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In most twin—screw ships, rudders are typically synchronized for ease of rudder design and steering gear capacity decision,
However, asymmetric rudder torque was observed during 35° turning tests of a 174K LNGC, Consequently, it was necessary for
us to carry out feasibility study to improve turning performance, particularly in relation to the development of an intelligent

navigation system, This paper aims to evaluate the maximum allowable compensation angle by considering asymmetric rudder
torque, First, a mathematical model for predicting the maneuvering behavior of the 174K LNGC was developed and verified,
Second, the empirical formula for rudder torque calculation, as suggested by the IACS, was modified to account for asymmetric
inflow speed at the rudders, Third, maximum allowable compensation angles were determined according to rudder deflection
angles, Finally, the potential effectiveness of the proposed approach was assessed through zigzag simulations considering the

suggested concept,
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Fig. 1 An example of asymmetric pressure acting on rudders
(PORT and STBD) calculated from CFD analysis
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Table 1 Principal particulars of 174K LNGC
ltem LNGC
Length between perpendiculars 284.0
(Lpp) [m]
Breadth (B) [m] 46.4
Draft (T) [m] 12.6
Displacement [m°*] (aap;rzlo’grgg‘tgly)
(Maneuvering) speed [knots] 18.5
Propeller No. [EA] 2
Propeller diameter [m] 8.5
Rudder No. [EA] 2

Rudder area [mf] (approximately) 38.0
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Fig. 2 Coordinates
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Park, 2015), 2 SRFSKE 2L m, . m,. J., & 242 SR
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zt, foie| FRU| Mx| IX|E 12510 H LS (You, 2018).
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PORT, STBD= 22} Zfpint 23S 7I2IZIck
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Fig. 3 Trajectories for 35° turning tests of 174K LNGC to
port and starboard side
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Fig. 4 Time series of heading angle and rudder deflection

angle for 10° /10 ° zigzag test of 174K LNGC to port
side
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Fig. 5 Time series of heading angle and rudder deflection angle
for 20 ° /20 ° zigzag test of 174K LNGC to port side
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Table 2 Errors between simulation results (present study)
and simulation results (HD hyundai)

[tem Error [%)]
RPM RPM at (maneuvering) speed [-]| —0.96
Time at advance [sec] -0.67
L Advance [Lpp] —0.81
35" turning test — - -
Time at tactical diameter [sec] +0.30
Tactical diamter [Lpp] -3.88
s 1% overshoot angle [°] -5.71
10°/10° zigzag S .
2" overshoot angle [°] -21.08
20°/20° Zigzag 1% overshoot angle [°] -5.71
100000 —
——=—— |ACS (18.5knots/PORT)
—.—c--—- IACS (18.5knots/STBD)
— — — — Calculation (18.5knots/PORT)
80000 - Calculation (18.5knots/STBD)
E
= !
‘;‘60000
&
S
8 40000
T
=]
@
20000 § T TTTTTTTT
O(J 5(1JO 1 OIOO 1 5l00 20100

Time [sec]
Fig. 6 Time series of rudder torque acting on rudders (PORT
and STBD) using IACS empirical formulae and modified
approach during 35° turning test to port side
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Table 3 Simulation matrix for investigating maneuvering
characteristics according to rudder conditions
(synchronized, fixed, and compensated)

Test value

Speed [knots] 5.0, 13.0, 18.5, 21.0

Rudder deflection angle [°]

(synchronized) 5,15, (20), 25, 35

Rudder deflection angle for
PORT [°] 1,2, ...,35
(fixed)

Rudder deflection angle for
STBD [°]
(compensated)

+1, +2, ... M
(up to limited rudder angle)
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HZE 45tnse 0|26104, H|CHE Ef EQT L} BidE] AMulo|

o
SSMS dED F A0l 518 2422 RXt Jct 01 915104,
ALk =242 Table 31t 20| H2RYCH MElo| £= =F AlRM
0

£50118.5 knotsE 7|Z2Z, 5.0 knots, 1

CishiA 22t eS| SEM HES SIS M)

e B2 5%, 157, 25°, 35°E FACE Cigt 2o 5|8 2AZt
=

Msk= D22 2Rl Bl 20°8 7 |ELE 2RsIqict

4.1 ERZ} H M3| dsof et HE

Table 4, 50lM= o] 7| £, ERol| w2} HEH2(<t
MEX| &S Alttstict. (HEE fI5t0] Table 32| 7|5t
(synchronized) Z=Z40l|lA AlZ2014 S SAZICE T =ML LIF

0l =54 XFE B/ 5 2l0l, =T AR STolA2|
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Table 4 Ratio of predicted advance divided by advance at
maneuvering speed with maximum rudder angle of

35°
35° 25° 15° 5
21.0 knots 100.77% 111.06% 134.52% | 216.25%
18.5 knots 100.00% 110.48% 134.16% | 216.14%
13.0 knots 98.30% 109.18% 133.37% | 215.90%
5.0 knots 95.80% 107.28% 132.21% | 215.54%

Table 5 Ratio of predicted tactical diameter divided by tactical
diameter at maneuvering speed with maximum rudder

angle of 35°
35° 25° 15° 5

210 knots | 100.06% | 115.65% | 144.00% | 224.95%

18.5 knots 100.00% 115.61% 143.97% 224.94%

13.0 knots | 99.87% 115.53% | 143.92% | 224.92%

5.0 knots 99.72% 115.42% | 143.85% | 224.88%
2 MaAHz|et ME|X|Ee| Aol= ojojgle & &= ok
iMooz Mulo| ZEMS FMollMe S50l w2t R0 A
BSIX| Z=Ct= 7S MM 2 5P| I 20lct gk, WY ERzte|
3717+ el w2t MEHR|, MEXIE2 sk Sotete &

—’F A EF O[42 Epll 283k ARz ._EF Mz BHES| F7|=
4.2 Bt 2 S0 ot HE

Table 6olM= M2[X|Sol TSRS mf, dEfe| o8 L8

SOFD 9Ict, Miie] BV} Hom 421 SE7}H Kofls
A2 Bp0lzt 4 24T, B ERZI0] MBS Mol 47 S5
SolElg & 4 ek Aste] e} Hofz oIt M3l HEC| |}

oot M3| F HRzie] T} Hok|m, Aol A5t Szl
2017+ Bofx|ni, T20IsH S Mapt Holx]| mh2olck
43 =H 8 El EQF AIAE HE

, 4.20I1M MHto| ZERE 2hEoIM Zf 28 EPL S7|3lE

“EHOiIH M3| 20| derdg slelet vt it ASE FEizdgg

Table 6 Converged speed at tactical diameter
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Fig. 7 Time series of rudder torque acting on rudders with
20° (PORT) and 20° (STBD) at 21.0 knots
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Fig. 8 Time series of rudder torque acting on rudders with
20° (PORT) and 24° (STBD) at 21.0 knots
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Fig. 9 Time series of rudder torque acting on rudders with
20° (PORT) and 25° (STBD) at 21.0 knots

® > " i S0i2, AH 58 BAZIS FH5P| 915101 Table 30 BAJE

21.0 knots | 6.91 knots | 8.40 knots | 10.52 knots | 14.15 knots I ERZE 2AFERZIo| EH?_ I HARS £8H5IICt Fig. 7. 8,
18.5 knots | 6.09 knots | 7.40 knots | 9.26 knots | 12.47 knots P = 21.0 knotsollA] $BHE| ZulE dig|sigict HA|, Ef E239
13.0 knots | 4.28 knots | 5.20 knots | 6.51 knots | 8.76 knots AHLE Fig. 6ollM & 3“5 Ao} FASE Eg 2olct ciak
5.0 knots | 1.64 knots | 2.00 knots | 2.50 knots | 3.37 knots Fig. 79| 23 Bt E23J} (-)FSE Z= 72i0] U=t MA),
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Fig. 10 Maximum allowable compensation angle
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Fig. 11 Time series of heading angle for 10°/10° zigzag test
and 10°/compensated angle zigzag test of 174K LNGC
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Nomenclature
Abbreviation Full meaning
CFD Computational Fluid Dynamics
DOF Degree of freedom
International Association of Classification
IACS L
Societies
LNGC Liquefied natural gas carrier
NED North—East-Down
RPM Revolution per minute
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