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Abstract

One practical method has already been proposed for predicting the characteristics of ship manoeuvring
motions at relatively high advance speed [19]. However, this method can hardly be applied to motions
of ships in starting, stopping, backing and slow steaming conditions, even though such extensive motions
are of vital importance from a safety point of view particularly in harbour areas.

The method presented here aims at predicting the characteristics of ship manoceuvring at low advance
speed, which covers starting, stopping, backing and slow steaming conditions. The force mathematical mo-
dels at large angles of incidence to the hull as well as under the wide range of propeller operations are
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formulated.

Simulations of various manoeuvres at low advance speed are carried out for two types of merchant ship,

i.e. a LNGC and a VLCC. Comparisons between simulations and corresponding full-scale measurements
[10], [15] or free-running model tests [6], [10] provide a first verification of the proposed mathematical

models.

1. Introduction

Recently the manoeuvring performance of ships
has been of greater importance than ever from a
safety point of view. This in turn has made the
requirements on ship manoeuvring more deman-
ding. There has been international effort through
the IMO(International Maritime Organization),
aiming to improve ships’ manoeuvrability. One
current IMO activity relevant to ship manoeuvra-
bility [1] aims to arrive at legislation for (i) Es-
timating manoeuvring performance at ship design
stage, (i) Full scale trials to confirm the ma-
noeuvring performance after the ship has been
built, and (iii) Issuing a more detailed manoeuv-
ring booklet for the master and officers of the
ship.

The important aspect to be considered in ship
design and operation, and also to be included in
the manoeuvring booklet, is the manoeuvring pe-
rformance at low advance speed which covers
starting, stopping, backing and slow steaming co-
nditions etc. particularly in harbour and coastal
waters. In fact, ship operators require some infor-
mation on manoeuvrability in which the confined
operating conditions have to be considered [2].

In harbour manoeuvring, low advance speed at
large drift angle becomes dominant and the effe-
cts of shallow waters and extraneous forces such
as the effects of wind and current are important.
Various ship motions such as accelerating, stop-
ping, backing, slow steaming and tug operations
are inevitably brought out in order to avoid colli-
sion with other ships or when approaching the

wharf and vice versa. Consequently surge, sway
and yaw motions have nearly the same order of
magnitude, otherwise sway and yaw motions are
much larger than surge motion. Under these cir-
cumstances the flows of waters around a ship be-

. come more complicated and the hydrohynamic fo-

rces on a ship are subject to the effect of the mo-
tion’s history on itself, namely the fluid memory
effect. Until recently, due to these difficulties we
lacked the methods available for predicting har-
bour manoeuvring. In the background of the IMO’
s work, however, active research will continue to
take place for the development of mathematical
models suitable for harbour manoeuving [3].
This paper presents a mathematical model for
low advance speed manoeuvrability, which covers
starting, stopping, backing and slow steaming co-
nditions etc. To begin with, it is assumed at this
stage that the ship is manoeuvring in deep waters
and the fluid memory effect is negligible. There
are three principal methods for modelling the hy-
drodynamic reactions on the hull. the first one is
to describe the hydrodynamic reactions using pol-
ynomial expressions [4], [5], the second one is
the Fourier series expansions [6], [7] and the
third one is cross-flow drag expressions [8], [9].
This paper adopts the method of the Fourier se-
ries expansion for modelling the hydrodynamic
reactions on the hull and uses the data of captive
model tests [6] in the process of modelling. The
propeller and rudder forces are also formulated
in the whole region of propeller operation to co-
ver both the ahead and astern motion. The simu-
lataneous equations used to predict the time his-
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tory of the various manoeuvres at low advance
speed, are then solved by the compute for two
types of merchant ship, such as a VLCC and a
LNGC. The simulated manceuvres are compared
with the corresponding full-scale measurements
[10], [15] or free running model tests [6], [10].

2. Hydrodynamic Forces on a Ship

2. 1. Basic equations of manoeuvring motion

In general it is customary in manoeuvring stu-
dies to consider only the motions in the horizon-
tal plane, namely surge, sway and yaw. To desc-
ribe a ship’s motion, a system of body axes(G—
xy) which are fixed on the ship and are moving
relative to the space axes(O—~XY), is employed
as shown in Fig. 1. The origin of body axes is lo-
cated at the ship’s centre of gravity G.

X

Fig. 1 Co-ordinate system

Following the sign convention of Fig. 1 and as-
suming that the body axes coincide with the prin-
cipal axes of inertia, the equations of motion can
be written as :

m(u—ovr)=C(all the surge force)
m(v+ur)=(all the surge force)
Lr=(all the yaw moment) e

where m denotes the ship’s mass, I, the moment
of inertia about the z axis, and a dot over the pa-
rameters of ship motion represents time deriva-
tive.

According to the established procedure [11] of
dealing with hydro-inertial terms involved in the
right-hand side of eq.(1), this equation becomes

(m +m,)1_; —(m+m)vr=X
(m+m)v+m+mur=Y
(L+])r=N—xY 2)

where X and Y denote the hydrodynamic froces
(ex. hydro-inertial forces) in the x and y direc-
tions respectively, N the hydrodynamic yawing
moment about the midship, x; the distance of the
centre of gravity in front of the midship, m, and
m, denote the added mass in the x and y direc-
tions respectively, and J, the added momenht of
inertia about the z axis. The added mass and ad-
ded moment of inertia can be computed from po-
tential flow theory with good accuracy. They can
also be obtained from references [12], [13] and
(141
X Y and N may generally be expressed as :

X:XH+XP+XR
Y:YH+YP+ YR
N=Ny+Np+ N 3)

where the terms with subscripts H, P and R rep-
resent the damping forces on the hull, the prope-
ller forces and the rudder forces respectively. Eq.
(3) is based on the modular concept, as is the
modular manoeuvring model, first developed by
the Mathematical Modelling Group(MMG) of the
Society of Naval Architects of Japan. The model
arranged in this way lends itself to a number of
applications. It allows research on one particular
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module and the effect that that module has on
the system model as a whole.

If each of the modules in the right-hand side
of eq.(3) is modelled concretely, the simultaneous
differential equations (2) and (3) will then be
solved by the computer to predict the time his-

tory of a manoeuvre.

2.2 Modelling of the hull damping forces

(1) In the case where a ship’s speed is non-
Zero

Except that the ship speed V is zero, the para-
meters of ship motion shown in Fig. 1 and the hull
damping forces are non-dimensionalised as :

u' v’ =u,v/V
' =rL/V
Xu, Y = Xy, Yy /0.5pLdV?

Ni = Ny /0.5pL%dV? 4)

where L, d and V denote length between perpen-
diculars, mean draft and ship speed(V=1/4?+v%
respectively, and p is the density of water.

The physical flow phenomena have been const-
dered to analyse the constitution of damping for-
ces on the bare hull with very large angles at low

advance speed. Xy consists of hull resistance and
induced drag caused by free vortices shed from
the boundary layer near the hull's surface. Each
of Yy and Ny consists of three groups of forces.
The first is the hydrodynamic forces‘ generated by
the irrotational flow of an otherwise undisturbed,
unbounded ideal fluid in response to the ship’s
general motion. The second is the hydrodynamic
forces generated by the ship’s hull which can be
considered in response in inclined flow. The third
is the non-linear cross-flow forces on the hull in
response to its transverse motion. Oltman [8]
attempted to adopt the expressions of hull dam-
ping forces as a clear merger of ideal fluid ef-
fect, lifting effect and cross-flow effect. the ma-

thematical model adopted by Oltman has some
advantages, which are that there are not too
many hydrodynamic coefficients which have to be
decided by the model tests or theoretical calcula-
tions and the model is a compact, physically mo-
tivated expression. However, it is difficult to se-
parate the hydrohynamic forces obtained by mo-
del tests into three grops, namely ideal fluid ef-
fect, lifting effect and cross-flow effect. Further-
more, the cross-flow drag coeffcients vary accor-
ding to the longitudinal location of the hull. So,
from a practical point of view this paper adopts
the treatment in which the damping forces on the
hull are expressed by the Fourier series expan-
sion of drift angle and then the Fourier coeffients
are expressed as the function of yaw angular ve-
locity. This treatment was suggested by Taka-
shina [6] and Yumuro [7].
Drift angle B is defined as :

B =tan"'( — L) o))
where B is consigered to vary from zero tot+ 180
degrees. Then the non-dimensional damping for-
ces on the hull can be expressed by Fourier se-
ries expansion of £ as .

""":X'(“'”Z (Si sin kB+C} cos kR)
YiF%(S{ sin kB+C} cos k)

N},Z%(Sﬁ’ sinkB+C} cos kB) (6)

where X'(u') denotes the ship’s resistance coeffi-
cient, S, and C, the Fourier coefficients. S; and
C, generally are the function of yaw angular velo-
city because the ship has drift angle and also yaw
angular velocity as well while manoeuvring, but
are constants in the pure sway motion.

The static drift test(oblique towing test) was
performed by Takashina [6] with a 2.5m model
of the LNG ship shown in Table 1 in order to ob-

tain the Fourier coefficients S,, C.. He suggested

Y 4 4 ‘i W

v S5 SL 57, 8%, SY and SY as the terms of signi-

ficance. Amongst them, the terms of St, SY S
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are higher orders of very small values. So, the
Fourier series expansion expressions adopted by
the author are given by eq.(7) in the pure sway

motion.

X4y = X'(v') + 5 sin B
Y} = S sin B+ 57 sin38

Ny = 8Nsin g+ S sin2g @
v’
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Fig. 2 Non-dimensional sway force and yaw mo
ment on hull as a function of drift angle

(25m model of LNGC)

Fig. 2 illutrates the lateral force and yaw moment
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on the LNG ship model as the function of drift
angle. The mark in the figure represents the
measured data [6] and the curve the least square
error fititings using eq. (7). The expressions in
¢q.(7) are much shorter and clearer than those
suggested by Takashina. Furthermore, Takashina
utilised a yaw rotating test where the drift angle
is the function of yaw angular velocity, namely
=rt(t=time). He suggested S}, S} St C¥ C} S
S5, Sy ST Ch CY and CY by analysing the results
of the test with the same model. Amongst them,
the terms of S C% S S and C) are higher or-
ders of very small values. So, the Fourier series
expansion expressions adopted by the author are
given by eq.(8) in both the sway and yaw mo-
tions.

Xy = X'u'y+ SV sing
Y/, = S) sin g+ S sin33 + C,” cos 3
Niy = SNsin 8+ 5 sin23 + C;° + C5 cos23 (8)

where all the Fourier coefficients are the function
of yaw angular velocity. On the basis of Taka-
shina’s experimental results [6] and taking the
symmetry of the ship’s hull, the expressions of all
the Fourier coefficients in eq.(8) are suggested
by the author as :

Sf=Sir
Si=Si+SiIr!
Y=S}
Ci=Clr+Chvrir
SY=84
Y=k +S4
CY=Clr+Cgrir
C¥=Chr 9
where Sif, Sit, Si¥ and S& coincide with Si, S}, S}
and S% in eq.(7) respectively in case of pure sway

motion. Substituting eq.(9) and the following re-
lation :

sinf=—vp'
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sin2f= —2u'v’

sin3f= —3v' +4p"

cosB=u'

cos2f=—1-—2p" (10)

into eq.(8) and then expressing all the coefficie-
nts in eq.(9) in terms of the hydrodynamic dervi-
vatives widely used nowadays, the non-dimensio-
nal hull damping forces can be given as .

Xy =X"(u')+ X,,o'r'

Y= Vi 4 Yiulr' + Yo + Yool |+ Y u'r' |
Ny = N'v' + NL u'v' + N’ + Ni, o' + N, oo

+ N, | an

where the relationship between the hydrodynamic
dervatives in eq.(11) and the coefficients in eq.
(9) are given as '

X, =-S3

Y! = -S}, - 35%,
Y, =Gy}

Yoo, =455

Y, = -8}

Vi = C

N, = -Sg

N, = -2S}
N.=cli +C}
Ny, = —2C3)
Niorr = =253
N, =Cg 12

We can obtain the numerical values of the hyd-
rodynamic derivatives in eq.(11) from appropriate
model experiments. The model experiments are
relatively costly and time consuming. From these
points it will be useful if we can make use of the
collection and parametric analysis of hydrodyna-
mic data by Inoue [15], [16]. So, eq.(11) will be
somewhat changed here without losing physical
validity. The non-linear term of »’, namely Y;,,v"
that appears in the second expression of eq.(11),
may be replaced by the term Y;,v'['{, because

Y!,v'|v'| can well represent the non-linearity of v’,
and also the physical property of symmetry of the
hull form. Furthermore, the term Nv* in the
third expression of eq.(11) represents the non-
dimensional yawing moment due to the ship’s
transverse motion only. If the hull form of fore
and aft parts is symmetrical about the midship,
the numerical value of N! will be zero. Even a
real ship may take a very small value of N! as
revealed, for example, in the experimental result
by Takashina. So, the expression of yawing mo-
ment due to transverse motion is given here by
eq.(13) where the term N.u'v’ is considered to

include N!v'.
N u'y' = (-SN — 258 )u'v' (13)

and, for convenience, the expressions of hydrody-
. .. '

namic derivatives Y, Y/ ,N. andN[, . are re-

written as Y/, Y’ N’ and N/

rrr vy vrr

which are widely
used in case of relatively high advance speed.
The term X'(«') in the first expression of eq.(11)
is modelled by eq.(14).

X'() = X' u'lu'| (14)
Eventually the hull damping forces are given as :

Xy=05pLdV?{ X} u'|u'| + X, v'r'}
Yu=05pLdV*{Y!v' + Y u'r' + Y, o' | + ¥, 0[]
Yo
Ny=05pL*dV*{N!u'v' + N+’ + N,',wv'zr'
+ N a4 N ) (15)

The hydrodynamic derivatives appearing in eq.
(15) can be obtained from references [13], [16]
and [17]. It must be pointed out that the area of
application of the hydrodynamic data dervied
from references [13], [16] and [17] covers con-
ventional manoeuvres at relatively high advance
speed. However, we can expect that these will
provide the first approximation of the hydrodyna-
mic data necessary at low advance speed. Table
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2 shows the hydrodynamic data derived from re-
gression expressions [17] for two types of mei-
chant ship. Here the surge hydrodynamic deriva-
tive X! is estimated by Inoue [15] and the resis-
tance derivative X, by total resistance in a strai-

ght course.

(2) In the case where a ship’s speed is zero

The motion, when a ship’s speed V is zero, is
limited to turming only with no movement at the
centre of gravity of the ship. When the resultant
speed of a ship is zero, the damping forces on the
hull are expressed as -

Ny = 0.5pL*dN/ rir| (16)

It must be pointed out that if the hull form is lo-
ngitudinally non-symmetrical about the midship to
a great extent, as for example, that of a trawler,
Xy and Yy cannot be negligible. However they can
be negligible for many merchant ships.

2. 3 Modelling of the propeller and rudder for-
ces.

(1) Propeller forces
The propulsion X, under the wide range of
propeller loads to cover both the ahead and as-

tern motion is modelled as :

Xp=05p(1—O[{u(1—w,)}*+ (0.77nD)?]

X (<D, an
20
K=% [A(k)cosk®, + B(k)sinke,]
0,=tan" Yu(l—w,)/(0.7nmmD)} (18)

where the thrust coefficient K; has been expres-
sed by the Fourier series expansion [18] of hyd-
rodynamic pitch angle 6,, { represents thrust de-
duction factor, w, propeller wake fraction, » num-
ber of propeller shaft revolutions per second, and

L

[5)

j=1]

2 ZZ4

o #F AT 7
D propelier diameter. The Fourier coefficients A
(k) and B(k) which appear in the expression of
Ky can be obtained by the propeller open-water
test. They are estimated here by utilising the ex-
perimental results by Lammeren [18] with Wage-
ningen B-Screw series, which cover the whole re-
gion of propeller operation, namely four quadrants
of 0,. The first quadrant of 8,(0°<.0,<.90°) is in
case of 20 and 22_0, the second quadrant (90
< 6,<180") >0 and #<0, the third quadrant
(180°<.6,<£270°) #<0 and n<0, and the fourth
quadrant (270°<.6,< 3604 <0 and #»>0. On the
other hand, as the expressions of eqs.(17) and
(18) cover a wide range of propeller load, the va-
lues of thrust calculated by the expression lack
some accuracy in th first quadrant where the
most accurate values are required. For this rea-
son only in the first quadrant, namely in the case
of u>0 and 720, the propulsion X, is given ac-
cording to reference [19] as:

Xo=pr?D*{C = Cy(—)} (19)
s, Py
Ci=( 25, )( 74 )(F)(‘B‘)ffw
D
C2=C,(1—w,~,)—P— (20)

where Cr represents total resistance coefficient in
a straight course, s slip ratio which will be defi-
ned in eq.(28), P propeller pitich, S; wetted sur-
face area of the hull, and J, apparent advance
coefficient(J,=u/nD), the expression with subsc-
ript 0 in s, J. and w, like s,, J. and w,, represents
the values of s, J; and w, in a straight course. Ge-
nerally the thrust deduction factor ¢ and propeller
wake fraction w, are treated as functions of ship
motion and propeller operating condition. Here ¢

is assumed constant and w, is given by :

w,=wpexp| —4.0(B8—x'r)?) (21)

where x', is the x coordinate of propeller location
non-dimensionalised by ship length L. w,, and ¢
are estimated here by Takashiro’s method[20].
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The expressions wy,=0 and (=0, nevertheless,
are adopted regardless of eq.(21) in case of #<
0.

The propeller induced sway force and yaw mo-
ment are expressed as -

Yo=pnD'V
No=pr?D’LN}* (22)

where the coefficients ¥;* and N}* are considered
in the second quadrant only, namely #2>0 and #<_
0, and obtained from the experimental result by
Fujino [21] as the function of the apparent advance
coefficient which is defined as :

J=— @3)
" nP
(2) Rudder forces
The rudder forces are expressed as :
XR: "Cm{FNSina
YR: - (1+aH)FNcos5
Ni=— (xp+ ancn) Fucosd (24)

where & represents the rudder angle, Fy the nor-
mal force produced by the rudder, and xz the x
coordinate of rudder location. The coefficients cex,
auy and xy are correction factors to adapt the
open-water characteristics of rudder to behind-
hull conditions. The values of them are estimated
from reference {22] as the function of the block
coefficient. The normal force produced by the ru-
dder Fy is expressed according to Fujii [23] as .

FN:“‘;‘ PARVZR%SHW R (25)
where A and Ay are the rudder’s aspect ratio and
its submerged area respectively, Vi the effective
in-flow velocity over the rudder, and a4 the effe-
ctive angle of attack. The following expressions

are employed for Vz and @,

V[(:\/ uetv%

@ =848~y (B—1'w") (26)

T Sy

Oy= % 27
7=C,C,
c= 1

P 140,67 @~ 14s)s/(1+s)
C=04518—1pr|:  B—lpi<1111
C,=05; I8~ >1.111
s=1~u(1—w,)/nP

-0 28)

H

where uz and »r represent the longitudinal and
lateral components of the effective in-flow velocity
to rudder respectively, &, the offset rudder angle
necessary for staight forward running, 7 the flow
straightening (rectification) coefficient due to
both the ship’s hull and propeller, H rudder hei-
ght, and I'x experimental coefficient the value of
which is taken as /x=—0.9 from reference {22].
The up and vz and €q.(26) are expressed accor-
ding to Yoshimura [24] as:

ur=enP/1-201—7)s +{1— 7 x2~x)}s’

UR:uRtan{Y (ﬂ"’ l'Rr')} (29)
e=(1—we)/(1~w,)

k=0.6/¢

WR= Wslre/ Wpo (30)

where wg, represents the wake fraction at the ru-
dder location in straight forward running, the va-
lue of which is generally taken as wy =045 for
models and w,=0.25 for fullscales [15], [24].
The expressions ;=0 and v;=0, nevertheless,
are adopted regardless of eq.(29) in case of #<0,
and the expression uz=u{(1—w,) is adopted in
place of the first expression of €q.(29) in case of
both #>0 and s<0 or in case of =0,

(3) Movements of propeller and rudder

The number of propeller shaft revolutions is
assumed to respond to the ordered one through
the main engine telegraph as :
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Table 1. Pricipal particulars of ships

|  Item - | VLCC | LNGC E
- Ha a S A 5

Length B. P. L(m) 318.00 270.00

Breadth B(m) 56.00 44.82

Mean draft d(m) 20.58 10.80

Trim (m) 0.0 0.0
Block coefficient Cs 0.827 0.692 f
Rudder }
Area ratio Ar/Ld 1/58.6 1/445 ]
Aspect ratio A 1.55 1.25 J
Propeller 1
Diameter D(m) 8.90 8.0 |
Pitch ratio P/D 0.71 0.8 1
_“'No. of blades N 5 4 J

n=(n*—n)/T, 3D Table 2. Hydrodynamic derivatives and

where n* is the ordered one through the main
engine telegraph, and 7, the time constant of
main engine. The value of T, is taken here as
T.=15 sec for a full-scale ship.

The mathematical model for the dynamics of

electro-hydraulic steering gear is given by eq.(32)

b= =8 /Ty: |5 — 0| Tel bl

0=sign(0% — )8, i | 5% — 5] > Ty | By 32)

where 6* is the ordered rudder angle, T: the
time constant of the steering gear, and t.?m maxi-
mum rudder speed. The values of Ty and lb.‘,m,,.|
are taken here as Tp=25sec and |3,u|=30 deg
/sec for a full-scale ship.

3. Simulation of Manoeuvring Characte-
ristics

The simulation calculation has been carried out
on the basis of the mathematical model described
in section 2 with hydrodynamic data shown in
Table 2 for two types of merchant ship, VLCC
and LNGC. The calculated results are compared

coefficients
VLCC LNGC

m,/m 0.120 0.075 i
m,/m 0.839 0.721 |
J./mL? 0.044 0.042
X'uu -0.00826 -0.00957
X'vr 009775 -0.06630
Y'v -0.40720 -0.28648
Y'r 0.10166 0.06283
Y'vw -0.33312 -0.40217
Y'vr -0.33129 -0.31193
Yrr -0.02965 -0.03461
Ny -0.12943 -0.080
N'r -0.05314 -0.0368
N'vvr 0.13380 -0.06686
N'vrr 0.07094 0.01004
N'rr -0.01206 -0.02470
t 0.24 , 0.20
Wy 0458 | 026
Wio 0.25 0.25
CRY 0.81 0.76
ay 0.63 0.38
X'n 046 046

O,
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with the published fullscale measurements [10],
[15] for VLCC and free-running model tests 6],
[10] for LNGC. However, all the simulation cal-
culations have been carried out for full-scale
ships, both VLCC and LNGC.

The mathematical model adopted here has
been worked out for manoeuvring motions mainly
at low advance speed. Even so, it has been inten-
ded to apply the mathematical model to conven-
tional turning manoeuvres at relatively high ad-

A EXPERIMENT

PREDICTION

Fig. 3 Conventional turn of VLCC
(rudder angle=35 deg.)

S
, ~
A EXPERIMENT L
PREDICTION
. ; "8,

¥ T T T

-4.00 -2.00 0.00
Y/L

Fig. 4 Conventional turn of LNGC

(rudder angle= —15 deg.)

r Y Y
-8.00 -6.00

vance speed. Figs. 3, 4 and 5 show comparisons
between the simulated and measured paths for
conventional turning characteristics. Fig. 3 shows
a comparison for a 35 degree rudder to starboard
turn with an initial speed of 16.5 knots of VLCC.
Figs. 4 and 5 show comparisons for a 15 degree
rudder to port turn and a 35 degree rudder to
prot turn respectively, with an initial speed of 20.
0 knots of LNGC.

& EXPERIMENT

PREDICTION -

a & B
A, & 8
T LN T T T T o
-4.00 -3.00 -2.00 -1.00 0.00
Y/L
Fig. 5 Conventional turn of LNGC
(rudder angle= —35 deg)
A EXPERIMENT 8
PREDICTION ~
\
>

L ev
Fig. 6 Accelerating turn of LNGC ’
(rudder angle= —35 deg.)
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Fig. 6 compares the simulated and measured
paths for the accelerating turn of the LNGC. The
accelerating turn has been performed here by or-
dering not only the number of propeller shaft re-
volutions necessary for the speed of 20 knots in
a straight course but also the 35 degree rudder

Fig. 10 Stopping and backing motion trajectories
of VLCC

to port from a stationary conditions. Fig. 7 com-
pares the simulated and measured paths for the
coasting turn of LNGC. The coasting turn has
been performed here by ordering not only the
number of propeller shaft revolutions to zero but
also the 35 degree rudder to port from the steady
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straight running condition of 20 knots forward
speed. Figs. 8 and 9 show comparisons for stop-
ping distances and stopping times of VLCC res-
pectively. The symbol V, in Figs. 8 and 9 repre-
sents the initial ship speed in the steady straight
motion. The stopping motion has been made here
by ordering the number of revolutions of the pro-
peller shaft to “full astern” from “full ahead” and
“half ahead”, the speeds of which are 16.5 knots
and 106 knots respectively. The number of “full
astern” revolutions of the propeller shaft corres-
ponds to —70% of that of “full ahead” in a
steady straight course. Fig. 10 illustrates the si-
mulated path during stopping and backing motion
of the VLCC, which has been made by ordering
the number of revolutions of the propeller shaft
to “full astern” from “half ahead”.

The above comparisons show, to some extent,
satisfactory correlations between, computer simu-
lations and full-scale or model experiments for
the various manoeuvres at low advance speed.
Furthermore, it is noted that the proposed ma-
thematical model is useful for the prediction of
conventional manoeuvres at relatively high adva-
nce speed.

4. Conclusion

The mathematical model and computer simula-
tion for prediction of manoeuvring characteristics
mainly at low advance speed are discussed. Hyd-
rodynamic damping forces acting on the hull at
low advance speed and at very large angles of in-
cidence are expressed by the Fourier series ex-
pansion and then in terms of hydrodynamic deri-
vatives. Propeller forces and rudder forces are
modelled in the whole region of propeller opera-
tion. All the input data required for solving the
proposed mathematical model can be obtained
from published experimental data or from para-
metric expressions of hydrodynamic forces for

practical purposes.

The computer simulation has been carried out
for two types of merchant ship on the basis of the
proposed mathematical model. Cdmparison bet-
ween the computer predictions and full-scale
measurements or model experiments demonstrate
satisfactory agreement. The proposed mathemati-
cal model will be utilised for evaluation of ship
manoeuvrability not only at low advance speed
but also at reatively high advance speed at the
preliminary ship design stage.

The prediction method of this work may exten-
sively be applied to other areas such as port de-
sign, safety study of traffic systems in harbour

areas and towing operations by tug boats.
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