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Abstract

This article examines hydrodynamic characteristics and speed performances of a ship
attached with a full spade and a twisted rudder based on a computational method. For this
study, a 13,100 TEU container carrier is selected. The turbulent flows around a ship are
analyzed by solving the Reynolds—averaged Navier—Stokes equation together with the
application of Reynolds stress turbulence model. The computations are carried out at the
conditions of rudder, bare hull, hull-rudder and hull-propeller-rudder. An asymmetric
body—force propeller is applied. The speed performance is predicted by the model-ship
performance analysis method of the revised ITTC’78 method. The hydrodynamic forces are
compared in both rudder—open—-water and self—propulsion conditions. The flow
characteristics, the speed performance including propulsion factors and the rudder—
cavitation performance are also compared. The model tests are conducted at a deep-—
water towing tank to validate the computational predictions. The computational predictions
show that the twisted rudder is superior to the full spade rudder in the respect of the speed
and the cavitation performances.

% Keywords: Full spade rudder(&8JFSEL), Twisted rudder(HICH& EL), Flow characteristics(RSS
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Table 1 Principal dimensions of objective ship, propeller and rudder
Ship Propeller Rudder  Full spade Twisted
L, (M) 350.0 Diameter (m) 8.80 a(m) 8.60 9.20
B (m) 48.2 No. of blade 6 b (m) 6.70 7.40
T (m) 14.5 Chord length at 0.7Re (m) 3.624 h (m) 13.20 9.88
A (M%) 165,215 | P/D at 0.7Re 0.127 | Ar (m) 100.98 82.00
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Table 2 Calculation domain and number of cells

ROW Towing prospilfs_ion
Xmn  —2.41 -1.00 ~1.00
Xona 3.01 1.50 1.50
cal.  Ymn  -1.80 0.00 ~1.00
domain  y, . 1.80 1.00 1.00
Zon  -1.92 -1.00 -1.00
Zoa 0.67 0.00 0.00

No.of cells 1,337,142 1,380,960 2,778,720
v 89.3 92.65 87.24
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Fig. 4 Procedure to predict the speed performance based on a computational method
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Fig. 12 Difference of circumferential averaged
axial velocity on the propeller plane in towing
condition

Fig. 13 Streamlines around a twisted rudder in
self-propulsion condition, nM=10.0rps
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in self-propulsion condition : ny=10.0 rps cal 980 3126 4855 1.8007
Diffx Exp. -0.20 -1.25  -3.01 -1.60
HIGZEIRl 29, |SwelM Eots free- 0 Cd 081 000 272 260
vortex layer SEHS| RS8E|It LMEHCH * Diff.(%) = [#(twisted) — ¢(fullspade)]/ ¢(full spade) x 100
Fig. 182 EtEH9 S} +=22E LIEH O
OICH. &Xe ZZ2HY 2R JEZ Bt APt
£ REUN S2HO0l, MHEUHM= LEHO| LIE
2'=0.02m Port| z'=0.00m

Z'=0.00m

2'=-0.02m

Fig. 15 2-dimensional streamlines on the plane at section B, C and D at self-propulsion condition :

nv=10.0 rps
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(b) Twisted rudder
Fig. 16 Limiting streamline on the rudder at self—
propulsion condition : ny=10.0 rps

(b) Twisted

Fig. 17 Separation line around a propeller shaft
height of a rudder at self—propulsion condition :
nw=10.0 rps

(a) Full spade
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| i
(a) Full spade rudder

(b) Twisted rudder
Fig. 18 Pressure distribution around a propeller
shaft height of a rudder at self-propulsion
condition : ny=10.0 rps
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b\f’é;

x'pr,,=0.0 x'rL,,p=u.u L,,=0.055 *L,,=0" il
(b) Twisted rudder

Fig. 19 Axial velocity contour and 2-dimensional separation and streamline on the x—constant plane

behind a rudder at self-propulsion condition : ny=10.0 rps

Table 4 Thrust and normal force of a rudder at Table 5 Self-propulsive factors, propeller rotative
self-propulsion condition : ny=10.0 rps speed and delivered power
Full spade Twisted Full Twisted Diff.
DR (N) 07057 1.8809 spade %)
A Ju Exp. 0.686 0.696 1.44
Co 0.023 0.019 Cal. 0.686 0.689 0.44
L*(N) —2.2626 4.6723 ¢ Exp.  0.184  0.460  -15.00
a” -0.019 0.048 Cal. 0.163 0139  -14.72
M,® (Nm) -0.3961 -0.5578 Ws Exp. 0236 0219  -7.76
Cut ~0.018 ~0.028 Cal. 0240 0282  -3.33
Ny Exp. 1.068 1.077 0.84
Table 5= N&RASS HIDS HOICH HILE cal. MOT IR0 LT
Efo] ZREP FAH|(S)S FIIESE BLECQ ez Exp. 1.006 0.997 -0.90
1.44% (X101 41 0.44%) ALt [tk REeHF] Cal. 1.037 1.038 0.10
(we)= EIISEIRLE 7.76%(=XIolA: 3.33%) & o Exp. 0.639 0.648 1.39
H F=HED, T2 CPEgg(no) 1.39%(== Cal. 0.642 0.647 0.78
XIoHA: 078%) A F=HEC FELLH= (0= o Exp. 0.685 0.696 1.58
15% =Ch (=XIoHA: 17.72%). SHES[ne=(1- Cal. 0.732 0.752 2.78
A(-wglel B, HIHAES 2 240 wsl ns Exp. 96.50 96.65 017
242 B HM e 0.84%(=XIoHA 1 1.72%) (RPM) Cal. 95 58 95.30 ~0.29
SO dUsdEE(n)e 32, HIUHAE gt P Exp. 77156 76.010 151
0l ®IISEF 20 0.90% oLt (=xldiael &
o= 0.1% 2) oot oy O 20l 2 0|92 =z (HP) Cal. 74,765 72,777 —2.66
S22 1.58% A1 (=XIoHSE @ 2.73%) ns= AT EXp- 64793 b2.94z 94
0.17% HZICH (AXIHES 0.20% HS), (HP)  Cal. 65386 63563 279

Oetxdstel ==28 M 47 2 M 2 S 20104 43



175

oF

ol
=
__g|o

o
K0
n0

ol

K0
®

M0l = 246t

HOA

I S0ts &

2]
=

IR IESE=

e 32 A5k

ZUE2Z HI

&EH0I

ni

s
-/

2.66%)

s

1o
=
<+

tod (

110
<

nO

b

(Po)Ol 1.51%

wr

Ot

RO

Gt Xl

012 1d

0l ZoiXIH

ES,

= Hieb 2001 HICHEEDE OIS

AT

INE=DION

HA

¢}
Et=

autopilot0| &

[s]

x|
(=]

2 HIN

(@)

tO40F SFCH.

7ot dE0 =25

-
ol

= Ch OOIA

Xe
Jdeld HItHEE

HOISES 2N 2.94% A F=

A4 A3 4244 10 -08

gtsk
S

2

=20+=0ICH

Pe=

44342 41 40 08
[

Fot KHEHAER O

=)

9| leading edge

e

b

ol

t= 20ICH

ESHH S

o s=22
TS 2a=

9

pYe)
T T

X0

]y

Jo
<0

Ho

(a) Full spade }udder

[0

i

2

S et

T B2 HIZ2=(non—cavitating) SSEH0MAS ==

14 1.3 412 10 -10 08

1413 212 -1 -0 08

e 22 2H EHe

S HIAOICH

Xl
0l

Eb S0l

[}
K i
X 5 O
= o
H 3 0
Hog U0
+ &
= 7 ol
)
ol mﬁ T
JJ ol ic
o =5 <
o & K
KT Ko mn
= . B
z Mo
BI A

%l <
w "=
© A
. r\_ﬁ, ol
% Z ol

ol
1
1

0
Rr
o

(b) Twisted rudder
Fig. 20 Distribution of pressure coefficient under
vapor pressure coefficient at self-propulsion

(15)

pvapor ~ Pexit
0.5pV,’

Cp(vapor)

10.0 rps

condition : nu

(3
=

tot

al

HICHE El

JEOICkH

E=

£ LIEHY

H
[

3

ir
ol

M)
Tl

FEHOI AL B =212

HIEE=E Xtets

il

3

HOF B A&
Fes S0l

HIHEE A48 Al 29

]
70
g

(@]
1o
7

M0

Ea =

2ol &

=
S

up

K0

J

FEH Ol A

SHA
S

ot Xt

=113
=R

| EHIHE S leading edge

9

g

0
®r
Il

un

22, HIEE

IS1g=1
S =

ciLh &H90l At

0l (et Oled

5tots
o o o

a2 A

I

e}

Journal of SNAK, Vol. 47, No. 2, April 2010



Choi, J.E. and Chung, S.H., 2007,
“Characteristics of Gap Flow of a 2-
Dimensional Horn-Type Rudder Section,”

Journal of the Society of Naval Architects of
Korea., Vol. 44, No. 2, pp. 101-110.

Choi, J.E., Chung, S.H. and Kim, J.H., 2007,
“Cavitating—Flow Characteristics around a
Horn-Type Rudder,” Journal of the Society of
Naval Architects of Korea., Vol. 44, No. 3, pp.
228-237.

Choi, J.E. and Kim, J.H., 2008,
Characteristics around a Rudder in Open
Water Condition,” Journal of Computational
Fluids Engineering. Vol. 13, No. 1, pp. 14-20.
Choi, J.E, Kim, J.H., Lee, H.G., Choi, B.J. and
Lee, D.H., 2009, “Computational Predictions
of Ship—Speed Performance,”

“Flow

Journal  of

Maritime Science and Technology, Vol. 14, No.

3, pp. 322-333.

e Choi, J.K. and Kinnas, S.A., 2003, “Prediction

of Unsteady Effective Wake by a Euler
Solver/Vortex—Lattice ~ Coupled Method,”
Journal of Ship Research, Vol. 47, pp. 131-
144,

Fluent 6.3 User's Guide, 2008, Fluent Inc.
Gridgen  User 15, 2003,
Pointwise Inc.

Han, J.M., Kong, D.S., Kim, Y.G. and Lew,
JM., 1999, “Analysis of Propeller—Rudder
Interaction with Rudder Angle,” Proceedings
of the Annual Autumn Meeting, SNAK, pp.
206-209.

e Hino, T. (ed), 2005, Proc. of CFD Workshop
2005, Tokyo, Japan.

Jang, Y.H., Choi, Y.B., Lee, S.H., Park, J.S.,
Kim, S.P. and Park, J.J., 2005, “A Study on

Manual Version

&0

bR
eS|

AN
(=}

(u]

tSELR HIHEEY SRS

o
Jim

| 2=2C M
=TS

bl
or

the Rudder Optimization for the Improvement
Rudder Cavitation Erosion,” Proceedings of
the Annual Autumn Meeting, SNAK, pp. 346-
351.

Kim, I.W. and Kim, M.C., 2009, “Study on
Design of Twisted Full Spade Rudder for Large
Container Ship by Genetic Algorithm,”
Proceedings of the Annual Spring Meeting,
SNAK, pp. 476-483.

Kim, S.P., Park, J.J., Kim, Y.S., Jang, Y.H.,
Choi, Y.B. and Pak, B.G., 2006, “An
Experimental Research on Gap Cavitation
Erosion of Semi—spade Rudder,” Journal of
the Society of Naval Architects of Korea, Vol.
43, No. 5, pp. 578-585.

Kodama, Y. (ed.), 1994, Proc. of
Workshop Tokyo 1994, Tokyo, Japan.
Min, K.S., Choi, J.E., Yum, D.J., Shon, S.H.,
Chung, S.H. and Park, D.W., 2002, “Study on
the CFD Application for VLCC Hull-Form
Proceedings of the 24" ONR
Symposium on Naval Hydrodynamics.

Molland, A.F. and Turnock, S.R., 1995, "Some
Effects of Rudder—propeller—hull arrangements
on Manoeuvring and Propulsion," PRADS'95,
pp. 333-345.

Molland, A.F. and Turnock, S.R., 1996, “A
Compact Computational Method for Predicting
Forces on a Rudder in a Propeller Slipstream,”
Proceedings of the Royal Institute of Naval
Architects, pp. 227-244.

Rhee, S.H and Kim, H.C, 2008, “A Suggestion
of Gap Flow Control
Suppression of Rudder Cavitation,” Journal of
Marine Science and Technology, Vol. 13, No.
4, pp. 356-370.

CFD

Design,”

Devices for the

e Paik, B.G, Kim, K.Y., Ahn, J.W., Kim, Y.S., Kim,

S.P. and Park, JJ, 2006, “Experimental
Investigation on the Gap Cavitation of Semi-
spade Rudder,” Journal of the Society of

Oetxdstel ==28 M 47 2 M 2 S 20104 43



bt

0x
rlo

L

, 0l

Ot

jl I:II»%

o
sy T .

ol

Naval Architects of Korea, Vol. 43, No. 4, pp.
422-430.

Shen, Y.T., Jiang, C.W. and Remmers, K.D.,
1997, “A  Twisted Rudder for Reduced
Cavitation,” J. of Ship Research, Vol. 41(4),
pp. 260-272.

Wilson, R.V., Stern, F., Coleman, H. and
Paterson, E., 2001, “Comprehensive Approach
to Verification and Validation of CFD
Simulations — Part 2: Application for RANS
Simulation of a Cargo/Container Ship,” ASME
Journal of Fluids Engineering, Vol. 123, pp.
803-810.

Yang, H.J., Boo, K.T., Wada, Y. and Kim, S.E.,
“Hydrodynamic Design of the Full Spade
Rudder,” Proceedings of the Annual Spring
Meeting, SNAK, pp. 711-716.

Journal of SNAK, Vol. 47, No. 2, April 2010

o2

<z Fa>

<& 3F

177



