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ABSTRACT : This paper is primarily focused on the safe navigation between overtaking and overtaken vesselsin restricted
waterways under the external forces, such as wind and current, The maneuvering simulation between two ships was
conducted to find an appropriate safe speed and distance, which is required to avoid collision. From the viewpoint of marine
safety, a greater transversedistance between two ships is more needed for the smaller vessel. Regardless of external forces,
the smaller vessel will get a greater effect of hydrodynamic forces than the bigger one. In the case of close navigation between
ships under the forces of wind and current, the vessel moving at a lower speed is potentially hazardous because the rudder
force of the lower speed vessel is not sufficient for steady—state course—keeping, compared to that of the higher speed

vessel.
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1. Introduction

From the technical vessels are

viewpoint,
continuously enlarged in size and greatly specialized
in structure for the cargo spaces and dramatically
automatized in navigating, cargo operating and
which

highertechniques in operating the vessels. However,

various other

operations, require
in spite of great development in modern techniques of
shipbuilding, many sea accidents of large vessels in
confined waters have been occurring successively.
Considering these accidents, problems of ship
handling in confined waters have been receiving a
great deal of attention in recent years. Also, the
problem of ship controllability in confined waters due
to the effect of shallow water or inherently restricted
nature of waterways is the main concern not only of
naval architects and ship operators but also of
engineers who will design future waterways.
Therefore, the maneuvering motion accompanied with
the hydrodynamic forces between vessels moving
each other in close proximity in a harbour or in a
narrow channel has been of considerable interest.

Accordingly, the safe operation and effective control
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of the vessel require a good understanding of the

hydrodynamic forces that will encounter. In
particular, for the specific case of overtaking between
ships in restricted waterways, the situation is get
more complex by the external forces, such as wind
jcurrent, restricted maneuvering boundaries, and
interaction effects of ships. So, it is extremely
important that the ship operator should be able to
maintain full control of the ship. For this to be
possible, the hydrodynamic forces between ships in
restricted waterways should be properly understood,
and the works on this part have been reported for the
(1980)

hydrodynamic interactions of a slow—moving vessel

past years. Yeung et al analyzed
with a coastline or an obstacle in shallow water using
slender—body theory. In this paper, the assumptions
of the theory are that the fluid is inviscid and the flow
irrotational except for a thin vortex sheet behind the
vessel. Similar works were also reported by
Yoon (1982, 1986). Kijima et al.(1991) studied on the
interaction effects between two ships in the proximity of
bank wall. Yasukawa(1991) investigatedon the bank
effect of ship maneuverability in a channel with varying
width. Despite those past investigations, more detailed
knowledge on maneuvering characteristic for the safe
navigation between ships in restricted waterways

isstill being required to prevent marine disasters.
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2. Formulation

The coordinate system fixed on each ship is

shown by @-x¥(=L2) in Fig.l. Consider two

vessels designated as ship 1 and ship 2 moving at

speed Uii=12) in an inviscid fluid of depth 4. In this

case, each ship is assumed to move each other in a

straight line through calm water of uniform dépth h.

SpizandSmz2  are lateral and longitudinal distances
between ship 1 and ship 2 in Fig.1l. Assuming small
Froude number, the free surface is assumed to bé
rigid wall, which implies that the effects of waves are
neglected. Then, double body models of the two ships

can be considered. The velocity potential #(x,y,2:0),
which expresses the disturbance generated by the
motion of the ships, should satisfy the following

conditions:
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where B is the body surface of ship & () is the

X, component of the unit normal 7 interior to B. The
following assumptions of slenderness parameter &
are made to simplify the problem.

L =o(l), B =o(¢), d =o0(eXi=12)
h=o(g), Sp,=0()

Under these assumptions, the problem can be
treated as two—dimensional in the inner and outer
region.

2. 1 inner and Outer solution

The velocity potential ®, (i=1,2) in the inner
region can be replaced by the velocity potential
representing two—dimensional problems of a ship
cross section between parallel walls representing the
bottom and its mirror image above the water surface.

Then, D, can be expressed as follows (Kijima et al.
1991):

d)i(yi’zi;xi;t) = Ui(t)d)i(‘)(yi!zi)
+V; (%00 2(y,,2) + fi(x,.0)

) @ . . .
where, D" and P77 are unit velocity potentials

for longitudinal and lateral motion, Vi represents the
cross—flow velocity at Zi(x‘), and fi is a term
being constant in each cross—section plane, which is
necessary to match the inner and outer region.

In the meantime, the velocity potential $in the
outer region is represented by distributing sources
and vortices along the body axis (Kijima et al. 1991):

$(xy:H) =
Yot ] 0,6 0loe =87 + =y,
J=t ’

al y=n
+ LJWI}'j(sj,t)tan (;-_—E)dsj}

where 9i6;:1) and 76D are the source and

vortex strengths, respectively. Lj and Y; denote the
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integration along ship J and vortex wake shed behind

the ship j, respectively. $ and 7 represent the

source and vortex point.

2.2 Matching and hydrodynamic force and moment

Where the inner and outer region overlap, the
velocity potential @, and ¢ should correspond to each
other. By matching terms of ®; and ¢ that have

similar nature, the following integral equation for 7

can be obtained as follows (Kijima et al. 1991):

L@
e Friands-o-[ s, { — f}ds,»

aG()
¥yt o Yos &),
1=1/=, 'L 5 (80— o, (X0> Y0361
L1 8G @
- 2 ot . Yo .m)ds;
j=|2.;‘$,- 2” L/O'j(sj ) Qy,_ (xo Yo 5 q) !
———— )]

The hydrodynamic forces acting on ships can be

obtained by solving this integral equation for?i. The

solution?i of equation (7) should satisfy the
additional conditions:
Li
71(xi”)=7i(-xi) Jor x, < _75
I,
1 4T,
2y ,’td’,=0’ ; '=— -_—
[2r&.nag =0, 7x=-2L0) T

where I is the bound circulation of ship i. The

lateral force and yawing moment acting on ship / can
be obtained as follows:

1,
Ft)y=-h, ELLAP(X,'J)dxi
2

M,@t)=-h [‘L X AP(x,,)dx,

where AP is the difference of linearized pressure

about % —axis and non—dimensional expression for

the lateral force, CFi, and yawing moment, CMi,

affecting upon two vessels is given by

F, M,
CF: 1 - H CM! =

2 LdU}? —pL}dU}
——————————————— (10)

where, L is the ship length of ship { and d; is the

draft of ship 7. P is the water density.

3. Prediction of hydrodynamic forces
between two ships

In this section, the hydrodynamic forces acting on
two ships while overtaking in shallow waters have
been examined. A parametric study on the numerical
calculationshas been conducted on the general cérgo
ship as shown in Table 1 and Table 2, which both
ship 1 and ship 2 are always similar form. A typical
overtaking condition was investigated as shown in
Fig.1. Provided that the speed of a ship 1 (denoted as

Uy) is maintained at 10 kt, the velocities of

U,) were
varied, such as 6 kt, 12kt and 15kt, respectively. The
ratios of ship length selected for comparison were
0.5, 1.0 and 1.18.

Table. 1. Principal particulars

overtaking or overtaken ship 2 (denoted as

L (m) 155
B (m) 26
d (m) 8.7
Cs 0.6978
Table. 2. Types with parameters L,/1 ang
U,/U,
Ratio between ships
Types
L/L U,/U
Type 1 0.5 0.6,12,1.5
Type2 | 1.0 | 0.6,12,1.5
Type3 | 118 | 06,12,1.5
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Fig.2. Lateral force and yawing
moment coefficients acting on
ship 1 and ship 2

Fig. 2 shows the result for the interaction forces

with a function of the lateral distance between two

ships for the case of 1.5 in U,/U,  The separation

between two ships was chosen to be 0.2 to 0.5 times

of a ship length under the condition of 1.0 in L,/L
Fig. 2(a) and (b) show the result for ship 1 and ship
2, respectively. From this'figure, the overtaken and
overtaking vessel experience an attracting force
which increases as two vesselsapproach each other.

When the bow of overtaking vessel approaches the

stern of the overtaken vessel, the two ships
encounter the first hump of the attracting force and a
maximum bow—in moment. The maximum repulsive
force value is achieved when the midship of
overtaking vessel passes the one of overtaken vessel.
Then the sway force reverses to attain the steady
motion due to the sufficient longitudinal distance
between two ships. Two ships experience the
maximum bow—out moment when the longitudinal
distance between the midship of two ships is about
0.5 times of a ship length in distance, then the
bow—out moment acting on two vessels due to the
sufficient longitudinal distance between two ships
disappears. For hydrodynamic forces, the effect of
ship 1 is quantitatively bigger than the one of ship 2.

3.1 Simulation of ship manoeuvring motion
under the external forces

In the meantime, the mathematical model of ship
manoeuvring motion under the condition of current

and wind can be expressed as follows (Kijima, 1990):

L (’]i .
—~ || =—cosf — B,sinf
U’J U B - B;sinp,

(m, + m,,-'>(

+(m; +m, ) sin f —(m,; —m,;) l;l v, sin(y, —a)

=Xy + Xy + X + Xy,

~(m, + my,,')[_LJ yU—iSinﬂ; - ,.8,. cos f,

+(m, +m ), cos B, —(m, —m, )—Uﬁ'—r,. cos(y, — )

i

=YHi‘+Y;ii'+YI

i +YWi'
-——(2D

2 .
(Izz'i.+izzil) i ﬂrll +_(£ri
U, L L

i i i

=Ny +Np + Ny + Ny,

where, ™; represents non—dimensionalized mass
of ship & My and ™y represent %Y axis components

of non—dimensionalized added mass of ship I, B

means drift angle of ship {, respectively. The
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subscript H,P,R,I and W mean ship hull, propeller,
rudder, component of the hydrodynamic interaction
forces between two ships and wind, and also Voo,
mean current velocity, current direction and heading
angle of ship i X.,Y and N represent the external
force of *»Y axis and yaw moment about the center of
gravity of the ship. Wind forces and moments acting

" on ships were estimated by Fujiwara et al. (1998). A

rudder angle is controlled to keep course as follows:

6, = 601 -K(w, —w,) - Kz":.

where O, represent rudder angle,

non—dimensional angular velocity of ship /. Subscript

'0'indicates initial values and also, Ki and K

represent the control gain constants.

4. Results and discussion

In this section, the ship maneuvering motions
under the current and wind are simulated numerically
using the predicted hydrodynamic interaction forces
between ships while overtaking in shallow waters.

Fig.3 shows the result of ship maneuvering simulation
with function of the external force and U2/Ui. In this
case, the wind velocity ("), current velocity(Vc),
wind direction(V )and current direction (&) were

taken as 10m/s, 4kt, 120° and 0", respectively.
However, the U, /U, was taken as 0.6, 1.2 and 1.5.

The separation between two ships, sz, was taken

as 0.3 times. of ship 1 and L,/ L was taken as 1.0 in

hid =12 The control gain constants used in these

numerical simulations are K1=Kz=5-0, and

maximum rudder angle, Gax =107,

When and if one ship passes the other ship, any
yawing moments of the overtaken vessel as shown in
Fig.3show strong motion due to the hydrodynamic
forces between ships. Then once initiated such a turn
would develop rapidly, the rudder force of the

overtaken vessel under the condition of Orex = 10" was

not large enough to stop this tendency. In case of 1.2

inU> /U, (Fig.3(b)), there was a most clear tendency

for the overtaken vessel to deviate to starboard,
compared to the case of 1.5 in U,/U, (Fig.3(c)). In

the meantime, in case of 0.6 in U, /U, (Fig.3(a)), the
maneuvering for the vessel moving at a lower speed
with ranges of 10 degrees in rudder angle was
impossible. It is indicated that the rudder force of
vessel moving at a lower speed is not sufficient to

control hydrodynamic forces between ships.
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Fig.3. Ship trajectories under the external
forces with rudder control
Fig. 4 shows the result for deviated maximum

lateral distance from the original course with function

of the external forces for the case of 1.2 inU, /U,

The separation between two ships was chosen to be

0.4 to 0.7 times of Liunder the condition of 1.0 in L/L

The control gain constants used in these numerical

simulations are Ki =K;=5.0 ang 8 =10°. 1n Fig 4, 1,
W, C represent hydrodynamic force between two ships,
wind and current. Fig. 4(a) and (b) show the result
for ship 1 and ship 2, respectively. As shown in Fig.
4, with no consideration of external forces, the

courses of two ships are notalmost deviated from the

original direction under the condition of O =10°

even though the separation between ships is 0.4

times of Li-In addition, considering the wind only as
parameter, it indicated that two ships can beunharmed
maintaining its own original course. However, an
overtaken vessel is much deviated from the original
course if both wind and current are considered, while
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it is guided securely with intended direction for the
overtaking vessel. On the other hand, if the lateral

distance between two ships is about 0.6 times of L,
an overtaken vessel is not much deviated from the

original course under the current and wind.
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Fig.4.Deviated maximum lateral distance from
the original course with function of the
external forces

Fig. 5 displays the result for deviated maximum

lateral distance from the original course with function

of the Smz/Li for the case of 1.5 in U,/U,, The

separation between two ships was chosen to be 0.3

to 0.6 times of L1 under the condition of 1.0 inZ2/L
From Figs. 5 and 6, it showed that transverse axis
signifies the rudder angle needed to control external
forces while sustaining original course, and vertical
axis is defined as the non—dimensionalized deviated
maximumlateral distance from the original course.
From Fig. 5, an overtaken and overtaking vessel's
courses are not largely deviated from the original

direction under the condition of Omex =15°  even

though the separation between two ships is 0.3 times
of L. Also, if the lateral distance between two ships

is about 0.5 times of Lx, an overtaking and overtaken

vessel is not pretty much deviated from the original

course under the condition of Oax =107
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Fig.5 Deviated maximum lateral distance from
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Fig.6.Deviated maximum lateral distance from

the original course with function of Spi2

The deviated maximum lateral distance from the
original course with function of the Spz for the case

of 1.5 in U,/U, is shown in Fig. 6. The separation
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between two ships was chosen to be 0.3 to 0.6 times

of L under the condition of 1.18 inL2/L. From Fig.

6, if the lateral distance between two ships is about

0.5 times of Ll an overtaking and overtaken vessel

is not pretty much deviated from the original course

under the condition of 5mx =107,
5. Conclusion

From the simulation of ship manoceuvring motions on
the safe navigétion between ships while overtaking in
shallow waters under the current and wind, the
following conclusions can be drawn.

Under the same condition, the lateral distance
between ships. on a safe navigation is more required
for the velocity ratio of 1.2, compared to the cases of
0.6 and 1.5.

In case of close navigation, the smaller vessel will
get a greater effect of interaction forces than the
bigger vessel.

In case of proximal navigation under the wind and
current, the low—speed vessel is potentially
hazardous because the rudder force of low—speed
vessel needed for steady-state course—keeping is
not sufficient, comparing with the high—speed vessel.

" For the velocity ratio of U2/U1=0.6, manoeuvring
for the low—speed vessel with ranges of 10 degrees
in rudder angle was impossible.

Under the condition of U2/U1=0.6, the deviation
for the low—speed vessel even with rudder angle of
25 degrees was comparatively larger from its
intended course, and high—caution for the safety is
needed.

In case of proximal navigation under the wind and
current, the lateral distance between ships, rudder
angle, and ship speed had a critical influence on a
safe navigation.

As aresult, from the viewpoint of safe navigation,
when one vessel tries to overtake the other vessel
with small rudder angle, the high—caution is more
needed and the increase of velocity for those vessels

running at low—speed is demanded.
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