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ABSTRACT

Compared with the ship-type FPSO modified by oil tankers, the cylindrical FPSO has
a simple structure and is easy to build and repair. In addition, cylindrical FPSO has many
advantages, such as superior kinematics, no weather vane, reduced bending stress of slender
structures, and flexible movement. However, due to the fact that the natural period of the
cylindrical FPSO is similar to the spectral peak period (15s) in the South China Sea, the
response of the heave motion is relatively concentrated. In order to improve its heave motion
performance, it can be optimized and improved from two aspects: improving the heave
natural period of platform and damping. As a key device to increase the added mass and
viscous damping of cylindrical FPSO, the design of the damping structure can affect the
natural period and damping performance of the platform.

In this paper, different types of damping structures are studied by using the CFD
numerical method and the naoe-FOAM-SJTU, a marine engineering solver independently
developed by the open-source toolbox OpenFOAM. In order to obtain the natural period and
damping coefficient of heave motion of different FPSO with different damping structures
more accurately, two methods of free decay and forced motion are used for calculation and
simulation. While verifying the reliability of the solver, the function of the damping structure
is analyzed, and it is found that setting the damping structure can significantly improve the
natural period of the heave and pitch motion of the platform, and improve the damping eftect
of the platform.

After the damping structure is opened to communicate with seawater, it is found that
the opening of the hole to the sea has little effect on the natural period of the heave motion
of cylindrical FPSO, but the damping performance can be significantly improved. Analyzing
the flow field conditions, it can be seen that since the cylindrical FPSO is a shallow draft
structure, the free surface will have a significant impact on the flow field around the draft of
the platform, resulting in the asymmetry of the upper and lower edges of the damping
structure.

Then, by modifying the slope of the damping structure, reducing the thickness-diameter

ratio of the damping structure, layering the damping structure, and opening holes in the
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damping structure, the damping structure was adjusted from two aspects: improving the total

mass and damping effect of FPSO, and after comparing the calculation results, the structure
that adjusted the damping structure to two layers and did not open holes was selected as the
optimal structure. At the same time, from the calculation results, without changing the main
scale, the adjustment of the damping structure, the increase in the natural period will not be
large.

The original model and the optimal model in the mooring state were numerically
calculated under the environmental conditions of regular wave and irregular wave, and the
motion response of the three degrees of freedom of heave, pitch and surge was compared
and analyzed, and it was found that the platform with improved damping structure had a
significant effect on the motion suppression of the two degrees of freedom of heave and

pitch, but the horizontal offset was slightly increased in the direction of surge.

Key words: cylindrical FPSO, damping structure, naoe-FOAM-SJTU, wave motion
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Fig.1-11 Techniques to estimate roll damping
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J5 5 BRI RS B)) ok S IR T 1S )

(3) FEiEfEi% 988123 (harmonic forced roll motion), R 57 21K 56 28 & 1Y
AW, G e s, fEiRiaiss.

Wassermann S52ILCES T = RO R RS R, WK 1-2.
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Fig.1-12 Separation of roll damping phenomena



B R

FEXTEAARSZ J3 B BB T 73 A ad Rt v, AN TR] SCHR b ot BB 5532 3)) i B3R 1) 5K 37
R TSR e s PO e SLT7 BB BRI S AN A s 223 26-29300 48 (O
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I SRIE IS B ATV AT S5 A W) JE B AN BELJE 1 LA

MR BT TR B R BRSNSl NN R BRI, AT IS 1
REE e T

(1) B

LM, S5HYH) B bz 20 ] BLRIR N

(m+my)z(t) + bz(t) + cz(t) =0 (1-D)

XA, mAy FPSO AF &, m, AMINEIE, bNHERE, chFERENIER
o z(t) () Z(O) 7 ANEZ BN R . HEAIEE . £/ RIEE S,
fA 14 FPSO [R)7K £ TR 4R 24y S5 801 1) (5 T B0 T (B 8 H D, BIZK 2 AR A, N &
oA 3 AR TR R AHE 3 A] 15

A, = nD?/4 (1-2)
KD ARG AT FINIE RE T RR N
c=yA, (1-3)
X
Y =pg (1-4)

p A g 73 I N 7K R 5 H TN
R 1 RS, RS R 12 3h [ A7 U T, A e 40 R JE & Hd 73 ) an s
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(1-5). & (1-6).

T, = 2m [* (1-5)
d=-——— (1-6)
o 2/ (m+my)c )

Phz, Ron i s i 2 (B 1-13) IS 0 DMRGIRIE, 2z, AHEEGF IR E
—EE zpoy > 2o, WAFTRRN

1 Zy—
d==In|2=2
T

TR E BRI, BT EHAR (-7 TSRS, i Kl
Lokt AT A3 . T B e R O B R BR R A S A B A R B, PR S R
H AT R e B A 4 R AT 45 280 [ R B KPRt P e AR % . —IRBH B (RIS A
[FfE s, WARMEAARBERIEN, srFRHELIE, FERH R &iET
Fro NN T AR X e R T it B

fE IR eAR T, G HIBHJE /AT AR R N

F(2) = —2Nz — W|z|z (1-8)

X, NHW REGHE T REL.

TEF KRB It &b, 28 n IRIRME Az, MG —MRE Az
FHARP IR IR 2 Z 80T

(1-7)

Az =2z, — 2, (1-9)
FHAEPI A MRAE R
Zm = (Zn+1 + 2n)/2 (1-10)
LAz WIEALKR , Az 9 ALHR, BEAT #ZedUh &, 19 2 K42 72 KPR BRI T
TH K H T PR 9 AR e B0 3

Az = azy, + bzy,? (1-11D)
Fit, ZRa. bAMAKN. WZIBAFAEI TR R:
a=T,N/[2(m+m,)] (1-12)
b =4W /[3(m + my)] (1-13)
TN JE REdRT LA T R
d=a/m (1-14>

WA IR BRJEARB S & BB M BB 70 5 S5 A s S FE I B o0 &R T BEEE R
JELLE BN, Higis e R IE R — 05, Bk, AT BLRAH Kl e i) — 0 &
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Fig.1-13 Heave free decay curve and curve of extinction

(2) 9iaEGIEs)
KB 1 RZEAT LA CFD 17 Bt 5 45 S 43 21 o B AR VE T s B a1 R 30, z(¢)-
2(t)s Z(O) A AFERA

Z(t) = Aw cos(wt) (1-15)
%(t) = —Aw? sin(wt)

A, AJ9 FPSO T[S AIINIEIE, w IR . 1AL ERKEh I Fa]
CAERENIN IRID 315 . FELRMERLE R R, Fiie T3k

{ z(t) = Asin(wt)

mgZ(t) + bz(t) +cz(t) + F =0 (1-16)
X IEZIE R BIRS), FRILARIR A
F = Fy sin(wt + ¢) (1-17)

A Fo KB IRIE, o 52 1 58N %
e (1-15) A (1-17) RN (1-16), [FIRF AR, 7RIS H]C (1-18)
ML (1-19).
Fy cos ¢ sin(wt) + Fy sin ¢ cos(wt) = (mgw? — ¢) A sin(wt) — bwA cos(wt) (1-18)
[Fy cos @ — (mgw? — c)A] sin(wt) + [Fy sin g +bwA] cos(wt) =0  (1-19)
RIS, B hnJst EEm AP JE S8 b T LS D93 (1-200 Al (1-21). R ¥ (1-6),
AT MG REE NS R%kd .

__ Fycosp+cA
- Aw?

mg (1-20)
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1.3.2 Spar FNEHIR

N T R ERIAETE D B HE ERG IS IRIE SR, & LT A TTRHNE,
DRIAKCEABEL, HE T

Kc =24 (1-22)
Do
2

= Do” (1-23)
UTO

XA, AAEFESENEE, Do NEEHYIRREREE, T8 r] UK T 4591
KFER, vRRAEMIEERE R, ToNEGIRGIZESNE .

Thiagarajan F1 Troesch®2I%t fi AN 5 5 45 44 (1 S AE 04T 1AL ISR, 45 SRRt A
B b 5| TR (e SR IR Ze AR O¢, I BB 5 5% 2544 )5 48 753 B8 R 5 b
T HAE AL MBRTE T 2 fi5.

T &% FPSO 5 Spar ~F & # H 15 4 A1 L& 5 /R 35 4 M Jl, Ji P20 ont
AT TR ARFE X PR JE SR AT TR, IR EE BT T I,
1-14 fiir. EPL i Ron R ss R, BER R A GHEE M 1) CFD B4R,
Z3RIN FPSO BT S R . WTUUE R, ra rIfHE /8 IEL T KC i, &
BEAE EL B B B 2R B0 B 5 FE KC Bifigm . WPl &, BHESS KX FPSO [IFH
JEPEREDTHRIR K, e it cheidh B J& 228 4y 338 17 5 M A PR P BB A2 PT RE Y o 2 S5 4 Je o T e
Spar T & S FLFH e 45 14 —— 2 35 A R AH DG SCHR KR 15 S50t 1) R %

B 1-14 MR 45 KC £t & B2
Fig.1-14 Damping ratio versus KC
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(1) &4 Spar “F-5 (Classic Spar). =EARHE A2 18] RT3 KR8 0] 32 52 [
Megity, —MmERN 215 KRS . 1X—FRAUY) Spar 1F 221G B 75 EZL9H FE R = IANAL
Win T rERESRE, ARTFE A R ET .

(2) #7285 Spar *- 5 (Truss Spar). V& FIH H BN FE BB AIHT AL,
AN EFESE [FIAEAR, A DU R0 AR e . O 7 ok 228 201 & 78 B hn it &
HHERIAZ, HI 7 EGRE .

B 1-15 WA R £ A4y Spar -F 633
Fig.1-15 Four different types of Spar platforms

(3) Z#:3 Spar ‘15 (Cell Spar). £ & A1 B H — R 51 BEAT BN B A ARAR
B TG R BAR BTG, KORPRG T B ME . R, fE it B2 17 G
(4)MIinDOC & o H F AL AR 40y =R 2 0E =M T A B 22 B R AT
FARTEIM LS =RBNEAAE B A, 5 Truss Spar AN [A] & HAMT A8 7% A
WEEGR. TE8ME EE=MIPME, 56800 HtaNE s sh e
E, HHIET Spar V&, B
Spar T~ & ()2 % Ji BA B a4k oh B A SO/ B4,

T =21 /"% (1-24)

i hJy Spar TG HISHINGIK, Co R BHEREL
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i (1-24) KB, Spar & FEE Y [ A J6 HABE - G 02K K miig oK, mr DA i 1
TNAZ 7K KRS 55K 1) [ A5 J 34

MALEGE A Spar & J& $IH74830 Spar V- &5 ML 413 Spar 74, J5 P& B EE T
KA 0 B I A . AR Spar T & RIS FIARKTFE AR, Wk &5
PN RAR I B IR FEAE R HnZ /KR BE, TEg AR s A R R Ak 1 i it id@ad
KW FEWN I B B ) AR EE, I b I sAs, ImseTt 17 7 & Estttae.

MFEFE SRR, 7E Spar P& LB GIR, I EEE SoE FAERSE, 2
- G Iz IK R SEIL ) o

Downie 250015 245 AN 6] FE 3% B Truss Spar IR ) N HEATIRIGHT 7T, K
TG IR K HLEE A T R G TR B I o &2

LakeP7 5 LT AR « T 3 BB INAE S A b 3 3 B 5 S A B ) o = i 2,
HEAT 7 smiE PR A, 3 B AR 1) B AT DL 5 ) [ A BAFI R E

Rao ZEB8IGHE B4 TR 1L G R Spar 24T 736 A1 CFD BB, LLE H
TEVRAN B fVE SR PR AN VAT AT, 19 BB 3 12 SN i b0 s & BHJE R R
G IRAE AR (AR A, o 72 RIEIRBN IR ™ A AR AN, TE T35 AR B A B FL B b ot 2 &
. PR RBULTNEE, M A ISR Spar X AN R 5™ A2 B B 52 o
LR I 18 s SR s &= 13 i, BEJE R BN

AEREBSIZ ] FLUENT #04, SR FH IR S 7 V% RS 732 B BB AN, 7 i,
Bl T BA TG Spar “F & IHRGIE3). SO IEGIRIER . TEHRE A
BHJE R AE RIS ERE 7 o X FLAN B4R L (BRUE 435318 0.02D. 0.04D . 0.06D- 0.1D-
0.3D). AFEGEEGEATH ARG RI, SIHME—BE. BERNEGR, FHKCH
AR K, B E . PHJE REGERIE . IR, T FAMAR R EAR G R, T
LR, ISR N 0.02D BRI T, BHJE R Sl .

BT ISR 3L Spar “FAHIFLE . A Kah htkReemE K, 2 EXK
3 o T R AR DG JTEEAT T WA

MolinPU T35 AR I F LA /NEAT T AL, KRIAEKCECR T 1 B, FHALAZ
RSN FE S 1 i, LIS IR FH SRR . MK CHLE 0.2 7o a1, FFFLERBE/NT 20%
AT DA 3 35 B 1Y) BELJE R B I 4~5 £i%.

Thiagarajant** 5 AR A 58 5 BUE AU PR 5%, BFAL T R GIRFFFLE . TR
KANGEZFhSHO BB YERE 2, e ARSIk 6T BRLJE 28R B R AR, K L ) 2
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T FEPUE R E B v S B 5 T R AT, R AR RN T 58 R 1/50

(Y/L<1/50, t AEHRIZSE, LTSGR B, THREGZ B S K
KA

FMEEEINT Spar “F & TG AR LT A I OCEE M BT g, ORISR E T
FL, BEI T IR S KA R, KA T 2 it AR, SeE T ERUR . HEITL
2 3T IR AL B R R B 0 BT ek, A [ G A BN . [, XTI
BRI FLIAR, SCrRR R, E G AR RE e AR T FLTAR I /N e I S ks, 24
FEALIAUL R 5.4%FF, o] DAEUAS S i R FE e R

R RUISEIZ ] FLUENT #8F, XEARIFFALZE (0, 2.5%, 5.0%, 10%, 15%,
20%) WITEGIGEAT THFTC. fHHCLUREE R BLJE R E0BE 7L 3 0 3 K i S0 16 K 5 ik
Ny TETFFLEN 10% 28 40, BUAS  KIBEE R % BN & /A0S T FLR R %
TR IR . 18 KC BN, FFFLARE R E S nFH e s B KC £k, FHIB R S5 .
[FE, SPARREIFFFLER (5%) 100 N HFFLECH 3ET T 9E, RIFLRAFLEOX AN &
X5 T BELJE R BRI B I e R B SC AN . ik, AEE SR DU SRR R R
iR I BUEA T B R, T DU — AN RIS ALARE 2L, i R, (3
TSRS R 53

1.4 BXXHARENXN

FEORF T 6 SO&E MRS FPSO, Al 7 FPSO 5 i B, B T @i gz, ik
4, B 2 FPSO i KA AN LSS ia s PEREUM . [ fa] AL A AR A B R AT % 1 Rl
PAAETE BRI [RS8 T A AR M AR S5 A A RE « R223h 3% DA K R 1 R [ 12
Bt < R A A AL

BRI FPSO A LG 2 %, (HEAMFALNHEANL: FEHEHA NS
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Fig.1-16 Cylindrical FPSO with damping structure
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HuIE N 1 FPSO HTE [ R, FESERR G I 7f EAE S A B0 e, X1 & B 20
IR T R RIS, O RTEAS R R REIN T FPSO HINZIK, 25 SRR
TR T AR AR A Has sh s oL, = SNG5S54 K0S,

PRlk, DMESERIRIR R FPSO vk, fEAMAT & BRI RIATIR T, e
LR HEAT IR SO Bt $RTTT & 13 [ A A AT e, X SEELE 58 FPSO -
EAEIE I S AT AIHE ™, B %8 o

1.5 AXFEETE

AR CFD BUEHE 7 E3HTHE5C, R SOLIDWORKS #4317 7%, i
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ST A B A Y R B e i) K 43 12 Ff OpenFOAM 1 Iy & 1) T H blockMesh ANl
snappyHexMesh, N A H £ & KL K #7285 naoeFOAM-SITU 347 BUE KR i -

ASCHE BAERTHEA E A FPSO W 3E iz sh M RE, fEpm JR A B 2EA B, APk
PGB FARRSE, RO JE St dAT A sk, DASe P 6 13 B O e
— Hw, G R N = B xR

ARSCANEE- & F 48 RS JE A DUT 9 A

1. A 5 8 FPSO IR A AT B 5 45 B W iHE TSR OB 4%

2. FEBE PR ME TG esh MRS A ST, Bk REEW R
SRR EARIFE o 0 T 5 R SO 2 BUBUR A 70 M+ i iBas s It RE 7 M
LNBEA R T AT IE; .

AL — T R 5 4 FPSO I B A SR BARIEAT T A, S AR 312 8)
PEREAN AL BIHREF , TR D9 3G 0 3 BRI 53 2 ARG PR BHJE OBl B 1 FH Je g5 1047 1 R
N7 SERE# BN E FPSO [ 4 FA HAABE JEPERE, XTHEY B HEE T B i E0d A fa 1 5k
BIEENWMITERAT TR A XS . BT EEA FPSO. R4 Spar & .
UiRAFE S M A DR B IARAAYE, X Ja P AR AL 4 ST T 5%

S BN A SO SR 2% naoe-FOAM-SITU #EAT 7 UM, 4Tt SR g 2 h (1
W2 SRR BUEPBORAIBAEL. RIARGRMEIL. G575 B i S 3 KRR
B Pk AR AR S AT T R S B

S5 =70 H AT O A SCER AP B A A AT @R, i B TR A R e A
FRECEL, X RAEISAER G A FPSO izt R BT ST 75k, [FIF, Dl
RGeS, gl 2B AMmAMm MNMabr i@ 7 =MEBE FPSO
A, i [ R BRI JE RIS R E O A, o BRJE S5 M1 I #EAT 1 5
.

SRR H B RS AN AR s A (& 1-17) PR RIaaTHRE SR, s AEfH e
gk FOTSUREIEEE, WA 1P 6 BB S5 M T LB e & [l A B Y R

BT E N RE JE S50 EARTHIREEE 80/ BELJB S50 JEAT LG L X FH 8 G e 30 4T 53
= SEINFH e . fERR e g5 B FLEE T IAN B XS BHJE St AT W B % it
AT PEE T AN R I St o0t [ 1 2 FPSO 1) [ A ) B AN FELJe R £ 152

N T M Z MBSO R o U AT, 5 [RGB A BAH R I RIA RS, 1HE
T PR 7E R DU AT AN BRI 38 155 0 a2 Bl B2, 56 EE 43 #r AR B IR R KIS B 1 R

FEEXN AT TG, BT AREYRAK R AR . RN, RETETL
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Fig.1-17 Cylindrical FPSO numerical calculation model diagram
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S H

FIE FAEK N ENRIES &

AR SCHEAT R M AR S AL B () T2 3T IR & OpenFOAM H ETFF K [
CFD Kf##% naoe-FOAM-SITU, K& 2-1 JRfE# L MNELLE] . S DAEAZ MEUE
BT T, 12 R ARZRTE SR AR TR A R B U A P 6. KWLECEE
S8 2 I [T ()R] SEVEANAE R RIS/ B T IGUELSH

B 2-1 naoe-FOAM-SITU K f# % L5 #E2 B
Fig.2-1 Framework of naoe-FOAM-SJTU

ATEHGXT CFD /K BB T SR P R P i R s B R T S 2,
AR R H B L R U NEEA R . 25, A S5
HRASE T 38 B0 SR AR s ) RS R RE S0 S T B R BE AT T U B, B0 A AE B K b A
Rk IE B ST B SE L . SRR RGN 0 BOME . & YIN B H Iz s
RFERE . UL F UL R A s sh R AT AR o

2.1 R R FIRE

2.1.1 #EHI5E

XHARSEH AT ISR VERUA AT B SR, $5H1 7R N-S Jife, HhiEs:
PRSI R TR T
V-U=0 (2-1)

apu
at

A UNRIDIEEE; g p Moy 508 BT INE L« i i) s ANl kit 2 5

+ V- (pUU) = —Vpy; —g-xVp + V- (uVU) (2-2)
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Pa NIHENE T, ST BRI EFKIES), &R
Pa =D —pg"X (2-3)

Af —— I

5 G YK BT R EBUE DT %

2.1.2 BEHEH#RE

FEVE A M RO AR AL TSR IR e, P T AR AL AR 2 S0 B o SR 2 T 25 P& R T
5K 77, KRR FRIIL(VOR) KA B i, e A AU ERERG, HAS R

/Q, Qz

1

= Y& B
@)ﬁ A

T ————’

B 2-2 AR E A

Fig.2-2 Two-phase flow schematic

B HKIQ, Filk A FHEMKIA0T, ik B FHEMKRiE R0z, 4R
AT, W 2-2 B, Witk A 155 HER R, 52 SUR 2
Y4 1
a@,Q:{L xe“} (2-4)
0, X€en?
B E BRI IE S, TR TR B A A AT B 0T s 2 s, U
V(u, FRAIRIEIES, AV, FoR A FRAR, AR, F5E R,
Sz, O)FERIE L HBS, RIS ¥ 7ar BRI A L 5 R AL e

1 -
Fi, :Aviv ,fz. j“(x’ f) av (2-5)

j L

J

FRN VOF REL, A2 -
ERXFRHN VOF FHE.

TR A IS F = 1, BRI TT; seimiid B KIMESF = 0, AN HIT;
EATRARSE M0 < F <1, FRNFIEHRIC. FEENZ], 1521454k Fo b
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() FAE, AT LAIE IS AS [8] 85 b 38 5 A i oz s Fm i B A B .
2.1.3 FEEHER

#£ OpenFOAM , @it A MR1AFIE (Finite Volume Method, FVM) % N-S J5 %
A VOF Ji R AT B AL B . Rz v S IX SR 23 AV 22 WA BT, 6 S B e AH L
KA I RE AT R AR, 2. R ERSER, HEHE TR0, EihRt
FAF RS TR R OuH FIRAE B R, wT DUl I 0 77 2015 B A O E R

OpenFOAM  HRHAML 1 2 ol oy B 114 B Hoas ke xof 428 1) 07 A2 m 1) 2 Al il 23 02 A7 4
B EHL, A S AR 23 B i X an 3R 2-1 F i

R2-1 Fo s BB kg =X

Term Discretization
Temporal Schemes ddtSchemes CrankNicolson 0.9
gradSchemes default Gauss linear
div(rhoPhi, U) Gauss linearUpwind grad(U)
divSchemes div(phi, alpha) Gauss PLIC interfaceCompression vanLeer 1
div(phirb, alpha) Gauss linear
laplacianSchemes default Gauss linear corrected
interpolationSchemes default linear
snGradSchemes default corrected

2.2 WEHRIREI

N T XSG IEAT CFD BUEAR, FEE AR K. MK Tizs)
7 HEBAR RIS, PIRET S AW 1L H TARRIZEAE 26 T B H A B Ay
DRIk, AR R K ) S ER HR A TR BB DL e AR BB — B o AT 2P
AR B BUA TTVE: HEARIH 2 J7 1M F B B Bl 5177 (GABC). i %
fis BV AN TH SRR SE U B T Re , (B RT AEZ AT R SEBH B B AT ES
ARSI, (H AT SEEL R R A8 SIS 3 A [ A B A R T T e
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2.2.1 BEERBRZE

NG BUE A B I, 20K ARG sh, FeAsmitis. iRk
PRV EIH AN, S HIBOR RIS . SO BIRIMR SR EIRE N, <15H
BRI RS R RN, SR B A A — SR L il T B v A SR e B
BV, JFPRASAERIUCSL. @I AR E KB AR G b i B KX, RIIE4RTH K
(Sponge Layer), 7£1/1 5Pt vH bR AR IR, AT e G I8 VR S50 o

WEIH X & EAENETT AR — NN TRJETED. 2] 51

_ 2
a %(U —Upes), X > g

fi(x) = P%s (2-7)

0, x<x;

Hordr, LARRTHBIX K s xR THIIX IR B URINIMIATE L : Upep
TR APRUETHEIR N BT~ BOE S % . age — NIRRT I TR R4
T HIE IR, @5 BUELE 0~30 2 (A, X—HUESHEACREEMEK, PUER
ANASBEAG A B B i s B OROKR, TR X I RSCR 2 R L T-BE TR, [FIFEEAS BIR &
FHBAER . BR ERoRy X J7 e B B X I R EOC &, (H AT DUR 2R )
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Fig.2-3 Sketch of forces acting on one segment of a mooring line
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B24 2Az%TeR (A: BEAX; &: KEX)

Fig.2-4 Schematic diagram of the mooring system (left: catenary; Right: tension)
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Fig.2-5 Sketch of multi-component mooring line
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Ja, FEREMIIEE S EIG (Surge) Bi (Sway). Y (Heave) BiHE (Roll),
PPE (Pitch) FIfERE (Yaw) 7NANH HERE RN ASE E T 1830 5§
HUEAEAE S5 K Wi w1 Re R bn 32 B B A . BRIt A 0250 A5 7S B
B8 B i AT IE A K A
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FERBAAAR 2R P oRAT IR ) S 5E, R 8 I B NG 46 31 B A A AR 2R
F=(X,Y,Z2) =/ F, (2-16)
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W=2Z/m+up—vp+25(q*+p?) —x,(r0 — @) — yg(rq + p)
p= é{K — (IZ — Iy)qr —m[y,(W —uq +vp) — z;,(¥v —wp + ur)]} (2-18)

A

q= i{M — (I —I)rp —mzy (1 — vr + wq) — xg(W —uq + vp)]}
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Hl U SRR . NS B B RIE BT A7y, 15 BIE R A AR 2R T B/
HEERGEEY = (w,v,w,p,q,7), FFEEBRKHAFRR T = (X, Xy, X3, 9,0,9), 1
A A — R RS SN = (g, x2, X3, 9,0, 9) 6

2.5 BMBTREAR
YL TZ B R AT B BUB IS, S RTE TS b 30 S R A O

NT AT R R KRR, OpenFOAM R T S AR AR FEH AR (Dynamic
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FE R S5k, W] 2-6 B oG8 SRAR T T )R035 40 77 12 AT LAAS 21 I A% 5 AU

(DRZ
7-(y7X,) =0 (2-19)
b, X AP AL s y NTBREL 5 R oTH L RSB 5 2 8] A
ST
Y= (2-20)

HIBLESR AR TR, RIS S oen A BGE, 9GRSy oK, MRS, X
FER AR T CAORAIEA) A i BB A0 I o 5 2 3 2l 538 5 WA FE K AR 2R T AL A5
PV I AR AP AR, IR D9z RE R (I 5 2 A F

26 M EH=EE (£: THA; &: BHE)

Fig.2-6 Dynamic mesh deformation (left: undeformed; right: deformed)
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3.1 fR5RIEREER FPSO

AT HHE G [F 5 5 FPSO #E4T 7 CED #5248, M B ik, 537 FPSO
(3 [ A I, IF 5 ek R R 56 25 SR b AT 1T X LE
3.1.1 HEER

AT BUERA TR AL ] 3-1 B, AR MK 330m, il Ba A 4e bl 1 © 82.5,

B 3-1 B &7 FPSO # A+ H AR B

Fig.3-1 Cylindrical FPSO numerical calculation model diagram

AN I ERE NP GRash GO TR, R R A (Fr) AUTRE 97 e /R 2L
(St) %%, Mg ROCHRT S IR RIESH, Wik 3-1 .
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ST AT SR BT R
JERIN=R m 12 0.15
T HKEAEAR m 88 1.07
BHJE 5 th Hh % m 110 1.33
F FR m 45 0.55
Iz 7K m 25 0.30
HKk & & t 165968.2 0.29
HOE( BEHEZR) m 22.84 0.28
ROLL {842 m 32.07 0.39
PITCH i 1442 m 32.85 0.40

3.1.2 BokERBEEM

DL S 1R 7K ZR T AL I Hr s A R i N R R R AR RR R, Abdr RIETE A F e . 7E8L
AR R N BRI, RN A -12.5m<X<12.5m, -12.5m<Y<12.5m, -
Sm<Z<2m, WKl 3-2 Ffirr,

B 3-2 it Hak E Ao b 43 d WA R

Fig.3-2 Computational domain and mid-longitudinal section grid

N T SED TR R BRI, NSRS RE T R 2, R G A Bl E R
IE X, ALK LT AN A AT I, anl&l 3-2 AR, R 9By b5 S ik
FEALRE B T SRR, AR S Bl B B X . A WIS BAE 236 i/
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HUE BT B . DR ZEIRIS Pyt 4 DL R & i PRodi A B8 4 (FFT) Z 51y
gL 3-3. K 3-4 fios.

W iR IR IR SRAT 10 R HNZ K FPSO 35 IR (1) [ i R A7 B0 RS A 4,
5 CFD BUEB S RAIR R 3-2.

B 3-3 &3 8 & RORE 7 8 XA FFT £
Fig.3-3 Heave free decay curve and FFT result

B 3-4 4% 8 W R G &R FFT 4
Fig.3-4 Pitch free decay curve and FFT result

R3-2 FEHRANLLER

i 7 158 R ] A 4 IREAT A R [ A )5 3
I 25 /s 1.804 4.203
CFD 5455 /s 1.818 4.252
FERT 1R 22/ % 0.78 1.17

H13% 3-2 775, CFD #gi R WIRE RV & RIf, UEW] 1RSSR 512
B A EEE .
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3.2 FREHEEEAMNEHR FPSO

AT Fob A 1K BHLJE 45 K4 1 5 75 B4 FPSO 34T T BB AL, 5%t B ASFEIBH 45 #)
FIE 7Y FPSO HEAT T X Lb e #r. i@ AL e S M iR &3 585, SRR T
BH JE 25 M4 %]~ £ it i ) 20
3.2.1 BUERHE

(1) JUfTFA,

EEU U AN & 3-5 Fosf~Fa 8EAat 5, FEMLKIR N 313m, 1 REGE A 45
JREA 1: 60, FELEMSEUER 3-3 Fis.

#3-3 FPSO XERESHLRNE KA R B

SR A SR BT R
T HKEAEAR m 72 1.2
BHEMRAME CREHEAD m 110 1.33
FHREAT m 82.8 1.38
TEHRELR m 90 1.5
F AR m 33 0.55
T W m 39 0.65
Wi Bz K m 22.8 0.380
HKEE t 99573 0.457
O mE (PR m 19.86 0.331
PERRAR I P42 m 21.23 0.354
PR A m 21.25 0.354

35



5N

5= BB IR 5 e 45 M1 BT T

o

20002205

A 3-5 [ A FPSO 6 %A
Fig.3-5 Cylindrical FPSO model

(2) FRK B AL

PLSF- 6 7K ZGTH AL () R O DR SRS P R R AR &, HLIEAE A T W o 7E AR AR 2R
AR, HEERAEE N -10m<X<10m, -10m<Y<10m, -5Sm<Z<Im,
W 3-6 Fizs.

B 3-6 R HAR A B Bt H 5

Fig.3-6 Numerical model and calculation domain

B 3-7 A3 @ R A R BAR R B 480 T
Fig.3-7 Grid of the mid-longitudinal section and grid distribution around the model
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T S 7K 2R THT P 35 () XA 025 an P 3-7 B, TR FE F S Bl s B B X,
Kl 3-6 H TR . I MRS ETE 240 Ji ki A .
(3) ZHRHr.
HUE BT B . DR ZEIRIS Py h 4 DL R & o oA B8 4 (FFT) Z 51y
LR 3-8 K 3-9 .

K 3-8 &3 8\ XA & & FFT 24

Fig.3-8 Heave free decay curve and FFT result

K 3-9 Wi 8 & XA 8 &% FFT %4

Fig.3-9 Pitch free decay curve and FFT result

R3-4 AR R

3 3 [ 47 J 40 NP 8 5 3
U5 H /s 15.096 30.015
CFD 5.4 /s 15.158 30.984
FERT 1R 2% 0.41 3.23
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T X G AT BR K I A BRI, AR HE 46 R bE 515 2 s R & 18 s 1
HREWY, BIHERNZKT6 38D ARREA 258 15.158s F130.984s. 5k 56 45 5
SHELINEE 3-4 Fin. FHER 3-4 AlHl, CFD fEfl4s R 5 R4 R4 B iT.

3.2.2 HESGHERTAR

N T IRFEAFIBEJE S5 H s mafE 230 LAJG R 8544 To 85 14 BELJE 2544 5t L,
BEATXT OB ORFFAIOAR R 5 K 3-10 Fron M m A 2L 28— 3, 7EfK
R IZK, EOmEME, B EHKESSEE, HHE S AR
AU 3-5 BN, LEWIUGIT ZI e AR R 08 B AT OB T . AT Rk, Kk
BHJE 45/ FPSO. JLHEUIBH e 454 FPSO. #iiE i JE 454 FPSO =Rl ALK Ik i FR
N ml. m2. m3.

B 3-10 bt 3 aER (£: ml; &: m2)

Fig.3-10 Comparing computational numerical models (left: m1; right: m2)

£3-5 AF FPSO A& T

ZH FAAT ml m2 m3
Nz 7K m 0.380 0.380 0.380
HPKE &= kg 429.548 455.311 456.717
O mE (PR m 0.331 0.331 0.331
IR 4 m 0.344 0.353 0.354

(1) [T 4
R 3-6 F%E 7l B EEECT VAR 2R =AY I 9 AN RE R R A A
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#3-6 A[F FPSO HEI I FE A A

2 Fy 7 50 T 5 [ 4 A /s e A /s
ml 12.9 19.365
m2 14.58 29.048
m3 15.17 30.984

R 3-6 BRI, B PR JE 2454 T LU & 3 35 YN RRAZ 3 1) [ 3 W 3 1R
15 B RTZ K B0 — 800 TOLREE T, 7R RS 458 R v & e s sh 1 45 1
ERRIFA R .

(2) FHje 5%

KT K R 283206t 1 P T gl M 2R HEAT AR TR, FEBIN IRFHBABR B, K K i 1
PAA R K 2

A 3-11 ml £33 8 & R 7 i & BH K2

Fig.3-11 Heave free decay curve and curve of extinction of m1

B 3-12 R FPSO B A [E R, &

Fig.3-12 Damping coefficients of different models
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K 3-11 ATCFHJESE# FPSO (m1) T35 B K I 7 dh 26 A AR 7 19 K il
2k, K 3-12. % 3-7 N&FHJEZEH) T FPSO 7EFE 5 MRS P JE R 5L.

£3-7 ANE FPSO BRI FHB &R

T [H e 25 YHEFHE R EL
ghir
a d b a d b
ml 0.145 0.046 5.132 0.295 0.094 0.002
m2 0.194 0.062 6.879 0.517 0.165 0.024
m3 0.209 0.066 10.211 0.679 0.216 0.035

B 3-7 I 3-12 ATLLE R, B FLJE 4540 1 B ek, AH R R RE e R %03
AHEmE . METF ml, HARMAEE MM IS IE 30 K& — R R EL o 7 31390 33.8%
F143.7%, WFERE o 23 I I0 75.5%A01 130%. BT o AT LLRAE DL BHJE A /)N, FH
JB G5 R P 1S DR B0 1A 445 ) P 5t 2 4 1 B T A >R B I 3 R M BT 1k B R IS Bl 1)
R

[FIS, XFEE ml, HARMMEEEEG S RE b 00 T 34%F0 99.0%, A%
BHJE R b 23 BN T 12.7 580 19.0 f5. b mlsn, FHB S MMM, AT T
RIS BN BEIRBEE o TXF TH8 15 45 M (B, 75 3835 12 30 P e FELE i3 n 22 Lk 0
Rz,

(3) W

a. MEyHIBE)

AR [E]JE TG, Gl L = Fh 2 e 2 318 20 T i E AR AR AL, i 5 e
TARE e AR EZE R A

B 3-13 —/NEF)E A ml £ KRR E BRI T 9

Fig.3-13 The vorticity and velocity direction of m1 at the bottom in a motion period
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B 3-14 —ANZ ) F A A m2 12K A2 BIRR 77 9

Fig.3-14 The vorticity and velocity direction of m2 at the bottom in a motion period

B 3-15 —ANEF) B A A m3 AR IR E R R IIRE S

Fig.3-15 The vorticity and local streamline of m3 at the bottom in a motion period
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B 3-16 R LZAH b IRK-FH @ ey HE LA

Fig.3-16 Vorticity distribution of horizontal section in the middle of the anti-motion structure
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B’ 3-17 — A2 30 B EAN ml ARG R E R RR @

Fig.3-17 The vorticity and velocity direction of m1 at the bottom in a motion period

B 3-18 —ANE ) B RN m2 £ )R 3069 R & RIRLER 7 )

Fig.3-18 The vorticity and velocity direction of m2 at the bottom in a motion period
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FIPEJE 25 7K P AR v IR BR AR K FE AT, TR R eI iR P e . it ] 3-19 R E A
[T 1 & BER L e AR A, TR H DU TR 458 ARSCRTi 5 i 1 5 8 FPSO 1R
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Fig.3-19 The vorticity and local streamline of m3 at the bottom in a motion period
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Fig.4-1 Overview of the model (MO0)
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Fig.4-4 Heave free decay curve and FFT result
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Fig.4-5 Overview of the model (M1)
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Fig.4-6 Lower plate of M1
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Fig.4-7 Mesh size distribution of M1
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Fig.4-8 Grid refinement around holes
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Fig.4-9 Comparison of heave decay curves of MO and M1
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M 4-10 BA EZEH A 5448 (M0, MDD
Fig.4-10 Force and displacement curves of M0 and M1

FEARIH, RGN PE T AL Z L, Rl — il B ARG 2 F,

flgp. ©1

F = Fysin(wt + ¢) + C,
PR 52 7015 B 1 S H L AR A A R WK 4-3 Jios

£4-3 MO A M1 BEEFSHE

(4-1)

Parameters MO M1
w(rad/s) 3.35 3.35
A(m) 0.03 0.03
Fy(N) 131.002 131.002
@(rad) -2.668 -2.578
Co(N) -5.645 -13.502
A, (m?) 0.878 0.878
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Fig.4-11 A steady motion cycle of forced motion
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Fig.4-12 Vorticity contours of M0
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Fig.4-13 Velocity field of M1
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K 5-1 &/ FPSO # A+ HAARE (M2)

Fig.5-1 Overview of the model (M2)

K 5-2 [ # & FPSO # A+ HAEAE (M3)

Fig.5-2 Overview of the model (M3)

B 5-3 ool &tk (MO, M2, M3)
Fig.5-3 Comparison of heave decay curves of M0, M2 and M3
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Fig.5-4 Upper plate holes layout
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Fig.5-5 Lower plate holes layout

K 5-6 & # & FPSO # A+ HEAE (M4)

Fig.5-6 Overview of the model (M4)

B 5-7 & # FPSO # A+ HERE (M5)

Fig.5-7 Overview of the model (M5)
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Fig.5-8 Overview of the model (M6)
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Fig.5-9 Comparison of heave decay curves of M3, M4, M5 and M6

X BE JE 25 ¥ b I FLIEAR AT R B, (LA N R, Wil 5-10. Friiisid sy
M7, i 5-11.

61



“”LIH!,“‘EL‘U‘E“M i3 S5 L8 R B £ MR L3 BB R

B 5-10 M7 #a B

Fig.5-10 Cross section of M7
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Fig.5-11 Overview of the model (M7)
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B 5-12 ol &t (MO, M6, M7)
Fig.5-12 Comparison of heave decay curves of M0, M6 and M7
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Fig.5-13 Force and displacement curves of M0, M2 and M3
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K 5-14 BA EiziEFu ) 548 (M3, M4, M5, M6)
Fig.5-14 Force and displacement curves of M3, M4, M5 and M6

B 5-15 #AEZEFHE ) 5248 (M0, M6, M7)
Fig.5-15 Force and displacement curves of M0, M6 and M7
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Fig.5-16 Vorticity contours of M2
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B 5-17 M3 BE
Fig.5-17 Vorticity contours of M3
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B 5-18 Spar - & £ %2 3 £ i 2l iR & 5153

Fig.5-18 Vorticity contours of Spar at heave motion!>3
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B 5-19 M4 mZ%
Fig.5-19 Vorticity contours of M4
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Fig.5-20 Vorticity contours of M5
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Fig.5-21 Vorticity contours of M6
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Fig.5-22 Vorticity contours of M7
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Fig.6-1 Definition of coordinates and arrangement of mooring system!'?]
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Fig.6-4 Grid of water plane

6.3 MK TR BER

AT EAE T SO O INR 6-2 s,  DLAEARREDL AT SCGBE 13.6m 9
s TRV 16.3s MU A, AR A R ARG, s (6-1). XHEGR
SRGHATR RS, AEEETH R —Frd (stokesFirst) #EATHIAN .

T = 1% (6-1)
g

76




JNEL

“l”l““l“”““l” ST EERCEE YIRS FhIA N A K
0002205 X W VRAZ B 43 BT

62 THHEPIRTIL

WK /m JE #/s P E/m
SR 414.8 16.3 13.6
R R 5.028 1.790 0.165

6.3.1 7R L8

B 6-5 =47 ik ok MA& X9

Fig.6-5 Grid of two-dimensional nobody wave making
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Fig.6-6 Schematic diagram of two-dimensional nobody wave
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Fig.6-7 Time history curve of wave height
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Fig.6-8 Time history curve of heave motion
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Fig.6-16 Comparison of wave amplitude spectra
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Fig.6-17 Time history curve of heave motion and FFT result
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Fig.6-18 Time history curve of pitch motion and FFT result
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Fig.6-19 Time history curve of surge motion and FFT result
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Fig.6-20 Surface elevation of M3 at 98.4s
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