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ABSTRACT

ABSTRACT

Under the background of constantly updating computer technology, the ship industry
design based on numerical simulation is also constantly updating its own form, mainly to
the complexity of working conditions and the extensive development of data. In recent years,
the representative numerical simulation projects of ship hydrodynamics include ship shape
optimization based on Big Data and comprehensive performance exploration of self-
propulsion-maneuverability and seaworthiness, etc., and the computational resources
consumed and the complexity of tasks are also increasing rapidly. The accuracy of
calculation and the cost of calculation are irreconcilable contradictions. How to minimize
the cost of calculation under the condition of satisfying the requirement of simulation task
is the requirement of the industry to pay more attention to the numerical simulation method
under the condition of the rapid increase of simulation task. For the problem of interaction
with different objects involving propeller, such as propeller-rudder interaction and
propeller-ship interaction, the complexity of propeller geometry and working state has a
great influence on the increase of calculation cost. The propeller body-force model is a low-
cost alternative tool for the problem of the interaction between the propeller and other
objects. It uses the force source term directly involved in the governing equation to replace
the interaction between the propeller wall and the fluid, avoiding the generation of the
propeller wall grid. However, most of the current widely used body-force models are
directly generalized based on the theory of ideal fluid dynamics, and there is no modification
for the viscosity solver. Therefore, it is difficult to ensure the accuracy while making the
calculation simple.

BEMT (Blade element momentum theory) is one of the most traditional propeller
models, and its stability and accuracy have been proved to have considerable application
potential. However, because the prior assumptions have not been proved, it is still difficult
for BEMT to maintain accuracy in a wide range of working conditions, which limits the
application of BEMT in ship model self-propulsion test and other complex propeller inflow
conditions. In this paper, an Agent Actuating disc (AAD) is proposed to modify the
traditional blade element momentum theory. Agent Actuating disc is a descriptive body-
force model based on the propeller load distribution, which is used to obtain the induced
flow field under the action of blade body, and extract the dynamic information of blade
element from the induced flow field for calculation and correction. This paper attempts two
methods to process the extracted induced flow field information. The first method is the
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ABSTRACT

induct factor fitting method, aiming at the problem that the momentum theory fails when
the nonlinear equations solved by the induct factor are constructed by the ideal fluid theory.
The distribution of the inducible factor of the blade element is linearly fitted by the local
velocity obtained by the AAD, and the calculation is involved in the process of solving the
body-force model. The second method starts from the calculation of the Angle of attack.
This method uses AAD to obtain the relationship between the local velocity of the blade
element and the inflow velocity, so that the Angle of attack of the blade element can be
defined by geometric Angle of attack, which avoids the inaccuracy of determining the airfoil
Angle of attack by using the local velocity from the real propeller flow field and the
inaccuracy caused by the difference between the real propeller and the local velocity of the
source term.

In this paper, the KP505 propeller is taken as the research object, and the open-water
test numerical simulation of two body-force models and real propeller model is carried out.
In the open-water test, the real propeller is realized by using the overlapping grid method,
but only the propeller shaft was retained in the body-force model, and the sweeping area of
the propeller blade was arranged with the body-force source term. Before the formal
simulation, the uncertainty need analysis of grid and time-step is carried out to ensure that
the selected simulation configuration meets the convergence. After that, open-water test
simulations of real propeller and body-force model at several speed were carried out and
compared with the experimental results. In this paper, the induced factor distribution of the
propeller is given and compared with the predicted results of the ideal propeller theory. The
influence of viscous flow environment on the induced factor calculation is proved. The
comparison between the real propeller model and the AAD model shows that there is a big
difference between the source term and the real propeller wall. The results showed that the
fitting induction factor method has a good applicability to the working conditions near the
design conditions, and the error increases when the speed are low. However, the geometric
Angle of attack calculation method based on velocity relation can maintain good accuracy
(error within 1%) in a large range of advance ratio.

Subsequently, in order to analyze the interaction between induced wake and other
structures of the propeller body-force model, the experiment simulation of propeller rudder
interference based on the body-force model and the real propeller was carried out. The
research object is KP505 propeller and NAOO18 cross section rudder. The research focuses
on the influence of rudder surface on the uneven distribution of propeller load and the
influence of propeller wake on the pressure distribution of rudder surface. The comparison
of load distribution between real propeller and body-force model under the influence of
rudder surface is given. It is shown that the body-force model can capture the
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ABSTRACT

inhomogeneous flow caused by the rudder surface. The pressure distribution of the rudder
under the action of the two propeller models is then given, which shows that the pressure of
the rudder under the action of the body-force model is consistent with the real propeller
example. As the vortex system structure of the real propeller model is more complex, the
rudder surface under the action of the real propeller model has lower pressure at the local
position close to the propeller shaft, but the overall hydrodynamic performance of the rudder
surface has little difference.

Finally, a numerical simulation of a KRISO Container ship (KCS) self-proplsion test
is performed to investigate the performance of the body-force model based on the AAD and
the traditional HO propeller model in handling non-uniform ship following. The mesh
distribution of the body-force model is consistent with that of the real propeller model, and
the mesh size and time-step meet the convergence. Firstly, the experimental numerical
simulation of the ship model's resistance is carried out, and then the results of the self-
propulsion simulation are obtained on the basis of the resistance simulation. The results
show that the wake flow field of the ship model and the wave pattern of the free surface
agree with the experiment, and the calculation error of the thrust factor obtained by the
body-force model is less than 1.7%. Finally, the wake field under the action of different
propeller models is shown. It is proved that the body-force model captures the non-
uniformity of the ship's rear inflow and the asymmetrical characteristics of the propeller
wake, which is superior to the traditional HO model in accuracy.

Keywords: Agent actuating disk; Blade element momentum theory; Body-force model;

Propeller open-water test; Ship hull-propeller-rudder interaction
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SE S, JFB R ACEESAh A5 2 21 U L S R 2 TR K AR

BT ITARE R, AT LS 275 2% Lot H 5 H SR ek oK sl ie AR A
Ry A, RIAREESSN AL A BT A o A CEEEah S 800 247 X SRR I
H A5 B (0 5 S S 4 5 SR e 2 K IR AR 0L, SR T BT S RIS E TOLH
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BT RERE

EHIE

N-S FiE5imRiEd

TEARRF T, AR B TE MOKAR DR ) BE TS A 22, TR L &S A%
AT DA R BN TSR o ST T B SR 2 () MEe 2 i A I , ARASE FH 7 6 A
B TR, SR T 41 CFD SRA# 2% naoe-FOAM-SITUBS, %R iR % 2 3 T FF
JE°F- & OpenFOAM JT & [ —FoklitE 2 HIR B 2 WA SRR SR . B RE—1NZ2HD
RIS B S A, DR T DAAEE 5 3 Hh AL BRAE e R M e i 12 8l . IEAER,
naoe-FOAM-SITU R fF4R7E AL FEARARBE 30394, AR B T ARARER DS SR A
RATR 3 PEPTOSIZE K Bl g il i AR R T SR R I 56

naoe-FOAM-SITU Kf# 84k 7K T OpenFOAM A FRAKFIE RIS A% X, I
/1 7 PIMPLE $.9%—PISO HEH1 SIMPLE 5323 ) 45 & — S ARl ok 755 A1 &
T XFTANTT RGEREERLAAR, SRARIRIA T N-S 77 N:

V-U=0 (2-1)
ap—U+V-(p(U—Ug)U) =-Vp, ~€-XVp+V-(11,,VU)+(VU)
ot (2-2)
Vit + [, (),

Hp &K1, p R%EE, URRKEE, Ug &M HE, gRnE
B e =p(vv) A BENEREL, pa = p-pg-x NN . X T B2 JiE 22 oK 58 i 2L
EBLAL,  H AR AT 4 2 B & B IR B . ARSCR A k- SST B,
IR AT DURRHE 5 BETH PE 2 AR A 0SS R IR S B0 TV . AR B
WA FE AT DATE Menter®O AR 7 SR RS 2 (1) NARFRITIRIT,  HH SR AR 45 B
MR R ARFR AR TP

RIRRARE

AR — PN R4 AR 20 BO7 PR AR B Bl R A B R
A2 AH 5 Eanie TR A
o

E+V~[(U—Ug)a]+V-[Ur(1—a)a]=0 (2-3)

ofe 0 2 1 Z 1A A2 8. 5 FARMARDBUE, Rt~ &3
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a=0 air
a=1 water (2-4)
O0<a<1 interface

e EARE

BRI e RITE

TEARICH, S MAERFEZ naoe-FOAM-SITU # FH SR AL IR e 2% (¥ e ¥ iz
Zf) o F 5 A IR S A SE AR AL R RIE FEXS B 00 0 A A, SR TR AR s AR X A DR AN [F)
R DX Sk EE B T o AEBEAT AU 1T, BRSPS R GEAT T bmic”, A E
7 LB DI R A% 2 8] 145 S A% P K A o DU ISR UK iR it ], X4l
BN ELFE TS AR e 2 2 WA o ] 2-1 o T BEE IS (R FR 1c DX 3 A AR X At
BHo HOXIEONESTT, ERATHRI R PR H Ak A% EE
ARG B G B AR T 2 IR B TN S RS TR R T S R e
A% DY A AR IR BT o Z0 0 X SONE B L Tehs . SRS ERIARD, 2ttt
B EZHR Iy o SOOI ST, Tot IR R(E B AL, mE Ao 46
—BEMMERL S . B E R IT 2B LA Ttk T, DT R E oo
(B TTHTAE A XA LA 215 B o 3 E eIV E & v 1 (2-5)75 21:

=0 (2-5)

Hrb, o NBUGERE, ¢ NSO T P&

a) HxR#EARIT (H3|)
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b) kR PRI (HE @)

o) HFMAEIRIL (Hlm)

d) xR mMitnie (&)

AR KB E & R AEARIT

Overset mesh mark in different region

B A2 e A5 A (Discretized propeller, DP)#&3& 42 e ) AT AR Sk A hl
WEJE 2 300 TR (1) o G I B RS ) LA SRR s e, AT DARELEE i
YUY o B it 2R Y I FH 1 DB A EE T 3 T LA P AR B0 1) Al S XA
TOIEREANZ R, RN e s IR 7 Mg 2 [ 44k & . £ naoe-FOAM-
SITU H1, MR, 15 S FIaB e 2 WA A2 AH LI, IR AT AR XA 2 [] (R A 32

19 7



o5 MU %

BN AT DAAS 52 29 i3 AT . TZIKEE%‘ZEP AR L S IR i 2 DX A f e i
snappyHexMesh 2E iy = 4T R A% o i I )\ OB SR e TR R T Ji{E SR T
PA S TR B G 2 (B AR R R ?§/\r]$§l_l_Suggar++ikﬂﬂﬁaﬁil_ﬂ§o N T RIR
He2Z s 5 5 AAE s 45 4, naoe-FOAM-SITU 1§ [ T £ HMA NG & . 7
XA, B S AG AAR X AS RTBR TR A A 73 il 2 38— B A =2
X R o BRI XA DLAEAAR X4 T 500 8 HlE OC R o IR 2R A% AL bRz 3t 20 (2-
6) 115

c+ni(l1-¢) nn,(1-c)-ns nn(l—c)+n,s
an()p= nln2(1_c)+n3s C+n22(1—c) n2n3(1_c)_nls (Xf;r()p_pa)-‘rpa (2_6)

P
nn(1-c)—n,s mn(1-c)+ns  c+ni(l-c)

AH ¢ =cosa, s =sina; n = (n, ny, ny) AL AR E, P
Bl LI — i XD, T X, MR e N e i JE AR AL BRI AL B . B JiE 2 Y
MR N —ANE A 2P, FIF DCI(Domain Connectivity Information) it 557
PRSI IR, ffE LIE e (1 A% 3 3l 1]

HREIERIL

BEMT & — Rk AU AR R, B AR R 1A T 2 A SR AR T SR e 2 4
fif o ASCR AU BUA TS etk KK sh 7t Rg,  Wild 2-2 fror.

T ARE R 5

Blade element velocity and force

FEMFTOARARRR T, I TT A HE T AT R STk 55 2 50
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p= tan% (2-8)

a=¢-p 2-9)

dF, = % pC,Uc dr (2-10)

dF, = % pCU%c.dr (2-11)

dF, =dF,, —dF, . ,dF,, =dF, cos f,dF,, =dF, sin (2-12)
dF, = (dF,, +dF,,)r,dF,, = dF, sin 8,dF,, = dF, cos 3 (2-13)

Horh, VR Va4 BRI R SRR IS . o A URTICH, K]
WA, o M ICIIEEEA . dFL R dFp M TEITEHM ST, dF R dFg Jnt it
SEHKHEF RIS IO TTRR, dFor, dFpr, dFio Rl dFpg 4 BN TG AT+ 1/ 1 75
Y] 10 77 70 08 «

RS A R AR T MRS P BRI R B L (08 PR E Kk B A i
AFH I BRA, JEHIR — (B BB B SR . 5B A
—AHIIA RGEE . [ 2-3 SR AR R 4 @RI B R
LA, B 60X 42 A B 2 B A R 24 A o
AN A R I AR TR B B0 B B 50 T R TR

Ne(d) = = exp[ — ()] (2-14)

S AT RR T Rt R

The calculation theory of Gauss project method

A e NARERGEEE R, EA ST 0.01m. WS O IRVR I B 44E 2 A
BT AT A7 28 R TR A
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s AT IR FEIR 320 LT TG e 22 58 1 bU R R R BB s AEAR 17 A
JE 1] () BEAH S5, i) R A — 2, Wl 2-5 s Fead W TS v 30K Eh g,
RUONTE TR RE T, Sl m AL E R AL o XTI RS RIS, & 3Eh A
HIKE T3 AN, PR AT PAAR BEANIS S) 05l il

rotorAxis
ol (Bah i)
£ ;_%kbladepnints
~ rotorApex

(BEd: Hraly)

B ETER
Actuating point sketch map

2 EpH

Actuating point distribution

XA RBTH R, ASCE feil i R ie2k CFD UKk g 15 21 =4 H-so iR 1)
Bfgor A, ZJaRHootAkl e 10 AR R EL WK 2-6 Fros. XM
5 Feng®UMHE. T 38A ) R E A AL T HRBISHE L, B T
2 RPERUEIIERSL, IEASCE ST T A RBIUE 23, IR RITH ) R 0
LD R CTH IS0 7 WP DG BN N 2 2 A R G ER EBLIE G/
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TARBREL A TER

Blade element and blade contribution of load

ARSI R AR K] PIMPLE JE K3 537 5 1T 037 el - 1% BLR A R X057
KRS, BIEREN I RIP A, Je AT — IR KRR 7 R Y,
FH 2 I R0 KOk T S AR AR T 13 . AR BRI AAD [ARR 773045
FESL R HIEACLRE P A K AEAR A, TR T B3 B 2R B B B AR AR R 5Kk
fias, R JIRE oIk R A AR REATIRAR . B 2-7 AT 2-8 SR T e A
FAITEERIR A2 5 AAD SRIG I PAT R

PR ARAR ) AR A K RRAZ

Improved body-force model flow chart
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REBAHHLBE RAAR
AAD model flow chart

RIBR RS %

N T SR RS E B I HERPE, N ORIEM ORI O S ) R B SR .
- TCAR A 77 Z BT DA 3 SR e AR R oK 56 ) CFD 45 %005, AR
AN T ORIEM Jo R BUA BT R PR . XS TRk, B S IETER] T B
KRB AR, BRIEASCEL U B E el R 8L X7 245 B ek
MINFCESE o AEFERT T AL SR LI, HAn e TARIRE, ek pRi AR
R, BRI K AR R XIS N A2 S, PRl 5 S 22 ke 58 e e
SRR, RV ST IR R oo A U 5 SERORIR IR R 3R

A FHACEE Zsh #45 2 A o0 A 05 LA R YA RS, i 2-9 fros. B %k
BEAT HL SR e AR A KR IR, A B3 — AL T AR BT A (] 2-9
@) 5 BEJE IR AR A BRI A T T, THEAE AT RS T HE
TS, IR EE PG B (B 2-9Q) 2R H AR
B HRIRER BT A (dT dQ) WIARBRE AN FEHEAT A [F) 00N B MoK IR,
(290 , fritfHfae)s, Malida AR EEh i A 1) Sk v, 5wt
KL VR F s EE (8 2-9@) .
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%%'f&iﬂﬁfj]ﬁéﬁif?%/ﬁ}%éi#%i_l,ﬁjiﬁi

Calculation process of induced flow field data based on AAD

H 3 R 5 TR 22 b A T AR 22 1, AR SOR AR B ah 35 R A5 21 Bk
PR AR A SRR R AR R, A RS 5 P 20 7 ]
AR AR, T D 2 s B HEAR AR R SR IR TR A R iRt e, A
T IO e DR RF AR IR LR AR T AR T — A RV S5 o R b 3 I e AT B2 T8 11
THEIF ARG DR AR R R v At 2 LR o A2 4% () A ) AR B 5 77 mT DA R B 45 21 ORALE
X AREEED A SR O 3k S SRR R AR, AT 1 PR EE 5 5K,
AN E TS T T A S E S HOE. N IR T

2232 WEBSEFHE
WG T B I ER A AR R R A N SR B RO R, A
TR E G| N — & BRI DU S 1o, &SR IriE g
PUR RS, A NTG S5 AR FE 5 2 Tl i 2 R 1 G &R
V' = ARV, +B(R) (2-15)

KA AR) BR)NFIEG REL VL Vs R HIRTERIR T 55 10 K L
G BRI 24 i il ) 5k e TE PRI [ s B

4
V =— -
— (2-16)
W
Ve =D (2-17)



o5 MU %

R =— (2-18)

il )i 5 IR 2R s il ) 2 3 5 B 1) SR A FE Ok RN
v, =(+a (2-19)
B :0(2-15) 5 (2-19) A/ 1545 S A F o il & A
v
ARV A BR)
FEREHFEH FHESRT, B S E R DIEREZH RS
AR BER)MK:F. BTFTRLE R, Holls 15 0 A& 18

AR)| : J R+ J,R*+J,R>+J,R*+J.R +J,,
B(R)| JyR®+J,R*+J,R>+J,R*+J,.R +J,,

(2-20)

] (2-21)

DI 3 A3 9 & 5 S5 Al 2 D g A ), PSRRI 5 23t
PRI A, e s A B i T AR DR B2 0, i Tk )
D) e SR P MR eI ) e T A5 2o B IR IS SRR AR AR &, (57T UK A
sl fTE TR T Q2D @ AR AL RS R MG S AR) . BR),
SRR IE A (2-20) Sk L VAR RIS B, i bk S R TR 2
W TTAR (R SRR RE 3SR A s 7T LLIE L ) LA B o S e iR 7K 3 77

2233 REBHAE
0 SR H TO A4 22 1 FBE 5 SRR IR 19 9 58 P A FH 1) 2 B0 2 DA 64 28—,

Xof B — R 2 A (Rl R AL T, XN ZAH R, DA R AT A ALl e
By B, SHE X RS ATREFIE, I HAe TR B R Ty e, RIS
#EM: =, SR BRI NG R, BRI KR g b BEARE 2 b FE T H R IR
W, BEmA R e AR T RIS AR BEDY, BIBRERS AR R AR E IR
ERBFATERE, HIEFERLH XN T B ki s . Tk, &
SCEFELL N S BUE MR E B C R NS4

Y

Ve=-15 (2-22)

%
V,=— (2-23)

v
_V

2-24
L (2-24)

N7
%Zﬁ (2-25)

X
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ST 1, I8 E S s KBRS, i URARRL, i AR A
(R AFART 77 1ea) 403k B AR R T AEABL R S54GRS M [] — s A o BRI v/ Ve, ViV 5 ViV
AN BEE R ECL AL, RIFT I EU 250 2 AHLE .

PT84 2, BT AR DA A IR UK S A2 J R~ 2401, i oA Y
Hiv i B2 AT DAMEED s B AL E I R A E S B, W 2-5 Pros. X T NS
R R A TR SR o ) R A

P T A 3, ARERE S BRI AR R FE T 2 RS [R)dE K A7 21 1
AT B B 285 15 21 103 P R 45 SR A B Rl DL () BT 2

V. =VsiossVesavzsVoaans] (2-26)
Vo) =iy O a2 sV ()] (2-27)
Vo) =i O, a2 (s i ()] (2-28)
Vol ) =11 V12 sV g i ()] (2-29)

Hert T bR AAD EIHAT R NN AAD TR BN L EAR, TR 1~n
50 YHIMA AR, B P FOoR AR E, AR e. T g
Ff D I R n ERRRR BRI, X
R P T DAL S B AL 4 24 FEE B 57

I/a' = f(Va',V,;,V:,r')
V=V o V=)

= a’l; X ] ] ] ] a ' 1 ] ' b 2'30
N -V, VI, Vi (2-30)
Ve[ Vi) Vi), ]
V= f(V,Vy, V1)
V, - V,(r), Y =Ve(r),
=V, xS Y )0 (2-31)
Vo () = Vo (1), Vo (1), = Vo (),

R AR AGH
S-S 4, 75O IR B AT LISIE 9932 (AR T AN SIC) LE G O3
RS
HO #FRAER

Xt TR AR G107, R R TT r A BALN AR K R . Hough AT
Ordway* 5 (e H 1 5 TSR B IR IR B BT /AT T+ 507 % . @257 HO 7Y
W ER BRI T R BN ) R4, Kt B AT
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2
Jor = v Ar1-r (2-32)
LPP
f _pljzAg r*\ll_l"* (2 33)
"L, (1-Y,)r +Y,
« =R,
T (2-34)
RH
=% (2-35)
e 105
TOAY16(4+3Y,)(1-7,) (2-36)
K, 105
__ o
= ar 7(4+3Y,)(1-Y,) 2-37)
C,=32n°R)K, /zU’ (2-38)

A Sou M o0 53 TN SR ARFRHE SRR AE B AT, n IR, r AR
AL, Rp Al Ry 73 BIVIRER MR R M BEEAR . Yo NBURLL, Ly, AL
IR RE, Ax™ =Ax /Ly TG BRI L o CEABIE T, T B R B2 AR
AR RS ST . JONBEE RS, U NANRIEE . Kr M Ko 705 uHE )
FRHOHHE R oK #5552 BT AEAT R IRES M IR e 2 s EUR R A,
PRI U sk 6 75 21 A Mg AR I 20 BOOE

BUETHRERE 54

AR FE MR T B DR UH SRS B0 B A Rk TSRt - D9 1 PRAE TH 54
R RN, A SCHE SRR e 2 ik ik 5655 it B i B AR A E AT AN 5 B
AWE B TR S HOIRE, SHSINE S A2 L. X THUER,
LS EONME R S DK E . RENE XL

E=D-S (2-39)

Horb D ypEiAie g5 8, S NEUE TR ZE .

XF T WA RS S (RS WS 7 A, AR ITTC Mg, 7250 mliEAT
ZIRAFZEBCE A . =B A RgE, R, RIS A S KRl
IR SRR, WSSk S mT LR R A
ﬁ_ Sz _Sl
&y - Ss_Sz
R R %R R A48 2
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IS 0<R<1;

PR E: R<0;

Kt R>1

XF TR SR, AT AR T B A 4B AM VL (Richadson Extrapolation, RE)T
HATEE . HRBEREN:

&1

S pp =— (2-41)
e —1
A, r Borgiitt, PRE NMIKE R, W=
_In(ey, / &)
Py, = o (2-42)
AN, BIEREN:
c=r""1 (2-43)
7 Gest _l

ﬁq:‘7 PGevt%%%&{Efkﬁqﬂﬂi@‘?gﬁgﬁ’ ?'fi—'lﬁ‘ﬁﬁj%ﬁqjﬂl PGest=20 Eaiég’ f%
A B USSR AB E TR -
_{ [9.6(1—C)2+1.1]|5RE|,0.875<C<1.125

(2-44)
[2[1-C|+1]|8,;.0 < C<0.875 or C21.125
X TR GRS L, A e BER R A5
S,-S
U= 32 : (2-45)

ST BE S WK R0 5 VS T ARG, PR OSSO B 9 A A L 2, T
ISP TR WS E AR B 20 B (10 2 ek O R AL 3% B TR LL RN o) 20 K 5 1)
RS

FRNRRERRBHENES

N T SEBR O AR AR R R AE AR DG S, AR SCAEAH SR A A naoe-
FOAM-SITU [W2Eal i ATH e, {2 Reig 325 )5 A I E bf S MBI, Rl
7N IS S . BT R SR Af A 7 44 A hpeb-FOAM-SITU, i HL X I i {7 B 5 B .

IR TR B (S B Sh SUR B, AR5 AR A T RIRER ) A 58
RN B E R EAGS A E TR, RN R A A 3 R B A
JIt CMARAR 7 T 100 R AT LAy e AR AR s e 5 51 38 A AR 7S B BEIS 3l
B RR Al 2% SR AR T HEAE A A, AR I A

1. MIEARF I, V)i B S AR AR, $REBUREL Y, R 71288 i
I REE N D ESH
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2. SNEHEEEEEGEE: (D KN d e EAS 2 A2
AR, A AL E s MoN E B IS SR [B] 24§ I [A) 2D d2 5l
B, PREBE ARSI EEE, it Rs R EAR A ()
Rt SRR MBS S B IR SZ it AN H B Issh T e

3. REMRBUTEAT IR AT TV E IR IR (8] 2 5K 4% £ RE P 4%
WA, S5 EITRERIRE, JFRER R

B 2-10 JE7R TSRS MR B 8] B AR08 % & (EAER IR AR
R SEA5 BRI AR 3 9K B S a5 42 D7 R 1T e 1k 0] 1) 26 8 AR AL, o
S P RS B R TR AR R I A 2 4 1) T 1, IXRE AT DU AR AR g K
IR R IR SRR A, T SCIRBU B

AR AR KA SR B A X R

Data transfer relationship of body-force model class

ERFEIFELR

hpeb-FOAM-SITU HIZH A ZEA NI 2-11 Aizs. 7E hpeb-FOAM-SITU H &
OpenFOAM 2L AHHAT S LA S A S i )iz sh 78 B EEARES,  Hrdizs)
5 RS R E D R S A AR SR BT 40 Al 845 OpenFOAM Hi B K fig 45
PAS N B HFEIZ B T2 o B8 A A RRE S B[R] 16 471 53 2 AN SR S 30 1845 5 52,
BIERR S MRS5S 2 RIS 255 . 2 P IREEN R AL PR fE
2 IS SR ERA AR B 20775 « BT AR R R AR iR e 2
PRI 22 2R ) A e I 75 A B AR R 0 In) o () B 90 1 i B R 4 o2 e g
AR, FERT R ORE . Z TR EE
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hpeb-FOAM-SITU K fi# 35 4E 42
hpeb-FOAM-SJTU solver frame

Kz TIERTE

F P B VR M Y 22 ol 2 il (B 15 21 3R (I A2 AF > DRl s AR AR AR
FRRUAS B ARV AR A . B 2-12 JRoR TR BRI B . A
THEI B REEAGE RE T, &SR AR R B S AL B, 1B 2-13 J#oR
T A B R SR A Sl m A B R E I R E T S T )
RWALE R, F B R A RS s ML R A iR, A5 B oA AR AT
BETT TS TR 32 0015 B o BROZIE B M IR BER NS 1A e T g ek i 2
WA NP ANF], AE TS RS e i 5l B A, DR 5 7E i
Bl BB MM (K] 2-14) o 1932055, R s oA ek 4
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Flow chart of iterative method based on blade element theory
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Displacement vector calculation of actuating disk
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Velocity vector calculation of actuating disk
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Geometry of the KP505 propeller

%3-1 KP505 3R R £ RE
Table 3-1 Principal dimension of the KP505 propeller

Main particulars symbol Model scale Full scale
Scale factor A 31.6
Diameter D(m) 0.25 7.9
Mean pitch ratio Prean/ D 0.95 0.95
AAo 0.800 0.800

Area ratio
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Hub ratio d/'D 0.180 0.180
Number of blades Z 5 5
NACAG66 NACAG66

Section profile

WER TR 3R ) 5451 47 B SRR 3 LA B A AR R i A A DA B o AR R i
TR 1 P AR B ah £549 2175 S L (s Y /) — B S A% o AR AR R A 5
SR e SR AG AR 1) MK B AR B R AR [F] o TH SO KT8, 9852 5 i 5D,
KN 8D, HANE 3D, XU B Al LAORIE S A 5230 SRS I . A
S TR, DRI T m Ak A, i 3-2. & 3-3 R
LSRR i 5 (AR AR R e 3 DX I A g A in 5 s D, dn ] 3-4 i
No

PR B RARR A S8

Computational domain of the discretized propeller model
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Computational domain of the body-force propeller model
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Mesh refinement of propeller open-water test by different propeller model
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Propeller boundary layer
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%.3-2 KP505 AR 7 K5 A % KR 35 69 R A& T~ 35 2 B AT

Table 3-2 Mesh convergence study of the KP505 body-force model open-water test

Mesh
Case name ID ) Kr Error (%) Ko Error (%)
size(M)
EFD - 0.185 - 0.0311 -
Coarse Si 0.22 0.176 -4.86% 0.0301 -3.22%
Medium S> 0.59 0.183 -1.30% 0.0309 -0.66%
Fine S3 1.51 0.185 0.22% 0.0312 0.33%

Rc - - 0.4274 - 0.3863 -

Pc - - 2.4525 - 2.7443 -
Ore(%Sp) - - 1.1371 - 0.6226 -
Uc(%Sp) - - 1.9094 - 1.8678 -

Convergence )
- - Monotonic - Monotonic -
type

#3-3 KP505 F 5 3Rk AL AR BOK IR I8 09 M A& T o 52 5 AT

Table 3-3 Mesh convergence study of the KP505 Discretized propeller model open-water test
Mesh
Case name ID ) Kr Error (%) Ko Error (%)
size(M)
EFD - 0.185 - 0.0311 -
Coarse Si 0.50 0.194 5.09% 0.0324 4.22%
Medium Sz 1.22 0.184 -0.27% 0.0311 -0.11%
Fine S3 3.18 0.185 0.00% 0.0310 -0.28%
R - - -0.0507 - 0.0403 -
Pe - - - - 9.2635 -
Ore(%Sp) - - - - -0.0073 -
Us(%Sp) - - 2.6812 - 0.3414 -
Convergence ) )
- - Oscillatory - Monotonic -
type
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%3-4 KP505 B 52 324k A A BOKX 30 69 P A A8 2 8 07

Table 3-4 Time step convergence study of the KP505 Discretized propeller model open-water test

Case name ID Time- Kr Frror Ko Frror n
step(s) (%) (%)

EFD - 0.185 - 0.0311 - 0.6
Coarse Si1 0.001 0.184 -0.38% 0.0309 -0.52% 0.6
Medium S2  0.0005 0.184 -0.29% 0.0311 -0.11% 0.61

Fine S; 0.00025 0.185 -0.26% 0.0311 0.02% 0.61

Rr - - 0.3712 - 0.3284 - 0.31

Pr - - 1.4295 - 3.2133 - 3.34

ORE(%Sp) - - 0.0202 - 0.0652 - -0.0+
Uc(%Sb) - - 0.0377 - 0.2945 - 0.22
Convergence type - - Monotonic - Monotonic - Mono

%40 I



=5 AR AR B oK G R TT

ETUSHESEFHANRIERRK A LRI

AT BRI R 5 3 X 70 A, B S 19 2380 0 A1 5 SR e 2R A )
MIEEhEE. B 3-6 7yt H SR ek UK s ae B UAS 2 IR IR e R B A 17 70 Ao R
NEEWRANE, Tr5 Or AFRAA BN B TeiR i & 156 1.
B TTARHE 7 55 AR IS B T AR R G R T i) » AT 20 AT R DLBEAR A o7 B S 1
IS TEM TEL R A RN, R'=0.63 5 R'=0.96 6 N 1A 7310 G5 AE
B AT I, T R '=0.22 Ab Y WA B 3 AR B D HRAR /0N o

a) 17

b) 414E

KP505 %% X B AT 28 5
KP505 propeller load radial distribution
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Axial induced factors istribution of KP505 propellers

KP505 2% X1 is S A F 5 H

Tangential induced factors istribution of KP505 propellers
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KP505 propeller axial induct factor fitting result

¥ 437



=5 AR AR B oK G R TT

KP505 32 R @is FH-F b &%

KP505 propeller tangential induct factor fitting result
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Open-water curve of KP505 propeller based on induct factor fitting method body-force model
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Error of KP505 open-water data based on induct factor fitting method body-force model
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AT MEEF BT 7 W RER G RR R T KP505 Bk REOK 8 &M ik 20
Error of KP505 open-water data in different rotation rate based on induct factor fitting

method body-force model
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Fig.3-11 Error of KP505 open-water data in different rotation rate based on induct factor

fitting method body-force model
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(a) r'=0.22 (b) r’=10.30 (¢) r'=0.39 (d) =047 (e) r’=0.55
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Blade element force coefficient under the two sets of working conditions
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Table 3-5 Error of CI/Cd interpolation

r=0.22 r=030 1r=039 =047 =055 r=0.63 r=0.71 1=0.79 1r’=0.88 r’=0.96

J=0.45 3.45% 3.24% 2.52% 2.01% 1.68% 1.46% 1.28% 1.07%  0.80%  0.09%
J=0.55 3.19% 3.26% 2.69% 221% 1.85% 1.58% 135% 1.12% 0.80% 0.01%
J=0.65 3.81% 3.92% 331% 2.79% 238% 2.07% 1.76% 1.48% 1.15% 0.33%
J=0.75 3.69% 3.95% 335% 281% 237% 2.01% 1.72% 1.42% 091% 0.03%
J=0.85 3.14% 3.80% 3.30% 234% 1.72% 123% 088% 0.51% 0.09%  0.75%
J=095 3.50% 345% 3.78% 1.69% 1.97% 146% 190% 151% 1.36% 0.19%
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Comparation of local flow field in propeller plane of the AAD and the discretized propeller

model
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Comparison of blade element local axial velocity obtained by the AAD and the discretized

propeller models
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Blade element velocity parameters in different advance ratios
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Comparison of the KP505 propeller open-water curve based on the experiment and different

propeller models
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The error of the discretized propeller model relative to the experiment
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The error of different body-force propeller model relative to the discretized propeller model
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Convergence process of the improved body-force model
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Wake field simulation results of inproved body-force model based on velocity parameters and

discretized propeller model (longitudinal section)
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Comparison of propeller wake between the discretized model and the improved body-force

model

a) J=0.7,bf b) J=0.7,real

RAR A A B A 5% 38k AR AR L5

Vortex structure of body-force model and real propeller model
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EHhgE

I FeAH EAE R 71 TR AL KPS0S B2 iE S AU FH; NACA0018 #% i
IRERETY, %A K H T SIMMAN2020 ()34 Case3.2 KCS . e EHiz
D 74 0.2085m, /=N 0.28m. ER-FEAH BAEH Y, R E THenr, Msiile
[E] R B X/D 4 0.19. A& 13 A u B R e feAn BBl 4-1 Fros . AR H, %
FC ' CUE 5 AR T T, xR EEE 2500708 1=0.4, 0.5,
0.6, 0.7, 0.8, 0.9, MBAENE, FXEMER AWM AERNSERS). HT
BT WA EFH T EMARE S AR A W (8, Rt A R S A B
B ) SR IR o 2 A AH LA 1) A 113 P 1

a) AFIFie REA bytkAR Ay AL A

RACAR IAF FR AR AR A A B

Propeller-rudder interaction model arrangement

e BAE R T B0 T T, RN R 77 1 i 2 e 2 S
g, nf PAR (ki FBUE R B X KB J i g R sg e, il 4-2 B SR ESR AR
FERIIA SR 7 BETH 26, HARIA T NE A 5% AF o 18I B A% S R e 2 e
o TN A ETH R L A1k, B SIMEE SAR A B A HOA B 171 T3, AARF
JIIRTEXAR LIRS 89 J5, W 4-3 B WA ST B 50 R (] 20 7 M 52
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FEOAE L Cam s Ve, a2 s B R R 0.001s, FLSE
BRHEAE AL N 0.00046s. IR 3 A1 i 56 = AR TARTH A 21

a) L3 IRk A b) AR R

RAcAn BAE FXIe AL L6 o+ 8 A B

Propeller-rudder interaction simulation domain

a) AFRie A b) R AEA

RACAR BAF BRIAL WLGG P A& A

Propeller-rudder interaction mesh distribution

KT RUGER

K 41 NRAME TS 155 5L br g e 325 8015 ) 1) 2 A A A
IOREAEE . T 00 HT 2R AN [F G s AR = AR, Rt ToL Y
RERHEHATEAMIE . 75 EEIEE T (J=0.4~0.8), A IR B0l 25 R R
U, 4 J=0.2 1 J=0.9 Bz ZEHR, KRR S TG IRER K, REF =
BEOLEE. X T J=09, BANEGMELSHIEVIGEL, Hl T Lo Nigk
WARATEEDN, AR ZEXR GG, R . BRRh T O0 I S KA iR 22 Fl
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TR ZE Z AT 4% LA . SRR, AT A Al DU AR 00 T iR e
K-FeHEAER .

#4-1 B TH PR BB ITHELEE

Table 4-1 Propeller load in propeller-rudder interaction

J 0.2 0.4 0.6 0.8 0.9
Body force KT 0.396 0.334 0.241 0.128 0.065
Real model KT 0.429 0.336 0.235 0.129 0.074
Error KT 7.73% 0.62% 2.56% 0.78% | 12.42%
Body force KO | 0.0564 | 0.0484 | 0.0363 | 0.0211 0.0120
Real model KQ | 0.0604 | 0.0482 | 0.0351 0.0211 0.0136
Error KQ 6.56% 0.37% 3.55% 0.19% | 11.39%

FT A P PEL 28 RN (A1, 8 IR e R oA 3 B2 LU AR [R) L 251 A ik
IR AR XA O 2 I BRI AN 51, S MR e (K38 70 A1 o 1A 4-
4 Fir, SRR ANRAR T A 2o X — RN A i Nz, B 3 &5
MR ke S A5k T PR AR AR 3 70 A DA S MR e R AR T I 0 A1, W] ILAE BHLZE R8T, B
RS AAR R R B — 2. AP X IRER AR A, HAk
R A AERFE A A LRI P R A S, i XA T 7E h 2T (GEITRERT %) -
X SR SRR UL, SEIT AT IS B 2 A LA 2R 2 BB 2 1 v T T AR
H T3t 38 AR R T A AR AR DU A P AT I AR AR IR e 2R BT » (A = Je i 412
BIX—RFE .

a) A=A A (J=0.1) b) Bk @mE N 54 (1=0.1)
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c) A7 5 (J=0.3) d) xR & @ E 7 57 (J=0.3)
e) A7 5 (J=0.5) f) e & ®E 54 (1=0.5)
g) WA 5 (1=0.7) h) B k@R 7 5% (J=0.7)
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i) AR 57 (J=0.9) j) Bk E@E S 5 A (1=0.9)

RAR A AR B A 52 3R A RAR A 6938k R BT 970

Propeller load distribution for both model

N T BIEAUL G F F R T 7 VAR R e - e A ELAE FH IR R b AR I, G EOYE
[0 R S AT AT At . S N R 1 AR Wi E 4-5 Frs . RERTZ RIS TR
DX IMEG s [X A FH R e 2 e 2 R0 5 | A2 1), AR T R 4R 21 13X — sl AR A5
R R 0 A1 5 SEPRIZ IR R I R ) i AT B AR — 5, W Rl — 54l 2 57
NT BN L E IEE, EE T =AU AT 5 S50 A, B 4-6 R T
XY AL E, J3 40 e s XOAMIC He DX Hhts LA R e 2 il bt o DD T AR RS
43 5 °4-0.06m, Om A1 0.06m.

a) Aot Az)E 71 5 H (J=0.1) b) AL Az)E 71 5 A (J=0.1)
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) AEAAZE ) 457 (J=0.3) d) A AAZ/E 7 5 (J=0.3)
e) fek Az/E 71 970 (J=0.5) f) fie L AzE 7] 4 (J=0.5)
g) A AZIE 7 54 (J=0.7) h) fe £ Az)E 71 470 (J=0.7)
i) A& Az /E 71 970 (J=0.9) j) A £ Az)E A 5 A (J=0.9s)

@ B 7] A (AR A AR, A A5 3R RAZAY)

Pessure distribution on rudder surface (left: Body force model; right: Real propeller model)
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Sampling Slice position for rudder pressure analize

Y BRI E S A 4-7 Fis. B 4-7 W, x BN RN5L R AR, Hof
coice AIFARLREBRH 524K o vewe - 0 RNNERTSS . HHE 4-7 AT5N, 7E TRk 2% 14
T, PR AE R T R JITE z=+0.06m 7 B4V & R (B 13 (b).
©) (€ (D« () () (k) () ()« (0))o XFT z=0 AHIEHE(E 4-7 (a), (d),
@, () M)y 4 wewee >02 B, PRAHEAE —FERIF o 2 wewe <02 B, FLSCHRiE
AR R REI AT 2 ML A I BRI ZR) . X —RFAEAE I 4-6 T m] LM EE S
X BAE FLSTE B AR T, SE I B e 5 0 3 B AU THIIG e X B K T 7E A4 A
BERLVE R IR R X o 32 1 SEBRME e 22 1 = 30 i 45 A R 5 R 1
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Pessure distribution on slice

L J=0.7 s, &l 4-8 Jor T ARAR TR AR AN LSRR AR A P 1) e b 45
o BT ARG A, heas e e fa AR AR, B3 N 1 Agim
BT 4 0 = A1 DL 8 Dy 1 B 1 S5 s MR T SRS 7R e T PR 3L P e Joa 5
A6, Jr A B R v X MR SRS AR AE A 5 20 R B AT T D) B DA R T PRI
HITAIE 2. AER IR, 32 1 R e (K AR5 H 2, R It e [ 22
S0 A, A TR ML . tesh, T A H BB, HRALed 2k
RS, Feimai T, AR RAE A ME i P A RRE o A SR
JEZALRL AR IR AETE MO T AN 2R T S s FU AR B0, 10523 T IR
e 31 /e N AN A RS K e PR N R ZE e R RAY N 9 AR EARR G Y Nl
FAER RIS o Bem, e A iEin S 280 T BURM R AT IX, 2 iM 3 BO SR
JREZEAR I 5 AR R A R 2 RV S ) AT A7 AE 22 57 o BOR R I O A0 W AF A 22 57
(ERH A3 2R 1 s S0 AR I3 IR B AR K B 1 PERESZ AN K

a) AR AR LM b) AR RALAR LA

A B EagimaMH (J=0.7)
Vortical structure around the rudder (J=0.7)
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Vo FEMHARITER T, BRI M AR 2 2R KRR, Jf B A0 5 R
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LA, R AR TE e i R s AT A — 34

FHIEE

ASCEI KCS AT M B TS 0 H o HoKihalie 8ol FIFER B 120
2005 CFD #Fid 219 MR 136 AR B A 16 F) T SRR 2R DA M A o) £
BN 5-1 A 5-2 Frase Mt B TR R ek ) LR AR MR e 2 K it
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Geometry of the KCS ship

5 RAEA AA 3tz B &

Position of the KP505 propeller
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#%5-1 KCS AB#E £ R A
Table 5-1 Principal dimension of the KCS ship

Main particulars symbol Model scale Full scale
Scale factor A 31.6 -
Length between L,p(m) 7.2786 230
perpendiculars
Length of waterline L,z(m) 7.3576 232.5
Maximum beam of waterline Byyr(m) 1.019 32.2
Draft T(m) 0.342 10.8
Displacement 4 (m?) 1.649 52030
Wetted area without rudder Aw(m?) 9.4376 9424
Block coefficient Cp(m) 0.6505 0.6505
Longitudinal center of LCB(%Lpp) -1.48 -1.48

buoyancy, fwd+

Vertical center of gravity KG(m) 0.230 7.28
(from keel)
Moment of inertia K,y/Lpp 0.25 0.25

AR I B A B ks, AR BN S BTS2 B TR B S
PSR, KRG T 2 DR E M AR TP K 5-2 o 1T BN
Tt 5 A DX I X B

£5-2 N RAS K36 MAS &

Table 5-2 The mesh number in different overset domain

background hull propeller
mesh number (M) 0.71 0.82 1.48

BRI R LU NS AL BR 2R, 7K N B H 0320 5 PR e A 3o B8 A A
W BUAEMEERIT, DR TASZRNN I A s, g 5-3. Kl 54
5K 5-5 s,
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AEAE T 77 X IS AZ DAt B R R4

Computational domain of the KCS ship resistance test

ABAE A ALK IAE M H B AL TS A (RAR A AEAD)

Computational domain of the KCS ship self-propulsion test (body-force propeller model)
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ABAE B ALK IAE Mt HOB AL S A A (A 3Rk RARAL)

Computational domain of the KCS ship self-propulsion test (discretized propeller model)

HSR AR, AR BT SE  R 5 E ks, R E AR T
A X3 AR T B8 5 BE 0 e (8 I AH R T S RC . R AR D) B e S
SRR B AR PRI e 2% P S A AL B A% AT AR R, Al 5-6 B

a)  ABHELIE AR Ie
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b) AL AAKBR-ARARARE (e E@)
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d) #54% A ALk de- R A B A (Be Aom )

e) ASAE AAURIR-A R Baa A (Hafd)
AEALTE A X 30 B A5 B AR AR B

Mesh refinement of the ship resistance test and the ship self-propulsion test

PR DR 5 R T 5 IO 3 R A S, R 2 T 6 42 FRLAL MR e 2 e Tl 5 2
ek o v B MR S IR TR 2 Tl a] B H ORI ek SR 4t 2 W Il E ot BATR
ARG BRI TR SGE, SuliGic AR SHOKREAHE, ST 43
JIAET SRR R AR TR 0 R AR AU, 5 IR S AR

BUENHEE 4R
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Table 5-3 Mesh convergence study of the KCS model resistance test

Mesh Error Error Error Error
Case name ID Gy Cy C w
size(M) (%) (%) (%) (%)
EFD - 7.18E-04 - 2.83E-03 - 3.55E-03 - 0.686 -
Coarse St 0.60 7.83E-04 9.01% 2.84E-03  0.20%  3.62E-03  1.92% 0.648 -5.54%
Medium S>  1.53 7.26E-04 1.08% 2.75E-03 -291% 3.47E-03 -2.16% 0.668 -2.62%
Fine S; 3.80 7.23E-04 0.73% 2.81E-03  -0.79%  3.53E-03 -0.54% 0.674 -1.75%
Rg - - 0.0444 - -0.6828 - -0.3972 - 0.2970 -
Pg - - 8.9879 - - - - - 3.5034 -
ORE(%Sp) - - -0.0163 - - - - - 0.3664 -
Uc(%Sb) - - 0.6877 - 1.5554 - 2.0421 - 1.3687 -
Convergence
type - - Monotonic - Oscillatory - Oscillatory - Monotonic -

73 0L



SR ST S AR AR R AR B TR BB AT 7T

& 5-4 AL 7] X I B 18] 5 AR 2 AT

Table 5-4 Time step convergence study of the KCS resistance test

Time- Error Error Error Error
Case name ID Gy G w
step(s) (o) (o) (o) (o)
EFD - 7.18E-04 - 2.83E-03 - 3.55E-03 - 0.686
Coarse S: 0.001 7.29E-04 1.55% 2.74E-03 ; 1-1 y 347E-03  -2.22% 0.669 -2.49%
. 0
Medium S 0.0005 7.27E-04 1.21% 2.76E-03 5 3-3<y 3.49E-03  -1.67% 0.669 -2.48%
. 0
Fine S;  0.00025 7.26E-04 1.14% 2.76E-03 - 3.49E-03  -1.69% 0.669 -2.43%
2.34%
R - - 0.2066 - -0.0157 - -0.0429 - 15.9354 -
P - - 2.2751 - - - - - - -
ORE(%Sp) - - -0.0181 - - - - - - -
Us(%Sp) - - 0.0283 - -0.3922 - -0.2786 - -0.0015 -
Convergence )
- - Monotonic - Oscillatory - Oscillatory - Oscillatory -
type
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BEL 7B ASALLIRT H (24 1 1 e M A BLADL R i 1 [ B Ay B A 4D A1 B
IR TSRS BT U6 2644 LAY /D - SRR 1] o A0, v 5338 A0 [R], A Fr=0.26.
N TETIEIE HR AR 3 B R BIWIaE &4, BRI BB 5 SRS S AR B H
FE, 5B MEAR R . B8 1S E )5 AR o B A R I D2 AE T
HSHRSE 18 B 5-7 R T AT AR S . o] LR LA A BH 28 5 A ik
BETR B UIE A SRR R A S M LB Rt — It t, wE
5-8 i, AT LRI R ) & R AT
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Velocity distribution of wake field in ship resistance test
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a) z/Lp=- b) z/Lp=- c) z/Lp=- d) z/Lp=- e) z/Lp=- f) z/Lp=-
0.049 0.046 0.043 0.040 0.038 0.035

g)  z/Lyy=- h) z/Ly = 1) z/Lyy=- ) zZ/Lypp=- k) z/Lp=- ) z/L,=-
0.032 0.029 0.027 0.024 0.021 0.018

EED #= CFD 7 ik f& N B} f &b 69 3R A5 AR AE R 3% 0 3B 3T b

Comparison of bare hull wakes between the EFD and CFD methods in different slices

Kl 5-9 /R T KCS ARFTE Fr=0.26 B AR 3 . H CFD 5 EFD 4371 A
WS IRIGELE R . N T BT ENT G, S = AN AR T LSRR 2 T 0 = 5
FEPARECH R, Wk 5-10. B 5-11 fon. w] LURBUENARRYIE, B s
B 4 IR 500 — 2.

L

YAppn

ABARIL 7y X5 B b &

Free surface in ship resistance test
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Comparison of wave heights at different longitudinal sections between the CFD and EFD

models
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Comparison of wave height at the ship hull surface

MR EAMRETESER
HATEAR TN Fr=0.26, %A FEHEG 50 3 HE, X558 % B .

E LS4 B el FH g e S R A R A Y, HO ARAR i DL R 5 T I S 40 1k
HERRUIBA . Oy T AE PR SRR BE R ) S TR EE B R BE RN, FRE R E SFC
(Skin Friction Correction) . fEARIEH SFC W E A 30.25N. 7 H LRI,
T LR B TR B MR E S HE ) SRR T I P o ASCHEE T ITTC $2 H e

TEREGRMITE . 5 Je i LTI :
Fppunee =T + SFC - R, (6-46)

H Finbtance & TIAVHT, T RESFHERMETT, RrE MR 7.

AN RN e T 1) 52 S AT B, v DUB L E VAR 252 A+
BRI (1) H AR . AR AR e AR U A AN [R5 N (K052 AT B 5-12 F
T o BREALE TR I HARSEE N , SARFR AL 1K) 52 S AT R T BHIHME T 1%,

T2 ITTC frhZ R 0000,

KR ¥ Rk 0695 ) -4
Force imbalance at different propeller rotation speeds
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B 5-13 9 5 ARFR TR T R R e 24 77, FHAE DAL M4 B e SIGE A2
REAABR N TC A TSI )
i

i = 3
7 (6-47)

total

Ho i TERIERI K, Lo ATHBIERIK, i HEAP K

H1 7 HO B AR A e 2 a8emr — R MER A R 7 3, AL A TS R R g A
B TSR 1) A 2B A . B PRl O B R i A R Se Sl B RIS, | T
AR A AEBEIR T332 OO A ) R AR, (8 A M ity e e R e o BN B T
BT BN, T T AR A A AR AR R USSR ST RS . HO AR AL S 2=
BOK, X2y HO RERY ey HE A AP A 3 BRI 0 0t BRI 38032 /5 °F
T A HE TR

AEAE B ALK I ¥R e R A A sk it AL

Thrust convergence process in the self-propulsion test

AN R T A () L PR - S IR a0k 5-5 B . BRI g IR SR
RS2 SR B iy, FEh BE T RS HE) REUKR 2 53 11R-1.13%5-0.71%, H
HOR e I HE ) SRR I A1 AR R R 22 O9-1.99%5-1.70%. HO
TR, FR ZE IR, B ) 54 1R 255 BN N-7.98%55-7.22% . 1R 2 1147
MRAMFEIEN, FNEET RZMRsIgT . SHFEE, HO B 20 T i)
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Table 5-5 KCS ship self-propulsion factor

symbol Experiment AAD-BEMT  Error DP Error HO Error
Resistance
) Cr 3.94E-03 3.86E-03 -1.99% 3.89E-03 -1.13% 3.63E-03 -7.98%
coefficient
Thrust coefficient Kr 0.170 0.167 -1.70% 0.169 -0.71% 0.183 7.43%
Torque coefficient Ko 0.0288 0.0285 -1.17% 0.0287 -0.27% 0.0322 11.76%
Thrust deduction 1-t 0.853 0.844 -1.05% 0.834 -2.18% 0.933 9.32%
Effective wake
‘ I-wy 0.792 0.789 -0.44% 0.794 0.20% 0.686 -13.38%
coefficient
Open-water
) 1o 0.682 0.689 1.01% 0.686 0.64% 0.637 -6.66%
efficiency
Relative rotative
] 1R 1.011 1.009 -0.21% 1.008 -0.27% 0.956 -5.40%
efficiency
Advance ratio J 0.728 0.737 1.27% 0.734 0.80% 0.705 -3.17%
Rate of
‘ n 9.500 9.395 -1.11% 9.41 -0.93% 8.550 -10.00%
revolution
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Comparison of ship wake distributions in different slices
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Comparison of vorticity structures produced by different propeller models
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Table 5-6 Computational resource of different tests

Calculation time

Test conditions Propeller model Processors  Iteration step (wall clock time)
Propeller open-water AAD-BEMT 20 1000 1.72h
test DP 20 2000 1%h
Ship self-propulsion AAD-BEMT 40 3000 14.2h
test DP 40 6000 147h
FENG

AREHAT 7R THEE SRRSO R IR, HO PRAR I 5 R AR A
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