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The paper presents an analysis of the effect of shallow water on the dy-
namic characteristics of a ship. Basing on the equation of ship’s motion
in horizontal plane, the effect of shallow water and ship’s speed influence,
respectively, on the values of hydrodynamic coefficients of the hull and
rudder of ship have been considered. It also shows the nature of changes
in the values of differential equations coefficients, which describe the ship
motion and the results of computer simulation of the course changes.
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1. Introduction

The depth of a water region is a significant factor exerting influence on
steering of a ship. Ship parameters in the case when the depth of water region
H is comparable with the draught value T, show, that in many cases deterio-
ration of manoeverability of a ship is observed. The ship begins to yaw, so to
keep it on a straight course, more frequent lays of the rudder (cf Zemlyanovskii
(1976)) are required. The concept of shallow water is not well-defined. As its
measure is often used the ratio of water region depth H to ship’s draught 7,.
Another important parameter which characterises the sailing conditions in
shallow water is Froude's shallow-water number F,y = 9/\/gH, being a
ratio of the ship’s speed to the speed of shallow water wave. The value of
ship’s speed equal to the maximal speed of shallow water wave 9., ~ /gH,
is called the critical speed. An especially acute effect of the critical speed
appears at the speed of the ship ¥ > 0.49., (cf Dudziak (1988)).

When formulating dynamical models of the ship, the functions representing
forces and hydrodynamic moments acting on the ship hull are usually extended
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in a Taylor series, omitting the components, contribution of which. At present,
two main methods of formulation of equations of ship dynamics are used to
investigate its manoeverability. So arose many similar mathematical models
which were verified in terms of ship models in towing tanks or on real ships. For
example, we have the models elaborated by Eda and Crane (1965), Abkowitz
(1964), Norrbin (1971), Clark (1971), Nomoto (1969), etc. The components
of higher order in the Taylor series have no physical interpretation in such
a approach. Another procedure of determination the ship dynamical model
was accepted by Basin (1977), Sobolev (1976) and Voitkunskii et al. (1985),
in which the formulae for forces and hydrodynamic moments were defined as
empirical relationships.

According to the above aspects, in this paper, the dynamical model of
a ship is considered, where the coefficients of the forces and hydrodynamic
moments are given explicity (cf Voitkunskii et al. (1985)).

2. Equations of ship’s motion in horizontal plane

When ship steering is studied, the considerations are most often confined
to an analysis of its motion in horizontal plane. Then differential equations of
motion, on the assumption that the ship is propelled by screw propellers and
controlled by a steering gear, have the following forms (cf Voitkunskii et al.

(1985))

(a) force equation
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Introducing the following notation
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where
I} — drift angle at the center of gravity
w angular velocity of the ship
V — volume displacement
) — ship’s speed
L - length on the waterline
0% — sea water specific gravity
I - mass moment of inertia of the ship
k11— added mass coefficient at longitudinal ship’s motion
k2o — added mass coefficient at transverse ship’s motion
kes - added mass moment of inertia coeflicient
S, — reduced rudder area
CB - positioning moment coefficient (for aplane motion)
C¥ - damping moment coefficient (for aplane motion)
Xp -~ reduced coefficient of the hull and screw propeller influence
on direction of the rudder inflow
ur  — rudder lateral force coeflicient
ls — distance between the rudder stock axis and midship section

11 — Mechanika teoretyczna
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€ - relative distance from the rudder to the midship section
Cy, Cf - transverse positioning force coefficient (for a plane motion)
cy — transverse damping force coeflicient (for a plane motion)
I, — area of middle buttock of the ship

@ — rudder angle

by — resultant of exciting forces acting on ship’s hull

M, — moment of external forces.

Egs (2.1) and (2.2), with the external excitations neglected can be rewri-
ten as

l
(75 +guB+raw—sua=0 (2.3)

dw
d—[+(1315+’r31w—5310: 0 (2.4)

These equations constitute the basis for analysis of a ship’s motion in the
water plane.

3. The effect of water region depth on values of hydrodynamic
coefficient

The phenomenon of deterioration of ship steering in shallow water is appe-
ars one to factiss: the first of themn is the slowing down in shallow water as a
result of fast increase of hull resistance, the other is a change in the character
of hull flow around (cf Anosov and Licyk (1976)). The elfect of the depth
of the water region can be taken into account by making use of the results
published by Antonenko et al. (1978), where the experimental formulae for
coefficients of forces and hydrodynamic moments, established on the basis of
model testing were presented. From the calculations it followed that coeffi-
cients Cy, C, Cg, CB depended on the ratios T./H and A = 2T,/L. They
are not, however, functions of the drift angle f and angular velocity of the
ship w. These dependencies are slhiown in IFig.1.

Representing the diagrams shown in I'ig.1 in terms of simple {unctions, the
following formulae for force and moment coefficients acting on the ship’s hull
when sailing in shallow water are obtained (cf Basin et al. (1976))
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Fig. 1. Courses of [orce and moment coelficients acting on ship’s hull versus the
depth of water below keel H
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Fig. 2. Diagrams of coefllicients kan and kgg versus the depth of water below keel H
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where Cy , Ci o, CB,, CB ., — values of ther coefficients for deep water.

The change in added mass of water, caused by a limited depth of the
water region, can be taken into account by making use of the data published
by Basin et al. (1976). Approximation of the dependence between the added
mass coefficient for ship’s transverse motion k;3 and the added mass moment
of inertia coefficient kgg, which takes into account the effect of limited depth
of the water region shown in I'ig.2, leads to the following formulas

kyy = 1.8/;22%(%)2 ks = 2.2/;6600(%)2 (3.2)
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where koo, kgg — values of the coefficients for deep water.

The analysis of equations describing ship’s motion in horizontal plane and
Egs (3.1) and (3.2) allows us to discover the cause of deterioration of ship’s
manoeverability when sailing in shallow water. The increase in magnitudes of
forces depending on drift angle 4 and angular velocity of a ship w, which act
on the ship’s hull, is to a certain degree compensated by a adequate change
in the added mass, which results in diminishing of the rudder effectiveness
and consequently in deterioration of ship’s manoeverability. Thus in the case,
when the depth of water region H is comparable with the ship’s draught T,,
it is necessary, for the process of steering to be performed properly, to take
into account the changes in the ship dynamic characteristics, expressed by
the changes in values of hydrodynamic coefficient of ship’s hull and rudder,
respectively. In Fig.3 the change in values of ACY, ACY, AC’g, ACB | Akg,,
Akgg versus the changes in the depth of water below keel, for one of the ships!,
has been shown as an example.
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Fig. 3. Percentage change of coefficients C’;", cy Cf, CB | kay, kee as a function of
the depth of water region H

From the presented diagrams it follows that, when 3%-change in the value

IGhip’s exploitation data: V = 213.76m?, L = 36.3m, B = 7m, T, = 1.742m.

The vessel is equipped with two screw propellers and two rudders
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Fig. 4. Values of the hydrodynamic coefficients ¢21 = f1(J, T,/ H),
ro1 = fo(V, T [H), s21 = f3(9,T,/H)
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Fig. 5. Values of the hydrodynamic coeflicients ¢31 = ¢1(d,7,/H),
ra1 = ga2(0, 1o/ H ), s31 = g3(9, T [ H)
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of coefficient is assumed (this accuracy lies within the accuracy of their deter-
mination), it is necessary to take into account the effect of the depth of water
region on the dynamic characteristics of the ship for H < 15. For depths
over 15m the effect of /I has to be taken into account when corrections of
the values of C’;’, Ccy, 05, C’ﬁ, koo, kes are being introduced in to calcula-
tions of hydrodynamic coefficients of ship’s hull and rudder. The influence of
the hydrodynamic coefficient values on the coellicients of differential equations
describing ship’s motion is shown in ['ig.4 and Fig.5.

4. The influence of shallow water on ship steering

In order to investigate the inflluence of shallow water on the ship steering,
general equations of ship’s motion, Eqs (2.3) and (2.4), have been used. The
influence of the depth of water region on ship’s performance at a course change
by 20° is shown in ['ig.6 and I'ig.7.
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Fig. 6. Change of ship’s course by Ay = 20° at the speed ¥ = 2.0578 m/s in
shallow and deep water

In both cases under consideration, the change in course was executed at
the same setting of giropilot but at different speeds. As it can be seen from
the presented diagrams, the influence is visible for a speed close to the critical



168 Z . KITOWSKI

v, @, B, a, a

20— : -— .

>
£ v (=) |
w2
10} 1
v (f=08)
st -
a w

-15 L 1 1 t L I L

0 10 20 30 40 50 60 70 80 90 100
time [s]

Fig. 7. Change of ship’s course by Ay = 20° at the speed ¥ = 4.1156m/s in
shallow and deep water
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Fig. 8. Change of ship’s course by Ay = 20° at the speed ¥ = 6.1734m/s in
shallow and deep water



THE EFFECT OF SHALLOW WATER... 169

speed Y. = /¢9(T./0.8) = 4.62m/s. From the diagrams it can be seen that,
the ship’s turning ability in shallow water impairs, i.e. an increase in the
ship’s turning radius is observed. The interesting fact is, however, that with
further increase in speed, the steering improves (Fig.8). The fact stated above
proves complexity of the processes when the ship is moving in shallow water.
The step-wise change of parameters g¢3; and r3; has not been justified in
publications so far. Therefore it is necessary to conduct further studies.

5. Conclusions

When sailing in shallow water, the pressure decreases, and rotational mo-
tion of water is appears, especially under aft part of the ship, which changes
the normal distribution of pressure acting on the rudder blade. This leads to
the yaw increase and brings about deterioration of ship steering. The shallow
water does not show the same effect for all draught values. Quite often the
loss of steerability in shallow water occurs suddenly. The causes of similar
phenomena are little known. Clearly, it seems that the ship tends to turn
towards deep water.

The depth of water region at which the ship begins to yaw and poorly

answers the helm, depends strongly on ship’s speed. Commonly the ship starts
to answer the helm poorly, when the ship floats over an area where the depth

of water is 1.5 larger than its draught. With the derease of depth or increase
of ship’s speed the ship’s directional stability impairs. With the increase of
speed the effect gets stonger an then after passing the critical speed value the
ship’s directional stability improves.

Shallow water exerts also an influence on ship’s speed and its draught.
With the decrease of depth of water region ship slows down and its draught
gets larger. The larger is the ship and the higher is its speed the stronger is
this effect.
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Whplyw plytkicj wody na sterownosé okretu

Streszczenie

W artykule przedstawiono analize wplywu plytkiej wody na wlasciwosci dyna-
miczne okretu. W oparciu o réwnania ruchu okretu w plaszczyZnie poziomej rozpa-
trzony zostal wplyw plytkiej wody 1 predkosci okretu na wartosci wspdlezynnikéw hy-
drodynamicznych kadluba okretu i steru. Pokazano réwniez charakter zmian wartosci
wspolezynnikéw réwnan rézuiczkowych opisujacych ruch okretu oraz wyniki symulacji
komputerowej zmiany kursu.
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