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Abstract

Some practical methods have already been proposed for predicting the characteristics of
ship manoeuvring motions at relatively high advance speed. However, these methods can
hardly be applied to motions of ships in starting, stoppint, backing and slow steaming cond-
itions, 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 manoeuvring at
low advance speed, which covers starting, stopping, backing and slow steaming conditions.
The force mathematical models at large angles of incidence to the hull as well as under the
wide range of propeller operations are 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 or free-running model tests provide a first verification of the proposed

mathematical models.

dufe] AAEE ool WASEE 2 wel TFAF A/hPL AF7hA Bol Aksof

W E 191U ek Asts] FAQTEES(. 11. 16.)
Manuscript received : Nov. 20, 1991, revised manuscript received : April 30, 1992.
* Member, Dept. of Naval Architecture, Korea Maritime University.

Transactions of SNAK, Vol. 29, No. 3, August 1992



A& BA) Fgohe 2EANY 2 ZEY 5] BE A7

91

fou), ol5e FRRNe) e SERE F 29, AN, $Y, UEZE SolE g
RE7} vk & AFAME 39, 34, ¥4, I52F 52 THGE Ayl 2285
=49 Wby AAsr) ANM, AT SHD BY o) BUN Y TaAdd S5
A, T2, eo) A 83hE fAA Y SR AT ALY FH2 YL ol F3el
Aorbs Subd, AYRZY F dupel tjs) A& YA 2ELF AEANY AL £}

o 4ANE e REAY Ao} vln, dEsyh

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 demanding.
There has veen international effort through the
IMO(Internationa! Maritime Organization), aiming
to improve ships’ manoeuvrability. One current IMO
activity relevant to ship manoeuvrability[1] aims
to arrive at legislation for (i) Estimating manoe-
uvring performance at ship design stage, (ii) Full
scale trials to confirm the manoeuvring performance
after the ship has been built, and (iii) Issuing a
more detailed manoeuvring 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
performance at low advance speed which covers
starting, stopping backing and slow steaming
conditions etc. particularly in harbour and coastal
waters. In fact, ship operators require some info-
rmation on manoeuvrability in which the confined
operating conditions have to be considered(2].

In harbour manceuvring, low advance speed at
large drift angle becomes dominant and the effects
of shallow waters and extraneous forces such as
the effects of wind and current are important.
Various ship motions such as accelerating, stopping,
backing, slow steaming and tug operations are
inevitably brought out in order to avoid collision
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
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than surge motion. Under these circumstances the
flows of waters around a ship become more com-
plicated and the hydrodynamic forces on a ship
are subject to the effect of the motion’s history
on itself, namely the fluid memory effect. Until
recently, due to these difficulties we lacked the
methods available for predicting harbour manoeu-
vring. In the background of the IMO’s work,
however, active research will continue to take place
for the development of mathematical models sui-
table for harbour manoeuvring(3].

This paper presents a mathematical model for
low advance speed manoeuvrability, which covers
starting, stopping, backing and slow steaming
conditions 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 hydrodynamic reactions on the hull. The first
one is to describe the hydrodynamic reactions using
polynomial 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 series 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 cover both the
ahead and astern motion. The simultaneous equ-
ations used to predict the time history of the
various manoeuvres at low advance speed, are then
solved by the computer for two types of merchant
ship, such as a VLCC and a LNGC. The simulated
manoeuvres are compared with the corresponding
full-scale measurements [10], [15) or free running
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adel tests [6], [10].
>, Hydrodynamic Forces on a Ship
Basic equations of manoeuvring motion

weneral it is customary in manoeuvring studies
-« ...nsider only the motions in the horizontal plane,
~oniely surge, sway and yaw. To describe a ship’s
sotion, a system of body axes(G-xyz) which are
~w=1 on the ship and are moving relative to the
ace axes (0-XYZ), is employed as shown in Fig.
i. The origin of body axes is located at the ship’s
ontre of gravity G.

X

Fig. 1 Co-ordinate system

Following the sign convention of Fig. 1 and
assuming that the body axes coincide with the
principal axes of inertia, the equations of motion
can be written as:

m(u —vr)=(all the surge force)
m(v +ur)=(all the sway force)
I.r =(all the yaw moment) (1)

where m denotes the ship’s mass, I, the moment
of inertia about the z axis, and a dot over the
parameters of ship motion represents time deriva-
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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)u —(m+m,)yr=X
(m+m)v +m+mIur=Y
(I.+J) =N—xgY )

where X and Y denote the hydrodynamic forces
(ex. hydro-inertial forces) in the x and y directions
respectively, N the hydrodynamic yawing moment
about the midship, xs the distance of the centre
of gravity in front of the midship, m, and m,
denote the added mass in the x and y directions
respectively, and J, the added moment of inertia
about the z axis. The added mass and added
moment of inertia can be computed from potential
flow theory with good accuracy. They can also
be obtained from references [12], (13] and [14].

X, Y and N may generally be expressed as:

X=Xy+Xp+Xpg
Y=Yu+Yp+Yr
N=Ny+Np+Ng (€))

where the terms with subscripts H, P and R
represent the damping forces on the hull, the
propeller 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
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 history of

a manoeuvre.

2.2 Modelling of the hull damping forces

(1) In the case where a ship’s speed is non-zero
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Except that the ship speed ¥ is zero, the par-
ameters of ship motion shown in Fig. 1 and the
hull damping forces are non-dimensionalised as:

u, vVi=u, v[V

r=rL|V

Xu Yi=Xu, Yu/05eLdV?

Ni=Nyl0.50L2dV? 4

where L, d and ¥ denote length between perpen-
diculars, mean draft and ship speed(V= /21 ?)
respectively, and p is the density of water.

The physical flow phenomena have been cons-
idered to analyse the constitution of damping forces
on the bare hull with very large drift angles at
low advance speed. X H‘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 gen-
erated by the irrotational flow of an otherwise
undisturbed, unbounded ideal fluid in response to
the ship’s general motion. The second is the hyd-
rodynamic forces generated by the ship’s hull
which can be considered as lifting surface in inc-
lined 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 expr-
essions of hull damping forces as a clear merger
of ideal fluid effect, lifeing effect and cross-flow
effect. The mathematical 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 theore-
tical calculations and the model is a compact and
physically motivated expression. However, it is
difficult to separate the hydrodynamic forces
obtained by model tests into three groups, namely
ideal fluid effect, lifting effect and cross-flow
effect. Furthermore, the cross-flow drag coefficients
vary according 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
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expansion of drift angle and then the Fourier
coefficients are expressed as the function of yaw
angular velocity. This treatment was suggested
by Takashina [6] and Yumuro [7].

Drift angle 2 is defined as:

p=tan(-1) ®)

where £ is considered to vary from zero to +180
degrees. Then the non-dimensional damping
forces on the hull can be expressed by Fourier
series expansion of 8 as:

X=X "(u )+ (8K sin kB+C cos ki)
Yp=3 (S} sin kA+C} cos kB)
Ny=Z2(Sk sin kB+CY cos k) (6)

where X “(u”) denotes the ship’s resistance coe-
fficient, Sy and Cix the Fourier coefficients. Sx and
Ci generally are the function of yaw angular
velocity 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
obtain the Fourier coefficients S, Ci. He suggested
S1. S, S5, Sy, Y, SY and SV as the terms of
significance. Amongst them, the terms of S, s
and SY 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,

Xy=X"(u")+S} sin A
Yy=S] sin B+S} sin 38
Ny=S8} sin A+S} sin 28 %)

Fig. 2 illustrates the lateral force and yaw
moment 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 fittings using eq.(7). The expressions



1 T 1 T
.00 40.00 80.00 120.00 160.00
DRIFT ANGLE (DEG)

0.08

ol MEASURED BY TAKASHINA
APPROXIMATED BY €Q. (7)

-0.04 0.00 0.04

o~0.08

.00 40.00 B80.00

120.00 160.00
DRIFT ANGLE {(DEG)

Fig. 2 Non-dimensional sway force and yaw moment
on hull as a function of drift angie(2.5m
model of LNGC)

in eq.(7) are much shorter and clearer than those
suggested by Takashina. Furthermore, Takashina
utilised a yaw rotating test where the drift angle
is the funtion of yaw angular velocity, namely 8=
ri(t=time). He suggested S1, S%, s¥, ¥, ¢}, Y,
53, S¥, s¥, ¥, ¢ and ¥ by analysing the results
of the test with the same model. Amongst them,
the terms of C¥, %, 8%, S¥ and ¢} are higher
orders 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 motions.

Xy=X"(u")+S! sn 8

e
Yu=S] sin A4S} sin 36+CY cos B
Nu=5Y sin B+S) sin 28

+Cy+C cos 28 8

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

Si=8{r"

S{=S;3+S1r

Sh=8

cl=cfr +Cirir

SY=8)3

=S58y 2

C=Clr +Chr ir)

Cy=CHr~ ©)

where Si, Sai, Siy and S coincide with S, S,
sy ‘and SY in eq.(7) respectively in case of pure
sway motion. Substituting eq.(9) and the following
relation :

sin B=—vy”~
sity 2@=—2u"v”
sin 38=~—3v +4v 73
cos fB=u”
cos 2B=1~—2u"? (10)

into eq.(8) and then expressing all the coefficients
in eq.(9) in terms of the hydrodynamic derivatives
widely used nowadays, the non-dimensional hull
damping forces can be given as:

X=X ")+ Xy vr”
YieYov '+ Yy ur"+ Yo, v73
+ Y v+ Y urlir
NNy +Nuy u"v 4N~
+Npr VU Ny w v r 24N, 7
(11)

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

X, =-57
Y, =-S3-38y
Y, =Cf
Y,w =383
Y, =-§7
Ylfr; =Cy

<
I
5

N,
Nu; = 282)(;1
e

. =CR+C

N,, =—2C}

Ny =—283

N, =Cj 12)

We can obtain the numerical values of the
hydrodynamic derivatives in eq.(11) from approp-
riate 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 hydr-
odynamic data by Inoue [15], [16). So, eq.(11) will
be somewhat changed here without losing physical
validity. The non-linear term of v~, namely Y.,
v7? that appears in the second expression of eq.

i

(11), may be replaced by the term ¥,, vy 7,

-
|

because Y,, v v~ can well represent the non-lin-
earity of v~ and also the physical property of
symmetry of the hull form. Furthermore, the term
Ny,v” 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 mid-
ship, 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
moment due to transverse motion is given here

by eq.(13) where the term N,, u”v~ is considered
to include N,v~.

Nuy u'v =(— S —28/u"v" (13)
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and, for convenience, the expressions of hydro-
dynamic derivatives Y., , Yur , No and N,
are re-written as Y,, Y,  , N, and N,, 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 (0 )=Xuu u”lu” 14)

Eventually the hull damping forces are given
as:

Xy=05pLdV3 X, u lu” I+ X, v'r")
Yu=0.50LdV¥ Yy +Yu"r”
+Yo vV IHYy vl Y, w el
Ny=05pLdV2{Nu v +Nr”~
FNor VU +Nur v r 24N, r7ir )
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 derived from
references {13}, {16} and {17] covers conventional
manoeuvres at relatively high advance speed.
However, we can expect that these will provide
the first approximation of the hydrodynamic data
necessary at low advance speed. Table 2 shows
the hydrodynamic data derived from regression
expressions (17] for two types of merchant ship.
Here the surge hydrodynamic derivative X,, is
estimated by Inoue [15] and the resistance deriv-
ative X,, by total resistance in a straight 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 turning 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:

Xy=0
Yyu=0
Np=0.5pL%N,, rir| (16)
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It must be pointed out that if the hull form is
longitudinally non-symmetrical about the midship
to a great extent, as for example, that of a tra-
wler, Xy and Yy cannot be negligible. However
they can be negligible for many merchant ships.

2.3 Modelling of the propeller and rudder forces

(1) Propeller forces

The propulsion Xp under the wide range of
propeller loads to cover both the ahead and astern
motion is modelled as:

Xp=0.50(1— {1 —w,)?+(0.77nD)*)

x (G ID*Kr an
Ki=3. [4(k) cos k6,+B(k) sin k6]
B=tan{u(1 —w,)(0.72nD)} (18)

where the thrust coefficient Kr has been expr-
essed by the Fourier series expansion [18] of
hydrodynamic pitch angle 8,, ¢ represents thrust
deduction factor. w, propeller ake fraction, » num-
ber of propeller shaft revolutions per second, and
D propeller 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
experimental results by Lammeren [18] with
Wageningen B-Screw series, which cover the whole
region of propeller operation, namely four quadrants
of 6, The first quadrant of 6,(0°¢€,{90°) is in
case of up0 and np0, the second quadrant(90°<6,
{180°) w)0 and #{0. the third quadrant(180°{6,({2
70°) u{0 and n<0, and the fourth quadrant(270°
<6,<360°) u0 and #0. On the other hand, as the
expressions of eqs.(17) and (18) cover a wide range
of propeller load, the values of thrust calculated
by the expression lack some accuracy in the first
quadrant where the most accurate values are
required. For this reason only in the first quadrant,
namely in the case of «)0 and r)0, the propulsion
Xp is given according to reference [19] as:

Xp=prDHCi = Co715)) 19
—(ErySay L\ d
=G N Wy Mo
(20)

. D
Co=C)(1— an)_P—

where Cr represents total resistance coefficient
in a straight course, s slip ratio which will be
defined in eq.(28), P propeller pitch, S, wetted
surface area of the hull, and J, apparent advance
coefficient(J,=ufnD), the expression with subscript
o in s, J, and w, like s, Jy and w,, represents
the values of s, J, and w, in a straight course.
Generally the thrust deduction factor ¢ and prop-
eller wake fraction w, are treated as functions of
ship motion and propeller operating condition. Here
¢ is assumed constant and w, is given by:

Wy=WpeXD{ — 4.0(8 — xpr "V} 2D

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].
The expressions wp,=0 and r=0, nevertheless, are
adopted regardless of eq.(21) in case of u0.

The propeller induced sway force and yaw
momment are expressed as:

Yp=PnzD4 Yp*
Np=pnDALNF (22)

where the coefficients Y and NF are considered
in the second quadrant only, namely #»0 and n{
0, and obtained from the experimental result by
Fujino [21] as the function of the apparent advance
coefficient which 1s defined as:

Jy=— (23)

(2) Rudder forces
The rudder forces are expressed as:

Xp=—cpy Fy sin &

Transactions of SNAK, Vol. 29, No. 3, August 1992
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YR=—(1+aH) FN cos ¢
NR=—(XR+HHXH) FN cos ¢ (24)

where ¢ represents the rudder angle, Fy the
normal force produced by the rudder, and xz the
x coordinate of rudder location. The coefficients
crx, ay 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 coeff-
icient. The normal force produced by the rudder
Fy is expressed according to Fuji [23] as:

6.134
A+2.25

Fy=—-pAgV} (25)

2 sin apg
where A and Ap are the rudder’s aspect ratio
and its submerged area respectively, Vx the effe-
ctive in-flow velocity over the rudder, and eg the
effective angle of attack. The following expressions
are employed for Vg and ap.

V= v us+vk
ag=0+38)—y(B—Ipr") (26)
Sy=—30 @7
90

Y=Cp Cs
C,= 1

P V140692 —1.45)s/(1—s)?
Ce=0458—Ir ri;  1B—Ixri1.111
C=05; IB—Ig rid1.111
s=1—u(l—wp)/nP

_D (28)
="

where ugp and vg represent the longitudinal and
lateral components of the effective in-flow velocity
to rudder respectively, dy the offset rudder angle
necessary for straight forward running, ¥ the flow
straightening(rectification) coefficient due to both
the ship’s hull and propeller, H rudder height, and
Iz experimental coefficient the value of which is
taken as /g=—0.9 from reference [22). The uz and
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vg in €q.(26) are expressed according to Yoshimura
[24] as:

ug=enP /' 1—2(1—nk)s+{1 —nk(2—k)}s2
ve=ug tan{y(B—Iiz r )} (29)

e=(1—wp){(1—wp)
k=0.6/e

WR=WyWRolWpo (30)

where wg, represents the wake fraction at the
rudder location in straight forward running, the
value of which is generally taken as wg,=0.45 for
models and wg,=0.25 for fullscales {15], [24). The
expressions uzg=0 and vg=0, nevertheless, are
adopted regardless of eq.(29) in case of #{0, and
the expression ug==u(1—wpy) is adopted in place of
the first expression of eq.(29) in case of both u>0
and s<0 or in case of n==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:

n=(n*"—n)|T, (31)

where n* is the ordered one through the main
engine telegraph, and 7T, 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).

d= ("~ )/Tg; 10"~ Teld mux |
S=sign(d* —&)dmex | ; [6*— 81D Tel6 ey |
(32)

where ¢* is the ordered rudder angle, Tr the
time constant of the steering gear, and & ax
maximum rudder speed. The values of Ty and
16,,.x | are taken here as Te=2.5 sec and |6gy!
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=3.0 deg/sec for a full-scale ship.

3. Simulation of Manoeuvering Characteristics

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

Table 1 Principal particulars of ships

Item VLCC LNGC

HULL

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
RUDDER

Area ratio Ag/Ld 1/58.6 1/44.5

Aspect ratio A 1.55 1.25
PROPELLER

Diameter D(m) 8.90 8.0

Pitch ratio P/D 0.71 0.8

No. of blades 5 4

Table 2 Hydrodynamic derivatives and coefficients

VLCC LNGC
my/m 0.120 0.075
my/m 0.839 0.721
J/mL? 0.044 0.042
Xuw —0.00826 —0.00957
Xur —0.09775 —0.06630
Y, —0.40720 —0.28648
Y, 0.10166 0.06283
Yo -0.33312 —0.40217
Y., —0.33129 —0.31193
Y., —0.02965 —0.03461
N, —0.12943 -0.080
N, —0.05314 —0.0368
N —0.13380 —0.06686
Nonr 0.07094 0.01004
N. —0.01206 —0.02470
t 0.24 0.20
Wpo 0.458 0.26
Wro 0.25 0.25
CrX 0.81 0.76
ay 0.63 0.38
Xi —0.46 —0.46

s

35

and LNGC. The calculated results are compared
with the published full-scale measurements [10],
(15] for VLCC and free-running model tests (6],
[10] for LNGC. However, all the simulation calc-
ulations 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 intended
to apply the mathematical model to conventional
turning manoeuvres at relatively high advance
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 port turn respec-
tively, with an initial speed of 20.0 knots of LNGC.

Fig. 6 compares the simulated and measured
paths for the accelerating turn of the LNGC. The
accelerating turn has been performed here by
ordering not only the number of propeller shaft
revolutions necessary for the speed of 20 knots
in a straight course but also the 35 degree rudder
to port from a stationary condition. Fig. 7 compares

a EXPERIMENT
. PREDICTION

1 T
0.00 1.00 2.00 3.00 4.00
Y/L

Fig. 3 Conventional turn of VLCC
(rudder angle=35deg.)
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Fig. 6 Accelerating turn of LNGC
(rudder angle=—35deg.)
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the simulated and measured paths for the coasting
turn of LNGC. The coasting turn has been perf-
ormed here by ordering not only the number of
propeller shaft revolutions to zero but also the 3

5 degree rudder to port from the steady straight
running condition of 20 knots forward speed. Figs.
8 and 9 show comparisons for stopping distances
and stopping times of VLCC respectively. The
symbol ¥, in Figs. 8 and 9 represents the initial
ship speed in the steady straight motion. The
stopping motion has been made here by ordering
the number of revolutions of the propeller shaft
to “full astern” from “full ahead™ and “half ahe-
ad”, the speeds of which are 26.5 knots and 10.
6 knots respectively. The number of “full astern”
revolutions of the propeller shaft corresponds to
—70% of that of “full ahead” in a steady straight
course. Fig. 10 illustrates the simulated path during
stopping and backing motion of the VLCC, which
has been made by ordering the number of revol-
utions of the propeller shaft to “full astern” from
“half ahead”.

The above comparisons show, to some extent,
satisfactory correlations between computer simul-
ations and full-scale or model experiments for the
various manoeuvres at low advance speed. Furth-
ermore, it is noted that the proposed mathematical

B

=A%

model is useful for the prediction of conventional
manoeuvres at relatively high advance speed.

4. Conclusion

The mathematical model and computer simulation
for prediction of manoeuvring characteristics mainly
at low advance speed are discussed. Hydrodynamic
damping forces acting on the hull at low advance
speed and at very large angles of incidence are
expressed by the Fourier series expansion and then
in terms of hydrodynamic derivatives. Propeller
forces and rudder forces are modelled in the whole
region of propeller opeation. All the input data
required for solving the proposed mathematical
model can be obtained from published experimental
data or from parametric expressions of hydrodyn-
amic 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. Comparison

between the computer predictions and full-scale
measurements or model experiments demonstrate
satisfactory agreement. The proposed mathematical
model will be utilised for the evaluation of ship
manoeuvrability not only at low advance speed
but also at relatively high advance speed at the
preliminary ship design stage.

The prediction method of this work may exte-
nsively be applied to other areas such as port
design, sefety study of traffic systems in harbour
areas and towing operations by tug boats.
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