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Abstract

With the increasing ship size and the growing demands for energy efficiency and
emission reduction, accurate prediction of ship hydrodynamic performance at full scale has
become a critical issue in ship design and performance assessment. Compared with model-
scale experiments and empirical extrapolation methods, full-scale numerical simulation
based on Computational Fluid Dynamics (CFD) enables direct resolution of high-Reynolds-
number flows within a unified physical framework, providing an effective approach to
investigate scale effects and improve propulsion performance prediction. However, the
influence of near-wall treatment and turbulence model selection on full-scale CFD results
has not yet been fully clarified.

In this study, numerical simulations of full-scale propeller open-water performance, hull
resistance performance, and ship—propeller—rudder coupled self-propulsion are
systematically conducted based on the RANS framework. The effects of the non-
dimensional wall distance y* and different turbulence models on the numerical results are
investigated in detail. Wall-function-based near-wall treatment is employed, and the
influence of different y* levels on propeller open-water characteristics and hull resistance
performance is analyzed. Furthermore, the applicability of the k—¢, SST k—w, and IDDES
turbulence models under full-scale conditions is evaluated. Coupled ship—propeller—rudder
self-propulsion simulations are also carried out to examine the impact of turbulence model
selection on self-propulsion points, hull forces, and wake flow characteristics.

The results indicate that, under full-scale conditions, reliable prediction accuracy can be
achieved when the y* value on the propeller surface does not exceed 300 and that on the hull
surface remains below 1000. Although the surface friction coefficient slightly increases with
increasing y", its influence on global performance parameters is limited within the above
ranges. Regarding turbulence modeling, although the IDDES model exhibits clear
advantages in resolving unsteady vortex structures in the propeller wake, it requires
significantly higher computational cost. For engineering applications focusing on global
performance indicators such as hull forces, motions, and self-propulsion point prediction,

the RANS-based SST kA model provides an effective balance between accuracy and
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computational efficiency.

Validation based on full-scale experimental data provided by the International CFD
Workshop, together with comparisons against numerical results from other research
institutions, demonstrates that the adopted numerical modeling strategy can satisfactorily
reproduce the experimental trends of key parameters, including self-propulsion speed, shaft
power, and wake field distribution at the propeller plane. The prediction errors are within a
reasonable range for current full-scale CFD studies, confirming the reliability and
engineering applicability of the proposed numerical methodology for full-scale ship
hydrodynamic performance prediction.

Key words: full scale; computational fluid dynamics; near-wall treatment; turbulence model;

self-propulsion performance
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Figure 1.2 Surface friction coefficient and streamline patterns of the KP505 propeller for the KCS
hull (J=0.7)
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Figure 1.3 Comparison of the effects of PBCF on the propeller at model- and full-scale Reynolds
numbers
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Figure 1.4 Comparison of frictional resistance coefficient formulations
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Figure 1.5 Comparison between numerical results obtained by the virtual-fluid method and
experimental data
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Figure 1.6 Form factor predictions under different turbulence models, Froude numbers, and scale
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Figure 1.9 Vortex-blocking effect of the rudder
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Figure 3.1 Propeller model
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Table 3.1 Parameters of the P5227-01-B propeller
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RPN, Kr ATETIRE Ko MR REL, o NIRHER AR

N5 EIRHEBENE RES BT R T B AR R OREF — B0 IF 7870 I R fie 2 e e
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THERPER I AT RAL . MR, R EESE R o SR KT R EL cpn
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R p NIRRERE, ¢ NEEEVIN R ERRER, p NREEBIES, pet NSHE .
322 HEIEBIGESMERIS

P 7> TAEEIAE STAR-CCMHEATH 5E . RTESRAR T MR U] 3.2 fras iR
JREZE BRI A XA A 3.3 Pom o BUE THER PR I A2 AR X R e 2R e el sh it AT
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(a) IEALA (b) MIREAE
B 3.2 IR RE M

Figure 3.2 Surface mesh on the propeller

B 3.3 BRBERMHI IR R4S

Figure 3.3 Volume mesh in the vicinity of the propeller
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Figure 3.4 Computational domain and boundary conditions for the propeller open-water
simulation
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THES I FNE 3.4 Fos . WG e A T A brah B I mls AN A E
AN, HA A E R g, SR & a2 535 U B O X R s MR e AR R R
FAJCTE R BE T 11 57 55 At o 28 RE SR THVRELRE FE XA BN (R 20, R e 2 3 1 5| NS5 250D
FEURE FEE AR AR, JHOREDRS B2 i FE O 3.79%10°¢ m.  THE X e it infe e #5id n = 1.6
rps = 10 rad/s, I 2N FI AL R 3 S IR A [R) 3k T8 S 80 T4

RARUE S FC B AT 5E e, Xt R0 J = 0.6 B9 T T WA ISR SeE . 12
ITHAIERT, PRFFLTZE A BB A, A M EE )y MESN 235 4, DR
AT B TH] AL B 22 e 0 45 SR IR o A S S EOR B R 3.2 P, orf Reo7sp iRAE (1.2
THHEARR], B borse=1.54 m.

R 3.2 BiREBUKERTENSHAE

Table 3.2 Numerical settings for the propeller open-water simulation

WL p (kg/m?®)  BNJIKEE u (Pass)  RIIEE Vi (m/s)  TEIEE Reosse  IHAIEK Ar(s)
1029 1.23026x1073 6.24 3.26x107 8%o-271/n

THRAERRE . 2%, R =BT, =B RSS2 e tiz gy
T o AN [ IO S 5 EE T ) ek IO B0 B0t I R M e 2 DA % 2 22 5 R 8 Ko A0 Ko 1) T
G R R AR ZE S P T3R 3.3 FIK 3.4 v, Hrhr 28 Dl kgt E e RN
FevtE . KM ISFEE (Grid Convergence Index, GCI) /7 7ABOI i 5 45 L 1 o % 25
AR ZE AT PEAG

£ 33 FEANBEERE TN KritBEE R X GCL 4#r

Table 3.3 Krresults and GCI analysis under different mesh densities

s MIkgE D Ky RE (%) Kph RE (%) KPYORE (%)

1 2506 0.1052 - 0.1078 - -0.0028

2 886 0.1050 -0.18 0.1077 -0.12 -0.0027 -3.13

3 313 0.1047 -0.52 0.1074 -0.37 -0.0026 -1.27
GClI2 - 0.21% - 0.17% - 1.28%

£ 34 AERBEETH KoiHESE R X GCI 447

Table 3.4 Ko results and GCI analysis under different mesh densities
Gits  WIRGE (J1) 10Kp 2 (%) 10KR™ iR%E (%) 10K iR%E (%)

1 2506 0.1460 - 0.1484 - -0.0025

2 886 0.1458 -0.15 0.1482 -0.14 -0.0024 -2.09

3 313 0.1453 -0.53 0.1477 -0.47 -0.0023 -6.12
GCl2 - 0.27% - 0.24% - 2.42%

R 3.3 Mk 34w LLER], BEE MG, 1RM0 Kr'5 Ko FIARAIEEEZHT
N HARRRZE K GCL BI/NT 0.5%, R W] 32 2 BEAAIK BN 771 BE Ok BB 1 A% dic
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Stk MR, BB RN Krv Ko BXHERUN, /N EUE B30 R AT -3 800
XFRZEA PFIBCR, AHHX R Gen, 34b T TR TS AT B2 u Bl A, 1t B 2 i b 45
JEE X% T BB 6 0 36 2 X6 800 58 PR I 7K 3 73 RO 8 73 A 7 5K

3.3 jmiiREIN St R RN R UK R R

N GVl AN R AR B0 S RUBE SR B 2 K R PR B TH B 2 R IR s2
ASCAEAFBEE RS J = 0.6 LI F, S— % By = 235 FILEEHIBEE, FHki =Fb
i R AU R R e S MUK RS AT U H B o 7R PR R IR R 43+ 0 B i AR =X
HABESH—BIRTHE T, 5 S0 MR Y % et i e 2 B4 oK 30 /1 B8 2 =30
TSR R

3.3.1 AEimARE TIRIER B AUk IERE S

AR K Ko TR R R AR Z R 3.5 ik 3.6 Fin.
Forr, FHXTRZE L) IDDES i B TH R 45 RAE A S e, DO A T i Y
PR e o R i 2 R A T R TN (1) 5

M 3.5 fIF 3.6 Al A, TEATIE = MR AL R, e R UK PERE S B 2
FBN WTHESRE Ky, SST k-0 5 k¢ IEAIAANT T IDDES B2 (R AH X% 2 0 51
N 0.32%1 0.22%; ST FHEHE REL Ko, RIS IR ZE 43 5N 0.26%F1 0.50%. H4hk
SKF s ANTFN A AR X W e R A HE M e IO R s M 3 3 E 1% AP, R EATESE
FOEHUK THUT B BE S HO0 i AR 2 128 3¢ 1) U P B AR

R 3.5 FRHREE TH Kt EER

Table 3.5 K7 results and relative errors predicted using different turbulence models

i YA Ky WE (%) KPORE (%) KPT RE (%)

IDDES  0.1047 - -0.0028 - 0.1074 -

SSThk-w  0.1050 0.32 -0.0027 -3.34 0.1077 0.22
k-¢ 0.1049 0.22 -0.0028 1.41 0.1077 0.25

& 3.6 ARMHFARE T Ko HHEER

Table 3.6 Ko results and relative errors predicted using different turbulence models

WA 10Ky RE (%) 10K BE (%) 10Ky RE (%)

IDDES 0.1454 - -0.0025 - 0.1479
SST k-w 0.1458 0.26 -0.0024 -3.17 0.1482 0.21
k- 0.1461 0.50 -0.0025 0.71 0.1486 0.50
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2N, BB EE P A B SRR RS E DN, HARRHR ETEAER AR N R
P —E BB, (HNAT BT BER G, HO AR M RE RS2 7598 A PR

TEIRHIE, SST k-0 5 ke BATE R R S BIBEE M0 B EARcE S, &
BRI AR T B T i 45 A S BT DTN 3 TR 6 BIAN[E] o AR, ARG — B BE TR
W B RBETH R R T, X P 22 53 I R I 35 o AR M e S (R4 3 B 1) TN 485 2R

gt BaR M AT, FEAR LT I 0 S ROBE R T 2 MoK Tt AN TRl A ALt
BARHUKYERE S B2 A IR, T 545 e TR T2 a BB — 8tk X
— S50 5 B R IR BRI 2 AT i AR AL ) S B R A TR
3.3.2 AEmREREE TRRERILE RS

Nt — A I Ui AR TR 32 0 0B e 2 B T S AR PR R R, AT AR T B4
REOMERTH S 1 REOIATTH, A FER AN BT H 525 R AT 06 L o4
3321 AN AR T R EEEE T R Er A R

AN A AR Y T MR i 2 s 3 T 5 W T R TG B AN AR TR EE ¥ 0 R B e S AT L
groniEl 3.5 ME 3.6 ios. ATLLEH, FILLEH, 7E IDDES. SST ko VLK ke =
Flmi B AL T, SRR o FIEAR D TSR — 2
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Figure 3.5 Distribution of cs: on the pressure side predicted by different turbulence models
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Figure 3.6 Distribution of ¢ on the suction side predicted by different turbulence models

X JRi # DX A E AT E — 25 06 BRI DU B, A R i A A B ) BE 00 2 5y
AE—E Z 5« AT IDDES B8, SST k- FREALLE MRS XI55 ¢ 23 AT T
AP/, ZRHEAE S T S BRI MEZTN, ke BALAE AN AL B H
LT R cp IXIOPAT ANIESE BRI W H LS A i 73 2 B A DR B T 7 51 45 740 1) 73
MAFEAE— e W2

N0 € BV A R AR A S5 1 N R I B ) R BN 2 7, KR e A AR
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Table 3.7 Propeller surface ¢ and relative errors predicted using different turbulence models

WA g (<107%)  RZE (%)t (<10 RE (%) S (x107%)  iRZE (%)

IDDES 9.16 - 10.28 - 1.54 -
SST k-w 8.89 -2.95 9.98 -2.98 1.51 -1.51
k-¢ 9.12 -0.52 10.23 -0.56 1.55 1.14

M 3.7 /&1, AIXFT IDDES %!, SST k- LK k-¢ FETR T S (1) B 44 Ko 3= 3
R A RAL, Hor SST k-o BRI MIAHXTHRZE LI N-3%, T k- AL KA 1% 22
PEHITE-1% AN o 1% 3R WA [R] it 00 B2 7 3 B T BY U1 2 1 0 5 TRAF A — 2 2 5%, (5
5 T 8 55 B AR A /N

ML, SR 5 R 1 Ve, fEAN RIS AL R ARG S R, A 15 22 542 il
TEE2% AN o 31X — 7 T 5 BIR 2 1T BE H 0) R B HERUINE O, 7 — R AR
G — T BE AL FR 25 A, AN [T A0S 2R 0T 12 [X 3 B 45 77 7K ST R T 22 S PR

W, R e, G S5 RKE ke BBAUARXS T IDDES BRI
BUNPIAR R 22, ABG5 G AR A DX EE 15 ) R B0 A AN SR (R RFAE T LSS, 145
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BRI BRTE k- HEBLTE T BE T R LTI 7 T B A SE S I BT Stk . AR, X4
TR EEEEE— B ERE R 1 X R i B A I s 45 M T B8 0 AN J2 11 1) 7
gia i s Bl 5o, a5 BT LARE, eS8 R UK TS, I BE T /)
PRFF—BUN, I U 0 Fons 2 1 P45 ) R B AR oy A s A PR, (BAE RS 55 = 8
R XA 25 N B2 ZE R X — 45105 57 B R MK PR RE X I AR LR B A
SRR 73 A 45 SR A — 2, R R B E PPl T U AL IS FH PRI, PR ali iR Bk e & 5
AN DA SR T JR) S SN ARFALE (1 TR0 R
3322 AR T R ) R B AR

ANTRN T IRUR 2 I W e 2 I 1) 5 W D THT ) Te AN AR TH s 1 R AL cpn S0 AT TE L0
M 3.7 FE 3.8 s

(a) IDDES (b) SST k-w (c) k-¢
B 3.7 AENRRARRT cp IETE 5345

Figure 3.7 Distribution of ¢, on the pressure side predicted by different turbulence models

(a) IDDES (b) SST k-0 (¢) k-¢
K 3.8 AEWRIERT cp WIS

Figure 3.8 Distribution of ¢,, on the suction side predicted by different turbulence models
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HE 3.7 M 3.8 afLUEH, ATLAE W, £ IDDES. SST ko VLK ke =Fhimii
BN, BRBER R cpn MR LA REF— 8. LIRZEER TSR, &
71 ZHOR AR AT SZ 1] 2 [ AR U SR A AR ], R RI B MBS ER .. X
WITE S — I BE T W B 2R T, RIS IR I s 77 0 A e i AR AL e #R B4R b IF AN BURK

it — 8 BV A R R 25 A N R IR ) R 2 5, HRe Bk, &
KU BUE R 1T, KA R EIL A TR 3.8 .

% 3.8 A&, AIX}T IDDES %!, SSTk- 5 k-g PRI (K] 544 7 2 32 R 1HI
o BUEWEAT 2, FARXSIRZERINT 1%, IXRITESTREEHUK THL T, #REde - 2
T 7788 5o i IR AL i B A B () B P, TR D7 IO B A HE 3 M e T ) BB AR T
PEEL T o

R 3.8 ARGRAE TR RHC,, KHXHRE

Table 3.8 Propeller surface ¢,, and relative errors predicted using different turbulence models

] o RE (%) cipain R (%) cPBCF RE (%)

IDDES -0.2769 - -0.3185 - 0.0068 -

SST k-w -0.2783 0.52 -0.3203 0.55 0.0073 8.54
k-¢ -0.2786 0.60 -0.3202 0.53 0.0053 -22.21

SR, FERRMEEE X, A R TR A TR 22 5 2 TBOK . Herp, SST koo 1Y
NBUREER T C,, FIARXS IR Z2 LN 9%, 1M k- BT (AR R 72 1E — 2B 1 K, WA 2 22% .
RS, R ke BRBAERRARS T30 70 480 F0IN T A L L A 1) — B
(L AR 800R 68 DX S0t 52 2% = e R A8 7 BRI O U BE T AR AN 2, B0 IX 35
T 77 2 A5 RO i i R e B BN R

MERERL A R, BRI SR HE 1k 25 B b 53 s B I 5 4 R0 K 3l R P ot T e A 2
IR PESR 1 B vy 2R o £ B AR I 38ar TS S5 55 R i sl e A R B ] AIGE
IR k-e AR RAR R BAT — e WU GE /7, (H AR BO0E 68 DX IR I H B AN &
PERRH 1 HAR N R 2858 FlTm i A i 5 Bk . AHELZZ R, IDDES 5 SST k-0 AT 7E 52
AR5 Ry S 1 73 A8 TN 2 (R) R B S (P, S IE S AR IR B i R HER AR A

3.3.3 AREIGRIEBEE TBERE SR 54
3.33.1  ANENH T R RE e S 7 R A

N T VA R i A R iR e 3 i g s R R RO RE I, DGR AERTE S5 0.2D (B
ITC B AN AR oo I AT IR BL AT 3.9 P
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(a) IDDES (b) SST k- (c) k-¢

A 3.9 AERREE TREE T 02D AL E o 546

Figure 3.9 Distribution of w, at 0.2D downstream of the propeller disk predicted by different
turbulence models
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Table 3.9 @, and relative errors at 0.2D downstream of the propeller disk predicted using
different turbulence models

T A A w w7 (%)
IDDES 1.1455
SST k- 1.1465 0.09
k-¢ 1.1464 0.08

% 3.9 [ &1, MX}T IDDES #M, SSTk- 5 k-¢ FAR TR o, A0 R 2 45 )
2979 0.09%7F1 0.08%, — Pt 2 (8] i1 22 535 /N T 0.1%. IX R IAAES — T RE I 1%
BT, AR A B 8 e 2 J5 5 3 0 DX 249 4 i o B 1 F000) &5 S v B — 3

HERE S TAR B A B R, R34 ) 32 B2 o 2R 8w 5 AR il 1 2 2 ) A8 4k
FITURE 5 T2 I 2 38 DX 11 T~ 350 o ) ke B 7K S T4 s e 7 B 2 %o S Uk P 8 A4 o ok i
TEAH R BB, 25 A R AR L TN 11 252 5 b e Sl B 0 A7 PR R — 2, IR A
L} 3 B R R By R AL 4 is R ) 2 AR — B, AT BB 15 BT LU [ o HE g T 25
%45 R IR 2 TR T HTR A FERG AR T B MUK M R 2 808 R BN S5k
3.3.3.2  AN[ENHFEY N B BEE I 7 IR A e o A e

AT N RS S5 T i A IR A S SL W & 3.10 s
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B 3.10 ARGRBEE T 0 SHEHMHRIRE I 2h

Figure 3.10 Vortex structures captured by Q-criterion iso-surfaces predicted by different
turbulence models
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LRERAE, G IILEEE W E T T, ARt A iR e R R i 2R
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TEANE 5T o

3.4 IAEEITEWNER y 3L RERIER KRN

NRGARFCTBE R G R B "0 92 RUBE S8 AR T R i@ 22 MK 1 REHRU(E 11 53 45
s, ASCIEFEBE RELJ = 0.6 THL T, KRAZET RANS M SST ko i
B, BT MR TZ MR TR, SR e MUK GERET T LS. @i
VAR AT BE 1 5 — 2 R = B, TR R y KSR 00, FF 20 A 0 T 2 B kK
BN IIVERE SR BN R AE (52 o %510 FHE WS 1 B S HUR R Ny B an R 3.10 A
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R 3.10 NEDFEME R ERSH IR My E

Table 3.10 Parameters and y* for different boundary-layer mesh configurations

W WKE MEEN SRR BOVEMBEE 5 o e

7.31x10°D  1.35 8 2.55x10*D 2.08x103D 428 465 173
7.69x10°D  1.35 10 1.41x10D 2.10x103D 235 256 94
8.08x103D  1.35 12 7.93x10°D 2.15x10°D 131 143 52

=g T S, ARG R AR R IR BE, TS — R A R R 4% 4
2 fERRIBRAAN, TR INZ 1T JE W R BB A CRFEAAL o M AE B3 3 B 11 43 %
RN RIS, RIFD T ZHG 5 A WA 2 18] R 32 00 AN (A e 1 AN AR B R AR 4k, AN
T e R B8 L O 2 55 — J= P ks v S A A B 25 SR s, i DR AN [R) B451) 2 ) PR 6T L
HA T .

TERR R, yE IR EANEE R, H o 2 SR IR 0 T B T s e v
Rz b o DR, ASSCHE y' 52 40 B A B R Oy B AR /K B)) ) B AT BE TH I B R
ANKTURTEI J5 J7 T e T Bt i .

3.4.1 A[E yFGTBREREFHKIEE S

=MAE yEE T Kre Ko FITHE SR LA RZESER 3.11 MK 3.12 P,
HARZ S Uy RN (F =131) THESE RO AE, I DAVEAG U EE I 5 PR A A Xt
R T 2 B AR A 1 e T FRT S

R 311 AFE y FHETH Kot EE R RE

Table 3.11 K7 results and relative errors under different y* conditions

v Ky BE %) KR BE %) KPP BE (%)
131 0.1053 : 0.1082 - -0.0028

235 0.1050 029  0.1077  -045 00027  -637
428 01033 -1.94 01059 212 -0.0026 847

R 3.12 ARy FHTH) Ko THEE RAHXHRE

Table 3.12 Ky results and relative errors under different y* conditions

V7 10Kp %% (%)  10K5™ %% (%) 10Kp'™"  iR%E (%)
131 0.1458 - 0.1483 - -0.0025

235 0.1458 0.00 0.1482 -0.08 -0.0024 -4.92
428 0.1436 -1.50 0.1459 -1.60 -0.0023 -6.97

ATEVER], ARy BE T, BieRBARHUKIERESHE y K2 — 21
s, (HRARZRIEEE /N 2y N 131 8N 235 iF, ) RE O S5HAE R Ko
HIZALME LS5 /IN T 0.3%, RIFEIZIEHE N THES R y BIARIFABUK. 2 y it —
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Figure 3.11 Distribution of ¢ on the pressure side under different y* levels
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Figure 3.12 Distribution of cs: on the suction side under different y* levels
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Table 3.13 Propeller surface ¢ and relative errors under different y* levels

- Cin | g.012s

a,

Fo G (X107 R¥E (%) R (x107)  RE (%) BT (x10%)  iR%E (%)

131 8.73 - 9.80 - 1.49 -

235 8.89 1.84 9.98 1.85 1.51 1.37

428 9.03 3.44 10.14 347 1.53 2.51

e A s B e, a5 R AT EN, AESR T BE I bR B0 S RO IR e R MoK TSR,y Y
AR, 3 EL R M FTH] BE ¥ ) R B EEAR KT, T 2 B A TR S s i A BR

3422 AF y AR R AR
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Figure 3.13 Distribution of ;. on the pressure surface side under different y* levels
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Figure 3.14 Distribution of c,. on the suction surface side under different y* levels
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Table 3.14 Propeller surface ¢,, and relative errors under different y* levels

y Con RE (%) cmain RE (%) CPBCF RE (%)

131 -0.2774 - -0.3190 - 0.0066 -

235 -0.2783 0.36 -0.3203 0.39 0.0073 11.06

428 -0.2780 0.23 -0.3198 0.25 0.0072 8.72

ML R, B0 6 2 T (1S, A iR 22 B 2w oK, BB AT Ik 8%—11%. i Z24E
I, BRIREERTE 15 R RHERUD, HIR s 32 R RIS, It

NI BB R AT AE AR R ZZ 4R R 8O . IR AR A KR, BUIREE R C,
bty AL IR A TR

GRE AT B e, 45 R T LARIIE, AR FH BT pR 20 58 RO R e 2R oK oh 5,
y AR I BRI BE T BY DI AR OC &, it DA 730 3 3 3R B A 20 AT S M A PR
A5 AR R R ) R MK B PR RE 7 A A R AR L EE, BE— DU IR T
RERT 200 y Va5 7738 U A B (R ek

3.5 WEHZESEMEIISHUK SRRSO

N — B RAERT LA AT SR, BT = 0.6 Lo IR LR, S5EER CFD
S AR 7T B ) TH LG R BEAT X EE 0 A 5 BAAL AR L0 T TN R AE ) SR
Kr 582 Ko M gEit 45 R op mlin &l 3.15 A 3.16 Frost:

M 3.15 /JULE H, AFEBTERAAER AR y RIS R A s o, 2
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o — 2k

FMEEZ T, BB 3.16 WL, ANFEIETCERALAE Ko RITIMN 4SS R _E 2 3L TE 9B 1
BRI . X2 TR R B2 B IS B AT RN, [N 3 32 B3 18 BEHE 0 ok 15
Wi o I SC 3% B R4 ) 2 B0 22 [B] A 2SRy A AR R AR AL ARG, (H K
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Figure 3.15 Statistics of thrust coefficient K7 at J = 0.6 reported by different institutions
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Figure 3.16 Statistics of torque coefficient Ko at J = 0.6 reported by different institutions
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LUK VERe BB, R BER R EORE yHEHIAE 300 DLUN RRBELE TR 2 S5t
SRR R A BN & B 1

FEim A A 7 T, IDDES A5 2 7 fia 5 M i S A 3R E 5 i 8l il ik 77 T 2 30 H o o
IRETT, (HHTHE AN & s 8678 B THR R 75 3R UL AR AR /K B0 77 P e 30 1)
FaEt, BRI SST k-0 T B E A J5 BEMUK PR RE THE 1) 32 B AY
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T3 3.15
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Table 3.15 Computed results of propeller open-water performance

J V4  Reossr (x107) K Kr}lain KI;BCF 10Ky 10 Kxélain 10 KEBCF -

0.1 1.04 3.16 0.2976 0.3022 -0.0045 0.3302 0.3336 -0.0034 0.1435
03 3.12 3.18 0.2273 0.2308 -0.0034 0.2634 0.2661 -0.0028 0.4121
05 52 3.23 0.1471 0.1499 -0.0027 0.1876 0.1900 -0.0024 0.6241
0.6 6.24 3.26 0.1050 0.1077 -0.0027 0.1458 0.1482 -0.0024 0.6878
0.7 7.28 3.30 0.0615 0.0644 -0.0029 0.0989 0.1014 -0.0025 0.6933
0.8 832 3.34 0.0151 0.0185 -0.0034 0.0445 0.0473  -0.0028 0.4318

ARICAE J=0.1-0.8 i PR HEAREEAR L 230 R BRI TN 45 SR 35 Ak
THERER I E SR G EXE N, 2Dk 7 R HBE A S SO E RS R
JE SRS MK P RETH B R T R

FTR 305 MHHER, efliR ek AR MUKYERE th & & 3.17 s
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J
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Figure 3.17 Propeller open-water performance curves
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Figure 4.1 Hull model of JoRes1 Tanker
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Table 4.1 Main particulars of JoRes1 Tanker for the ship resistance simulation

FLLRK Lep (m) B B (m) Wk T(m)  HOKERV (m?)  REHEH S (m?)
178.5 32.26 10.47 46648 8337.1

A UVE B, Mtk R AT BEA 2 I AL R, G5 PIV B E . xR 68 DL
AT IO R ARG - IX SR O T Rn iR R X N, HAFAER R s i KR
O AR AR SRR A, AT RS AR R 3 SRS S BB T ORS PR T B e K

DB i A B 1R REREAT 5 F o0 A, AR SCR I A BE 73 P e 2o i v I B B B
NSRS LR EATRAL, 2 LATF:

R
C = :
"0.5pVS (4.)
R.
C,=— -~ (4.2)
©0.5pVs S
Cl‘ =Ct_Cf (4.3)

A COUMARE A REL CONMREEEEIE I 28 C iR R 250 RN
MRS E AT, Ry RERABESEIE AT, Vs RIUERE . L EASERANTCR R U], BIAER
AR T

T
C,. = X
Jx O.SPVSZ (4.4)
P~ Dt
C =——
)4 O_SPVsz (4.5)
pe(T -2)
c, =¢c ——=—~——~
dp P OSPVSQ (46)

e op A x J5 1A ERIERTH BEE ) R ¢ WRTEIETIRE cqp RSN T REL
o NEETI VIR /335 x J5 18 b7 &

o, =12 (4.7
X VS .

K o MR 23
4.2.2 HEEIEESMERIS

WA K 7> TARSLE STAR-CCMABRFH 58 e A T A K 15 T 19X 4%t ]
4.2 KW 43 P Ba v SR H S AR s st AT A o

FERIAGAR LATRE A, FEMTE MR S8 R AL R R X3, 24T 17 R A A%
KeEE, DLIRm BN MMRATAS L . Do HERRART 3 B BRI AR A IR A, AR A R 7
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THORSCPALTE X AT ¥ 1 2 JZ B WA, B9 B A B DR I HERe 71 BLAk, N
BEAR T o5 WA S 55 2 8 DA T RO UR 22 5 P0G PR A R e 9 DX 3 B D A IR £ X R
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ANy IR AR L F R AT > I B i & BRE L R 508 R
M RBL REE. PIV AR E LA L N I R XL 72 70 X E, IR S A
FARHER AR R BG R SR — SR R, DAORAIEAS [F) DX dslafe B i A 27 20 — 2ot |
R A B B TR RS, PLRIAE TSR IF AR TR R

(a) MEHE K AETE P (b) MEFERIRE
B 4.2 MARE 1R THE AR T M A

Figure 4.2 Hull surface mesh for the ship resistance simulation

B 4.3 B HEME

Figure 4.3 Mesh distribution near the free surface
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Table 4.2 Dimensions of background domain and overset domain

5 S
PNELEREER2 1.25Lpp 0.10Lpp
R R R 2R 3.00Lpp 0.15Lpp
A {00 26 92 il 2.50Lpp 0.25B
T T B AR 0.75Lpp 0.25T
JECTHI R e B 1.75Lpp 0.507

B 4.4 MARHE kR EIRIL R
Figure 4.4 Computational domain and boundary conditions for the ship resistance simulation
RIS TN 4.4 P ARAREh IS5 AL TR B DAL E s AN TR &
JRABIA B BN L, P AR E ORI, s BRI AR
TR F T RS BE T A 7 26 A o 9% &R T ARG BE XL B AU RE i, M A T AT T 51 A\
SRR RE AR, M AR TS 5 =y B IO 5,310 m, 8 T REL A 52 v E UM
6.3x107° mo /NSRBI T SR SA N, X6 H AT i B B JE R T
TEREON 1.25Lepo ZRMEAAZN B B EEIE BN, DURBOL R ST TH A 75 17 B
AT AR N I Ak R T SR AN R AL P 55
DNORUE RS TC AT 5, ML EL Fr = 0.164 B T OUHEAT XA USCSUE S0 IE o
BEATIRERS, CREFLFZ RS B BN, R A (B3 604 e, LA
o 3 B T A B S XS S R . M OCS MO E IR 4.3 Pl
THETERRS . S R =B MR T, =B A R DAV2 I3 HE
I o AN RS LR (RS R BB B B AR 52 I Con Crn Cr 2RI R
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BT Sink. AFE Trim THHE SR R IHLAAXHRZ S AF TR 4.4 FiK 45 F, H
rp 5 22 15) DL B 2 N R B 4 RO U
F 4.3 AR TEYSERE

Table 4.3 Numerical settings for the ship resistance simulation

RRHIAH B p (kg/md) BN JIKEEE u (Pass) SRR Vs (m/s) FHIEEL Re BRI At (s)
K 1029 1.23026x10°3
Eokat 1.212 1.82x10°3

R 44 ANFEPER T RMARTHEER K GCIL 347

Table 4.4 Hull resistance results and GCI analysis under different mesh densities

G MK (J1)  Cx10° RE (%) Cx10° RZE (%) Cx103 iRE (%)

6.24 1.025x10°  2x10™Lpp/Vs

1 6900 2.07 - 1.62 - 0.45

2 2440 2.08 0.33 1.62 0.00 0.45 1.53

3 863 2.03 -1.93 1.62 -0.04 0.41 -8.81
GClI2 - 2.42% - 0.05% - 11.01%

R 4.5 FRAMKERE T OMEESITTESR & GCIL 4T

Table 4.5 Ship motion results and GCI analysis under different mesh densities

gns MkEE (J9) Sink  RZ%Z (%) Trim #Z%E (%)

1 6900 0.1999 - 0.1618

2 2440 0.1999 0.02 0.1617 -0.04

3 863 0.2013 0.70 0.1597 -1.30
GClI2 - 0.83% - 1.52%

& 4.4 FTULE M, =FE SR MBS /8 G A2 XRHTA
(5 PR 75 SR P17 A [0 PR B T A 1 L, AT 2RI o 0 B T A A 2 S BE 4 B
DIV . FEREERE BB RE C AEAN R S R R I BN AR E
ARARFIE

L2, R RE C o R FEAR AL O U AERRE IR SR T, G
ML AR BRI W 22 o #E— 25X B i A AT 70 A R B, RS RS CMfE AR SE
FEAT R ST /R SO A H X Sk ) B R T A5 48, B FR T O R A AIUE A S, AT
SO T O S L AT A SRS B2, Xt R RE A% T Cp iR ZE A R ) 2B A

R 4.5 ATLUEH, BEEMRZDINE, Miikizzhm v F R 2 50 H B s
o MUBERUS AT T, PEEANTHITE R SRS A AR EEATI A AE P2 5, T v 55 R A
EAGARAS 2 B (R 22 5 OO 25 /), AR R Z2 R R N A

M GCL 73T &5 KK, ThEERRS SAR AR 2 18] 1) GCL, BUE RV, R 545
ROEEARFENWIE TR XA FI, ZRETHERE S R BAR A, A0R8015
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FAR P v 25 B U TR 5 12 R REA T JE ) A sl eV S BB A T R S L
RFALE 73 T HRRE L 2K

4.3 imntRExSE R AR At RERIR T

N B GVl AN [ R 2R S RO 26 A T AR B D PR RE BB TH B 45 SR e, AR
SCAEAR I Fr=0.164 LR, SG— % By =604 WL EEH N E, Hiki=
Tl FE T A A 2R R AR B 0 1k RE R AT % BB o ZEARFF RS RI) 43« 3 B T A 20 %
HABUESH SRR T, 8 S0 M i 2% B0 A A BE ) M s K= i sl R
[R5
43.1 AEimAEEREE TAREE DS

=MAFENRREM T Cn Cn C- M Sink. Trim TR S5 B K HA R ZE N FE R
4.6 F13% 4.7 . o, AMXHREZERILL IDDES i B i+ 545 A NS5 2k,
FH DAVTAt i 0 A5 250 220 A S5 Ak L g 1 e 03000 1 2

R 4.6 AR TRMEE I REOHESE R

Table 4.6 Hull resistance coefficient results predicted using different turbulence models

WA Cx10° RE (%) Cx10° RE (%) Cx100 RE (%)

IDDES 2.07 - 1.64 - 0.43
SST k-w 2.08 0.25 1.62 -0.89 0.45 4.54
k-¢ 2.16 4.48 1.69 3.01 0.48 10.01

R 4.7 ARBRER T RMEEsH RS R

Table 4.7 Ship motion results predicted using different turbulence models

TR Sink Rz (%) Trim Rz (%)

IDDES 0.1999 - 0.1620
SST k-w 0.1999 0.00 0.1617 -0.18
k-¢ 0.1999 -0.01 0.1610 -0.62

K 4.6 ATA1, £ =Fhimii b, BRI 71 S5 Cr I Tt 25 R4 22 8,
IDDES 5 SST k-co BRI 45 FAE R $2UT, 1M k- BRSO . XK IATES —UT BETH 14
BT, EEBEIH 0 AR B G B R UM X A R« AHEE 2T, RIRFH T &R G
ol i A TR AR Ak, 3 B B T A ABURME , SST k-0 B AN T IDDES R Z£ 414 4.5%,
M k-e BRI ZERE— DK, B2 10%. IR, EFH T R CE R R i A
TEREIMEE CAHRIRA GRS, A ke BB R FH J7 00 T BH K.
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Figure 4.5 Stern-region c distribution predicted by different turbulence models
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Figure 4.6 Stern-region c,, distribution predicted by different turbulence models
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Figure 4.7 Distribution of w, at different cross-sections in the ship resistance simulation
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Figure 4.8 Distribution of o, at the propeller disk plane in the ship resistance simulation
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Table 4.8 Nominal wake fraction and relative errors predicted using different turbulence models

T A A w w7 (%)
IDDES 0.1858
SST k-0 0.1831 -1.45
k-¢ 0.1848 -0.56

GERTW, MR T o MEUEZ R BEARRDN, TERHINE, RE ke i
A1 5 IDDES BIAHX R ZE 8/, X 32 BT HX R0 B A 8 SOSN8, 7R
—EFERE LHISS T R ARSA S S5, TR AN B4R bt ) BRIy ST A 5 ) 1 TN B Ay v
o
4.33.2  AEHmi AR T AR R iR B3 oA R

AN [E AR TR AR R BB I Q. (RN A IS L B 4.9 B
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Figure 4.9 Distribution of 2, at the propeller disk plane in the ship resistance simulation
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Table 4.9 Parameters and y* values for different boundary-layer mesh configurations on the hull

BEE KR WRESR HEMBERE BIEMEER

2.13x103Ly,  1.35 8 7.43%10°5Lyp 6.07<107Ly, 1096
2.24x103Ly  1.35 10 4.10x10°5Lyy 6.11x10%Lyy 604
2.35x103L,,  1.35 12 2.31x10°Ly, 6.27x10%L,, 338

R 410 BREARZAEMBERETHSH

Table 4.10 Parameters a for different boundary-layer mesh configurations in the wake region

BEE KR WIKESR B EMEERE BONE MR

1.79x10Ly, 135 2 7.63x105Lyp 1.03x10Lyp
2.80x10%L,,  1.35 4 4.22x105Ly, 1.04x10%Ly,
3.18x10%L,,  1.35 6 2.20x10°5Ly, 9.88x1075Ly,

B AR R, y IRy BE I e AN EE S, RS AR A X I B A sh A
sz b BRI, ARSCHE y 5mi o b v B S B AR B 0k e A A BE TR B RS, A
XA R it 7 e T BT 8

4.4.1 ARy FHETHRER MRS

=ROR[E y TS G Cno Co AT Sink Trim FTH5ELSE B K HAXT R Z IR 4.11
R 412 Fim. H, MR ZES LY RN of =338) tHHESE R AR, FLL
PEA 1T BETH] 43 3 26540 0 A4 BH 77 14 RE T (1) 5l

R 4.11 AFE y %4 THIREE REBHEE R

Table 4.11 Hull resistance coefficient results under different y* levels

y* Cx10°  RE (%)  Cx100 ®E (%)  Cx100 wE (%)
338 2.06 - 1.61 - 0.45 -

604 2.08 0.62 1.62 0.70 0.45 0.32
1096 2.09 1.39 1.63 1.45 0.46 1.20

R 4.12 AR yFETHIMEZESTREER

Table 4.12 Ship motions results under different y* levels
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y* Sink "z (%) Trim "z (%)
338 0.1999 - 0.1618

604 0.1999 0.02 0.1617 -0.03
1096 0.2000 0.06 0.1617 -0.06
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Figure 4.10 Stern-region cyx distribution under different y* levels
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Figure 4.11 Stern-region cg4, distribution under different y* levels
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Figure 4.12 Statistics of trim at Fr = 0.164 reported by different institutions
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Figure 4.13 Statistics of sinkage at Fr = 0.164 reported by different institutions
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Figure 4.14 Statistics of total resistance at Fr = 0.164 reported by different institutions
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Table 4.13 Computed results of ship resistance simulation

Fr Rex10® Vs(m/s) Sink (m) Trim (deg) R/ (kN) Cx10° Cx10° Cx103
0.1 0625 4.184 00675 00562 1504 2.003 1.651 0.352
0.138 0.864 5787  0.1373  0.1099 2919 2.032 1628 0.404
0.164 1025 6863 01999  0.1617  419.6 2.077 1.623 0.454
0.174 1086 7274 02286  0.1834 4857 214 1.621 0.519
02 1249 8368 03161 0255 7672 2554 1614  0.940
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FEUR R B ] pR KA B BE TR S AR T B2 T~ 3R 1 70 A R AL M (A B A B A 1
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Figure 5.1 Integrated hull-propeller—rudder model of JoRes1 Tanker

R 51 MR ARMEERE
Table 5.1 Main particulars of JoRes1 Tanker

LK Lop (M) % B (m) 12K T(m)  HOKABIV (md)  @EER S (m?)
178.5 32.26 10.47 46650 8369.1

5.22 HEEBIEESMERIS

THREIBPRI TS BN REEAS 422 AR —2. REES M
BB MRS, SEIARRIZE S G . O PRIEXT IR e 2V B8 RS B AL, B[R]
K Ar 5RO ERETHE R — 2, U Ar = 8%0-27/n s,

FRARRI . IR X 3 SR e 3 R T A RS S HO B A TR 5.2, H, &
X ka2 72 WA 250K P AR TR 3G K R 1 B, i It T R 2 JEL R L A R B B —
JEPIRE R, DA R AN [F] X Eonf I BE T ) HE 2R B 7oK . B A &R 2908 Ji. M
MU 5.2 AR

S TR B = 5 5 Y B b g3 ) B R S R MR e S I K T 0 A A A AT T
FER T RGPS IR, FLAS T AT AR PR A ORI o /R i A 3y KR
JR RN BRI B35 5 AR B REF— B DR AR AN ER T A WSS 2 AT

R 52 UAEMKSH

Table 5.2 Boundary-layer mesh parameters

RUEE KR WRBEE 5 R RONER

AR 2.24x103L,, 135 10 4.10x105Ly, 6.11x10*L,,
FIX  2.80x104L,,  1.35 4 4.22x10°Lyyp 1.04x10™*Lpy
IR 2.94x104L,,  1.35 10 5.13x10°L,, 7.64x10°L,,
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Figure 5.2 Grid distribution of the stern region, propeller, and rudder
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Table 5.3 Self-propulsion performance predicted using different turbulence models

WA R (KN) RZE (%) T((kN) %% (%) Sink  WZE (%) Trim % (%)

IDDES 568 - 577 - 0.2012 - 0.1548
SST k-o 571 0.55 580 0.41 0.2016 0.17 0.1546 -0.12
k-¢ 589 3.67 582 0.77 0.2015 0.11 0.1543 -0.32

MEAR BRTERESHORE , = Miim i R e 2 HE 7 5 M4 12 2l oL 1) T 45
REFBUIN . SSTh-o0 VLK k-¢ FERL TN )R e HE ST AR R ZE BN T 1%, RWIE S
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Figure 5.3 Distribution of o, at different cross-sections in the self-propulsion simulation
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Figure 5.4 Distribution of o, at 0.2D upstream of the propeller disk in the self-propulsion
simulation
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Figure 5.5 Distribution of Q. at 0.2D upstream of the propeller disk in the self-propulsion
simulation
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Figure 5.6 Vortical structures captured by Q-criterion iso-surfaces under different turbulence
models in the self-propulsion simulation
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Figure 5.8 Statistics of sinkage at Fr = 0.164 reported by different institutions
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institutions
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Table 5.4 Self-propulsion performance predicted under different speeds

Fr  Rex10® Vs(m/s) ZHERKE n@ps) ®E (%) Ps(kW) #Z%E (%)

EFD 1.27 - 2736 -
0.138  0.864  5.787 CED 1.28 0.79 2560 -6.43
EFD 1.50 - 4510 -
0.164 1.025  6.863 CFD 1.53 2.00 4397 -2.51
EFD 1.60 - 5556 -
0.174 1.086  7.274 CFD 1.63 1.87 5452 -1.87
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Figure 5.10 Relative position of the PIV measurement plane
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Figure 5.11 Axial velocity distributions upstream of the propeller at Fr=0.138
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Figure 5.12 Axial velocity distributions upstream of the propeller at Fr = 0.164
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