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SHIP MOTIONS IN RESTRICTED WATERS
—Tank Tests—

By Fukuzo TASAT*, Mikio TAKAKI** and Makoto OHKUSU***

We measured radiation forces and wave exciting forces acting on a ship
model in a canal and measured amplitudes of ship motions in regular
waves. Those experimental results are compared with theoretical ones
obtained by so-called “New Strip Method”. The reasons for the difference
of response curves of ship motions in regular waves between restricted
waters and open sea are mostly made clear by experiments and theoretical
considerations done in this investigation.

1. Introduction

It has been well known since early time that motions of a ship model
and hydrodynamic forces acting on her are affected by interference of tank
wall due to reflection from tank wall of waves generated by her motions in
an experimental long tank. It is an important problem to predict these
interferences of tank walls quantitatively in order to know characteristics of
ship motions in open sea from an experimental study at a long water tank.
It is also necessary to take effect of water depth into account in addition
to effect of water breadth, if a long tank is a shallow depth. The condition
of restricted breadth and restricted water depth is equivalent to that for an
actual ship operating in a canal or a channel.

Hanaoka® and Hosoda® studied theoretically interference of tank wall
affecting longitudinal motions of a ship in water of infinite depth, while
Vossers & Swaan, ® Murdy? and Takezawa & Jingu® investigated experi-
mentally on it. Hanaoka evaluated hydrodynamic forces acting on a ship
model and predicted longitudinal motions of a thin ship in regular waves by
a method, 1 which three-dimensional effect on motions of a ship with a
forward speed is taken into account and the boundary condition on tank
walls is satisfied by taking virtual images of the ship model with respect to
tank walls¥?. Takezawa and Jingu evaluated the angle between the direction
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of ship’s advance and the direction of wave pattern’s propagation which was
generated by a bow of a ship according to Hanaoka's theory®, and estimated
a critical circular frequency at which interference of tank wall began to
affect motions of a ship®.  Isshiki theoretically computed waves generated
in a long canal with a periodic source”. One of the authors measured waves
diffracted by a pile standing in a canal which is hydrodynamically equivalent
to a row of infinitely many piles due to interference of tank walls and showed
that his theory gives results in good agreement with the experimental ones®.

The purpose of the present investigation in this paper is to estimate the
hydrodynamic forces and moments acting on a ship body and the amplitudes
of ship motions in a canal with a finite depth and a finite breadth for
investigating differences between ship motions in a deep sea and a canal.
We performed following three kinds of experiments in a water way const-
ructed in our deep water tank for doing these experiments:

(i) Forced oscillating tests

(ii) Measurements of wave exciting forces

(iii) Measurements of ship motions in regular waves
We compared results in each experiment with theoretically calculated ones
obtained by so-called “New Strip Theory” which does not take an inter-
ference effect of tank walls into account and derived some useful conclusions
from consideration on the results.

2. Tank tests

Tank tests were performed in a canal which was especially constructed
in the deep water tank of the Tsuyazaki Sea Safety Research Laboratory, the
Research Institute for Applied Mechanics of Kyushu University.

2.1 Construction of canal

One way to make a shallow water condition in an existing deep water
tank is to draw out water from a deep water tank and another is to build a
false bottom in a deep water tank. In the former case we cannot use the
existing experimental equipments to carry out forced oscillating test and to
measure amplitudes of ship motions because of increasing distance between
a surface of water and a towing carriage, and we have to make new experi-
mental instruments. On the contrary, in the latter we can use the existing
experimental instruments.

We adopted the latter plan and especially built a canal (LX BXd=50 m
X4 mx0.7m) in the deep water tank (LX BXd=8)0 mx8 mx3.5m) as shown
in Fig.2.1. The water depth of the canal is variable from 0.2 m to 0.5 m
by drawing or pouring water. And a wave making machine of flutter type
was set at the end of the canal to generate waves with periods from 0.6
seconds to 3.0 seconds. The view of the canal and the wave making machine
are shown in Photes 2.1~2. 4.
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Fig. 2.1  General arrangement of canal

Photo 2.1  General view of canal before filling water

2.2 Methods and conditions of experiments

For the purpose of evaluating the effects of tank walls and water bottom
on hydrodynamic forces acting on a ship and on ship motions in a canal
with a finite depth and breadth for investigating differences between ship
motions in deep water and in a canal, we performed three kinds of experi-
ments mentioned in section 1 by using the ship model “Kasagisanmaru” for
which hydrodynamic forces and response functions of motions in deep water
had been studied. Experimental condition for the model is a full load condi-
tion and her principal dimensions are shown in Table 2.1. The experiment
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Photo 2.2

Photo 2.4

General view of canal with full water

Regular wave generated in a canal
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Table 2.1
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Principal dimensions of ship model

Length between pependiculars

Breadth of ship
Draft
Displacement
Block coefficient
Metacentric height

Height of gravity from water line
Distance of gravity from midship

Radius of longitudinal gyration for yaw

at forced yawing test
Radius of transverse gyration for roll

at forced rolling test

Radius of longitudinal gyration for pitch

at forced pitching test and ship motions
Radius of transverse gyration for roll
at test of ship motions
With bildge keel and rudder

Without propeller

Lpp = 3.00 m
B = 0.493 m
T = 0.194m
4 =231.1 Kg
Cp = 0.8243
GM = 0.045 m
OG = 0.040 m
%G = 0.089 m
Ky = 0.226 Lyp
K, = 0.305B
K, = 0.210 Lpp
K, = 0.316 B

Table 2.2 Conditions of forced oscillating tests
Mode Amplitude ‘ Ship Speed Frequency Depth of water
Forced Sway ya=2 cm Fr=0, 0.1 9 _
. | g5 | MTELS
| pa=5° 10°, Fp=0, 0.075, _
Forced Roll 2 12.5°, 1g° " 010 1.45 1.8
|
| w=1.59
—1° ° F,= .
Forced Yaw l«/u 15, 2° | Fa=0, 0.10 g
Forced Heave ! Zs4=1.5 cm Fa=0, 0.075, (1/sec)
Forced Pitch' ‘ fa=1.43° 0.10
Table 2.3 Conditions of measurement of wave exciting forces

Conditions

Ship Speed

Wave Frequency

Depth of water

Head sea (#=180°)

Fn,=0, 0.075, 0.10

Bow sea (¢#=135°)

Fr=0

Beam sea (#=90°)

Fn=0

w?
~1.1
w=2.24

h/T=1.3,
1.8

~7.5
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Table 2.4 Conditions of ship motions
Conditions Ship Speed Wave Frequency Depth of water
Head sea (#=180°) | Fn=0, 0.075, 0.1 w?% T-0.1 h/T=1.3,
Bow sea (u#=135° Fn=0 ~L1 1.8
w=2.24
Beam sea (= 90°) Frn=0 ~7.5

was carried out in a water depth 1.8 times and 1.3 times (water depth: 2=
0.349 m, 0.252 m) as deep as draft of the model since it had been shown in
the previous papers'®~'? that effects of water depth affected hydrodynamic
forces on a ship and on ship motions in waves of water depth smaller than

twice of a ship’s draft.

2.2~2.4.

3. Equations of ship motions

The experimental conditions are shown in Tables

As shown in Fig.3.1, O-X,Y,Z, is a coordinate system fixed in space
with O'X, parallel to the canal, in which a regular wave progresses to the

¢
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direction of X,. Let O-XYZ be another coordinate system fixed in space
in which O'X coincides with a centerline of a ship and directs forward, and
let 0-%,y,2, be a coordinate system fixed in a ship body, where o is the inter-
section of the centerline in a water plane of a ship and the midship. And
let 0,~xyz be a coordinate system which is moving with a ship with a cons-
tant forward speed.

Suppose that a ship is making small motions in regular waves. The
linear coupling equations for longitudinal motions and the linear coupling
equations for lateral motions in regular waves can be expressed respectively
as follows.

The equation for longitudinal motions:

(M+A11)5E=Fye ............ 3.1

(M+A43)Z+ By Z+CyyZ+ Ayl + By +Cy i =F,,

(Jss+Ass) 04 Byy+Cos+ Ay Z + By, Z+ Cyy Z= Mo J
The equations for lateral motions:

(M“‘Azz)j"‘" Bzzy+Aze‘Z;+ Bze‘ﬁ"‘Azﬂ;"i‘ Bz4¢.=F1/e
(Ju+A)é+ Bud+Cop+ Aui+ By + A+ Bud=M,, 3.3
(Jos+ As6) b+ Bood+ Aes® + By + Agzi+ Bery=M,

The hydrodynamic coefficients A, By and Ci; in the left hand sides of
the equations (3.1) (3.2) and (3.3) represent inertia terms, damping terms
and restoring terms respectively. And the subscript of each coefficient
denotes oscillating mode, i=1: surging mode, {=2: swaying mode, i=3:
heaving mode, {=4: rolling mode, i=>5: pitching mode and i=6: yawing mode.
The hydrodynamic coefficients and the wave exciting force in the equations
3.1), (3.2) and (3.3) obtained by so-called “New Strip Method” are des-
cribed in Appendix I

4. TForced oscillating tests

Forced oscillating tests were performed in the canal shown in Fig. 2. 1.
The forced heaving test and the forced pitching test were carried out with
a ship model set on the center of the canal parallel to it. The ship model
was set perpendicular to the canal for the forced swaying, rolling and yaw-
ing oscillating tests with no forward speed in order to make interference
effects of tank walls as small as possible. With forward speeds, however,
the forced swaying, rolling and yawing tests were performed with a ship
model set on parallel to the .canal but away 0.17 m from the centerline of
the canal because of convenience of forced oscilating machine mechanism.

We measured displacements of the ship model and hydrodynamic forces
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and moments acting on the ship body. These data were compiled by means
of data recorder, and were analyzed with aid of Fourier analysis.  Fourier
component of frequency of ship oscillation were compared with the numerical
results obtained by strip theory.

4.1 Analysis of forced oscillating tests

The coefficients in right hand side of equations (3.2) and (3.3) are
derived respectively from amplitudes of hydrodynamic forces (F,., M, , Fy,,
M, M, ,) and phases (e, ey, ey, €4, ¢4) measured in the forced oscillating test
as follows.

F,, =F,, sin(wit+e,) J
M, =M, , sin(e«t+e,)
Fy, =F,, sin(wt+ey)
M,,=M,, sin(wt+e;) | e 4.2
M¢6:M¢A Sin(d)t+€¢.>
where
F,, : amplitude of radiation force for heave,
M, ,: amplitude of radiation moment for pitch,
F,, : amplitude of radiation force for sway,

M, : amplitude of radiation moment for roll,
M,,: amplitude of radiation moment for yaw,

e, - phase lag between heaving displacement and radiation force of
heaving,

e, . phase lag between pitching displacement and radiation moment
of pitching,

ey : phase lag between swaying displacement and radiation force of
swaying,

es . phase lag between rolling displacement and radiation moment of
rolling,

" g, : phase lag between yawing displacement and radiation moment of

yawing.

There exist following relationships among these coefficients of equations
3.2), (4.1), (3.3) and (4.2).'?

(i) Forced heaving test

F, cose, , C
M Ag=—mg e

F, sine
B — z4 3
33 LDZA
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4 Cs, M, cose,
537

* w’'Z, @
............ 4
B.— M,A sin )
53— CDZA .
(ii) Forced pitching test
- M,,c C
Jost sy = — oS5 08 4.5)
B.— M, sine, ’
L2 = wh,
- C F, .
B Fusine, '
B wl 4 '
(iii) Forced swaying test
M+ A,,=— FVA?OSSz/
i @ra 4.7)
B, — Fy,sine, )
* wY 4 ’
- M,
A42: - ¢:)2i)(:s 2 ’ (4 8)
B,,= M¢4_Sin E¢ )
L 42 a)yA .
T4 =_M¢Ac03e¢
i “ra (4.9)
B.— M,,sine, '
L 62 CUyA .
(iv) Forced rolling test
r M C
Jut+Ayu=—= ¢2)zc¢?j £t 7.)4%, 10
B — M¢A Sirﬁ,t_ )
44 w¢A .
(4, —— Fy,cosey
) @Pa 4.11)
B, Fuasine '
24—

— Py
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M, ,cos e,
A64: T 2,

w2¢;1 ’
T e (4.12)
B,,= M,ysine,
(Ol
(v) Forced yawing test
r M
jae + Aee = _%(:Si,
ST e 4.13)
B — M¢A sin €y
o8 @ 4
r F?IA COS gy
A=
T (4.14)
B, = Fy,siney,
26 wd’A
4 __M,,cose
46 502¢A ’
PP (4.15)
B.— M¢A Sl €4
i Py

As shown in the above relationships, the coefficients of equations (3.2) and
(3.3) can be obtained by performing the five kinds of the forced oscillating
tests (heaving, pitching, swaying, rolling and yawing).

4.2 Expression of experimental results
Non-dimensional coefficients of A,;; and B,; obtained in 4.1 section are

shown as follows:
(i) Coefficients obtained by forced heaving test

B,

M'{"I‘iaf_-T’ stz PL:-i"N/B/Zg,
- A..—C 52 A B,
Ay=Aa—ful B.=Te By
(ii) Coefficients obtained by forced pitching test
BSS

. +4
Jss+ Ass= ]55PL5 2

’ Bssz oL’ '\/B/Zg,

n A,—C 2 5 B. S
A= iﬁﬁ/(i, Bsszﬁi_«/B/Zg.

(iii) Coefficients obtained by forced swaying test

M+A,, B B,
bl k2 2 Bzz__
PA

~/ B/2g,
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PN A A

A42: PA‘tzB, BAZ PAB'\/B/Zg,
~ A ~

AGZ ;jr, BGZ PAL

(iv) Coefficients obtained by forced rolling test

A 5 B, S

]44“|‘A44 J4;sz44 , B,= PA%Z ‘\/B/Zg,
- A . B

AL, Bu=— 5/ BI%,

» A 5 B I

A= pILE" Bu=Z4rpv Bl2.

(v ) Coefficients obtained by forced yawing test

o 7 +A 5 Bs;

]es“}‘Aes:’je;jL'T%’, Bg=- PAL‘ \/B/Zg,

A A 5 B.

Azez_loj[b; , By= ,04216', «/B/Zg,

A Ay 5 _. By T

A= 0ALB’ B4s~ﬁﬁ'~/3/2g.

where

L : length of ship, J:; ¢ mass moment of inertia of
B : breadth of ship, ship for the i-th mode,
M : mass of ship (=p4d), p : density of water,
4 : displacement of ship, g  gravitational acceleration.

4.3 Comparison of theoretical predictions with experimental results

The comparisons of experimental results with theoretical ones obtained
by new strip theory which does not take interference effects of tank walls
into account are shown in Figs. 4.1~4.40. In this paper all theoretical
computations are done with making use of new strip method which does not
take effects of tank walls into account but effects of finite water depth.

4.3.1 Coefficients for heaving and pitching motions

(i) Inertia terms: A,, A,
Measured values of A33 and Ass without a forward speed (¥,=0) show
hump and hollow variations around theoretical curves. The non-dimensional

2
frequencies (—(;— T) at which humps and hollows of experimental values appear

are shown in Table 4. 1.
) When a forward speed is not zero (£,=0.10), experimental values of
A,; and A;; do not show a hump and a hollow variation, and are in agree-
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Fig. 4.1 M+ Ag: Virtual mass coeff. for heave at Fp=0
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Fig. 4.2 M+ Ay Virtual mass coeff. for heave at Fn,=0.10
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(Jss +As5)

A

0.003+

0.002+

0.00 1+

T T T T T
0 0.2 04 06 o038

T T
.o L2 1.4
w?

'@'T

Fig. 4.3 Js+Ag: Virtual mass moment of inertia coeff.
for pitch at Fr=0
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Fig. 4.4 f55+x‘155: Virtual mass moment of inertia coeff.
for pitch at Fr=0.10
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ment with the theoretical ones in high frequency (—Z— T>1. 1). But in

o 2
low frequency (%T<l. 1), measured values of A,, take minimum or maxi-

mum value at the frequency shown in Table 4.1 (Fig.4.2), while humps of
A;s with forward speeds appear at the same frequencies as hollows of A,
without a forward speed appear as shown in Table 4.1 (Fig.4.4). These
humps and hollows appearing in experimental results are considered to be
interference effects of tank walls due to reflection from tank walls of waves
generated by the motions of the ship.

(ii) Damping terms: By, Bss

Without a forward speed, experimental values of B,, and B,, show large
humps and hollows and take maximum values or minimum ones at frequencies
shown in Table 4.2. The minimum values of B,, and By, in low frequencies
are much smaller than theoretical values, while in high frequencies they are
larger than theoretical ones (Fig.4.5). Comparing Table 4. 1 with Table 4. 2,
we can see the maximum values of A,, and B,, appear at almost the same
frequencies. The same tendencies as those in heaving mode appear also in
pitching mode, but those in pitching mode are not so explicit as those in
heaving mode.

With a forward speed (F,=0.10), the humps and hollows of experimental
values B,, appear at the frequencies as shown in Table 4.2 (Fig. 4.6). Humps
of experimental values Bss with a forward speed appear at the same frequen-
cies as hollows of By, without a forward speed appear as shown in Table 4. 2.

» 0.025]
<@
Q A Fn=0 Cal. Exp
= "
o0zol 1t nog h/T=18 °
P o h/T=13 ----- a
: ' Pt ll
0.015 ar e
7] AL Y ‘l
I [
) N b 8 a..
- i 1 ) Iy \ 1B [/ \\
0.010. \,'i J|l| EETE FEY ad A
: ‘,‘ A | o “ /,
! ’
1.3
0005/ | Han N
8. b e ¥ Yy
‘8‘ §\ ‘ﬁ St 8 07\0;
e /g o o
T T

T T T T
0] 02 04 06 08 1.0 L2 L4

Fig. 4.5 B Damping force coeff. heave at Fr=0
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2 0.025
{@m
0.020 . Fn=0.1 Cal. Exp.
o h/T=1.8 [}
h/T=1.3 ----- A
0.015 e .
: v ’,' Q\
-
0.010
0.005._
o
Fig. 4.6
0
© Fn=0 Cal. Exp.
@
0.0010{ h/T=18 o
h/T=13 -=-aa A
| 0.0008_|
B
A /o
00006 ~~ v \ I A
- \\4‘ ’
0.0004 |
0.0002 ]
T T L T T T T
o 02 04 06 08 10 12 14
w?
g T

Fig. 4.7 B Damping moment coeff. for pitch at Fr=0

(iii) Cross coupling terms: A, {135; ?53, By

Experimental values of Ay, A, B,, and B,, without a forward speed
fluctuate around the mean line given by theoretical calculations respectively

at overall experimental frequencies.

However these experimental values

almost satisfy the symmetric relationships (A;;=A,;, Bs;=DB,) as shown in

Figs. 4.9~4.12.

In case of a forward speed (F,=0.10), experimental values of Ay, A,
B,, and B,; also fluctuated around the mean line given by new strip method
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°
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1.0

T
1.2 1.4

Fig. 4.8 B;;: Damping moment coeff. for pitch at Fn =0.10

Table 4.1  Frequency (%ZT> of humps and hollows in Ay

and Ay at Fp=0

h/T=1.3 n/T=1.8
w? w?
g T ’Tg__—T
. Freq. of humps 0.1, 0.4~0.5, 0.85 1.3 ‘0. 2, 0.5~0.6, 0.85 1.3
A
* | Freq. of hollows | 0.2, 0.6, 1.0 |0. 3, 0.7, 1.0
X Freq. of humps )0. 4, 0.5, 0.85 ]0. 5~0.6, 0.85, 1.3
A
® | Freq. of hollows |0. 3, 0.6~0.7, 1.0 0.4, 0.7
602
Table 4.2  Frequencies (?T) when humps and hollows appear
in By and By at Fn=0
h/T=1.3 h/T=1.8
w? w?
g rad
. Freq. of humps 0.2, 0.5, 1.0, 1.35 0.2, 0.6, 1.0, 1.3
B
® | Freq. of hollows |0.35, 0.6, 1.15 0.4, 0.7, 0.8, 1.1
~ Freq. of humps 0.2, 0.6, 1.0 0.3, 0.6, 0.7, 1.0, 1.3
B
® | Freq. of hollows | 0.4, 0.7 0.45, 0.85, 1.15
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Fig. 4.9 Ay Coupling moment coeff. of heave into pitch at Fn=0
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Fig. 4.10 Aj: Coupling force coeff. of pitch into heave at Fn=0

and show hump and hollow variations at almost the same frequency as those
without a forward speed (Figs.4.13~4,16).

4.3.2 Coefficients for swaying, yawing and rolling

(i) No forward speed

Radiation forces (A,, B,,), wave exciting force and response curve for
swaying mode without a forward speed are shown in Figs. 4.17~4. 20. It
is clear that when the ship model is set in the tank so that her center line

39
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Fig. 4.12  Bs;: Coupling moment coeff. of pitch into heave at Frp=0

is perpendicular to the tank wall, the hydrodynamic forces and moments on
the ship model and the amplitudes of the ship motions are scarcely affected
by interference effects of tank walls.
when the ship model is at this position are not shown hereafter, and the
results alone for the ship model set with her centerline parallel to the tank

wall are described in

(ii) Principal terms

Experimental values of A,, and B,, fluctuate around their theoretical
values as shown in Fig.4.21 and Fig.4.22. These humps and hollows appear

this paper.

for swaying: A,, B,

2
at the frequencies (%T) shown in Table 4.3,

0

Consequently the results obtained
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Fig. 4.13  Ay,: Coupling moment coeff. of heave into pitch at Fr=0.10
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Fig, 4.14 Ay Coupling force coeff, of pitch into heave at Fr=0,10
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Fig. 4.18 B,,: Damping coeff. for sway at Fp=0
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Fig. 4.19 Fy,: Wave exciting force for sway at Fr=0 in beam sea condition
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Fig. 4.20 Swaying amplitude at F»=0 in beam sea condition
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2
Table 4.3 Frequencies (—Z“T) when humps and hollows appear

in Ay and By,

h/T=1.3 n/T=1.8
3 :
; v i
| Freq. of humps | 0.1, 0.4~0.5, 1.0 0.2, 0.4~0.5, 1.0
A% | freq. of hollows | 0.20.3 0.6, L1 0.3, 0.6 1.1
~ Freq. of humps 0.2, 0.6, 1.1 0.3, 0.6 1.1
B Freq. of hollows | 0.3, 0.85 0.4, 1.0

From the above table, it is seen that the values of A,, are above the
theoretical values at the frequencies when the values of B,, are under the
theoretical ones and ones of fizz are under the theoretical ones at the fre-
quencies when the values of B,, are above the theoretical ones.

(iii) Principal terms for rolling: A4,, B,

The experimental values of virtual mass moment of inertia for roll fi“
are scarcely affected by interference effects of tank walls. It is because
the wave amplitudes generated by rolling motion are smaller than those
generated by other mode and the amplitudes of reflection wave from the
tank walls consequently are very small. This tendency is different from
that of other modes.

(3 . Fn=0.075 Cal. Exp.(¢a=10°)
< o h/T=1.8 o
t ol6f
<'§ h/T=1.3 --=-- A
T ou4f

o.12F a

o A
0.10F “Sea ° _2_5__,3 ____________
P
o.08- e
0.0

6_
{ 1] 1 1 !
o]

! 1 1 1
02 04 06 08 1O L2 1.4 16

Fig. 4.23 Ju+Ay: Virtual mass moment of ;inertia coeff. for roll at F,=0.075
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Fig. 4.25 B,: Damping moment coeff. for roll at F,=0.075

Experimental values of A,, are in agreement with theoretical ones in
high frequencies, while in low frequencies the experimental values become
larger than the theoretical ones (Figs. 4.23, 4.24). As the water depth
becomes more shallow and the forward speed of ship becomes larger, the
experimental values of the virtual mass moment of inertia ( f44+4‘i“) for
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Fig. 4.26 B,,: Damping moment coeff. for roll at Fn=0.10

2 ~
Table 4.4  Frequencies (—Z——T) when humps and hollows appear in B,

\ n/T=1.3 n/T=1.8
w2 wZ
Fn=0.075 0.2 0.3
Fn=0.10 0.2 0.3

rolling mode become larger than theoretical ones at overall frequencies where
experiment were done (Fig. 4.24).

Experimental values of damping moment for rolling B,, have only one
hump due to interference effects of tank walls at the frequency shown in
Table 4.4 and are scarcely affected by interference effects of tank walls in
other frequencies as in the case of A4,,.

(iv) Principal terms for yawing: Ay, ABGG
Experimental values of Ag and By fluctuate around their theoretical
values respectively as shown in Fig. 4.27 and Fig.4. 28. These humps and

2
hollows appear at the frequencies (%T) shown in Table 4.5.

Iirom theA above table it is seen that :che tendf:ncies of humps and hollows
for Aq and B, are similar to those of A,, and B,, (Figs. 4.21, 4.22).

(v) Cross coupling terms: Ay, By, Agn, By

~

A42) B425 A247 BZ4
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2
Table 4.5 Frequencies <~£§——T) when humps and hollows appear

in Ag and B

w? w?
ot K2
\\\ g T g _
| Frea. of humps | 0.1, 0.3, 0.6, 0.85, 1.15 [ 0.2, 0.4, 0.8, 1.1
A -
® | Freq. of hollows | 0.2, 0.5 0.7, 1.0 0.3, 0.6, 1.0
| Preq. of humps | 0.5, 0.85, 1.3 | 0.4, 07, 1.0, 1.3
B
® | Freq. of hollows | 0.2, 0.7, 1.15 ‘ 0.5, 0.85, 1.15

. The subscript i=2, j=4 of each coefficient denotes coupling term from
rolling mode into swaying mode or from swaying mode into rolling mode.
Experimental values of A,, and B,, fluctuate and reach to the maximum or
minimum value at the same frequencies as fizz and B,, do as shown in Table
4.3 (Fig. 4.29, 4.30). While interference effects of tank walls on A4,, and
B,, are not so strong as ones on /Lz and B,, (Fig. 4.31, 4.32), because
the wave amplitudes generated by rolling motion are smaller than those due
to swaying motion.

0.04+

<

& 0.034
0.02-

0.01 A

-0.0 14

-0.02

-0.03+

Fig. 4.29 Ay,: Coupling moment coeff. of sway into roll at Fn,=0.10
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Fig. 4.30 B, Coupling moment coeff. of sway into roll at Fn=0.10

Cal. Exp.
0.04
0.03+
0.0 2+

0.01+

(o]

-0.0 14

Fig. 4.31 A, Coupling force coeff. of roll into sway at Fn=0.10

The subscript =2, j=6 of each coefficient denotes coupling term bet-
ween swaying and yawing mode. Experimental values of Ay, Bij fluctuate
around the theoretical ones obtained by new Strlp method (Figs. 4.33~4. 36).
It is seen from these figures that humps of A, and B, appear at the same
frequenc1es as hollows of A, and B,; appear respectively, while hollows of
A ¢z and B,, appear at the same frequencies as humps of fize and B, appear
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Fig. 4.32 B, Coupling force coeff. of roll into sway at Fr=0.10
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Fig. 4.33

Ag: Coupling moment coeff. of sway into yaw at Fn,=0,10
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: Coupling force coeff. of yaw into sway at Fp=0.10
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Fig. 4.37 A43

respectively. Similar tendency appears in the principal terms of swaying

and yawing mode.

PN PN A A
A46$ B467 A64) BG4

The subscript i=4, j=6 of each coefficient denotes coupling term between
Experimental values of A.,s and }3’45 fluctuate and
show hump and hollow variations (Fig. 4.37, 4.38). Since the wave heights
generated by rolling motion are smaller than ones due to yawmg motion,
effects of tank walls on A, and B, are not so strong as ones on A, and B,,

yawing and rolling mode.

(Figs. 4.39, 4.40).

Fn=0.1 Cal. Exp.
h/T=1.8 o
h/T=1.3 -c--- a

Coupling moment coeff. of yaw into roll at Fr,=0.10
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Fig. 4.38 By: Coupling moment coeff. of yaw into roll at F»=0. 10
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Fig. 4.40 By, Coupling moment coeff. of roll into yaw at Frp=0.10

5. Measurement of wave exciting forces

Regular waves were generated by wave making machine installed at the
end of tank and wave exciting forces and moments about the center of gra-
vity of the ship model were measured by means of the instrument of strain
gauge type. Table 2.3 shows the experimental conditions, three kinds of
ship speeds, two kinds of water depths and three heading angles, for which
the measurements were done. Wave exciting forces measured in beam sea
condition are not shown here, because interference effects of tank walls have
a little influence on these forces.

5.1 Expression of results
Non-dimensional expressions of experimental results are shown as follows:

Amplitude of force for surge : B, =|F,,|/pgt.L?
Amplitude of force for sway : Ii‘y = ]lfyel /pgl L?

Amplitude of force for heave : F, =|F,,|/pgt L?

Amplitude of moment for roll : M,=|M,,|/pgl,L?
Amplitude of moment for pitch : M,=|M,,|/pgC.L?
Amplitude of moment for yaw : M,=|M,,|/pgC.L?

5.2 Comparison of experimental values with theoretical ones
Wave exciting forces and moments on the ship model with various
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Fig. 5.1 Fz: Wave exciting forces for heave at F,=0 in head sea condition
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M,: Wave exciting moments for pitch at F,=0 in head sea condition
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Fig. 5.3 Fz: Wave exciting forces for surge at Fr=0 in head sea condition
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Fig. 5,4 Fjz: Wave exciting forces for heave at F,=0,10 in head sea condition
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Fig. 5.5 M,: Wave exciting moments for pitch at Fr,=0.10 in head sea condition
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Fig. 5.6 Fz: Wave exciting forces for surge at F»=0,10 in head sea condition
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Fig. 5.7 Fz: Wave exciting forces for heave at F,=0 in bow sea condition
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Fig. 5.8

M,: Wave exciting moments for pitch at Fr=0 in bow sea conditon
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Fig. 5.9 Fy: Wave exciting forces for sway at Fr,=0 in bow sea condition
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Fig. 5,10 M,: Wave exciting moments for roll at Fr,=0 in bow sea condition
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Fig. 5.11 M,: Wave exciting moments for yaw at Fn=0 in bow sea condition
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Fig. 5.12 Fy: Wave exciting forces for surge at Fr=0 in bow sea condition
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heading angles were measured in regular waves and were compared with the
results of theoretical calculations obtained by new strip method described in
Appendix I. These correlation works are shown in Figs. 5.1~5.12.

5.2.1 Head sea condition (p=180°)

(i) Wave exciting force for heave: F,

Experimental values are smaller than theoretical ones in low frequencies
but both are in agreement in high frequencies except near the frequencies
where the former ones are larger than the latter ones shown in Table 5.1
(Figs. 5.1,5.4).

(ii) Wave exciting moment for pitch: M,

Theoretical values of pitching moment M, have a maximum peak in the
region of low frequencies and its maximum value becomes larger as the depth
of water becomes more shallow. Experimental values of M, are smaller
than theoretical ones in low frequencies, while in high frequencies experi-
mental values are in agreement with theoretical ones except near the fre-
quencies where the former ones show humps as shown in Table 5.1 (Fig.
5.2, 5.5).

(iii) Wave exciting force for surge: £,
Although experimental values of wave exciting surging forces F, show

2
De T) changes from high

frequency to low frequency. Effects of tank walls do not appear clearly in
experimental results.

From the above results in (i), (ii) and (iii), it is seen that effects of
tank walls on wave exciting forces and moments are not so strong as on the
radiation forces obtained by forced oscillating tests in spite of the ship model
position parallel to the tank wall.

scattering, these values increase as a frequency (

2
Table 5.1 Frequencies (%T) when the max. values of Fz and

M, appear in head sea condition

h/T=1.3 h/T=1.8
ship speed 3 3
Le 1 Le p
g g

Fr=0 0.5, 0.9 0.6

F, F,=0.075 0.5, 0.9 0.3, 0.65 1.0
Fp=0.10 0.5 1.0 0.35, 0.65
Fp=0 0.5, 0.9, 1.05 —

M, Frn=0.075 e —

Fn:(). 10 1.0 e
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5.2.2 Bow sea condition (z=135°)

Experimental values of wave exciting forces and moments for heaving,
pitching, swaying, rolling and yawing mode generally agree with results of

2
theoretical calculations except at some frequencies (—ZLT) shown in Table

5.2 where experimental values are larger than theoretical ones, because of
interference effects of tank walls.

2
Table 5.2  Frequencies (C;e T) when the max. values of wave exciting

forces and moments appear at F,=0 in bow sea condition

h/T=1.3 h/T=1.8
w? w?
e e L
Fy 0.5, 0.9 0.2, 0.7, 0.9
M, - 0.3, 0.7, 0.9 0.4
Fy 0.4, 0.5 0.4, 0.8
M, 0.5, 0.9 0.2, 0.6~0.7, 0.9
M, 0.3, 0.5, 1.05 0.3, 0.8~0.9

6. Ship motions in regular waves

We measured amplitudes of motions of the ship model by means of an
apparatus measuring motions of 6-degrees of freedom. Measurements of
motions of the ship model were carried out at three heading angles which
were 180 degrees (head sea condition), 135 degrees (bow sea condition) and
90 degrees (beam sea condition). Since it is seen that interference effects
of tank walls scarcely affect amplitudes of motions in beam sea condition,
the results in this condition are not shown in this paper.

6.1 Comparison of measured amplitude with computed one

(i) Head sea condition («=180°)

Heaving and pitching amplitudes become smaller in low frequencies for
both experiments and theoretical predictions as the depth of water becomes
more shallow. Experimental values are in good agreement with theoretical
ones except near frequencies shown in Table 6.1, where experimental ampli-
tudes of ship motions are larger than computed ones by new strip method.
These frequencies at which humps of response curves of ship motions appear
are independent of ship speed. Such phenomena appear more stronger in
heaving response curves than in pitching response curves (Figs. 6.1, 6.2,
6.4, 6.5).

Effects of tank walls do not appear clearly in surging response curves
(Figs. 6.3, 6.6).
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Fig. 6.1 Heaving amplitudes at F»=0 in head sea condition
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Fig. 6.2 Pitching amplitudes at F»=0 in head sea condition
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Fig. 6.3 Surging amplitudes at F,=0 in head sea condition
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Fig. 6.4 Heaving amplitudes at F»=0.10 in head sea condition
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Fig. 6.5 Pitching amplitudes at F,=0.10 in head sea condition
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Fig. 6.6 Surging amplitudes at F,=0.10 in head sea condition

(ii) Bow sea condition («#=135°)

Experimetal amplitudes of ship motions in bow sea condition are in agree-
ment with those obtained with theoretical computations except near frequencies
shown in Table 6.2, where the formers are larger than the latters. The
phenomena of sharp humps in response curves of ship motions appear stron-
gly in longitudinal motions rather than in lateral motions, and especially

appear strongly in heaving response curves.
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Fig. 6.7 Heaving amplitudes at F»,=0 in bow sea condition
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Fig. 6.8 Pitching amplitudes at F»=0 in bow sea condition
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Fig. 6.9 Swaying amplitudes at F,=0 in bow sea condition
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Fig. 6.10 Rolling amplitudes at Fr=0 in bow sea condition
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Fig. 6.11
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Yawing amplitudes at F»=0 in bow sea condition

2
Table 6.1 Frequencies (% T) when humps of response curves

appear in head sea condition

\ h/T=1.3 h/T=1.8
T w? w?
— rad il
Heave Fp=0 0.3, 0.6 0.4, 0.7
Fp=0.075 0.3, 0.55 0.4, 0.7
(Za/€a) Fp=0.10 0.3, 0.6 0.4, 0.7
Pitch Fr=0 0.3 0.4
Fp=0.075 0.3 0.4
(Oa/moCa) Fr=0.10 0.3 0.6
(1)2
Table 6.2 Frequencies ( ge T) when humps of response curves

appear in bow sea condition

\ h/T=1.3 n/T=1.8
- o? @?
\\ 2 L 2 T
Heave 0.25 0. 35, 0.50
Pitch 0.4 0.5
Sway e —_—
Roll — _—
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6.2 Effects of interference of tank walls

From the results shown in previous section it is seen that theoretical
response curves derived by new strip theory generally agree with the mean
curves of these experimental response after smoothing the hump and hollow
variations obtained in experiments. These humps and hollows are thought
to be induced by the interference of tank walls and heuristic explanation of
the mechanism of this phenomenon will be given hereafter.

6.2.1 Critical circular frequency of wall effect in motions of a ship

Wave pattern which are generated by a periodic source point running
with a constant forward speed in water of finite depth can be given by the
following equations. ¢!

tan,,

= — - - A B
| y1/= tan® 0 41, +5€C” 04100/ 1442 cos 0 4,,,/tanh n, ~Wave,
O<0Aln<_7§'—
tan 6,
= 3 : A _ ,
| y1/= tan® 0 4o, — S€C” 0 4500/ 1+4.2 cos 0 ,,,/tanh n,4 ~Wave
O<0A2ﬂ<_-72£—
__ tan 6z,, . B
3= e Op1n+tS€C” Opinn/1—42 COS Opy,/tanh noh = " Wave
—_ tan 0z,, . B
I y! /x fan? 03271—8602 0pons/1—40 cos 032n/tanh i : ,—~Wave
h n,h
‘Q<@-4L : 0<ﬁE!m 032n<%,
tanh n,k 1
o>2 4nz ~1 o8 O, 03m<—72v—.
......... 6.1
where
Q= oV

g
o : circular frequency of wave

V' . ship speed
Z;} : real root of equation: _(%im)z—%n tanh nh=0
When a ship is making small motions with a frequency « and a forward
speed V in a canal, an angle 8 between a center line of a ship and a direc-
tion of propagating wave generated by a bow of a ship is represented by a
maximum value of tan™!|y|/x obtained due to (6.1). Let B, denote the
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critical angle® between her center line and the direction of propagating wave,
when a wave generated by a bow of a ship is reflected by tank wall and the
reflected wave encounters a stern of a ship again. Then there exists the
following relationship among these values (8., Lpp, By).

LypetanB, =B, e (6.2)

where Ly, : Length of ship model (=3 m)
B, : Breadth of canal (=4 m)

The critical angle B, in our experiment is
B.=tan"'(4/3)=53.1 (degrees).

The critical circular frequency «, in the conditions of this experiment is
estimated from curves shown in Fig. 6.12 as follows:

02—0. 428
Frn=0.10 : w,=7.735, %;ZT=1. 186

Fn=0.075: w,—=10. 314, %CZT;Z. 105 oo (6.3)

It is seen from Fig.6.12 angle B is mostly independent of water depth in this
experiment. Circular frequencies in this experiment are smaller than the
critical circular frequencies w, given in equation (6.3). Consequently results
obtained in this experiment are clearly affected by interference effects of

150°F
Q
h/T=c0
120°F h/T=1.8 3
h/T=1.3  Bw °
—
90° Lpp
fanﬂc=%’—
eo°r 53.1° °
30° o
N
°© v
E—— o B A4
2 [¢]

1 | 1 1 §
0 o7 02 03 04 05 06 07 08

Fig. 6.12 Propagating angle of wave pattern
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tank walls at overall frequencies.

6.2.2 Two dimensional standing wave and hydrodynamic forces on a ship
model in a canal

Putting a wave number without a forward speed as m, the fcllowing
equation is obtained from (6.1).

wz
=z = motanhmh e 6.4)

The relationships between wave numbers and oscillating frequencies in this
experiment are shown in Fig. 6.13.

Msta

7 0 o

E
6

Mec3
5r Msns w?
g =Mo tanh moh

4L
3

h/T=1.3

T

o
, g

i 1 ! 1 1 1 1
o 02 04 06 08 L0 I 1.2 1.4

Fig. 6.13 Relation between oscillating frequency and wave
number of two dimensional standing wave

(i) Symmetric motion

When a infinitely long ship is forced to make heaving oscillation at the
center of a canal, it is supposed that two-dimensional standing waves are
generated on the water surface between a ship model and tank walls at
frequencies whose wave numbers are given by following equation:

R 2 _ Y e,
M= g gy ok =1 192k, (k=1,2,3-) (6.5)

where B, : Breadth of canal (=4 m)
B : Breadth of ship model (=0.493 m)

.2
Non-dimensional frequencies (%T) of two-dimensional standing waves with
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wave numbers given by (6.5) are obtained according to Fig. 6.13 and are
shown in Table 6. 1.

Heaving damping coefficients B,; obtained by forced heaving tests are
larger than theoretical values without {considering effects of tank walls at
the frequencies shown in Table 6.3 and these frequencies are nearly equal to
ones at which heaving damping coefficient B, reach maximum value (Table
4,.2).

Standing waves with high amplitude will be generated on the water
surface between the ship body and tank wall at wave number #,, and these
waves will diffuse much energy because they propagate to the longitudinal
directions of the canal. On the contrary, damping coefficients of heaving
B,, by forced heaving test take the minimum values (Table 4.2) much
smaller than theoretical values at nearly middle frequency between neigh-
bouring two frequencies shown in Table 6. 1.

Wave exciting forces of heaving also become larger at the same frequen-
cies as the damping coefficients of heaving B,, become larger (Table 4.2, 5.1)

We cannot give such a simple explanation on the causes of humps and
hollows appearing in hydrodynamic moments of pitching as we could do in
heaving forces, because three-dimensional effects may be stronger in pitching
moment.

2
Table 6.3 Frequencies (»Z:—T) when two-dimensional standing

waves are generated in the canal

T h/T=1.3 1/T=1.8
- ? @?

Wave Mer=1.792 0.145 0.192
Mey=3. 584 0.50 0.59

number |, _5 376 0.912 0.994

Mea=T.168 1.3%5 1.379

(ii) Asymmetric motion

Forced swaying tests were carried out by shifting the ship model 0.17 m
to the side of the tank from the center line so that the her center line was
parallel to the tank wall. Suppose that a infinitely long ship is forced to
make swaying oscillation away 0.17 m to the side of the tank from center
line, two different wave numbers exist for two-dimensional standing waves
generated on water surface between the ship body and tank walls, and they
are given as follows:

E=1.984 %, (k=1,2,3-)  coeeeer (6.6)

_ A
Ms1x= B, —B)/2—0. 17

_ ™ - - O T
M=~ By 20 17 P 638k (k=1,23-) 6.7
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SHIP MOTIONS IN RESTRICTED WATERS

When two-dimensional standing wave with the wave number of either
(6.6) or (6.7) is generated on water surface between the ship body and
tank walls, the hydrodynamic forces of swaying mode will become larger.

2
Non-dimensional frequencies (%T} of standing waves with the wave num-

bers given by (6.6) and (6.7) are obtained from Fig. 6.12 and are shown in
Table 6. 4.

From above table and Fig.4.22 it is seen that the damping coefficients
of swaying B,, reach the maximum value and larger than those obtained by
new strip theory without considering effects of tank wall near the frequencies
at which two-dimensional standing waves are generated in the narrow water
way between the ship body and tank wall, that corresponds to (6. 6). On
the contrary, it is seen that damping coefficients of swaying B,, take the
minimum value near the middle frequency between neighbouring two fre-
quencies shown in Table 6.2 (Ezz in Table 4. 3).

Because of strong three-dimensional effects on hydrodynamic moments of
yawing mode, it is difficult to explain the causes of hump and hollow varia-
tions in yawing moments with considering only two-dimensional standing
waves (Bg in Table 4.5).

2
Table 6.4 Frequencies (—C;—T) when two-dimensional standing

waves are generated in the canal

\\‘\\ h/T=1.3 h/T=1.8
— w? w?

T rad z I
Wave numbers msry=1.984 0.178 0. 230
M1y =3.968 0.585 0.678
of Eq. (6.6) msry=5.952 1.045 1115
mygy=1. 633 0.120 0.165
Wave numbers Mggs=3. 266 0. 430 0.514
of Eq. (6.7) Mgy —4. 899 0.795 0. 882
Mygs=6.532 1.180 1. 240

6.2.3 Natural period of heaving oscillation and amplitudes of ship motions

Heaving response curves also are mostly affected by interference effects
of tank walls due to reflection from wall sides of tank in regular waves.
As shown in Fig. 4.1 and Fig. 4.2 heaving added mass coefficients of the
ship in the canal show hump and hollow variations due to effects of tank
walls. With taking effects of tank wall into account natural periods of
heaving oscillation of ship in the canal have been evaluated as follows:
neglecting the coupling effect of pitching motion in (3.2), we get following
equation,

75
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*=pgA,/(M+As3)

A4, T
M+A33=—'°£2—.
T &
g
M4 A= (M+ Ay /pL3=% ............ (6.8)

where A, : Water plane area of ship
L : Length of ship

A natural circular frequency of heaving oscillation can be evaluated from
the frequency at a cross point where the curve obtained by (6.8) intersects
the curves of virtual mass coefficients (M+ A4,,) obtained by forced oscillating
tests. From the graphs shown in Figs. 4.1, 4.2 it is seen that there can
be two natural circular frequencies in this experiment. Natural frequencies

2
(%T) of heaving oscillation estimated from these figures are shown in
Table 6.5.

2
Table 6.5 Natural frequencies (%T) of heaving

T h/T=1.3 h/T=1.8
\\\\ ? ?
e g g
Fr=0 0.31, 0.61 0.41, 0.75
Ship speed Fp=0.075 0.30, 0.55 0.43, 0.6~0.65
Fr=0.10 0.30, 0.55 0.40, 0.6~0.65

It is seen from Fig. 6.1 and Fig. 6.4 that experimental values of heaving
amplitudes rapidly increase near these natural frequencies of heaving oscilla-
tion. The natural frequencies shown in Table 6.5 coincide with frequencies
at which damping coefficients B,; of heaving mode have the minimum value
(Table 4.2).

Heaving amplitudes of the ship model in our experiment are very large,
since the amplitude of ship motion is generally very large when the damping
coefficient is small at the response frequency of that motion of a ship.

7. Conclusion

The main conclusions obtained from this investigation are summarized as
follows.
(1) When the ship model is set in the tank so that her center line is per-
pendicular to the tank wall, radiation forces and wave exciting forces acting
on the ship model in the canal are scarcely affected by interference effects
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of tank walls. Consequently amplitudes of motions in regular waves can be
estimated by the strip theory without considering effects of tank walls.

(2) When the ship model is set in the tank so that her center line is
parallel to the tank wall, hydrodynamic forces acting on the ship model
show hump and hollow variations which depend on oscillating frequencies.
The response curves of motions in regular waves show the similar phenomena
to the hydrodynamic forces. These hump and hollow variations are consider-
ed to be interference effects of tank walls and cannot be estimated by usual
strip theory in which effects of tank walls are not taken into account.

(3) The frequencies, at which hump and hollow variations appear in hydro-
dynamic forces due to effects of tank walls mentioned in (2), can be estimated
by assuming a simple model in which two-dimensional standing waves are
generated in water surface between the ship body and tank walls.

(4) Effects of tank walls affecting the amplitudes of pitching oscillation
in head sea condition are smaller than ones of heaving oscillation on compar-
ing these response curves. In the bow sea condition (where center line of
ship is set at an angle of 45 degrees to the tank wall) hump and hollow
variations of heaving response curve do not appear so strongly as those in
head sea condition. Hump and hollow variations due to effects of tank walls
scarcely appear in the response curves of swaying, rolling and yawing mo-
tions in bow sea condition.
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Appendix I _

The hydrodynamic coefficients of equations (3.2) and (3.3) can be
obtained by new strip method without considering effects of tank walls as
follows.

The coefficients for longitudinal motions:

—

A33:JLMdeb, B33 ZJLNdeb’ C33=pgAw,

Ays=| Myexydx,, By=| (Ngxy—VMy)dx, Ci=| (pgB, x,—VNy)dx,,
L L

L L

hN

55

Mysidsy, By= [Nux? +() Nuldr, Cu=| (ogBo2i=V Mz,

L

Agy=Ag, By;=| {Nyx,+VMy}dx, Css=| (pgB,+%,+VNyg)dx,.
L L
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The wave exciting forces and moments of longitudinal motions are given
as follows. -

F,=F,, cos wt—F,sin w,t
Ij ............ (A-3)
0e=M, . COS wt— M, Sin w,t
F,, - cos
2| cosh m,(h—z,) .
sz—{_l_:lz,ogC J Lm:I (myx, cos ﬂ)L cosh mi cos (m,y, sin x)dydx,
+ . cos
El_I_lh mo(h — T’m) .
[_:IC"’JL sinh m ‘wweMHLinJ(moxb cos u)dzx,
o[ simhm =T ST dr
CG'JL sinh mh (DNH[COS (mx, cos u)dx,. (A-4)

M, - cos scosh m,(h
= cosh 7, (h—z,) .
“:l lr—l_:lngcajl‘xb[sin:l(moxb cos ﬂ)L coshm €S (myy, sin x)dydx,

+ COS
I: :ICGJ' sinh m(h—T,) )(wngbe—iVNH)’: J(moxb cos 1) dx,
L @, -

— sinh myh sin
sink m,(h—T,)
—C“J'Lsinfl—muh(wNbe‘FWVMH) Los_‘ (Mm%, cos 1)dxy,. (As5)

The coefficients for lateral motions:

A22=J’LMdeb: BZZ:JLNdeb!
A= J’ Mx,dz,+ Vj Ndx,, By— j Nsx,,dxb—VI Mz, (A-6)
Ap=| M,(0G—lsp)dx, B,=| Ny@C—1,)dx,

.

2
A= stxb dn+ [ Mydn,  Bu=[ Nowjdn+Ls| N,

My(0G —1gp) %,dx,— VJ No(OG—1,)dx,
L

LNS (OG—1,)) x,dx,+ VJ M(0G —Igp)dx,,
J

| Av= [ Mz, - stdxb, By= f Nymd,+ VILMdeb.

L
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—

A= LMS(ISRIRS—ZD’G lgp+0GYdx,,

BM:J Ny (OG—1,)%dx,, Cu=W-GM,

L

L

A42=J Ms(m_lmz)dxby B42:J.LNS(—6—Gle)dxbv

A= [ My(OG—Lsp)wdz, +—L] Ny(OG—1)dx,

L

B= j NS(—O—G—lw)x,,dx,,—Vf M(OC —lgz)dx,
L L L .

The wave exciting forces and moments of lateral motions are given as
follows.

Fy,=Fy, cos w,t —Fy, sin w,t
My,,=M,, cos wt—My,sinw,t e (A-9)
M¢5=M¢c Ccos wet—M,;s sin w.t

F, sin T _
ch}= —2pgC aJ.LI: }(moxb cos u)J C—OSB#}‘;(’zohi“)sin (myy, sin p)dzdx,

0
s cos

_ sin
—&, sin ,uwa,,MS COShS?;"h(};”o hT/ 2) [ :|(moxb cos ©)dx, e (A-10)
cos

— COS
[ }Cu sin uILwNS cosh 7, (k—T/2) |: }(mox,, cos u)dx,.
_I_.

sinh mh sin

Myl ___[Fue sin bcoshm,(h—2z,) . .
MJ:OG'[ , “zf’gcaﬁ[cos}(’”""““ | ot g 9»sinCmoysin )y,

T - . -
- [0%72—0;3) 2; sin (m,y, sin p)dz, }dx,,
cosh m,(h—T/2) [SIB
sinh mh |.C 0s

+ &, sin /.chomeMsls = :’ (myx, cos p)dx,

cosh m,(h—T/2) [ €08
sinh mh Lsin

|_+—|Ca sin /szNSlw

L]

M sin _
M:I: —2pg¢ aIbel: :'(moxb cos ﬂ)JZwsin(mo ¥, sin ©)dzdx,

}(mox,, cos ©)dx,.

” cos cosh mh
¢ Sinﬂj cosh my(h=T/2) ( ar . ———“’—VN) sin (m,%, COS ﬂ)dx.
a . sinh 7,k e s cos oXp »
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- . cosh m,(h—T/2) cos
[ JC“ sin ﬂL St (@Nst VM| | (mn, cos ) dz,,

where the origine of coordinate system fixed in the ship body is coinci-
dent with the center of gravity of the ship, and

m, : wave number in water of finite depth

. w?
(a real root of equation: (——E):mo tan myh)

h : depth of water

w, : encounter circular frequency (=w—m,V cos u)
¢, : amplitude of incident wave

e . density of water

g : gravitational acceleration

T, : mean draft (S,/B,)

<

m Mg : sectional added mass for heave and sway

Ny, Ng : sectional damping force for heave and sway

lgsr : lever of sectional added moment of inertia due to sway
l, : lever of sectional damping moment due to sway
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