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Abstract: Maneuvering performance is one of the most important aspect in ship 0perati0wspecia]]y when
the ship operating in rough weather. Ships with large windage area may have large drift angle. In order to
maintain the ship direction or heading angle, a significant rudder angle is necessary. The ship speed may
significantly decreases due to high wind speed. This paper discusses maneuvering performance of
Indonesiam)—ro ferries under action of variation wind speed. The wind speed variation was determined
using the ratio between the wind speed and the ship speed. The wind direction is also simulated from 0
degree (head wind) and 180 degrees (following wind). The results show that the drift angle significut]y
increases due to increases the wind speed. The maximum drift angle occurs when the angle of wind
direction re]zn'fe to the ship is 60 degrees. The same phenomena occur in case of the rudder angle.
However the necessary rudder angle in order to maintain the ship direction is larger than the drift angle of
the ship mainly in low wind speed.
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1. Introduction

As an archipelago country with more than one thousand islands, the ro-ro ferries play an important
role for inter-island transportation in Indonesia. The ro-ro ferries are mostly used to transport passenger,
goods and vehicles from one island to the other island with short distance or operation time not longer than
8 hours even for some certain routes, the time operation are longer than 12 hours. Recently more than 170
ro-ro ferries are operated to serve inter-island transportation in Indonesia. Some of them were the second
hand ships imported from foreign countries especially from Japan with age more than 25 years. The others
were build in national shipyard with similar geometry characteristics such as large breadth and small
draught. Most of ferry terminals have shallow water front, therefore the draught was designed as small as
the water deep. The ship breadth was designed to be large in order to accommodate the goods and vehicles
as main payload of the ro-ro ferries. The Indonesian ro-ro ferries are identified with small freeboard in
order to easily load in and load out the vehicles. This is because tidal is very large in some location of the
ro-ro ferry terminals.

Even the distance between the islands is not too long, condition of sea environment in some water area
may become stronger for a certain period of time. The wind speed could reach 20 m/s or more and the wave
height more than 4.0 meters [1]. The current velocity is also sometime become faster due to position of
Indonesia located between two continents and two oceans. Several collision accidents of ro-ro ferries have
been occurred such as collision between ro-ro ferry Bahuga Jaya and a chemical tanker in Sunda Street two
years ago. The ro-ro ferry Bahuga Jaya sunk with passenger loss more than 10 persons and some vehicles
as well as goods. This accident shows that maneuvering characteristics of ro-ro ferries under action of wind
and wave is important in order to avoid such accident in the future especially in traffic route such as Sunda




Street. The wind may excite significant drift motion for ships with large windage area. Significant drift
motion may also occur whﬂ'{e ship operating in rough sea. Fujiwara eta. [2] investigated effect of wind
and wave on maneuvering performance of a large passenger ship. Their results show that drift angle of the
passenger ship significantly increase when the wind velocity increases. The ship speed also drastically
decreases due to wind and waves. Direction stability of the ship may also become unstable when the ship
operating in windy condition [3]. This means that the heading angle also be able to si%‘ficant]y change due
to wind. In order to maintain the ship direction, a large rudder angle is necessary depends on the wind
speed and direction relative to the ships.

The Indonesian ro-ro ferries have large windage area for both lateral and transverse direction. This
large windage area induces forces and moments so that the ships experience drift, heeling and yawing. With
small draught, the hydrodynamic forces and moments induced by ship hull could be smaller than those
induced by the wind. As a result, drifting motion, roll angle and heading angle due to wind is larger than the
ship with larger draught. This interaction of wind and ship hull forces and moments may affect the direction
stability of the ship become unstable. In order to maintain direction of ship in windy condition, rudder
angle shou]dde changed oppositely contrary to the forces and moments due to wind. The changing of
rudder angle depends on the wind speed and direction as well as the windage area.

This paper discusses effect of wind on maneuvering performance of Indonesian ro-ro ferries. This is
important in operation to avoid misdirection relating to collision accident. Under a certain wind speed and
direction, drift angle, actual ship velocity and rudder angle for maintaining the ship direction can be
estimated. The actual ship velocity can be used to estimate time to destination for estimating fuel
consumption. Results in this paper may be in advance used to develop maneuvering control to avoid

collision.

2. Ship Maneuvering Under Action of Wind
Ship maneuvering is usua]lamode]ed using three degree of freedom equation namely surge, sway and

yaw. Some researchers use four degree of freedom including the roll motion equation in order to investigate
effect of some maneuvering factor on roll motion [2]. The mathematic model of maneuvering equation is
developed based on the local and global coordinate systems as shown in Figure 1. The original of the local
coordinate Wm was in the ship center of gravity and the global coordirﬁe system is fixed relative to the
earth. Here, u and v are the surge and sway velocity respectively. U and p are the ship speed and drift angle.

heading angle of the ship is measured on the global coordinate system designated as y. Uy is the wind

velocity and the wind direction relative to the ship is indicated by y.

Yol

Fig. 1. The coordinate system of ship maneuvering.
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The equation of ship motion for three degree of freedom using the MMG model proposed by Hirano,

etl., al [4] and Kijima, et., al. [5] as follows:

mi—vr)=X

my—ur)=Y (1)
1,7 =N—xgY

where m and [, are the ship mass and rament of inertia of ship in yaw motion, respectively. 1t and v are
the surge and sway acceleration and xg is the longitudinal position of ship center of gravity. X, Y and N are
the resultant of external force in surge, the resultant of external force in sway and the resu]tmof external
moment in yaw motion, respectively. These external forces and nts consist of hull hydrodynamic
forces and moments as well as forces and moments induced by the propeller, rudder and wind. The total
external forces and moments in surge, sway and yaw motion therefore can be written as follows:

X=Xy+ Xp+ Xp+ X,
Y=Y, + Yo +Y% + Y, 2)
N= NH+ Np+ NR+ NA

The hull hydrodynamic forces and moment consist of the calm water resistance and the forces acting on the
underwater hull due to drift angle which can be obtained from the hydrodynamic derivative as the

following equation [6]:

Xy = gLTUZ(X’HO + X'ggB?+ (X'gr — m'y)Br' + X' 7" 4 X'ppp, B30 + X' gp5B*)
YH — %LTUZ(Y’ﬁﬁ-I— (Y;T_ m'x)r' + Y’,G,G’,Gﬁ3+ Y’ﬁﬁrﬁsz'F Y’ﬁwﬁT’Z‘F Y"r‘r'rre) (3)
NH: %LZTUZ(N’B;?-I— N’r?"’+ N’,G,G,Gﬁ3+ N’B Tﬁzrr_'_ N’ﬁrrﬁr’z"' N’rrrr,g)

In case of steady condition, the ship has constant surge velocity, sway velocity and heading angle. It means
that the yaw velocity becomes zero when the ship in steady condition. Component yaw rate (") therefore
can be neglected from the above equati.

The propeller thrust is estimated in a manner consistent with the MMG model using the following
equation [5]:

Xp = (1— tp)nDp*Kr(]) 4)

Here, tp is thrust deduction factor. N and Dy are the rotational velocity of propeller and the propeller
diameter, respectively. Ky is the thrust coefficient depending on advance coefficient, J. In case of twin
propeller, yaw moment induced by the pmpe]]emay exist due to different rotation velocity between the
starboard and portside propeller. Therefore, the propeller thrust and the yaw moment due to the propeller

thrust for twin propeller may be mathematically written as follow:

Xp = (1 - tP(s})nzDP4KT(s) o+ (1 - tP(P))nzDP4KT(P) )] )
Np = ¥p(s) (1 - tp(s))nszdKT(s)U) + Ypp) (1 - tP(P))nzDP‘tKT(P)U)

ere subscribe s and p indicates the starboard and portside propeller, respectively. yp is the transverse

position of the propeller.




The rudder forces and momern are estimated following Kijima empirical equation [5] for single
propeller single rudder. In cases of ship with twin propeller twin rudder, the rudder forces and moments

may be estimated by using the following formula.

XR = —(1 - tR(_g))(FRN(_g) sin 5(_5‘_} + FRN(p) sin 6(p))
YR = _(1+aH)(FRN(S)COSl5(S)+ FRN(p)COSIS(p)) (6)
NR = _(xﬁ +xHaH)(FRN(S) C056(S)+ FRN(P) COSIS(p))

where tg, Xg. Xy and ay are reduction coefficient of rudder resistw in surge direction, longitudinal
position of rudder measured from the miﬁp section, position of the interaction force induced by ship hull
and normal ruddw)roe and coefficient of interaction force on ship hull induced by rudd rmal force,
respectively. Fry is the rudder normal force depends on thepmidder area, rudder coefficient, inflow velocity
to the rudder, effective rudder angle and the rudder angle. A is the rudder angle and the subscribe s and p

indicate the starboard and portside rudder respectively.

3. Methodology

The above mathematic model of maneuvering equation is applied to investigate effect of wind on an
Indonesian ro-ro ferry with principle dimensions shown in Table 1 and the propeller and rudder
characteristics are shown in Table 2. The ship resistance was estimated using Holtrop method. The

coefficients of hydrodynamic derivative of ship hull are estimated using Yoshimura empirical equation [4].

Table 1. Main particulars Table 2. Propeller and rudder dimension
Length overall (Loa) 36.40 m Number of propeller 2
Length between perpendicular (Lgp) 31.50 m Propeller blade (7) 4
Breadth (B) 8.70 m Propeller diameter (Dp) 1.10 m
Height (H) 2.65m Propeller revolution (n) 8.58 ps
Draught (T) 1.65 m Transverse position propeller (yp) | £2.55m
Ship speed (Vs) 10.5 knot Long. position propeller (xp) 15.50 m
Block coefficient (Cg) 0.63 Rudder area (Ag) 208 m’
Midship coefficient (Cyy) 0986 Rudder coefficient (f,) 2.10
Waterline coefficient (Cyw) 0.886 Transverse rudder position (ygr) +2.55m
Prismatic coefficient (Cp) 0.804 Long. Rudder position (xg) 15.75m
Lateral projected windage area (A,) 3640 m’
Transverse projected windage area (Ag) 93,61 m*
Lateral projected area of superstructure (Aop) 18721 m*
Center of windage are from midship (C) -0.558 m
Vertical center of A (He) 0.720 m
Vertical center of Agp (Hy) 4.930 m
Height of transverse projected area (Hgg) 10.73 m




The thrust coefficient was statistically estimated using the following polynomial equation:

39
KTU) — Z C‘n U)Sn (P/D)tn (AE/AB)% Zvn (7)
n=1

Here, s, t,, u, and v, are determined based on statistical data of B series propeller as function of the
advance coefficient, J, respectively. Using the equation (7), the thrust coefficient for each advance
coefficient can be obtained which can be modeled as a third order polynomial equation as function of

advance coefficient as the following equation:

Kr() = ao + a1] + az)? (8)

Maneuverabi]ityaf the ro-ro ferries under action of wind will be investigated in variation ofaind
speed and direction. The wind speed was decided from 5 m/s up to 20 m/s. The maximum speed was based
on the wind speed data of Indonesia. The wind coeﬂaents in surge, sway and yaw direction are estimated
using Fujiwara empirical equation as function of wind direction relative to the ship [8]. These three
efficients were estimated from angle of 0 degree up to the angle of 180 degrees. The wind direction

relative to the ship hull is shown in Figure 2.

Fig. 2. i nd direction relative to the ship
The drift angle induced by the wind forces and mamenawi]l be calculated in steady state of ship motion
and direction. This condition occurs when the resultant of external forces and moment acting on ship hull
the same as zero. The yaw rate is also assumed to be zero in order to maintain the heading angle as
requirement mv.teady state of ship direction. The drift angle then can be obtained by solving the equation
mresu]tant of external forces and moments. The necessary rudder angle is finally obtained using the

equation of external forces and moments.




4. Results and Discussion
Numerical simulations of turning and zig-zag maneuvers with and without wind have been performed

with results shown in Figure 3 for then turning maneuver and Figure 4 for the zig-zag maneuver. Here, the
wind speed was 20 m/s and the wind direction of 30 degrees for the turning maneuver. The rudder angle for

the zig-zag maneuver is 10 degrees without wind.
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ie. 3. Turning maneuver with and without wind Fig. 4. Zig-zag maneuver without wind with rudder
with rudder angle of 35 degrees. The wind angle of 10 degrees.

velocity of 20 m/s and direction of 30 degrees.

The tactical diameter and advance of the ship with wind are smaller than those with wind. The tactical
diameter and advance characteristics may different for different wind speed and direction. The over shoot
angle for zig-zag maneuver without wind for rudder angle of 10 degrees is 2.50 degrees. The zig-zag
maneuver is very difficult to simulate in ndy condition especially for high wind speed. The time period
for each over shoot can be different depends on the wind speedand direction. The maneuvering
performance of ships with and without wind is different because the wind direction relative to the ship
changes due to the alteration of ship heading angle. The windage area also chzﬁes due to relative direction
of wind as well as the forces and moment coefficients of wind. Therefore, the forces and moment acting on
the ship hull fluctuate depends to the wind direction and heading angle. The variation of the wind forces
and moments coefficients in each wind direction relative to the ship is shown in Figure 5. These
coefficients depend on the characteristic of the ship windage area. The maximum coefficient in surge
direction occurs in the wind angle of 120 degrees and the minimum coefficient occurs in the wind angle of
90.0 degrees.

The force coefficient in sway direction and the moment coefficient for yaw are smaller than the
coefficient for surge direction. For the other ship type and configuration of the windage area may have
different characteristics of the wind forces and moment coefficients [1]. For passenger ship investigated by
Fujiwara, et. al. [1], the wind moment coefficient for yaw is the largest coefficient. This could be because

of the ratio lateral and transverse projected area of the windage area.
[
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Fig. 5. The coefficient of wind forces and moments

Figure 6 show the drift angle under action of wind with wind direction from 0 degreedlead wind) up
to 180 degrees (following wind) and the wind speed was determined as ratio between the wind speed and
the ship speed. The variation of wind speed and ship speed ratio means that the ship speed may

significantly decreases when the wind speed increases.
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Fig. 6. The drift angle for the ratio of wind speed Fig. 7. The rudder angle for the ratio of wind speed
and ship speed of 1.0 up to 20.0. and ship speed of 1.0 up to 20.0.

The drift an%ncreases due to increases the ratio of wind speed and ship speed and the maximum
drift angle occurs in wind direction relative to the ship of 60.0 degrees. The occurrence of maximum drift
angle may be affected by the center of the windage area laterally and transversally. Therefore, configuration
of thn;hip super structure may have significant effect on the maneuvering performance in windy condition.
The necessary rudder angle in order twintain the ship direction is also increases due to increases the
wind speed as shown in Figure 7. The forces and moments induced by the wind become larger when the
wind speed increases for the same windage area. Therefore, larger forces and moments of rudder are
needed to avoid the changing of the ship mection due to large drift angle. The necessary rudder angle is
larger than the drift angle for all ratio of wind speed and ship speed even the difference is not too
significant in all wind direction.

Assuming the maximum rudder angle of ships is 35.0 degrees, it can be concluded that the ship cannot
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be controlled under action of wind when the ratio of wind speed and ship speed more than 20.0. In case of
wind speed is 20.0 m/s and the ship speed decreases lower than 1 m/s, the ship will experience drift angle

re than 35.0 degrees in wind direction of 60 degrees. In this condition, the necessary rudder angle is also
larger than 35.0 degrees which is the maximum rudder angle for conventional rudder system. The actual
ship speed during operating in windy condition is important not only to control ship maneuver but also to
m’mate actual fuel consumption during operation. Therefore, advance researches regarding the decreasing
of the ship speed and to determine the optimum route of the ship is important in the future.

5. Conclusions
The maneuvering performance of an Iﬂonesian ro-ro ferry under action of wind has been investigated.

Based on the numerical simulation results and discussions, some conclusions can be remarked as follow:

1. The turning radius and advance of the ship with wind is different with those without wind. The
alteration depends on the wind direction relative to the ship, configuration and area of the windage. In a
certain wind speed, the ship cannot perform zig-zag maneuver because the necessary rudder angle to
control the ship direction is larger than the requirement rudder angle for meaning of zig-zag maneuver
test.

2. The drift w]e significantly increases when the ratio of wind speed and ship speed increases. As a
result, the necessary rudder angle in order to avoid alteration of the ship direction becomes larger. The
maximum drift and rudder angle occurs in the wind direction of 60.0 degrees and the necessary rudder
angle is larger than drift angle in the same of wind speed and ship speed ratio as well as the same wind
direction.

3. The maximum ratio of wind speed and ship speed for safely operating the ship is 20.0 in which the
necessary rudder angle is larger than the maximum rudder angle if the wind direction relative to the
ship is 60.0 degrees. However, in other wind direction, the necessary rudder angle still smaller than the

maximum rudder angle.
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