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A
ABSTRACT

With the energy shortage, rising oil prices, greenhouse effects and
other issues in the last decades, energy-saving emission reduction
increasingly aroused the concern of the community. Shipping industry
consumes a lot of energy and emissions and of large amounts of
greenhouse gases, so the ship energy saving has become an important
research topic in the world's shipbuilding industry and shipping sector. In
recent years, the International Maritime Organization (IMO) has
accelerated the implementation of green shipbuilding, limit the pace of
new shipbuilding greenhouse gas emissions, and promote the development
and implementation of ship energy efficiency design index (EEDI)
standards. The EEDI was established to build a minimum energy
efficiency standard for the ship and stimulate all innovations and
technological developments that affect the energy efficiency of the ship
from the design stage. At the same time, the continuing downturn in the
shipping industry has sparked a strong demand from shipowners for
reducing ship energy consumption.

By virtue of its simple process, low risk, the obvious effect and a
wide range of applications, ship energy-saving devices has become more
and more popular in shipping market. At present, the study of ship
energy-saving devices is mainly based on the method of model test.
However, the design of ship energy-saving devices requires accurate
assessment of the flow field, so a lot of detail design and modification is
needed, which led to the full use of model tests for ship energy-saving
device design costly. With the development of numerical techniques and
the progress of computer hardware, computational fluid dynamics (CFD) is
playing an increasingly important role in many disciplines, including ship
degign and ocean engineering. By using the CFD technique to calculate the
total viscous flow field, we can accurately capture the information of the

VI
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stern detail flow field and evaluate the effect of the energy saving device
effectively.

The work of this paper is based on the solver naoe-FOAM-SITU, a
hydrodynamic CFD solver developed by the research group, which uses
the overlapped grid technology to calculate the total viscous flow field. In
order to evaluate the self-propelled feature of VLCC and JBC fitted with
energy-saving devices, the calculation of standard ship JBC from Tokyo
CFD Seminar in 2015 is carried out firstly, the reliability of the solver and
the overlapping grid technique is verified by comparative analysis of the
experiments. Self-propulsion simulations in this work consider the effect
of free surface and directly discretized propeller. Self-propulsion points are
obtained in a single computation by using a controller to modify the
propeller RPS until the target speed is reached. Finally, self-propulsion
factors for self-propelled JBC and VLCC with and without ESD (Energy

Saving Device) are analyzed and compared with experimental data.

KEY WORDS: Ship energy saving device, self-propulsion, viscous flow,
overset grid, naoe-FOAM-SJTU.
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B 1 - 1 EEDI X Frtt i fir i) 14ty 1
Fig. 1-1 EEDI Assessment for Standard Tankers

[ 1-2  EEDI X St R AR M PP 1)
Fig. 1-2 EEDI Assessment for Typical Containerships
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B1-3 fpntraest Esm
Fig. 1-3 Ship energy saving device

1.2 AEfRTI RE R BRI 70 K AE R [RIE

RIEA AT RER BN 52R, HAT R TR R B R FEEPEU T =
/[\7‘7—E:

1. T g e S SR [ 1T Re 2% B (Propulsion Improving Devices, PIDs);

2 AT/ BEREEH T R RE 2% B (Skin Friction Reduction);

3. MR EAERYE (WIKFHREMRAEE) BI7TREZEE (Renewable Energy) .

BT SRAER 3 w7 =07 A 48 25 A1 Re ke B R B 5 T RERUR
121 ISR EH N ENTRERE

MRYE T AR I DL R AL B IANE], AREAZER T Re R B A A N LT 4 25

D FERAMERR RS 7 S R E .

PR AMER T RE R B F BN TR ACEIE R B A . R AMERE (Wake
Equalizing Duct, WED) X E P MM, FERaMESE 2 — M LK
KNI, Bl A AR R TSRO RN SE . AR 2 25 T
B MBI, ARIESLE R A T MO, HMRI TN E 14
Fras o FEIAMEE S8 FF 177 [l o o g e 2 B, R s AR R AU F oy
AT NS S, (5] By a8 ik L 38 T8 P ) o R A = AR B I 77 4 L 2o
RPN RE G T, FERAME & I8 P 3RAT 2%~6% M T RERCAR, & — e R M
RHT e & .



IS5 PN 2 TR R DAY

K 1-4 RTINS S KT RE R &
Fig. 1-4 Wake equalizing duct work principle
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Fig. 1-5 Pre-swirl duct work principle
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Ja B e 3 E FE A EIREE (Hub Vortex Absorbed Fins), AEEK (Rudder
Bulb), HHlAESE.
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Kl 1 -6 iR iER & P
Fig. 1-6 Hub Vortex Absorbed Fins (HVAF)
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K1 -7 mtkRefe s &
Fig. 1-7 High efficiency rudder

Kl 1-8 A g e 2z 1
Fig. 1-8. Contra-rotating Propellers
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K 1-9 SEEE
Fig. 1-9. Catheter Propellers
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Table 1-1 Principles and effectiveness evaluation of several energy-saving devices
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Fig. 1-10. Air induction pipe over the hull side
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Fig. 1-10. Renewable energy (Towing Kite and planet solar)
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Fig. 1-12. The sensors used to measure forces and moments
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Fig. 1-13. Propeller boss cap fins on Aframax Tanker
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B 1-14 REREMCRITAH CFD 5l
Fig. 1-14. CFD and experimental test in ESD design
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Fig. 1-15. Pre-swirl stator, propeller and rudder
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Fig. 1-16. Numerical grid for the ship with WED
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Bl 1-17. SR B IIHg 2k K
Fig. 1-17. Routine of ESD design
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Fig. 1-18. Overset grids for CFD calculation
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Fig.2-1. Overset grid
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Fig. 2 — 3 Process of a PISO loop

_25-




IS5 PN 2 TR R DAY
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Fig. 2 — 4 The framework of naoe-FOAM-SJTU
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ARUCHERT TBC MY 32 R R4 REL IR 3% 2-1 P, AR an 14 2-5

B o

% 2-1IBC s ERE

Table 2-1. Principle Dimensions of JBC

ZH AL TR R SR
N — 40 —
S LIRIS Lpp (m) 7 280
Wit KK Lwi (m) 7.125 285
"z 7K T (m) 0.4125 16.5
HEAKARR V (m?) 2.7870 178369.9
TR AR S (m?) 12.2226 19556.1
Ji e &% Cs 0.858 0.858
LCB, fwd+ (%Lpp) 2.5475 2.5475
e x/Lpp 0.9857 0.9857
WRRERALE 2/Lp -0.04042 -0.04042
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Fig.2-5. Computation model
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Fig.2-6. Layout of overset grid system
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Fig.2-7. Global and local hull mesh
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#1. WIHERZ], JBC MELA1.179 m/sUE AT, SBIERIRFEAS). hT gt
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P T B b A Rt AN gl S TR 1

* 22 BUHS R 5HEARI L
Table 2-2. Comparison of CFD results with EFD

EFD CFD (i%%)
C, (x107) 4.811 4.607 (-4.24%)
C, (x103) — 1.788
Cr(x107) — 2.819
Kr 0.217 0.2225 (2.55%)
10K 0.279 0.2867 (2.76%)
-t 0.8915 0.9309 (4.42%)
I-w 0.5483 0.5268 (-3.92%)
no 0.4981 0.4895 (-1.72%)
nr 1.0158 1.0066 (-0.91%)
J 0.4083 0.3983 (-2.45%)
n 7.8 7.682 (-1.51%)
nu 0.8227 0.8708 (5.85%)

a. ¢ AHESTIRE AL
b. w AR
c. no FREHERMUKE
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d. e YRR IERE R
e. nm NMEHRE, % XN nu = 1-0/(1-w)

2.3 KRB/

A FEANHE T ESMIERAAESE naoe-FOAM-SITU {EM-JE A MR E i
THE R BT 2 4z ) FE RIS 77, BFE k- SST iy #i8. VOF H H Il
P75 EEMEE DCI AL & 2 ZiRis shis B (1 A HR AR, A4 1 R %
SR Af s UL % B S RS B R AE AN B AT TH 5 AR — N B TE) 25 P IR B AN 25 AR BA SR A
FEo

[FIIS, AT BGUESKR Al as RS B Sl §EE, ARFEWMXT 2015 R CFD Wi 245
AEAR AL IBC fRHEAT 1A 2% B WU S 00AE, JEad et &8 BT E M
HHAT SRR IS EAR (I L, WE T CFD RARZRI AT EENE, N T — R 5045 i fg
2 IBC i A MU THEAT T AR
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B 5 Gl N2 ] e =L A 7108
F=5 IBC FR{IMEEEDRENRBETES ST
3155

N T IBC R RERE B RCR AT IL, 7 BT — R EER. Hok
PATTEAT 7 /AN T REAR B TBC MK B 15, 15 2RRAGEE 77 LR B AT 14
Wiz o O AT IR R MUK PERERI TR, T3 BIR e R MUK PERE th 28, [
I e 96 7 B AR AE T SRR ) . AR AE AR EEE . A SCEY Single-Run
Jrid CRRE) B — kA 2R e MUK EAE th 26 . )i — 2P #EAT JBC A7
TR E M BT, BRG] E T SRORIR P J2 ) 9547 1) e SR e e Fr) 4
AR . THEIERE T IBC MO Y . BRI E L. R AR x 5
A A RT3, AT SRR ER R AR — S [ pTia sh . BARissh U0 2.1.4 /b
T2 HORIS SR 4

3.2 HERB S5

3.2.1 JLTiRE

ARV T BE2E B O IBC MR AERAME B . AERUAME BT RE 0 3L A 7 21
FE IR E L FAP I NI S GRS R AN 7 B IR A I N E T,
HURE AT 3T 3%~T% M RERR . MIXHE SRR AME S8, ARUGHHE I ST 1
TE S B e S 3 A v A e A, RIS LR A TR, MR 14 A R
M) 4, 56 K

IBC M — AU R Se BUSEM EE B O M, TR ZR 1A Loy 280m, i1z
K 16.5m, BRIRFEEMLE RGN 40, ZRMTRERENERAMERE . BRI
ZHUNTF R 3-1 s, HREEESR A NE 3-1 s, Bk BT IBC TR
W 3-2 Fome Y R s ot s e H AR B HOR 22 0 70T (NMRD 3 it

% 3-1JBC ML
Table 3-1. Principle Dimensions of JBC
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FRE LRE R R
HE 2k (] Lpp (m) 280 7
IKZEK Lwe (m) 285 7.125
KL 58 Bwe (m) 45 1.125
YR D (m) 25 0.625
Iz 7K T (m) 16.5 0.4125
HiK & V (md) 178369.9 2.7870
AR CETiRERED So wioksp (m?) 19556.1 12.2226
MR G T RE3EED So_wesp (mM?) 19633.9 12.2706
T 25 Cs 0.858 0.858
WY 25 Cwm 0.9981 0.9981
LCB (%Lpp), fwd+ LCB 2.5475 2.5475
BRER x Ffr B x/Lpp 0.985714 0.985714
WRIER z Jr AL E -z/Lpp -0.040421 -0.040421
W2 e S 1) YRR AL A — clockwise clockwise

(a) M1 (b) M2

(c) TihERE CAD ~nE K

K 3-1 TRed B
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Fig.3-1 Model of wake equalizing duct

(a) JBC ik (b) FITRERE IBC A

(c) 73 IBC Mtk (d) AT REREE TBC Mk
K 3-2 #K BN IBC TR
Fig.3-2 Computational models of JBC for resistance (a, b) and self-propulsion (c, d)

3.22 WHEIH S E M

HWERALFR RN TBC A5 RS B B K I 2 J5 1 E LTS O SR8 R -
1.0Lpp<x<4.0Lpp> -1.5Lpp<y<I.5Lpp, -1.0Lpp<z<1.0Lppo % K] 2 S Wk A 53 DA
K4 E 3-3@) R, B 3-3(b) B 2N MRS A Ja s & B o AR ER K BH
JIWITHE, BEMUTHE A AN T —HE B R SR A B AR . AR E A
Wt TR PIRE R AT WIER 3-2 BT . AR IR DA R AR S B X an P 3-4 BT

XNTHRFMEME, EEEEFTREMETR IMEXM. T ik
SUGGAR+E 7 EFZ I E 1) i F2 H IE 384T, [FII i 46 orphan B 70 (FIL ER T
7=z, TEM R RS AR B BTk AR SCTEMR IR . IR B A — MR /NI MRIBR, IxXFf
) B A28 SUGGARFE 7 42 18] I T 2 JtE 2 DX 4 R A2 DX 4 23 FF o BT[]
BRUAR/N, N T BA R AR E TG,  [RIBE A R 00 20122 8 1025 4 e DRAIEAZ TR
i RN AR RS B

76 B AR M BUEB A, A SOR A P $2 61 28 4% Hil R e S 55380, W42 il 3
7. BT REE ST SO T (AP R T /N, ASCHE | VSR s i R P
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R P B AT
HAE2.5x10%s, 58T 2R MUK TSI TR AR — 2

*® 3-2 WIS ESAR
Table 3-2. Grid distribution

LS R e H R M W A
JBC W/O 1.42x10° 1.90x10° 1.41x10° 4.73%10°
JBC W 1.60x10° 1.90x10° 1.41x10° 4.91x10°

(a) 2R

(b) JREAR
K 3-3 HH S MM A A

Fig.3-3. Layout of overset grid system
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(a) LHWHERE (LA D (b) WIEERE (WA D

(c) LTREREE (LM 2) (d) IR E (LA 2)

(e) &=JFMIHE
K 3-4 THEMK

Fig.3-4 Mesh generation
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GRS K R
33 TTEERS
3.3.1 JBC B8k EER R

N T X Re R BRBCR AT VAL, AR oy Se AT I R AN T e B IBC M
KB 35 TSR HERTIE N Uo=1.179m/s, X NAHIZ % Fr A 0.142. i
Bt E M H AR, B RN M S R R, iR
HIAEA a5 AT AT R R AN A AR s AT oA A
FTE 519 30— AN 7840 R B IO ML S E FII 4G B R TR VI a63s, Bk ERE 2
IR TH mapFields %f H RS BIHEAT RISV . 75 FE SIS [ K A
JAG R R ZR, FRK v S i K T R BT L, X PR R
W B VAR AR T R BT LRI (R, 505 T CFD tH SRR . TR )5
KN 0.001s, THREHCRABERI KA, 0] y+7E 30 £ 4.

2t CFD tHHEAS RN IBC MEFH J1 REL ML S T3 3-3 v, BUE A
S5 5 NMRI AR SO0 SR AT Tt 45 R BR RIFM—5tE. #5416
FEIM IBC fE1Z Fr T /K EFE ) S50 m LE LB A 2.62 %6 71 2.52%, HE
NP2 R 5 SR (AR EE B AE 5%1% 2 LA o HERR OB /K BE 0 1+ B8 RARAIE T 50
B RS KRS, WTUON R — B BN R R P ERA . e Ah, A/
ANHFTREREE M IBC MY FH I R BT UAVE H, Mp e 12 Btk S B
ez, 23 FE R IBC M REEUN, X T R ENL R E B RS
e 7738 R

* 3-3JBC ME /KM RS

Table 3-3. Resistance coefficients for towed JBC

C(x107) T (%L pp) PR (%L pp)
JBC W/O ESD  EFD 4.289 -0.0860 -0.180
CFD 4.176 (-2.62%)  -0.0842 (2.08%) -0.171 (4.93%)
JBC W ESD EFD 4.263 -0.0850 -0.182
CFD 4.156 (-2.52%)  -0.0842 (0.93%) -0.174 (4.44%)

N 3-5 oM /2 CFD THEAR 2R B T S5 E LA R . T O R S
ARORIE R LU, 2 I pE A 2 38 A BLAE B i Ry @ IR AL, T
R [ b T 2R 5 R DL, BT AAS SRR IR T R 22 fE A= S B 1
JBC MEfTHSLAE R AT UL i A d i S E 2 B B S R o, @it CFD it
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AR HAR RN Bt M S A IR 2 ROV R, M E AT R BRI
P PEIR T, AR B A RS Gl s R AR A B B, CFD it
AR 5 E A R — € R

3-6 JE7R 1 T AR IS 3 RN AR 257 EL AR R 2 A AR
s, JEIE CFD SRR BIRFE AR 4 R BoR, RS S8 5, MR
AR E LS, SRR “TER” Bk Ru R R B
JE MR e B RAT W S 253

(a) HHTEEL L (E2EE5 N CFD 4553, T3#% A EFD 455

(b) WS [ % B BE LE R
B 3-5 B % s
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Fig.3-5 Free-surface wave comparison
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Bl 3-6 =M bl A U LR
Fig.3-6 Comparison of Axial Velocity at Different Sections

3.3.2 MP687 SZHER UK AT & 54

N T AR FE B X M SR A 2 A AL F e A X A BT PR B DA S A5 B 2 e 2 K PEAE
M2k, o5 PHbT T IRHER MUK MERE AT SIAR R, JER4E RS NMRI 4L sk
BAEHEAT LA . MUKIRER MP687 )15t H SR ff 28 naoe-FOAM-SITU 4T, #
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EHSE R k- oSST MJ7#2 RANS Jiftifl. H5ERM T Xing 5 PHEHA
Single-Run J5i%, BIELUGEREAT. XHIT DMER “H53k”, wInEs TR —1
MR/NEIIR L, FEB R (RIS L Py, Gl — 545 2UAS R h s A 80 T iR e
IFETIANHHAR o THRU RS TR e R [ 5 PR FF RPS=20, SR FH K ARAR & AT [
S R o UK KRR AR DL S 58 A AR T 1 3-7 o
BEERET, IR K, HIERE Ko MUK no i 5E (AT

&:E%F (12)
Ko=—irs (13)
%=;z (14)
J:%; (15)

& 3-8 JE 7R B2 K CFD S UGE T EAS B 1R e 5 MoK PEAIE it 26 5 155 8 050
PR Xt e, ARG B B 2015 AR 5L CFD W2 327507 NMRI $#24t. CFD
PR R, 7E 0~5s HIRTIRIPY, BRBE SR AL AR FF 20RPS AR, RIS
o, 2EE R E =0 $2 5 2] 0.8 BRI FE R A £ = 0.00025 B[R] 2 K #HAT,
WA R 2R 2T # R AR S TR i S5 56 254 (X L T BB 21, CFD
THEAR B PR T R HH R B L oK R SRR G R IF, Rl
SRR R 50 J=0.3~0.6 G, —FHIREREFE 3%LIN .. e MUK
BSUE T naoe-FOAM-SITU 3K fiff- s (1) H 2B X RS ASTHR A 328 [t Py ] S 4, 9 -
A T RS FEORIE .

Bl 3-9 JE7R 1 B S DN AN [ ()33 R 4 J=0.16, 0.32, 0.48 A1 0.64 Y
ANAFHEE RECT R Q=400 JW=SEHTH, HRAE e, NEHRTLESR], 75
e A J=0.16 I, IR s (U B AR R, B SO IN T 12 ) R0
RIS o BB E SRR iR 2 TR) PR 1] 2 o o e R B s 3G K, RIS AT DA R, A
TR P B A ORI N T kN . 3 Ak, BT B UE AT AR R S R R A —
AT, TR R e 2 i 1 B 2 JE 2P T N R 3

AR 0T, FRATIAS 3 T VA D R 2 WK A i 2R, RIS BRAIE T
B O SR AR 45 1 T 2 DXV R U B R PR B2 5 T Sk
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B 3-7 BT RIS %A

Fig.3-7 Domain and boundary conditions for single-run case

Bl 3-8 BRI MUK AL T 5 Hh 2

Fig.3-8 Propeller open-water curve, experimental (points) and computed with a single-run (lines)
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J=0.16 J=0.32

1=0.48 1=0.64
Bl 3-9 AFEERECT RIS

Fig. 3-9 Isosurfaces of Q=400 for four different loading conditions during transient acclelration
3.3.3 IBC BfititB&R 5

203833 138 i /K B A tE SEAN3 .3 280 70 iR i R UK T B8, ARk LR A/
T RERE B A IBCREAIRE BT SLEAT TR B, JFXS 7 e e B AR BEAT 20 M vPAl

X A 2 B ARKCR I PR Ail 75 ZEAE SERT E R T BET, PRI IRATTR TR o )
(75 FCREAT AERE E 55 o 9 ) 7 AR 2 R ORAS IE RUBE A8 51 2 (0 BE A 1R 2%

S| 7 (052 SON -

SFC = {(1+k)(Cpoy —CFOS)—ACF}x%pUgSW (16)

Horr, Crom BA K Crros 73 7 AR S ROBE N 1) BE 45 FH ) 2288, 7T DURFEITTC
1957 BEEBH V1 A St A 20 s ACk A BEHEH JuMa%: kIR 15 Uo=1.179m/s
P ENUE; SwefEff/KHSH R e it EA8 20 o7 e 2% B I B
BH /11& 1IESFC4) 7119 18.2NA118.1N,
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23 LE3A/NAT 43 AR TR IBCHE M5 MEUie 3 A iR R B8 AN s T e 2
R B AR LRI T, ARSI R TR /JET ReA EIBC E AR ) R A HE
HRFRTHREER, W RE-25R.

THES R 55317 7 i, FSRIGUECFD 5 A LE TR vPAl A AR 15 B ke
BRI ETWA M. NRTATLLES], ZRETRAMERE G, IBCHE
BH 77 R A B8N, IR ) RECRHE RECYA T, M8 ReR A 9 5
s . IR AT CUE S, FRATE SRR R 0 20 g R LLAL, CFDIF S %
T 5 SR 55 R TR R 6 B PR 2 AR R ES% LAY, R W T CFDH 545 R ml 52k

F*3-4 AILTTRERE IBC 40K BTSSR
Table 3-4. Self-propulsion results for JBC W/WO ESD

EFD-W/O ESD CFD-W/O ESD  EFD-W ESD CFD-W ESD
C; (x107%) 4811 4.607 (-4.24%) 4.762 4.551 (-4.43%)
Kr 0.217 0.2225 (2.55%) 0.233 0.2402 (3.07%)
10K 0.279 0.2867 (2.76%) 0.295 0.3047 (3.30%)
1-t 0.8915 0.9309 (4.42%) 0.8952 0.9367 (4.63%)
I-w 0.5483 0.5268 (-3.92%) 0.4742 0.4480 (-5.52%)
no 0.4981 0.4895 (-1.72%) 0.4572 0.4446 (-2.74%)
nR 1.0158 1.0066 (-0.91%) 1.0107 0.9929 (-1.76%)
J 0.4083 0.3983 (-2.45%) 0.3672 0.3538 (-3.64%)
n 7.8 7.682 (-1.51%) 7.5 7.354 (-1.95%)
nu 0.8227 0.8708 (5.85%) 0.8724 0.9231 (5.81%)
a. t NHEI TR R EL
b. w AR
c. no FBNER MUK
d. nr FXTERE ROR
e. nu NMSRE, EXN: nuw=(1-0/1-w)

AR FRMENE 4 T B — AT SR 1 A B R, B Th R 1 U
P=2mnxQ, FLrHQAIENEM R, n RN, AR R (7)),
5 BRI LR SR R0 b e 4-3 7. CEDH 348 3 b2 e300
0 5 U R 45 AR S 1E3% A1, RS bR AE AR IR SR (5 #611.67%. it
A5 CEDH 543 51100 2 5T 2 SRR I 45 B AT O BE, BRE T A SOV 7E v
T 4 B R R b T S
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AE(%0) = (By_gsp = Byo-gsp) ! Byo-gsp X100 (17)

%% 3-5IBC TR E AR
Table 3-5. Energy saving for JBC with ESD

P(W) AE
JBC W/O EFD 28.621 —
CFD 28.096 —
JBC W ESD EFD 26.903 6.0%
CFD 26.200 6.7%

R 21 0 AT B E3- 1007, 7T LR B 2236 Re e B AME S8 Z a0t
RSB B IR ARA = A, XA R IR 30 An = A T B R s 7E 22T
e B G, MR XA IS N, SIS RTT7 B — MR 2R, X ek
ANENE H RE A BRSO ES B, SO T AR 3 X A R 3 A TR TR T S
[FI AT AR B RER B AT TR T — DB R R X, XK e B A B ok
RSy = — AN EHE ), BRI EREAENER .

A R A5 B R W R B3-11 7 o ARSCEE T AN LB AR A, AP
AT LA R BB, ZRRERE G, SRBORAIRY IR I 5 R R S A B
PRk SSs At T3R8, H AT — AR AR R B 7 R A N o IX Ui B
TRER B R R T HCEM R Se s e A M RE R R e 1
HBh.

MR AR B BB A E3-12 7~ o 3X BLAREN T'x / Lpp = 0.986F1x / Lpp = 0.991
PRSI, 20 S, T e 2 2 A TR R 5 A1 S s A P ) S P Ux G e LT
IAHIE], FERBEAERAME B CJa, SRA R AT 77 (00l 1m) o P 2 vy T R 22 3 3B I
Hil. MERMAMIAE R, RAMESE X TR R R 2 T EENE,
SRR i T O [ 0 e el W 8- A1) € 0
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(a) T REREME K104 (b) i RER B E S A

(c) FTiRERe BRI 1A (d) 75 REke BT R 1A
K 3-10 A0
Fig.3-10 Pressure distribution

(a) TTREREE IBC (WA 1D (b) WIREREE IBC (WA 1D

(c) LHREREE IBC (ML 2) (d) HHREREE IBC (ML FH 2)
3-11 BT IBC M g 5 4 11 Q=100 S5{E 1

Fig.3-11 Isosurfaces of Q=100 colored according to Ux under self-propulsion
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(a) x/Lpp=0.986 WO ESD (b) x/Lpp=0.986 W ESD

(c) x/Lp=0.991 WO ESD (d) x/Lpp=0.991 W ESD

K 3-12 AR
Fig.3-12 Wake field comparison

3.4 RENG

AR CFD J7ixd i /A fEii M S48 1) IBC M AT 1 B MTEUE THE,
3 T AIENUERE, 0 TR o0 A . SRR AR R E SR
WE R, P RER B AR EAT 7 oA, CFD 1HERH T B A =S M5k
[¥] naoe-FOAM-SITU K fi# 2%, T RANS HFE, & TR YELL K B &
VRO, JERTR SR AT B B U

FAE S R UL A TR BoR, PR S v LUR R = IBC M)
Fpftko @it CFD 15, DAMHEEDh 2 GIRIR AR T RERCR A 6.7%, #R4RESEER 4
PiZE N 6.0% .

IS VRS BT AT LK IBC AERAME SE RIE A EER A9 an T E5k, EnT R
FERBRMRTE R “Vm” B, MmEamiting, SeEkng, Hik, 87
DA R R A3 4 A EAT YR 5T, 3l e 0 R B e 70 3 AT SRS IN TSN 3 B, AT K
NIRRT H R PEL s B 5 FRRAMEE T8 N B TR AT DL AR BRInHE 7
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SEMNE VLCC RIEMRESETREMRBETES 717

4135|5

AEBTHE RN HE A S 32 MG K (VLCC), X VLCC TiRed &
W EEA RS S IBC i — 8. B Tk IITHE, 55 P AT e 2 ik
IKPERETIIR, fJEHT VLCC AL RER E M A MEESREM. 55 =8 A2
A TE =R (RIS SR T R B AUR AR U R T VSR IR AR S AL, R
PR T AT AR E AR

4.2 T ERB 5

4.2.1 JLATH=EY

AFR AR RS 32 5l VLCC, HaELAK Ly N 320m, #itiz
K 20.5m, HERREERAE RN 40, 2207 e BVl B i 24t . BARMAY
ZHUT R 4-1 Pron, R BN 4-1 Frox, tHEMA WA 4-2 s,

A B e A2 — P AT E UK T Re R E, M THERAME R SR E I
JigiE 1) “ AR, BB I A AR T T, AN R, N
AR E e s R 4~5 30, BAA SRS AT ST MR R
R Re BRI TR IR B R SRR, AIER1S 3%~8% T RERUR .

% 4-1 VLCC M R %
Table 4-1. Principle Dimensions of VLCC

FRE SRE R R
LR A Lpp (m) 320.000 8.000
IKEK Lwr (m) 325.992 8.150
nz 7K T (m) 20.500 0.513
Hek & A (kg) 3.207x108 5011.57
BRMAR S (m?) 28640.000 17.900
LCG LCG (m) 148.880 3.722
N R e I, (kg'm?) 2.053x1012 20046.280
BREH x Tl B x/Lpp 0.9864 0.9864
R z 77 AL E -z/Lpp -0.0411 -0.0411
BRI (AL — clockwise clockwise
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(a) WA 1 (b) s 2

(c) BEAYALA 1 (d) BLAYALS 2
4-1 TR E A
Fig.4-1 Model of pre-swirl duct

(a) VLCC A fifestE (b) VLCC 5 iReds &

(c) FiRMEA T TR E (d) FEEEMLEIA T REREE
K 4-2 #K X BN IBC TR
Fig.4-2 Computational models of VLCC for resistance (a, b) and self-propulsion (c, d)
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422 WEEHSIHEM

VLCC MR8 B DL A FA4 AR B 35 IBC MAHIA . HhBRAAAR R N
BA: 1.0Lppy<x<4.0Lpp> -1.5Lpp<y<1.5Lpp» -1.0Lpp < z<1.0Lppe

TR EZMNIEAIAH OpenFOAM 5 [ Wk A2 5 1B SnappyHexMesh =
o FEMRNEAI T LA S B e T AR A R R BEAT T RN, FERR SR A A
[F] R BE A — MR/ TR] BRI 2 2 A R Suggar++HZIRAEE . AL ReE BT
TR AR B AR 4-2 Fios. BRI E S RIS A R LSGL R E 4-3
Fi7R, 4 Jm Wk LA S B R B ot ] 4-4 FToi

% 4 -2 VLCC M-Sk &5 A
Table 4-2. Grid distribution for VLCC calculation

W B LS RHER Gkl W
VLCC/WO 2.48x10° 1.63x10° 1.41x10° 5.52x106
VLCC/W 3.24x10° 1.63x10° 1.41x10° 6.28x10°

QESELAE]
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(b)RIFBALIE
K 4-3 .5 AT =)
Fig.4-3. Layout of overset grid

(a) THREEE (WA D (b) WREREE (A D
(c) EVREEEE (MM 2) (d) HITREREE (WA 2)

K 4-4 THEKS
Fig.4-4 Mesh generation
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A3 HEERSH
4.3.1 VLCC /KPRt EER 9 #R

b T AN T A AT ARG B A T, AR A, AT A
BN 237 Ji, JEEMSEN 338 73, iFEEEZEKN 0.001s, 15 SR BE H R
B, W] yHE 30 Ao AERS: 43 Nk [ e AR RSO Y . R B B R T

BT T, FESRGERE N 1.303m/s (VR Fr=0.147, XF N SZERATE 2
A 16kn), A REETHRE SRR 4-3 Fis.

# 4-3 VLCC AEER /KM H 4

Table 4-3. Resistance coefficients for towed JBC

FEASERE /7 LSS

THRRR
Cp (x103)  Cp(x103)  C((x10%) R,(N) Yfgi(deg) FHIT(m)
AN ] E A 1.239 2.936 4.175 63375  — —
REfeE MUTHHE 1294 2.956 4.250 64.511  -0.144 -0.00613
HTRE [ A 1.232 2.950 4.182 63.485  — —
RE  BUFHHE 1308 2.958 4.266 64.749  -0.144 -0.00676

BB EA TS AN ATRERE B 1) VLCC EMBR BN 14kn-18kn (Xf B S FE)
EF KB IAT T . IFE R RS IERX R 4-4 Fis. @l 55e
et L rT DAE 3], CFD 153 2 S B ) KBS ERIZ4XHE F5i583W)
A RIF, WUF T THECR A 0 A A DD K A3, JEA T — D i Reds E
Wi 2 1) s ) /40K [ T SRR RS FE ARAIE

R 4 -4 VLCC i KA R 5 45 R

Table 4-4. Resistance coefficients for towed JBC at different speed

ISVEMAESY ipag=d 14kn 15kn 16kn 17kn 18kn
CFD 0.00411 0.00409 0.00410 0.00407 0.00410
i A 0.00398 0.00394 0.00395 0.00393 0.00396
R 3.16% 3.67% 3.66% 3.44% 3.41%

_52.



IS5 PN 2 TR R DAY

Kl 4-5 MR K

Fig.4-5 Stream lines at stern

16kn FiE MR SR F i 2 B B 4-5 Fra, GEI LR B T LA 205 REde BN
RFANCRAEM, RIS A AL A4 T — M Tiie, X2 B Mz 8
TR AFIA RIS FR, AR, AR RE T RET AR E
AN B E PR R 0L N 10 R BB FEIRLEEAT 73R T s ok B T4
i CRATIRIER ) AR /K o DL TH T S A i (10 R Bt ss . DA e R 5 1 o7
MO E, Tl A A R LA DO, L 0.5 fEIRAEAR L 0.7 £
FARL 0.9 AR L1 EZRAAR P S B D I DI, SRS X AT
s B SRR . BT FRE 7> 5 Ux A Uy e, ek ik
Bz s E R

r=0.5R, WO ESD r=0.5R, WESD
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r=0.7R, WO ESD r=0.7R, W ESD
r=0.9R, WO ESD r=0.9R, WESD
r=1.1R, WO ESD r=1.1R, WESD

K 4-6 MR HEL
Fig.4-6 Wake field comparison

BORALH L PR U Ux, SRRy, DLFSAE B A sk, SOnT #5345 2]
i FEARPRAERUE, Q1R 4-5, JEIEXS EERI AN, N R B vl DUA Ries i
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PR — 7, AL AL AP BN, FRAR R R, i, T
VERIXHR i RAZ AT 75 A IR TR0 o

R A4-5 IREHT ALV 2L S ARAR R

Fig 4-5 Average Ux at propeller disk and wake comparison

LA R S FRFR L
TREREE 0.532548 0.591291
RS E 0.565808 0.565765

4.3.2 BRRER MUK MIE T E 24

AFR SRR AR A R 225 T VLCC RIPU M e, 12l se R AR
N 10m, FRAREEAEN 025m, 46REA 1:40. ASCHTHREAR I T8 K
BRRBE . TSR R B 4-7 FvR. TEARSCIBL IR A, I8k
HARKE 20 ¥e/s A, FTEEEEMEIESIINIE SR 4m/s, BEANIFETIN 4s. 7R AT
S, RATER T HEE R ET=0.2, 0.4, 0.6 (5 HIXE R ATHEEE 1m/s, 2m/s,
3m/s) =ANLHUHAT TS, HRRN T RUE R KIER TSN,

THE MW E 4-8 Frox, M ZH OpenFOAM H i I M 4% A= i 1. A
SnappyHexMesh ARV, N7 B IF FIHIRIE e R R, BATRHEIEZATE 1
DXIGEAT T3& 2% . tHEIRS A AR E 4-9 B

(a) =HERL ] (b) UKL
K 4-7 IR R
Fig. 4-7 Propeller model
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(a) = 4EA1 (b) I+
K 4-8 IRBE T AR
Fig. 4-8 Propeller mesh

K 4-9 RIS AT
Fig. 4-9 Boundary conditions

YGRS, R CRHON B S R, B2 1) E RPS e,
FE RS AE N AT S A% DA ST IR e . TH A B RO e 24 . HUHERT g
& an N IR, BEAESEMAIE N, HEJEE N . AR RGOS, St £k
EI—KREL N T IR R IRIER A R, BATTE J=0.4. 0.5+ 0.6 =N LHHHAT
TUFEIGAE . B0 IR SR FH AL 5 1) [8] 2 R e 8 e ik A R I ol B2 ) B0 Rk AT o M T
ETE R RIA R AR E a8, FOR R R A S LUE
S8 FE T

PR T 0 25 SR S R A0 25 1 e L an ] 4-11 fos o KT 3Rk 50
%, MRS 0EE R EH J=0.05 ZBEINEE 0.7, MUEEEEDY 450 7E5 S0 ERE
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LB P T DUR I, e RECT, CFD MR ZER K. 4 1=0.7 B 5505
FERETE 8% L bo FEHIRHER RECT CFD THHEAR 34 RE. A R BRI
IR SR IGZ R ) G 8. 35k, 3 A RUTH S S RO ) v A2 BRI
A HEAARIR UK 28 B, IXABIIE T ASSCHH SR A B U ORI R

B 4-12 52 J=0.4 15 L0 TR RS i i B THRAE R b it A
Flo WEFPBATITUIES], R ESREEOR T FAAR] 1 EW R e R 8m Al
BRI A W, RERI RS, 2RO R TR RO, AT DR R

600 T T T T T T 0

T —— ‘ ‘ ! ‘ ‘ [ —
2
500
-4
400
6
é 300 G g 5
200 - -10
-12
100
14
¢ o] 0.5 1 15 2 2.5 3 3.5 4 0 0.5 1 15 2 2.5 3 35 4
Timefs Time/s
(a)ftE Sy Py il 2 (b)FHLHE B 7 Hh 2%

Kl 4-10 SEHESRAE Sy TR Py ih 2k
Fig 4-10 Curve of T and Q for single-run propeller

B 4-11 K th 2 45 R LR

Fig 4-11 Propeller open-water curve
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()tf 1 (b)HiLA 2
Kl 4-12 RJEimaity T Q MIAHETD
Fig 4-12 Isosurfaces of Q=100 colored according to Ux

433 VLCC BNt BSR4

KER S R BN P LR E I VLCC fE MRS, xS et B SUR
HAT A HTIRAs « XA TR E I VLCC EEHEFH MEIE SFC #1°8 25.74N. iHEMi
N 1.303m/s (L ESL Fr=0.147, XFRISEPRATIEZ) Y 16kn), THEFHRITHED; |
PREEHE, TRMEERE—RZAErgs); HER RN IE, EHCN
W EFRIE, ARER U

PN [ B I NS B TIRF S SIEL LR i & P R ei S B ew e 2e L IR R R =
sl A AL THENUE Y 1.303m/s, X T AN T RER E VLCC B2 v R YN i
N 49130 6.866. 8.211. 8.741RPS, i HiAEEE VLCC et H I
A 4.339. 6.443. 7.828. 8.348RPS.

sl TS A SR A0 R 3R 4-6 Fow, K2R 4-6 H T Al SRR RS iR
hZeE, WKl 4-13. X ULEEEERH J3iEIEME SFC B K 4-13 A 14 4 i i) /4%
4, mAMRBISEATEM A, AW RERE VLCC SLfl B il g ek i N
8.016RPS, 7 12k E VLCC SLfy B AT Ui 22 4l 7.893RPS .

& 4-6 5l B ATBIR AR 7). ST REER

Fig 4-6 Model ship results for compulsory self-propulsion computation

N B smmly A Q KBH g . A
B Kr 10K HE % (m)
n /N T/N /N*m /N (deg)

4913 52.768 9471 0.322 0.1006  0.1369  62.239  -0.00889 -0.1473
6.866 35340 28.336 0.819 0.1542 0.1783  63.676  -0.00904 -0.1571
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AEdeE 8211 23.086 42.628 1.254 0.1622  0.1908  65.714  -0.00915 -0.1422
8.741 18.280  50.687  1.441 0.1702  0.1935 68.967 -0.00914 -0.1409
4339 53.178 9.075 0.164 0.1236  0.0894  62.253  -0.00986 -0.1303
WTHE  6.443  36.851  26.769  0.641 0.1654  0.1584 63.620  -0.00947 -0.1352
P 7.828 25246  39.775  1.106 0.1665 0.1852  65.021  -0.00991 -0.1343
8.348 20.832 46.780  1.348 0.1722  0.1984 67.612 -0.01003 -0.1230

(a) N TRER A

P 4-13 st B A it e h 28

(b) WTREREE
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Fig 4-13 Self-test curve for model ship

NHEA A A TE TR . VLCC Mg Bt R i E S5 =& T IBC Mt
[, SRR s i 7738 PT A% il 2% I 5 SR e 2 A e S B B AT AL S . 40K EL
THEAF B VLCC AREAE Fr=0.147 i Ao DU a2 ie 3 10 B Ak ] 14
WNR 47 Pos. HAPARAER S BUREE AR R, HE DA RN S % T
IR SRR M . RP AL RESE B AT S A Rt AT 1 ER, R T &
e e XS AR B AT RE R

DTSR AT LUKEL, AW EXS VLCC fiii) B iR RE R REmE
HIE . T RERE B ] DAY RGN R, PR . MR B
NERESy, SRR HET). HAERILE T REAR BN N, DARERR T
FONPRE, AT RER B R A LLYTHE 5.7%.

®4-7T HITTRERE VLCC E it K 7
Table 4-7. Self-propulsion factors for VLCC W/WO ESD

VLCC T RER B B E
ISYEVAEY s C 0.004418 0.004325
)1 R H Kr 0.1752 0.1744
HH R Ko 0.1946 0.1920
e 7R I-t 0.8809 0.8998
A RT3 I-w 0.5715 0.5689
NS ES no 0.5302 0.5335
o EH IV EEY Koo 0.2031 0.2014
FHXT e % R 1.0434 1.0487
B R E J 0.3833 0.3874
WER e 2 i n 7.7720 7.6550
AE= g & nu 0.8526 0.8848

MRS 30 A B A B 4-14 B, AT LAE 2122 31 RE S B E e i B AR I 71
AGHEAATAERE N, (BN AR SR BB K e g 3 AT e 2 T MR (R . T R
Ja, SRR B AR XA B R A, X0 T R BOR R A B [
w] DA BR e S AE 71 s T FEAR, XU IR e D AT B s

MR AT QA 4-15 B, WTBVE B W RERR B2 Jm, B AT
S e, RIS KR PE s 1K HE M e S HE R, DB/ N e 2R 5
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R BR K HIFE B

iR A M FEn A R 1 4-16 Frome. IEITR ML A AR AR B 2, %
PR E G, KRB RUR A R RS, RN 3R K i i B
SRR, VLRI RERR B R T HCE MR AR SRR R AR R B e
.

(a) ANH5 4 RE %S B R ) (b) 4 Rtk B I 7 18]
(¢) A5 e B IR ) () i T REREE AR 0

Kl 4-14 JE 55040

Fig.4-14 Pressure distribution
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(a)  AiiREseE (b)  AFITRERE
(BJ5, x/Lpp=0.990) (BJ5, x/Lp=0.990)
(¢)  AiTiRedeE () AR E
CRAT, x/Lpp=0.976) CRAT, x/Lp=0.976)

B 4-15 Rt
Fig.4-15 Wake field comparison

(a) L RERE A1 (b) WHTRERE WA 1
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(c) LTREEE M2 (d) WITRESEE M2
K 4-16 EHNT VLCC Mkl s & 4L Q=100 S5{H 1

Fig.4-16 Isosurfaces of Q=100 colored according to Ux under self-propulsion

4.4 RE/NGE
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BB AT 7SR, IR AR WS IR A W Dy 2 B LG T 4G
WM. FJE4H T b A NS AR A B AT R DR T4 A it
ok — P AR B R 1.

I R b A R, ATRUR IS R LA S ik

1. sai BAUTHE S 408 3 AL B LR TR S R AR Bk . X — T RE T
PR E AR T VE R ATAT Y, A — RIS UE T ARSI AT SR

2. BT RESE E AR SR B . N2 RE S B S T DU G A S
o BRARAE ST MATE LS N REEE T, e pseE . . RS
TEATRERE B TN, DA I Th R AbRHE, RIS AE%E B ] LUA T RE 5.7%
(R

45 VLCC R B e T & IERRE: Bk, g e S5 5T LA L
DGR S AR, PRARHE 30 R, SR T DI 2 g AT s . VI
P R s (A SR MU S T P A I HE g, i eE R )
SRS AN B B JE, AT AERUAME S, AT E U S48 nT LLd i Tilie
SE - WE Ty 2 b L7 A TUBE
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