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Abstract

Since the beginning of the 21st century, driven by the integration and convergence of
naval architecture and fluid dynamics technologies, the development of large container ships
and specialized vessel types has emerged as critical enablers supporting global trade, energy
transportation, and port dredging activities. With the intelligent upgrading of canal networks,
while navigation efficiency has been significantly improved, the demand for precise control
of ship navigation safety has placed higher requirements on the detailed study of
hydrodynamic characteristics. Therefore, research on various hydrodynamic coefticients has
become particularly important, serving as an essential step in constructing ship maneuvering
prediction equations and providing technical references for safe navigation in restricted
waterways such as canals. Model testing and numerical simulation are currently the two
mainstream research methodologies. Given the high costs and extended duration associated
with physical models, numerical simulation has emerged as an economical and efficient
approach for studying hydrodynamic coefficients through the optimization of turbulence
models and the application of parallel computing. Furthermore, numerical simulation
enables the visualization of flow fields, allowing for comparative analysis of flow
characteristics between confined waters, such as canals, and open deep-water environments.
This capability plays a crucial role in ensuring the safety of ship navigation in restricted
waters.

This master's thesis employs the naoe-FOAM-SJTU solver with an overset grid to
simulate the flow around a KVLCC benchmark ship model in deep and shallow waters. The
numerical model is based on unsteady RANS equations and the SST k- turbulence model,
accounting for viscous and free-surface effects. A maneuverability prediction equation was
developed from the results to forecast the ship's steady turning motion and evaluate its
maneuvering performance. The key findings are as follows:

(1) Hydrodynamic coefficients and viscous flow fields during oblique towing under
varying water depths and drift angles were analyzed using the static overset grid technique.
First, a grid independence study was conducted for small drift angle conditions in both deep

and shallow water, demonstrating good consistency in numerical results across different grid
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resolutions. Next, numerical simulations of oblique towing in deep water and variable water
depth conditions were performed, and the computed hydrodynamic results were compared
with experimental data, validating the feasibility of the static overset grid method for
predicting hydrodynamic forces in oblique towing. Finally, large drift angle oblique towing
under different depth-to-draft ratios was simulated, with a focus on analyzing the influence
of key flow field features—such as free-surface waves, hull dynamic pressure, near-field
velocity, streamlines, and vortex structures—on the hydrodynamic coefficients.

(2) Hydrodynamic coefficients and the surrounding viscous flow field during sway
motion under different water depths and non-dimensional sway velocity amplitudes were
investigated using the dynamic overset grid technique. First, a grid convergence study was
performed for the sway force and yaw moment acting on the vessel in two specific operating
conditions in both deep and shallow water. Subsequently, numerical simulations were carried
out for validation cases with different non-dimensional sway velocity amplitudes in various
water depths. Comparison with experimental results showed that the errors in the amplitudes
of the sway force, yaw moment, and their phase angles were mostly around 5%, confirming
the feasibility of the dynamic overset grid approach for studying hydrodynamic forces during
ship sway motion. Furthermore, a comparative analysis of hydrodynamic coefficients, hull
surface pressure, velocity fields, and vortex structures was conducted for a series of sway
motion conditions in different water depths, thereby systematically investigating the
influence of shallow-water effects.

(3) The viscous flow field around the hull during yaw motion under different water
depths and motion frequencies was systematically analyzed using the dynamic overset grid
technique. Firstly, a comprehensive understanding of the free-surface wave patterns, hull
surface pressure distribution, velocity fields, and vortex structures throughout a complete
yaw motion cycle was established. Subsequently, the influence of water depth on the viscous
flow field during yaw motion was examined to assess shallow-water effects. Finally, the
impact of motion frequency on free-surface wave making, hull surface pressure distribution,
velocity fields, and vortex structures was investigated. The results indicate that shorter
motion periods, characterized by more intense motions and stronger disturbances, lead to
more pronounced wave-making amplitudes, steeper hull surface pressure gradients, higher

free-surface flow velocities, and more complex wake structures. In contrast, longer periods
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with gentler motions result in significantly attenuated parameter responses, manifested as
smaller wave amplitudes, more uniform pressure distribution, lower flow velocities, and
stabilized flow fields.

(4) A maneuvering prediction equation suitable for deep-water conditions was
established. First, based on the least squares method, relevant hydrodynamic coefficients
under deep-water conditions for oblique towing, sway, yaw, and rudder angle variations were
fitted and incorporated into the maneuvering motion equations. The remaining
hydrodynamic coefficients that could not be directly calculated were reasonably
supplemented by consulting relevant literature and empirical formulas. On this basis, a
maneuvering prediction model was developed using Matlab to numerically predict the steady
turning motion of the KVLCC benchmark ship model. The simulation results were compared
with experimental data, thus evaluating the prediction accuracy of the established
maneuvering model.

This study systematically developed a deep-water maneuvering prediction model for the
KVLCC benchmark ship model. Through comprehensive integration of numerical
simulation and theoretical analysis methods, it revealed the hydrodynamic characteristics
and flow field evolution mechanisms under different motion states. The results demonstrate
that the CFD method based on the overset grid technique can accurately predict the
hydrodynamic performance of ships in both deep and shallow waters, while the established
maneuvering equations exhibit good prediction accuracy for steady turning motions. The
research outcomes not only provide a reliable numerical tool for ship maneuverability
studies and deepen the understanding of shallow-water effects, but also offer important
theoretical basis and technical support for navigation safety assessment and maneuvering

performance optimization in restricted waterways.

Key words: KVLCC model, maneuverability prediction, overset grid, shallow-water effect,

numerical simulation, steady turning motion, restricted waterways
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Figure 1.1 The Ever Given large container ship
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12 KGSEHEHEFHR
Figure 1.2 The Suez Canal obstruction by the Ever Given
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Figure 1.3 Navigable Water Depth at Ningbo Port
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= BEE, W] DA FRATTR K 8 ) RBAEAS FIKIR T AR E — AN SRR . Stern 55
B8 XF LEHES PMM 5 CMT (captive model test) R4 508 i) R G R 77151 CFD
BUEARL, REPEHIGUE 7 KVLCC % . KCS (KRISO container ship) £E3EH 5 &
5415 MRFELE B HECZENLE) TH0T KR HAMETIRE B . Hajivand®H331, 5 AEFRA R
TKIRZE2UE ] STAR-CCM+%} DTMB 5512 F1JF 22 RBE 57K T AT %% (remotely
operated vehicle, ROV) #RIEAT | PMM 1/ 5, FEARIEAT B&5 Kl 1 fidksh /1%
T Islam A Kim* 53 A AN F B8 s T KCS BEAYEH) PMM 17 BL45 R 5F:
KRG T RSN 1% FE . M BEWIR Lee SR ZBE B HH ISP I IHHL T, 205
XF KVLCC1 BRAGAR AR i e AL 22 BEMTEAN 7K 1) PMM 18 34T 1 BUE A, .
Turnock 55 NWMEF ANSYS CFX Kf#as, %1 KVLCC2 WSt AR i %2
BNIKBN 17, 355 K BB AR AILE B HEE m 1 FH S e 22 50 4 B A A 1) SIc B
gE BT T H#. Broglia 48 N*815 Cura-Hochbaum 25 A1y 5K F] INSEAN >R fi#
ae ) HWHRY, X KVLCC1. KVLCC2 Sy A AEHEIE 2% 5 AEAE S BRI, B
UARR EIE IR T EE S . Tslam 55 APOILL KCS MR TN R, T HIETE
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OpenFOAM XFIRZKILRHTTA B 9 0~12 BERIRHTTE BT R BUE R, HF=RELCT A1
BiKsh 11 72 E - He S ANPYEE A CFD # A} StarCCM++ X} KVLCC2 TEIR/KIR+
ORI MG FIRE B I8 BT R BUE AR 7, FEIRTS T AHB 2R PEER I T4 Abbas
S5 NP G) KVLCC2 M, WA HAE Z R R L0 /KB 7. MRARRT R /)70 A Fl
iRt . Fureby 58 NPERFH 2 MmO SAUE B, £055 RANS, V24 RANS-LES
J LES #/, SR N3 7 KVLCC2 MHATE 00 120, 30°E M N IR sh 4Pk« Terziev
2 NP X KCS MARTEKIRIZKEL 2.2 FIORTES, KRGt 7 HAE 1005 2004}
FiAES, KA k-e+ k-~ SST k-0 2 SPAL PUF it i B 20 B 40l () i 3% 5 1 2 57 - Wang
25 NPV X DTMB 5512 AL, SRR /K S8 d i A4 Fr=0.28 IR 6 FiloAS [F) R 0,
TINS5 T AR B K B F1 AR 70 A« Toxopeus 25 ABPO%E%F 120 1.5, 3. 31.8 PR
ANE I EIKIEIZ K E, 18 A StarCCMA++i M -5F KVLCC2 MRERMIL A p N 4 FEI
(IR Bh AT AL, WF T KR IZ K EE X /K B A3 540 . Lin 2805758 i My g /K P> 1 iz
SRR 1 Bh A AR AR, M EUE AN LB IGUE M B, D E K T AT 28324t
T AT KB ) 2 BRI . PanP R Jeon 25 \PUFIH] CFD 71k, @S mAER:
BB HTK T RIE R BEIZ S R IR 30 Jiete, K2 AT L3005 B+
5 SEESHAR O L, SRR, [FB PP LS S ESAT N . Suzuki 58001
CFD F1 6DOF &1 BT /K FAAT#5 FiFh PMM 12 s THUE AL, PARE IR
BT R AR FEH FTR I7K 30 71 R B S R 50 45 TR A7 5 b, 36 E L AUE 7 v I HERf P
Lavrov 25 N1 Hf OpenFOAM H ] Navier-Stokes 7 FE R LR Hill B #2123 T 2D B
BT RN, R FRA RS B H -RR B IE B A% 5 AR RS2 8IS AT E R TH 3R
[/, WA 1 AN ) TLART A 1 ) B 2R R R R IR A4 30 0 2R e DL RO B ot i Je ot v AR 21
BRI, Li, Liangl®l, Lin CRIGKRCMEONSE N L SUBOFF 1 FIEREAY AR 580t
%, A EANRIS A AE BT AT R PMM AR5, MG RIaify . aifg
B AT AN SE — R FERIKE ) R EREECIET OpenFOAM T & 7
R B B EE S RS B ) naoe-FOAM-SITU 3K fi##%, F DTMB 5512 brAEMHFEAE PMM
BUHIT B SERR B s s T e 7 B E BT 71

PAEAITFE Z Aot T Bk by KN RAT 88K 8 itk Re It e,  FEAFERHI
M A RCRE L ORI BB AN, 145 B 0 & Rl K 31 70 2R 502 G R AR B3R A Tk 7
FEMIEA, AN A TR TR B R S T KL . Yasukawa 55
NTh@ s B E AL EA R3] TEH T KVLCC2 fR/KEN 71 R4, H LA g
THEPE TR, FENEREIEE); Liu O K& PMM BRI THE H 1K
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B AN TEM T KVLCC2 /9 3 B HEZIBRA TR Yeo &5 NP1 K
Lo BERINL T 1) KVLCC2 MffKzh 1k Re, WE 1R, BOZARE E 55— K5 PMM
T, IR RIK B R R 2] 1K RIS S TR, IR RE
THETC. BT S, X TR INE s R E T b, TR B K& )
LA AAE AR B ) R B A R E MMG BRI — e, e & B R 4L
MMG FERE . fpfa] 1 SRS Rk 50 77 2802 B AT S A AN el sk i — 880

1.3 AXEETIESEH

AR 18 S TR T 4 ) naoe-FOAM-SITU 3R g a3 70M71, 3% f] 8 & [ kg )7
%, 4G AEEH RANS HTES SST k-o WA, 27678 B AkE P & B il
Wi, X KVLCC AR R KIS b s R M R IT I 8, JF S Az L i el is
BT TR, TN Bz 3, T vP Al AR Re e R E R 1.4 PR,
FETAEWT:

(D EHBSESMEEAR, R0 T AFRKESEMFA4 T EAARTZS)
KB Rt SRR A 450 . 1o, I RV ZKIRR /IR A UL R T I TR
FNPIRETE AR T, IR T AUE LS R AT S IR, 38R HAR 7K B A K R R T
ORI, KK Bh 2T H 45 SR -SRI A X b, BRAIE T B F B S I vk A T A A
KNI EATAT Y B, B RIKERIZ K B R KB A RS ST T HUE
L, FEAERT B HIEE . BRSIE T T30 KR 5 25 S8 00 S 506 K 8l
JIREMA L o AREHEUEE T, @ E CFD FkEAR, MEESMES
SEIER E HIT IR, BRCPE TSR SEUERE, MR IE 3 R4
PEE RS IR AL TR SR T R

(2) IEHSEESMKEAR, 5T ARUKR GG IRE K4 T A 1230
7K B et 5 B R IR o« B FE 58 B T RS USCSSUE Z3 Ar, FEXT R 81 T olidhAT 14k
ERLL, 135 1 590 1 DI I B B AR AT 1 5 R0 45 R IR 22 SR AR IR HITE 5% AN,
MR T 1% H AR H T I RO 5 K 3 St Fe ] S . FERCERR b, RS0 TR
KL MG IZ B KEN ) RE HES SRR, s T ORI LR . AT
TERIBB AR BT, 56 R T 0 583 A% VA AE AR AR S 8% K B 1T 1 R 405
E, IZITVELENTRAZK BN 0 50 (] S S A AL T 4L SR A

(3) RASIESESMEEAR, WFRAFRKESZIRLMS TR 8311
PR B, RASWIRE s e BE NN A B MERIE i &
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ot N 2 /1 e AT A

FE SIREE MR LR, PRI /KRS 12 B8 RS i3 52, fRAT iR /K &L
PRI EARRI: BJE, g sh st | s IR3NE. W E A n s 1 g
MR, BEACS SRR MR T RIEshmIZ . g, SRR R, M
RKENEHEARRE. B HIREA . BESWE S MK LHEs 8, S
TN B IREGS, RINPGEIEEE N BRG] ISR, WmtasE .

(4) #5377 3&EH T KVLCC2 ARERK TOR s ) sl . 2T CFD it
FARTFIRIIL. Bad f 8 MARMMKB ) 248, R ZFEHTIE, i8S
VRS &8 ARG AN TR BB R, WE 7R Egss) . FH
Matlab SEIL 1% 5E & Bl s S BUE gl , 07 548 R 5 IR & RIF, 3k 14
RIRITRARAGE FE o A B TARAE T, SCBl 7 NI 7K3h 71 REGKELS )
A BT R SIAE I AR — AL, BT ER A TRAE TY B8 AR
iy L S0 22 S 2R I3 B

B = ARSI EUETTE 5=

4

4

R ST HRAIE =N K ISTPPES -
735% e T T+

FE== B OE EhE
IR R IK I AR SRR ISR R ISR
AAFIRTIE = 5| SELLE Ay ARZE+E Hin
KN 1 EHE NIKF T EKL aNIRF T EL
PRI 5T =R ES Ve BRI ST

FENE BT IRIEFNIEE fIAGHA B LB TiFR

& 1.4

WXEHE

Figure 1.4 Research Paper Structure Map
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F2E8 MRRAESHBEHESZE

HEAN 21 2Pk, M0 TR Sk 1 =R Rl & s, KRS
FARE SRE PR ORI R O SO AR 5 RelRIS i 5 35 T BR 1) SR aA . P&
IE T 2 R RS BE AL TH 4, AR AR LE S 5% S S S T () TR B LT T 22 A 1) % /K 30
PERIRE GBI TR 3R T SE S R, R & Rz 2l K 30 ) R BRI R R 7k
RAFINEEL, TR AR A AT 2 . H AR A AN KB BT, 2
RFEFRFFTFBL, ST RANALE ) = A 5 S5 R 6], EE AR B AR 8 i s 4
AL S IHATIHE, CHOAATE . mRIKs) ) R B0 R T B

AT RIS KA B GRE A IE TR CFD “F& OpenFOAM 4 2 (1)
naoe-FOAM-SITU Kff#%, 4EaHA. NEESMKHEA. Bk, X KVLCC ARt
BTF IR WRAKIBURWIT . B85 AR 18 S BB, WK R IRt 45 R Z A
FREIAT X EL i HOR, EFXT KVLCC2 M, Wit TIRKIR RAHI. B, 22
FREARIR I R 5 Tk, A5 2] T AHRK B R0 e, B2 TR 2IMKE 1 524
AR TIEH T KVLCC2 ARBER RN TR 7 #8, AT PPl AR R K I8 (1) 78 ' T
iggl, VGRS ETERE .

2.1 MMRBESE

211 #=HIARE

F & AN T KVLCC FREAER . IR TR AR B FIHE s sy H A
FEURG T SR AR R B2 AN TT R4 1, [RIG, Z8UE n) @] a4k 1 7 #2 5 RANS 7%
KA EHIIA

V-U=0 2.1)
ag—tUJrv-(p(U-Ug)U)z—VPd—v.(pg-x)+v-(yeffVU)+(VU)yeff+f (2.2)
s UNEEY; U AR p NIRRT AL x (g 2) R
IRMARR R Pa= P-pgx, NWARSIETI; g NEIIINEEE; ger = p(wtwr),
N BENTIREEE , e w A w, 73 9 BN BE 5 3 I i R 2, wr EH i YRS B SR AR 45 38
S NP AH A Y ) R T gk T

10
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2.1.2 miRiEd

K H Menter” 2 1) SST k- Ui AR SN, RANS J7R2 &k i, HAVMN S &
ke-co PEALETTBE IR RS BERT ke BEALAE Bt AN ROAEE 1, B PR 1 TR 5 pR 25OR
AL L, AL R T R RS IR L . Hor, Tmzhfe &k FLEAERCR o s
WS

2oy (i) = 1, 2|1 G-y, 48, 23)
ot Oox; ox; ox;
2 (o + - (poit) = 1,22 |46, -1, +5, (2.4)
ot ox; axj ﬁxj

ek NEIRE, o NWFEHER: Tw To NERT BAREG G Go N AT
Yin Yo AHFEHIN: Sev So 79 H E G

2.1.3 BEHA@HER

H R TR A A N LE4E TR i AR R AR TS (volume of fluid, VOF),
TE Z AL RE % S A Mo~ v 5T 8RS A PG B, I BUERER. Himiz T
FEN:
oo

§+v.[(U—Ug)a}+V-[UT(l—a)a]=0 (2.5)

K a AR E, ARSI A BAARES 20 By 5 e AR B 5 b, a =0 AARAE
TARAF, a=1REAEKF, 0<a<1 RERAEEHBEH; U AHENEE, AHKEST
S E 2 A H EAE . BRI B TAE S K VOF $iia 2, e =35I N T B Bk
[H A B4 e seml®, AR (p) S5311RMEREL Qo %LUV R0E L, FE B
VOF JiESHTRARE DA FE /K . SR B BRI SR,
{p=wn%+(b—a)pg

2.6)
p=ap+(l-a)u,

X, Thr g A1 AR SR 5k,
2.14 BUEEHGZE

ASCKH TssaBU$EH ) PISO (Pressure Implicit with Splitting of Operator) 5.2 3K
fRyE I T R I E - IR A . 1ZHE A/ OpenFOAM A1 [ SEELHE T Rhie A
Chow*JWJ[RIAL A J i, &R A R A7 T A& ooty AHELAR G A8 EE

11
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W55 T 9ife, ELAEACIE =2 ) RN 23R B iy o I TR) B HICK ] — B R i 2, i
T DA Y — i 3 XU AU THEAT B 5. AT PRI A2 SR B R AR, TR (2.2)
L SEIETY

opU

7+V-(p(U—Ug)U)—V-(,ueffVU)—(VU),ueff =—VP,+S 2.7)

N S T RE(2.2) R AR IR BT AT R

S=—V-(pg-x)+f (2.8)

FEITREQ.T)H, Zedm IR AR U AR K&, A7 b TN B 73856 B 5 R 3. A1)
MARAFRE (FVMD XZ07 FEdtAT 8, & Eor .

AU=H(U)-VP+S (2.9)

Hr, 4, 2EBOTEHNN ALRE, H (U NN MADUSEE NIRRT, 5
BRI G R AR

2.1.5 RREER

AICH T KVLCC AR M. # 8 TOURIEUE B R S AR EOR,
FITiB B AR OR, AR S AR WA i %50 70 B 73 A%, SRS [RIIRHR N 31—
BREE SRR, 2R LA X G, 8 Rk 8] 4L R 3T 45 B
HIEIE . ZER RVF S A AR B 3, Hod & AL BN B R 3 1)

A FHTFHE OpenFOAM # A4 H & 1) naoe-FOAM-SITU K23 % KVLCC it
FEGR S KT B &K THHE Sh AT BUE AR, SRARSSHEZL AN 2.1 PRt %K
RS HL A A SR H B AR AR ) it B FHER I 248N B IS8 KRB EOR,
KA B AT SE B AR AT TS SIH LA PMM R IG 4 T sh SR A o, T
Suggar-++HUE B W KR AR 7 A2 % 215 2. (domain connectivity information,
DCD), S H 8 W A% 1) B B 4% 38 5 R 5 SR A

12
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21  naoe-FOAM-SJTU Rf##%
Figure 2.1 naoe-FOAM-SJTU solver framework

22 BRWSHHFERE

ARSCAER ARG, HIET LUT LR BRSO
(D)FE A A2 WA

()VE FHTEMS LT 7K 3 Ji 2 e Fa s

(38 17 385 7 A B N e Tl oy R s
(DFFIEAPL, PIREZ N ] 2B

S)VIFatEm GM 2% K

K22 MIFHR

Figure 2.2 Coordinate system

K 2.5 XA A-R RGTBEAT Y44, 70 D e et Bk B AR AR bR &2 XOY A
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[f] & LE WA _E I BEAR AR KR 2R xoy. Firb, o SLFAMATER, RHif p B XN X i x
HhZ A, O e, r O JUIRIUEEE . u A0 v, AN x Ay 7 )R A
ARE L G EREARAAFR R IALEA (x6,0,0). R, AR ERCo kb 1A 1) 3 B 43 2
v RN N:

V=V, +X;r (2.10)

221 BAESHHE
KVLCC A AE K- i b 13z 5 7 1 ) LLR 2R 9
mu—vr)=F,
m(v+ur)=F, (2.11)
I.r=M,
EEER (2.1 H, us v r R, Foo B MM ATULSRIR N :
F.=—mu+mpy,r+X
F,=-my, +mur+Y (2.12)
M.=-Jr+N, -x,F,

e R ER R R4, FRATTIX L Z0E ARG v A0 7 IR I E RS T,
FFE (2.10) FIAFE (2.12) AR (2.11) 15:

(m+mx)d—(m+my)vmr—xcmr2 =X
(m+my)\>m+(m+mx)ur+xGmr2:Y (2.13)

L+ xém +J )y +x;m(v, +ur)=N,
JifE (213) RFEMPNEY TR AL X, Yy N 8] PLUS R
X=X,+X,+X,

Y=Y, +Y, (2.14)
N, =N, +N,

X H R POPRACERMMA . FEfmiRied.
222 ARiFKENA
VERIAEMS ERIKEN T Xy Yin N v BLRIRON:

14
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ot N 2 /1 e AT

1
X, ZEprpTUZX,',(v,'n,r')
(2.15)

1
Y, = 5 pL, TUY) (v,

N, = % pL TUN,, (v, ")

A v AT EALRIBEE S, FoE SON v = vl Us P Ron o R RT3

E7 :/H\:/—Tij(j"j r'= l"Lpp/Uo
X, (v, ry=—R)+ X;Vv,'n2 + X, v r'+ X,frr’2 + X,’,VVVV,’n4
VYLV YV Y (2.16)
'+ N, V. "+ N "

Y=Yy +Yr'+Y),
A . o ' 13 '
r) =Ny, +Ner'+ Ny, vi + Ny, v virVm

Y1~’1 (vm s

’*n N'vvys

N;I (V:n’
KHF: Xe X Xoos Xvvrs Yo Yev Yos Yoves Yis Yies N'os
NlVVr\ N'Vrr ﬂ] N'rrr %&*ﬁy‘jTﬁé}‘A‘rﬁi7kijjjj§§& o
2.2.3 BEnERRIKENA
BEEHE ST X, N
X, =(1-t,)T 2.17)
RTINS, HEJTIRE R AL tp 7E45 MR 2T NMoe N E. e T,
H:
T, = pn. DK, (J,) (2.18)
Kr o] AW e 22t il R 40 Jp 1 IR IR IR
K, (J,)=kJ} +kJ, +k, (2.19)
Jp 350N
u(l-w,)
J,=—--L 2.20
P D, (2.20)
HEltEm o we B2 N AR H
22— exp(—482) (2.21)
PO
(I_WP) _ 2
=1+ Cl (IBP + Cz:BP ‘IBP‘) (2.22)
(1=wp)
A=29e) 14 (—cos® B -18:) (2.23)

(I=wp,)

15
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B rE MR TUATER A, 7€ SON:
Bp=pB—xpr’ (2.24)
AR (Q2.21) . (2.22) F1(2.23) 735 51 T SCHEREHE - 24 (2.21)F1(2.23) B Ak Bk
EAE . [Hi, Az2.22)H% Cfl CHY R A . fEAH, BIMGIAWFA
W

1-wp) =1+ {l1—exp(-C, ‘ﬁpb}(cz -1) (2.25)
(1=wp)

MEER (2.25) #4%0:
(l_WP)
(1=wp)
KA : Co RIRTEK|BAERT (1-wp)/(1-wpo) FIEAE - T C1 WIZRAE T 1R 72058 pr B2 4L
Rt WA N2.25)H C A G B EL = SUA5 DR
2.2.4 fekzhh
YERAERE L BIKBNTT Xps Yos NrRIRN:
X, =—(1-t,)F,sind
Y,=-(+a,)F, coso (2.27)

Ny, =—(x, +a,x,;)F, coso
A Fy RoRMeniEm 7). {iEE, RQ27)h 2 TRIVIN . e an 1 xu 2
EERAL A S M 18K B DA A T B R 4
RERNET ] FyRom -

—C,,at|B,| > (2.26)

1 .
F, = EpARU,f,fa sina,, (2.28)

A MR Ur AL ar RRA:

U, =\Ju>+v3 2.29
R R R
1.V \%
a,=06—tan"' (L)=5--L (2.30)
uR MR

2.3 IKEWHARBGTESZE
23.1 $HER
TEX — 1 ot RIS s BT K RNz 3 7 FE R K 8 11 R BRI SR R AT N 4H . &
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BRI R LOUTHEAS BURIRE R 0 AIRE B 700 i 2o BEAT S, AT 75 210X i
IKBN 1 28 NI E AT 4 RAE S IR L — € IR T I x J5 1A
Sigiszgl, BER WK 2.3 Pron, ESEEREUEAR I YR SR ORI U RAR
BRI U

AAEAACISEAN R A B RSN, BEIAARAR RIS w A1 v ATLAER
A

{u=UC cos B 231)

v=-U_sin
ARSI IR KR R KVLCC2 #i— RANMEUERIUMN A2 7 AEEA B
THIKE IR, BPSRAG TR 7 Y FIBEE 0 M I — RVVEHE S . SR RATT )
T Yy M Ny I RTRAL - 26 . e, ARAEARA LT ISR, Yo MR Vsl ]
X=X,+X,V’

1
Y=Y, +YVV+EY,,WV3 (2.32)

1
M=N,+N,V +ENWVV3

HA Yie Yirs Now Noww BB 3K 58, Yoo No 70 A NRTIZ sh W) aaFe e
IR ) D RRE T D5 .
y

F 3

Xo Xo

yo Xo yo ya Xo yo
. VA A VA
0 FoX T Po, _F 0, /00 g

K23 RfNiESaEE

Figure 2.3 Oblique navigation motion diagram

K B KEN I RBOHAT R EIRIEAL B, ALBRSE K40 T Pos
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, X, , X
Xo:ﬁﬂfwzo -
SpL,U; SpL,,
, Y, , Y, , Y, U.
= 0o 7Y s 7 T 0spr 239
~PL,Ye =PLy,Ye = PLy,
N' — NO . 4 — NV . 4 — NVVVUC
0 3 2000 3 ’ Vv 3
0.5pL,,U, 0.5pL,U, 0.5pL,,

2.3.2 4HEHIETN

b P ey P E N I SN Y LI R R E VDA i A B GO S/l DR 3 i B U
SIS B MR AR B R A BRI FEIRAE Yo, Mo VAL T AR
B I 2 S 5 AL A% H 2R TR IARALZE ) A1 g, SRASAHNHIEAEKEN 77 S8 5
— R R A LA SAS BRI R R AR AR M d AT U, T A3 Bk
L fR7KE 73 2 K. R I B PR T AT 4

24 EEEHREE
Figure 2.4 Sway motion diagram

— BOZ 1B MRS x J7 A SRS AR, £E y J5 A B &N MR G
), BaRE R 2.4 Fos. HEAARBG IR E MR, RS HENEZE)
HIL ALK 71 R4

FESR PR BB, MRS x J5 1A ) ST IS Bl e H]— A R A 38 ST R Ue KA
B, BONRRAE TR s s Ry T A BRIk Ie s . Hissh ey

y=asmaot
V =y=awcoswt (2.34)

V = §=—aw®sin ot

18
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A a NIy TIRIRG ISENIEE: o AIRGIBINBBZE; V ARG ISENEE; VN
RIS BN

% & RIS RIEIZ S, kT AN BOR TR RIS ) Y AIREE 0% M
RIRN

(2.35)

Y=YV+YV
M =N,V +N,V

Ay Yoo Y NBRINJDKEN I 25, Ne, Ny NEETE JIR0KE) )1 R 5
5 hE B 2 R LA a1 iz sh T2 ANk Hhig 3l S S2 2R A iE 1 ke

e A IE s 2240, BRI
{Y=Yosin(a)t(py)

(2.36)
M =M,sin(wt—p,)

X Yo, Mo 2 AINKRD; IR B JIHENRAE: @vr pn 73 HINMEE; JIANRE & 1R 51
PLHs 22 T8 AL 2

F R R4 S B 2, AR 6 (14 24 AR 77 0 R B T AR A2 B XK 3h /1
o ¥ (2.34) AR (2.35) IFE5 (2.36) BRAL, AIREMEKE) 7 REK TEH IR
WEREN

, Y B Y,cosp,

" 05pL, 05a0°pL),

. Y, Y,sing,

"TO0Sp, U, 0.5awpl’,U, o
N = N; _ M coso,

" 05pL,  0.5a0’pL} )
N, = N, _ M,sing,

0.5pL U, 0.5a0pL U,

Kb, L, HEALK,
BRIIHE 552 24 SRS b 535 B A0 3 0 RO B 0B 2 T 3 R B L Yo,
Mo UL RS 3% J9 RV 21 47 4 S5 M5 G078 B 262 I AR RE 2 g, 1 gy ETT DASRAE L
A SIS 8
L EBIE T (234) AR (235) AR EE AL, 55
TR YA AL 2 2 e
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1 . 1
Y= —5,0L3WYV.'aa)2 sin wt + EpUcLipYV'aa) cos wt

(2.38)
_ 1 4 ! 2 - 1 3
N=——pL N.aw sinwt+—pU_L

4
2 oty 5 PYe oV a@cos wt

TR A A 38 I BB AR AELAS B AH B S BRI IR 7K Bl 77 R 5 il 24 T e
PR, XN AR s IR AT UG, R Esh A RERATEsh T
ST JE AR B — A8 2 7K B JIE, 8O AN GRS B RGS I A EE 1 R
FAPE B 0 s B AR R T AR v, A B R aA O

(0 = “2—°F ’i[ancos(”T’”) +bnsin(n7m)] (2.39)

a, =7 [ F@cos("Zdi(n=0,1,2,-+)
11 l (2.40)
b,=]'f @ sin(nTm)df(” =0,1,2,)

KA f ) AHEEHIRRE, a1 by AR REL ARG EE EIHE—F, o
=n/l, RANLAE

f= az—oi- a,cos(wt) + bsin(wt) + i[ancos(na)t) + b sin(nwt)] (2.41)
KR a; M by im KT IS TH R, SMUARE a0 M1 b T, T7HE N
)= “?M a,cos(wt) +bsin(er) (2.42)

B (2.38) BT
{Y=Asina)t+Bcosa)t

. (2.43)
M =Csinwt + D cos ot

H, A. By Co D EW T FR, HO R B350
A=—-aw’Y,
B =awY,
C=-aw’N,
D=awN,
Xt b s A A LA ) R T S 2AG

(2.44)

20



123010910112

RSN T e S A7 %2 5 WA IS BIE T TTE

a,=B=awY, = % [, 7 @)cos(ar)dr

b = A=-aw’Y, = ! [, £ @) sin(er)ds
1l (2.45)
a,=D=awN, = ;J. ', f()cos(wt)dt

b/ =C=-aw’N, = % [/ @)sin(or)dt
M7 18 B (BB A S5 SR o R € 5 i) 0 B 0 3 AT AL 3, g A 3 s 1 s
DL A B 177 203 A\ 2 Matlab #EATRA 73 3K43 AL By C. DAE, L& IS 20N

[RI7K 50 71 25

233 SHIREIEE

TR B3, MG I AP AT SRUK S ) R AR R E TR
BEIHIKBN ) REBETHE, R ERRE BNz sh TR St AN E, SMER
KB )1 2B — LS H g AN, (B R SR AR 7 AR T T 20 ) sl P b vk
BEAT A4

—. REIBEN RN AT I _EIgghmt, MERHRAT m) 2 R b % AR AR AL, 3
HU AT AALE DN F 7 m) FiHE A (R0, A 1)y [ HEAT R IEIE S, BARARRIAUA a6 4 S
IBEN B HI V) 2 ORFF— 3o LI Y H B R 1R N KVLCC FRBiqe B A% X K SO
BT R B s BRI HEAT B AL, MRS x T R ST s i [F I, B —
ASXS KA ) IESZA R IE 3, isshn BB WIE 2.5 Fros, T EAS 2R SRR E )
ARG RIS S LAt KB ) R

FESEEREUERU T, MY x 5 1A B 2B 3 H — AN R A2 21k Ue RAR
B, HORAE T R Bz R y 7 ) B RS 12 50 LR R fl ) T 1 12 5
BT B FLAAIIR 37 32 B LA R il A O BT 1 i 3l 7 R 20 nll in 26 X (2.46) A5 X (2.47)
FR:

y=asin ot

V=y=awcoswt (2.46)
V = § =—aw’ sin ot

@ =@, cos wt

r=@=—-0@,sin ot (2.47)

=@ =—wp,cos ot
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e oo NERKEREM, r NENERESL.

BT V=0 (EATEL IS AR AL SRR x BIAEYD, AEMMR SIS x Al
IR —F, HE AT RIS T 1]y B AR IR SE AR Y, T BTk ) )R
FEA:

d
Up, = Y aw cos wt (2.48)

dt
DU A AR 5 38 P 7 T A
uR

aw
p=tang = U_ = cos wt (2.49)

C c

A RER (246) M (2.47) Z AL R KA,
am
@y = U

C

(2.50)

L& RIS RIEIZ S, kT VBB TN BRGS0 Y FIREE 0% M
RN

Y=Yi+Yr
{ 2.51)

M =NgF+Nr

X, Y YONBREJIKEN I RS, Ni N ONTEE SIRKEN 1 28
5 L& RN Z AR DL B s R UK Thia sl , w32 SRR TR 14

e LLRIEIZ SR, T BLRR
{Y =Y, cos(a)t—(p},)

(2.52)
M =M, cos(wt—g,)

X Yo, Mo 2 NI IR B JIAENRAE @vr on 73 HINMEE JIANRE 1 MBS 1,
R Z A RIAI AL 2

F R T DR YAl S B R R Rk 6 ) 20 TR 0 B R S A 52 2 ) /K B T B
WA 12 1K 3 77 2 ) JE R AL R BN
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v Y, Y, coso,
P . 2 4
050L,  0.50°¢,pL,,
y Y Yysing,
.= 3 = 3
0.5pL,U,  0.50¢,pL,U. (2.53)
’ N. M, coso,
SpL,, DO Py pL,,
, N, M,sing,
N = sl U~ 0seppl’ U
DpL,U, DOPPLyp U

DAL, 38 I ) RN S AR B s a0 A5 BRI ANRE 1 AR M R B TR AR IEE Yo,
Mo LAt JIR0RE 16 J04E ih 28 5 05 042 ith 2 2 [8] I ARALZE @ AT s BERT ASRAS 1
R NEKEN T R

B25 @‘EHEEIHIREE
Figure 2.5 Yaw motion diagram
L ORmE MR (247 RARDRE (251 FIREAT RERLALEE, 15
BT IRAL I 2l 15 12 8 TR

Y = —%pL‘;pYr.’a)zq)o cos ot —%pU r

, .
L, Y.op,sinot

2.54
1 5 r_2 1 4 ' : ( )
N=—5prpN,.a) ®, cosa)t—EpUL N, 0@, sin ot

c T pp r

S50 S RSO 0 T2 D8 A 0K 3 0 B, 3 %A T e S
(7RG, W B AT IR DK 7 R R P L G R
R
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a,=B=g0Y = %J ', f(t)cos(mt)dt

b =A=—pwY. = ! [, f(@®)sin(er)dt
! (2.55)

a,=D=@,0N, = %j ', f(t)cos(at)dt

b =C=—p,0°N, = % [/ @sin(er)de

M B IE Sl I BUE AR UL A5 R Pk HURS € Ja ) ST Bt 2E AT AL B2, R b 25 1) B
PAEUEAERE ) 77 20 A2 Matlab BE4TR70 R4 A B. C. DAH, & M5 2IAHRN
[RI7K 50 71 25

24 XENG

FEARTRH, 2.1 NN T BEBAGS R T O R BB %, B 26507
FEv dmin i B HR IS BUEBEBOTEMMR SR, 22 WEENH TEM T
PR AR TR (R S AT 18, 2.3 R A 7R gk AR E 83k
NERBIIEITIE ERLEME 3 &, 4T, B 5T, OPKET BRIk, X
KVLCC bt eSS R B A3 B L0 Rt AT X be o #r, 4l
ENEENITPAS A L= & eIV it (TN 8 775 N (k= DS ST EY AP R pI R U 4
FRIBIE FE T3 20 K RAR A BT e R I A AT TR T IR LR, X &AM iash vk
2N RO EITEAT Y, RS 6 B G UM RARMM K 258G &E, i
A7 EM TN TR, A EE M T KVLCC2 MsE M EA TR I,
MILE W Eeizgh, PRSI TERE .
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EI3IF FRKERMEBMENKDDBEGERAR

318 R Ty AR ARG R BRL 90% (1 B2 pis Y, H I IEHES A& MR ARFR AL PSR
RIS, DU @ U2 5 SR IR 25 21— 1E U0 Cullinane %5 A P30t 4258 F6
I BT s o SR, X PR AT >R 7 % 38 O HE R &, R R T IR PR B Bk AR DY,
AR ATAZ M 06 TR HIAH B 4 it DA S B B i v, 491 [l g S5 2H 23 (IMO) 1 2050
ERAE EFRPY, X AARAEAT s B B BN . SR, SRR A AE 27 BRAE
AT B T A R AR E R R, 2021 47K G 84 v S i OO YRR 5 B b ETHIE 13X — £t
O K EAE T SN AR ARRYITZ 3 7K 30 3R AT 1R, (HIE B A A7 75 B
BEH, BIEK (WT<1.5) 5KEM (B>20°) #E 0 TH M A SR R G
ANRZ . WAk, RAEEKFR ALK AT N EE (W1 Guo 8 NPIIEREIRIE
KA BT E AR, HIX B R I BT /NEEA R AT B I SR i
EEINFTO B (R T, ATk Z RGVERITETT, 1Z0F T4 Fols o S2 BR /K 38 AR AR AR
Uiy B\ ) 22 A 1 VP AL SR A4 B AT 2R B EE KR -

3.1.1 JUiaER

AWFFRF BHEAR 2000 4EP81E SIMMAN 2008 4F OOV if 43 fiff 57 1t 2 v s 24
KVLCC2, HFHRAEERAKFRATIZS) . FER AR~ anE 3.1 Bras, R
% 3.1 s

#3.1 KVLCC2 ERES¥
Table 3.1 Main particulars of KVLCC2 model

FESH (SRS S P
LA K /m Ly 320.00 4.9700
A58 /m B 58.0 0.9008
R /m D 30.0 0.4659

Iz 7K /m T 20.8 0.3231

7K 2% TH T A /m? Sw 27194 6.5597
HEZK AR /m? - 312622 1.1712
BRI % Ci 0.8090 0.8090
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B 3.1 KVLCC2 fEAMR
Figure 3.1 KVLCC2 model

3.1.2 KBNNARBBUESE

RATHER T RUK BN ) 2B TR T S TILE BEHE A 5 RPN A
FAARR 25 73 DN e AR R R AR bR 2R XOY AN E fE i _E I BE A A8 H5R & xoy.
R FH R I AR KR 28R R 22 (RS2 BT 170, SR A AL A 2 0 5 A R (X0 K 50 70 i A0 70 0
il 3.2 fos. Hdr, OSBRI, Us IRHIUERE, Fx A Fy AEAALE K AR bR
A NWKEN T, Fo f1F, MG AREREAR AL bR 28 N K377 PRI K S 77 78] 1A 5% 21

ASH
F_=F,sin ﬂ —F, cos ﬁ
{ x Y X 3.1)

F,=F,cos B+ Fysinf

TR RIK SN 77 R H0E LU R
F

X

T 0.5pUL T

s pp
F
=3 SpUyzL T 3-2)
: s pp
— MZ
C05pUIA T

K Cxo Cy M1 Oy 3 5IERRN R ) 250 B ) RECREE T 156 R A M. Ry
YERTEMTAN LSS 00, TEPIFARER R NRFEAD; L, FoRBELNK, T FRZ
7K

X

N

K32 FHBEHRIRRE X

Figure 3.2 Coordinate system definition for oblique navigation
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N WK S0 73 R B E T3k, ASCLARBIT ChEEmig, IR 3) [kl /17K 3D
NEE Cy NPT .. B 2 R TiZREAE 10s 2 60s BN A P 4 2
HEE!, Hop R [R5 U2

B33 K REBUETTIE
Figure 3.3 Methodology for hydrodynamic coefficient evaluation

3.1.3 SIS E R MERI5S

MW FARIKIRFAT T HIRNEZE), AU E S0 A/T=10 1 1.5 PFh L.
FR 4 Toxopeus! LK 1/ T=3 Fi 78 Ry o SE /K IR AR AE, £1XF b/ T<3 B LR 5 hIT=1.5
— M EIEC S, DA R TR K RN . BRI B A 3.4 BT

EI5F hIT=10 () T00, 15 5 A YE I N -1.5L,p<X<5 Lyp» -1.5 Ly <Y<1.5 L,p>
-0.6211 Ly <Z<0.5 Lypo AT W/T=1.5 T, X5 Y J7 mJERILRFFAZE, Z 77 A )
i/ Z-0.093 Lyp <Z<0.5 Lypo FHREERAKR B0, R S & B A CIg AL .
AN TR E R EAE (Ue, SNRHTEIE U, FJIRAZFRRE %M HHdst
XT T B AN 355K P 250 2 25 A o P 3 T Tt I 7% Bl B DT B2 2% A, s TSR FH B4R
%AE

X H OpenFOAM (] blockMesh 5 snappyHexMesh T H#H{7 MK 43 B 3.5
JE7s 1 E BRI S SR 5 AR B ARG B, NI 8 O A A AR . B 3.6
J& R T IRK S K TH0 T B 34, iR 2068 5 06 6 X 38000 7l 3R 1 5 S S A
PRAK o A% B S X IR BRI, E I A A4 XA ) S i B O B Sl ok A, S
ZH A ) AR R T AR o A B T X Il I 2 T U K i SR AT g, K — =
FE50.001 2K, HKFEN 12,

N FE WA RIS Bl R K RSN T 7K Bl T IR, 0 RS XIS it 1 = 38 X A
itk. B 3.7 Bon THRE SIRAATE X-Z 5 X-Y Pl ERmasmisAaE . wE iR,
ZIXIBEE TN EINE : BEOSSOMEL D MR A R RN X IR, 56
SEMERE S YU EE N 0.3 Ly <X<1.3 Ly -0.3 Ly, <Y<0.3 L,y }-0.042 L,, <7<-0.095

27



123010910112

RSN T e S A7 3 & REKEARIRHITIZ B KB ) BUE 0T HAT 5L

Lpps W ZEREHEE 1 58 29-0.2 Ly <X<1.2 Ly -0.2 Ly <¥<0.2 Ly }2-0.065 Ly, <Z<-
0.095 Lypo JIL BN E5H, AT RFRARHE AR AT XS M AR AL 2 M 1) T3

K34 TEERE

Figure 3.4 Overview of computational domain

B 3.5 B HENE NS REANAE

Figure 3.5 Free-surface mesh and flow-ship relative position

(a) /T=10 (IR/KIK)

(b) /T=1.5 (FR/KIK)
Bl 3.6 AFEZKERRZZK EE T RIS 2
Figure 3.6 Computational grids for different 4/T
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(a) X - Z - THI (1) M 50 R AR5 Xk

(b) X - Y~V [H B i 8 A0 i 8 X 43
B 3.7 AR/ T=1.5)
Figure 3.7 Multi-view of local mesh refinement (/2/7=1.5)

3.2 H{EWHE

NEEILEH T KVLCC2 MR R S5 P AT SR Al SEAUERUMESE, AT 7T
F AR SR T e A S A, B T EUE AR

321 XSS

NP BB AR AT E P, AR FEITRE T s S5 I AP KU St i . B ok,
AR N — AN ALK T 005 — AN LA K T LT R RS S S 4T, AR I8 AT 240
T2 3.2, SR E MK NE 3.6 58 3.7 Fir. BT RN R T CF i P R
B3], PAK ISP 3BT B 5 0GR X 5 Y 5 [ B P A AR AT BB AL 45 Sy SR () B2
I ITTC $6, RAHRE. 5. B =B RGINERIME (LN =2 ) K]
15 ZHIMHAT VRS, A% R TE4E(E B LK 3.3,

¥ H Richardson 4L IS f % W SPE 4347, T SIS RSk £ P
HMIAE Sexin AXHRZMTE ean FXRZIMEE e X MIEUEHEE GCI, THH AT
LU

£32 PEERSHERIE T RE

Table 3.2 Case setup for grid convergence study

%41 1D h/T Ud (m/s) pl°
I 10 0.994 4
1 1.5 0.449 4
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33 AAMKEZEGIZHRE

Table 3.3 Case parameters of different mesh levels

Z 1D X 4% S5 2% X % 5 e/ 1 00 i8] 25 Ko /s SRARI ] /s
HHHE 2.89 0.001 60
I rh & 4.11 0.001 60
o 5.85 0.001 60
HH R 2.26 0.0005 60
Il rp 45 3.14 0.0005 60
gl 4.46 0.0005 60
R=25 5 (3.3)
S3 =8, &y
|1n &3
821
P= (3.4)
Inr
rps2 -8
Sext,32 = VP _1 (35)
S, =S
3 | 2|S | | (3.6)
2
Set32 TS5
eaw.32 = | (37)
Sext,32|
1.25¢, .,
GCl,, =—; ; (3.8)
P

A 51 s o s O HRRAEEGN . AR MR = BRI PR R EUE T A Sew,
o RBIET 53« o AN, FEBAGTHEZREL WehZE R RN NSRS (0 <
R<D). #RHWSL (-1 <R<0). HPFKRE (R> 1. RGAEL (R<-1) PUMKEUHE
Oy FRRSUER GCI WP ER R A, RGIESUTH GCI & RS &M
Z )RR E K

(a) Cx
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(b) Cy

(c) Cy
K 3.8 RHIERNFEMKE TR T BRIK3N I R0 F7 25T

Figure 3.8 Comparison of time histories of hydrodynamic coefficients of Case I under
different grid schemes

(a) Cx

(b) Cr
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(¢) Cy
B 3.9  REINFERFER#E T R T 87K 7 R B0 5 #h£ext th

Figure 3.9 Comparison of time histories of hydrodynamic coefficients of Case II under
different grid schemes

FPILS RBIMRIKR BT RE (Cxn Cyn Cn) FEASFI RS T RN P 28 H 545 SR A
K3.8 5K 3.9 fon, RUWAZDHR TS REA RIFH)— M. T Richardson 41
FEVZ B AR WS T T N 36 3.4 AR 3.5 BoR, BREFIIPH Cy RIIRGSSN, H
ARARB I RIUNBIPNCE LR 575 S THEAS L5 A I B LT, foe 2430 FH Hh 25 R A%
T RIHAT I R B

KFHSAUTT i, J G T AP A A%, WA 3.6) BEAT 1IN [E) 25 IS SRR 7T
Horp PR MR Zhang S5 ANUONEEH 977 S0, 18] 3.10 HKEh i &30 (Cx Crs
Cv) I Py 2 Sk 3.7 sRiesivE e be R W, EA RN 2D KRR E R A Raf
R —2tk. ETIFERCR SRR NG GEE, R aEUAE h R P,
K OSSR A R RE T A5 tH AR S, A AN PSR

R34 RPN SR

Table 3.4 Grid convergence study results for Case I

ZH 5 Cx Cy Cy
KA A% S -0.0164 0.0173 0.00934
SR AT S» -0.0166 0.0176 0.00931
RELRE 4% S3 -0.0171 0.0187 0.00926
s R 0.40 0.27 0.60
s/ et SR RSk RISk
WSk 4 P 2.64 3.78 1.47
AMHEAE Sext 32 -0.0163 0.0172 0.00939
AR R ZE A THE €a32 3.01% 6.25% 0.54%
AHXT 152 25 A MR Cext,32 1.84% 2.33% 0.85%
WA SRS GCIx, 0.2531 0.7964 0.0292
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3.5 RO LR

Table 3.5 Grid convergence study results for Case II

ZH s Cx Cy Cy
i 240 X A S -0.0237 0.0406 0.0195
S Ss -0.0234 0.0402 0.0196
FHRE 45 S3 -0.0227 0.0411 0.0198
s R 0.43 -0.44 0.50
s/ et RIS SR ez sk FIRYSEL
WS £ P 2.35 2.29 1.93
HMEE Sext 32 -0.0429 0.0395 0.0194
FEXT R ZE Al T HE €a32 2.99% 2.24% 1.02%
AR R 22 A MEE Cext,32 45.45% 1.77% 1.03%
WX A IS Sk 2L GClx 0.0297 0.0231 0.0134

®36 AAMEZKEFASHRE

Table 3.6 Case parameters of different time step levels

Z] 1D i a2 K 2 2% MR BE/<106 B A2 K s SR AR TE] /s
K 4.11 0.0014 60
I i 4.11 0.001 60
4N 4.11 0.0007 60
(a) Cx
(b) Cy
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DR AT AN RS 3 K 30 ) BUE 5 5T 7T

& 3.10

%3

(c) Cv

RBIFEAR R 1307 BT #7K 30 71 R En P B 2%t He

Figure 3.10 Comparison of time histories of hydrodynamic coefficients of Case I under

K37 FRPNEE P RESERT TE R

Table 3.7 Temporal convergence study results for Case I

different time step schemes

ZH GiRe) Cx Cy Cy
KIf[a] 25 S -0.0167 0.0177 0.00933
HR () 2 S> -0.0166 0.0176 0.00931
/NS ] S3 -0.0164 0.0173 0.00926
W% R 0.50 0.33 0.40
WS Ay MC MC MC
WS 4L P 2.06 3.26 2.72
HMEE Sext32 -0.0168 0.0177 0.00934
AR IR ZE Al THE €a32 1.21% 1.72% 0.54%
AR 157 25 S MR Cext,32 1.19% 0.56% 0.32%
WA A U Sk R 2 GCIx 0.0143 0.0101 0.0042

3.2.2 54RO ELIEIE

AT A I ALIGIE R (R 3.8) XEUE T IEHATIAE: 26 11 H T 360K

IKFAL L, =01 IV TIPSR KRS T AL e .

PN UE S 491 459 R F T SC

LS 23 BT A S 1) R S A AT R S I TR PG, BRI S, 22 T v 2261 1 %
BoE, 2611V WAE W/T<3 IRAZE 0B, 78 W/T>3 B RHZE TR
Wl 311 fs, KRG 0 K7Ksh ) ZEITNEE RS Kumel T sR56 248 &
Yangl' SN HUE A G kAT X b B 312 I EOR T &) IV 5 INSEAN S50 A
J¢ Wang!'O 1 Simonsen! S T o) %) LU B L . 2451 TIT 5 =45 TV HOEUE 25 3 5 5k
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SO AL F R X B3 BRI ARRHIE B S B U
S A TR AR 22 20 e 138 3.9 53K 3.10.

K38 BHEHRIELTRKE

Table 3.8 Case setup for numerical validation

Z45) 1D T U/(m/s) pr°
11 10 0.994 £3, +2. +1. 0. 4. 5. 6. 9. 12, 15, 18
I\Y% 1.2, 1.5, 3. 10 0.449 4
Z45) 1D T U/(m/s) pr°
11 10 0.994 43, £2. +1. 0. 4. 5. 6. 9. 12, 15, 18
(a) Cx
(b) Cy
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(c) Cy
B 311 RAMSREBIERTE

Figure 3.11 Comparison with experimental data: Case III

(a) Cx

(b) Cy
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(c) Cy
K312  RENIVEREEIERIXT T

Figure 3.12 Comparison with experimental data: Case IV

R 3.9 RBINKI I REGREST

Table 3.9 Error analysis of hydrodynamic coefficients for Case III
Cx Cy Cy
CFD EFD Error/% CFD EFD Error/% CFD EFD Error/%
-3 -0.01756 -0.01802 -2.55 -0.01483 -0.01173 26.43 -0.00661 -0.00717 -7.81
-2 -0.01772 -0.01792 -1.12 -0.00989 -0.00712 38.90 -0.00424  -0.00468 -9.40
-1 -0.01681 -0.01786 -5.88 -0.00671  -0.00365 83.84 -0.00139 -0.00219 -36.53

0 -0.01695 -0.01773 -4.40 0.00018 0.00096 -81.25 -0.00009 -0.00003 200.00
1 -0.01819 -0.01771 2.71 0.00683 0.00558 22.40 0.00129 0.00163 -20.86
2 -0.01733 -0.01771 -2.15 0.01031 0.00962 7.17 0.00398 0.00412 -3.40
3 -0.01808 -0.01768 2.26 0.01461 0.01365 7.03 0.00696 0.00611 13.91
4 -0.01664 -0.01768 -5.88 0.01762 0.01712 2.92 0.00931 0.00844 10.31
5 -0.01727 -0.01763 -2.04 0.02282 0.02231 2.29 0.01245 0.01143 8.92
6 -0.01842 -0.01755 4.96 0.02771 0.02635 5.16 0.01392 0.01408 -1.14
9 -0.01857 -0.01747 6.30 0.04986 0.04596 8.49 0.02007 0.01973 1.72
12 -0.01781 -0.01726 3.19 0.07569 0.07135 6.08 0.02395 0.02571 -6.85
15 -0.01777 -0.01642 8.22 0.10445 0.09904 5.46 0.02897 0.03086 -6.12
18 -0.01523 -0.01369 11.25 0.13295 0.12442 6.86 0.03303 0.03518 -6.11
R 3.10 RHIVKII I RBORZ ST
Table 3.10 Error analysis of hydrodynamic coefficients for Case IV
y Cx Cy Cy
T CFD EFD Error/% CFD EFD Error/% CFD EFD Error/%

1.2 -0.03324 -0.03158 5.26 0.09247 0.08277 11.72 0.03151 0.03511  -10.25
1.5 -0.02344 -0.02497 -6.13 0.04021 0.03723 8.00 0.01964  0.02433  -19.28
3.0 -0.01962 -0.01952 0.51 0.02309 0.01795 28.64 0.01129  0.01289  -12.41
10.0 -0.01846 -0.01744 5.85 0.01991 0.01762 13.00 0.00996  0.01178  -15.45

37



123010910112

RSN T e S A7 3 & REKEARIRHITIZ B KB ) BUE 0T HAT 5L

Kl 3.11 BoRr, Cxv Cy M Cy FIBAME 5 KRB & RIF . AT TR G R A
T Yang KA I RNG k-¢ B F BB 808, HX Cy ARG & T SST k-0 £
PR 3.9 MRZES T, KR ZEMT 10%, HAEKEMA L FREEIARE, EE
T ARTTEAE R KR S AT FEE

K312 KB, MR T Cx. Cy Ml Cy b W/ T LI SEIR a3 Frf
ZEIIBE b/ T BE RN THAESE B4 Simonsen 5 Wang [ BUE TNAS & & &y, 1IX—
Zitimid® 3.0 PR ZEGHEEE— PR, [EREEE, Cy TR B 5 &,
KEBIM I ZFEHIAE 10% AN, UESE T AR J7 VEAE B K RHTURSAD) P B R

3.3 HHEERSH

AT HUE AU TR K %A (L1 <W/T<3) TIKMERNUZZ), W5 T
PEWLR 3.11. BETERGRTT TS B SIKIRLE WT X KBN IR S i sm P BRI i) 52
Wiy, AT KB AR BHEBOY . IR, Il Sk K A SRR

K311 AEWNTTFTRABEFMTREE

Table 3.11 Case setup for large-angle oblique navigation in various //T conditions
%W 1D W/T Ud/(m/s) BI°
A% 1.1, 1.2, 1.3, 1.4, 1.5, 2, 25,3 0.994 20, 25. 30

33.1 KEHREGTE

A5 B i VR ) ) RECE RERE IAE R (Cy O, RIS AR AR AT
SEH. 1 RE (Co) B T WARNBONER, NAE W/T=1.3 ME 2RI
#r, BRI S, HAE 1.1 <w/T<1.3 G NS, /£ 1.3 <h/T<3 il N REiEE,
ZAT N EE S MR BB D 5 E AR £ A B B . Rk, Cx NEARSL
HFETE PR . 78 Fr=0.142 %140 F, RGIFE T AFRKEW vT 5EMH p TR
Fig S BUE R . B 313 V08 7K RETHE SR, Bl /R Cr M Cyv Bl i/ T 72
R R Ee, X HT T A REMA N KB TR

Kl 3.13 BoR, MR IRE Cy 5RE I R Cv Bl W/ T B840 IR R
WRPE. 72 WT=1.2 M, PIRESSHIAER AR, HAE 1.2 < W/T < 3 JEENIEE
N, X SE 312 frndiR—%. BARME: M5 MA BN 25°5 30°0f, wWT=
L1 TH R CyEIRT A/T=1.2 TOL; MUK Cv FREIMGAALE f=30°I HiH. iX
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LIASE A R H3 8RB ANRYIUE S K SN M E O LB
(a) Cy (b) Cv

B 313  REBIVKIHHRK
Figure 3.13 Hydrodynamic coefficients for Case V
PR B AL R BEIR TN M ER SRR, BT RIRAIINGE . M E MK 30
F T30 A« A B 2 RO, A KRR R Bl 32 PR PR 3R o N AEN LB B i Jm B2 T AL
Wt —L . 5 AT REPEAE, Cy 1 Cy BEE A I K S I — B0 5o s g e,
RO E S — k.

332 BHEMNESMHEREINESH

ik — oAl 3.13 TR KEh ) REBEE W/T B4 B R R R B
FITEOL, XHEM B = 30°KF, ARIZKERAZKEL T 8 B %G LR & 52
YA T TR AL EE, a0 3.14 B . EEUEM B = 30°F EIETLUN = AR
g6, AT RSN BN, AR E R REmegir (K 3.24 5
K13.29), dxhetandEG K NI R, 30°UE A T Him R AR CAE IR 15 2
A, BN Xing!'®15 Feder S5O TAE; )5, £1%) p=20°. 25°5 30°HIit5&
KN IBHE (K 3.13) R, REAE p=30°0 R AR 2 BB R R AR M. HHTiX
— i AR O, FTA R W T Wbl , Hove bRt =% . gk
FEE T R

c,=L=rsh (3.9)

A b KR E R, P-pgh NGRS L
M 3,14 AT LLEH, BEE A/T AN 3 SN2 1.3, 6 5 R 1] B A 46 /5 B0
SN SR, )RR, ARRARE DA A/T=10 I RAFAE T 3R X — 328
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T HCEBANRERT, 4 W/T M 1.3 2RE280/N A 1.1 I, I R -5 6 i 1) [ B i —
7 RN S S TR LNVER Sy e A e AR SR AU i e S O
P JECIR A4 B Ry A S A ) JG 5, 3 R RE T T I R G ST 28K, FE WT = 1.1 Al
1.2 IFRE B R, B EHIR MU FEAE NG A A5 ORIRFE T, S B {8 () gk B i (i
(1 v H DX 28T 1G R o A 5 2 X6 MR T 77 0 M8 v P R B A (R A I R 43 A o L) B
FREKIG R, H AR ORIE BEAG T, AR TBES, XHtAE T 1 i
[ BB TR, G, SR ZU A ZE K T R A AR AN IR TR R, 5 EON EC kA 7K
TIPS, AP 3.19 AR HhoRE S TRAUE S0 A AT, X AT RERL R S EUE 3.13 T Cy
F Oy TEIKIRNZZK LG AT AE 1.2 B H B £ (0 5 B8], AT A8 45 14 RLAMER R X 0 T i
FE WIT=1.1 I, IX P 8 R BTG, SR M JECEJAt I e SR I e X B 4 A
AEEX, AREX R AT 5 i — .

REAAFIKIRE W/ T 24 T RZEKILG, B2 R G0l & 1 ARG 8 4 B T g,
Ui 3.14 Fros o W piAn B AN 3.15 B : ARG Sl o B R 2R HE, (715 1B R 0.04L,,
WHE B1-Bs 3 5 MY a L, RIS A A0 B A-E 35 5 0 A CTEBR 0.02L,,), A\
SEEL X R Y 5 A pREARAL AT . B 3.16 R T By C M T S FERE O n) AL B 1)
AU, B 317 TG LT R A R W 1 Ak A ) 3 AT RRALE

Kl 3.16 #8717 By C WIZE 1 H HH 1 2 il 2 A A 20 18 I i S s ) A . 4 T
< 1.2 W), ATAREE 0T Z0 L n) T U A SR ARG, S5 31 I — B, BT E
ERT=1.1 TH R, Ci AEFEIE 0.065 K CN A/T=3 B 2.41 £5), Cs SAIREFE 0.046
K (WT=3 iEFRNE), KIS T HEK & T AERT T X J7 AR B3 K
) 7K THT 2 1 X

K 3.17 B7R, M WT<1.2 1, Wi A-E1 5 As-Ex M E s A B & T WT>
1.2 TU, RUAMFERT Y 7 RAFAE R R K ZE s R . thabh, 0l /K T 72 i
T THERM: £ WT=1.1K, E mEfEL 0.071 K, 8 A siEt 61%.

K318 Ml 7 WT=1.25 1.3 20 TANERTTT 25 AW R i) = S E 20 1 . &5
REW, 5WT=13 M, WT=12NRZEKXIEE, RN E N EE.

Kl 3.19 /R T AT = 1.5 BARESM B I E HIEIESMRE 10, BEE B
WO, SRR R 5 AR S B 5 A AR RR PR IE F R A8 5 el T S R R A, A
FiE 28 7K X 5 300 00 v TR DX B 2 3 o P S, A 358 0 77 B8R AR ARG . DX 5 B o
B K IR 1) B R0 FE LR T TR /T Cyo [RIEE, MG BRI 0 58 FROAIG X A 1 g
ORI, WK T IRITIHEE, N FERNTIAE Cy & .
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(a) W/T=1.1

(byWT=12

() WT=13

(d) W/T=14
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(&) /T=1.5

(f) hIT=2

(2) WIT=2.5

(h) W/T=3
B 3.4 AR /T TH B HERESMESIE A2 (6=30°)
Figure 3.14 Free surface wave patterns and hull-bottom dynamic pressure distributions at
different /T (f = 30°)

42



123010910112

RSN T e S A7 3 & REKEARIRHITIZ B KB ) BUE 0T HAT 5L

B 3.15 MENERENER

Figure 3.15 Wave height measurement points at the bow

(a) B &1 5 (b) C R & 55
B 3.16 AR /T TH XJ5HE HESRE

Figure 3.16 X-direction free-surface elevation at different h/T

(a) A-E; W& 5 (b) Ax-E» & AT
B 3.17 AR AT T YHFHEHTSE

Figure 3.17 Y-direction free-surface elevation at different 4/T
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(a) h/T=12 (b) W/T=1.3
B 3.18 AMifEXIBE RS ELEE

Figure 3.18 Bow region wave height contour

(a) p=20°

(b) p=25°
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(c)p=30°
B 3.19 AREM THEHBEESHENE IS (WT=1.5)

Figure 3.19 Free surface wave patterns and hull-bottom dynamic pressure distributions at
different g (/T = 1.5)

333 RESHT

FEATT R, A3t — 20 3 Wi K 50N 0 [ 2 350N 56 i B & Rl PRI R s B 5, %o e
B = 30°IF, FIVE AN A/T ISR B EH A s R ], il 3.20 B,
DAL U AERALEAT TC B G TR I 4

WKl 3.20 fros, ATAE T THME, B R DO T i X — 3547
FAGE X, HEEE o/T S, OEX AR, R TR — M I X
HHERX I REINEIN R, HEE A/T RS, IEX AR, B89 #HE
RRARHIM, DA A/T N 1.1 F1 12 I EcN R

(a) WIT=1.1

(b) WIT=12
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() W/T=13

(d) WT=14

() WT=15

() W/T=2
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(2) WT=2.5

(h) W/T=3
B 3.20 AR AT TH B HESHHHEERES (6=30°)
Figure 3.20 Velocity fields at free surface and midship section under different 4/7 (f = 30°)

K 3.20 HHiidm a4 S5 RABAEIR T B = 30°0F, Cy Al Cy AR B PEAR 1L I N FEHL
Ho X W/T M3 /b ZIEFHE 1.2 B, SRR BRI RREL g, RN A
IR, MR SC B B RGN B S g, SRR AR IR R, WE 314 el LA
t, M Cr 5 IR FE S S8, 24 W/ T 3 — 2N E 1.1 B &R
TR Sy AT S I TR R R B 52 BRAREAE « ARG IR T8 1S A5y, U A SR R AR BT W T
1.2 BN, AR KR RS R B PR S, s A A A [ A A 2E
BB ACRIR, X —RR BB T Cr 5 CvIE hiIT=1.2 AR BN 5 [FIVE HIE
B R

FEM AR BHZE RN 51 & A Ja] Bl sh g I 5L, %1 3.20 HHAN[E] A/T
T BT SHHAT TR L o TERRIR T /7 0.005L,, A FI/KFTH b, T A AL bR &R
JR AR (B 3.21), & ST S2 WA 2. Sy ZHim X J7AIIAlER 0.2L,,, S2 4
WY 7 MAEE 0.14L,,. 75 H HIAL, AR RFE AW ERBE (K 3.22), IFY
[ B EE 0.14L,, (1) Szl fidl. B 3.23 iR VAN WT 564 T Siv So A Sl £
LS AT
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B 321 MYURFENRAE

Figure 3.21 Measurement point layout for hull-bottom velocity

B 322 HHERENSGE

Figure 3.22 Measurement point layout for free surface velocity

(a) S
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(b) Sz

(c) S
323 BB RN AT
Figure 3.23 Comparative velocity analysis at specified locations
&l 3.23() 5(0)F, 2 A/T<1.5 b, S2HEIKBUN R M A4 oL 5 S g,
1M Sa A N A5 DU) R BEL 28 250 S 38 5 H B3 o P 3.23(b)y 4L i 2k (W/T=1.2) 1E Y/L,p
~0.15 JERIR A i, SRR AT T TN B PR R RUE 58 e % 1 i 320 5 A 5K
fERim M E WT =12 I, SRR LR 3 BONAR AT AN I & M E TR E
HIr e (B 3.28). %Ik i A1 38 S A6 H A God B A2 SURIAR AL, AT AE 3 2 1
TR H M3 5. S, & 3.23(c) s B ZE SIS B BT B Ss B ] i Ak
Tk, BE&E AT o, EEIEE R ERR, WRNIJCENEE U/U N AT =3 I
11 ETHE WT=1.1 I’ U2 1.6—3GMEiET 60%. XRBL 7 ERKFHIERN: M
KRR 7 R AE, A5 2 AR A, A TIE T AR . AT =1.1 A
Y/Lpy=0.15 AbHBLR B0 U/ U A HE— 20 RIAE TAT A R S sh i e, X 51 3.25 By
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ZiSY St

el 3.24 fhow, s 1 WIT=1.2 547 N REE S B BRI AR Ao = f M 20°
WA 30° W, MRS BRI A AR A B T AR R S O T U R AR Y I
M (Rt X0, XM MR MRS, XA X . 2l k2= 1
BOK pIHTBOR, BN R % Cy 835 ETF. BAN, SRR N 7 s R InEIESE 1
AL, A2 — SR T i B ah o 8, IFsmtl 1 AR FRE .

(a) p=20"

(b) p=25°

(c) p=30"
Bl 324 AR pTHEHESHHRIEEES (WT=1.2)
Figure 3.24 Velocity fields at free surface and midship section under different g (h/T =1.2)
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334 R&ESHT

FEXRANE A/T R AT IR L AT AT g, PURHKE ) R
BUAR PR IR A B 3.25 AT 3.26 70 e 7 MR A M I i 2 o A, A
ISR FE Ue 9 AL AT T AL A I 3

Bl325 p=30 WAL I
Figure 3.25 Bottom streamline distribution (f = 30°)

M 3.25 ATLAE H, AR ASBE A/T 38X S0 H B 8 1B Bt v A R .
= AIT=1.1 I, MR LR e s HLWT L 7041, P2 A R A X 3 el UHEAR 5 54T
FAERTIR PR AR AR RS ZAL, S AE AR S A K A A T 9 PH 28 R ™ 1 )
TREFRAII A RS, X BT SO R AR XA LA ROE S 4ERE, i) 1 Cy Al
CyHIEK. 2 WT AT 1.2 2 1.5 ZIa, JZaEdhg T, s, MEis
DXk HERR 5 Se AT it — b 45, Son R InE NGB D ST 2 WT
DR E 2 & 3VulN, RV RS ETATRIL, S ETROE, HArE A X%
FIGATBLR 2 059, SRR AR LA Ot 5 32 FRARESIZE D I BN T8 0 K AR Al o
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Bl 3.26 p=30 BB RNAEE >0
Figure 3.26 Streamlines on ship leeward side (f = 30°)
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ME 3.26 TLLE R, 4 W/TAT 1.1 5 1.5 Z a0, M I 3 B0 i 2k
TEWTbR R MR sh 7 B AL E . A BT R FE B )RR R AR e — P A, Ak
N K-H i, MO XGRS RIS, WK 3.27 . W4 WTHRE 2 23
JEFE P, AR SO AT 2 TR R R EE A, O R SR K LR SR AT AR
TR AR

3.3.5 RGHSHh

RS AR TR A ) O N, XAENEA By AN AT T RHTU iR 45 1)
AT AT AR TR . O YU B Hunt 28 AU 1988 4R i ik, 2 —Fh X /- Fm #i ik
IR AT, HRIEAN:

o=(wl-Ip[)/2 (14)
X WalieheskaE, D RNARKE, HAE L N:

W=(VU-vU")/2

D=(VU+VU")/2

W, A O WENRRANRET IS, FFENNLGEBME, ZXHREs )RR R &
B, (ESEPRIA R, BRI AL B BRI I R AN R AT, B A R ) REAS [R]
(A AT PR T2 DRI, TR A e 45 R A A TR 5 ) R D TR A () SRR BT 7 o T S0 B=
30°. A/T=1.3 I AERARHTTR i S5 M EAT 208, AEF AR B U N RALIEAT TE BN
Ja B EE AT A 0, 25 I8 BB e e R FE i e S5 i T s RO AS b, MUk O =
10U AT i e S5 M B nT AL AR BE, G 3.27 Bl R g = 30°. ANFE W/T T
RS BEAT A, e i e 5K BE /T A2 it Wil 3.28 is.

P 3.27 JR7R T MTAHARHYTIN i £ Ja) o e 45 4 B0 AL B, 275 Xing 45 AN [1097% T3
SR A AT U . IS FZAA LU LI, 0l RS- EE 2% i
(K-H vortices). B4l (fore-body bilge vortex ). BN (fore-body side vortex )
J& A3 (after-body side vortex ). J& /& filt i (after-body bilge vortex ) J&5 44 ¥ (stern
vortex). Ja &5 iin(stern-attached vortex )« M) Fff % I (bottom-attached vortex) .

(15)
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Bl 3.27 p=30°. h/T=13 BHREHWREE
Figure 3.27 Vortex structure at f=30° h/T=1.3

K 3.28 p=30°. AE W/THREWEE

Figure 3.28 Vortex structures at f = 30° under different /4/T conditions

K 3.28 JE7R TR 30 AN R ZK IR EU 25 4 T M4 Jo) FEls 45 A4 (T AL A B4R T
Fo BEE WT RN, AR REM R SRR Bk, [k 1R
AR LR GRS Z 8] s A0 EAF
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B W/T=1.11, Jisn2 25K F LR, I0H] T Imaan e kg, U
JRAT PR K-H i ARG, R RERGMARIE, =4ERrERTe /- B8, EEL
LiLSIEYSIESE

BT HRE 1.2~1.5 XA, st N =B Ul mim EIRas . i o A 2= a) 5
RRBEFEAT : WAL BTG« 5 A A0 5 1A AL 30 £ 5 2 5 FRURE S 35 A
s ool FEANRRE MR BT, T RGN B RO, RIDYE 3.14
M ART AN B B TN e, FIRRTR R B A LUR MR R, IS M A
SOMEARN, AR ERETY)Z A%, JCHEMRG S B il tiL, K-H
KR FVE A RS VR, bR BB RS AL T AR E AR RE AR HICIRAS, MRy
B =4k A i S AR B 2 S Em R D 25 Oy 5HE AL Cy
£ W/T = 1.2 W IEBIEAE ) AR AP EL AL o

2 BT 3B KA 2~3 I, AL Ak 5 e S B 5 Ji AR 1 EL 4l AL i )
Ao TP IREA LR AT 2R PRAZ AL RSN A B T (A SR AR w30, 2 M
A JE BRI A SR A JE A LI o BB TR K BONLISS o AR, b i TR HE TR KA
SERAS L . AR, CyRT Cy IIGAE T B % T e .

AR IR AR BE A/T 1R R G ——RF 2 A A/T= 1.1 I (RS2 PIRES 2 i/ T=1.2
I (178 70 R SRS ——c BEMRE 1 OK3h 1 2B AR AL e, 51 3.13 g
JIHE AR R AL T R EL 12 SR R

Bl 329 nT=13. AR pRREHRERE
Figure 3.29 Vortex structures at #/7 = 1.3 under different § conditions
K329 R T WIT = 1.3 25MF T REEAMA f BRIV I AR L. BEE B M 20°
K1 30°, 5 UEONI AR A SRBERIME BRI, 2B ah iR PR (] 3.04).
R AR X, RN R R S e 8K (18 3190, e 1R R s
72, AMERER ) 2% Cy EJTh. SR s in i, AT 0. 46
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Cy IR, mASEWERE IR O BN . X —BLHIARRE 1 AR K IR i iE
BEAT RIRA RIS, M AR BE 7™ BB e R4 RSN Jai] () PN A2 JE A

34 ARG

ARG T KVLCC2 Mt AR e K FdE A7 RIS A RN 17K 3 7R -
AR naoe-FOAM-SITU SRf#Eas #E4T 1 BUASIE, SE e J 563 14 &
B (Cys Oy BEAKRZILAR R RARAC IR, X 7E ME I A RBIRAIRT (10K
A LOUSRAE TR BRI R RN . 58 3.1 W IRA T B Tk AR IE 3h
BB BEAT N . 56 3.2 5% KVLCC2 AR f it B s Bt AT 4. 55 3.3 715
XFRAURHITIZ 3K H (BB T VBT IR . 28 3.4 T5XANIE] A/ T R R KA RHITES 7K
NI RBARR VR KT 0 b 26 3.5 W iRA S, FERFTIREA T

(1) Cys CnAE W/T=1.2 BEL BT R AR T PRI 504 FREEERIK
AT N R EINE 5 3 e BN, DL AR S e K 2 A 1R 5 7 BEL 2 5 o o s 400 1) 2
MRS 1 2 A BE IR AL A AR B R

(2) WRAE TR 5 R IT LB A/ T NI AR AL , R o) 73 9 = A B
I3 AR By BE5REY Be S AR e B B, X ELEEMERE 1 K3 ) Rk B T JE R
Ba UL I R

(3) WFALRNEARKKIFA AT T HTERAETERK CFD Ry i ft 72kt
e, BRI KR 2 AT BA TR 2R .

BeAt, HOES p IR SRS LELE B UK TR R SRR IR AR (Crs
Cv)o fE f=30°IF, $ERNIBE R B AR SRS A FRIE SR 7 IWFM = e, [RII B
% 7 A RER S 77, AT ST 1R 1 e BB (e i Cy K. SRR, e
JRASE B TSGR T R, JRRE SO aT . X ALK T 0,
gha CyHIME R, &S CvaRml LTt

LR EFTIR, AHTCHIRHE TR T 4875 1 DAERIE TR B h i 5 7K - R A
& LT AR KB IR . FrgsiR BB S B B A AT, AR
FEER PR TR BEE 1A, R T AR AL AR A H AR AT 2 P R AT BB
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TEIARIF R AR R e v, AR /KB 7 1 Re X A 22 G B B, A E R AR
RGeS 58 7V B v AR SR AR BR ], JyiX — SR it 1 R T7 5. BT IR
OpenFOAM ¥4 H K ¥) naoe-FOAM-SITU Rff#s, EHISESMIE 7L, HTIE
SEH RANS T FEA SST k- it Ay, % KVLCCI MRFETETR . R /KIRIX 2 FpAS[E 7K
Rz 7K LT 374 30 T 7K 3l J1 BUE AN 73 dr . S5 ikEe 45 SRR L o, #E% JiR
B PR IR L AR A SR R 2 K2 AE S% i h, Bk T RARTES
WA 5 IR B AR K B T AT AT AETR S K, UK R IIKEh 11 KRB E KT
GOK TG, HEEG JIMeEANRE B a5 10 5 8 B R T R v [ R4k &R
TR K RN RE 32 35 1S DR B P 0 LS A JE R e T 8 72 DR ) 2 () 52 R R R AN 7843 T
PRASKIIN] 5 A A s 13 ERT 988 7K 900 2 ) 2 () 52 PR T 5 BUR e AN T8 40 o IRt 9 ] S i
RAERME S BT ER A2, [R5 1 A g BIR i 7K Sl AR B A TR A i — v A7 I B 4>
VR

41 HERERRRER S

4.1.1 LR

ARG s 3R By KVLCCL i, 12002 365 [ A0 5 0 v TR 5%
i B E R B A AR K B) 158, 72 SIMMAN 2008 [ s iCHER ARG 2
Z—, W 4.1 fros. R INSEANUSHR 48 REE 4 = 45.71 #EAT7848, IF5 50k
[118]H I E AT Lh e, BARSE R 4.1 Fios.

(a) FME

(b) LI
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ot N 2 /1 e AT 4 E IREKIBI AN AR 58 3K B ) BUE T BT T

(c) £MK (d) ALK

B 4.1 KVLCC1 Az
Figure 4.1 KVLCC1 model

%41 KVLCC1 ERESH
Table 4.1 Main particulars of KVLCC1 model

FEZH (SR SIS RS
HEZR (A /m Loy 320.00 7.0000
55 /m B 58.0 1.2690

AR /m D 30.0 0.6563

"z 7K/m T 20.8 0.4550
HEKAEFR /m? - 312622 3.3540
B R Ch 0.8090 0.8090

I 1) FE 0 AR R /m xG - 3.433

412 TREE

AR SST kco TR AN /K KVLCC1 K 4ik535 42 3 AT B 1
AR, THBEEWRE 42 Fim. £, WT AKEGKE, FERSIEER( 2nf =
), VNEGEEEELEIRE, XN V= vmax / Ue (Vmax = aw )o HH1, B/T=83
I v =0.12 F1 0.16 LA K A/T=1.5 B v/ = 0.04 F1 0.08 AHAE .9

x42 THHEE
Table 4.2 Operation setting
hiT Uo/(mes™) Fr fis™! v
8.3 0.707 0.0853 0.078125 0.04, 0.08, 0.12, 0.16
1.5 0.533 0.0642 0.059524 0.04, 0.08, 0.12, 0.16

4.1.3 FHEIEIEE R MRS

B 2 FOARRIZKIRIZ K LS 128, R T T S B A R i, &F 2
AR AAE TR, R wE 4.3 Fros.

T WT =83 MWLM, HxMEIEEAN: -1.5L<x<5L, -1.5L<y<1.5L, -
0.5155L<z<0.5L; Txt+ W/T=1.5 W LRI T, z 7717 FIEHEIN-0.093 8L<z<0.5L, x F
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y F AT EIRIE RS v/ T=8.3 BHRIE—8. FHREFNRAKRN, WT=83F W/T=1.5
B U S IR A A R B AN, PR BRI L A 46 FENIT, S EYY
SR F T T A8 R R P 20 000 S 2% A s 7 M 11, SOl P8 R0 77 350 5R F 8 s B35 3 572645
#£ KVLCC1 1, % H movingWallVelocity, JE 77158 H kA E N F 44 BT
KA /T = 1.5 RIAS RIS A5 VE 28 =3 R i 3.2.3,

H42 FEEMS

Figure 4.2 Computation domain division

4.2 H{EWE

NEEILEH T KVLCC2 MR KR TG . B E st 7t il Se 8UE
FEAUMEZ, AWFFCET X KVLCC MY, o3 50 PRIE IR BRI e A A BB TV
BEAT IR

4.2.1 PRSI S54T

RN S R BIATEME, ASOIRIKIE W/T=8.3, v'=0.16 T4 iRKIE W/ T
= 1.5, v'=0.04 T KVLCC1 M ihsgia 552 2 1 I MEE s J15E TR 1 Mg
WS BSIE o 2% B8 BRI AE K R R 48 B (R BB B, 38 1k XA e sk
i R FEHEE x, y . R4E ITTC HEAZ IS T A E e me, REL T HA KT
PR USSR R A, WPIRZK R 7K 00 73 ARG 1 ARE . S AR 41 =2 R WA A4
2, PURAEIEL r=2 , PR YT SO B AIE AT ST R) 25 KIS SRR 36 AIE 1) 5 RSB0 B &
4.3 Fion. BRI ESRIG MY SRR B 1 AE R It A6, FREATORN,
TR HOKTOUT 3 BRI THEAS B8 MR E s E 4.3 FE 4.4 Fios.
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Table 4.3 Case parameters of different mesh levels

EVIE 2 X 4% S5 2% WXk B /% 100 i8] 25 Ko /s SRARI ] /s

FH R 1.47 0.001 128
hT=83

rh & 2.01 0.001 128
v'=0.16

i 4 2.71 0.001 128

HH R 2.38 0.001 169
WT=1.5

s 3.40 0.001 169

v'=0.04 e

gl 4.81 0.001 169

(a) %% 77

(b) #EHIHE

Bl43 hT=83, v'=0.16 RARME T KB HMEE
Figure 4.3 Sway force and yaw moment for 4/T = 8.3, v' = 0.16 under different grids
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(a) T 7]

(b) #EJIHE

B 44 WT=15, v'=0.04 HARMET RS IREE 15
Figure 4.4 Sway force and yaw moment for 4/T = 1.5, v’ = 0.04 under different grids

B 4.3 FIE] 4.4 A7 50, FEIRBOKIEH, B8 /)RS & JJFEAEA RS 73 R T
—HPERUT . £T Richardson ML, AR 70T WMAS TR RS R . W%
WSt 4 RN 4.4 F1ZE 4.5 FTs.

2 4.4 AT51, $R IR Mo BB SIUREE, IS L P=1.98, HAME
1B Sext32=Sext21=133.1 24— 5, H A ZERIRE T ISR B GCL2=4.76% MANE K
3.56% MK T 5% CREAVFBIE: 1% IR Yo BIAEUE IR Rt S IR RIS,
BRI ) GCR=6.91% K AN E 1.55%T5i e R E R . #E— &y, N
FHRE R A& AL 28 Fh 2B PR IS, Yo 5 Mo BB BURZE FEIE 73 703K 3.09%H1 2.4%, TiiE—
BRGNS, Yo 5 Mo BB BURZ FFIRTCA 2.27%M 1.2%, 1 THE AR 25 1
I TR ZE BT, S RS 7 RAE A K B0 AR 3B BB L S8 T
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K44 WT=83, v'=0.16 MEWSHEFRER
Table 4.4 Grid convergence study results for #/7=8.3, v'=0.16

ZH g YoN Mo/(N-m)
4 X % Si 160.1 130.55
r 5 R A% S, 164.3 128.13
HELRS P A% Ss 156.5 123.33
g @ R -0.538 0.504
& e =t PRI BRI SR
e Sk £ P 1.79 1.98
N Sext32 1734 1331
AN :
FT}E,{ Sext,Zl 155.2 133.1
NN . €u32 4.75% 3.75%
X‘ I:I%E s
ARTRZE AT Cat 2.62% 1.85%
NN N Cext, 32 524% 367%
i ’
FXRESHER Cexty21 3.15% 1.84%
. GCls 0.0691 0.0476
By Shte
P e GCh 0.0382 0.0236

R45 WT=15, v'=0.04 MEKRSHHTFRER
Table 4.5 Grid convergence study results for #/7=1.5, v'=0.04

ZH) i YoN Mo/(N-m)
RS Si 38.26 45.14
H 5 R A% S5 39.69 45.45
FELAR R A% S3 41.83 44.63
g5 & R 0.668 -0.378
s RISk PRUSL
RSB 4L P 1.164 2.807
N Sext32 3538 4564
ANHEAE ’
F ,f Sext’zl 35.38 44.13
s a2 5.39% 1.80%
S iR 2 ’
AEXT R Z A THE e 3730 0.68%
. X Coxt 32 12.18% 0.42%
X‘ =
FEXT 15 22 A oo 8. 14% 5580,
. GCIx 0.1355 0.0137
B e
A e GCh, 0.0938 0.0052

TG, WOk HODTRKITHE RIS . oK b S RS 7 RGN 340 75, Y
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IETERIEIHT AR IR, X EAHTER.
4.2.2 SRBREROXELEIE

4 XA TG S B H 3 FH (R R v A 3 S5 P A e N BRE L, K T R4S B A
WY MEEE I M RIS, AXWNER. WK 7/T=8.3 B, v=0.12 Al
v'=0.16 I UESE R 4.5, Kl 4.6 Fros, /KR A/T=1.5 B, v=0.04 F1 v'=0.08 JE1IE45
Ranpd 4.7, K 4.8 Fiows

Y

© = 0spUL,
M

YT 05000

c“pp

(4.1)

ME 45~8 4.8 ATLLE W, HEBESLSRIOE . 88 1A &
RIS AIR ) & RIif. BAKIME, MR 4.6 MR 4.7 FHRZESATRL, £ WT =
1.5, v'=0.04 TOUN, 88 SFEIEAE 5 0 E 8w 2 0K, AT RER 124 A Hl
T AR 73 9% 30T FR A/ NIR W2 Bl 3 R o 7 2 R % e DU SR T B, T HR 00 T O
Y JIMEAE AN B AR 5 k0 R 8] A B K 2224008 5%, R WIASCHITR BB 5 7%
FEXRR BEAT AT FENE 7 TR I € o X — G5 2Rk — D U6 R 150 B BT e - B ASE R FE 06 4 1k e ok
SEPRIG L, AT ORI A AUME AR L A B PR AT AT A 2

(a) 5% 71 (b) #EH N

B45 wT=83, v'=0.12 NRESHRBE HE
Figure 4.5 Sway force and yaw moment at #/T=8.3, v'=0.12
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(a) M (b) #EJIHE

4.6 nT=83, v'=0.16 KSR E HE
Figure 4.6 Sway force and yaw moment at #/T=8.3,v'=0.16

(2) B0 (b) #EH /I

B47 HWT=15, v'=0.04 BB IR E 18
Figure 4.7 Sway force and yaw moment at #//T=1.5, v' = 0.04

(a) 5% 71 (b) #EHE 1%E

Bl 4.8 WT=15, v'=0.08 BRBES HREE HE
Figure 4.8 Sway force and yaw moment at #//T=1.5, v' = 0.08
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K46 BGIRERESHT

Table 4.6 Sway force amplitude error analysis

T BN RZEY%
PACIERE D) TR
hT=83, v'=0.12 0.01017 0.00967 5.17
hT=83, v'=0.16 0.01344 0.01292 4.02
hT=1.5, v'=0.04 0.00598 0.00622 -3.86
hT=1.5, v'=0.08 0.01195 0.01158 3.19
K47 WEIVERERES
Table 4.7 Yaw moment amplitude error analysis
- _ ‘ﬁﬁi%jﬁﬁ/(N-nE | -
PACIERE D) itk
hT=83, v'=0.12 0.00118 0.00115 2.52
hT=83, v'=0.16 0.00150 0.00143 5.18
hT=1.5, v'=0.04 0.00094 0.00112 16.81
hT=1.5, v'=0.08 0.00166 0.00165 0.61

43 HEHEESH

43.1 KHBEBITE

AR 2.3.2 AT EE — MoK BN 7 RECTE JTESRTE KVLCCI R | kI
G IZ I K3l 1 28, B 4.9 FIE 4.10 AR 258 hIT=8.3 F1 1.5 i 2 T R
MG JIRIRE T JIHEAE, 3R 4.8 TR 4.9 20518 WT = 8.3 1 1.5 Wit B RAZ1I/KE) 1 &
A

M 4.9 FTE 4.10 0] LUE H, MRALERE 12 30 32 B B 1A RE o 4B IR A
LR IR TG R v LR R R, 2 valhn | 58, #5355 1R i J1E R
AN HBAE 0 1 4% . BT EEE 4.8 AL 4.9 iR, oK TR EERAKE) 11 R4
AT, /K B0 BRI B AR 35302 2 T8 B R B3 /N T-HOK Lol I I, HoK3h i &
B R R TIRK LA, REEKASETIER, 2 FERMER K B3 AL 2,
JUFRAE KR B i, M RO e RE AT B 22 32 3™ H 2
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(a) 1% 11 (b) ¥EE S
B 4.9 h/T=8.3KETHTHESHEE E

Figure 4.9 Sway force and yaw moment under multiple conditions at 4/T = 8.3

(a) 1% 11 (b) T S
B 4.10 H/T=1582ZITHFRES DREE HE

Figure 4.10 Sway force and yaw moment under multiple conditions at #/7=1.5

4.8  WT=83 KNI RE
Table 4.8 Hydrodynamic coefficient when /T =8.3

v 0.04 0.08 0.12 0.16
oy 0.274 0.322 0.444 0.396
®n 1.236 1.236 1.209 1.189
Yo/N 39.19 81.19 124.27 164.32
Mo/(Nem) 38.24 76.33 101.09 128.13
Y'y -0.01591 -0.01624 -0.01577 -0.01598
Y'y -0.02169 -0.02628 -0.03639 -0.03241
Ny -0.00076 -0.00075 -0.00072 -0.00072
N'y -0.01055 -0.01053 -0.00921 -0.00868
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£49 nWT=158MKNNRE
Table 4.9 Hydrodynamic coefficient when #/T = 1.5

v’ 0.04 0.08 0.12 0.16
?y 0.378 0.426 0.331 0.319
On 1.185 1.107 1.101 1.132
Yo/N 39.61 82.99 111.39 147.15
Mo/(Nem) 45.45 80.94 120.32 158.91
Yy -0.02697 -0.02769 -0.02573 -0.02559
Yy -0.05261 -0.06172 -0.04343 -0.04153
N'y -0.00179 -0.00188 -0.0019 -0.00183
N'y -0.02165 -0.01861 -0.01839 -0.01849

43.2 MEREINES

AN WT=1.5, v'=0.16 T3 F KVLCCI1 A4l 3% 3z s A5 5 22 1 (1 8 1 AE
—NJE AN AR AL AT 00T, GnlE 4.1 B, shiE R BGHE A A (3.13) Bk,

M 411 HESHER R

Figure 4.11 Periodic variation diagram of hull-bottom dynamic pressure distributions

Mk 401 s, SRR )5 71 R 8000 B s 3 2 DU E 1 AR 1
f£ 1=025P IZ], AR CSIFaa BB A e I DX, i 55— I AR AR e o A, R
W HIZ SRR R BN FRIRHIE . 2 1=0.5P BFZI, 3 AT BRI — 2
G5, RN A 2 T, N R B 2 B A SR X, IS AR B AR A
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LHRFIC AR M . £ 1= 0.75P W%, MEHEBT7 A, T3 X S 1B HRE
REXIT IR, SIEI 1 BB . B ¢ = 1P W, kA AdkAsml = %
WMPIEs, SER e BB

433 EES

XF h/T=8.3 F11.5, v'=0.16 LI N KVLCCI A4t iz shit B b s
I B v ) T A g AT A B b, AR B T AR AR A ] 4.12 B,
B T AL AR AL N 4.13 FTos, FEEIDINTRIE R U, B 5 0 B 4 s
AT A

(a) WT=8.3 (b) WIT=15
F4.12 HBHHEEERHESL

Figure 4.12 Periodic variation diagram of free surface velocity
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Ik 4.12 Pros, RS BOK LS, 3 bR 2 585 EshFEP N
JIATEA AL, HAEMGE A BIIAFAEARE X, AR B A7 AE R i s X, AR K L
OUNIXFPELR AN . AFRZAAE T BtREEEX AL E S, ERK I T EH
THE RPN, fEHROK IO N ERT I RTINS, ERK oL F B
e HOR R HBTE 70, EARBGH K O RN . AEHOK oL, Rl i id ik

XBIRK LI T 2, K2R RNTE z 77 n) b2 8] 52 PR 2k A& RE 78 70 KR AT
(a) hIT=8.3 (b) W/ T=1.5

Bl 413 fiikeh QR A A AR

Figure 4.13 Periodic variation diagram of the longitudinal section velocity in the hull

B 413 P, BR IRZK IR M B i 0 R T Ak e ) S A SRR TS R 1 K
HVERAE, 7EERZK Lo N XML G SN S o IR/t g A DR X B 32 AR T e i e
DB, HARFP AT MIR . ETKIAET, AR e w5 7 A S 7K 35
€ o MR i XA AT LA 73 Dy s i AR 7T X o 17 o B b g [X LA Kb Jié 7 A 5 #Y
NG DX o AE RN 2, R S5 7 S AE TR S0 [ R B (X, It v e BT AE
FEFAVEE AR o, A lEAE x A1z J5 18] L RERSAS BITe R J . RTINS, Walie ™5
ANJE I3 IR X BN, HAmBEAS 5 73 9%, AXAE ¢ = 0.75P I ZI£E A i s 530 T 14
A B B A SS BEH  TARTA e o RIS, 25 58 B AR I8 b A i B Jo [ A7 A 7K 2K
I, XA A A R DX AT AR K S 2 bR, LA R PR AT s X Rk A B K
X5 E 412 B2

4.3.4 ARG
K O HENIXT h/T=8.3 F1 1.5, v'=0.16 LI T KVLCC1 M2l %12 5 i 19 lie
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SERTF R AT 78, AN EE U NRALN TN G R T . H%I&
BB 0 e L S P (R IR BE A5 R AT RE IR AR B, #aR T Q = 1002005 36 e 435 ) 1A T AILA K
BETAHE. B, ST =1.5, v'=0.16 LA t = 0.25P i ZI R He 45 #3847 4047 »
W 4.14 frons HR, BRI RS KRG EREES A, @ik E s
TR WS M () JE AR AR AL AR, & 4.15 Fios. O WM CV&AE 3.4.5 F b dE 4T VR4

{I\égo

(@) A &5 4

(b) Ml b 45 1)
Bl 4.14 HT=1.5, v'=0.16, t=0.25P B ARG
Figure 4.14 Vortex structure diagram at h/T =1.5,v’'=0.16, t = 0.25P

HI P 415 AT, PR RIS AR SR I e 45 40 = B B s 3 2 A IR AR . 24
t=0.25P Itf, MR ARZISEh B AL E, BRI, FEMYR S A 00 i sE B T 2T B
B35 M PR T PR AT A AR 30, £ 7 G Y 30 AR K 2 s 0 3 B i A SR AT A s, £
A JE A K S TR IR Ja i, R RILI 5 Ja AR 8 1R A2 R T TR R B 24 1= 0.25P Al
0.75P I}, Myl ZEfgre s BB AL E, BRI, A A b JER A 1 22 A% 5 1) K e iz
R A T IR A JE BRI b9 28 9 AN ZE RERE R, SRR LE A LR R R ZRR, AR To (4
TS VBT ML IR AR o ANRIZAEAE T, AEROK IO, AL & AN TS
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9y, IRARERNTE 2 J7 1) b0 22 18 R BR A 3 B0 e R BE T8 70 R FTEL

(a) W/T=8.3 (b) W/ T=1.5
B 415 MRIRG RN

Figure 4.15 Hull vortex structure periodic variation diagram

4.4 ARG

AZEFTHETF OpenFOAM FF K 5 K E S MK AR naoe-FOAM-SITU RfE2S,
B X KVLCC1 MRTEA & HRMENIAR . K T, X4z iash g pr 2 i
JIMREE o KA R AT TR, BUE TR A AR

(1) EEXE A/ T=83, v'=0.12F10.16 F1 H/T=1.5, v'=0.04 1 0.08 iX 4 Ff
THL N FBUEB S INSEAN iREGEE, KUY JItRAE « $& & JIFEMRAE A FLAHAT A
PR R SRBEYI G BRI, REERBHIE 5%/ 4, Wik | ES M ITIEEM
REK BN it S B AT SE

(2) XF W/T=1.5, v'=0.16 LT F KVLCC1 ALl a3 5 21050 % 1)
JA AR A EAT 2 A o R B 3R 1 Bh e 40 A BRI 5 B 37 08 3 R B R A AR A AR
=0.25P I, MR B R RO, RO RS R A A AE TR R S s R X &
=0.5P I, AAIE Bl R IR )iz s, 3k o Andk Nad R B, TR m X
BT VRE X, BN R sh 4 8 IR E AR X .

(3) XL A/T =83 M1 1.5, v'=0.16 THURIL, 1EGR. H/AKES, HHmRiEy
bt e h S R AR AL, I AR DT AR I 7 SRS i X, IX P R AE T
KO TERNEE: EHRKTHT, mEXERTAERMM, maEHRK T, &
XY B AR, FERK THLT, FRbfese HIBARIN, 538K r s I B 2 7]
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A2 IR R R AZEH, 2 2 R E X 5 A 2544

(4) Xt WT=83 F11.5, v'=0.16 THRIN, (EIR. HKIEH, M9\ ik
P R LA G R, BIAE R /K S S b TR E R, AR /K3 U 3 A AR . 7
PRI, RS HITH g Ak, e EMETE e m K KISk
WEAS Ty 53, AL ¢ = 0.75P I LE MR 5 1 R AR M 380 Jr PR 8, L 7K R0 R A A5
JECTR I R PR, R X3 Rl B R K TR K T

(5) Xt W/T=83 1.5, v'=0.16 THKRIN, (EIR. BAKIEH, Mg b
MG IS B JE AR o 2 1= 0.25P I, MG LS 3 Bl KA B, Ao ARRE T A= R R A
W, A Bl RS H A 5 8 B S A I 1) 2o M2 T TR SE A . 24 ¢ = 0.25P~0.75P, i
) fe NI B, TR i R S A iR F) A 277 T A F s AR A s DU A7 9 2R A A LR
Fe,  HLAER KB T LT DS 2 ) 2 1) 52 PR EICASE w4 Atk i R AN 7895 o

IR Wi 2 SRR K T MRS G A8 Bl 7K BN ) B A Rk AT 43 i, WITRA
E AR TR IR LS5
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SR 1 N2 1 Tl =22 YA 71 S E ORI ARAE R s K s A BUE A BT
F5E FRKEBRAEEEIIKSIHBEHERR

PR 7K 3 AR 1 12 B A I S AR B SRR B I R B 2R AR
F1 AR AL T IR G OpenFOAM FF & ] naoe-FOAM-SITU RfF &%, Bl sh&E
SPIRETOR, BUERAAEE B RANS T 145 SST ko TR, LA KVLCC2
FERLAEIR IR IAPAS R IRIZ K LG B3 1 1a S AT IR 0 i, (RIS AN [RI 2R R 1)
I RBAT R THRIRECE . RS R IBUE TR IRy DR AE 4.1, 4.2 1
AT AN, X BEARBATHEANH W E H I EREsE. &#
JE 37 R S5 K DU 43 AT R EL A3, 0 Briii s 45 RAEA RIKIRIZ /K G TR AR, X
A LU MR 2 A S (i rT AA R 45 2R

51 HHEEREMMER S

5.1.1 JLfER

A BRI RIS I B8 B SR Y KVLCC2 My, A2 A4 v L
3.2.1, MMSHEEN TR 73 HXRKEL /T = 8.3 FI/KIE W/T = 1.5 T HIHE H 183
BEATBUE AN, TSI AN RS ) 20 SRS I 3.2.3

#51 KVLCC2 ERES¥
Table 5.1 Main particulars of KVLCC2 model

FESH (SRS S FiriAs
LA K /m Ly 320.00 7.0000
A% /m B 58.0 1.2690
R /m D 30.0 0.6563

Iz 7K /m T 20.8 0.4550
HeAK A /m? - 312622 3.3540
B % Ch 0.8090 0.8090

I 1) EEC0 AR R /m xG - 3.433

512 ITREE
ARSI SST k-0 AR IR . /K H KVLCC2 [ 46$E 18 20 i T BB AR
WIFE, THRBEIR SR, BH, WT NKIEGZIKE, ABEGEEIHE2nf =

®), o NI KNENA, HEBREIEE a ZBFRAN go=aw / Us, BAERUET
4.3 75,
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#52 THEE
Table 5.2 Operation setting
hT Ud/(mes™) Fr SIs @0/’
8.3 0.707 0.085 3 0.25
8.3 0.707 0.085 3 0.11
1.5 0.707 0.085 3 0.25

52 HH&SRSH

52.1 BHENHE

AT 5.2 FLHUF ) E AT o8, EREX WT=83, =025 F—
AN A0 B R TS R A AR AT 2 i, Gl 5.1 s R, X mT=8.3 il
1.5, =0.25P NI HEDSBEGFATRE, 208 FKERRT B BT % 3 R i sgm, sl
52 fin: feJa, BP0 R/IT=83, f=0.25H10.11, =0.25P T#H BT,
IR HAEA AN 1) H AR, il 5.3 Bk,

A 5.1

hIT=83, f=0.25R B HEMERHEZRN
Figure 5.1 The free surface wave shows periodicity at #/T = 8.3 and f= 0.25
i 5.1 B, B I RIS 8% E s sh R R IR, 1E =0.25P I,
I P A TSR SN 20, R AR AR A D T B AR
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I L JRIRAT AT ATV IR SO AR s B 5, AR Je I 2 B LR 2 A0 . AT R i
B RS RIS, W5 R A B R RSB A A g B AL B A B, HAB RE R
i J # oA SE BRI IS AR A M E AL E I, SO s AT N TR E AL B R
TRIEEE, 8B M, BEPLIIRoR EE g, SRR R MRS, EMHE
Xk AW Gk o 7E =0.5P I, RERSE B M AT ER R R L oK, T8 A A I 21
AR AR, LIS % I PR SR A LU 0 I 35 D R T A AT v AR AR T IS
BB I ERF+£0.04 m A5 1E =0.75P MY E IR IE AR KB EME, MR
LA R IAS < ZE AT, LEMTE PN S B L e A« A AR (R S S R % I
KI%; A =1 P IS RGAR I RIR0 46 A8 17 SR e Ar B, B 58 e S8 B 10 SO AR -
TSRO FR-ABAR TR o

(a) h/T=8.3 (b) W/ T=1.5
52 =025 =0.25PFARKEZKHR B BN
Figure 5.2 Free-surface wave profiles at = 0.25P, f'= 0.25, for varying h/T

Wl 5.2 P, {8 =0.25P W, H BHHERSEAEA R KIRIZKEL AT A5 %5 AR
PRI, ORI DR O T R S A RTIRE SO RR G K S, AR
i Je P S B L << ZE TR L AT i AR SOR RO IR B SR AT A/T=8.3 I %Y
AN F, BTN, h/T=1.5 BTN B0, R MG
R JE AR AR BN VE R, OB AL, AR AT R B R 3 .

M 5.3 FpiTkn, B EIEEN IS B D R AR ORI XELE P=ds
I 15 P=9s I A SIZZh vy UL, 4o 00 BRI o2 B K P8 B A P S I P,
AR BN PO B ok, SO BOR L R R, Hs u FE £0.04m 2B A
+0.02m, PUERATEONBEINRSE: KIS aIZZE, REERA-T-22, B pEE
WIRRES, BIEAYIE. WIXFTLUE ., B35 M 00m 2 7 C .
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Bl 53 WT=83, +=0.25P B ARSI B T
Figure 5.3 Free-surface wave profiles at h/T =8.3, = 0.25P, for varying f

522 MERAINESH
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B, ROTANE W/T FRTRE S RIS E 0. FIR, 50 AT=8.3, f=0.25
011, = 0.25P I BIRGES R AT 738, KX EEAS [RIARZE T 6T 5 3l 1 (1) 50,
WK 5.5 iR,

i 5.4 Fs, EREAKIET, &Rz R M3 20 H 5% 5 is 8 F2
WIPEA AL, FEEZEZBIKIRAMENT . /F =0.25P W%, BRI AR SR & i) 0 iR 2
I KPR A %0, MRS O iERs . BRI, S50 A thom 20 e R sl 1 5 M A
PRI AR, R T B M EAREX SaBmEX, 20 RAE
OGFRHE SR o 17K WIT=1.5 FHIE I LLIRIK W/T=8.3 T NBEW, mffE X EH
FR, BAEMREIERR T R i s R X, S AAREE T ¥ 7K 380 38 30 i 0) e 8 i 3 11 PR
HIABRAAER o 1E =0.5 P ISR, IbiS iR (m) 22 A% 07 Inl 8008 38 3 31 e R a6 FS AL
B, BEMILEh 0, MHARRESEIE. SRR, 3% SAUHE MRS 0N D)4 R R
RN o H 25 8 B LU A AR R LT 0, SCEE 20 R A e A 5 2R BT 1 1 =
KXo £ =075P =1 PR, FREFERAEL. B2, KSR
A7 B TR 7K SR B M TSR T A A P s e R, SR I 9 B R B R R R
KICHE P EICERX, XER 7RI AR SZ BER E 2 K3 182 .

LSS FRRTAEL, RIS S A RN B R T B At B B . 7
R P=4s TOLT, MHMAIZEIMIERR, AR MBI &, 380 AR I
SR NAR R R ZL, RPN ERE X ST LR . TR IR GEY, JCHAEME . RS
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(a) h/T=8.3 (b) W/T=1.5
54 AFE T THEH3ERAEZHL

Figure 5.4 The periodic variation of hull dynamic pressure under different 4/T

Bl 55 h/IT=8.3, t=0.25P R AR M5 R E SRR
Figure 5.5 Hull dynamic pressure profiles at #/7 =8.3, = 0.25P, for varying f

523 EESTH
AT 5.2 I LOUT PR AT 0, EREN WT=83 1.5, f=025F
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— SN B R T R PR AR R AT 20 A, 20 B R KA B TRTAE Y K R,
W 5.6 Fra~: HIR, B5%F /T =83 F1 1.5, = 0.25P R[5 A ks 51 o I S 3 47 %)
EE, 3B KR s 5 T Ay R 52, anl&l 5.7 o sa, #F%F WT = 8.3,
f=0250.11, =0.25P T8 H HFEE T, 08 HAEA RS H B
AR, WK 5.8 . YWUNRIEEE U AL TE RN G E 5 T & .

(a) W/T=8.3 (b) W/T=1.5
B 5.6 A /TR E B RE R
Figure 5.6 The periodic variation of free surface velocity under different 4/T
i 5.6 Fizs, 75 W/T=8.3 MRKYE WT=1.5 FEKZMT, HHmRESm
LI 58 E s s R R A AR R . PR TOLE R A R BRI — i 3
FO I R KR R B S A R A R AR X, 1 M B ) AT 2 o
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ST E L EA, EHKIO NEMM I L. BRI S, BRI+ iR
JiE PIIRINA] S HE F TE o R R, RRIEDXVE IR 45 FRGE s TAETRKI S, T2 )
AR, RIS R A, AELLTE e, D I 2 /A RX, fEf
FEHCINIR], FE v Bt B S e o KR AR B A A A S IR S sl R
SN T Rimai St s, i BRSO R BN IR L RE S TR

B 5.7 B, RPEGER S KO0 N AR RRE B iz s s QR T Ak oA, Al K
B 5 AR MR X 20 R L L A B R SV E RS AE, HLAE AR A iR N &
Fo WAKMELH, mdi sl X R T E SR, M EROKM S, oK
RN FUSENR R XY A IR X, AR UE B 2 TR
i 5 T S R AR OK A SO REE » TR ) 20 fee i (R R XL HR R AR I
e DX AL e 75 55 Ja d8 AMBEATIX. 5 5% IF 2 M 2 S 73 280w AL 285 FL 3 FO A I 2

Bl 5.7 = 0.5P B h/T BB v TH IRE 4 A
Figure 5.7 Flow velocity distribution along the midship section at # = 0.5P for different 4/T

B 58 WT=83, r=0.25P BN ANFMEN B HERE SR
Figure 5.8 Free surface velocity profiles at #/T =8.3, = 0.25P, for varying f
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X, XRLRIZALE, ZRIErE x 5 z ¥R K. MEHOKI S, X i
L SR/ Vi i 65 0 [T 52 0 S 10 S PR 1 T X A 7 90 R TR, TSRS 20 . %45
REE 5.6 HHEBEEEFI TSR FEFIEGIE T 5 K R I8 i PR ) 2 A B
BRI S R ARG, B O TR B A A5 R S AR

i 5.8 B, FRE IS E B H HIRE AR A BE . R P=4s
THR, MRS AR R, X E H IR RPN REIZL, S ECE i R
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THF, MMAZEEZNE, RRERMATE, B HMRERARK, SmEANYE), &l
X Ve e, I3 2 AL AR X TR B
524 REHTH

KAH O HENST h/T=83 F1 1.5, £=0.25 L F KVLCC2 FA4liH 15155
N JE S N R R £ AL T R PRI 9T, FF DA E Ue A FRALN o B4 5 1 1 2
AT HE A, FFEER O=1 SRS MM AT AT A EE, o A1 FLAK RO i 2546
FKrgem, Wik 5.9 Frs.

(a) h/T=8.3 (b) h/T=1.5
59 AR W/TEREHEETL

Figure 5.9 The periodic variation of vortex structure under different /T
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RFAE o RIS A S8 EEC iRy S, LR M 8 A R o D 1] S0 K s S 8 T A
s RIS AR R e R P AL AT, P B SO FR AT o A =0.5P I %], RIS B
K 82 HFE NG D9, BRI 6 M SR At A T » A R DX sk U A et I 4453 »
ARG FEARIR A ) SE . 24 =0.75P I, MHAREN IR FISBBTBL, B AL a2
FFEI IR LR, e iR B R AT e, SR S AT URFERL, Bk
FRAEMBILRMIE e AFZALAET, K UL 2% 280 45 1 1 5 e 151 52 1 W X 4 )
A AR RSB . RSS2, Ja i R IRERE . 1X 32 252 T HEoKA B
e [ S (A5 FR, i AE 3 BT [ JCIR e 0 R e, 3 SO A i 5 ) SE UM AL A
HNE

5.3 AENG

REFHAEM FLHT OpenFOAM K ] naoe-FOAM-SITU K iy, 8L H A K
B EBMEEAR, RGMI T KVLCC2 MRLE & W RIS A FIKIFE S R 4t
REIBENRER Y . WA 45 SRR 7R

(1) Xtk wT=83F11.5, f=025, =0.25P TH KD, AFE /T L TR
PR S FR TS U S5 0, (HTERK W/T=1.5 TN, 2K, MR
LGB B2 YK, WM AL, EL MR R, BRI
HBRIK 00 A/T=8.3 ] BE BRI M 5 FE 5 00 5 R R U SR AL

(2) XL W/T=83 M 1.5, =025 TH TR, MHRMBIELER. HKEH,
BIME 1 e s s B AR, (AR KN R R T AR R . (E =0.25P S KTRE
FARF, JHIK AL A/T=1.5 F e RO SRR I X B BE B SR Bt . ST ERITE R, MRJECR
I B SR s BAE =0.5P SEBBeal pL R AR e 4, (RS JE B0 PN /K 3R
BE35) BT R ZL ) 186 BE S T T 1) SR X, 3R B ARAE K R 2 B N B R R A
(RI7K BN %A o o

(3) XFEE W/T=83 F1 1.5, f=0.25 TOURIL, TER. MK, HHImm®E?
BERE 112 2 5 BATE AR AL, M A AR DX T AR I T RS I X, IX PR R A
KU N REE: ERKTHT, SEXERTHEME, MERKTRF, "k
Xy =M. EHK IO, BRI, J0EBERAKIBER, K
HH 8 DU R = ) 2 1) A2 PR R R 32 P, B B 22 (PRI X S5 N I 465 A
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R FEERKIR T, MRS S TE e, inie EMETE HRets o ke ik
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(5) XFEE WT=83 F1 1.5, f=0.25 TOURIL, 1EIR. MK, ingiifEizs)
B2 JEAYEEAR . =0.25P I e A RS R 2 A% 0 ol B B R 43 A B R4 i 5
JERIR; =0.5P BHREE MV R IE ;&8 =0.75P B B &7 M R AEFE . HRK 6 1F
N, ARG, SIS, AT RN . TEESA TR,
JE AR B A, AR A AT TR N R AR

(6) X WT =83, =025P AT Es AT TOmE, HXE B
W MRS RMBIE KX H R A B . Y P=4s BRIZZ0REIZL, 30
sRA, FEOVEIRE R, MRS EFEERE . B vl 5 m RS = e
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PIGKEAF ROV iR 2088 B AR INK B R BGHAT TS, A AE] 2.3 A5
RN B 77 e LK, b T H e e TS 2K Sh 77 2R 5 3l 2 B AH 5< SCHR
290 N N TR AT . B Jm, AT T Matlab £ 1) 5 20 T ASE 7Y R Tl )
KVLCC2 Mif)sE H iz al, J+ 55 Edir s b, PRAS e MR R AR L o

6.1 BHUKNNREHE

BEXE 3.3.2 HTHRIRGIL, SER/KIR A/T=10 RHILTHL T FI7KE) 1) REGEATIE

ZIERIRWUA g RN, WA (2100 Yy ITRAE A
v=-U/f 6.1)

B 6.1 ARARIZ (2.10) 1, FAUERTHLAE S BIA KB 1 REL A
&K 6.1 Fion.

(a) X (b)Y
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Figure 6.1 Oblique navigation motion fitting curve
Kl 6.1 A5 B 17K B0 71 R BOEAT TR RACAL B, 153050 FRHITE 3h 1 TSR e

KN ITRE, WTHE 6.1 fis:

R 6.1 FIHRKS N RE
Table 6.1 Oblique-related hydrodynamic coefficients

KB T1 25K pAgIEES DN
X' 0.001133
Xy 0.002991

Yo -0.0000301
Yy -0.0185
Yy -0.58625

N'o 0.0000549

Ny -0.008454

N'ywy -0.105568

6.2 HEHKINRBHE

AU WT=8.3 B MK S 1 REAAS% 232 SRR —F
WaT7E, TRRENE 62 Fimk, %EH| WT=3 BT Ka I RAMEMAK, %
FHZ SR B B K 30 ) RAC AR WT=10 I K3 )1 R T AL BL C.
D {544 T30 FIUHF 325 Matlab GiFER78 ., HHEFFB4 R 63 Fik, Hils
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Mg I 6.2 fras, THRIRAE R EWER 6.4 Fios:
62 BB ILHAKRE

Table 6.2 Setting of swaying condition

hiT U/(mes™) Fr SIs! a/m
8.3 0.707 0.0853 0.2500 0.1
8.3 0.707 0.0853 0.2000 0.1
8.3 0.707 0.0853 0.1667 0.1
8.3 0.707 0.0853 0.1428 0.1
8.3 0.707 0.0853 0.1250 0.1
8.3 0.707 0.0853 0.1111 0.1

*® 63 MERLTE

Table 6.3 Sway integral term value

T A B C D
4 -808.28 68.84 18.22 -318.59
5 -455.04 20.21 15.73 -203.57
6 311.27 28.59 8.93 -164.13
7 22225 26.65 12.84 -136.59
8 -168.01 11.28 11.29 -110.56
9 -129.82 9.81 8.57 -100.02
(a) Brmi A (b) 73Tl B
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6.2 BRGIEZHMA ML

Figure 6.2 Sway motion fitting curve

& 6.4 FBAGHRIKII N RS
Table 6.4 Sway-related hydrodynamic coefficients

USSIVIE S | HUE A E
Y'y 0.019851189
Yy 0.033623143
N'y -0.00003698
Ny -0.02034118

6.3 HEEKINNEEHE
AT TURAK IR A/T=8.3 $E 1IN BI/KEN ) REAUNE S5 2.3.3 Fih R B 5E —Fb
METTiE, TOBENR 6.5 Fas, [FFERM v/T=8.3 I HIK3h /1 ZEEAE h/T=10

®o65 BELAKRE
Table 6.5 Setting of yawing condition

WT Ue/(mes™) Fr fs! 00l°
8.3 0.707 0.0853 0.2500 5
8.3 0.707 0.0853 0.2000 5
8.3 0.707 0.0853 0.1667 5
8.3 0.707 0.0853 0.1428 5
8.3 0.707 0.0853 0.1250 5
8.3 0.707 0.0853 0.1111 5
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KB/ 2% T AL By C. DS LI FRMELR 6.6 i, Ha#hZiin
K 6.3 fras, TR RN 6.7 s
* 6.6 WMEMGTUE

Table 6.6 Yaw integral term value

T A B C D
4 50.81 104.17 -1620.41 371.34
5 16.88 63.91 -973.31 260.55
6 13.99 42.52 -651.45 196.95
7 -15.10 17.11 -463.67 162.82
8 10.19 24.88 -352.49 136.76
9 7.61 18.00 -271.87 111.54
(a) BATIA (b) BT B
(c) By C (d) B D

63 mMEEIHUAHLE

Figure 6.3 Yaw motion fitting curve
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R 6T WEHMIKINNRYK

Table 6.7 Yaw-related hydrodynamic coefficients

USIEY | HUE B E
Y -0.000228687
Y, 0.009656894
N; 0.000930220
N, 0.003988633

6.4 RekBDREME

SIS TR A/ T=8.3 I AR R INK BN /1 R BGHAT A, ME SRR Z 18 A7 B

FEZWE 6.4 Fi, BARZ3EA E 2% SIMMAN2008 HH i) J LA &, 158

UEP I ERE )

6.8, IMELHKEWMR 6.9 Fiw, FFERH h/T=8.3 I /K20 & FAE h/T=10
KK 28, LA N 6.5 s, TRKIESE R 6.10 Fis:

(a) FME

(b) JEHLAE
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(c) FEZHA B IR (d) B2 R A vE I
64 MRASRMEEAERR

Figure 6.4 Position relationship between hull and rudder
ARE 2 BIHKBN 1 Xy Yo N 56 6 Z B RBCEARE R T DR R 9

X=X,+X;05°
Y=Y, +Y,6 (6.2)
N=N,+N,

Hrb Xssv Yse Ns e FRE A IRAIKE) 11 250
B IR KB ) RBGHAT T RNIRTEAL PR, AbPRZE R0 R s

%68 KVLCC2 ERESH
Table 6.8 Main particulars of KVLCC2 model

FESH (SRS S P
LA K /m Ly 320.00 7.0000
%8 /m B 58.0 1.2690
VR /m D 30.0 0.6563

"z 7K/m T 20.8 0.4550
HEZK AR /m? - 312622 3.3540
BRI % Ci 0.8090 0.8090

Y 1) Lo AR R /m xG - 3.433

FEAL S 1 A /m? AR - 13.0129
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(6.3)

HIE (6.2), AUETH SIS BINEH IR 1 25, ALK 6.5 Frx.

®69 MEATIRRE
Table 6.9 Rudder Angle Settings

hT Ue/(mes™) Fr fieff/°
8.3 0.707 0.0853 0
8.3 0.707 0.0853 3
8.3 0.707 0.0853 6
8.3 0.707 0.0853 9
8.3 0.707 0.0853 12
8.3 0.707 0.0853 12

() X

90

(b)Y
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(c)N
B 65 ZReMEIUE ML

Figure 6.5 Rudder action motion fitting curve

K& 6.5 3 RIKe) 1 2RI A (6.3) BATRHIRAGALER, 13356 T2/
FB s R TR R KB 1 28, R R PR

R 6.10 FEAMIKINARE
Table 6.10 Rudder-related hydrodynamic coefficients

IKEN 71 75K BB
X'ss 0.0003747
Vs 0.0015601
N's 0.0006501

6.5 IELkMIKENHERHK

H A FIR /NN A 2R E 7 #E KVLCC2 Mg\ IE 3l J7 R ) o
KB ST RE, BRI TR 8% F 1 ST A2 3 A L 2 K 5 ) &
¥, wT AR K S 1 REEX R E LIS Kim 28 NP2 S0k, A e E
% 6.11 Fiss
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Table 6.11 Kim-dependent nonlinear hydrodynamic coefficients

USTIPIE S Kim FAUE
X' -0.000954
X'y 0.001219
X'w 0.013821
Y'w -0.030441
Y, 0.000205
Y'vir -0.022999
Y 0.021775
N'yy 0.001250
N 0.000038
N'yy 0.001063

6.6 EFEEFETHTR

AT B 2% B ARAE T AL AR AR IS ShECA AL . D9t AR e i 2 fE AR 4
PASHIKEN 11 R BUG 56 2.4 T AR ) MMG 5SS, 8 T 3dEH T KVLCC2 #i
MRS E) T2, HEET Matlab “F &K T AN FIHERIE S TIRFET « 1E i fE 4L
Fr=0.142 245 F, PR THRMEBR A AT, B AU BRI ST 1 Hildk . 4,
¥ 05 BT AR 1 [ L 9028 5 Yoshimural™?2 ) F HATAT A ASRLS (FRMT) 45 RiHAT 77X
L3S 1IE -

AR JE T4 1 KVLCC2 # A RS BLAT BRI AT 7 -3 50 ) a1 4 18 ) Tl 45 21,
K 6.6 [ T TN EZE 53R 56 U (1t LU O, 36 6.12 MIEE—2B 51 1 1 T0) % A [m] %%
H1% DrfifasE Rl B2 D, 5 IGE 2 R ZE . MEIRRTE, 0S50 g,
RRAE A RUF, SARFEER Dr 5RBAEZ MR ZER DN REMAITEIEANTRE
LB B T A e Rl AR D, S5 E0E 2 (M A7 E — 2 w22, {H 3% 6.12 A] 4,
R ZE/NT 10%, £ TR AT 432 VG Py, 3R B A A B4 o i Tl
HER P BB FONG P AL 2 v A2 1)
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Be.6 [EIFEHZHN

Figure 6.6  Rotation trajectory prediction

R 6.12 RBIENTSEFTL

Table 6.12 Comparison of rotary trajectory parameters

2 BE A B R (%)

INEE Ad/Lpp 3.16 3.11 1.608
FEEE T0/Lpy 1.26 1.22 3.279
%A [\ B4R Dr/Lyy 3.18 3.08 3.247
Fa € A% ELAE DolLpp 2.67 2.44 9.426

6.7 FE/NG

AT RGHTER T KVLCC2 METR KIS R M Is sh 8 A R (o #y e 5 Bk TAF,
AR FEHAE RIS RIS BN VEREBLE 1344

B, BAL 7 L MMG By PR HEQL A A 2k o S i SO AR 5 B HE A
ZEmr, B TR R RIKBSI A R B Hh, BRI T IR, B
B KA SR 0IBE KE 1 S8, R T s oA EMT G TR TR
REEESR TR AR, MNE & BN OGO 5 58 2 (AT 7 a2 A 7E, e 1
—EREBRANRNIZE L.
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HR, BT BT, f£ Matlab 7 5 _EJF e KVLCC2 M 18 3 Fho R AL Ay
AR, JFEEXT Fr=0.142 M LOL, JFRE 1 & B s BUE I K. NRIERAN RS
B, A5 B A RS BUEN Yoshimura B HIATATHE AR (FRMT) Hdleitts X oy
Bro ZiREW:

(1) R &L, Tk B E S5 ie P B A& R, JCHARDE
AR B3 E AR Dr 79 L, SR E IR ZE RN

(2) fERGE IR bR b, RERE I B AT Do K TIMEAAAE —E W22, (HILRZE
PAZHIE 10% LN o 25 FZ 58 4 2 TRE TR A0 SEHI 2K

gk bLRATR, ATHRIME T —ANEMHT KVLCC2 MM AR, Hodidxt
PRAERIRIZ BN R TR, Sl AR R R A HERR PR S TSI o AL SRR 15 mT DA
5, BEWEON R B IAR SR LS A A BB K T
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45 15 e

E1E REE5RE

71 EXREH

ASCFET IR TT R TP CFD “F- 4 naoe-FOAM-SITU R8s, Zi&iaHEAs
HEAESMEHA, Fl5 KVLCC AR K3 J1 e SE MR IT T — RIVEUE R
PR T . B0, RGEIRIT T HAEDR . Bk R R, B8 KR EiE3h, Hxf i
TARIKEEZAF FHRRE . Kk, @K 25129 RBHRLE B E R, 9
WIEE T H BRI 5450 BJa, HTHTRKEN I RE, B0 T #RYUE B) Tih A
R, FERLD R T8 B s S M TR S ER R RE DAl . E S AR B4R J7
T :

(1) %% KVLCC bafde, RGEAL 7 HAAERNUSE R KRS 1tk Re. T HS
HBMIEHA, BFAE5ERR T R TC M IR 5 IR R K IRHIT T 0L i B E AL, #
W VA ITIRAE KN I SE P B RAT M SR o B — D AR KRR A Lo i, o 1
HEHTEIE . MRS 77 S i 4510 5 B 2 500 K 30 71 R 500 B s m pL

(2) #tXF KVLCC bpfdt, #E—PH it i in e BRga s n i . sl sha®=
S SR, SHL TN AN RIS IR A R 7K Bl g me SR RS B AsE L, AR R S R B
RZEHITE S%LAWN, BAE T VAR T EEM . BRI K. EE SR R
Guor AT, BATR T RAKBNAERE s Bl I B AR R IS s A

(3) £1XF KVLCC brfdt, TEUbEEAE FIRANERTL T HAR 8 SR 3 e o
WS S B RRAT T 38 1 A A N 3 45 A BT AL I AR, JF EE AR T OKIR 518 B X
W B iR B

(4) £FXF KVLCC A, 57 1 HMBE R KBRS S Tk . @i/ —
FiE G HAWANAR IR TIKB) 1 RE, JFEEET Matlab M T HRMATERAER . XHiE
W A AL IS B I TR 45 R 5 RIS AR V) & R AT, B00F T B e AR AN A BE VAl 1)
A RS ST

AW ISR KVLCC ARBAE IR K IR AR R 18835 I3 1128 BN RS 4H B AU,
HERIFLA T RBK BN 1 R, R T XTI ZK RS T ARAA/K B 3R e A g0 o B e
P, B RIE Z R F S EE MK, S8 SR E B RHsSEEME, A
RO Ti88hih S S5 HIA BAER o i i R IS B TR B4R T T IR K TR AS
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