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ABSTRACT

DIRECT SIMULATIONS OF SHIP MANEUVER USING
OVERSET GRID TECHNIQUE

ABSTRACT

With the boosting of high performance computing and developments of numerical
methods, Computational Fluid Dynamics (CFD) has been widely used in the research field
of naval architecture and ocean engineering. Among several concerned hydrodynamic
problems, ship maneuveriability is one of the most complex problems in the research of ship
hydrodynamics. When considering ship maneuver in waves, it becomes the one of the most
challenging issues since it involves the performance of ship resistance, propulsion,
seakeeping and maneuvering. In general, it is very close to the real world condition and
making it with a great prospect for the applications in ship and ocean engineering. So far,
the most challenging problems are as follows: first is the complex coupling motion with the
ship hull-propeller-rudder system, another one is the maneuvering control and large
amplitude motions, as for maneuvering in waves, the tool should have the ability to solve
the low frequency maneuvering motion and high frequency wave induced motion
simultaneously.

The objective of this dissertation is to develop the maneuvering control module based
on the in-house code naoe-FOAM-SJTU, with the purpose of extending its ability in
simulating various ship maneuvers. In addition, this paper has also modified the wave
generation module, which makes it possible to numerically investigate the self-propelled
ship maneuver in waves.

Within the implementation of maneuvering control module, the paper adopts a
feedback control mechanism with respect to the ship motion. Based on the overset grid
technology, heading control, zigzag and turning circle maneuver control module are
developed to directly simulate the free running ship maneuver.

As for the wave generation module, the paper have combined the present naoe-FOAM-
SJTU solver with the open source third-party wave generation tool waves2Foam, which can
make full use of the relaxation zone and can generate desired waves with moving
computational domain. So far, it has been proved to be reliable and robust in simulating ship
maneuver in regular waves.
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ABSTRACT

In order to validate the developed maneuvering control module and improved naoe-
FOAM-SJTU solver, three categories of validation cases including planner motion
mechanism (PMM) tests, free running ship maneuver in calm water and various waves are
performed. The first validation case is the simulation of PMM tests, where the static drift,
pure sway and pure yaw test are computed. Through the static and dyanmic test, the solver
is proved to be reliable in simulating the large amplitude maneuvering motion. The second
category is the self-propelled ship maneuvers with direct rotating propellers and moving
rudders. The fully appened twin screw ONR Tumblehome ship model is used for the self-
propulsion calculation and the free running maneuver in calm water. In the free running
maneuver in calm water case, standard 10/10, 20/20 zigzag maneuver and turning circle
maneuver are performed. In the third category, the free running ship maneuver in regular
waves are directly simulated. The validation cases include the course keeping simulations
in head waves, bow quartering waves and beam waves, as well as the free running ship
zigzag maneuver in various wave conditions, where different wave length and wave heights
are calculated to investigate the wave effects on the free running ship maneuver. Turning
circle maneuver in waves is also investigated. The rudders and propellers are fully
discretized by overset grids in all the validation cases. These rotating propellers and moving
rudders are able to move with respect to the ship motions and itself can move according to
the specified maneuvering control. The numerical results of the maneuvering parameters
are compared with the available experiment measurements and the comparisons show good
agreements, which indicate that the present developed maneuvering control module and the
wave module can be reliable and robust in handling with free running ship maneuver in both
calm water and regular waves. The application areas in ship hydrodynamics have been

greatly expanded using the present numerical approach.

Keywords: overset grid, ship hull-propeller-rudder interaction, ship maneuvering in
waves, OpenFOAM, naoe-FOAM-SJTU
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IZEMEA, SCHL TSR PID #5138 0 M AT i) ORARr A5 (A0 A e A g i
Iz, B E A ) A AR s I S8, OB LR A AR A, AT SE
A AEAN [RIVR 7] 450 T AT I, ORER H BR BRI A 10 B o R A AA
(L Im) DR o) R R AR AL T — AN R B E T T .

3) WK %R A naoe-FOAM-SITU H & F & MR K1) OpenFOAM-2.0.1
PF- 2 HATH OpenFOAM-3.0.1, & T SRR FIR MR ER . HRAT
OpenFOAM i T 2 WHUE 7% 1) 5835, MIMAETS T H & 58 A e Al s 24,
BT AA S e AR PR ARIR T A 7 BRI 5835, BIFESKfE VOF J7
R TR, RS BB IER R EE, TE T SRR 0 B K
BREUII 200, FECRUEA S FIRRE PR AT T ORI T A . @it X
T 77 ¥R S B LA A AE I TR R R S S BUE THE, AT R DA 3O 1
THA B A 2 IAE B PR A A A, A4S IR P ) B R AT SR T DLUSE D7 ) o
TN RS -

2. HIRAE OpenFOAM b SCEIL 7 W T 5 5 MU A AE ) & M 12 2 1) B FE HU{E A
0, FOAE TR A FE AR 5 [ B B AT M A 2001 44 1 56 [ 52 far A2 K 2% Stern BRI 7 141
PAAIT = K F INSEAN Hiff 58 BT i 7K P AH 24

3. S T AEBOR T NS AHER IS N EAREUE AR, AT T A ENR AR B
TREFECE PR, MR Tl R RIS Z TR sh A B e R R ghs s 1) B e
ERERL, SN TP IR A A2 S e FR AL T ml SER 0 T H
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BT BEHFEMRBSRERIT L

AEEFENE T HT ESMEEORBIRAIKS) 15 K i# 45 naoe-FOAM-SITU ]
FEARKI G BUETH R FTR B R ARBUE 778, CA R E TP R IE X B AR 0E 3)
[z B, i IR AR 4 IS B0 1] R 3E 5 iRt B e R A TSR RS T 12
AR E IR o

2.1 RIRBEARELR

(ﬂaoe-FOAl\I—SJT[T)
|
¥ ¥
( OpenFOAM ) [ﬁamgiﬁuj —— RHEYG
| | . N

— — ] ( e ) [ﬁﬁ;‘ﬁx](ﬁﬁfﬁiﬁj[ aiton | ((wsow ) (aeow )
' [ E L — 1 1

(raxs] [ oes | 1ms | (miee)| (sme) (merc) [;ﬁzs%] [t ] [ s )( mess |( ovmmmon

S —
[ TR J [ — ikn

¥ ¥ ) ¥ ¥ v
[@iﬁﬁ][m&ﬂ][%m][ﬁmlﬂﬁ](zﬂ&ﬂj(ﬁﬂﬁﬁ]
M 2-1 naoe-FOAM-SITU K #i% % # KAE42
Fig.2-1 Framework of naoe-FOAM-SJTU solver

AR SCR AR HIE TR CFD “Ff5 OpenFOAMPUH EFF K ) naoe-
FOAM-SJTUPZ O ME LAl SR i 2%« 12K A48 5 F-/F OpenFOAM-2.0.1 fRA 4TI
K> Lh OpenFOAM KATHRH P PIABL K A4S interFoam AR, JefamA 75 T3)
AR RGO 7 B B S s R A B, = 4EBUE S A I B, 4> 535 (DES)
SRABAEEOOOT 32 NG MW A R SR A P8 100), 8 5 P AR AR 22 2132 3))
R, TR R 13 T K 2 B0 M0 5 e T RE /K30 72 1) JUE 75 1) CFD 4UE K fif
%%[101—111]O
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AT JFOR R EAS naoe-FOAM-SITU FIFERE I, FF &k H AU AAER I IZ B2 )
B, S2El T UG T B AL waves2Foam™ [E] JE AR iR 2% (0 45 &, MR 1 3&
TRAFHBIFEANERIIZ S, LR AR TO0 T B B AT AR IIZ 3 1 R AR 28
SEREPSRAFAS IOHEZE L] 2-1. SRARSS = BN AR AR S PR LS F KB 1 0 8,
IRIEHITRE N TR T3 RANS 772, R EHCR A BREIE, AEEZEY
KM AES LR, B B S A N TR VOF ik, R4
THE A I BUE SR g T

22 BFRBIEFE

SEARBAE A o AR RS, E BTSRRI VOF T, it
AT EE T ABL, 33 I 7 SRk L b B ks 5% D T

2.2.1 RIEEHISE
BB HE A, AR S 5 RO AR P AS AT T ) RANS 72

V-U=0 (2-1)

a‘37”+V-(p(U—ug)U)=—V|od ~Q-XVP+V (4t VU) + (VU) - Vg + F, + 1, (2-2)

Horpr: U ARSI b WA BTl 37, Uy IR TE P RS o 1 I8 4% 32 B i 2
Py =P—p9- X NBNETT,  p APIAHRASE  FRAA BGE AL (G iR &1,
PEW T — VOF J5iEN 4D , g NEIIEEFE. u, = p(v+v) KRB BB TR
P, vFRIRISEIRGE, o FORWREEE . f, RIS I, £ T BRIV TR
2.3 7,

2.2.2 BHE#R VOF 5%

N AR -5 I AR U ) — KR G R AR B I PIARTL R, R B2 K3 7
F r) i RO ok HAEARER A (). AR (VOF) J& B AT 1A BRAAFRIL
CFD 3K & BOE ) CFD B b SR A PR i) N 5o 2 K52 — o SITEE
Sl I AR T G B B R AR AR LU o SR G — i R R AR AR TR A, Herba
WUETE A 0 3 1 2 (8], 0ARFE AL, 1 MARFAK, T 03] 1 Z[ENERIENE

2R
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HEA, B . PR, 8RR 9028 o (AT ALK AR IR R e — PR Aa s, G A i A
VPS5 AT i DAARRR 3 BOR BT, v B dsl o (A 5 TS RORG 2 mT DL S 1
p=ap +(1-a)p,
{ﬂ =au +(1-a)u,
Forr,  py A p, 70 RIS KRN RS B L,y A0 g M /KA 2 R JEE
K F VOF J7 3242 1 F T A0 B30 A0 28 21 1) i oy 0 B ) i) R R AR AR 23 B0 )
SPPEE, G SRER AR FE ZEIROR, WKFI R R FELL L)y 1000, XMHEALT, —
MNEUNARRR 7 BEE R ZE R 2 SEUR RIS HE R . RINHAR 3 207 H i
2R AR AR 5K /7, B IS RS EAHIE, —RIGOLT, PR 5T A 1
FARIE JUZMRED , IF B 5H85 B A I 7 A R Uk . BRTCARZ R
B VOF J7i%, BUesRENRSTE, (RN E RE CRUEAS S AN S a1 o

(2-3)

822 3t I8 KO0

Fig.2-2 Discretization of the solution domain!

112]

AR OpenFOAM HR EE A A N LIESE B AR AR A F VOF 7% (Volume
of Fluid) MSRHFHE H M. %775 N T — NSRRI, A o] DA N
FE4H (sharp) FUFETH . IX PPN TR 45 AR 575 8 Ja 20 B SRR g 2 SRR AR FR 2
Hania e

%%+v(uﬂ)=o (2-4)

8(161“) +V-[U,(1-a)]=0 (2-5)

FoA AT g TR AR KA 2 I ABGE AR 2 SR E H T A3 AL 5 AR AR
oA BB DTk, A BN A O R m] LLRAE N -
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U=aU, +(1-a)U, (2-6)
A2 2(2-4)n] LLE B 5 1
%+V (Ua)+V- [U a(l-a ] 0 (2-7)

Hru, =U, —U, WXL, 58 ON “ R o 2 3P I 46 30T 1 el 28 o i
5 T Ak ) T P B OROR A (LIRS 2-2) -

U, =nminfc, 2L ['¢'J -9)
| IS, (IS

Horb, Thr f Ronmisoc LB E, gtilE; S, MK AICHARIAE, S,
RS T A% T TR C, RS R 4G n RALF I BRIk, @5t

FR R T PR AR 7 S5 P SR A

n, 2&.8f (2_9)

(Va),
AR 6, R SE RAEL FAEMAE I ABUINE, 52 ST

&

N Y
(Zvi/Nj
i=1

Ho N AHHEB SR, ¢ ANSEL XERIIx10™ . X Ph B HOR i 77 2080 fa] 53
A R mT SE AR e 1

PR R GG VOF kY e i A N TIR4E 0¥ VOF #iiz 712, [, A
T R4 AN AE B EH 96 B AR A, 2B B B T R AR I AN 32 82 e, XA AR R
A LS BUE FE RO A BOE M B R TSR RS, WM B R 208 13 mki 2
K FH B BRI Bk 20, W1 FLUENT AR A ) CICSAM 4% 3K 1% 77410 BAAR TR
FEREGN SR i it #2 v LS B Gk ) BT OpenFOAM. AN [R] ) R AT WA A K oAt A
RAHAT T — R0 VOF FiERoodE TAE, YNGR AT DLZ: [ Skl 141191,

SR (AF(2-2) FHIFRETK AT T KSR AR AR AN S8
FEFE), HAMARIEEAWT:

(2-10)

f =oVa (2-11)
Hr o ZHBHEPCEFY R, B m#RE SRS
Va
Kk=-V- 2-12
[|w|J (12
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ARQ-1)H Ry 7K SR g7 XS TR sk &0 2R 8, X BLR ik
J1ZBEUN 0 =0.0734kg /8% .

£ OpenFOAM 7E AR A SR (1.4 3] 2.3.0 fJRAZ[E]) , X VOF #iis 52
KRS ARMRMTTE, X CFL &4 A BRI EPRARDN, R fh i 2k
fir 7 At EAMN K . T OpenFOAM-2.3.0 A TF4E, 51N T Fitftie K2 pa 7
7% (Predictor-Corrector Semi-Implicit) , BIRfFEFEH, HCMRIEZHUTH VOF 77
FEHATBRA T R, SR E T — 25 B3 MULES A8 1E . X P75 sURE 5 75 45 K 1 e
BIECE DL, PRUESUE TR AR e PE AN S0, DR R 1 v B T B rp TR ) 2
Koo AT E AR o AT 98 SR — T B TR R K 2 A S A SR R 2S naoe-
FOAM-SJTU F+Z¢ B A ) OpenFOAM “F-& (FLETH4% % OpenFOAM-3.0.1) L
K, AT HE T+ BUE AL T SR

2.2.3 IR SR

EFRHRUATE TR RANS HHEQ-DFI2-2), HTHE N ERIE T,
HEANRERS BB R MR, o KSR i 7 SO @ % sh & 5 FEECER S, SR i PR Sy R ek
SRR RAE SRR shE TR AR (Q2-2) AT LS E— 2 B g =
HU) Vp

a,U, =HU)-VpeU, = (2-13)
ap aP
o
UO
H(U):—ZanUn+E (2-14)

H (U) A S R 58— TR R AL 32 F) 28 80RE R v i 1) R <08 8080 1) 28 ) 0 2 3k 2 ) ofe
R, B8 ZI5UEL 55 o 25 1 o 8 T 18 JHL e A U 0 A &%l o 0
ST I B HOUR AR LS 1E:
v-uzzf;suf (2-15)

o, s MM TR R /MU B T S G AR R &, U, WD T G R R A
AT () B JE s e B B SN B BT RE(2-13) 4 15 2
Uf:[H(U)j _(Vp), 2-16)
a (@,);

WA Q2-16) RN BB LT FEFRA S B I T7 1

025 W
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p p aP

V.[injzv(H(U)J=ZS[H(U)J (2-17)
a a - f

OpenFOAM H X IR T FEPIR A —Fh 7 X, *Fas @ —M K A SIMPLE 4%
s XTBRAS A @A) PSR A PISOUOSR vk sk i, thm] LUK P AP 45 & T2 X PIMPLE

AP

[ Start of time step j

Ll

simple.loop() End of time step ]

®true
v

‘ UEqgn.H |

!

pEqgn.H

!

‘ turbulence->correct() |

]

[2-3 SIMPLE # kit HiAAL
Fig.2-3 Flow chart of the SIMPLE algorithm

BEXT RS H LK) SIMPLE S92 m] Y M A 55 e AR P AR BEL SR AR (I8l 5E
MR, H A ZORAFRURE W T 2-3 0 TH AR —AAARR 7 WA T, B BRI T

D) WETSEILF KA

2) I B Bl BT R SR R A 3

3) SR T IE R

4)  SRAEIE )T REQ-1T) AR i ZERANAA 5t 2% F

5) fZIEiH T E i

6) ARIEHT KM K S 1I B 1k

7y EEARRMERE, REmiRAEE R (I 2.2.4 7

8) HEE FRDREEERL.
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AR R, AP ARIESE MG, PR 4 A1 5 AT DURAEARIE B IE R E LR

SERAL

{ Start of time step }

UEqgn.H

"l
o

v

pEqun.H

turbulence->correct()

( End of ‘:;me step j

E2-4 PISO H kit HifAz
Fig.2-4 Flow chart of the PISO algorithm

H il OpenFOAM ] PISO LA FH & [ AL A% 7 ik e 207 50t EEAR S )
TR R T B S B AT RIS Tty ) TaRESEDL, I B =4k i

R E

OpenFOAM H 1) PISO Skt fE WK 2-4.

5 SIMPLE 5035 3 Z AN F] s, PISO BEAT Z i intast 2%, sh&EBIEA

1E—k.

1))
2)
3)
4)
5)
6)
7)
8)

TEAN R SR IRAN T

(FECRURTS JU

MRIE UG HII 37 S HOR A 25 B 20 8 07 FE 3R A5 28 — IR T4 B FE 37 5
SRR DX % T R G )

KR 177 R (2-17);

ENREE TR NG E=C ¥

FRYEHT SR B ) 3918 138 B 35

SRS, SRR T

MAIER 3 146 B S 48 € IR EL
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9) BENTNIFEZE, FEMBEE | HBITL.

[ Start of time step ]

Ll

pimple.loop() [ End of time step J

pEgqn.H

turbulence-> correct ()

4l
-

[2-5 PIMPLE # kit HiAAZ
Fig.2-5 Flow chart of the PIMPLE algorithm

f£ OpenFOAM 1, BFZS I, JUHESRARLNE M W AR L R A, 3l Rl i
PIMPLE SEKIEAT I IR AT HIK AR . 2SRRI R WA 2-5. AR H AR,
PIMPLE S5 Byt i sl 75 FE o] AAEREDS PIMPLE R p #RHEAT SR AR, R Al LAk
B R RJE MBI EEAT SR, B0 AR iR TRE R GEOR U, T e 2D K
Bl ATBVRUETH SB[ BeAT  ZAE AR PIMPLE 634 &0 EAT Tiii
B IESRAE, XAt R] DR w3 NI M THSRRCR
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2.2.4 FRIER

H AT THE A )55 R F BB AL 72 32 2245 9 = Ff: DNS (Direct Numerical
Simulation) . LES(Large Eddy Simulation) . RANS(Reynold-Averaged Navier-Stokes)
=N LI hRAE & BRI R, WK 2-6. HETHRAR] OpenFOAM
Pefit 7T FIR R Z BRI, B S ARG, S RANS J7 2 )i 5
AL FE B 7 FEARE Y1) SpalartAllmaras (SA) FEAIN221 7 FEAR Y o (bR v k — & HRTRY
U231, PR AE e FEtl B SR RNG K — & #8414, Realizable k — & fREAN2IEE, 5y —A
F P 7 REAR Y R bR A k — o BT DL R AE B FE A B SST (Shear Stress
Transport) k — BRI, He B ET THER & A Z 12 SSTk -0 AL,

Kt T7% (LES) , 5 RANS J772:R FH IS 8] ~F- 1) 77 20K AR 0 AR 52 DX 1) 5 5
it 7720 LES Jrigiad 2% ) RO (U8 B30 #EAT RN R I 3, RREZRY
AT DL E SR R T AT, /N RUBE R U A E S R AR . SR A LES J7i
BEATHUETHE N, W EOE S, MRS BN T R S R 2, 1T BRI (R 2
JRC A5 L IE T

— Injection
v AL, r_{{ energy s Dissipation of
/ = [ \ S energy
1 \ g L ;
- _~ e Dissipating
f.z}rg('-.s'(‘a!’(' Flux of energy eddies
| eddies —_—
Resolved
Apys
Resolved ) Modeled
‘A.’,E\'
Resolved Modeled
—-— o
Agans

B2-6 TR 75 ik fRAT s iR i e RO
Fig.2-6 Resolve scale of eddies by different methods

ELAEBUERAUTTVE (DNS) Xt shiz il 7 FE B AT BUE SRR, A Rs BN
WA, Rt 5 AT AR /N RUBE R, DRI X = TR AN 8] ) 70 F i ZORAR iy, 1155
AR s H AT 5 AGE A T 8 T BRI ) o] S i i 0 o

MR AR5 e AR IR s, 3RS S AT e vl T i LA R RO R ST A
H AT DNS A1 LES J5AIEANE HI T 5RARIX IS8, A 110 53 32 R i sz il 7
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FEIPROY RANS J5 e, S R R A A e 7 FEA R, i Menter $2 Hi ) SST k-
RRRUST, AR S5 T ARt k — o AIARAE k — e BEBUHIAR £, 2 H AT CFD i i 5
S A2 s A

SST k — o F5 4 F) SE I A2 S 1L K AR EE Y K — oo BRI AR HE k — & DA B VR 45 BRI 2
Zia Bk, RN R R A RIE A Q2-18)FiR:

ok 5
ngV-(Uk):G—ﬂ ka)+V-|:(v+akvt)Vk:|

(2-18)
%0+V-(Ua))=y82 - Bo’ +V-[(v+awvt)Va)]+(l— F)CD,,

Hr, ko5 BIRAEGZ) REFIFERER . FONIRAREL, di & R 40n] DAL BLTE I BE
T AL R IRRE K — o AR, 110 28 B AR X IR A k — & 1R

2.2.42 IREEMEALTE

BB AL, T fer A 25 A B A A B T BT R B A2 e 73 45 BI0RG 1 At 1) O B T
[, —MIGOLT, AFENPRBIAT LU R )Z o  Z A0 £ 3 = 0200, 4]
2-7 PWise TERGVIERZR BN, G0t TR IAL 5 R FE U S BT PR 55 v+ 245
PER AR

Ur=y* (2-19)

EXEBCRZRE T, U5y M ERN RN R A&

ye () (2-20)

K

Ho, Ur=U/u s y =yu /v; u =r,/ p NIREIBIVLESE, « ZREGRITEE: o~
YRR BTN ).

12 5% 2 W B BT 75 20 2 YT B I B — R A s AR R E 2 N . T
REYECZ AR, X EE SR TE IR A XA B T I BE S y* <1. HHIEi e =4 RE R
THE MRS . B, XA KRS B TN SRR ALS . e TN A —#K
SR BRI RR AL, RO — R WA E T ECRE, XRT-30<y" <300, HILFE
fRTHE NS . BN, BRI MRS oA BT s BUE T R R e, R T4t &

30 I
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(R siode <0200, (R, B v pR B 2 I 24 R (19 CFD B{E TS, th A4
W S AU AR R T B0 5 3

l

0
10! 10" 10

1 l‘]: 1 n.‘

viscous sublayer | buffer layer log-law region
inner laver | puter layer

B2-7 R 2 NG9 E 5 RIS

Fig.2-7 Diagram of velocity distribution in boundary layer !

ubAh, it B 2-7 W DUR A R A, FEIEJE N, AN R M Bl R L
KEFZ, FEHEA NG TSR AR IR X — XA sl A8t . BRIk, {5 A AR
T R B RS2 A bk M R E B W EUZE, BN 2-7 TR AR A 2R A B A £k
I3

SR FHBETHI bR U725, — MRS BE T 1) 28— J2 10 WA N T B0UZ o T B [ (1) i 33
HE R, (RIS PF: BE R PR T8 BEAE B A A o T XA e 3 — SR 20 3N X 3k, 2 F: 350
sk BIECR R R 2 . L, ARUETHEASE, /£ OpenFOAM H, @it & IEY) I
5 JZ PR B B R FE v R SEBL . A8 TR B J7 VS AR A YRR 2 A0 4502 Hh 18] i — A
I FHEL, A&l 2-7 Flrs o FEREVEIR 2 0% 3 W2 7(2-19), X R = A1 i 58 22 D (2-20)
Fr~. ik, RIS S .

187]

y' = (2-21)

Hrh, =041, E=9.81. B HFFEQ-2D)ATLREIEFE Ny =11.53 . SRIG AR
BYRRE LRy

1E

y'=p"y > (2-22)
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SRAFE TR LA S8 X 0 2 St sh XA i sl X35, A2 J2 00 X T s ks B 2
11 T PE R B0 X I P T sl L v, 383 T 2R A5

A S i
Vt_len(Ey*) l.OJ (2-23)

2.3 AR ERAXIIE R ARR

ASCFK F B7K 5 175 FE R SR A#E 28 naoe-FOAM-SITU 13 7 H ¥ K = 4: 80l
BEIRZK WAL LS493:94] (B R 5 B4 H )2 SR g s vh O I = 4G s P 5 T
U A A B 77 AT I I« AT B R E N4 — T SR AL TG ITE, R G
FELHN T — T X R R, A R SO F B TAEZ —, BRI
it T H waves2Foam®145 4 %] naoe-FOAM-SITU Kff#sH, MIMGEDS SZH E AT
RAAE PR HR 3 02 20 1) ELFEEUE AR

2.3.1 RN OEFIRR

AN GG T, BB N F1 AT 72 iR 3 3 AR R 7 Ol 7 2%
i, RIAT SIS R RIR A B AL e 207 IR SR LU AL 5, e 7 8 I A M i 0 1
BRI AR G A HERR B TR OR SEBLIE B, PRI TE 1R AR P T R B o T 5 5 T #
LTS

2.3.1.1 IR E R B R LEH

FN D& PR ) 3= ARG g5 M W 1] 2-8 B 7~ « waveMaker 2506 G T BA
[FREIR MY, 16 58 T RESLFBTR AR NIEe « ANFIIUIEE, P AR AR AH N R iR VR B 1A
R IR0 R AL T AR 4> B . waveMaker R & —ANE [ R E G PR 1) F
Blo Mg ER SR MIE IS — N 5 3 2% waveTheory SR H, 15T PSR FIRA HAH
KT BT A F B g P B, I HARE SR — X %2 1 o H i = 4E3UE G B
A DASEEL IR R AL HE— B Stokes 3 (RAKFIFRZKD bl SRAEW . AL
Z (Al AR S o LEASKUUN G A b iRl 7 2 Fhipi s g, s, P-M i, ITTC
LS HAEFT JONSWAP 4%

%32 W
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[Velocity BCJ [ Alpha BC J
N

waveTheory

e TN e

[ Stokes First ] [Stokes First in Deep Water} [Stokes Second] [ Irregular Stokes Wave ] [ Daresctlonal Irregular ]
tokes Wave

B 2-8 HALE AL A AAE 2202

Fig.2-8 Framework of the wave generation module [¢?!

waveMaker FR 5 B2 E G PREAY , ARAE 0 R IE e BEE , TH G i 5 b
BEU(u,v,w,t) AR K o {E, FFHAGBLAE NS — A 2% (Dirichlet) 25 F%A
TR E R 2. X HE LB Stokes ER/KEAB], N2H— T BAKKIBIRN HAFAFH)
.

—Ffi Stokes FR/KI HIFRIE AT

n=acos(k-x-wt+ )

u= aa)e;<Z cos(k- x-mt+ ) (2-24)

v=awe“ cosycos(k-x-wt+5)

w=awe“sin ycos(K - X - ot + &)
Horpr, p RAERGS, uv,WwRERAN LT EHEEEY), k2SR, FHAaEA
WBHITT R, & AL, FIRIESIWIARBIE IS HL T ¢ WRASHERI T, Wy =0
LR,y =90 AR LA,

FHEE T N AR 3 B0 oA, AR B a ESE NS 1 BT B B A8
5o A BIEBCR, KGR 5 G BT AL B . an SR SR o T TR R AL T
Z b, Wa=0; HPrAMHATISAER LT, Ma=1. HEFLFHIERDE o
Al LLETE T 2R

a=3 2-25)

Horp, s O IR, s, ARIZI AT AR AR . 38 I Al fi] 5 g A 2R T 3
A LSRAS A 5 Ak AR 5 B H

033 W
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2.3.1.2 BEIH R IR

PR AR5 0 AR ) b, B YR K FR TR AR B B 1 AL — M PR AR IR, A
T TH I A BB = AT, s v SRR R, DRI SR T R A TH B hRE . AT
WA T A FAFE SR BRI AT IR, UREALTT & 1 = 4EH B BIR 7K H R %
Bigan)Z N7 . FEREE AR 7R (2-2) R — AN B R £, %I
A PARIE N

—pas{X[XSJ (U-U,) 7EHBIX A

S

0 FETH P XA

fS(X):

(2-26)

Forb, VHBHM x SEITUREAER]: L RAETHBAFEERISE o, BRI RS &
T(2-26) T AT LI U, T PRUESE H VR0 ige EEAR TR, 2t i DR ok S5 A v i
PRI STE . RITSRAR A% HH BENS 18 £ T B XA AR LT P Rh . B 2-9 25
TR ORI X B E, e 1 I X AN [ B ROV o A4k

)
o)
/\/ é; ¥4 Sponge layer
= —
=]
— =
Head wave 2
=
=
&
X — X,
Damping factor -Pﬂs( T )
] 1
0

O ( X s '0.5) X x'

E2-9 465 H K KA A S TER

Fig.2-9 Rectanguler sponge area and main parameters demonstration

2.3.2 XigERRR X

DX 3532 3¢ 5 2 (R JEN 1 30 536 I 05 1k EL R ) X ) gl i AN UAN 7 B F i
P, RN I 75 AR 58 B X 380 B A i i AT i o B ARSI 5 378 i >R IR st

34 T
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X35, PRUESP A T AL A PR BT, (R I B S 1 DR 1 55380 PN 508 (R 30 VR S 3 A 2 %6
PN AT, X TG BT IR A A B

TR P T B AL waves2Foam!® 1R FH A it 33 AR A2 X Mayer % AP TAER R R,
KA Fasth 7
exp(z2°)

—m for Xr E[O,l] (2-27)

O‘R(ZR)ZI

SR JE At X S B9 4E B AT DU LR 7 23R4S
¢ =0 ¢computed + (1 — Oy )¢target (2 -2 8)

Hr, ¢ R E, o LLREE UBE GRS, BE 4, 0w SURER i X8
[ ERA Bt X IR A8 TR GE 2R FF o = 1.0, BB IEATT LS BRI 2-10. #A% R EL
ag AT ag(0)=1F " (0)=0, {EUFTHIFRT SR8 AR 2 2] 7 =k 2
oo, BlaQ©)=0, HHRIETXMERCEEWIMETHERE. BT AN(2-28)
PAK ] 2-10 AT LB Y, 7RIS 0 FHAbRA st RECH R, RIS 1% BBR B BT RN,
T 7E R it DRI ERA 5t X R A8 FAbFA St R ECH 1, BRI 6 25 THEE, M
TSI T AA S X A 5 AN R s X a  se B I . TR X iR e AR el iiE
BEIX, TEH DAL REE SEEL A AR IR, M 5 T 9% 10 E

xp 0y =]
A A
N ] l 4
XE { \ XR
—0 0 >
1 0 0 1

B2-10 B KAHE R 2@ R K a, REE g, 09X 7P

Fig.2-10 A sketch of the variation of () for both inlet and outlet relaxation zones

HAT, iz TH A AT DLl 32 PR SRR ot X3, R X Sk Bl A (X
sk, DA P AR DX Sk AR AE T B o AN [R] R ot X 45k P9 AT DA SEIAN [RIHE 2 TR B i
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oMbk, FABIXIEAT DUE S E (frozen type) FETHHEIBAIHE— X, RIFAGH X 5
PRAZIGHE N A R E , 1RSSR, FAsh X IR 2 A0 S ERE 8l , X R T7 d
TG A I ER I\ 32 SRS AA [R) IS 76 TR H s B0 I BB, (R B X 2 A e it
SCAE SR A2 Hh 5 NIX P I 77 = R AL

AR R A waves2Foam X B X gt 5% 77 sUEAT IR a0 1 AL A
B\ IsEh BUEEI, BT EHTZ TR B KRS R TR K3 )%
KA #% naoe-FOAM-SITU HIH R4 A - [\ 2.3.1 TR A B £ & 1id St A\ ik
WA g — 2, waves2Foam W& 780 M 1 THIX 0T R OmAR Ly, 2 s ST (1)
J libwaves2Foam.so, & & A 5 B 18 DL AORH 2 R st SRk AR ot X 34545 . O T
[A] naoe-FOAM-SITU K a3 5E e &, 75 BAEVIUALIZ 8 A creatFields H HSE4]
b—> relaxationZone X R, KT E—TH 1) waveMaker X 5, AJ LASZILHE E KR
R A B, SR G E SR s 0 F A2 B B AR H IS R b, 7258 i VOF TR 2 ),
AT PIMPLE 1 ¥ 2 17 ji Ji0 A 5t DX 385385 38 555 B 110 correct() BRI, AT 56 B TR 4 1) B
Bro MELSGHATHEET/AENE 2-11.

5e A waves2Foam [A] naoe-FOAM-SITU Rf#gs4E &6 bR )G, 1E
OpenFOAM ¥ & AT H0E 56 B SR AR A (1) 3, AT AR B J kA T R TR | AT A
ERONVEBUE LI 75 SR Af 45 -

MiGIH=RTEE B {k relaxationZone X1 5%
createFields.H
relaxationZone relaxing(mesh, U, alphal)

Y

K T2 P hE A0 E K R 3
naoeFoam.C: main()
Relaxing.correct();

Y
YRR B RS ATEESE I R B waves2 foam iR 3 B
Make/file($E#EL3CHF)
-I$(WAVES_DIR)/src/waves2Foam/1lnInclude \
Make/option( 515 & I E)
-L$(FOAM_USER_LIBBIN) -lwaves2foam \

E2-11 waves2Foam ] naoe-FOAM-SITU K fi# 2 &9 25 &7 X,
Fig.2-11 Combination of waves2Foam and naoe-FOAM-SJTU solver
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2.4 EBME T AFBRIPWZHIRIR

2.4.1 EBREGE

B WA TR B 1 B AR S AT B ) Rl 43, T SRRAK AT DL A
AL AL 3R | ey AR A Y i s R @ Y vl T R e A Bl e R = i 7 g o = SU R
BT EEEE M 2 B RE S (Domain Connectivity Information, DCI)
DCI 15 B8 1 AN X A& ST S8R, LS 5 A& 4 8 I 75 1 A& 0T
AR EA S S . BB BRI R B B A A L 2-12, Z &Mk (Al 4
FLHIG (Fringe celD HHATHIAE BACH, TE1HIT (Active cel) Z 5Kk, &
I SR TT RSB T ] AR R TTEREEJG (Donor cell) il S iR AEHEEAE B .

¢ zia)i 9,

Donor cells

Fringe cells

Active cells

H2-12 TR TER
Fig.2-12 Diagram of overset grids

AT RAE HL B R B ey DX BT ) S 1 HL S DU AR T 5, XL oG
IR B WA R ) B O A, W AN T IES T AR R STk T,
BB M TR PR TR AR T, T H T (Hole celD f&AZ
S NMARTT, TR XIS SN fEis s 45PN S, TS S SR PE A A
PRCIX L BITNTR BT, F5h, A S 5T B S XN B RIS Tt S A TR
FI0; JURFTT (Orphan) J& Z 10 5 FIC AT R BITTRR L TT B2 gbric ol e
76, B, Bt MRRRINIL AT A B PR TSR AL 8 2 A LT
B, e IR BT

37 W’



9w BUEITENR S YT R

Kl 2-13 a2 7 — NS, R E MRS AL, 2 ) D B A B R A
(Cylinder grid) 175 5 P#% (Background grid) o B4 BB A 2 5 2 A 45 44
A, 5 55 WA TSR FH R 2 R0 ) 86 R A A o e 00 ) v Sl s KD TR A DX 6 e £
Pk R0, BT A BB ASSK B RS 57, TR AT 3 B s A3 S B8 T
PR, 3 W PAL SR (R R EA MBS stPikgh, A =FonklY, a4
TR EOFR IR BIR BRTT, FETS SRS TR AR Y AN TC F I S X SR ORI I At
LTI s T S ve sy L S Towall 1= = B e N b S R N R S G R R L
B AR IEES S5 ERES T,

Cylinder grid Background grid

FHEH T

Hole cells

Fringe cells

Active cells

B2-13 & & KA R %)
Fig.2-13 Example of overset grid applications

AN ) 22 E B A 2 TR R4 (1 5% R IE I THE DCT B8 58, AR h ik A
(1) DCI #4572 H SUGGAR++URR 7 K i+ 558 il o 1A 7 2 £ SUGGAR hiuAS B filf
TR B R RIS, H ATt O SeBm A . Befg FH T 25 A0 A A S5 A 10
TR, [RIR SZFECLH T AT (Node-centered) A7 fifi v B AN LB G A0y (Cell-
centered ) NAFGEAL B PIFIAS [F] A8 BA7AE 77 2, Rk, 7] LA 2 55T OpenFOAM
T IR LA TG H O L ARG A% DL BRARFR 75 15 B BRI 7K 3l 1) 5 3K A
ARIER

SUGGAR++3Kfift DCI [k FE 5 NI/ 5 3%
1) EAERPATIZIL R, B FhRic i 5 o0 AR E i/ 44 00 R 000 75 4 - 40300 5t

I B A AH B BT AR Vi ST
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2)  BEATUTER TR S, ARYE B AR IS B A BT T3 A A R TR SR UL T
(RIFK DR LT

3) SR ARM ARIEIE T (3L SR STk e AL B, AR T T A SUREAT DTk e
TC B R BRI
i TR T BRI E R G o, FA A R o, N AL -

Y-l (2-29)

TERUE R o, WK AR b, A =P Rk S5 —Fhordkemia i, Ra—1
TR R T HAE REUE N 1, Kl B EmR s g, itk A EH
FEIE, 25 518 BUBOR R 25 5 b —Fh 7 TR 38 120 5 . 50 31 ST ik B e HhoC 1) R

BIBOR K 154818 2% (Inverse-Distance Weights) 1321, B[ 5Tk B A0 B i (R 32

FrE e ORI, AU REOEOR, XIS VAR TS, H %7 R RS

[T OG5, RIS FEA A Rr s 58 = Fh 77572 Laplace B ¥R J7 £,

FHECT 28 —FhJ77%, Laplace B 75 5] DA B 2] 1 DTk 5 7o A3 588 7T 2 i Y

Tr R, BA SR ER T, A SO I BUE T R XM E R BRI TT

o
4) DCI 5 Ja— 2% ES XA . X —P o E i S UL #c,

TRUFBR R C R, RSO, MR,

SERL DCT B vk LU, 28 R8I TAEE 2 Wil s23l DCI 1H5[7 CFD il
THEBRER, SEUIHAT O X0 0 TAEELE R S BIh #- 4T 7 VR4
(A, X B R AN A — FHAA . OpenFOAM sz it H A SUGGAR++HAT )
1S S DCL R IFAT LA 2-14. tHE -, Eeskd# T DCLiHE, RIS
THERE, TFERZ DCIER, REHITa— MRk E, BREEE T, Wik
WNBHERZS), AP RTERE, ¥iashE B4 HsS SUGGARHIHRE, #HTTF
— I ZIH) DCLAE B 5, antt B B RENS 56 B = 18] i ROFAT T 5.

K S A TR AT R v R, 75 O S HE B FE FE AT A2 R, AT 58 ok
TARTIA IR AR o X 4> 75 EXF OpenFOAM A (it shd= i 7 #2 . H I VOF 2.
T T S, AT E S SOE . FEB BT R N S BOE AT B A e, TR
TORT AR PR RSB VR, ARSI SRR TN N AR O A v T 3fe DL — A Bl ORAEL,
A E T 2 SRR T T RN, Sl B iR B G U AR 22 88 40 o e A PR 1 50 1 A
A AL SR AR s B3,
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RN e | R
| naoe-FOAM-SJTU processors | | Suggar++ processors :
| Initialize flow field I Initialize DCI |
| v . v |
| it=it+1 4—— | | it=it+1 4— |
I v | 4 |
| Move Grids | | g Receive Motion Data
| ' - ' '
| Receive DCI d======= T- -l ------ | ==his " Start Suggart+ |

! ; |
| Solve VOF | [ l |
| ! | | i leed SendDCI

: I

| PISO Loop | | l |
| l l I § End of iterations? —— |
| Solve Turbulence Model l I f o |
| .L | [ Yesl |
| Compute Forces & Moments : | § End |
| ! [ e N J
] Predict Motions  #====< | [ ROTETER d
| }
| o
| End of iterations?
I
I

Yes l

End

2-14 OpenFOAM % 3%+t H A= DCI 7+ 5 69 H 474 X,
Fig.2-14 Parallel mode between OpenFOAM processor and DCI processor

2.4.2 B IET]

Z JWRIZ5)) (Hierarchy of bodies) &L 2. AEHH FIAC A8 3 B BB AR
AR SREER , RIBR i S AR A iz sh i1 Wik, T DAAERGARRE T 7N B H LIS
PRGN b, SRR E B TR E NI . 2 RYRIEsh 24, R gONHE
R BRI S MU I A ) TS S A o 28 — AR XS T LR 15 SR e 4T 75
MAHERES) . 5 =JONRRANE, AR T ARIEsh sLizsh . ok, AT
SEILAR AR NS5 R MR B s S B A, FE P sevt rhmT DLk 58 — B %, Be
W ERBE S — P IAMA — i3, (B AR KAENRE. BRMEY ez, ‘AR
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Pt R A KT T Y FRIE 30, AT PRAE TS S AR AL 7K, SRR B b e A A%
£, R VOF J5 AR 1R AT A =

K EL B WS T IR AL B A 2 IR IB B, B e AT B R E N A 722,
115 18250 % 5l B v R IR P o 3 B DA IR e 2 s e i dz sh o il (LIRS 2-15) , o 4H
Z HRIE BN I SE BT AR o A% 182 30 B S8 B = R IR e AT AL B8 70 I 45« iR e
AFERRYE A FIRTARIE S 2, AT DAL IS 58 (92 28 (IR e SR e . i KA AE S
JE55) , GEE R MEAT B S Re 2, iR RiEn], BB shis e W,
TN HEEERE, EIRRERARE e AR A bR A TP EEAT Y, T
ARAERAR R T

%T%EV&%EW@H% W F 2l B A 55 T Buler F3RIAR 17N H B IZ 5)
BRAKARAS 2 IE B 1E -

UL'“F#T1MLTU“*”
“ﬂm% b L

H2-15 #5 R A % B KEH) T & B

Fig.2-15 Diagram of motion between ship-propeller-rudder system

THE PPN RR 2R, RRHARAR R (BRI AR R 50D AR AR FR 3R (B AR
AEBEARAR R D o DA T SRR N H 25, B e B TR R g, R
A2 BRI AR, BT X AR I R AR AR AR KA R RN, DL 7R ZEARYE Euler
PSR HIERE R R B I T e B BIM AARAR 2R R, SRR SRS B S 307
R, RIVHR S A 52 313K 2h 7 AL R e AN E 71K & AR H M i iRiasl, K v g
FE52 11RO T 7N B B BRI PR A
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U=X,/m+vr—wq+X,(q° +r*)—y,(pg—r)—z,(pr+q)
V=Y /m+wp—ur+y, (r’+p’)—z,(qr - p)—x,(ap+¥)

W=Z /m+ug-vp+2z,(p*+9°)— X, (rp—0) -y, (rp+ p)

pzli{Ks —(1, = 1,)qr —m[y, (W—ug +vp) — 2, (V- wp +ur)]} (2-30)

1
q:l—{MS = (1, = 1,)rp = m[z, (U —vr +wg) — X, (W—ug +vp)]}
y

r'zli{NS = (1, = 1,) pg = mx, (V = wp +ur) — y, (i —vr +wq)]}

z

PRAFAAR IR 5, 5 ZAR G BERT AR ARAR RTINS B B R . 2R 5
R 2 R ARAR R T, $ZIN TR A3 2R — AR5 AR A A 35 M SR A
R A« SRS ATE R XA MR A SR AT O A 28 25 TR I 3EAT P R AN e

1 BEAT S SRS (R 2l o KRR SC B ) B 0 75 B 0] DL SRS 2 iz s, &
RGPS R A ARt B Bz sl i 7, U AT LUOE e e AR BR BE A AT A%, X
PRSI AR K — 8 TS D8k, T TR . (B 2R I2, RETH
SRS RS, R AERR ] H BR R AR AT 1 T v L A RS Bl . SR S RS A [ E
(K1, AT AR 5] .

BEAL, 2T 2 A IS B TE T RIS T LA 2 2 A A (B 7 (A )
ARG, JF HARERAGAR (Z5%0) mT Lt B B BRI RESER% s AT D -
e, AT RDMRKAEEE B e H T CFD J5 v SR AR A A -5 e TR Il R A v

2.4.3 RYEFHRIRFT &

WAL T B PFA N E B MR TR DL 2 RISk, m] AR T (3t Se G
ARERA RIS . X T AT ARIR A ERE PR UL, I8 R Mg T By i AL Z 2
wIizal. BHREEE. R REFESE. v s BUE T BRI K iz s, i
TATAA A AT ARG E 1~ HLBHPEAN B RF PE SR 5O I ER AL RE , U TR ZETT A B (10 A AR
RO IR, RUE I RE A R H], SR E A AR RIS S B E AL

H BT7E naoe-FOAM-SITU Kfgas i 3&ah b, 7€ B 1 A FDE X Iz sh e A 4%
flaRBeit, PR U R R A, RIRSR AL T Z RN B ez
ARl A I ThRE . H AT AGANIR A B 38 A A 2-16 HRELRAE A s, B4 [ 2
fE CH T REARHEEBUERRD « Z BRI HI 35 B b B Ee 2] 4% DL OR37 25 1)
o NIHPREVELHS N ZHAS I 98 S0P 3 BT R S B BRI A2 Rl B e
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6DOF Module

[

Overset Grids

| éfTAL\

wans| [vor | [ Tieree oo
bt
| [————————————~— t-——-—-——-——-"=—-—- |
Propellers | Rudders :
1 | SRR ! |
| | | I
Pl Controller Fixed RPS : Static Zigzag Turning Circle Heading Control :

E2-16 AEAa#R A I=H] SALRIT R

Fig.2-16 Development of maneuvering control module

2.4.3.1 fnfafR¥FEHIRE

—RRAB DL, B AR AS 2 RE 0 ELZRMTAT, AT RE bS8 S i 7 R4 3 B0 R
ARG RS o fFL i B SO0 S IR A 52 281 J) Bl 52 28 I sl R IR 52 0], 2 77 A AN AT (1)
TR FEIZ Bl o BRI, G0 SRR 7E T B TR A AR ZEAS [R]3 0O  FROATL 1m] 8 A A
NFE AR SRR IR 2w PE RS, PT DUARERA I TRl 22 232t B R B Xt R AR 1 118
SCHEAT R IE] DR 21 28 0T % DA S SR BB AR AU, R I 72 Bh AL o

KT 2.3.1 T AAEREEESR, XBEZRYEE, FFERH T CHREF
TS R AN R g AR, 7N H H s s B TR A2 B A R RS IR A R e
MREPRAST-2, TR e AE X AT AR A IR AR Hh AN [F] 3z 3 12U IR Jid 22 B0 e
Bl 2-16 H RE A HEAT R B0 BT H AT & 58 BRI AN [F] 2 2R 1R 32 1) 25 o A3 0 BRI
FRPE A [F] B R 7, 83T OpenFOAM H iz 4T i i FEMLHI (Run Time Seletion, RTS)
K& A E B BN 2 IFERT R, AT 58 BN REAS [ JE 2 328 31 58 5

FURT, BF0 MRS ORI e b, B R FH BORE M 42 ds D9 — M AL IR f R D948
PrREIE B R, EAR R 2015 SERIAAH/KEN /1% CFD BFf 2 b, $t 7 B
REAEBR HFoL ) R FR RS, I BAE N T AR, A 8 SO & B A PR RF 2
Hil 2RI 1 SEIIZ R 0] R ) BB
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A, AR A AR IEE > PID B ahishl gkt T, HARemm
PR AT

dett)

5@=K@®+&qum#KDdt (2-31)

e() = p() v (2-32)
Hoob, s AR, K NEEBIREL K OWBUSEM, K, U REL, e(t) MBER
LA f S BRI A0S, NIRRT p) SRRy M. AR
R A R R R, IR FIR RS, K, WER AN PTHIE, £
SR R RN A P Fh 58,

FEVF R AT b, SRR A7 1 90, KA SRBEAE R AT e R R — PR H b
LI AR o R T AP FEE S I 20 O, BT DA R A R DS R
HEAT R3], R R ORBOAEANINF (825 4 AR 160 £0 1 A AT A0 7 OV . T
L8 TP 5 BT 12 2/ 38 1 5 PP 4732 9 AR

2.4.3.2 BRI IE BT 28

AR AR NIZ S, WS Z TR IS5 (10/10, 20/20, SRR 15/1 5%
), B HEEEIIZ ) WIE LA NLBARE 35° REMD %5 . B RTISR S naoe-FOAM-
SITU CL& 58/ T IX PR/ sl 43 1 &, 0 V28 B FH 21AH B2 (1 3 M08 B B E AL
%, U 10/10 Z TR B b fie A a0 =

min(kt,10), t, <t<t,
S(t) =< max(—kt,—10), t, <t<t, (2-33)
min(kt,10), t, <t<t,

Horr, 5(t) JSER e, k ARREMEEE, 8H 5k By o IEE S,
TR RPATEAE . B 2-17 25t 7 AL 10/10 Z T2 3h BT R A FORE A 00 1
2. MR RTLUE H, S MAiE s 10° s, AT E 28 25K/ ME M-
10° , SRJ5 MERAML ) M A2 S ) e ST IVE AR B K, TR 258 — I BB (st
Overshoot Angle) JGlr| R i3, HZRHIA-10° J5HPATHE IR, HET kS
AR IR (2nd Overshoot Angle) , UHBLAEIS, AEAASAENE M I it F2
PAZRIAT Z JBiEATiEsh, M E A Ra L PERe .
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. B (deg)
A
STARBOARD .
First Overshoot Angle. e10,
/
!X | _—Heading Angle, w
10+ : /
Second execute / /\
% Time (s)
\\ Rudder Angle, &
10 e y
A
\\ Second Overshoot Angle, a0,
\\ ¥
\ First execute
PORT

E2-17 $#8 10/10 Z F PG5 50 09 T 2454 A4

Fig.2-17 Main parameters for standard 10/10 zigzag maneuverl”

ETHURA KR A 10/10 Z JRIE5), 1 20/20 Z JEiash M2 s RfE M N 20°
B 200, kg AL

TACTICAL DIAMETER.

Distance

_ TRANSFER 90° change
thc1d1ng

i ;"_
\ .
r, |
'P‘x | [180° change

y,
N, » ® | of heading
\ /_I'I/{

-

o— Path of Midship point

ADVANCE

—
™ Rudder execute Distance

(e

Approach Course

2-18 & & = 44 A )

Fig.2-18 Main parameters for turning circle maneuver!’!

Bt iz sh B SE LB Ty 5, BIARSE T 28 B M K T R e &2 35° fie
i1, RGN AR [ FE T B VR I SE SE LIl dia 5l , 2 Z A R Il seia s, sEn—
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RIS (), BN EIRIPTAG R BEMEA, AR el — Pl % 2 K0y 360°,
JSLF 9 Bl g 72000 35°TRE IR AT AR EEAT B H [l B NI B S A AR 40 T s -
max (0, kt), & <35
5(1)=135 (2-34)
max(35-k(t—t;),0),t>t,
K 2-18 25 1 AL B o el e i gl v 1 3 SR AL S8, AT R S B B AL,
7 BT S 0] B R R AIE RURE , 2 BT SR A As T sk BIL 1 1K Thige » (E2 T i3
il A d T K ORI AL, A 1 8 SO i — R B i B LA AR
BB BUE IR KT R BIPOR T oL, X H gl 28 2 BTNz ahid 12
o [ B IR TR [ Y e, o B UM AR AE BOR TR B R R 5l , A0 Ras R 2 IR
TG, AR SRR ER BE AT RS T RIS B, AR T 557 AR 22 18]l v AR X I
gy, WIS B P XA IR ERBE AT e e, MRS 180° LU A SR 3 BUNHA J [ %
APARAERE IR . BRI, BT XM R, 0] A IR A S5 A (2 358 R AT 1A
ks, BIAEAS 15 55 PR 2 ERBE M A BEAT B 5 AN 5 132 Bl 5% P HL 5 M Ak ] F) 28
ZHIR AR, NI AT CAAE A R AE B BRI B ) % LU, 3508 DX IR TS 2R mT LA IE 3 A% 46k
B A4 [ o

2.5 REING

KRN T B TR R B2 AU 772 DA e R R R IR S
WEVE T REK BN J1 5 3K AR 2% naoe-FOAM-SITU &6t b, S0t AAER S S 78 BT &
F5EE IR, AHEE S M IhEE . BUEE R 75 2 H iz shFf gz
BI85 o

BEARBUE T VE P VRN A T AR TR B IR VOF 77k, 8% % i
FRELVE AR IR . P 7 R R 2 T W TR RANS 5 F2, B R+ R
A BRARFBUE AT 2 MBS HL, B TR A N RG] VOF J7i%, HE %
FIRREEIEN B T AR Ra 7S 8 B SIMPLE 5035, £ HiR a8 1) FUK PISO B3 LA %
HIRA B PIMPLE 595, Jmift#ify 3 B2 7 A R B K SSTk - 157, DA
S SR PR FH P B T R 4

TEBEGEBE 7r, B A T IR B E R IR T AN O 3 E P DL
JHEPE 71 o F B3 TRt 77 2N X kg % T B AL waves2Foam UL A H 5 H F I &
IR AAZK B 17 23K A 2% naoe-FOAM-SITU 454 7 sUHEHT T VRGN, AN NEA B
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YERIN B AT RAAE B R BOR L0 T B A AR R AZ 2h B BE A 1 s Bl it 1 wF 7t
FEB.

R B MR AIR AL RIEIET 7, W2 T BB MK A AL ST E B A%
JHE MR AR, SRR VEAR 4 1 41X B UM AR RIS 30 1n] BT T R A 58 3 RO
[ ORFFIER % Z TRARINSEN AN B [ 18 3h 42 il B

ARBEANRIBUETT 5 U B BRI sz, N — Pty
FEARERE S BUE AU B E 1 SR LA
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S5 MEAREK BT TH SRR A2 SO 0 B A

EZE ARAAFROKE DT HIRIEA L SRARRIA I8 B E 4R

KA T80 J5 1Y naoe-FOAM-SITU KfFE#Y, AT AEARER A BUE T R 2 11,
T B B I A 1) B AT AL IRAIE,  ORUIE 2R 8 B E SR AR A K 3h 772 10 8 1)
FIEEVEAVRE L, HETTT B EAT AR AR R\ 12 3l DA A B AR RAZE F /K FNBTR A B TR I #R
BENEE TR o« 2 FT SR T SR A [ Bm i bR oA T 0 v S, i e A
PERTEL, B0 UE SR g 25 Bk F W 8UE T R I P SE 1

3.1 RARRHZK RN BRI B E

HT 3% FH A 56 UE B R AR HERAG T K TS DTMB 5415 FURTEERE R MG KCS,
Y RAEER KA 1 B 71 SRR 3 04T

3.1.1 DTMB 5415 Z37it B8 iES

L2 I ZE BT UK T ARAE DTMB 5415 & H B FME CFD Bull 3 s )
ZIFREML 2 — o ZASERE R K 142 K, FESK IR 1 MK
4 5.72 K. DTMB 5415 [ =4k JUATA RS DL 3-1, MR £ REESEAER 3-1 Sl

X BT T =AW0E (Fr=0.28+ 0.35 LAK 0.41) FRIAAAER KR H5, KA
WA WUE Fr=0.28 T.HU/EAbRAE THLEATIOAUE 04T, I HLEEAT WURE A & 14 2 AT
1M ATE T Fr=0.35 A1 Fr=0.41 O FAERS AR B BB AN, BFE AN [F V)T Ak 1)
PRI L DL 2 B HH T Y I A3 04

(a) Z#HHE (b)  EHHHLE

3-1 DTMB 5415 As#4% 89 JUFT AL AL
Fig.3-1 Geometry model of DTMB 5415
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AR FE DL S BT AT BUE T A TE A8 K EE AN S Y AR SRR )
J1E Wi (CMHL) [ PR AT I AR E i, RS #2258 IBM
nx360M4, THETTAEESHUT, BAET SAEEHNA CPU, M58 Intel 5%
E5-2680V2, i CPU .0k 10 4, L4 2.8GHz, WF 64GB.

#3-1 DTMB 5415 #& A &9 JUAT £ R A
Table 3-1 Main particulars of DTMB 5415

FRE GREgIL R B R
i R b A 1 24.8
HELE [H] Lpp (m) 141 572
IEPN D By (m) 19.06 0.768
%7K T (m) 6.15 0.248
Hk & A (m’) 84244 0.551
AR THAR Sy (m?) 2967 4.824
Ji e 24 Cp 0.507 0.507
PR PE O B (M R FT N IE) LCB (%Lpp) -16.94 -0.683
OB AL KG (m) 7.54 0.304
P42 Kyy/Lop 0.25 0.25
3.1.1.2 Fr=0.28

W T Fr=0.28, XF MAREEATIE Y U=2.097m/s, FRIEHN Re=1.19x10" . %L
E TSRS TR, 0 PR, — e fin i B RS, 53— AN S %
BOAE 1T 5Kk B M A% & B OpenFOAM  H 77 1) 8 A& # T. H blockMesh I
SnappyHexMesh A%, AiE HET SMIEAN, Jo& W4T M B A E &
IRV IS/ IR T =i L 38

THR 7S = B A 3-2 B, e rp A e [ RS 5 B -0.2pp < x < 1.2Lpp , -
0.2Lpp <y <0.2Lpp, -0.1Lpp <z <0.1Lpp, PII&E AN 68 Ji, ¥ 5MkIERIZ-1.5Lpp
<x<5.0Lpp,-1.5Lpp <y < 1.5Lpp, -1.0Lpp <z < 0.5Lpp, WI&E N 121 /5. AN
WA B A BB N overlap,  MTTTSEI PR E PRS2 8] 4dETHE . S TH B A%
N 189 T3 . R RS AL M S B SR ER AT W s o Heh il R iR A%, 2Lt
TR, o) E S iR X A
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z

=1.50pp < x < 5.00pp VL X

-L5lpp < y < 1L.5lpp
-L0Lpp < z < 0.51pp

‘ atmosphere T\\

‘W‘

—

Q_;"f "_-L = -Hull Grid
moving‘i‘l"aﬂ l

A Y

i’ﬂ*'@%ﬂ_ \-\\\\l//— - \g‘

Sarfield

M3-2 it H A E

Fig.3-2 Arrangement of computational domain

F3-3 A5K 5 B A& T
Fig.3-3 Grid distribution around ship hull

HEAT BT MUE Fr=0.28 1T, B 5ERET 1 iZ W0 i IAS ANE E 1t ffr o X B
K BV EAE AT E PE kAR TTTC HEE R 77 3T, AT St B e i =& W
B N0.64 x 10°33.67 x 106, W% REELER LB V2 o IR BIIX — 4 BU80R
WA AR B R, TS SR R IRIX AN LU HBILE xy,z = AN ) BT 4s, 28
J5 K snappyHexMesh T E Jaj & 25 iy sk AR GRS, i e 58 B8 DR 1UE AR J3 1) A% 244
K2 HARUEIX R LI O¢ &, (HAE T2l dEg Mt A% B 2 4 o #2 i J 21030 il
THZEE IR, g3 A — 8 IS B LU ZER, (AN 2 2 M B AR 1R P A AN
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= HEK TR IE AN 2 R BRI B R

SEPEAMHT. I R B EER ZE, R AT P A B T B2 o s AR 3 B
5. AREE IR RO 45 R0, IR A A TR, T R 3183 X
1073L,,, HBHEHEFE—0.108°. i BIHULAI R S _EHIE, U 72 SO R A
HE.

I B R 4 0 B U TR R AL R BEL ) 3 8, L R L B e,
TRFH 1 Z ¥ o, RRIERE 1 B, . Fo7E SR

RT

o1 | 05U,

:
R,
C =l e (3-1)

o | | 0spuitL,
P RP

| 0.5pU.TLY, |

Horb, ROWABEEZBIMSEE ), R, NARELSZ BRI B J7, BIS2 B0 ) ) AR 4y,
R, FRRAESZ BIMREPERE T, a2 2 20D M SRS p /KIVEFE: U, AR
MIfATIEEE: T MK, L, AR R,

4% ITTC X CFD HUH tH H I BAE R E AT (V&V) $8 TR, P&
23 BT v 0 500 B A A SO 2 R IS B R, AR KIS E AN T 235 TR A fe
(R 2D =P BE A, KL . R 5 o A N2 ) S, SRelfle, a8 X
wr:

S,-S
= 2 1 3‘2
Re=5 s, (3-2)

Horb, MR s, i=1,2,3CRE MR S5 KRR AR IS A5 AL . ANR] 1 R, HUEX
A [ i sl K

(i) 0<R; <1 Monotonic convergence
(i) Ry <0 Oscillatory convergence (3-3)
(iii) R >1 Divergence

H TR, B8, — R Richardson SME (RE) U343 ff
R AR U, s T8RRI, A A R AR Rk
i s, MBUMEZ S, ZHPIE, B:

U;, =1/2(S, =S,) (3-4)
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#3-2 DTMB 5415 2357t ALiR T 9 49 1 4 7R 4 52 1 5 47
Table 3-2 Uncertainty analysis for DTMB 5415 at Fr=0.28

T c c. C CliR
RISE 1.706¢-2

20 ] % S1 3.6TM 0.507e-2 1.171e-2 1.678e-2 -1.66%
;ig S2 1.87TM 0.499¢-2 1.162e-2 1.661e-2 -2.64%
FH % S3 0.64M 0.473e-2 1.124e-2 1.597e-2 -6.39%
Re 0.307 0.237 0.265

P 3.4088 4.1559 3.834

GClIi2 0.87% 0.31% 0.45%

GClps3 2.88% 1.27% 1.74%

féﬁw B Rkt — ol

58 = A0, R BATIE RIS, BRIt i il RS AN e 1 T A AN
RIS HINR 3-2. NERFAT DR R, BEE MRS, BUE IR S5 R F 5
E 2 —BUSk sy, ik, XRFEM R RE JREBAT PR A2 . &
HURIN 2 P i 2 E

In(r)

It H MRS Fe % (Grid Convergence Index, GCI) #] Ll 207531

GCl. =F il (3-6)

U L

i, FR—AZ2SH, N TRA=ZE8FH L LM R =1.25. ;%R s, M
S, Z IR ZE T, RS ISR AT ARAEAS [F] A e BB 485 52, /M) GCT (3R
TN EE 25 ST WA BB AR . ISR 3-2 FiRT LU, BT IR 7 R 25080 2 I — B
g, Fodr R BH 1 R G, (A0 S A0 H S5 5% B WS TR I 2 ) R A 0.45%, FFH
GCl,, BIRTHIF# , Ui WIIA S rh & RS 5 T2 I, HUE TR 45 SR 52 IS (R AR A 2 M 8L/

3-4 45 7 DTMB 5415 SRBEEATEN Fr=0.28 T.H0 N I H H GBI % B2
[F] 0 0 2 PR B o v 0 e B ) RS /S, ERTIRG, T B A 9 % 3 DX 38 R )
0.4 MIFK LA E 2 0.75 MR IE RN « At 7RI A BRI LU TE P, 78R T LA




5 =5 MR K B TSRS UE AN 2 TR 0 B R AL

A BBUE AR R0 B B R AE Y & R I o ANBREMHA BT EE « B
FIBOY, R AT, BUE RS BRI 45 RAH) & . [N, M CFD
ITH A RO, BUa T FAR 2N B A BUEREEG ERERERUD, X ar L
RIE IS L 21 o B A e B AT 170 P88 (V0 % B P [R] X 36 B AR Bt B
8 2 R T

YiL,,

- T T T
EFD: Gui et ﬂl., 2001 123

Zm)X10*: 6 5 4 3 2 a1 0 2 4 8
[

0 05 I 1 15 2

3-4 DTMB 5415 4 Fr=0.28 #Lik T #9 & b @ X 50T 1k
Fig.3-4 Comparison of wave pattern of DTMB 5415 at Fr=0.28

EFD: Gui et al., 2001 Present work

-0.04 -0.02 0.02

vi,
[M3-5 f& x/L,, =0.935 4| & 4L iR 49 Lo 4
Fig.3-5 Comparison of wake profile at x/L, =0.935
bR 1 H BT b, B 3-5 45 T AR e AR T AL x/ L, =0.935 [ TEA

PR E R, I H RS E AT 7. B aT DUE Y, 4 A S A5 20 1 s 2
PRI AR A P SRR I 25 R AR L, (B B 45 RS 2L TR JE A - X R 0
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S5 MEAREK BT TH SRR A2 SO 0 B A

H5EAETFE P RAN) SSTK - ol AIG 5¢,  7E 1T B 1 4K FH IR 2 o) 28 s Ao B2 AR
By B AR BE B AT 1) k — o B2, (HJ2 5T RANS kM is ik i, PRI A &
B AL AL TR, FECNRE RSB TRV E AN A S B, BUE TR IR R, TS
HFHETIRSE R LR ERIE . ALk L RANS k454 VOF SR SSTk—w
i T RE B8 K 0 P TR A R PRI BEL 3 AR DA R i o0 A, [ B FI4H P 22 30 T 4 [
R —3

NT RN T DTMB 5415 FURG Y, 3 B s ™ r A An JE B 3 A
KB IPEREREAT AT, B3 Fr=0.35 Al Fr=0.41 B/ L.

3.1.1.3 Fr=0.35

AR — R L R TR I T AN AN B AR T AR R EAT T 48 7 B A T
i, BATEES L g — R sl T RSB RTS8, I B A
DTMB 5415 fiiffEyxt G, 252 Tzl a 4= & il a1, AMUe
BIIMEE, FRIEE T Z R E ST LU 6 EEE 2 BT B0l 7 VAR HEAT R AR
TR BN FIVE RE TR T T AR AT AT SE A

(a) HHA (b) @M A&

B3-6 Fr=0.35 T T A&t FA&H 30 5 oL
Fig.3-6 Different grid distribution around ship bow area for computations at Fr=0.35
N T BE SR B A B2 21 = FUIE N B A ] R A8 DA BN A B IR AR S R
XA b= HUE TSR 0 R St b, HEAT ARk, AT FE IR X A% T A2 H B

N SERSRA TR A R . ASCH R T EMAE, 205108 1200 J3AT 1870 ITHEX
PR ) R BEAT BUE TE 5 RAE B 00, AR AL [ e 2, i A ulia Xk
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BEAT AT BV B, SR 5 FREAT BB ML ES . DRI, HO(E v A3 AR 40 X R 4R
FERE TR IBOEAT iR IR PR O i 08 1) JR3 0 DX A 40 A DL I 360

THE A, MVELTTE A 2.621m/s, YIURT- A N FHITE-0.00321pp, HMHI{E 7 0.069° .
S R R 1) IR P M T M DX 3 A AT N, 4 XA U AR % Xk AT T 2 — 2
5L A, FRHE O O MARN I AR 1) R 9, = LT A AR M 0 AR ) 1l T
Rk I VAR S EA R ZI B R, BRI AR SO BT U AR S BE 2 4 DL R [R5
BT EEFIFESR 3-3 H.

#*3-3 KA SR 094 A RORA

Table 3-3 Physical quantities in experiment and simulation

ZH PR A WIS (H TR SEREEE
I g p (kg/m?*) 998.5° 998.5 1030°
Z R v (m?/s) 1.09x10°  1.09x10° 1.17x10°
KI5 A1 o (N/m) 0.0734 0.0734 0.0734
i g (m/s?) 9.8033° 9.81 9.806°

IRYE_FIR v 5 S E UL S A (5] XA 11 5545 3] 00 A e L g DA% [ L ) %o
LLILER 3-4. WRAFATLLEH, WEMETES R KA EEAR—2, R,
SRR ZEWINTE 3% 4. Fk, BT LA IR ERK B ik, it —F
J3 PR DL FE AR b ) TR FE ks 2R SoRE B2 7, XA 2015 R AR A ARZK B 77 %
CFD [E Br 2318 b 245 1) [ s 38 Bl 1A 45 5 RN AN [R50 77 4 0L R A AR i K BEL g i A
KF—E

K34 Fr=0.35 TR TF & 87 FAR 2 KRR AL 5L

Table 3-4 Total resistance comparison at Fr=0.35

COES R E P
AP 18.7 78.33 -2.86
FH P& 12.4 78.15 -3.09

ERE!6 -- 80.64
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PIEANF RS TS B B T3, JCHAR E R NP S WA 3-7. KT
R UL Y RO SEA5 2 10 B H T RO R R 25 SR A W S 22 0, R R4 e a)
LT3 1) 12056 A LI 21 b T AR TR R B T AR TR SRR AR Scar)
PRIk, WTRAE Y, FERIAE BB RO BT, AR RS AT LASS S O AR B 2L
e, I AORLDIRS JEE th B s

[ Grio: v ]

F3-7 TSR] A& FUAR 69 A5 AR A 30 5 R
Fig.3-7 Ship bow waves with different grids

B 3-8 2t VAR RIME 00T THS ARG A R, MBI AT LI Il ) 2
H B BRBFILR ,  [RIN HFBR B T 200 Scar tH AT LAHER], 10 MR B %
WA DL S BRI R, O T BE X M B R R, B 3-9 2t TR B
DAY P P DA B i B34S 21 [0 R & BRGE Scar BLR

(&) BHEH (0) JEi

3-8 Fr=0.35 TILTF 695408 £5%
Fig.3-8 Ship bow and stern waves at Fr=0.35
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M3-9 A5Aad Pk (LR ARBBLA, THEARKMELER)

Fig.3-9 Scars in bow wave breaking (top: experiment!!*3], bottom: present result)

M 3-9 AT LAE Y, B s e AR 1 BAR SR Y G (Plunger type) , HHZL
O RZ N TR AW Scar, BIFEARURISHS T3 77 J5 Al 18] T [F] B HH 42 5 2
[PIAETE o HAHE POl 03X — 30 G (R AR AR 1R 36 oW 2] 1 30 G AR FF— 80, BRI, 5 s T
F SR Fr=0.41 TOLRIFER X E R

A, BT E T, ARSCERNTEARIRMA R #AT 10, il 3-10 B,
FEAM—F 8 2 i HOE TR S5 5, Ao 0 9 X6k 2 P e I B o 22 A gk o T B ik X
B, MWEIRRTLLE tH, & &I B BIRER IR CRRIERD « IRl 1)
X3y BN, inE AR, X —A/NYa R, (H2 AR BT EC I X 380E H
A TR 10 =07 R P oy & RS M E A R & RiF, BTSN E R R
HCE H GRS, Fbn bk S et T = .
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004fF o A 004k
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= 0.01F
] 0OF
-0.01
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-0.04 | ; ; i A " .
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00f —

w: -0.20 -0.12 -0.05 0.03 0.10 0.02 Wi 0.20,:0:10-0.05 0.08; 010

001+
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-0.01F
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-0.03F

_0I04_ 1 1 1 1 L L
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F3-10 @ x/ L, =015 R RFIR A S BN H KM EA b (EMBALER, # WKL)
=0.

Fig.3-10 Velocity components at x/L, =0.15 (left: CFD results, right: experiment measurement!'**))

[N, A S AR B M XN PRS2t AT 1 Vst i, in & 3-11 Fows,
AL T x/ Ly, =0.40 , MRS I & 45 RANEE TH L5 AR T LAE 728 HDGR AL,
SHLH R E S A FE AR, X B v (Spiller type) o MHALELL
AR AL B89 =AM 77 1) B3 2 70t R A R0 B — 2. DA RSB, T R
AL B g 7 ARH SR B T, X UESE 1 LA I BUE TR RE S BN
SR SRR B s, o R BB AU R s B IR (0 A AR K Bl g 1
RESLRE 1RGSR 3EAit
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Bl [ e i

: . : 0.95098 1.01 1.04 107 1.:I0
0.02 u: 0.950.98 1.01 1.04 1.07 1.10 0.02 u

0.12 0.16
y

- L

v: -0.10 -0.06 -0.02 0.02 0.06 0.10
0.02

N
-0.02

-0.04

0.04 0.08 0.12 0.16 0.2

004 - .
0.02L w: -0.10 -0.06 -0.02 0.02 0.06 0.10 0.026 w: -0.10 -0.06 -0.02 0.02 0.06 0.10
0]
N
-0.02
-0.04
-0.06
0.08 J 0.16 0.2 004 008 042 0.6 0.2
y

B3-11 A& x/L,, =040 & R R % E 2 E 0 7 FliXI M3 b (AW A BAEL R, &M AKBIE)

Fig.3-11 Velocity components at x/L, =0.40 (left: CFD results, right: experiment measurement!'**))

3.1.1.4 Fr=0.41

[F] A A, X BE SR, Fr=0.41 00~ BINEAA N in AT B et
T THE AR B R A R, X BRI T EOE TR A A = B [
EHRIRLE, WK 3-5. NRFRTLE W, ERFNTHESECT, BUE ks R
T AR &5, BUEHER IR ZLE 1.59%.
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223-5 Fr=0.41 TIUTF 454K E T /) BliX 3o 45 F 2t bk

Table 3-5 Comparison of total resistance at Fr=0.41

. WX % <y EWal R

Lot (B ) N) (%)

L IERgR: R 18.7 155.02 1.59
T ge A [14%) - 152.59 -

(a) BEHBMB (b) FEHRMI
M3-12 Fr=0.41 T2 TF 6945804 £ 5K
Fig.3-12 Ship bow and stern waves at Fr=0.41

B 3-13 f5H0H 2Rk R AL F A= Scar I %

Fig.3-13 Ship bow wave breaking and induced scars
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Fig.3-14 Axial vorticity at different cross sections

3-12 5t 7 BUE AT BRI E AN RO, A BT LU I R 2 AR A
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Fr=0.35 TOUI ] DAE BB HIASE],  [RI, v AT T AR A M BB e B S8 K1 22 i
RIERATIE IR 00 o BEAh, A SCIRII 25 T 3 % BRI BB (14 AN [R] A i Ak PR 5,
WL 3-13, BR_E— Fr=0.35 TOUANFEIR, R AR B d o Bl 7 5

W2 (BB, AE R LA DIE LS, st 3L 7 240K,
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Fig.3-15 Velocity components at cross sections of ship bow wave and shoulder wave (left: x/ L,
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MBI LA B, R x/ Ly, =0.14k, EEEORAE TG, JF H B TR
BRI BT R E AR, R BIR AL AL P AR AR R S B
IR, I HLAE x/ Ly, =0.15 A& A 5 R IR T, HF HLAE A< Rb il A4
—ANECRIIE A #e,  AE S DY AR RO, I x/ L, =0.225 4, 25 = IRAGBIR IS
I, (RIS 2 P A A0 RO B A i o PRI, 5 R AR PR A A B A D TR
&, WEZAMFER TR, FNMAR 17 B i 3w AR R R .

B 7 B R AR A i, AR SCIE S T AR T R M U T AL 1
ERER, WK 3-15. NEFRTLIRIE ), 76 Fr=0.41 TH0N, AE FIBIRE
BIGARF YL, FIN RIS BRI, S RBPIA N, TR TR F %
AL R T AR, Fr=0.41 UL, JB A8 IES — NI B B MVA SR, TR Y
AN TR ORI A T R, AT A e 0 T 2t T DS A B R S Aok T i
REFE M B — M B e B4k, 5 Fr=0.35 TTOUAHEL, PRSI AR H) =4
J7 1) AR IE P o AT A — 2, (E s ARSI R Y T 5K

3.1.2 KCS #iA &GS

RIUEEFEFEMT KCS (KRISO Container Ship) & H#hE KRISO (Koera Research
Institude of Ships and Ocean Engineering ) A F] % 11 £ H'E R DTMB 5415 81 —#F,
WIZ AT CFD BIBUE THE, ZBAL7E 2000 4EA1 2010 4F P Jm BB MR K S) 71
%% CFD [ Briftisy 2047198130 [ 2005 41450 2015 4F (¥ R A AH/K S 77 CFD [ bk
it 2 b, #HT CFD EZLEMARHERT S . KCS ) =48 JUr A8 0L E] 3-16, fifk
W3 ESHF T3 3-6. IR T4 KA DTMB 5415 #AUAHLL, KCS AR & #A 2
WA RN LR AL . 14k, BT KCS BT AR FERERAT A, DRI BERE 7 sl oy
HORG IS 7 £, [EIN, EFKRR s, ERR A 2% 7R, I SEPRit
A PIRSAE O R, AR T AR

A KCS EKBHTITF RS IR AR T 2015 FEAEAA/K S 1% CFD ®E Rt 2 -
PIFRAESR], THE LA TR 3-7 b, —HSAUE, XN EEN 0.108
0.282, THHEIIRE LR HEEMANEEZL THITMAED .
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E3-16 KCS ABA% 69 = 4 JUT A5 K
Fig.3-16 3D geometry of KCS ship model

3-6 KCS #s#tay £ RE A4
Table 3-6 Main particulars of KCS ship model

FRE P55 F AL SR B
iR y) 1 31.6
S5 ALEIRS L, (m) 230.0 7.2786
K&K L, (m) 232.5 7.3577
=N B, (m) 32.2 1.0190
PN D (m) 19.0 0.6013
Wz 7K T (m) 10.8 0.3418
HEK & A(m®) 52030 1.6490
R AN S, (m*) 9424 9.4379
T RE Cs 0.6505 0.6505
Hh I T AR A Cy 0.9849 0.9849
N ERERNY VA el B[ oA LCB (% L,,) -1.48 -1.48
P12 Ky / Lo 0.25 0.25
#3-7 KCS BA G HE TR

Table 3-7 Case conditions for model KCS
T 1 2 3 4 5 6
fi® (U, m/s) 0915 1.281 1.647 1.922 2.195 2.379
HIRE (Fr) 0.108 0.152 0.195 0.227 0.260 0.282
FHIEH (Re) 6.66x10° 9.32x10° 1.20x107 1.40x107 1.60x107 1.73%10’

T KCS BT AG in 1& 3-17 Bow, v 5 25 & 2 G FHIUR BT B
FE, PR A A S, AN — S, BRI AT 1.5 S, BEE

%65 UL
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Fig.3-18 Computational mesh of KCS model for grid uncertainty analysis
MRAE ISR M BB, X AT 1 IR AN E LA, [RINEREAT 18 A
HUB IS UEAERIA M7 (Verification and Validation, V&V) 133, 7 §if DTMB 5415 #
IS BEAT 1 RS B AN 2 1 0 M, X HL[R] I AE B 40 R PO M R itk b SRR 1 3
KA Y, , AT A LR ECEUE A EE S B U, » Hog Xk

U ZQ/Ué +U|2 (3-7)
RIG, BEARRIIEAHEE S Eu, 7] LR N:
Ugy :\/USZN +U[2) (3-8)

Horb, v, Bl BRI A ETE, kg

® 3-8 FIH T AFEIFE S s BRI A BT A IR, R R g T AT
ZERFRBAERIRE E o IFHARAE N BRI ARE E e R WK 3-19, A
RANE R DG, ABARPATER, BEBER O RE (BORKIRER 8%) , [
IS AR AR 52 PEARLERFAE 3%3 4%, THEAS 21 KCS MLAEAS RN T KT
IS R E A A LU L 3-20. [AIR s 1 THTCE AN BUE B 56 E R A 70
B, BRI EAE Y, Bl Pk 45 R ik BRI AR . B2 THIUEA MR R )
R, XM TITRLSERN, I BAMRNTE NSOy AE . XTIl =
WEES R FAWREE G, IFHAETVNEE F, AE RIS ZELE 2 N S
K, HHTIEUE T BOAT EABOUAS B AR A R AT N B M AROK S 7045, B 4% EH 70
R ARE 3] .
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3-8 TR M A7 AR5 69 3o G Ao 5 A AT

Table 3-8 Verification and Validation for components of resistance

Fr  [HZ8 E% re £1%S1  U%S:  Us%S:  Usn%S:  Up%D Uy

Crx10°  -8.456 1.4 0.097 0.078 4.032 4.033 1.0 4.155
0.108  Cpx10° / 1.4 0.117 0.080 3.080 3.081 / /
Cpyx10° / 1.4 0.000 0.004 8.743 8.743 / /
Crx10°  -3.323 1.4 0.133 0.048 4.199 4.200 1.0 4.318
0.152  Cpx10° / 1.4 0.185 0.056 2.360 2.361 / /
Cpyx10° / 1.4 0.192 0.005 15.643  15.643 / /
Crx10° 4.547 1.4 0.543 0.043 3.954 3.954 1.0 4.079
0.195  Cpx10° / 1.4 0.661 0.037 3.090 3.090 / /
Cpvx10° / 1.4 0.258 0.002 9.817 9.817 / /
Crx10° 4.586 1.4 0.363 0.054 4.202 4.202 1.0 4.319
0227  Cpx10° / 1.4 0.365 0.022 4311 4311 / /
Cpvx10° / 1.4 0.350 0.001 3.678 3.678 / /
Crx10°  -0.593 1.4 0.214 0.045 3.509 3.510 1.0 3.650
0.260  Cpx10° / 1.4 0.220 0.035 3.101 3.101 / /
Cpvx10° / 1.4 0.198 0.009 4.613 4.613 / /
Crx10° 1.199 1.4 0.112 0.069 2.991 2.992 1.0 3.154
0282  Cpx10° / 1.4 0.111 0.068 2.804 2.805 / /
Cpvx10° / 1.4 0.115 0.025 3.282 3.282 / /
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Fig.3-19 Verification and validation of total resistance coefficient Cy
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Fig.3-20 Verification and validation of sinkage and trim of KCS ship
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Fig.3-21 Comparison of wave pattern of KCS at Fr=0.26
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Fig.3-22 Comparison of wave profiles of KCS at Fr=0.26
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Fig.3-23 Computational grid for simulations of captive model tests
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20 MR AT, HEIEEKGERBUN 0.001s, FRAS RS BUE AL, I 1E] A 50s,
AT 47 AN/NE, et 941 MEHLES s shA R 1 EUEAR B R 2P KA 0.0005s,
SERBUE T EILIERR 175 AN/, JE0t 3504 MZHLE

#3-9 fp AR £ R A

Table 3-9 Main particulars for maneuvering ship model

FRE RS A A SR B R
i R b p) 1 46.588
HELE [H] Lyp (M) 141 3.048
IEPN D By (m) 19.06 0.409
nz 7K T (m) 6.15 0.132
Hk & A (m’) 84244 0.0826
AR THAR Sy (m?) 2967 TBD
Ti e 24 Cp 0.507 0.507
N [r] L B (M RD R IE) LCB (%Lpp) -16.94 -0.0157
HOEE (AFELR) KG (m) 7.54 0.120
MR Kyy/Lop 0.25 0.255

AR 5 BISEAT T WA FIEh A 20 O BRI 1O SO B, T 404724
TR IR UM AR SUE SR, K R T 5 B R A ACE B (MMG)
HEAT K31 B RAR

TG, AT KE B EO0 AT, BRI R ER KA S5, FIF
AR PRIOHE SR U BRI L, ARIEKT L KIOERE p. BN g |
DL FIR I A AT TE R AL . /S BIR0 fE f Bon Fr=U / JoL,, , BiB%cn
Re=pUL,, /i, FEHIER KA SHE -

(3-9)
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erp
r U
P} Ly (3-10)
i

U

X
o | 0SPU7TL,
(I S pn— (3-11)
N | | 0SAUTTL,

N

10.5pU°TL, |

K EI AR BN BCEA R a0 T

X' | Xe+ X V24X r7+ X,V
YO | YV Y YV Y VY Y Y VY V] (3-12)
N'J I NGV -+ NP+ N+ NV VT NP+ NP+ N VP N v ]

3.3 ESRHE R I B ERY

FrASRHEIRE (Oblique Towing Test, Static Drift Test) &£ A AR 1456 1 N T
B, RS AR, AR DL —E S T, 3T HE AR, IR R Tt
DUMIIMET B o AR50 AT AN E H AR LEAS R A T I [ A% & 9%, N ITiAR
PE RPN B AT R 4 OO B () /K 30 71 5 28U

RIS RHE RIS Lo E, MERRARRINMIER r, B AG-12)H ik
RIS, ] g CL R T R AT LAfa A

X' | Xo+ X, V72
Y'YV YV (3-13)
N'J NGV + NV V|

S, X ARRBAEATIRT MESMERIEND MK, REL6-13)%
T BLHE AL T T 107K 3000 SHUE X0, Y, Yo Ny Ny
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Static Drift Forces and Moment Comparison
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Fig.3-24 Forces and moment coefficients for static drift at different drift angles
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Table 3-10 Conditions for static drift simulations

B g (m/s) Ey NG
RS RHE IS 1.531 0. 6. 10. 20

FK3-11 #EFERE P K30 ) FHALE XA b

Table 3-11 Comparison of hydrodynamic derivatives from static drift tests

YUNTIVARSE ENESIEEAES e fE* W

X, 0.157 0.162 3.09%
Y, 0.187 0.197 5.08%
Yol 0.896 0.949 5.58%
N, 0.136 0.145 6.21%
N,/ 0.190 0.211 9.95%
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1117 2R FH 35 A 02 A AR AT Al 7 36 R 7K 30 77 3 R g mT LLOsEA LR HE2
Az g B M Ry, DA 3(3-12) AT BATRT AL

X' X, + X, Vv?

YO = YV YV Y VY (3-14)
N'J NGV + NV + NV IV
1267 iz sh i 08
Y =-asin ot
v=Y = —awcosmt (3-15)

v=Y =aw’sinwt
B RE-15) v Fv G RIR S EARAN R (3-14)F,  F H R B 5
KB )1 FEUE T AT 2| LT G

1 Vq ) 2z ) g
:ZquWt_inmj:Y”V

1 Vg 2z
=—(‘[N’dwt—J'N’dwt]=

(% 7 2 (3-16)
Yoo =—| [Yawt— [ Ydwt+ [ Yewt |==Yv'=Y,v"
4
0 77 3%

1 % 3% 2 T
Noy = [ Ndwt— [ Ndwt+ [ Ndwt =—va’—Nva'2Z
0 7 2

M E T HE, Bk EE S /9 52y, BTN, 1T A Y, AN, kA, T
0 e R S K 3 1 0, Y N, Ny T T DUBIE B Y, R N, 3

(g - 2 SEIPEEE E2

R3-12 HAEEHRETHEIR

Table 3-12 Conditions for dynamic pure sway simulations

R ERS] i (m/s) Pz (Hz) PRiE (m)
1 1.531 0.134 0.064
2 1.531 0.134 0.127
3 1.531 0.134 0.317
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Fig.3-27 Time variations of force coefficients during pure sway test
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Table 3-13 Comparisons of hydrodynamic derivatives during pure sway test

KN )1 FHUE HEWIRGSE R W Wz

Y, 3.39-2 3.75¢-2 -9.82%
N, 4.11e-3 4.71e-3 -12.6%
Y, 4.81e-2 5.85¢-2 -17.8%
Yo 0.271 0.304 -10.6%
N, 5.07e-2 5.35¢-2 -5.27%
N,/ 2.16e-2 2.69¢-2 -19.6%

327 gt 7 =P FRIE 00N AOMAARRE A7 1 J3 A0 e E g R R I 1] (A2
teih k. WEIFRRIBUE , —MREGEsh A, R A & s 2 B IR
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AR 2L RE 1 AR A AN B A E 3R A B IS s &, H iR R
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r=¢=aa) sin ot (3-17)

FE AR 201 15 32 0 i SE D 8 5 P2 ] [0 25 A 95 W (A 8 5 Wi (A A4
BB RIE BN IZ B R, FEAT R AR 2R T B I 2P B0H D ()3 L . 24
Hissh MRS TR -

X' | X+ X, r”?
Y = VY Y, ] (3-18)
N’ N.F+N.r'+ Ner'|r’|

¥ A RG-17)1 N B ERCEAL (3-18) 4, I HoRA LR 1A 4 77 :UrT DA
FERIKE 1 SE, MARG-19) R, @ REAEY, N, 7L HI0E K
h1e8uE, By, AN, TSIk Eh TS8O kK sl e HUE

82 W



= HEK TR IE AN L R BRI B R

7z 377
[IY’dwt IY’dwt+ jY’dwt]m MXg )—
0 77 377
1%, , o
Yom=-(ijwt—ijth=wr—mu)r Yy
p o 2 (3-19)
[J'N’dwt [ Nawt+ | N’dth_(N )
0 7 37

r2 ﬂ
i’

Nou =%[J‘N’dwt—_|‘N’dwt]=(N —mxgu)r'+ N
0 T

RS T AEYE SIMMAN 2014 2R LA FRUEEF], R H FIRERS)
RN B = ISR A PRI R Fl i #2188, BRI T T W& 3-14.

AN FIHRIE T B SRR 8 12 S AUE RIS B FIRRAARRE 7 e J3 R e o Dt i
&l 3-29 fis. Horp, SEEONYETEETHE SR, W SR Z N SIMMAN2014
SR AR B I0 I B B o AT R 0 b6 SR mT LA, ARAATRIBE ) Pl 45 SR [F)
TR IG AR LE I 8] 7 &Lﬁiﬂtﬁﬁu CFD iHHE 45 R A, MG o E A
Wl AP E AR FE— 8. 1X 355 32 25 R AT B kAT 3 A AR Se e 72 e AR AR 1
ﬁ)L E’f”krﬂ‘%&

-0.015
r

—0.018

0.005

. 0.000

—0.005
0.002 |

= 0.000

—0.002 -

0.0 0.2 0.4 0.6 0.8 1.0
t/T

a) 51 K34

083 W



S5 MEAREK BT TH SRR A2 SO 0 BB A

—0.015}

> —p.018(

0.008 |

> 0.000}

—0.008
0.006

L 0.000

—0.006
0.0 0.2 0.4 0.6 0.8 1.0
/T

b) Hl 2 KEh AR

-0.016
% -0.018

-0.020

0.012

= 0.000}

-0.012

0.012}
L 0.000

-0.012

0.0 0.2 0.4 0.6 0.8 1.0
t/T

) Sl 3 KNI
B3-29 ARk BB 3 T AR . A& 7y A5 B 77 4277 B il 2%

Fig.3-29 Time variations of force coefficients during pure yaw test
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Table 3-14 Conditions for pure yaw test

B 5 Wi (Hz)  BGEE (m)  BEERE
1 0.134 0.055 1.7
2 0.134 0.164 5.1
3 0.134 0.327 10.2

It P R I 2 AT AR Y, B TR A REE IR A — B UAh, HdE TR
P4 BRI AR ) g A 1 g AR A ke 4 [k 56 00 B B A I 8] DO _EAORFF— 2, JFH
Tk 4l FRAE LB o BeAh, AR RT LA Y, MEAREIR G s K LS, Mk
SRR BN FI ARG B B i S v, H R BRI, AEIsshiE RN, A s 211
ey AN B AR, R BUE T AR B R 80 R BBV, (HR AR
BOK, FEFR A VEERZE, MAEMARIE ISR T, A a4
R B 7RI LBOR, AR, AR 2, AR AR DL BE ToRs B R b
i XS AT T A U e e PR A T DU AR PR AR R K R M A SR N Bl 15 10
R AR T T S B T O R R A, IXAIESE T AR R T E A
P4 59 1) CFD R 37 R A SO SR 28 B sl 2 A e Z5F Hoal AT

23-15 A BEFH KN FHERBAAA

Table 3-15 Comparison of hydrodynamic derivatives for pure yaw test

USRSl VAR el W
A 2.21e-3 2.26e-2 -2.26%
N, 2.89¢-3 2.63¢-3 9.61%
A 7.66¢-3 6.96e-3 9.98%
Yol 9.06e-3 7.21e-3 20.4%
N, 1.29¢-2 1.36e-2 -5.41%
N/ 5.61e-3 6.94e-3 19.1%

WRAE 2~ A (3-19)EAT/KS /1 2 HEIE, 75 H2E8E B iz ah Lol S iAo ikie
(117K 3 1 FHUE AN RIS AE A0 LL an R 3-15 Fls. BRE0 I & A BUE T B /K3 1 &

085 W



S5 MEAREK BT TH SRR A2 SO 0 BB A

FAE PSR B/ —SRE RS, J8IER 3-15 "TLUE Y, 8 B8 22k K 3
TP EA R ZEAERFAE 10%LLA, TARLNKB I R BUERERCOR, K3 T 20%/4
o RZE B EORIE T HUE TR I # 2k B 225, SRS R Ks S8, U
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Fig.3-30 Wave patterns for one period of pure yaw test

86 I



= HEK TR IE AN L R BRI B R

iR, HATHoAHE AR B TR 7 A SR AR KR, H R
R FBARRM IR ARG R, FEMERSH PIV &% (RIIEFED .
17 CFD J5 35 AT LS H AR B B PR35 5., 5 8 0 I AT S R R R AR A K
ARt X BALE T AR IS SR E ORI TOL T — AN a8 i s s A A A AE B
FH THI % 2 AL

I K 3-30 AT LAE H, AHECT 3.4.1 T AR e sh TR, X B E FE E
FHTHI M AR A TE A SR ZY, 1 R B R M A4 O] e 8 v ) B AR A B R o (RIS, |l T AR AE
KIEFERIERRIZ B, BRI 1 350 % ik ok Ve i (L S i a8 3l b (R e e 58K, 3 BB (1)
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B o SRS RIS DL A B 2 R AR ARES, R4l % FAiRE i sl T 73
RN FSEHERIE AT 0° . 6° « 10° A120° PURE M TidE4T T Bl
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AER LGNS EBR MR EORMZ Iz, 15 Y58 O AN B AR
W P BAE T AL . 5 RAH B Tk 5635 10 H TR AR B 5E i ONRT M
RRAE K A (1 S R R I 3 (1) B BB AR, B ALY Z R e A 35088 A1 1Y)
B [l o MR e R e TR Y B At B e T A5 2 A A AR B, 2 SRl
AN ACHRIRE Ff 2 ], 56 3 (0 i Y 5 08 50 (0 EL R E A A AN 20 A o BB TR A
SR BRI NVEARFAE S H S O e B0 2EAT U, DASRHIE 24 A A T B & PR BRI
CFD Rkt v 55 06 BN AR IS s v S A e 1

4.1 Bk ONRT MR B AnHEiH BUEER

AR EEFTIEPE AR A BRI 00U ONRT (ONR Tumblehome) #5571, K
9 DTMB 5613, BAAABRIGIEM G hh. S8 RARSE, FRINHAC&HE —XT
X (PR 2R RN — e, L LA AY AL 4-1. ONRT A MAT A 1.1 1m)s,
X Fr=0.20 LA f& Re=3.39 X 10% IXMiHE T2 2015 475 57 CFD MK 3) 7722
o BRI FRHER A 2 — .

— —— =,

4-1 ONRT B4R JLATAE A
Fig.4-1 Geometry model of ONRT

MR 1R AR 4-1, FHP A RIKEKON 3.147m, Ao & HR e a5,
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74-1 ONRT #BA 49 JUIT £ R
Table 4-1 Main particulars of ONRT

FESH ine) BRI R e R
K&K (m) Lo 3.147 154.0
RRMETE (m) B 0.384 18.78
HE (m) D 0.266 14.5
7K (m) T 0.112 5.494
BRI (m® S, 1.5 NA
TiFE (C) V/(Ly By T) 0.535 0.535
HikE (k) A 72.6 8.507¢6
HOPERL S (m) KG 0.156 NA
OB RS (FESSARED LCB aft FP 1.625 NA
K, /B 0.444 0.444
e Ky /Lws Ky /Ly 025 0.25
w /b K 7l
R EA (m) D, 0.1066 NA
WETiE e O 1) B X/ Ly 0.9267 NA
WE it 2 o B B PR A 2 B Y +y/ Ly, 0.02661 NA
WE e 2 v o P B 7K 2R R 5 ~2/ Ly, 0.03565 NA
RS 2T (R R O IED € 5 NA
Ly ey MO HEEED) i i
W NFEMCIRE (deg/s) 35.0 NA

N T BEAT AT IR e SR A R AR K B AR B AL, AT EEAT 1 =R AN R (1
BUETHE . ESEHHT IR MUK S8 BB RN, AT DASRIBUR e (1 oK 15 g
28, IF BT Fe i p s RUZ REVEAS Bl e SR e 2R 8l o LU AN R AR BE 775
BEAUL, BT LR B AT S AR RIS o S5 e A M A (Y i A,
BUE TR AT AARE A7+ SR SR A A A S K B PR RE, IF HRARAS BIME Y B AT A

FHEAE S
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4.1.1 BRHEE MUK M RETT

W S MK E BE V) T IR 3 B2 Bk 51 B R BOR EAT e FuB e 2 K 3 v 5
AR, N BUETH AR BIMUKTEREI L, A AR BT XL, b, IRES
K BE VF SR 2EAT A% USSR 20 A, D e 82 I A SR FE AR LA A1 1) B A A
TR 2% . BRI SRR 4-1, MUK RAESE [ 2 R K
JKits IIHR #EAT (9, JF HAVEARRTUK IS5, At CFD 3R .

WER T R /A X ) B AU v, 0 4 M At o K e (s BRI R AT X T
R ARDR 2R DA — 58 T L [ AT ATRE, MRFESR I P RPS ] g o TH AR A AN At
AL (1) FRIEADRE (Ko« HIERE (Ko) BLEMUKZR (5,0 o KR
Ryttt 2R K E LN

J:%i (4-1)
KT:pQBJ (4-2)
Ko =5 (4-3)
"°::2i:zq 4-4)

Hor, T Q RN MMM Dp Al n HRINBIER M BERFEE; Vad
AR T . HRHE ONRT HATHEMERLS P g e s i 45 0, X BUK I8 e 2 3 i 5 e
9 n=8.97RPS. etk (IIHR) ¥k E T 2015 £ 4 5T CFD Wit 4.

WE e 2 WK RS B HE TH R T S B 4-2 P, R NP E R,
—HOME TR, BREELE ) — PR S o TR R, RS B XA T DA
AT FE RS BEAT e o 5 5 A% m AR B AEE 3 WA DA — 52 B3R B M) AT RS 8l [
I, S8 T RIS R SRR R B, TN S A T R R

T4 SR FH 0 Rk [E)RE K SnappyHexMesh A2 i K 4-3 o 2 h2 i 2 A
(1) JR3 A 38, ] P P A A R  XA, T S A U 40 3R o RT3 L
IKPERETHE R AR 2 Xing SFUPOE BT R 7. 1% 07 1 IR DAAE R /N
DN P M AT B, N & A KR E U . TR R R R, BRI ]
DA — I 2] () 3 A o AR, G AR e — M 5 A [R1 3R T8 B SR 1k BB
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TS, AR RN Kk — o SST AR, RS MARERN 113 J5,
ANTRI DX IR (1) R 7N L2 4-2.

FAE T A5 R 20 MEEATIAT IR, BRPE KB E N At=0.0005s , X R—A4>
IR D MR B2 1S, THREIAERE 1 55 AN, 3L 1107 MZALE

Propeller Grid

ound Grid

B4-2 3Rae ORI H 89t B E
Fig.4-2 Computational domain arrangement for open water calculations

[B4-3 oAb I 360 A R A6 B 36535

Fig.4-3 Local grid distribution for open water calculation
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F4-2 BRI H GRS
Table 4-2 Grid number in different part of overset grids

Py TS W JiE 3L s 5 MR
Mk EE (FH) 1.13 0.51 0.62

KA R THESHAR B 1) MoK B 28 B ] 4-4 B B RTHE Y, BB RS
R R J=0.0 FHTMIE R 1.8, BEANIES [HY 10s. ML THE S5 LA L8]
BT EIEORE, BT R RN (3<0.3) MR (I>1.3) I, BATEREE
B, MUK RESE B SR Y A . LR AT, SR 4R B A E S MRS
T, AT DU A FEE 1) TR B e 22 (1 K ME R R SRR e A ELVE R S B e TR
IRIIE- N0

o [ ] -
155>
b 4 EXP:Kt
1 = q EXP:10Kq
2 4 EXP:Eta
& ©  CFD:Kt
> CFD:10Kq
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Fig.4-4 Comparisons of open water results
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(a) J=0.8 (b)J=1.0

(c)J=1.2

B4-5 R kiR 7 TR R A MR B S E

Fig.4-5 Vortical contours around propeller in different advance coefficients
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TR RE TR, AFRMAESEOLR 4-3, SAMIMIEEN 389 17, BRI A%
N 58 3, H AR LR B _E T HEAT I ST SE IR T BRI, O 113 5, IR %
2 I LU AT AR I8 AN A% T SEAS B R e 22 e v e, Wi R &K,
TR E K ASAEHERCR 5 I RS USSR B FR AR R, 7000 9 0.789, 0.7916 #
0.5915, #ArT 0 ) 1 206, PIUEHERIy—BES. (R0 ks B e 1 iR 22
B/, HET) R BCTARNG P e, TR SR BOITUHRS RS, e R IS 00 T AR
FRUORZEBR T 10%, (H7E MR AR DUE HY, o 8555 R M 93 4% 8] £ 22 331 550N
PRTIEG TT A i B =2 X ik 38 oo 5 B2 et DAL, SPEUEL TH BE R A R B/ . R T A8
I TH SR AT SRR BE R, JRATTER T SRBEAT B M 2R MBS B T SRR o S5 52 ) A
kAT .
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F4-3 Bk AR 1.0 TIOUT 69 MAIs b 4 R
Table 4-3 Grid convergence study at J=1.0

. . X s R Rz R
X it S K K
RLES (B 79) T (%) Q (%) o (%)
IS AE 0.2638 0.0734 0.5723
ZH [ % S, 3.892 0.2635  -0.113 0.0763  3.951  0.5496  -3.966

ARG S, 1.133 0.2632 -0.226 0.0782 6.539  0.5357 -6.395

FH RO 1% S, 0576 0.2594  1.668 0.0806  9.809 05122  -10.501
Rs 0.0789 0.7916 0.5915
&/ et — 2tk —EUE —EUE

4.1.2 TRA DRI HEERY

G 2 B A B BB THE T DU NS SRR BLAE T (%) B A HEgE £ (AR ADL ER 4]
By, JF HAR AT DU EAIE B AT SRE RS B2 . FH 1 8UE TR S 80 E DL
FERALE] 3.1.1.2 AR HEIR B — B tHE TN A DABUE ATE (U =1.11m /s, Fr=0.20)
HENAT, Bl ehNEHENEE). iTEPRAWERESMEET, 250 8k

WRAS RIS SRR, TSRO AT B DL S T S A LI 4-6.

-1.5Lpp <x <5.0Lpp
-1L.5Lpp <y < L5Lpp
-1.0Lpp <z <0.5Lpp

utlyy

v, atmosphere
o

farfield

M4-6 i+ HIRX B AL Rt

Fig.4-6 Computational domain and boundary conditions
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Fded B I B AR AT

Table 4-4 Grid number in different part of overset grids for towing condition

SYIEES s RLNTIE S A%
WSS (A D 1.87 0.82 1.05

THE TR B A& S 187 13, HAAERR o RS 73 A0 WK 4-4. 1T ESRfE
32N IAR R BE ) LA RIRIGE o6t L L3R 4-5, WRHATLLE 1, Mur8uE i 515 2
TE 3 TR B ER 7K BE R 1R 2 KA ) INSEAN 7Kt f) ONRT #7056 25 S
WAL GRZEN 0.7%) , T [F Z far B R 1A AR EAR 2 17.9%, X 3 W]
T AT TR AR T DT A BOR, e BT A RS — .

4-5 AL A T H 4 Rtk

Table 4-5 Comparisons of resistance for towing condition

e ITHR EFD INSEAN EFD IIHRCFD  naoe-FOAM-SJTU
S BRAG A BRAG I BRAT A
0.20 454N -18.6% -15.7% -17.9%

F4-7 AT ILT 89 B b @ 4R

Fig.4-7 Wave pattern for towing condition at Fr=0.20

B 4-7 25 7 RRIARAE Fr=0.20 O T KT B B s 2, B e] BB
I H AR R AR XS FRE Kelvin &, T EBUETHE AR AR AT A, I H
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[ 5E 7 eI B s, PbBca wlasu i) 5 i o gt 4T g, E2
M ERIEKI 4 RKE, BTN R BOY R 5

4.1.3 HRERCAINEME B AT RUER

BEAT 58 b IR A R 2 UK R BE THERE DL K e B E AR U, it m] DLEAT B
Ja () EFAERE AU T . THE, [RI X 2RAE 20 ) BEAT WIS Kl 7 BT A )
73 VA SR ) W AT L LI 4-8.

Hull Grid

\ Propeller Grid

Background Grid

B4-8 AAELAA P ELRAEHE

Fig.4-8 Overset grid arrangement around ship hull propeller and rudder

THE R F 7S B WA SR SRR 28 B A 38 3 10 &l 4y, AL 4-8 TR T DAE H, 1HEE
WAL AN BB HERL MG . PIEREE . — ARSI — 25 50k . AN RS
i B W E TR BT R AR K F OpenFOAM H 47 1) snappyHexMesh 1. H 5
B T THE IR A W 4-9, 43l 7 1 AR T R0 AR T P O 2 e L ) =
AR A o B B AR MR MR, R EOARE SR, L OACRIBRIE MRS, 2%
TR NE ] B RAA%, % A% 8] 1 B 25 5 28 bl B s o AR BRI S5t R 1R AT 41
MIRFERAFE A HE R R, I HARRA R EATIEE . AN HEEERE, fT
F AT O BRSPS 702, 25 I X B ) 75 BRI A — 2 =i A% ) T 4d e T 5
I, FERRTE AN Sl 2 [A], LS EAN AR 2 1A) R N TR TR] BRI AT A& &I 23, AT
TRIUEID ST AL 2% B STk oo H TR E T . B BT IK S P& &8 681 77,
& HB I PR R 93 A1 DA S IS 3B BN R JZ2 0 L3R 4-6.
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(a) TEAKTH X A% 53 A0 (b) DB ks 15

Béckgroﬁnd Gnd Lt

M4-9 45 RACT B B 3F R AE A
Fig.4-9 Overset grid distribution around ship hull propeller and rudder

Fa-6 TRz RAEZ 69 A
Table 4-6 Grid distribution in each part
W i 2 FeFZ A% P A

s (AT (H1 (A %
H R 1.34 - - BER
P P A% 2.61 - - L
W 2 0 A 2.28 1.14 1.14 T4
R A% 0.58 0.29 0.29 T4
St 6.81

7K B A HEIE A AOL W46 T 3 F2 M HE AL 0 0B v B3 1) i 24 e T I W S
ik, MM BEE 25 € — AN BORTEIR ARG, B4 KRB SR Z R, N
T I3 B U I EE T 5 o AR RIS, A A M RRE K AR DAY [ i e 3
AT HERE, VOENTEA Fr=0.20. HUATHE R PL 2 il #5458 i 05 @ 22 1 4 okt DL 1t
SRS IHE SR B BARHTIE . HEBIRA P AT ol DU IIA B B Ard s, kit
S L p) B2 P AR 2 R T ME IS ECH 800,

HMUEE TH A 30 40 ANEREIFAT IR, Hod 39 AN i vH SRR, 1 AR
RAEE TR . DK E N At=0.0005s , X N —ANEF A5 g e 4t 1.5,
THEILAET: 1 125 A/, 35019 AMZAL, S8R T 24000 AN TEE HTHE .

KA T AT 2 (0T 2 A TN A AT 1) g B T 26 0L T 4-10. AEIHRATBUE
WER G 2 e S AN P TR AE AR ROBE N SAE AT LA Bt ik B 7 BARME . I H AR )
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Pl AL W] LA B, WIJT A6 A ARATIE S R B, X F2E T HIA6 IR AR e 22 A 1k
JFUR TN [, DR A 1 B INAS R BB AR AT T, 1 it o5 8 e SR e ik 11
BN, HRESEOLIHE ARG, (AT HE R 1 AARE. 74h, EFie
P T AUE TR 5 R F R 5T 2015 4 CFD B it 2 B ibrukikss o Rk T 0 b, T
It H A e T BOnT DLAOAR i 1R 0 A AR ) B AT AR P L

- 1.13

RPS

Speed (m/s)

[
Time (s)
E4-10 ONRT A A+t 5 b 2Rk R 4432 fo A5 A0AL ik T AL

Fig.4-10 Time variations of RPS and ship instantaneous speed

FRA-T H AL TR AGAS AAHE 3 A %L B X 3048 69 2T kb

Table 4-7 Comparisons of propulsion parameters between present CFD results and measurements

ZH Bl gk 3 ] Rz
u (m/s) 1.109 1.125 -1.4%
T+t o x 10 (m) 2.41E-1 2.26E-1 6.5%
I\l 7(deg) 4.64E-2 3.86E-2 20.3%
C, x10° 5.291

C. x10° 3.752

C, x10° 1.539

n(RPS) 8.819 8.97 -1.7%
K, 0.242

Kq 0.616
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N TR AT BESS RAEEE, R 4-7 A T AT RS 2R A R
H L AL 32 Sy RS 28 A RS AE IR EE o R AT DU Y, 4 Al B {E Tt A A 2
AR BIAUE AT T AR ek, RS E AR ZE DN 1.7%, 780 U 1 2400
S E B MRS TR LK CFD Rz v S rT S e MR I . eAh, e SR AR5 2
(KB AT L0 N RGN B 24 iR THUE Y RIS E W) & 8, R Rrhidss
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HR I E AU, DRI T /NBEE RN B B2, Bt A bR ROVEIZ 3 (11
BE, A AR RIWARER 2 3 MsshfE, NMERINREs), g g #issh 1
B LT L B e Ara e MR A o R, B0 4 A IR SR 2 74
PR PN RS R AN RRAE CE B RAS 2L B P AR AE S AA AR b 2R AR LY
TIAS— B0 H RN ERE R BB T 5 A Bl 075 300 55 0 5 20 3R B L o
AR, B A B AN ROZ IS N BR s 5 =0 T AR st 2 i Ha i v S A R e
SR, MBS MM IRE, TSR 4 B B EROT, BBl € IIaa i
BN LG S SRR AR A, BT I /NE AR 3 .
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Fig.4-11 Time histories of ship motions for self-propulsion in calm water
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Fig.4-12 Wave pattern for self-propulsion in calm water
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Fig.4-14 Vortical structures around twin propellers and rudders
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Fig.4-15 Time histories of rudder angle and yaw motion for 20/20 zigzag maneuver
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Fig.4-16 Time histories of roll and yaw rate during 20/20 zigzag maneuver
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Table 4-8 Comparisons of main parameters of 20/20 zigzag maneuver
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Fig.4-17 Propulsion performance for 20/20 zigzag maneuver
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Fig.4-18 Time histories of rudder forces for 20/20 zigzag maneuver
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Fig.4-19 Horizontal section of wake region around twin propellers and rudders during one zigzag period

a)  O= P b) ¢=0

107 W



IR FOK LT B B AU AR ) S A

C) ¢ = ¢)min d) ¢ = O

B4-20 —AN Z Wi wc s BN s d Tk

Fig.4-20 Wave patterns during one zigzag turn
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Fig.4-21 Vortical structures during one zigzag turn
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Fig.4-22 Time histories of rudder and yaw angle of 10/10 zigzag maneuver
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Fig.4-23 Time histories of ship motions in 10/10 zigzag maneuver
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Fig.4-24 Propulsion performance for 10/10 zigzag maneuver

EI I



VU K THUN I BTN IS S B E A

- Port
Starboard

X-Force (N)

o
R

r
l
/

5 10 5 20 25

Time (s)

B4-25 10/10 Z F 3K 36 P ASKSh /1 TAL B dh 4%

Fig.4-25 Time histories of rudder forces for 10/10 zigzag maneuver
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Fig.4-26 Horizontal section of wake region around twin propellers and rudders during one zigzag period
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Table 4-9 Comparisons of main parameters of turning circle maneuver
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Fig.4-28 Time histories of yaw rate, roll motion and speed during turning circle maneuver
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Fig.4-30 Time histories of lateral forces of the leeward and windward rudder
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Fig.5-1 Diagram of free running ship in waves under course keeping control
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Fig.5-3 Time histories of ship motions in head waves
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Fig.5-10 Comparison of ship motions in bow quartering waves
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Fig.5-11 Comparison of ship velocities in bow quartering waves
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Fig.5-12 Time histories of rudder deflection during course keeping simulation in quartering waves
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Fig.5-13 Trajectory comparison in bow quartering waves
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Fig.5-14 Time histories of propulsion coefficients in bow quartering waves
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Fig.5-19 Time histories of ship motions in beam waves
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Fig.5-21 Time histories of rudder deflection in beam waves
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Fig.5-22 Trajectory comparison in beam waves
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BUE TR PRIR T 00 T FORR e e R B th 28 WL 5-23, B P A NZ IR e
KA R B T ERHE, O 7 B LE I DO o AN ERRR 00, PIIIE)

o147 W



SFIE BER LN B AU AR E DR EFBUERT 7T

e ZBARG R BB, X BHE) REGEHE 0.2 3 0.25 (8], /NT IR T
HE) 0.19 2] 035, DALAERNR THAR 0.19 2 0.32, X AJ L i A Af ) S i
(LB 5-202) SRFHATULEE, 7EBOR TOLN, MEAARIRIEICH 2%, R jEde
HBEREE R, T 5 S [F) S IR e 2 3l N8/ e J3 4k, M mT DU 31 A L8 Tie
BN 7 AR 3R 0 IR AR A R A R, 3 8 B2 B A0 AR IR R e A T30 R THT , AT
o N PRI e 2 BRI sl S N R A 8. X BB AT DA 4 21 R T B S aB e 2 e ) |
WP EARGIG, W= BORE .

Pl 5-24 45t T AEREIR 00 BOREAAPR OUA (0 BEL AR 1) 0 A8 A0 P e it 4, e
FE A ) 27 B 2 4, AN AT B AF AT L B . BT LA, b TR i
(1 e A A D EL 3 40 35 e 58 S D B, 0 ) g s 738 A ) 22 1 652 /DN

Port
Starboard

02 p : Q : : : 1
ot 9

X-Force (N)

Y-Force (N)

“'Ivo]""a‘rLWL

[85-24 AR T ILTF 69 B AMACTE A =0l &) 77 649 7 B AL

Fig.5-24 Comparison of port and starboard rudder forces in beam waves
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Fig.5-25 Wave elevation in one wave period in beam waves
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Fig.5-26 Wake region around twin propellers and rudders in one wave period in beam waves
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Table 6-2 Comparison of 1st and 2nd overshoot angles and period in waves
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CFD 19391 11.9391 1.8641 11.8641 15.7565
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CFD 18293 11.8293 2.1533 12.1533 20.0388
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CFD 18081 11.8081 1.8582 11.8582 19.4279
"2 gD 2.1256 12.1256 2.1382 12.1382 19.2901
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Fig.6-6 Comparisons of overshoot angles in different waves
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Table 6-3 Roll, heave, pitch and ship speed in different wave lengths

Ay B (0 FEF(x107m) IR i (m/s)
wAME ERKME (IstFS) (1st FS) (0th FS)
0.5 -2.8491 29069  0.1799 0.1065 1.0350
1.0 2.6257  2.8037  1.8234 2.2911 0.8675
12 -3.5198 27372 2.3883 2.8690 0.8919
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Table 6-4 Comparisons of main parameters in different waves

HfE (°) A (°) MY PR fisE
All,, H/A
B/AME B st 2nd x107m (°) (m/s)
0.02 -2.8491 29069  1.9391  1.8641  0.1799  0.1065  1.0350
02 0.04 -2.9344 29226  1.8892  1.7905 03624  0.2006  0.9775
1.0 0.02 -2.6257  2.8037  1.8293  2.1533  1.8234 22911  0.8675
0.0167  -3.4675 3.1960  1.8281  1.8797  2.0075 24128  0.9303
h2 0.02 -3.5198 27372 1.8081  1.8582 23883  2.8690  0.8919
6.2.2 fRPAZKEh &R
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Fig.6-12 Comparison of longitudinal forces on ship hull, propeller and rudder in waves of A/L,, =1.0
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Fig.6-14 Comparison of port and starboard rudder forces in waves of A/L,, =1.0
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Fig.6-15 Comparison of ship hull resistance (up) and FFT (down) in different waves
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Table 6-5 Comparisons of hydrodynamic loads in different waves

FEARBE S (N) BHETT (N) fERH 7
Ally,, H/A
0th FS 1st FS 0th FS 1st FS 0th FS (N)
0.5 0.02 4.225 1.577 -4.935 0.281 0.740
1.0 0.02 5.902 10335 -6.346 0.763 0.545
1.2 0.02 5.924 18.657  -6.288 1.267 0.521
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Fig.6-20 Wave elevation colored with wave elevation in waves of A/L,, =1.0, (A) and (C) show

maximum and minimum yaw, (B) and (D) are zero yaw, respectively.
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Fig.6-22 Iso-surfaces of Q=100 colored with axial velocity for the zigzag maneuver in waves of

Al Ly, =10
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Table 7-1 Comparison of main parameters of turning circle trajectory

FESH CFD % g 4 R R
PEE (m) 6.9171 6.9978 -1.15%
BEFE (mD 4.1063 3.8797 5.84%
90°%% [l if ] (s) 12.2822 11.5700 6.15%
HARER (m) 10.1838 9.6213 5.85%
180°% % M)A [E] (s) 24.5894 22.4100 9.72%
[ EAE (m) 10.2807 9.6464 6.57%
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Fig.7-4 Time histories of ship motions for turning circle maneuver in waves
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Fig.7-5 Heave, pitch and roll motions in polar coordinate system during turning circle maneuver in waves
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Fig.7-6 Time histories of ship speed and yaw rate during turning circle maneuver in waves
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Fig.7-7 Time histories of propulsion coefficients for turning circle maneuver in waves
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Fig.7-9 Time histories of rudder forces during rudder execution

MR DU Y, AT HREERE A0, PRI IAE BB Ay 23R — 5, JF B0
6] JIRSRR, MHAAT SE R ME UG, RERR TR NB ., ol A A28 s A 1a), 7 Ao g
A A7, T I 77 0 F3 B AR A AR A el A iz 2

B7-10 #HAcid A2 oF ALK B &R E S TR
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Fig.7-11 Snapshots of wave elevation around ship hull for turning circle maneuver in waves (heading
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Fig.7-12 Vortical structures around ship hull, propeller and rudder during turning circle maneuver in waves
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