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ABSTRACT

The course-keeping is an important ship’s quality. Starting with the initial ship design process,
the knowledge of the stability on route represents a main component of the manoeuvring perfor-
mance. Also, the turning circle characteristics must be estimated in order to analyse the manoeu-
vring performance. Preliminary theoretical methods may be used to study the course-keeping
quality and turning circle characteristics. For that purpose, the numerical solution of the Nomoto
equation based on the Runge-Kutta method can be applied in order to compute the turning rate of
the ship and to analyse the spiral manoeuvre. A new computer code, in Java language, was de-
veloped in the Research Centre of the Naval Architecture Faculty from “Dunarea de Jos” Uni-
versity of Galati in order to analyse the ship’s stability on route. Also, the turning circle charac-
teristics are estimated on the basis of statistical relations. Practical evaluations based on the
computer code were presented in this paper. The conclusions reveal the possibility to use the new
computer code for the course-keeping and turning circle analyse in the preliminary design stage.
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1. INTRODUCTION

Starting with the preliminary ship design
stage it’s necessary to estimate the manoeu-
vring performance, with a satisfactory accu-
racy level. The ship manoeuvrability concept
includes the problem of the stability on route.
In the case of a stable route, the ship is mov-
ing straight ahead in the absence of external
disturbances (wind, waves, currents) at a
given speed and neutral rudder position,
keeping a constant heading angle.

One of the most important methods used
to study the mentioned problem is the Dieu-
donne’s spiral manoeuvre analysis ([1], [5]).
In this case, is possible to obtain the diagram
of the constant value of the rate of turn at
preselected rudder deflection angles. If the
ship is stable on route, there is a unique rate
of change of heading for each rudder angle

(Figure 1). In the case of an unstable ship, a
form of hysteresis loop can be observed
(Figure 2). The slope of the rate of turn, the
height and the width of the loop are numeri-

cal measures of the degree of instability.
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Fig. 1. Spiral manoeuvre. Ship stable on
route
In order to determine the rate of turn at a
preselected rudder angle, a simple mathemat-
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ical model of the yaw motion, given by
Nomoto ([4], [5]) can be applied

T%+G+a&ﬂ=K5 (1)

where, T is the course stability index, K is the
turning ability index, r is the rate of turn, § is
the rudder deflection angle and a is a nonlin-

ear response coefficient.
r Starboard
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Fig. 2. Spiral manoeuvre. Ship unstable on
route

The nondimensional values of the coef-
ficients T and K can be estimated by using
the following expressions [5], in function of
the nondimensional yaw inertia moment I,
and the nondimensional hydrodynamic de-
rivatives N., N,» Ny

pol=N
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The nondimensional values of the hy-
drodynamic derivatives can be estimated
depending by the length of waterline L, the
mean draught 7, the beam of waterline B
and the block coefficient Cp, by using the
following relations [6]
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Also, the nondimensional values of the
Nomoto coefficients (7 and K) can be calcu-
lated in function of the length of waterline L,
mean draught 7, volumetric displacement O
and the rudder area Ay, on the basis of the
following relations [6]
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It can be seen that the course-keeping of
the ship may be analysed on the basis of the
preliminary ship design data.

Also, the nondimensional value of the
steady turning diameter (STD/L) can be de-
termined, depending by the turning ability
index K, by using the following preliminary
relation [5]

STD 2
<7 XKD C)

In the same time, STD/L can be estimat-
ed in function of the length of waterline L,
the beam of waterline B, the block coefficient
Cg, the rudder area Ay and the rudder deflec-
tion angle d, on the basis of the following

relation [6]

STD

I = 12,11—1.788I3%—38.47 D§+ 0855 _65.9

s A (10)
By using the steady turning diameter, the
manoeuvring quality of the ship can be ana-

lysed in the early design stage.
2. TIME DOMAIN SIMULATION

Applying the equation of Nomoto (1),
the rate of turn can be obtained on the basis
of Runge-Kutta method of fourth order.

The equation (1) can be written under
the following equivalent form

dr _1 3

Tk oo (1)
If the right part of the equation (11) is noted
with f{r,t), where t is the time, is obtained the
general form

% =f(r.0 (12)
having the solution [3]
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”i+1=’?+%[ﬂk1+2&2+2&3+k4) (13)

for i=1 ... n, where,
h=t, -1
k= f(r.t)
ko= 0+ 4 5) (14)
ky =1 +§&2’li +g)
k, = f(r,+hik,,t, +h)
The rudder deflection angle is consid-
ered as a variable function in time (Figure 3).
The initial condition is given by the re-
lation
r=0,for ¢ =0 (15)
A computer code was developed in Java
language, in the Research Centre of the Na-
val Architecture Faculty from “Dunarea de
Jos” University of Galati, in order to obtain
the numerical solution of the Nomoto equa-

tion.
dldegs] &

-
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Fig. 3. Rudder deflection angle in time
domain
On the basis of this computer code, prac-
tical applications were performed for differ-
ent types of ships, in order to evaluate the
course-keeping and manoeuvring perfor-
mance. The most important results are pre-
sented in the next chapters.

3. PRACTICAL EVALUATION OF
THE COURSE-KEEPING

A practical evaluation was developed by
using the following benchmark ships:
MARINER cargo ship, KCS container ship,
KVLCC2 tanker and DTMB surface combat-
ant. The value a=1 was adopted as input data

for the nonlinear response coefficient, in all
cases.

The input data for MARINER cargo ship
are presented in Table 1. The characteristic
diagrams of the spiral manoeuvre are depict-
ed in Figure 4. The blue curve was obtained
by using the relations (2) and (3) and the red
curve on the basis of the expressions (7) and

(8).
Table 1. MARINER cargo ship. Input data

Main characteristics Full scale
Volumetric displacement, [J [ m3] 16622.0
Length between perpendiculars, Lgp[m] 160.930
Beam, B [m] 23.170
Draft, T [m] 8.230
Plan form area of the rudder, Az [m?] 30.012
Ship speed, v [Knots] 15.0
Froude number, Fn 0.194
Water density, p [t/m’] 1.025

e
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Fig. 4. MARINER cargo ship. Spiral
diagram

The maximum difference of 12,3% be-
tween the spiral diagrams was established for
the rudder angle equal with 35 deg.

Taking into consideration the curves
form, without hysteresis loop, the stable on
route of the MARINER cargo was demon-
strated.

The input data for the case of KCS con-
tainer ship are presented in Table 2.

The spiral diagrams are presented in
Figure 5. The maximum difference of 28,7%
between the spiral diagrams was registered
for the rudder angle equal with 35 deg. Also,
the KCS container ship is stable on route.

The input data for the case of KVLCC2
tanker are presented in Table 3. The spiral
diagrams are presented in Figure 6.
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Table 2. KCS container ship. Input data

and the spiral diagrams are depicted in Fig-
ure 7.

Main characteristi Full scal . .
AT e e < s sac The maximum difference of 6,8% be-
Volumetric displacement, [][ m’] 52030.0 . . .
P—— tween the spiral diagrams was determined for
Length between perpendiculars, Lgp [m] 230.0 i
Beam, B [m] 32.20 the rudder angle equal w1th 35 deg. Also, the
Draft, T [m] 10.80 DTMB surface combatant is stable on route.
Plan form area of the rudder, Az [m*] 54.50 Table 4. DTMB combatant. Input data
Ship speed, v [Knots] 24.0 Main characteristics i Full scale
Froude number, Fn 0.260 Volumetric dlsplacementv, O[m’] 8355.350
Length between perpendiculars, Lgp[m] 142.0
Water density, p [t/m’] 1.025 Beam, B [m] 19.10
Draft, T [m] 6.110
e et : Plan form area of the rudder, Az [m?] 15.40
7 25 ///J inQ S
o el Ship speed, v [Knots] 30.0
// Froude number, Fn 0.413
e S Water density, p [t/m’] 1.025
35 -30 -5 20 -15 -10 5 6[d\e\g] 5 10 15 20 25 30 35 o //4/71/
Fig. 5. KCS container ship. Spiral diagram o2 P
0.1 A
Table 3. KVLCC2 tanker. Input data « 00 /'/
Main characteristics Full scale = /’
Volumetric displacement, [][ m’] 320438.0 > :/-/'/'
Length between perpendiculars, Lgp [m] 320.0 —
Beam’ B [m] 58.0 35 30 25 -20 15 10 S S[dueg] 5 10 15 20 25 30
Draft, T [m] 20.80 Fig. 7. DTMB surface combatant. Spiral
Planform area of the rudder, Ag [m2] 136.70 diagram
Ship speed, v [Knots] 155 The influence of the non.lmear response
Froude momber. Fn o1 coefficient a was analysed in the case of
— : KVLCC?2 tanker, for rudder angle =35 deg.
Water density, p [V/m'] 1.025 The results are presented in Table 5.
2 i Table 5. The influence of the nonlinear re-
= i sponse coefficient a
o e Nonlinear response Nondimensional rate of turn
+ 00 S - for =35 deg.
2 e P coefficient :
’ = o Blue curve Red curve
o [ 0. 0.738 2.458
wla® PP PR 0.01 0.735 2332
.
. . . 0.10 0.707 1.838
Fig. 6. KVLCCZ 'tanker. Spiral diagram 050 0.630 1317
A maximum difference of 47,9% be- 1.0 0.576 1.106
tween the spiral diagrams was determined for L5 0.540 0.992
the rudder angle equal with 35 deg. The 2.0 0.514 0.917
KVLCC?2 tanker is stable on route. 15600 8‘3%2 8;2;
The input data for the case of DTMB 100.0 0.200 0.279

surface combatant are presented in Table 4

32 © Annals of “Dunarea de Jos” University of Galati Fascicle XI- Shipbuilding,2018




The Annals of “Dunarea de Jos” University of Galati

The reduction of the difference between
the nondimensional values of the rate of turn
for 0=35 deg., specific to the red and blue
curves can be noticed, when the nonlinear
response coefficient increases.

In all cases, KVLCC2 tanker is stable on
route.

4. ESTIMATION OF THE STEADY
TURNING DIAMETER

The nondimensional values of the course
stability index 7, turning ability index K and
steady turning diameter STD/L calculated on
the basis of the manoeuvring derivatives by
using the relations (2), (3) and (9) are pre-
sented in Table 6.

The small values of the T index and
large values of the K index are recommended
in order to obtain good course-keeping and
respectively manoeuvring performances.

Table 6. Manoeuvring characteristics
by using hydrodynamics derivatives

Ship K T STD/L
MARINER 0.758 0.439 4.320
KCS 0.775 0.512 4.225
KVLCC2 0.586 0.602 5.583
DTMB 0.664 0.433 4.930

Referring to the MARINER cargo ship,
the estimated value of the STD/L is close to
the experimental values situated in the do-
main 3.8 ... 4.2 [2].

In the case of KVLCC2 tanker, the min-
imum value of the K index was obtained. As
a consequence, a large value of the nondi-
mensional steady turning diameter was esti-
mated.

At the same time, the T index of
KVLCC2 has the maximum value compared
with other ships.

The nondimensional values of the course
stability index 7, turning ability index K and
steady turning diameter STD/L calculated on
the basis of the main dimensions of the ship
by using the relations (7), (8) and (10) are
presented in Table 7.

In order to apply these relations, the fol-
lowing restrictions must be considered:

Fascicle XI
Cz=0.6...0.83
L/B=6 ... 8
L/T,=1425 ... 23 (16)
B/T,=2.15 ... 4.7

The restriction of the block coefficient is
not fulfilled for MARINER and DTMB,
while the restriction related to the ratio L/B is
not accomplished for the case of KVLCC2.
Also, the L/T,, restriction is not fulfilled for
DTMB.

Table 7. Manoeuvring characteristics
by using main dimensions of the ship

Ship K T STD/L
MARINER 0.944 1.185 4.190
KCS 1.506 1.185 5.011
KVLCC2 4.025 1.187 3.625
DTMB 0.599 1.185 2.580

It can be seen from Table 7 that the val-
ues of the course stability index T are very
closed.

The estimated value of the STD/L in the
case of MARINER cargo ship is situated in
the domain of the experimental values (3.8
... 4.2) and is very close to the similar result
from the Table 6.

In the case of KVLCC2 tanker, the max-
imum value of the K index was obtained. As
a consequence, a relative small value of the
nondimensional steady turning diameter was
estimated. This conclusion is opposite to the
similar results presented in Table 6.

Also, large differences related to the
nondimensional values of the steady turning
diameter STD/L can be observed in the case
of DTMB surface combatant.

As a consequence, in order to use the re-
sults obtained by using statistical relations in
the initial design stage, maximum circum-
spection must be necessary.

4. CONCLUDING REMARKS

The estimation of the manoeuvring per-
formances of the ship represents an important
objective, starting with the early design
stage. Two main aspects of the manoeuvring
qualities were analysed in this paper: the
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course-keeping and the turning circle charac-
teristics.

The course-keeping problem was studied
on the basis of the Dieudonne’s spiral ma-
noeuvre. The mathematical model of the yaw
motion due to the Nomoto was applied, in
order to estimate the ship’s rate of turn, for
preestablished rudder angle.

The Nomoto equation was solved by us-
ing the Runge-Kutta method, of fourth order.

The spiral diagram can be analysed in
order to decide if the ship is stable on route.

Also, by means of statistical relations the
steady turning diameter can be estimated.

The Nomoto coefficients and the steady
turning diameter were estimated by means of
two methods: one of them is based on the
hydrodynamics derivatives and other on the
main dimensions of the ship.

A computer code in Java language was
developed in the Research Centre of the Na-
val Architecture Faculty from “Dunarea de
Jos” University of Galati, in order to obtain
the numerical solution of the Nomoto equa-
tion and to solve both the course-keeping and
turning circle problems.

The practical evaluations were devel-
oped by using benchmark ships: MARINER
cargo ship, KCS container ship, KVLCC2
tanker and DTMB surface combatant.

The spiral diagrams and the nondimen-
sional values of the steady turning diameter
were analysed. All the ships are stable on
route.

Some important differences and contra-
dictory results were obtained, depending by
the specific relations, for the steady turning
diameter.

As a consequence, circumspection must
be necessary in the initial ship design stage,
related to the estimation of the steady turning
diameter with statistical relations.
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