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Introduction

Up to the early 1940s, most studies in the field of ship
maneuverability had been focused on the turning quali-
ties, and the work of Hovgard [1] can be taken as a good
example. Very little work had been published on course
keeping qualities, but among them the work of Wein-
blum [2] is surprisingly advanced. However, it was not
successful in drawing public attention towards this im-
portant topic.

The work of Davidson and Schiff in 1944 and 1946 [3, 4]
presented new approaches to the problem, and in about
the same period, Kempf’s standard maneuver [5] and
Dieudonné’s spiral test [6] were introduced which, to-
gether with Davidson’s work, opened a new age of study-
ing ship maneuverability by considering the course
keeping qualitfcs and transient response.

There has also been remarkable progress in the field of
model experiment techniques. Together with the rotating
arm technique, the planar motion mechanism technique,
which was introduced by Gertler [10, 11] in testing sub-
marines, has become common for testing surface ships.
Measuring techniques using radio controlled free running
models have also developed rapidly, and have become
quite common.

Nomoto’s work [8, 9] on frequency response analysis and
the first order simulation of ship maneuverability which
was developed from the analysis of Kempf’s standard
maneuver, have given a clear explanation of the relation-
ship between the course keeping quality and the turning
ability, and gave impetus to the development of the
method of treating ship maneuverability as an open loop
system responding to the helm angle.

In accordance with the rapid development of computers,
the application of computers to the simulation of ship
motion has been developed in recent years in two ways.
First, simulation for training purposes, mainly based on
analogue computers, and secondly the calculation and
prediction of maneuvering motions, mainly based on
digital computers.

Recently, further attempts are being made to treat ship
maneuverability as a ‘closed loop system’ since the ship’s
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response is always fed back through a control system
which may be either a human or auto-pilot system.

At the first symposium on maneuverability of ships at
DTMB in 1960, Norrbin [12] made a broad survey of the
development of studies in this field. In this paper, the
author will attempt to review the progress in this field
since 1960.

Equations of motion
Derivation of the equation of motion

In early studies, the equation of motion was constructed
using a co-ordinate system in which the direction of
ship’s speed was taken as a main axis; this method has
been used in aeronautics. Davidson and Schiff’s papers
[3, 4] in 1944 and 1946 were the first to introduce a co-
ordinate system based on a body-fixed axis. Since then,
this method of choosing co-ordinates has become com-
mon because in this way the hydrodynamic coefficients
are easier to obtain and the equation of motion is simpli-
fied [13]. If we take the co-ordinate system as shown in
Fig. 1, the equation of motion is written as follows (for
the notations reference is made to the list of symbols at
the end of this paper):

m@w—vr)=X
m@y4ur)=Y (1
Lr =N

where the right hand side represents the hydrodynamic
forces and moments which are functions of acceleration,
velocity, and helm angle etc.

Linear equation

There are two ways of linearizing equation (1). One is
based on an elegant equation of motion for a solid pas-
sing through an ideal fluid given by Lamb [15] in which
the added mass and added moment of inertia are em-
phasized. Davidson [4], and Motora [14] have used this
type of equation. The other is to expand the hydro-
dynamic force and moment by the Taylor expansion and



Fig. 1

to pick out the first order terms. In this way, the added
mass is treated only as an acceleration derivative. Abko-
witz [16] has used this type of equation followed by
Norrbin [12] and others. Using the first method, the equa-
tion of motion will be written as follows:

(m + my)y + xmyr = Y, +
+{—=(m+mu+ Y>*}r+ Y;0+ Y o)

I, + J)r + aymy =N,v + N,r + N;b + N0
where the terms for the x direction have been omitted.

Using the second method, the equation takes the follow-
ing form:

m—Y;—Y;r=Yy+ (—mu+ Y,)r+

+ Y30+ Y0 3)

(I, — J)r — Nyy = N,y + N,r + N;b + N0
Usually equations (2) and (3) are normalized and the
variable v is converted into f by the following expres-
sion:

(m' — YW — Y=Y/ +(—m + Y, )+

+ Y8 + Y',0

(I — NW — Ny = Ny'B + N’ + 0)

+ N30 + N'56'

where ” (prime) indicates that the quantity is normalized.
(see list of symbols).

For practical calculations, the ff in equation (4) is usually
eliminated and the equation is converted into second
order equation of » for which Nomoto’s expression [7]

is the most common.

T' T + (T + T + v =K% 4+ KT8 (5

where:

T'T', = {(¥; —m)(N'; —I') — N;Y'}/D

T 4+ T, =[{T; —m) N, + N; = I') Y’} —

— {Y’;)N’,, + N'(Y', — m’)}]/D

K' =N'Y;—Y,N')/D

K'T's  ={NY;—(';—m)N}/D (6)
D =Y ,N,— N, (Y, —m)

where D is the determinant for the course stability, and
K’ 6" = L/R corresponds to a non-dimensionalized
steady turning velocity. By this expression, a transfer
function of ship response to helm angle is neatly obtained
by automation theory as follows:

K' (1 + T'5p)
A+ T,/p + T,p)

Y'(p) = O

Non-linear equations

In the case of directionally stable ships, linear equations
give fairly good results at low turning velocities. How-
ever, in case of directionally unstable ships or marginally
stable ships such as supertankers, linear equations do

not give good agreement with full scale data even at low
angular velocities. [n recent years, non-linear equations
have been used in these cases. In dealing with non-linear
equations, there are two approaches. One is to add the
minimum number of non-linear terms to a linear equation
in order to obtain a sufficiently good approximation for

a specified purpose. In this case, because the number of
non-linear terms is small, it is possible to express the
non-linearity by a small number of parameters. This
method is suitable for use in defining the maneuverability
with a small number of parameters. The second approach
is to add many higher order derivatives in order to get

as accurate a result as possible. This method is mainly
used for the simulation or prediction of motions, and is
commonly used with digital computers.

a When an r3 term is added as a non-linear term.
Norrbin [91], Nomoto [17], van Leeuwen [18] and
Glansdorp [20] have suggested adding an r3 term to the
linear equation as follows:

T T (T +T)r - r +ar'd =
= K'8' + K'T';8' (®)

where the coefficient o is chosen so that when r,  and ¢
are put zero eq. (8) gives the best fit to a 6 — r curve
obtained from a spiral test. The most attractive feature
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of this method is that it is possible to express the non-
linearity by only one parameter o.

Van Leeuwen [18] suggested a similar expression for the
equation in the x direction as follows:

Tu+u=K,r?

b Adding a non-linear term to give more accurate simu-
lation of spiral test results.

Bech, Smitt [21] and Norrbin [19] proposed a method

in which the turning velocity r in a steady turning state
is exactly given by a spiral test result; viz. instead of

the ' term of eq. (5), K'H(r) is substituted:

1 1. K’
i"+(—+-—)r'+ - H(r) =
T, T, T, T';
K’
T T,

(156" + &) 9

where H(r') = &' is the relationship between the steady
r" and &’ obtained by a spiral test. At a steady state,
since 7' = r, =0’ = 0, we get

H(r')=¢'
Thus, the simulation of motion at a steady stateis perfect.
(see Fig. 2) In the course of deriving eq. (9), Bech and
Smitt [21] have shown that (1/T’y + 1/T",) and K'/T,T",
stay fairly constant in any stage of motion provided the
advance speed is unchanged. Therefore, it is expected

Fig. 2
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that eq. (9) will give a fairly accurate approximation of
the motion for the transient stage of steered motion.
Norrbin [19] has suggested that instead of H(r") = §’,
Y — o | Y| ¥ = 5 may be used.

Simulation by higher order equations

As digital computers become more available, several
trials have been made to simulate ship motions by higher
order equations. This method is not suitable to express
the maneuverability by a small number of parameters as
in a and b, but it is suitable to predict ship motions under
given conditions. Since it is not practical to cover too
many conditions in a full scale test or a model experi-
ment, this method is quite usable for predicting ship
motions in any circumstances or in'designing auto-pilots.
In this method, the right hand side of eq. (1) is expanded
into higher order terms. Usually, only even/odd terms
are picked up if the hydrodynamic force under consider-
ation is an even/odd function of the variable concerned.
As far as a linear equation is concerned, the effect of the
advance speed on the maneuverability is very small, so
in eq. (2) and (3) the changes in the advance speed have
been neglected. However, in the case of higher order non-
linear equations, the effect of changes in the speed cannot
be neglected anymore. Therefore, we need an equation
for the x direction. These equations will take the follow-
ing form:

(m — X)u=fi(u,v,r,5) ]

(m — Y;)v — Y;r = fo(u, v, r, 0) (10)

— Nyv + (I, — Nj)r = f3(u, v, 1, ) J

filw, v, r, 8) = X° + X, Au + 1X,A4u* + 1X,,Au®
+ ';I’—Xuvvz + %errz + %Xéﬁéz
+ X, du + X, 2 Au + 3X 55,0 Au
+ (X, + m)ve + X590 + X,5r6 + Xy vrdu
+ X, 5v04u + X, 5r0Au

folu, v, 1, 8) = YO + YO, du + Y°,du? + Y»
+17,,,9° 4 1Y, 012 | 17,957 + Y,.vhu
+ %YuuuVAuz + X, —mu)r+ éynrrs + %Yrvvrvz
+ 1Y,5576% + Yordu 4+ 1Y,rdu? + Y0
= éYaaaés == %Yéuvévz i %Yérrarz
+ Ys.0du + 3Y5,,04u* + Y, 59rd

Sa(u, v, 1, 8) = ( N° + N°,Au 4+ N°,Au* 4+ N,y
+ é]\(uvvv3 + %jv-vrrvr2 + %NUJJVBz + NWVAM
+ INouvAi? + N + 2N,

+ 1N,V + LN, ;5782 + N,rdu + LN, rdAu’
+ Ny + 'éN&MéS + LN 002 + N, Or”
+ Nybdu + INy, 04u* + N, 5vrd
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where, for instance, Y,,, indicates

. The relative
or - dv?
contribution of higher order terms to the computed
results has been examined by Strem-Tejsen [22], and
Eda and Crane [23]. In practice, only those terms which
make significant contributions to the results are picked
up into the equations.

Recently, Clarke [24] tried to substitute steady state
values of r and v into the non-linear terms instead of the
transient values of r and v and thus to simplify the
equation in the same style as the linear equation (5) as
follows:

Agr’ + (4 + Azr' + Asr'r' + _
+ (Ay + Asr’ + Agr'®) r' + (A7 + Ag0'2) 0"+
+ (A9 + Awé'z) & + -411 =0 U-l}

where 4y ~ A, are constants depending on the ship.
Comparing eq. (11) with eq. (8), it will be noticed that
the coefficient of r’ in eq. (8) is also a non-linear function
of " in eq. (11). According to Clarke, the effect of using
the steady state value of r and v for the non-linear terms
is naturally zero for the steady state results and is very
slight for transient state results. In Fig. 3, the difference
between results obtained from eq. (10) and eq. (11) is
shown by a phase-plane portrait (r — r diagram).

r NOMINAL RUDDER
ANGLE =30 deg

010 020 ‘ 030
r

040

ORGINAL EQUATIONS (10)

APPROXIMATE EGUATION (11) ~9% v
WITH MODIFIED COEFFICIENTS

Fig. 3 r’ — ¢ phase portrait for = 30 deg. Kempf maneuver
(modified 4, and A;).

Derivatives

Effect of frequency

As the hydrodynamic force and moment induced by ship
motion are affected by the presence of a free surface,

derivatives in the equations of motion should be func-
tions of frequency. For the acceleration derivative ¥, and
the sway damping derivative Y, for a two-dimensional
body, theoretical calculations have been made by Grim
[25], Tasai [27], Tamura [26] and Porter [28]. It is also
ascertained by model experiments that these derivatives
are frequency dependent. In Fig. 4 experimental [30]

and theoretical [29] values of ¥; and N; for a Series 60
0.70 block model are shown. (referred from [31]). Since
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Fig. 4 Total added mass and added moment of inertia for a
series 60 Block .70 form according to theory and experiments.

steering motions, except steady turns, are composed of
sinusoidal motions of many frequencies, high accuracy is
required when making the derivatives functions of
frequency. However, most of the derivatives have not yet
been obtained as functions of frequency, and we are
obliged to adopt a constant value for each derivative,
corresponding to a specified frequency which seems to be
a representative value of the frequencies involved in the
motion under consideration.

The next question is which frequency should be taken as
representative. In the case of zig-zag maneuvers or
similar kinds of steering motions which are often used in
keeping the ship’s heading, the average frequency is
quite low. Therefore we may choose the representative
frequency as zero. However, in case of a collision or the
response of ships to stepwise changes in the helm angle,
a higher frequency component may be included. Motora,
Fujino and others [32] have made some observations on
this problem. They computed an exact sway velocity v
due to a stepwise input of helm angle of duration t
making use of the frequency dependent ¥; and Y,. They
then obtained an equivalent added mass ¥; which is a

‘constant independent of time and will give the same v

when the time elapsed is 7. This equivalent added mass
thus obtained is as shown in Fig. 5 together with ex-
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perimental data. From Fig. 5, we know that if 7 is longer
than a few seconds in full scale time, the equivalent added
mass is practically the same value as Y} at zero frequency.

EQUIVALENT ADDED MASS] 1 2

(_Y'E; )cquiv

12

8 SWAY ACCELERATION w(t) | .
. 2 o
vem/s' 1Y equiv
" CALCULATIONS doa
——o—— EXPERIMENTS :
0 1 1 I 1 1 1 1

i
- 0 02 04 06
DURATION OF IMPACT, t

08 sec.

Fig. 5 Equivalent added mass coefficient as defined by
acceleration due to step input impact of duration .

Therefore, we may conclude that for ordinary steering
motions, we can use the value of Y; at zero frequency as
a representative value even in cases when the rudder is
moved frequently. While there has been no similar study
other than acceleration derivatives, Brard [34] suggested
a method of examining the effect of frequency on the
damping derivatives. Newman [35] pointed out that
since the frequency parameter for viscosity is @ L/V and
the frequency parameter for the free surface effect is
 V/g there will be no frequency effect when both param-
eters are negligible, and that the effect of frequency
upon the viscosity will appear before the free surface
phenomena are affected. According to Newman, the
critical frequency at which the damping derivatives
begin to be affected will be something like a 20°-20°
zig-zag manoeuvre.

Acceleration derivatives

Acceleration derivatives such as Y;, Y;, N;, and N; have
been used as added mass or added moments of inertia
and are mostly obtained by a PMM technique. The rotat-
ing arm technique is not suitable in getting acceleration
derivatives. An indicial response method has also been
tried [33]. Theoretically, Y; for prisms of Lewis form
sections have been obtained [25], [26], [27], [29]. There-
fore, acceleration derivatives for any ship form can be
obtained by making use of the strip method. Compari-
son of theoretical values with experimental data is
shown in Fig. 4. As mentioned in the previous section,
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acceleration derivatives for zero frequency are used.
Velocity derivatives

There are many studies on velocity derivatives both theo-
retical and experimental. In the experimental method, the
rotating arm technique has long been used until the
recent advent of the PMm technique.

The 1TTC Maneuverability Committee has conducted a
cooperative test program by many world-wide establish-
ments concerning the measurement of the derivatives of
Mariner Type ships. In this program, each establishment
measured the derivatives by its own conventional test
techniques. The following have contributed to the pro-
gram: Chislet and Strem-Tejsen [38] making use of the
Hya pmM, Paulling using a compact PMM of the Uni-
versity of California [39], van Leeuwen and Glansdorp
using the pmMm of Delft University [40], Motora and
Fujino using the pmm of the University of Tokyo [40],
Suarez using the rotating arm of the Davidson Labora-
tory [42], Gertler using the rotating arm of the NSRDC
[37], Kasai using the PMm of Mitsubishi [44], Firsoff
using the rotating arm of the Leningrad Institute [41],
Burcher using the rotating arm of AEw [43]. Data sub-
mitted were collated and analyzed by Gertler [36]. These
results are shown in Table 1 together with full scale data
by Morse and Price [45] on the ‘Compass Island’. Results
obtained by the rotating arm and the PMM seem to agree
fairly well.

On the theoretical side, the low-aspect ratio wing theory
developed by von Karméan and Bolley [47], Jones [48],
Weissinger and Lawrence [49] has been applied to obtain
hydrodynamic force and moments, acting on a drifting
or turning ship, by Thieme [50], Fedyaevsky [53] Jacobs
[51] and Inoue [52]. In these theories, the distribution of
the bound vortex and direction of the free vortex sheet
are properly assumed to give reasonable results. How-
ever, since these phenomena are associated by viscosity,
the hydrodynamic relation between the vortex distribu-
tion and the ship’s form has not been thoroughly clari-
fied. Inoue [52] and Fedyaevsky [53] have derived semi-
empirical formulae for the hydrodynamic force and
moment by introducing some coefficients which are
chosen to fit each ship’s form. Velocity derivatives ob-
tained by different methods are compared in Table 2.
Newman [55] has given a method of calculating deriva-
tives by the slender body theory. The results of his cal-
culation are compared with measured hydrodynamic
forces of the forebody and afterbody of a cargo ship
using a double model by Norrbin [54], and are shown in
Table 3.



Table 1

Organization type of test Derivatives

Y, x10% N,/%10% Y,’x10° Ny x10% ¥,/x10® N/ x10° Y;,’><103 N;)’><103 Y;’x10® N:'x103

Davidson R.A. -13.91- -4.40 3.12 -1.58 4.36 -2.97 - - - -
Lab. (Rotating
arm)
NSRDC O.T. -16.90 -4.47 2.98 -1.43 - - - - - -
(obligue
tow)
R.A. -16.90 447 2.87 -1.38 2.62 -2.30 - ~ - -
Kryloff Inst. o.T. -14.9 -3.50 2.69 -1.26 — - - - - -
R.A. - - - - 1.90 -2.90 - - - =
AEW R.A. -14.3 -3.20 2.62 -1.69 2.71 -2.01 - - - -
Paris Basin  R.A. -15.13  -3.05 2.94 -1.37 3.72 -2.54 - - - -
R.A. -12.77 -3.83 2.92 -1.33 3.09 -2.27 - - - =
HyA :iT: -11.60 -2.91 2.78 -1.33 - - - - - -
PMM - - - - 2.72 -1.91 -7.48 -0.13 -0.27 -0.44
TH Delft O.T. « -11.76  -3.17 2.32 -1.10 - - - - - -
PMM -10.10 -3.49 - - 2.90 -2.00 -7.34 -0.19 -0.33 -0.48
Univ. of O.T. -9.70 -3.80 - - - - - - - -
California  pMMm -10.00 -3.80 - - 2.30 -2.10 -6.70 -0.30 -0.30 -0.40
Techn. Inst. o.T. -13.2 -3.72 3.99 -1.46 - - - e - -
Mitsubishi  pPMM - - - - 3.33 -1.93 -5.62 - - -0.23
Univ. of O.T. -14.6 -3.99 2.70 -1.23 - - - - - -
Tokyo PMM -13.90 -3.96 - - 2.96 -2.15 -7.12 -0.17 -0.17 -0.40
Full scale ship -16.00 -2.80 1.20 -0.60 2.20 -0.98 - - - -
(Compass
Island)
Theory without -14.16  -3.06 - - 2.96 -2.64 - - - =

(Jacobs) propeller

Figures were taken from ref. [36 and 37] and [46].
Ship speed is ranging 14~ 15 kn except for NSRDC (18~22 kn), AEw (10 kn) and Mitsubishi (7~ 14 kn).

Table 2 Experimental and theoretical values of stability Table 3
derivatives of Series 60 0.60 block model (From [175)]
Method Yy
Derivative Experiment Theory
P X Low aspect wing theory 0.184
Suarez 17014/— Jacobs Inoue Thieme Sipader Dody theoty, farsbody 0.193
e Ki=1 K,=0.8 Experiment, forebody 0.203
Experiment, total hull without rudder  0.172
¥4, % 1073 11.2 123 142 135 108 6.77 Experiment, total hull with rudder 0.232
N’y X 103 333 400 3.06 4.18 4.18 3.39
Y4 3¢ 10iF2 390 290 296 510 4.08 3.39

Nex 1072 1.88 220 2.64 223 223 0.835
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Higher order derivatives

As described in the previous section, a theoretical method
to obtain derivatives is being developed. Though theo-
retical derivatives contain a non-linear term due to cross
flow, the theory is not yet fully enough developed to be
able to give higher order derivatives containing non-
linear parts. Therefore, at present, higher order deriva-
tives for simulation purposes are obtained by rotating
arm tests or PMM tests. In the case of rotating arm tests,
hydrodynamic forces are measured for various combina-
tions of r and f, and higher order derivatives are obtained
by a curve fitting method. (for instance see [23]). In the
case of PMM tests, measured hydrodynamic forces on a
time basis are resolved by Fourier analysis [38, 40].
Results obtained by pmm [38, 40] seem to agree with the
results of rotating arm tests [23].

Rudder fdrce and moment

For rudder force and moment, systematic series model
tests have not been conducted since Fisher [56] Bottom-
ley [57] Akazaki [58] Darnell [60] etc. Studies since then
seem to be rather focused into interaction between a
rudder and a propeller, effect of the wake etc [61, 62, 63].
Okada [62] made an extensive study on interaction of the
rudder and ship’s body and propeller. In his work, the
effect of propeller race and wake on the normal force and
longitudinal location of its center such as when the pro-
peller shaft center is not lined up to the rudder center
etc. is dealt with. Fujii and Tsuda [63] also obtained the
effect of presence of ship hull on the direction of stern
flow at a rudder.

In recent years, a rudder is rather deemed a part of a
ship and derivatives are measured including rudder force
and moment.

Full scale test techniques
Zig-zag test and spiral test

The turning test had for a long time been a common full
scale maneuvering test technique until Kempf [5] intro-
duced the zig-zag maneuver in 1943 and Dieudonné [6]
introduced the spiral test in 1949. Since then, full scale
test techniques to examine course stability and transient
state of the ship’s response to the rudder have been topics
of interest. In accordance with the appearance of many
ships with poor course keeping ability such as mammoth
tankers, the zig-zag maneuver and spiral test have become
quite common practice, and nowadays almost every ship
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is tested in this way. Since these test techniques are quite
common, a detailed explanation will be omitted from
this review. The 1TTC maneuverability committee has, as
its task, made up a standard procedure for these tests,
and has published it in its report to the 12th 1TTC meeting,

Reversed spiral test

The spiral test is one ingeneous way of examining a

ship’s course keeping quality. However, in conducting
spiral tests on supertankers, it is often felt that it is
inconvenient in that it takes too much time to get a steady
turning rate as the time constant of these ships is very
large. Moreover, the turning rate tends to be affected by
wind pressure at small rudder angles. Bech introduced the
reversed spiral test in 1966 and it was soon supported by
many research workers [64, 65]. In this method, the
rudder angle é which will give a specified turning rate r is
measured, while in the conventional spiral test, the steady
turning rate r corresponding to a specified 8 is

measured. In the reversed spiral test, the rudder angle
obtained usually varies periodically so that the mean
value has to be taken.

The most peculiar feature of this method is that in the
case of ships with poor course keeping properties it is
possible to get an r — d relation for the complete range
of rudder angles, while in the case of the regular spiral
test, the r — & curve forms a hysteresis loop. As shown

in Fig. 6, the r — & curve on the basis of § is a partially
three valued function and the r — ¢ curve on the basis of

e
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//x;

Fig. 6



r is a single valued function. The former corresponds to
the regular spiral test and the latter corresponds to the
reversed spiral test. The reverse spiral test seems to be
suitable for obtaining the ship’s characteristics at small
rudder angles, particularly for ships with poor course
keeping properties. .

In practice, it will be convenient to prepare a yaw-rate
meter which can show the difference between the pre-set
yaw rate and the actual yaw rate. Then a specified yaw
rate for which the corresponding rudder angle is required
is pre-set on the yaw-rate meter. The helmsman is asked
to steer so that the differential yaw rate averages zero.
The helm angle thus measured may oscillate, and the
average value will give the rudder angle which corre-
sponds to the pre-set yaw rate.

Bech has also tried to use an auto-pilot which can keep
the differential yaw rate at zero and obtained satisfactory
results.

Stimulated by the zig-zag test and the spiral test, various
full scale test techniques have been proposed and are
summarized as follows.

Modified zig-zag test :

Kempf has proposed a zig-zag maneuver in which the
rudder angle was chosen to be 20° and the heading angle
at which the rudder is switched was also chosen as 20°.
Therefore, ordinary zig-zag tests are run in combinations
of equal rudder angle and switching heading angle. (for
instance, 10°-10°, 15°-15°, 20°-20° etc.). However, in

the case of course unstable ships, the results of zig-zag
maneuvers at small rudder angles, say 5°-5°, tend to
diverge and will not give steady results.

Thieme and Motora have suggested a modified zig-zag
test at which different combinations of rudder angle and
the switching heading angle are chosen. (say rudder

angle 5° with switching angle 2°, rudder angle 10° with
switching angle 5° etc.). The heading angle in this case is
chosen smaller than the rudder angle. Thus, it becomes
possible to bring the converging motion to a steady state
and also makes it possible to keep the yaw rate within a
reasonably small range. Motora and Fujino [66] obtained
critical combinations of rudder angle and heading angle
within which the zig-zag motion will converge. An example
is shown in Figs. 7 and 8. {

Fig. 7a shows results of a 10°~10° regular zig-zag test and
a 5°-1° modified zig-zag test of a ship of which the

result of a spiral test is shown in Fig 7b. Since the zig-zag
maneuver is treated as the response of a ship to a steering
with hysteresis loop as shown in Fig. 8(a), critical com-
bination of switching angle yy* and rudder angle 6* is

40" (4" 8") = (15,1F) REGULAR ZIG-ZAG MANEUVER
STARB.

20" ¢ i

6 0 L 1 1
. 200 400 600 B00

201 t (sec)
PORT

4oL

[ f pra— (¢* 8% =(1", 5°) MODIFIED ZIG-ZAG MANEUVER

"o 1_7'[\_6/11/2\4\_/{/\ ' ]LL
& 600 \B{

PORT 200 400
10" t (sec)

Fig. 7a An example of modified zig-zag maneuver.
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From this record, the frequency response can be obtained.
8et) K(1+T3s) Yolt) Koygma has tried this metl}od on a cargo s}.up and
(1+T15)(1+Tp5)s obtained good results. In his case, the amplitude of the
rudder angle was kept constant, and the time between
switching helm angle was chosen at random.

Pj(t) + e(t)].

SHIP

Pull out maneuver

To obtain the height of hysteresis loop (viz. turning rate
Im at zero helm angle) of a course unstable ship, Burcher
G(jw) [67] proposed the pull out maneuver. In this method, the
\ ship is first kept turning at a specified rudder angle, then
9 Re . the rudder angle is set to zero and the successive heading

\\ . angle is recorded until the ship’s motion becomes steady.
NI, —y ! _TY The steady turning rate thus obtained will of course be

48" equal to the height of the hysteresis loop of the r — §

-1. + +
/Keq W curve.

-yK Parallel shift maneuver
€q

_ny
a5

In this maneuver, the ship is steered onto a new course
parallel to the original. This method has been used by
seamen to calibrate the ship’s response for their own use.
Nomoto and Karasuno [68] used this method to obtain
the response function of a ship to the rudder angle. Ac-
cording to Nomoto, the best way to measure the re-
sponse function is to use the sinusoidal maneuver for
obtained by Fig. 8(b). Fig. 8(b) is a Niquist diagram of high frequencies, and the parallel shift maneuver for the
G(jw) and —1/Keq where | Keq | = niy*/4 is a describing lower frequency range. An example of a Bode diagram of
function of the steering with hysteresis loop. Within the the response function obtained is shown in Fig. 9.

range where straight line —1/Keq intersects G(jw), there

exists a stable limit cycle, i.e., the modified zig-zag test

becomes steady, and outside this range, the zig-zag test

Fig. 8b

will diverge. 1oz
Sinusoidal maneuver 105
. . s . ’ 1og 10| Y5 (iw')|
This method involves a sinusoidal change in rudder angle. é. '
Non.loto [7(?.)] tried to obtain the. frequen.cy respons'e of 10 ol, 05 log10w 10
a ship by this test. One shortcoming of this method is * K' 2094
that it is difficult to keep the ship’s average heading ?2 g%g
constant. Moreover, it is not practicable to perform this T :‘.;gg
T 4

maneuver at low frequency for which ship response is
important. This is the main reason why we cannot depend
solely upon the sinusoidal maneuver to obtain the fre-
quency response.

-1001-10

Random steering test

In this test, the rudder angle is changed randomly and Fig. 9 An example of Bode diagram obtained by a parallel
both the rudder angle and heading angle are recorded. shift maneuver.
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Course change test

In this method, the ship is steered onto a new steady
course. The rudder angle, the time at which the rudder
angle is changed, and ship’s heading angle are recorded.
An example is shown in Fig. 10: In this case, first, the
rudder is put at 20°, then as soon as the ship’s heading
becomes 20° the rudder angle is reversed to —20° until the
ship’s turning rate becomes zero, the rudder angle is then
put to zero. By this test, the ship’s master can recognize
the maneuvering characteristics of his ship.

CONDITION
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ENGINE LOAD NOR
. PORT STARBOARD 1400
N Ta7v
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1200 f—33{ 1200
1000 1000
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£800 o-58" - 800 E
z i z
z o z
w
o a !
Z = <
3 600 4e00%
< Q
400 - 400
o
o201} 200 SET NEW COURSE
200 i 0 ORDER "HELM i
AMIDSHIP” 200
o= 04103, oroER * HELM
( W 7°s. OR P*

o 1 I QIS QG ] I 0
400 200 200 400
TRANSFER IN m TRANSFER IN m

ORDER "HELM 15°S. OR P"
Fig. 10 New course test of a container ship.

Rudder effectiveness test at slow speed

This test is to examine the range of speed in which the
ship can respond to the rudder when the engine is stopped
and the ship is slowing down. A suggested method is to
put the rudder angle at 35° and as soon as the ship begins
to respond, the rudder is reversed to —35°; due to the

effect of the reversed rudder angle, the ship will decrease
its rate of turn and then reverse the direction of turn
until it changes its heading angle 1° from the point where
the ship reversed its direction of turn; then the rudder is
reversed to +35°. This procedure is continued until it is
judged that the ship no longer responds to the rudder.
(see Fig. 11).

SHIP SPEED V

o HEADING ¢
1 szé/\m
oL o

TIME

W A\ [

—_—

U\_I\_I L

Fig. 11 Rudder effectiveness test at slow speed.

Motora and Fujino [66] classified steering motions into
the following three groups:

a Course keeping maneuvers, (rudder angle less than
10 degrees).

b Course changing maneuvers, (rudder angle about 15°)
¢ Emergency maneuvers, (rudder angle 35°).

Using these categories, the above mentioned full scale
test techniques will be roughly classified as follows;

a Course keeping  spiral test

reversed spiral test

modified zig-zag test

pull out test

low speed maneuver test
parallel shift test

ordinary zig-zag test

course change test

turning test

ordinary zig-zag test at 35°.

b Course changing

¢ Emergency

Recently, imco has recommended that the masters of
ships over 50,000 bwT should have a maneuvering book-
let showing the ship’s maneuvering characteristics, [69].
However, the standard methods of obtaining information
that are to be included in the booklet have not been in-
dicated. Therefore, it will be necessary to make up an
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international standard me hod for maneuvering tests.

An interesting thing to be mentioned in relation to full
scale measurement is the German experimental ship
Meteor [70]. This ship was so designed that it can be used
for full scale measurements for any purpose. For ma-
neuverability, its steering gear is suspended by a dynamo-
meter together with the rudder so that rudder force and
torque can be measured during test runs. Results of the

- measurements are expected to be very valuable.

Fig. 12a  An example of set-up of the pymm used
at Delft University (from [30]).
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Model test techniques
Captive model test technique

Captive tests measure the hydrodynamic forces and
moments acting on a model ship which is connected to
and forced to move by a dynamometer. The following
two techniques are common practice:

1 The rotating arm technique forces a model round a
circular course with any desired drift angle. This tech-
nique has long been used and various establishments in




the world own this facility. Among them, the ones at the
Paris basin, AEwW, Davidson Laboratory and NSRDC are
famous. Recently, it was reported that the Krylov In-
stitute has installed a high speed rotating arm [71]. As
this technique is common, a detailed explanation will be
omitted. For a detailed explanation, see [59].

2 The pmM (planar motion mechanism) technique forces
a model to sway and yaw, and measures the hydrodynam-
ic forces and moments. This technique was first used

by Gertler [10, 11] for the measurement of stability
derivatives of the depth control of submarines in the
early 1950s at bT™B. Since then, this technique has been
used to obtain derivatives for the steering motion of
surface ships with a horizontal type pmMm, and they are
used at HyA, Delft University, University of California,
University of Tokyo, AEw and Mitsubishi etc. Recently,
HyA [72] completed a pmMm for larger amplitudes. The
University of Tokyo is also planning to use its X—Y car-
riage for large amplitude pmm [73].

An example of PMM apparatus used in TH Delft is shown
in Fig. 12 (a). Typical forced motions of a model are
shown in Fig. 12(b). The lateral force and the yawing
moment are measured while the model is forced to os-
cillate, and derivatives are obtained resolving the force
and moment into in-phase and out-of-phase components.
Detailed explanations of PMM technique are given in [10,
11, 30, 38, 178].

ya

S

PURE SWAYING MOTION (=0

PURE YAWING MOTION (v=0)

COMBINED SWAYING AND YAWING MOTION (v=-Uqg-¥)

/

Fig. 12b Definition of motions.

.

Free running models

In the field of test techniques using free running models,
there has been remarkable progress made in the tele-
metering of data and in the accurate measurement of the
position of a model. Therefore model tests with free run-
ning models are widely conducted in establishments
throughout the world.

Almost all of the full scale test techniques are applicable
for free running model tests so that model test results can
be used to predict the behaviour of full scale ships.
Moreover, model tests can cover conditions that would
be impractical with a full scale ship, and can cover a wide
range of conditions that would involve too much time
with full scale testing.

The 1TTC maneuverability committee has conducted a co-
operative test program on the Mariner type ship in

which world-wide establishments conducted free running
model tests using their own conventional experimental
techniques. Results submitted were analyzed by Suarez
[74]. An example of the results obtained is shown in

Fig. 13. As seen in Fig. 13, thereis some scatter between
the data from different establishments, and in general,
the turning radii for smaller models are larger than for
larger models. This trend is more noticeable for the turn-
ing radii at small rudder angles. Fig. 14 is another exam-
ple of data analyzed by Nomoto [75] in which the turning
ability index K’ is plotted against the model length. The
same trend as mentioned above can be easily recognized.

" MODEL LENGTH IN m
# {oz

(]

160.83 (FULL SCALE
SHIP)
12

1.5
1.8
25
2926
4.0
473
5.04
6.0
6.437
6.657
6.705
7.0

101

ANGLE , b deg.

® A T & 8 » 0 4+ A x p O VW

ANGULAR VELOCITY r

Fig. 13a  Plot of spiral maneuver data d, versus r’ for
U, ~ 15 knots.
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Ship-model correlation

As summarized by Vosper [76] and Thieme [82], in
general, model ships tend to be more stable on course
than full scale ships. viz., model ships are less turnable
than full scale ships. This tendency is known to be not
very pronounced at large rudder angles, but it is very
notable at small rudder angles. The following points are
thought to be the main causes of this trend.

Difference of propeller loading

The loading of a model propeller is larger than that of 4
full scale propeller due to the difference in the friction.
This is known as the friction correction. Therefore, the
slip stream of a model propeller is stronger than that of
a full scale propeller. This increment of slip stream with
model propellers will cause an increase in the fin-effect
of the rudder, resulting in an effective increase of the
deadwood or the skeg. This explanation was first put
forward in [80]. It is also reported that the rotary deriva-
tives increase at lower Reynolds numbers [77]. According
to the data which Vosper [76] has referred to in his
survey, in the case of twin screws with a twin rudder
(Fig. 15), a stabilizing effect in model ships is very marked
while in the case of two rudders with a single propeller
(Fig. 16), the stabilizing effect is not so clear. Taking into
consideration, that the rudder is not fully immersed in
the slip stream, these data show that the increase of slip
stream is one of the causes of the stabilizing effect in
model ships.

Fujii [63] has conducted an experiment where an air-
propeller was installed on a model to cancel the increased
friction. Results obtained showed good agreement for
the rudder torque in the transient state, but reasonable
agreement was not obtained at steady turning rates. Such
a discrepancy is supposed to be induced by a lateral
thrust or a moment, produced by the air-propeller com-
bined with the ship’s motion. In restrained model tests,
it is possible to give a suitable restraining force, so that
the propeller loading becomes equal to that of a full
scale ship [79]. However, such a change in the propeller
loading does not give a full explanation of the differ-
ence of model and full scale data at steady turning rates.
A proposal is also made to decrease the rudder area so
that it generates, in the increased slip stream of the mode
a rudder force equivalent to that of a full scale ship [80].
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Correlation of appendages

Since model appendages are immersed in flows with
Reynolds numbers different from that of full scale ships
and are fully affected by the thickness of the boundary

layer, the correlation problem between model and full
scale appendages is very complicated. Thieme [70, 81,
82] has given a broad survey on this problem as one of
the tasks of the 1ITTC maneuverability committee. In the
report, he has pointed out [81], that the difference in the
Reynolds number at the rudder between a model and a
full scale ship should be taken into account. Rakamarié
[83] has reported a very interesting trial in which he tried
to warm up the model rudder so that the results give an
apparent increase in the Reynolds number.

Unusual phenomena associated with full and blunt bodied
ship forms

As well as the above mentioned scale effect between a
model and a full scale ship, there exist unusual phenom-
ena in which model experiments give much smaller
turning rates than full scale trials in the range of small
rudder angles [84]. These phenomena are always asso-
ciated with very full and blunt ships such as the recent
supertankers. Such phenomena result in an apparent
stabilization on course in the case of motion at low turn-
ing rates such as turning at rudder angles of less than

10 degrees or in zig-zag motions where the rudder angle
is less than 10 degrees.

Particularly, in case of course unstable ships, it may hap-
pen that model data may indicate the ship is stable on
course while the full scale ship is really unstable. In such
a case, the prediction of full scale maneuverability by
model experiments is practically impossible.

Some examples are shown in Figs. 17, 18 and 19. Fig. 17
is a result of reversed spiral tests on a supertanker in
which the marks ‘4’ show the full scale data and the
marks ‘0’ show the model data. In Fig. 17, the model
data show that the ship is very stable on course in vicinity
of 6 = 0 while the full scale data show that the ship is
unstable on course, with an appreciable unstable loop.
In Fig. 18, the overshoot angle /5 and time lag 7, ob-
tained from a zig-zag maneuver are shown for a tanker,
304 m in length. In Fig. 18, it will be noticed that at
small rudder angles, the model data show remarkably
small values for both the overshoot angle and time lag
compared with the full scale data. Fig. 19 shows the
results of K T analysis of the same ship. The same trend,
that the model ship is apparently more stable than the
full scale ship at small rudder angles will again be observ-
ed. These phenomena have been supposed to be induced
by a flow separation at the stern of the model ships.

In recent years, however, these unusual phenomena have
begun to appear even in full scale ships which are very
blunt (L/B less than 6) and full (C, greater than 0.83). In
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the case of full scale ships, these unusual phenomena
often show a capricious and unsteady nature sometimes
appearing and sometimes disappearing under the same
test conditions. Some full scale ships were reported to
have shown yawing without the presence of periodical
external forces due to wind, waves or currents [86]. These
ships are presumed to be as shown in Fig. 20. In Fig. 20,
this ship is originally an unstable ship associated with an
unstable loop (A in Fig. 20), but may take any value of
turning rate within the loop A depending upon circum-
stances such as the present turning rate, hysteresis of
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motion etc. Since these test results are random, many
plots will give an average line B which, as a result, shows
that on the average this ship is stable on course.

A critical Reynolds number at which such unusual
phenomena appear seems to depend on ship’s fullness
and bluntness. The more full and the more blunt, the
lower the critical Reynolds number. Roughly speaking,
it might be stated if C, is less than 0.83, and L/B is larger
than 6, the critical Reynolds number is just lower than
that associated with full scale ships and the unusual
phenomena appear only in model tests. However, if C,
is greater than 0.83 and L/B is less than 6, the critical
Reynolds number becomes comparable to that of full
scale ship tests as well. However, no reasonable proof hasi
yet been given.



An attempt to reduce the unusual phenomena by attach-
ing a pair of horizontal fins at the bossing of the propeller
has been made [87].

Analysis of motion and definitions of maneuverability
History

As described in the introduction, a definition of the ma-
neuverability is focused on the turning ability and only
the turning radius, tactical diameter, the advance and the
transfer have been used as the measure of the maneuver-
ability. In 1944, Davidson [3, 4] introduced a new way of
treating the maneuverability in which he used equations
of motion about the body-axis. He also has given a clear
explanation of the course keeping ability. He pointed out
that if the solution of eq. 5 is written in the form of

r = Ae*' + Be*

whichever of A, or 4, has the smaller absolute value

(say A,) gives the significant effect to r and it can be used
as a measure of the course stability.

Since Kempf [5] introduced the zig-zag maneuver in
1944, the importance of the course stability and ship
handling quality has attracted public attention. As is
well known, Kempf himself proposed a standard to judge
the handling quality of ships as follows: First a 10°~10°
zig-zag maneuver is conducted on a ship, the rudder
being switched four times, the distance run from the first
execution of the rudder till the point when the ship’s
heading comes back to the original course after four
switchings of the rudder is recorded. The distance thus
obtained divided by the ship length is taken to be a
measure. According to Kempf, this figure falls in a range
of 6-10 for normal ships with reasonable handling quali-
ties. Gertler and Gover [88] have proposed the use of the
overshoot angle as a measure of handling quality.

Nomoto’s K T analysis (frequency response analysis)

Nomoto [7, 8, 9] made a unique approach in analyzing
Kempf’s zig-zag test in which he made use of the theory
of servo-mechanisms. He showed that the equations of
motion of most ships were well approximated by first
order equations and gave a clear explanation of the rela-
tion between the course keeping quality and the turning
ability as summarized below:

First, the transfer function of #’ to 6 is obtained by
Laplace transformation from eq. 5.

, K (1 + Ty
() P a8 ) (12)
1+T' p(+T p
Expanding (12) for small values of p, we get
Y'(p) = Kl[l - +T,—T3)p+
+T 2+ T2+ T, T,—T,T;5 —
— T'5T')p* —...] (13)

On the other hand a first order approximation of eq. 5 is
given as follows

T/"./ + rl - K/ 51 (14)
The transfer function of (14) is
’ K/ ’ ’ 12
Y'(p) = =K'(1-Tp+T*"p—....) (15
1+ T'p
Therefore, if we equate
T'=T,/4+T,-T, (16)

eq. 5is approximated by eq. (14).

Since this expansion is valid for small values of p, when
p — 0 the solution of eq. (14) coincides the solution of
eq. (5), viz., eq. (14) gives the exact value when the time
elapsed is sufficiently long. By the first order approxima-
tion, the maneuverability can be expressed by only two
parameters K and 7" of which 7 indicates the time lag of
the ship’s response to the helm angle, while K indicates
the turning ability. 7'is also very close to an inverse of
the course stability index 1, with reversed sign. There-
fore T is also a measure of the course stability of ships.
K and T, named by Nomoto as the maneuverability
indices, are now widely used in expressing the maneuver-
ability of ships. Nomoto has also shown a method of
obtaining the K and 7 indices from zig-zag test data, and
this is now commonly used. In Figs. 21 and 22 examples
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Fig. 21 First-order system approximation for turning
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Fig. 22b Zig-zag test result for a supertanker.

of solutions of the first approximation are compared with
solutions of the second order equation in the case of the
turning test and zig-zag test.

Norrbin’s P index

To define the rudder effectiveness, which is the ship’s
initial response to the rudder angle, Norrbin [90] pro-
posed an index P which is the change of heading of a ship
per unit rudder angle when the ship has run one

ship length after execution of the rudder. The P index is
obtained by putting the non-dimensionalized time 7’ in
the solution of eq. 14 to be 1.

1
iyl = '(1—T'+T'e_F> (17)

Norrbin showed, based on many data, that P should be
larger than 0.3 to secure reasonable rudder effectiveness.
Nomoto [90] also proposed P > 0.2 for supertankers.
The P index can be approximated as follows by expanding
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1
thee T’ term of eq. 17.

P= (18)

=
SR

In Fig. 23, the P index (eq. 17), the approximate value of
P (eq. 18) and full scale ship data are shown ona 7"
basis with K’ as the ordinate.

Non-linear analysis

Linear equations fit fairly well over a wide range of turn-
ing rates in the case of course stable ships. However, in
case of ships with poor course stability, linear equations
do not give a good approximation due to the effect of
non-linearity.

To overcome this problem, many attempts have been
made to add a minimum number of non-linear terms to
get a reasonable approximation as described in the
chapter on equations of motion. Both r? type non-linear
terms and Bech type KH(r) non-linear terms seem to give
reasonable results.

Phase plane analysis

Recently, phase plane analysis has become to be used in
analyzing the response ability of ships to the rudder. In
phase plane analysis, ship motion is transformed into an
r —r plane, an example of which is shown in Fig. 24.
Fig. 24 is a phase plane portrait of the zig-zag maneuver
of a ship represented by a second order equation of
motion. There are many ways of using phase plane por-
traits. Of these, an example given in [21] will be shown
here, in which coefficients of non-linear equation of
motion of the 2nd order are obtained.

First, put the slope of the phase plane portrait equal to s.

_& (19)
dr
then,
2.t or F = SF (20)
dr F

If the slope s is measured at constant J, we get from eq. 9,

SF = @2n

Since H(r) is known from a spiral test result, if the slope
is measured at two points, we can get 7 and 7. Next,
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if the slope is measured where the rudder is moving at a
constant rate, since Ty, T, and H(r) are known in eq. 9,
we can get 75. Norrbin has shown ways of analyzing
ships which have strong non-linear tendencies [91, 92].

Simulation

The purpose of simulation of ship motions seems to be
classified into two groups; one is for training crews or for
studies of the human engineering in relation to control
problems, and the other is for predicting ship motions.

For training and human engineering studies

This is simulated on a real time basis (usually using ana-
logue computers) by which the ship’s response to the
rudder angle is computed and is displayed by the move-
ment of a compass card or by a projection showing the
changing view from the wheelhouse of a ship, so that the
person steering feels as if he is really steering a full scale
ship.

The equipment at TNO Delft [93] at NsmB [94, 179], and
at sspA [180], are famous. In the case of NsMB, the out-
side view is projected by a projector on top of the wheel-
house onto a cylindrical screen spreading around 360°.
The silhouettes of islands and harbours are projected,
their shapes being changed simultaneously by a servo-
mechanism so that the ship’s motion is more realistic.
Maneuvering characteristics of an assumed ship can be
easily changed by changing the setting of the computer.
These simulators are not only useful in training crews for
a specified size of ship or for specified maneuvering
characteristics, but can be used for studies of the psycho-
logical effect of a ship’s maneuverability on a crew, and
of the response ability of the crew to the environments.
The equation of motion used for this purpose is usually
simpler than in the first case. Not exactly a simulator but
for the same purposes, Esso at its training center at
Grenoble France (Esso REM) [181], is using large sized
ship models which are installed with realistic steering
gear, engine telegraph and meters etc. for training the
crew of supertankers. This method is handicapped by
the fact that the time is also scaled down. However, it is
said that this method is still usable for training crews in
approaching buoys or in passing through narrow chan-
nels where they can try more adventurous steering than
they would ever dare to try on a full scale ship, and they
can experience the effect of bank suction and so on.
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Prediction of ship motions

This method is to compute ship motions under steerage
by making use of higher order non-linear equations,
fitting higher order derivatives obtained from model ex-
periments. Digital computers are usually used for this
purpose. The purpose of this method is to predict ship
motions before a ship is constructed or to predict mo-
tions of a ship under conditions which are too severe for
a full scale ship to try. It will also be possible to extra-
polate a limited amount of full scale data into a wider
range of conditions. This method is also useful for auto-
pilot designs. For the equations of motion, 3rd degree
higher order equations as described in the chapter on
equations of motion are commonly used [22, 95, 96 and
98]. The simulation of full scale maneuvering data by
simple equations has also been tried [20]. Some examples
of simulations are shown in Figs. 25 through 29. Fig. 25
is a result of simulation of the zig-zag test by Strem-
Tejsen [22], Fig. 26 is a comparison of simulation by a
linear equation and a non-linear equation by Inoue [97],
Fig. 27 is a simulation of the effect of wind on a turning
test by Ogawa [95]; Fig. 28 is a simulation of the initial
stages of steered motion of a ship by Eda & Crain [98],
Fig. 29 is a simulation of the spiral test by Norrbin [96].
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Simulation of the harbour traffic

Sugisaki and Watanabe [100] tried to use a digital com-
puter to simulate traffic condition in a strait and obtained
the traffic capacity of the strait. In these trials, it is as-
sumed that a ship has its own closed domain which con-
sists of an ellipse 8 ship lengths long in the front, 4 ship
lengths wide, and an ellipse 2 ship lengths long in the
rear. As soon as another ship enters this domain, the
ship should change its heading by 15° (or 30° if neces-
sary) in a direction such that the other ship is excluded
from the domain. In the case where any change of head-
ing is impossible, the ship should slow down until the
other ship is excluded from the domain. The loci of ships
are successively computed, assuming ships arrive at a
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DENSITY X AVERAGE SPEED (1/100)

Q

starting line at the end of the strait in random time inter-
vals with a specified distribution in the transverse direc-
tion.

According to the result, the average ship speed goes
down as the average density of ships per area of the
strait increases. This relation is shown in Fig. 30.
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Fig. 30 Simulation of the traffic capacity.

Automatic control and routing

The purpose of the automatic control of ships was basi-
cally to maintain ships on a straight course. However, in
recent years, its range of usage has widened to cover the
routing of ships in a wide sense and the improvement of
safety and reliability as summarized in the following:

a Improvement of the efficiency of a system under
consideration,

b Improvement of safety and reliability,

¢ Decreasing man labor.

Automatic control in the ocean

a Selection (Determination) of the route

It is a difficult problem to select an optimum route from
port to port under varying environmental conditions
since the evaluation depends on the kind of ship and the
kind of cargo. In recent years advice on the optimum
routes for ships based on weather forecasts has become a
commercial service. It is expected that every ship will
select its optimum route by the aid of a computer on
board the ship. In the case of a routing system in use in
the United States of America [101] evaluation of the op-
timum is based on minimizing the time to get to the port
of destination, and the wave forecast for five days is used
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as input data. In this method, the Atlantic ocean is
divided into grids and significant wave heights and direc-
tions are given for each mesh. The characteristics of the
ship are represented by a simplified model in which the
loss of ship speed is given as a function of significant
wave height and relative direction of the waves. A ship’s
course obtained by a routing equation under the condi-
tion of minimum navigating time is delivered to the ship.
At present, the captain gives the final decision based on
this information.

b Automatic control onto a predetermined course
When the optimum route is decided, the next problem is
how to keep the ship on course under effects of wind,
waves and currents. This technique can be called auto-
matic control in a narrow sense. This has been done in
such a way that the position of the ship is occasionally
measured, and the ship is controlled on a straight course
until the next measurement. In recent years, as radio
locating devices or navigation satellites have become
available, it is becoming possible to feedback the ship’s
position frequently or continuously. If there are no dis-
turbances due to the environment, the best control has a
minimum deviation from the predetermined course.
Existing auto-pilots give excellent performances for this
purpose [188]. However, under the influence of perpetual
wind and waves, minimum deviation does not necessarily
give the optimum efficiency for a system. Koyama [102]
defined the optimum efficiency of automatic control as
‘minimizing the energy loss in advancing under the in-
fluences of wind and waves’. He offered an evaluation
function as shown below and defined that an auto-pilot
which makes this evaluation function a minimum has
optimum performance.

J =024 152 (22)

where
02 is the square mean of the deviation of heading
2 is the square mean of the rudder angle
A is a weighting function.

Eq. (22) shows that, if the control is too intense, although
0 will decrease, ¢ will increase, resulting in an increased
energy loss due to the drag of the rudder, and that if the
control is too weak, although ¢ will decrease, 0 will
increase resulting in an increase in the course length

[103, 104, 105, 106].

According to Koyama, 4 is about 8 for Mariner type
ships. This means that the intensity of optimum control

is rather small compared to what had previously been
thought reasonable. In making J a minimum, the most

difficult problem is how to filter out higher frequency
disturbances which are the cause of frequent rudder
movements. As is well known, the simple method of
allowing a certain amount of play in the detection of the
heading angle causes a delay resulting in the decreased
damping of the system. Many methods such as putting
in a dead band or putting a restriction on the rudder
amplitude have been tried and these are the speciality of
each existing auto-pilot.

Automatic control in a closed waterway

a Automatic guidance

The necessity of automatic guidance on a predetermined
network of courses in a harbour area to avoid collisions
and strandings seems imminent. There appear to be two
methods: one is to control the ship by a land based
system, the ship only receiving and following the signal,
and the other is to give a specified course to a ship and
allowing it to follow that course using its own system. In
either case, since the allowable error in position is very
small compared to the case of ocean routing, it will be
necessary to make frequent positional checks and to make
corrections taking into account the ship’s motion charac-
teristics and the effects of wind and current. There have
been many studies in this field [111, 112, 113, 182, 183].

b Assistance to the manual steering

Usually a ship is controlled manually in a harbour area
where traffic is busy. However, in the case of modern
supertankers, ship motion is so sluggish, due to the
tremendously large time constant, that it is beyond the
range of human sensitivity to detect such comparatively
slow changes of circumstance. To overcome this fact, it
will be possible to assist human sensitivity by displaying
an amplified turning rate (for instance) so that the helms-
man can detect the ship’s motions much easier. A method
of displaying an amplified approaching speed for a ship
to a pier is now in practical use. In this connection,
Motora and Koyama [107, 187] have suggested a method
in which an automatic control to stabilize a ship is applied
to an originally unstable ship. The ship therefore re-
sponds to the helm angle which is modified by the auto-
matic control from the original helm angle which the
helmsman has taken.

In this way, the helmsman feels as if he is steering a
stable ship which feels very easy to steer. Moreover, since
the ship is originally unstable, it can turn quite well when
the automatic control is shut off if necessary. In the above
mentioned cases, a closed loop system which contains both
the ship and helmsman should be considered [108, 109].
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A motion predictor which can display the result of a
contemplated steering maneuver at any instant will be a
great help for a helmsman or captain in an emergency to
judge whether the action he is going to take is adequate
[184, 185].

Norrbin [186] made a broad survey of this problem.

Maneuverability in restricted waters

Research works into the maneuverability in restricted
waters have been done in relation to navigation through
the Suez and Panama canals and inland waterways.
Among them, the work by Baker [114] dealing with
general problems of restricted waters, a series of ex-
periments at the Paris Model Basin [123, 124], general
descriptions by Smitt Stiebitz [115 to 119] and extensive
experimental studies at DT™B [120, 121, 122] are famous.
In accordance with the appearance of supertankers, the
problem of restricted waters becomes very important
because most coastal water areas can no longer be con-
sidered as deep water. In view of the increasing im-
portance of the maneuverability in restricted waters, the
ITTC maneuverability committee has recommended taking
this problem as one of its tasks, and Motora and Fujino
[126] made a review at the 11th 1TTC on this problem.
At the 12th 1TTC, Norrbin [127] gave a review on new
problems in this field, and Motora [128] tried to review
Japanese work in this field.

Maneuverability in shallow water

a Hydrodynamic force and moment in shallow water
The waterflow around a ship in shallow water differs
from that in deep water, a relatively low pressure being
generated at the bottom, resulting in an increased draft.
This phenomenon is well known as ‘squat’. Other than
squat, changes in the added mass, yaw damping and sway
damping etc. appear due to the change of flow around a
ship as the bottom clearance decreases. There are two
theories for studying the hydrodynamic forces in shallow
water: low aspect ratio wing theory and slender body
theory. Kan and Hanaoka [131] have obtained the lateral
force acting on a flat plate of specified draft by making
use of the low aspect ratio wing theory. They treated
infinite images of a flat plate in which the breadth is

twice the draft and the spacing is twice the water depth.
The result was expressed by a coefficient k which is the
ratio of the lateral force at depth H, Yy, to the lateral
force at infinite depth Y,
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kp = TH cos h™! B ¢ (23)
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It was also shown that the ratio of added mass and added
moment of inertia are also equal to k. Newman [132]
and Tuck [133] have investigated the slender body theory.
Newman has pointed out that the flow at the bow and
stern is not two-dimensional, and has separated the flow
into an inner and outer region, and has matched the two
kinds of flows. The result was given by a coefficient which
is exactly the same as in eq. (23).

=
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Comparing this result to Kan and Hanaoka’s result, both
agree quite well when k& = 0. At values other than k = 0,
for instance k = 0.1, there are slight differences in m,,

J, and N (see Fig. 31).
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Fig. 31a, b, ¢, d Shallow water effectiveness coefficients (from [176]).
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Inoue and Murayama [135] also made a calculation of
the hydrodynamic force by low aspect ratio wing theory.
The result lies in between the values for a flat plate and a
circular cylinder obtained by Kan and Hanaoka (see
Fig. 32). Experimental values have been obtained by
Brard [123] and Fujino [129]. Fujino measured added
mass, added moment of inertia and rotary derivatives in
a shallow basin by making use of the pmMm technique.
Results are plotted in Fig. 32 and are compared with the
theoretical value of Inoue.

b Effect of shallow water on the maneuverability

It has been found by experiments that due to the change
of the flow around a ship in shallow water, a ship tends
to be more stable on course and less turnable in shallower
water. This tendency is also explained theoretically [131].
For experimental data, full scale data by Motora and
Couch [137] and model experimental data by Baker
[114], Brard [123], Bindel [124], Koseki and others [139]
and by a Japanese research organization [145] are avail-

® BRARD HIT =1.25
x .,  HIT=1337
EXPERIMENT | o EyJINO (MARINER) H/T=1.5
& ., (TANKER) HIT=15
70 — a
60 |— HI/T=11

able. There are also simulation results based on model
experiment data by Fujino [129, 130], Norrbin [96] and
Eda and Crane [143].

Summarizing these results, it can be concluded that a
ship tends to be more stable on course and less turnable
as the water depth becomes shallow except at a middle
depth where it is reported [139, 129] that a ship becomes
less stable and more turnable than in deep water. An
example is shown in Fig. 33. Fujino obtained a similar
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result by a simulation based on the derivatives measured
by PmM technique.

Maneuverability in narrow channels

a Hydrodynamic force and moment.

When the waterway is narrow as well as shallow, the
blocked waterflow around a ship becomes faster than in
the case of shallow water only. If a ship is off center in a
channel, viz. in case of off-set navigation, due to asym-
metry, the ship will be acted on by a lateral force and
moment pulling the ship towards the near bank and
pushing the bow of the ship away from the near bank.
This force and moment have been called bank suction.
Inoue and Kijima [136] obtained bank suction forces by
Bolley’s low aspect wing theory (see Fig. 34). In Fig. 34,
the ratio of hydrodynamic force and moment in a channel
of width W and that in unrestricted width but the same
depth is shown. There is also much experimental work,
among which an extensive experiment conducted at
DTMB [120, 121, 122, 141] in relation to a modernization
of the Panama Canal, is famous. Fujino [130] measured
stability derivatives and the bank suction of ships in
canals making use of the PMM technique. Table 4 is an
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Fig. 34a, b, ¢, d Restricted width coefficient (from [176]).

example of his measurement on a Mariner ship model.
Y," and N, are the normalized bank suction force and
moment. In measuring ¥, and N," in a channel by the
PMM technique, it is necessary to correct for the effect of
bank suction. From Table 4 it will be noticed that values
of the derivatives in general increase as the width of the
channel decreases.

b Effect of restricted width on the maneuverability
While a ship tends to be more stable on course due to
increased derivatives, bank suction acts to make a ship
unstable. Therefore, as a consequence, a ship will become
less stable on course in a narrow canal. This trend is
emphasized due to squat when the ship speed increases.
Moody [121, 122] has conducted an extensive experimen-
tal study in this field. Brard [123], Bindel [124] and Hooft
[147] conducted extensive experiments by free running
models through model canals and obtained a critical
speed range above which a ship cannot navigate safely
through a canal.

Simulation of ship motions in canals based on empirical
derivatives has been done by Fujino [130] and Eda and
Crane [143]. According to Fujino, both the Mariner ship
and tanker which he tested became unstable in a canal
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Table 4 Hydrodynamic coefficients of a Mariner Class ship in a narrow channel (Fn = 0.0905) (From [130])

Type of test HIT =13 H|T=1.5 HIT=19
W|B 5.56 4.17 2.78 5.56 4.17 2.78 5.56 4.17 2.78
Forced yaw test m'+m'y, 263 30.9 35.7 23.8 25.0 25.8 19.8 20.2 21,2
Yy 57.0 73.7 96.7 30.1 35.6 41.6 20.3 21.8 23.2
Ny -0.469 -0.555 -0.699 0.134 -0.012 0.015 0.041 -0.023 0.124
Ny’ 12.5 14.2 18.4 8.50 9.86  12.08 5.88 6.67 7.23
Xy 2.17 4.37 778 -142 -0362 221 -3.60 -3.54 -2.57
¥4 217 262 341 -134 -1.17 -147 0676 -0.722 -0.826
N -493 547 727 362 -3.75 443 -274 290 -3.07
L'+7 125 1.41 1.82 1.24 1.28 1.42 1.11 1.16 1.21
Oblique tow test Yy 82.6 982  136.1 39.5 42.6 50.5 22,7 24.5 24.6
Ny’ 9.34  10.6 15.2 8.17 9.31 11.91 6.39 7.24 7.92
Rudder force measurement test Y’ 4.45 4.63 4.78 3.68 3.92 4.37 3.60 3.67 3.59
Ny’ -194 -193 236 -1.78 -1.89 -206 -1.52 -1.66 -1.76
Asymmetric hydrodynamic b g 699 134 33.5 4.23 920 274 235 5.85° 13.31
force measurement test N, -1.14 324 -1245 -0.689 -1.770 -5.012 -0.305 -0.846 -2.43

Note: All figures must be multiplied by 103,

due to the effect of bank suction. He also showed that i

these ships may easily be stabilized by applying a simple

automatic control proportional to the heading angle. i

This means that these ships are manually controllable in

a canal even though it causes them to be unstable on 0004 -

course. It is also interesting to know that a rate control

is useless in stabilizing a ship in this case. s/L o

Squat 0002 |-

Due to increased flow velocity around a ship in shallow B

water and in canals, a ship tends to squat. The amount of

squat is greater when the water depth is shallower and the . i . . , i . §
width of the channel is narrower. Particularly in narrow 05 06 . o7 o8
and shallow canals, ships sometimes touch the bottom. -

Therefore, it is necessary to keep a ship’s speed lower Fig. 35

than the critical speed. Theoretically, the squatting force

has been studied by Constantine [125] and Tuck [133,

134]. Tuck has calculated the squatting force of a slender compared the results with model experiment data.

ship in shallow water and in a canal. The result agrees Experiments in restricted waters have been mostly con-
qualitatively with experimental data (see Fig. 35). There ducted in towing tanks installed with false bottoms.
are also many experimental results in this field. Bindel However, it has been pointed out that experimental
[124] and Helm [146] have obtained a critical speed data conducted with false bottoms may include signifi-
range above which squat will cause a ship to touch the cant errors [144]. With this in mind, some establishments
bottom (see Fig. 36). have begun to construct shallow water basins for this
Honda and others [145] have conducted extensive full purpose. The new current and wave basin in NSMB is
scale measurements on squat at Malacca Strait and famous among this kind of basin [149].
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Stopping maneuver

It is well known that in an emergency, the best method
of avoiding a collision is to steer to hard over, provided
there is enough sea room. This is because, except at low
forward speeds, the forward distance travelled in a full
turn is much smaller than that travelled after a full astern
order is given. This relation is shown in Fig. 37. Never-
theless, the stopping maneuver is an important means of
avoiding a collision since there may not be enough sea
room to make a turn.
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Stopping distance

Since the speed of a ship stays almost constant as the size
of the ship increases, the thrust of propeller per unit dis-
placement of a ship decreases as the size of the ship in-
creases. Therefore the stopping distance of ships has been
increasing as the ship size has kept increasing. Fig. 38
shows the relation between the stopping distance and the
displacement. Several trials, both theoretical and experi-
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Fig. 38 Relation between stopping distance and displacement.

mental, to estimate the stopping distance have been

made [156, 157, 158, 159, 160, 161, 162]. Among them, the
work by Hewins, Chase and Ruiz [156, 157] and the
further work by SNAME [160] are famous. According to
[12], the fundamental equation of motion is written as:

(m+ m) = T, 1)~ R, 25)

where T, is the propeller thrust, #, is the thrust deduction
and R, is the resistance of a ship. A change in the thrust
can be separated into the following three groups;

a From the execution of a full astern order until the
propeller thrust becomes zero. The propeller keeps turn-
ing in the right direction.

b From the generation of negative thrust until the
propeller stops.

¢ From the beginning of the reverse turn of the pro-
peller until the ship stops.

Assuming the thrust for these three stages [163, 162] eq.
25 can be solved, the stopping distance and time will be
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obtained. In [12], a simplified method to obtain the
stopping distance as function of the initial speed, initial
resistance, and reverse thrust is shown. The effect of
parameters such as the initial speed, type of propeller,
type of engines etc. on the stopping distance has also
been treated by many research workers [164, 165, 166,
169].

Effect of steering

The effect of steering during the stopping procedure is
also an important and difficult problem. Hooft [167]
measured the hydrodynamic force and moment acting
on a stopping steered ship by the MM technique, and
Yamanouchi and others [168] conducted the same kind
of measurements on a straight towed model. Both tests
showed that the rudder force decreases drastically when
the propeller is reversed resulting in a sudden loss of
maneuverability. Tani [163], showed that the stopping
distance is affected by the turning of the ship.
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Auxiliary devices for emergency stops

To decrease the stopping distance particularly of large
ships, several auxiliary methods have been tried.

1 Brake flaps

A bow flap [170, 189], a flap at the shoulder [171] and a
stern flap [172] have all been tried, and a trial of opening
up the rudder [173] has also been made. The ratio of
hull resistances for each device is shown in Fig. 39. There
is no doubt that these devices are effective to some ex-
tent, but there appear to be difficulties in the strength of
the flaps.

2 Water parachutes

A full scale trial on a 80,000 bwT tanker installed with 4
parachutes has been made [174] in which parachutes
were installed on board the deck and were dropped into
water with ropes. It was reported that the stopping
distance was decreased by 37 %.

List of symbols

1 Inertia

m mass

my, my, m, added mass for x, y, z direction

y A moment of inertia about x, y, z axis

Jy, Jy, J;  added moment of inertia about x, y, z axis

s distance between center of gravity (CG) and
center of lateral added mass.

2 Motions

U speed of CG.

u,v, w X, ¥, zcomponents of the speed
p drift angle

o rudder angle

v heading angle

r=y turning rate

Fn=U]| \/ gL Froude number
circular frequency
time

density

acceleration of gravity
turning diameter
turning radius

R 8

3 Force and moment

X, Y, Z X, ¥, z components of the force

N moment about Z axis

X, etc. 0x/0u etc.

X,y etc. 0%x/0u? etc., X, etc., 03x/0u? etc.
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TH Delft Technological University Delft
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