 5 m] DACE R 3t R B & 28
o “2P7 WIS, (HRAE AN R G BT F e A R XA R K
B s A 3o X EEAS R & 5N A BE i 04, R IR S I 5l
PRI TN, (B3 A B T Y o 1) 9l R DT P2 AN, DAL I — ek 220 i v 14 e i ot T
BETH ()i B 5 IR 0 0 A (RIS A BE /D

Time: 131.2s C Time: 131.4s
= YR
Vorticity-Z " Vorticity-Z
-10 -5 0 5 10 -10 -5 0 5 10
| \,XH BER (NN 1“ 1“ | I\H 11 Il \\\ \“
(a) t=131.2s (b) t=131.4s
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z/H=0.5 P W )

e s e .\‘, o
"y

:‘*Ill

4.

Vorticity-Y
-10 -5 0 5 10
NN PILLLELLLL

©)S&mY qiBHER

B 3-11 A84RET %] F z/H=0.5 @iz B 49 7 o) — 252 B

Fig.3-11 Diagram of vorticity distribution at adjacent moments

NTWRALEKE 2 15 8 im0 R R %A T ok e TS ik X
R, B 3-11 45 T 2/H=0.5 #1047 B A SR 20 1) Z 17 = g = B DL R AR ] 3-
11 () ArvER S A Y M= . STEE 3-11(a) 5 3-12(b)IAHAT IS 2 1) Z [l
3-11(a)H A XIBPIREA TR R — A e B BRI, HRAE T —
I Z1] 3-12(b)A X 3] BE 2 0 KRB v 465 44 048 v [R] S8R H I 1) e Tm) 3R 5, [
A BRI EE . BE— BN S Bl LRI, BTH B A7
BT RBI Y RS R B T 2/H=0.5 B AL R KRR EsH, [HthE s

& U

1 E i B A SR A SO R ) 38 K 3o 5 AR [ e PO i i 2

Vorticity-X
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IHI\ |H\
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N
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Vorticity-Y Vorticity-Y
-10 -5 0 5 10 -10 25 0 5 10
HI\JII\ RN RRNRRRNEN \H L (ARRNRERNRN L “
() Ur=3.9 885 Y mAE R Ur=79 88 Y @BER

LLR7I)

Eg J[;J E Vorticity-Z
10
“ -IOH\:-;SH I 0‘: 11 ?\ “10
() Ur=3.9 i+ 44 Z m) A= B (D Ur=7.9 8+84 Z m) i = B

B 3-1247&2EN39 579 TE&R_HRAES A
Fig.3-12 Distribution of vorticity field when Ur=3.9/7.9

N T BB R BIRE R X I AT ) = 4R . 18] 3-12 4510 1 58I E i
i (AT 2/H=0.75 AMEHT &L 3.9 SRdr GE 7.9 T 4EmEin . &
PR BT DA B il T I B AR N ZE e HR, AT ST
Z 1A B 2 AT DO B BAL RIS BRI BI D), ] 3-12(c) s, e
X A5 Y A E R SRR BB DNR . WY YR AR X 38 b 20 A T A
KB X/Y AR EARAE T BY DR A B AR I X A
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3.5 B Himx T BRI SRS

B 3-13 3 £ v 3 I 4 SR b 3 5 7 )
Fig.3-13 Schematic diagram of vortex structure around finite length cylinder in flow
P 3-13 25t 1 AR E b R AR Se P LI S A R B . AR P Leder 5%
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Fig.3-14 Diagram of time-averaged flow field in still cylinder
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Fig.3-15 Three-dimensional vorticity diagram of a stationary cylinder
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Fig.3-16 Three-dimensional vorticity diagram of cylinder in VIM
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Fig.3-17 Diagram of three-dimensional vorticity distribution at different sections
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Fig.3-18 Z-direction vorticity diagram at different sections of stationary cylinder
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Fig.3-19 Z-direction vorticity distribution at different sections of a cylinder in VIM
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4.1 FERB SIIE

4.1.1 {ERISH

AFRHIRR R Kang S5USEIHY RIG h V7 R AR o V7 RIS SR 1) 2 gt
RPRFEAR, FEEAASEIER 4-1 Prox, FEBESSRAT B 4-1 Prox.

& A4-1FHAHRASH
Table.4-1 Parameters of buoyancy can

SR gl k2
H#/D 150 mm
= /H 700 mm

HK&E/A 12.37 kg
JRE/W 424 kg

Jii & b /m® 0.343 -

MRYE Kang SEUSSEI6 25 R 1 BT A7 AL I E AN 2 M 1K R f7E 14
s N, DA S R T SRR R B AT 25 RE YR R, R AR AR T
KN R AP A SERNRIS AT E M F, AP ERARE G, JF B AT
SIS Ao FAR B R AU E SR AT B W 4-1 FrR .
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Fig.4-1 Schematic diagram of computational model
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Fig.4-2 Computational domain and coordinate axis diagram
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Fig.4-3 Global and local mesh distribution
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Fig.4-4 Mesh models in mesh test
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& 4-2 MAICSC IR E
Table.4-2 Mesh test

\ R B —
é = 1
i ER T S Cy <
1 87932 659520 0.80 0.036
2 238521 1619360 0.79 0.025
3 675362 4611520 0.79 0.023

L URERAE, W SRR ST SR A1, %S0 2
SERLIH, AT AT RE, 038 43 R

& 4-3 B ols b B
Table.4-3 Timestep test

5% A A c, o
1 0.004 0.79 0.029
2 0.002 0.79 0.025
3 0.001 0.79 0.024

2t A RS BGAIE, 76 )5 2255 T 1Y B B ZE VR SL 00 S AR T S R
[ VIM {8 S256 Fh s 8] 25 % B 0.002s .

413HETR

fEH R B, ERARRERT, SEFHELL0.1m/s Y163 E
AT B RIS 3. 78 VIM 07 LS8, PR EAN [F] B SR AU N R X/Y/Z il
AP EHEM Z M E R E B, JrEEEM 4 2] 10, HARR)RE A EUE SR
HAFBWE 4-4 s .

k44 FH VIMEBER®R I LA
Table.4-4 VIM experimental conditions

I & E (Ur) RULE S /mes! I H(Re)
4 0.128 1.68 x 10*
6 0.192 2.52 x 10*
7 0.223 2.94 x 10*
8 0.255 3.36 x 10*
10 0.319 4.20 x 10*

4.2 BRTHRIEHMITEER

£ B SR BUE eI T, R RIR IR T 45 € B A L 0. 1my/s (AT 463 RER:
JBe ASCIR SR EAT I VIM BUE SER2 A B BE LK E O 2.672 m Y26 AF R REAT
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Fig.4-5 Time evolution of numerical experiment and the Fourier transform result
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Table.4-5 Experimental and numerical natural period of mooring system

2H 5 (Case) FIALRAKE /m | AR R0 2 BU8Ys | BU{E SL 6 25 R /s AHXH R 2
1 2.672 4.76 4.70 1.3%
2 2.571 4.51 4.55 0.8%
3 2472 4.51 4.45 1.3%
4 2.372 4.40 4.33 1.6%
5 2.271 4.28 4.21 1.6%
6 2.172 4.20 4.14 1.4%

W A BE LK, B R BEZ I T R R G A I, X AR

TG ) T B 45

, 2 H(Case2) 5 HAMARAN REZE TR, FHSE 2 A

(Case2) 5% 3 #H(Case3) HAMNFIRIHHE A, BALKIAEHAHSE, KIULAENEE 2
ZH(Case2) LI EAHAAE M Z . AR Govardhan 25 NSO 7R, RIF A H)
SRV R G A WUE T, 5 R 1K B T AR VL LR AL A

Kl 4-6(a) 5K 4-6(b)fE7~ 1 X AL AES 45 IR 5 H B S 56 45 AT S [ H i 45 2R

51



oSS N T e S VAT

5.0 - 5.0
¢ with Case2 == CFD
=== without Case2g
1.8 4.84
o ff 1.8 1
P4 3 L ] /./
-5 >
1 4" -
6 ““,"b 1.6 o
= AT 0 = F
PX ad Case2 R
1.4 ® 1.4 -
€ 7o
“‘s‘ /'/'/
12 o28° with Case2: R..,, =0927 42y _.-"e ; X
e : -4 R, = 09523
without Case2 : R;,, =0.958
1.0 v 4.0 T T T T
1.45 1.50 1.55 1.60 1.65 1.70 1.45 1.50 1.55 1.60 1.65 1.70
v’l_. \,l_
) S Ak Ry 5 oAk
(a) ALK K I (b) #AEK IR

K 4-6 RRAEEXKT RAALBA AR R HE S RAEARBDRIBEER LR

Fig.4-6 Natural period of mooring system and linear regression results
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Fig.4-7 Inline dimensionless displacement at different reduced velocities
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Fig.4-8 Crossflow dimensionless displacement at different reduced velocities
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Fig.4-9 Dimensionless heave displacement at different reduced velocities
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Fig.4-10 Motion trajectory
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Table.4-6 Inline, crossflow, heave and yaw frequency at different reduced velocities

FEdEE (Un) R ASREMHz - BORASE/Hz  EGH%E/Hz HFEAR Hz

4 0.312 0.146 0.312 0.146
6 0.350 0.163 0.350 0.163
7 0.366 0.182 0.366 0.182
8 0.413 0.207 0.413 0.207
10 0.502 0.251 0.502 0.251
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Fig.4-12 Vorticity distribution in a transverse motion cycle when Ur=7
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