Inherent Steering Characteristics Coming from
the Configuration of a Vessel
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Nomenclature
: draft of a ship Ny :aN'/38

I,  :moment of inertia of a ship with respect ty N's :4N'/38, dimensionless yaw moment derivative

Z~axis with respect to rudder angle
I',  :dimensionless moment of inertia of a ship R :radius of rotation

with resped to z-axis [=Iz/ (%—PUHH R’; : initial turning rate
L~ :length of ship I : turning rate(=d¢/dt)
i mass of ship - 7’ : dimensionless turning rate(=rL/u=L/R)
m’ : dimensionless mass of a shipl_:nz,//<épL'-’H>] .
m'y :dimension less virtual mass of a ship in lateral ’ : time

t : dimensionless time (=utf/L)

direction [=(m'—Y'y)] . . e e
u : ship speed in x-axis direction

N :total yaw moment
. y. U  :ship speed (u?+%)*

N’ : dimensionless total yaw moment . A o X
r 1 arrs v : ship speed in y-axis direction
L:N/ (T;pL-Hu-)—I R

N/, aN'jar' - ’ L

Ny, 2 AN (= Ny') X :total x directional force

N aNt/ar Y . total lateral force

, . . . . . Y’ : dimensionless total lateral force
n’, @ dimensionless virtual moment of inertia of a

— 1 9
ship with respect to z-axis{ ={I’,~N,")] [_Y/ (prHU”
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Y, ay'ar

)
v B :drift angle (=—~sin"1 %—)
P aY! ou (= — Y

Y., onay'/av( o) 4  :rudder angle
Y :aY'/ag .

o : density of water
Yy 1 3Y'/a8 e
. . . . . o : stability index
Y:' : 5Y7/33, dimensionless lateral force derivative

¢ :yaw angle

with respect to rudder angle.

I. Introduction

Handling performance of a vessel is greatly related with her steering characteristics which,
the author thinks, are consisted of two kinds of motion characteristics; namely course stability
and maneuverability.

The correct prediction of these qualities, espcially the steering characteristic is as much
important in ship handling as in ship design.

It is the purpose of this paper to provide ships handlers better understanding of steering
characteristics and then to help them in safe controlling and mareuvering of vessels hy presenting
distinct inherent steering characteristic difference that lies between a fine-form vessel and a
full-form vessel.

Nowadays in advanced maritime countries such as U.S. A, Japon and other countries in
Lurope, they study and investigate steering characteristics of various vessels enthusiastically,
but main interest of their study lies in ship design and not in safe handling and controlling of
vessels.

The author calculated dynamic course stabilities of two kinds of ideal models, one of which
represents a fine-form ship and the other a full-form ship, based on hydrodynamic data of
forces and moments obtained at the rotating-arm facility of the Davidson Laboratory of Stevens
Institute of Technolagy in the State of New Jersey in U.S. A.

The result of calculutions indicated that a ship of full-form configuration has inherent course
instabilty.

Though significant nonlinearities affect ship motions in maneuvers, application of linear theory
is sufficient for prediction of the maneuvering characteristics of vessels on calm-water surface

for handling references.

1. Equations of motion

A set of coordinate axis with origin fixed at the center of gravity of the ship, as shown in
Fig. 1, is used to describe ship motions in the horizontal plane.
Longitiudinal and transverse horizontal axes of the ship are represented by the x and y-axes.

By reference to these coordinate axes, the equations of motion can be written in the form
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m—ru) =X

(D7) =Y §  erernrertiei ettt e er et enee i 1)
Iy =N /]
where X, Y and N represent total hydrodynamic /N\. - 3 ¢
forces and moment generated by ship motions, 5 (\{ //’ﬁ .
rudder and etc. —
In the calm-water case, hydrodynamic forces N
are consideved to be functions of hull motions and [ 1 !
rudder angle. NV 4%
For example, in the case of hydrodynamic 1
moment, Y
N/=N,('U/, 7,, 5’ 1}1’ 1;.1’ 5/) O

and hydrodynamic force to y direction Fig.1. Orientation of coordinate axes fixed in
ship, showing drift angle wth respect to

Y=Y’ @, #, 8, ¢, #, 8" velocity vector and yaw angle with respect
where prime means dimensionless, to fixed axes.
1. Yaw equation
1’7"’=Nv'v'+Nr'7'+Ns’5+N/U"+N/7” +Na/5"
n' 7' —NSy' ~N;/o! — N,/ = N;'§/ NG e (2)

2. Sway equation
ml mlr =Y, LY LY Yoo+ Y LY
nly’l}’-—- Yu’y, —_ Yr-’;'f’-}— (7}«;’-—‘ Yr’)r’ = Yg'(;' -+ Y6,5 ................................. (3)

. Dynamic Stability

The dynamic stability of a vessel is directly related to magnitude of yaw and sway deviations
caused by small initial disturbances.
The linearized equations of motions can he applied effectively for this treatment.
Assuming the rudder fixed amidship in equation (2) and (3), a set of homogeneous differential
equations with constant coefficients is obtained;
nzl,',l ___errl _J\/l‘;’b‘”’ ____Nvlvl = 0
I RN S 0

The linearized equatians of yaw and sway motions can be written as follows :

an?’ apr’ fag aw' =0

oty Sy s = } ............................................................ (5)
where

ay=n'=I'—N/=2I, ay=—Y'=

a;,=—N,’ @y =~ (Y, —m')

@y =—Ny= Qs =my':2m’

ay = —~N,’ ay =Y,
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Fquations (5) are a system of homogeneous linear differential equations with constant
coefficients. The most general solution of a system of this sort is a sum of exponential terms.
With =0 there are two terms in each sum :

r'=R/fe +R’3€72't( =Rle't
vl____Vller'lt' +Vlgev’zt’ — Vlev’t‘
and #'=Rlale”V }

=gplgle”
Substituting equations (6) into equations (5) we get the following set of algebraic equations :

(@..0' +a )R + (a0 La, )V’ =0}
(@0’ +ay) R'+ (ayno’ +a ) V' =0

Fquations (7) posses non-trivial solutions for R’ and V’/ only if the determinant of their
coefficient is zero. The resulting algebraic equations for the exponents ¢/; is quadratic :

| (@an0’'+ay) (ay0'+a,)
A= = A" - Ba! 4 C =(ereveerrreserrranceiiiiianies (8)
(@y0"-+ay)  (ayo’-ay,) |

where A=aay—ana,=n"m,
‘ ay Gy | ] iy Ay
B= ; | + ' =a0y, -+ a0y,
Ay Qay ! Taa Ay,

1 Ay
=—n Y, ~m',N,
C=a,ay —apa, =N, Y, ~N (Y —m")

Equations (8) has two roots ¢/, and o’,.

The values of R’ and V' of equation (7) depend on the initial conditions of the motion, but
the stability is a property of the differential equations (7) alone, and can be inferred from tle
exponents o/,

Thus if the real parts of ¢/, and ¢/, are both negative, the solutions #/ and 2’ g¢iven by
equations (7) will approach zero as t/ appreaches infinity, regardless ol the initial conditions;
in this case the motion is stable in the sense that the ship returns to a new straight course
following a small arbitrary inital disturbance. Oun the other hand if either of ¢/; or ¢/, has a
positive real part, every initial condition will lead to values of #/ and u’ that increases with
increasing time 1/, so that the motin winds up into a spiral; in .this case the motion is
unstable in the sense that a straight course can not be cained without using rudder after even
a small arbitrary initial disturbance.

The solutions of equation (8) are

~ B (B! —~4AC)* \
0',1-2: = 2::)4 C> ............................................................... (9)

[t follows from equation (9) that the necessary and sufficient conditions that the real parts of
a’... be negative and the motion therefore be stable, are
A>0
B>>0 e P e etasue et aree et (10)
C>0
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The values of 4 and B are always positive for all actual ships, so far as is known.
Thus C>>() alone is criterion for stability an straight course :

NIV = NS (Y =) 0 cvovmeemerenminioneieina ettt (1)
We now examine the different types of motion that will prevail depending on the nature of
ol ..
1. when the values of o’,., are real

(1) .20 or C>0

This is the case of a dynamically stable ship, for which an initial yaw angle or angular

velocity damps out exponentially,
(2) 0/2>0 cr C<0

This is the case of a dynamically unstable ship, for which an initial yaw angle or angular
velocity increases exponentially with time passing.

From above results, an obvious test presents itself for determining whether or not a ship is
dynamically stable. The ship is started on straight course with rudder held amidships and the
subsquent motion ohserved.

Since no water js completely still, the motion will be disturbed slightly. If the ship continues

_ an straight course or one close to straight line, it is dynamically stable, while, il it goes into
a circle in either direction, it is dynamically unstable.

2. When the values of ,., are of complex

This occurs when there is greater static stability than is necessary for dynamic stability.
The motion following an initial yaw angle becomes oscillatory. No known ship meets this

condition.

Iv. Calculation and comparision of the stability indices
of a fine-form ship and full-form ship

Now we caculate the values of stability indices of the ideal model of a {ine-form ship, Series
60 and the model of a full-form VLCC, T80 and calculate their yaw responses, to sudden yaw
disturbance of I degree with zero angular velocity. The following tables are their hydrodynamic

coefficients;

tahle 1 (Series 60) table 2 (T 80)
m’ =0.170 N';=--0.024 ! m!’ =(.01370 N’s=—0.00140
m'y=0.341 Y/, =--0.305 ‘ m’y=0.02460 Y/, =—0.01650
n', =0.022 Y/, —m/=+0.0896 i n', =0.00152 Y/, —m'=-—0. 00975
N, =-—0. 0954 —0.171=-0. 0814 : N',=—0.00600 Y/5=0.00305
N, =--0.0701 Y’';=0.05 | N,.=-—0.00310

1. Calculations for the fine-form ship(series 60)
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(1) Stability indices

0.02207" +0.07017” +0. 0954v" =0 }
0.08147" 0. 34102’ --0. 3050v" =0

From equations (12) we obtain stability indices as follows :
—B+(B*—4A4C)*

14

G 1= - 2A
o'y =—0.508 whece A=0.007502
oly=—3.573 B=0.030614

C=0.013615

as C>>0, this ship has dynamic course stability. It is clear then that |1/¢’,| has the physical
significance of being approximately the number of ship lengths required for an initial distur-
bance to diminish to 1/e of its initial value. For the above ship |¢,/}=0.508, so 1/0.508 is
about 2, which means that when the ship advance 2 times her length with rudder amidships,
initial disturbarce will almost disapear.

(2) Yaw responses
As the values of stability indices were calculated, the solution of the equations of yaw and

sway motions will be
P () = R e v st LRI o 353t
Ul(tl):V/ie*()'illatl_]_que'“il'mfit/}
Now we can calculate the values of R’ and V'’ from the given initial conditions which
describe at # =0, #/(0) is zero and v/(0) =#/180, the value of which is ©0.01745 because =’

means PB’.

R'\+R,=0 } (
................................................................... ]
Vi +V!=—0.01745 4
Applying initial conditions to equations (4) we get followings :
. N'w'(0) _ 0.0954x0.01745
, = = =
#(0) = a = 0,022 0.075670
. Y/’ (0) 0.3050 X0.01745
14 _ = — =
+'(0) = o 0. 341 0.015608
From above values we get following :
—0.508R’, —3.573R/,=0. 0756701> (15)
—0.508V",—3.573V7,=0. 015608
From equations (14) and (15) we get followings :
R, =0.02469 V/,=-0.01525
R'y= —0.02469 V'y=—0.00220
Now we get final equations of yaw and sway motions :
r’(t’) =(). 024696_0' 5088/ —0. 024698_3' 5138/
} ....................................... (16)

U’(t') =—0. 015259—0. 508”,__0_ 002208—3'5"”
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Yaw angle ¢(#/) can he cbtained by integrating »/(#) :

St =J‘r’(t’)dt’
= Me-o.mu_*_ﬂ. 02469

7

bl bl - § ¥ 4
0.508 3573 ¢ TG
where C, is to be calculated from initial conditions, ¥(0) =0.01745( =1 degree).
e S =—0.04860¢ " U L0, 00691 > L 01 ) I OO amn
The calculated values of yaw responses and its figure of time history are as table 3 and
figure 2.
table 3 (Calculated values of yaw responses)
¢/ (time) 0 ! 2 4 5 10 15 co
e~ 0508t/ 1 .60 0.36 0.13 0.05 0.01 0. 00 0.00
e~8.578/ 1 0.03 0.00 0.00 0.00 0.00 0. 00 0.00
@y x 100 0 .42 0.89 0.32 0.12 0.02 0. 00 0.00
~v/(£) x 102 1.75 0.93 0.55 0.20 0.07 0.01 0.00 0.00
Sy x10 \ 0.20 0.40 0.50 0.30 0.60 0.60 0. 60 0.60
A
Y(Y)x102
4
o' (1) x 103
184
PHX10 I 144
JHx10
06- 12 w—r’(t) A
v
//
05- 10+
04- 084
03~ 06
02- 04
01~ 021
o /S
0 i

2 4 [ 8 10 12 14 16
Fig. 2 Responses of the fine-form ship to initial disturbance of yaw
accompanying no argular velocity with rudder fived at zero

_77___

angle 1 degree
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2. Calculations for the full-form ship(T 80)

(1) stability indices

0. 001527’ +0. 00310, 0. 006000’ = 0}
0. 009757’ +-0. 024604 +0. 016500 =0

From equations (18) we obtain stability indices :
, _ —B(B'—4AC)*
a

e 24 where
0,/=0.184 A=0.0000374=3.74%x10"°
a, = —2,893 B=0.0001013=1.013x 10"

C=~0.00000735=—7.35x 10"

As C<(Q, this ship is dynamically unstable ship. It means that this ship will not follow
straight course ant Tohs turtiing along a circle line without using contro! surface.
(2) Yaw responses

From initial conditions we get followings :

7"(0) =R +R,=0
v,(o) :V’l_{_Vlzz _<001745} ............................................................ (19)
#/(0) =0. 0689
v/(0) =0.0117
0- 184R,1 “‘2 893R,2 - 0 0689 } ............................................................ (20\
0.184V7,--2.893V",=0.0117 /
From equations (19) and (20) we get :

R =0.0224 V= —0.01267
R'y=—0.0224 V7, = —0.00485
7! (1) =0.0224e" 11 - 0. 0224 % } ....................................... (2D
o' () = —0.01267e" ¥1¢ -~ 0. 00485¢™ *- t43¢/ -
$(#") =0.12174¢" " +0.00774¢ > +C,

e 6() =0.12174e" WY 1 0,00774¢ 083 10, 11208 -reveriecemmrensncnans e (22)

The calculated values ol yaw responses and its figure of time history arce as table 4 and
figure 3.

table 4 (Calculated values of yaw respanses)

¢/ (time) [ 0 1 2 4 5 10 15 ©0
[ARERY } 1 1.20 1.45 2.09 2.51 6.30 i5.8 o
g ‘ 1 0.06 0.00 0.00 0.00 0.00 0.00 0
r' () X110 | 0 0.26 0. 33 0.47 0.56 1.41 3. 54 co
—of (') X 10 | 0.08 0.15 0.18 0.27 0.32 0.80 2,00 co
et K10 1.18 0.40 - 0.65 1.42 1.94 6.35 8.1 oo

__<78_7
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Comparing figure 2 and 3 we know that the motions of series 60 are converging whereus
those of T" 80 wind up into bigger evaporation step by step.

We should give great attention to the latter case because most of all very large vessels are
of full-form, which means most of all VLCC have inherent course instability from their configu--
ration.

There are great many characteristic differences between a course stable vessel and a unstable
one when we maneuver vessels on various seas, especially in restricted water area.

| S (Y10 =/ (¢€)x10
20- 4 CHx10 120
34 415
r'(t’))(lo
10- 24 410
V&) %10
14 ) 405
$@) %10
- + + -+ 4 >t
0 2 4 H 8 10 12 14 16

Fig. 3 Responses of the full-form vessz! to initial disturbanc of yaw angle 1
degres accompanying no angular velocity with rudder amidships

V. Conclusions

It is the purpose of this paper to provide the handlers of various vessels betior informations
and understanding of the inherent steering characteristics coming from the shis confliguration.

Results of general interest, especially from the view point of-practical stin handling, are
surnmarized as follows :

1. Fine-form ship configuration provides the vessel inherent course stability, whereas that

Sy

of full-form inherent course instability.
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2. Quickness of the induced motion vanishment of a fine-form vessel and that of the motion
windng of a full-form vessel are to be determined by the value of 1/¢';.

In this paper the value of 1/¢,/ of series 60 is about ©2, that means when this ship travels
ahout 2 times its length it wijl almost settle down on a straight course, whereas the value of
1/0," of T80 is about 5.5, which meant that after this ship runs about 5.5 times her length,
the motions will get violent winding from its original status(see figure 2 and 3).

Additional :

1. Generally all of large tankers (VLCC) have inherent course instability with rudder fixed

amidships.

2. The inherent course instability combining with shallow water and bank effect makes safe
handling of a VLCC much more difficult than that of a ordinary cargo vessel on coastal
sea areas.

So we must prepare without fail sufficient assisting tugs in advance when a VLCC passes

thrcugh a narrow channel or enters in congested sea area.

The cost of tugs is too little to be compared with expenses (¢ be incurred in case of a

accident without arranging them for cost saving.
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