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ON THE HYDRODYNAMIC FORCES AND MOMENTS
ACTING ON THE TWO DIMENSIONAL BODIES
OSCILLATING IN SHALLOW WATER*

By Mikio TAKAKI**

This paper presents the solutions of radiation problems and the diffr-
action problems in water of finite depth. The hydrodynamic forces and
moments acting on the cylinders of the arbitrary cross sections are calculated
precisely by adopting the close fit method.

In the next place, the forced oscillating tests for heave, sway and roll
are carried out by using three cylinders of Lewis form cross section. It
becomes clear from the comparison with the experimental results that the
two dimensional hydrodynamic forces and moments acting on the arbitrary
cross sections without bilgekeel can be precisely obtained by the close fit
method.

Finally numerical examples for submerged circular cylinder are shown.
And the effects of water depth and the viscous effects for roll are discussed.

1. Introduction

Because of increasing dimensions of ship in recent years, several sea de-
pths of her trade routs and her working area have been becoming relatively
shallow. The reduction of sea depth may lead to hit or grand the bottom
of sea. It therefore has been becoming a great important problem to predict
the ship motions and the hydrodynamic forces acting on the ships in water
of finite depth, in which the ships can operate safely.

When the strip method is available for predicting the motions of ships in
water of finite depth, the two dimensional hydrodynamic forces and moments
acting on the body of ship are required according to the assumption of the
strip theory. As for the calculating methods of the hydrodynamic forces
and moments acting on the two dimensional oscillating body in water of
finite depth, Porter discussed about the hydrodynamic forces acting on the
heaving cylinder . Yu and Ursell calculated the added mass and the wave

* This paper is translated from two papers which have been published at the Society
of Naval Architects of West-Japan on May 1975 and 1976.
#* Research Associate, Research Institute for Applied Mechanics, Kyushu University
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M. TAKAKI

amplitude ratio of the heaving semi-circular cylinder and confirmed the
availability of their calculated values by the experiment of the wave ampli-
tude ratio for heave ®. Sayer and Ursell obtained the added mass coeffici-
ents of heaving semi-circular cylinder at »—0 by numerical calculations ¥.
C. H. Kim?® and H. Keil ® independently calculated the hydrodynamic forces
and moments acting on the Lewis form cylinder for heave, sway and roll by
adopting the method of multipole expansions which was an extension of the
method of Grim® and Tamura” of the water of infinite depth to that of
the water of finite depth. Black & others® and Ijima & others® solved
the radiation problem of the rectangular cylinder by using the method of
dividing the fluid domain. These methods above mentioned contain a weak-
point, by which is limited the shapes of sections of the ships or the struc-
tures. There exist on the contrary the finite element method and the close
fit method which do not limit the shapes of cross sections to calculate the
hydrodynamic forces and moments acting on those. As for the finite element
method, K.J.Bai!»¥, Seto & Yamamoto'»'® and Takashina & others!?
solved the radiation problems. As for the close fit method, Maruyama *®,
Kan 91" and Ikebuchi®® obtained the two dimensional hydrodynamic forces
and moments in water of finite depth.

As mentioned above, especially there have been few experimental results.
Consequently the correlation works between the theoretical and the experi-
mental investigations have been scarcely performed.

In this paper, firstly we shall extend the relations'® among the hydrody-
namic forces in the case of water of infinite depth to those in the case of
water of finite depth using the potential?® of water of finite depth, and
solve the radiation problems and the diffraction problems on arbitrary two
dimensional cross section using the close fit method in which singularities
are distributed on the surface of the cylinder. The hydrodynamic forces
and moments acting on an arbitrary cross section are calculated precisely
by using the above method.

In the next place, the forced oscillating tests are carried out by using
three cylinders of Lewis form cross section, and the experimental results
concerning added mass coefficients, damping force coefficients and wave
amplitude ratios are compared with the theoretically calculated resuits obtained
by the close fit method. The availability of the theoretically calculating
method is confirmed experimentally.

Finally we shall discuss the effects of water depths as for the hydrodyna-
mic forces and moments.

1.1 Notation

L Length of cylinder
B Breadth of cross section C
T Draft
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ny, (.7—_-1: Zr 3"')

Ca

Volume displacement of cross section
Water plane area

Block coefficient

Metacentric height

Radius of transverse gyration for roll
Breadth of bilge-keel

Submerged part of cross sectional contour in rest position
Line segment along cross sectional contour
Unit normal to cross section C

Beam draft ratio (=B/2T)

Sectional area coefficient (=4/BT)
Gravitational acceleration
Non-dimensional frequency (=%2T)

Density of fluid
Depth of fluid

Circular frequency of wave

Wave number in water of infinite depth (=-2)
Wave number in water of finite depth (a real root of
equation: %:mo tanh myh)

2
Imaginary roots of equation: %zmo tanh mh

Amplitude of incident wave

2(x,9; B, 97(x,9)

Y;

Amplitude of outgoing wave
Oscillation amplitude in the j-th mode

oi(x,y; %', ) Velocity potential normalized by velocity amplitude in the

7-th mode motion (j=1,2,3)
Velocity potential normalized by amplitude of incident wave
(7=0,4

¢i(x,9; %', ¥°) Stream function corresponding to velocity potential

6i(%,3)

Cs
F‘jlz! ffk

Ej e;

P;
MH! MS’ MR

NH’NSvNR

Density of source singularities distributed on sectional con-
tour

Integral constant for the j-th mode equation

Hydrodynamic force or moment of the 2-th mode by the
j-th mode of motion

Wave exciting force or moment of the j-th mode in beam-
sea condition

Pressure of the j-th mode

Added mass coefficient for heave, sway and added mass
moment of inertia coefficient for roll

Damping coefficient for heave, sway and roll
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M. TAKAKI

Ay, As, Ay Wave amplitude ratio for heave, sway and roll
(Amplitude of radiation wave normalized by amplitude
of oscillation)

lsr Lever of added moment of inertia

l, Lever of damping moment

Js Mass moment of inertia for roll

&j Phase lag on the j-th mode
Subscripts '

c Real part

s Imaginary part

A Symmetric motion

B Antisymmetric motion

1 Motion along x-axis (swaying mode)

2 Motion along y-axis (heaving mode)

3 Rotation around the origin O (rolling mode)

4 Diffraction wave

0

Incident wave

2. Formulation of fundamental problems

2.1 Coordinate systems
Consider a cylinder, whose cross section C is symmetrical about a center

wave
«— B -
7 0 /\Vpr x
= T v i
T r
—\2 JP(x,y)
h B2 Y
Qix,y")
n € y

TTTITTTTT 77T TATT 777777777

)
y

Fig. 2.1 Coodinate system
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HYDRODYNAMIC FORCES IN SHALLOW WATER

line, which is forced into a simple harmonic oscillation with a small ampli-
tude in water of finite depth as shown in Fig. 2. 1. Let a horizontal axis,
which coincides with an undisturbed free surface, be x-coordinate axis and
a virtical axis be y-coordinate axis, which is measured downwards, and a
normal direction # on hull surface be directed into fluid. Considering the
motions of fluid with a constant depth % to be linear and two dimensional
phenomena, it is assumed that the fluid is invisid, imcompressible and irrota-
tional, and the effect of surface tension is negligible.

2.2 Fundamental equations

Let the velocity potential @, the pressure P and the displacement of free
surface » be represented as follows:

O(x,y;t) =Re{p(x,y) e},
P(x,y;t) =Re{p(x, y)e*}, @1
7 (x,y;8) =Re{9 (x, y)eit}.

and we have the relation between wave frequency o and wave number e,
in fluid of finite depth:

K=" —m, tanh myh |
= =m, tanh mh. 2.2)

Furthermore, let the unite velocity potential ¢;(x,y) with respect to radi-
ation potential ¢ (x,y) oscillating with the amplitude Y; be put as follows:

@i (%, ) =iwp; Yy, (j=1,2,3), 2.3

where ¢; satisfies:
[L] the Laplace equation, in the fluid domain:

0’p; | 0°¢; _
O+ O, @9

[S] the dynamic free surface condition:

095 | _

Kot 551, =0 @2.5)
[B] the water bottom condition:

0

aiy‘f =0, 2.6)
[R] the radiation condition:

e (00, o\

}il:lw(—a?:l:zmoqh) 0, @7

[N] the ship hull condition:
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0¢;

=, on C, (j=1,2,3) (2.8)

where v,; are normal components of velocity on ship hull and can be expressed
as follows:

ox 0. 0 0
V1= ’—a_nr V2= _6—3;': v“:y@%—x%'

2.9

Rewriting the equation (2.9) by using the stream function ¢; conjugated
with the velocity potential ¢,
we have

Pi==yten Gi=rten Pi=a- @yt 2.10)

where ¢;(j=1,2,3) is unknown constant.
The velocity potential of incident wave and reflective wave can be put as
follows:

P (%, ) =506, (x, 9), @.11)

where a is wave amplitude, and then we have
0
o (¢o+4) =0, (2.12)

on the hull surface C. The pressures with respect to the radiation potential
and the diffraction potential can be expressed as follows:

p=_tow2 P (jzlr 2: 3)) (2. 13)
p=—pgalp,+oy), (2.14)

and the displacement of free surface with respect to the radiation potential
can be expressed as follows:

Aj=g-=Epjlve  (i=1,2,3). (2. 15)

2.3 Velocity potential and stream function

When a periodic source with a unite strength is put at an arbitrary point
(x,y) in water of finite depth, the velocity potential, which satisfies condi-
tions (2.4)~(2.7), at the point P(x,y) have been given by Thorne!® as

G, y; ,9)=G.(x,y; x,3)+iG,(x,y; x,3")

—looT1 <( cosh B(h—y) cosh k(h—y")
=log 72 +2.P.V. L{(K cosh Bi—F% sinh B cosh Fh
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__e* sinh ky sinh ky’
k cosh kh

}cos k(x—x)dk 2.16)

I 47 cosh m,(h—y) cosh m,(h—y")
2myh+sinh 2mh

where 1=y (x—2)+ (y—y)%, 1=+ (x—x)+(y+y)

cos my(x—x"),

And the stream function, which is conjugated with equation (2.16), can be
expresséd as

S(x,y; %,9)=S.(x,y; x,y)+iS;(x,y; %', ")

sinh k(h—y) cosh k(h—y")
(K cosh kh—Fk sinh kh) cosh kh

—0,—0,+ 2.P. V.j‘”{
0

e * cosh ky sinh ky’
k cosh kh

}sin k(x—x")dk .17

e 4z sinh m,(h—y) cosh m,(h—7y")
2mh+sinh 2mh

sin m,(x—x").

3. Two dimensional boundary-value problems

3.1 Integral equations and solutions

Distributing line density of source ¢;(j=1,2,3) on the surface of cylinder,
the velocity potential and the stream function at an arbitrary point P(x, y)
in fluid can be expressed as follows:

@i (%, ¥) =Laf(x’,y')-G(x,y; x,y)ds(x’,y), (§=1,2,3), @G

¢j(x,y)=Lof(x',y')-5(x,y; x,y)ds(x',y), (j=1,2,3). (3.2)

Solving these integral eqations and evaluating the line density of source
6j, the velocity potential function can be obtained. It is, however, com-
plicated to perform the numerical calculations of equation (3.1) involving
differentiations on these velocity potential. So we should evaluate the line
density of source s; (¥, ¥) by using the stream function (3.2). Rewrite
equation (3.2) by dividing into a real part and an imaginary part, the fol-
lowing equations can be obtained:

$ic(P)= f {05,(Q)+S,(P, @) —0;,(Q) - S,(P, )} ds(Q),
3.3)
$is(P) = Jc{m(Q) S, (P, @) +05,(@)- S, (P, }ds(Q), (j=1,2,3).

One can evaluate o5, and o5, by solving these two sets of integral equations,
but in the case of symmetrical cross section of cylinder, one can symplify
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the numerical calculations as follows 2V,
The case of symmetrical motion (j=2, heave): There are following rel-
ations given by

Gz(x'yy')=dz(—x'yy'), Ss(x’y; x’) yl):ss(x’y; _x',y’),

and the imaginary part of stream function can be obtained as

S.(P, Q)= 47 sinh m,(h—¥)

om i+ sinh 2moh sin myx.-cosh m,(h—y") cos myx’. (3.4)

The case of anti-symmetrical motions (j=1, sway; j=3, roll): There are
following relations given by
0;(x,y)=—0;(~x',5),(j=1,3), Si(x,y; x,¥)=—S5,(x,y; —,9),

and the imaginary part of stream function can be expressed as follows:

S.(P, Q)= — 47 sinh my(h—y)

Imoh+sinh 2mh cos myx cosh m,(h—y") sin myx’.
0

3.5
We consider the following functions given by
PN [ (02(x", ) scos m,x™ cosh m,(h—y") -
P;c]_f c[a;c(x’,y’)-sin mgx] cosh mh ds(x, 50,
P,y _ [ (02:(y,5)+cos mx™ cosh m,(h—y") v
P;s]—fc[dj’s(x"yl)'Sin mzx'] COShomoh ds(x’y)’ (]_1’ 3)’
3.6)
and
r r r r P 3 ’ r
UfA(x yy>:(7fc(x yy> +_Pf“o‘fs(x,y)7
. ° (3.7
UfB(x',y')=?0h(x',y'), (j=1y2:3)s
Je
and éo equation (3.3) can be transformed into the following forms:
o[ (024(%,57) NV -
Sbjc] Jc[o.jA(x”y’)]Sc(xyy’ x 1y)ds(x ,y)’
4z sinh m,(h—y) cosh m.h (" (—sin mx) 0N_
2m0h0+sinh 2mqh [ cos mogc ]+[¢j5]_ CX)

25(%', ) oy F Y (=
L[Zm(xrjf)jsc(x,y, ¥, 9)ds(x,y)  (j=1,3).
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HYDRODYNAMIC FORCES IN SHALLOW WATER

Solving the above equation (3.8), we can evaluate the values of ¢;, and o;p
(7=1,2,3). In the next place, we take the following functions given by:

2,

Pj =P+ 1;’" ,
Je

3.9

P; .
PjB: P;s, (]:11213)'

The above equations (3.9) can be rewritten by the values of o5, and ;s
(7=1,2,3) as follows:

PZA]: J’ c[az 4%, ¥ cos mox’] cosh M(B=y) 4ooxr 4y,

Py 0ia (%', ¥") sin myx’ cosh mh
P,.N_ [ (6.5(x", ) cos myx™ cosh m,(h—y") . .
Pjaj_jc[ofg(x',y') sin mﬂx') cosh m,h ds(*',y), (j=1,3).
(3.10)
Substituting these relations into equations (3.9), we have:
P;
P o= a4
P @3.11)

Pfszpjc’Pfo (.7:1727 3)

Furthermore the distributions of sources densities ¢;(x’, ") oscillating with
the j-th mode can be obtained by the relations of equations (3.7) and (3.11)
as follows:

jS(x” y,) =0j4 (xly yl) _Pjs'ajB(x!y J")
‘ 3.12)

lo‘js(x!’y')=Pfc'0'J:_B(x”y')a (j=1y 21 3)-
Substituting these values (3.12) into equation (3.1), the radiation potential

functions can be obtained.

3.2 Integration of pressures

Since the hydrodynamical force of the A-th mode by the j-th mode of
motion may be defined as Fjy.e™’, the force normalized by the velocity am-
plitude can be represented as follows:

e T [ 00
S =ty == | Brggds, 615
fik:.f-jkc+if}ksy (j’k=1’2)3)~

These coefficients of hydrodynamical forces are shown in Table-3.1 and
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defined as follows:

In the case: j=k
the coefficient f;;, expresses the added mass or the added mass moment
of inertia,
the coefficient fj;;, expresses the damping force or the damping moment.

In the case: jx£k
the coefficient fj;, and fj;, express the coupling force or the coupling
moment.

Table 3-1 Hydrodynamic force & moment and the non-dimensional

coefficients
- Heave (j=2) Sway (j=1) Roll (7=3)
% Inertial force Mg=pPfas ’ Ms=pfise Myy=pfae
i Damping force Npg=—pwfs ] Ny=—pofs Nyy=—pPofys
é’ Inertial moment ’ Mys=pPfia Mz=pfs
& Damping moment ' Nyg=—Pbf3s Np=—pPofy;
Added mass coeff. Mpg=Myg/p4 ] s=Mg/pA
|

2]
= Added mass m.t. of or
_§ inertia coeff. Mp=Mgz/PAT?
Q
b= Damping force coeff. NH=£H-1/B/2g Ns=£s-1/B/2g
3 4 pd
s Damping moment s _ Nr _  575=
§ | coeff. Np= pAB Vv'B/2g
w
g Wave amplitude ratio Ag=£,/Y, Ay=C,/Y, Ap=Co/64T
8 s M s M
i - My, — Mgy
g Added moment arm lsr Mg T Irs Mg T
Z

Damping moment arm b= ]‘\I[v WT Tw :N_NRT—

8* $7°

3.3 Wave amplitude ratio

A group velocity of wave in water of finite depth can be expressed from
the relation (2.2) as follows:

U=i( ”%0 tanh m0h>%-(1+ (.14

1 2myh )

sinh 2m,h

Since the average total energy per unit surface area are expressed to be
3pgh?, the average total energy of propagating wave per unit time E, can
be expressed as
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HYDRODYNAMIC FORCES IN SHALLOW WATER

1
1 R z A )
Eo =Tpg712<mi0tanh moh) o<]_+ Si%ngo—m), (]:1’ 2’ 3)_ (3. 15)

Since this energy is equal to the average amount W, of work performed by
the wave damping force acting on the cylinder, which is given by

W - Pwa YJ .f]]s: (3' 16)

the following equation can be obtained

Ajz = Y 2 -—KZ‘F(moh)I f?]sl
1
S A=K{Fmh) - | fiis|}E (7=1,2,3), @G.17)
where
F(mgh) = 2 cosh? myh (3.18)

2m.h+sinh 2mh

With aid of equations (3.13) and (3.17) the relation between the wave am-
plitude ratio A; and the damping force coefficient N; can be obtained as

N;

4, .
EZW‘TJ" (j=1,2,3). (3.19)

This -is the so-called “Haskind-Newman Relation” in water of finite depth.

3.4 Wave exciting forces and moments by lateral waves

The wave exciting forces and moments of the j-th mode are defined as
Ejett, then according to equations (2.8) and (2.14), the forces and the
moments normalized by the amplitude of the incident wave are defined as
follows:

_E; 0¢; .
= "pga = ~[ @to02as, (j=12), .0
E 9 '
€3 :_{—JgdaT J’ (¢ot+04) ¢3 ds.

The velocity potential of incident wave with a unit amplitude is given by

cosh m,(B—=9)  uimp 3.21)

bo* = cosh m

Since the function ¢, and ¢;(j=1,2,3) satisfy Laplace’s equation, according
to Green’s theorem, there is a following relation

11
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0 .
J g dq:zj ds—J bi~ adq: ds, (j=1,2,3). (3.22)
And we have aaq:: = 6¢0 from equation (2.12). Furthermore, substitu-

ting these relations into equatlon (3.20), the following expression can be
obtained

ej*:—Hf*(moh)’ (j:l’ 2! 3)r (3 23)

where

- . 0p; cosh m,(h—y) sm®
Hy* (myh) _J< 2y ) cosh m,h o* ds,

=HJ*¢+2H:;.’:’ (]:1:2’3)'
(3.24)

On the other hand, the velocity potential at infinity can be represented by
using of equation (2.16) as follows:

ByAF(mh) - H 5 (mh) - (3.25)

It is clear from this equation (3.25) that the function H;* is proportional
to the amplitude of the wave propagating to the positive direction of x-axis,
and that the function H; is similarly proportional to the amplitude of the
wave propagating to the negative direction of x-axis. Suppose that the
cross section of cylinder is symmetrical, we have

IHJ+(m0h) I = IHji(m0h> | =Hj(m0h)s (]:1, 2’ 3)'
The wave amplitude ratio can be expressed as follows:
Aj=K-F(mh)-Hy(mih), (j=1,2,3) (3.26)

and by equation (3.25) the phase lag ¢; can be written as
R -1 +ch .
es= tan™H(—Hoe 75 =129, (3.27)

Substituting the above relations into equation (3.23), the wave exciting
forces and moments can be represented by the wave amplitude ratio and the
phase lag as follows:

) A

= romgy ¢ (7=L23) (3.28)

On the other hand, by the natures of the continuity of velocity potential and
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of the discontinuity of its first order derivative the relation between the
function H;* and the source densities distributed on the surface of cylinder
can be given as follows:

Hp*(moh) =2z o) COSC*;S;”",%;” exmiids, (j=1,2,3), (3. 29)

And from equation (3.6) we have the following relations:

oo )=2e-( 1)

Trim =2 (B] (=13,

Furthermore by eliminating the function H; from equations (3.17), (3.21)
and (3.30), the following equation can be obtained:

K2 F(moh) | fij;| =4« K< F* (moh) « (P + P3.),
S| Siss| [{F(moh) « (P} o+ P} )} =4, (j=1,2,3). (3.3D

(3.30)

This formula is a convenient equation to examine the accuracy of numerical
calculations for hydrodynamic forces and moments acting on the cylinder.

3.5 Coefficients of reflective waves and transmissive waves

We extend the relations of water of infinite depth according to [19] to the
case of water of finite depth. With aid of Green’s theorem by using (2. 16)
the radiation potential in finite depth of water is represented as

b= | (=910 )G, 3 ¥, 3)ds, (7=1,2,3), 3.32)

Taking into account the symmetrical cross section of cylinder, the radiation
potential can be expressed by dividing into a real part and an imaginary
part as follows.

In the case of ¢,(x,y)=¢,(—x,5)

59 = (2854 26, ds

—F(mh)H%, (mh) Cosc}:);ﬁ"”(’:z;y )_cos myx,

(3.33)

cosh m,(h—y)
+F(moh) -HY, (moh') cosh m b moh COS MyX.
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14 M. TAKAKI

In the case of ¢;(x,3)=¢;(—x,3), (j=1,3)

8105, ) = | (Y0, 2)G. ds

+iF(mh) - H%, (m,h) %‘W’)——Sin myx,

3.3
6is(x,3) = I ( 99;s —Pis A o )G ds

iF(myh) - H . (myh) C°SC12)S’}’1’°1§Z;” sin 7.

Furthermore, from the condition aﬁq:;“ =0, (j=1,2,3), and equations (3. 33)

and (3.34) by taking into account the singularity of the function G, the
condition for an arbitrary point P(x,y) on the surface of cylinder is repre-
sented as follows:

2 —5 (%, ¥) = J ﬂz_c ]G ds

_¢2c on

cosh m,(h—y)
cosh myh

—F(mh) -H% COS M,X,
(3.35)

2 ¢Zs(x y) J ¢2$ an dS

h h
+F(m.h)-H}, COSCOS;?I%?(WO}'I, ) COS M X,

5915, ) =] (e — 4, 2)G, ds

+iF(m0h).H;xiS£S—ﬁ“°g’—;y)—sin Mz,
0

cosh m,(h—y)
cosh mh

51 D= | b1 Guds —iF ) H sin .
(3.36)
In the next place, since a diffraction potential ¢, is given by

Ds=0sa+ z.ﬁi’w

where the function ¢,, and ¢,z are complex valued functions. From equ-
ations (2.12) and (3.21) it follows
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HYDRODYNAMIC FORCES IN SHALLOW WATER

0¢sa .0 [ cosh m,(h—y)
on an{ cosh 0moh cos mox},

3.37
8¢4B=_i{ cosh m,(h—y) sin mx} ( )
on on cosh mh oy

The diffraction potential can be written with aid of Green’s theorem as
_ L (00, D \og L[ (06, 0
9= J( on *¢4an)G'd5——2,:L( on +¢4an)Gds, (3.38)

and similarly the incident wave potential can be expressed as

Substituting (3.39) into (3.38), we have
1
b=~ | Gyt 8L Geds. (3. 40)

Since it is possible to recognize that the function ¢,, and ¢,z are independent
each other, the following equations can be obtained:

¢4A:__1,L{Q§E_’”MCOS moHM}%Gd&

2 cosh mh
1 N (h—y) 5 (3.41)
_ 1 cosh m,(h—y) . i .
Pup= 277,'}‘0{ cosh om(,h s m0x+¢43} on G-ds.
And the function H,* can be expressed as
0 0 h h— s
H = (moh) ZJ c( 6‘?; *¢‘8_n) Coscos;,lno;n,,hj)_e*Z o ds
(3.42)

. __8__ cosh m (k*y) AT 2
—_Ic(¢0+¢4) on"  cosh 0moh e*i™” ds

=Hjii+iH%s.

Furthermore, since the function H,* has a symmetric relation and an antisym-
metric relation, we have the following expressions:

cosh m,(h—y)
cosh mh

HiaOmh) =HzaOmd) =~ Goat i) cos my,
cosh m,(h—y)

sin mx.
cosh mh 0

£ Omoh)y = —HasOm) = ~i (Gontdu) -
(3.43)

15
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16 M. TAKAKI

Now we divide the function ¢,, and ¢, into a real part and an imaginary
part as follows:

bsa=Psact+ i¢4.4.s'y bsp=0spc+ i¢4BS-

From the above equations and (3.37) we have the following expressions:

N

0 cosh m,(h—y)

on 0= "G $aT T cosh mgh 08 "%
B b1as=0,
. 0 cosh my(h—y) . 3.4
o0 Pr0= T %= T 90 cosh mh o Mk,
2B pus=0

According to the above equations and (3. 41), we have the following integral
equations satisfying the boundary conditions (2.12):

F Guatbiad) =+ 5| Goat Brac) o Ge ds

cosh m,(h—y)
cosh mh

+ cos mox{1—F(m.h)+H}15(m,h)},
cosh m,(h—y)

1 1 9
5 buas= — 5| Buas gy Cudls+F(moh) - Hip o (moh) 257 0T

COS M, X,

(3.45)

5 Gontbuzd = 5| ot bune) 2 Go ds

cosh m,(h—y)

+ cosh myh

sin mx{1+iF(mh)H{ps(mh)},

1 1 . h h—y) .
5 uns= — —2'”—[ Bums %chs —iF(myh)«H {50 (myh) %ﬁy—)sm M.

(3. 46)

Since these equations (3.35), (3.36), (3.45) and (3.46) are the second kind
of the integral equations of Fredholm Type, .it is able to recognize that
these equations have solutions respectively and the dependent relations among
these solutions can be obtained as follows:

His (moh) - Hius (moh)
Hio(mh)  Hiso(moh)’

(3.47)


library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked


HYDRODYNAMIC FORCES IN SHALLOW WATER

H;S (moh) _ Eiss (mok) .
Ho(moh) ~ Hipo(mohy. T=13 (3.48)

similarly
(Doatdsac) F(mh) Hf o=@ as{l—~F(m,h) + H} as},
(bon+Panc) *F(moh) e Hipo =i ps{1+iF(mh) + H{zs}.

From the ahove equations and (3.43) the following equations can be obtained
as

Hias=F(mh) {(H{se)*+ (Hias)?, (3.49)
iH as=F(mh){(H{50)'+ (Hiss)%}. ] .
By putting on
.
A5 —tan @, is—tan a, (3.50)
10 2C
from (3.47) and (3.48) the function H%* can be'represented as
Hi=— ' (¢t sin @, Fei™s sin ay) (3.51)
*T F(myh) 2 e ’

Concidering that the functions Hi{c and H1is are imaginary and the functions
H%e and Hs are real, we have

ay=e,—7, Oy=e, _—75—‘ (3.52)
The function H#* can be rewritten according to the above relations as follows:

Hz* :W(iefsz cos e, F e sin ¢,). (3.53)

The outgoing wave amplitude at infinity, according to the diffractin potential
¢,, are given as

s cosh m,(h—3) sim =
rhce LH . FOmoh) cosh m,h e, (3.54)

When the incident wave with an unit amplitude incomes to a rigid body
from a possitive direction of x-coordinate axis, the wave amplitude at infi-
nity, x—+4oo, can be expressed as follows:

17
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cosh m, (h_'y) a=imyT

Do iH T+ F(moh) cosh mh ©

(3.55)

i - _cosh 7m,(B—3) simq
Heer~{1+iH, «F(m,h)} coshomok e,

When there is a rigid body in water of finite depth, the coefficients of
reflective wave and transmissive wave can be consequently expressed as
follows: ’

CR: | Z-HI(moh) 'F(moh) I ’ (3.56)
r=|1+iH3(m,h) F(myh) |. (3.57)

4, Comparison experimental results with numerical results for two dimen-
sional hydrodynamic forces and moments

4.1 Numerical method to find Green’s function and stream function

Since it is very difficult to solve analytically the integral equations in the
previous sections, we suppose that the source densities on the cross section,
where the surface of cylinder are divided into N-parts, are constant respec-
tively, and solve two system of linear equations with (N+1)-unknown
variables which are unknown source densities o5, and ¢, and integral constants
C;. and Cj, (j=1,2,3). Thus the distribution of source densities can be
evaluated by the above method.

rin

B8

IVIRY)
K

*
3
< . .
:( inj(j=1~o0)
x
x
c ~_O0F A
> M
s " N >
-Mo :( Mo

*
X . .
X =Inj(j=l~0)
X
p 3
X
x

=)

Fig. 4.1 Line of integration in the complex plane


library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked


HYDRODYNAMIC FORCES IN SHALLOW WATER 19

In this case the numerical method to find Green’s function and stream
function are as follows.

The term of logarithms in (2.16) is transformed to the expression of infi-
nite integral ?® and the principal value integral taking the line of integration
in complex plane shown in Fig. 4.1 is carried out and is transformed to the
infinite series given by

47 cosh m,(h—y) cosh m,(h—y")

2m,h+sinh 2myh sin |27

G, =
“.1)

4 S CO8 n;(h—y) cos n;(h—y") o151
i=1 2n,-h+sin 2n;h e :

In the next place, as for the stream function corresponding to the above
Green’s function we consider similarly the following two domains, we have

4z sinh m,(h—y) cosh m,(h—y")

2myh+sinh 2myh cos M, (% —x)

Sc=—sgn(x—x’){

2, sin #;(h—y) cos n;(h=3) - s-u
+4ﬂf§1 2n;h+sin 2n;h ' ‘} —2m, “4.2)

for x—x'<<0, y—y<0,
and

4m sinh m,(h—y) cosh m,(h—y")

2moh+sinh 2myh cos 7, (¥ —%")

Sc:—sgn(x—x’)[

o sin #;(h—y) cos #(R=Y)  nis-a
+iw ‘T" 2nih+sin 2n;h ‘ l}’ .3)

except for the above one.
It is necessary to calculate the infinite series G, and S,. Now putting the

errors of the sum with N-terms in infinite series GER, SER respectively,
the functions GER and SER are represented ?¥ as

‘ —%log(l—Ze‘ "cosa-t+e 2"y (1—2e "cosB+e ?")

| g (%545

eI’ l

_ ) J
GER = i=1 ,
$h _cos #;(h—y) cos ni(h—y) ~nj.p,-_w.‘
i=1 2nih+sin 2n;h

(€]
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1 ., e’sina e " sin B
’ —T(tan "T—e7 cos a T " T—e7 cos B)
. fat+PB S a—p
+L" sm]( 2 )cos;( 5 )n_jr ,
SER= 2 2 J -
‘ % in n;(h—y) cos n;(h—y") ik d ’
i=1 2nih+sin 2n;h
where a=-3-(y+y), B=75-0-¥), r=J-le-xl. 45

The errors GER and SER for instance |x—2x’| /423—=0. 2, KT=0.5 are shown

in Table 4-1. According to this table it is obvious that the errors GER and
SER become large as the depths of water become deep. In order to calcu-
late the values of the Green’s function and the stream function within 0. 1%
with maximum error, we calculate those taking the number of terms N=20
in infinite series.

Table 4-1 Errors of infinite series (Ix—x‘]/%=0. 2, KT=0.5)

\
N ~___MT| 11 15 2.0 4.0 6.0
ERR T
10 GER 0.88x107¢ | 0.24x107? | 0.54x1072 | 0.76x10~2 | 0.63x 10!
SER 0.76 %10~ | 0.28% 107 | 0,59 10~ | 0.95%10-1 | 0.30% 101
% GER 0.20x10-5 | 0.10x10~ | 0.19x 10~ | 0.62x10-® | 0.45% 102
SER 0.14%10~5 | 0.28x10~4 | 0.85% 1074 | 0.27 x10~2 | 0.97 X102
20 GER 0.35%1075 | 0.27x10-5 | 0.33%x 10~ | 0.88x10-2 | 0.12x 102
SER 0.21x105 | 0.44% 1075 | 0.56 %10~ | 0.10%10~2 | 0.21x 102
50 GER 0.35%10-5 | 0.30x10-5 | 0.95x10-5 | 0.33% 10~ | 0.21x10-3
- SER 0.21x10-5 | 0.56%10-5 | 0.15x 10~ | 0.70%10~5 | 0.72 X104
100 GER 0.35x10° | 0.30%1075 | 0.95x10~¢ | 0.87 %100 | 0.68 10
SER 0.21 105 | 0.56%10-5 | 0.15X10~ | 0.20%10-0 | 0,17 X103

In the next place, the error of GER and SER become large because of a
slow convergence if the number of terms /N are not taken to sum up much more

in the case |x—x’| /%<0. 2. And so we transform the equations (2.16)
and (2.17) to the following forms in order to reduce the computing time.
The velocity potential is written by

Gx,y; x,9)=G.(%,9; 2,y)+iG,(x,5; %,y

’
e ~k(Y+YnH

—log-TL +2PVJ £ cos k(x—x)dk


library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked


HYDRODYNAMIC FORCES IN SHALLOW WATER

+2.P.V f e **(K sinh ky'—k cosh ky") (k cosh ky—K sinh ky)
e k(K—F)(K cosh kh—F sinh kh)

Xcos k(x—x")dk

. 4z cosh m,(h—y) cosh m,(h—y")

+i 2myh—+sinh 2m,h cos 7, (£ —%")
—log +l + 1, + G, (4.6)
lim I,—0,
e ] “.7
lim G,—2me KW*¥" cos K(x—x").

h-rco

The stream function is represented by

S, y; 2,9)=S.(x,y; x,y)+iS;(x,y; £,y

e “kWy+y"

—6,—0,+2-P. V. r’ e pSin k(x—x)dk

12.P.V I” e * (K sinh ky'—k cosh ky’) (K cosh ky—k sinh ky)
) kR(K—F) (K cosh kh—F sinh kh)

Xsin k(x—x")dk

471: sinh m,(h—y) cosh m,(h—y")
2m,h+sinh 2mh

sin my(x—x")

=(0,—02) +Jo+Tu+iS,. (4.8
lim ]h—->0,

frovoe ] 4.9
lim S,>2z "X gin K(x—x').

h—oo

The third terms I, in (4.6) and J, in (4.8) become to zero as the depths
of water become infinitely deep, and the function G (x,y; %',y") and S (%,y;
x',¥") coincide with the Green’s function and the stream function in the case
of infinitely deep water respectively. Namely by adding the third terms
I, and J, to the equations of infinitely deep water, these equations satisfy
the conditions of water of finite depth. Making a computer program of
equations (4.6) and (4.8), the computer program to calculate the hydrody-
namic forces in water of finite depth is completed and at the same time the
computer program in the case of water of infinite depth is completed. On
the other hand, if we have a computer program to calculate the hydrody-
namic forces of infinitely deep water by the so-called “close fit method”,
we can make easily a computer program to calculate the hydrodynamic forces
in water of finite depth by adding the third terms 7, and J, to the eqations
in water of infinite depth. Therefore these (4.6) and (4.8) are very con-
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venient equations.
The calculating methods of the first term and the second term of (4.6)

and (4.8) in water of infinite depth have been studied by many researchers®"»
2 we omit the calculating methods of those and deal with the method of
calculation of the third terms I, and J, in each equation. = We use the fol-
lowing notations in Fig. 2. 1.

V=Kh  u=bh,  f=tant i, g=tans X

In=y/h, Ine=Yy'l 1, Xn=x/h, Xpo=%"/h,
P (B4, 1= &YV

(4.10)

The third terms I, and J, are transformed to the following double series
which involve the singular integrals F,,,,(V), F,;.;(V) respectively.

- oy T e, cos(25—2£+1)B,ocos(2E+1) B,
L= Fory (V){ 493 @s—2t+1)1 @E+D1
S 7 B ey, 2 cos (2s—2¢+1) B, « cos 2iB,
tVE @s—2i+ D1 (@)1
3 Fpilery,, 2 T2 e cos 2103, - cos (2s—2t+1)B,
+VE @s—2t+ D1 (2!
_ é Vi1 ey, 2 cos (25 —28) B, cos 213, }
= 2s—2t)1 (@2t)!
e e T ey, esin(2s — 28 +2) By +sin(26+2) B,
+ 2 oo (V>{ v @s5—2t+2)1 @i+2)]
Vs Tt s (25— 21+ 2) Byesin 21+ 1B,
+ Vﬁ P2y, 72 208in (2 +1) B, +8in(2s —2¢+2) B,
P @s—2t+2)1 @i+D!
_ é V3,2 8 ey, esin (25 — 28 +1) B, - sin (2 + 1) B, }
i=o @s—2t+1)"! @t+1)! i
“4.11)
oz g S P B ey M esin (25 — 2+ 1) B, cos (2L +1) B,
Jo= B DV @s—2t+D1 @11
_ye é Vh1’te 73,2 %72 o cos 2iB; » sin(2s—2¢t+2)B,
=0 @s—=2t+2)1 (2!

VS Vi 22 e 020 gin (25 —2F4+1) Bye cos 218,
i=0 @2s—2t+1)! @2H!
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HYDRODYNAMIC FORCES IN SHALLOW WATER 23

S rh12l . 7’)‘225_25-)—1 * COS ZtBI * Sin(23—2t+1)62
TV @s—2+ D1 @D!
ki 1 <y P ler B 2 cos (2 + 1) By sin(2s—2t+2) B,
+ 2 Founa(V) {VE:, @s—2t+2)1 @i+1)]
Vs Vpi 2 W2y, 2 esin (25 + 21+ 2) By cos (2t + 1) B,
=0 @s—2t+2)! Qt+1)!
I Vi 22y, sin (25 —2¢42) B, cos 2B,
o (2s—2t+2)! @i)!
_ ﬁ Phi2 rer,, ¥ e cos (2t +1) B, sin(2s— 2+ 1) B, }
i=o @s—=2t+1D! @2t+1D! :
(4.12)
in
B
ol N
LN m
Mo A

Fig. 4.2 Line of integration in the complex plane

where the singular integrals F,,,,(V), Fy,s(V) involving the non-dimensional
frequency parameter V only can be represented by taking the line of inte-
gration in the complex plane shown in Fig. 4.2 as follows #*:

_ 3 e““.uz“”-du . had N2s+1
Fst(V)—P. V. Jo (V—-u) (V cosh #—u sinh «) o -D23+1db.
(4.13)
28+1
N25+1=_%[V2{e'bsin52—”+ sin(sz—”—b)}

-I—bV{cos(ﬁzz —~b) — sin(%r — b)}


library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked


M. TAKAKI

2

+ b2 {e"’ cossT”—cos(%@——b)U. (4.14)

Dzs“:%(Vz—bV—{—sz—z)[Vz(cosh b+cos b)—bV(sinh b—sin b)

+-5- (cosh b—cos B)]. (4.15)
FasN=PV. [y st umirsmim =) Dt 419
Nowro=—res V*{e cos 3 +cos(F—b)}

—bV{cos(iz”——b)+sin(§2£— )}

~L e sin 2F—sin(SF )} (4.17)
Dypi=Does (4.18)

In the numerical calculating equations (4.13) and (4.16) with aid of Simp-
son’s rule, it is necessary to determine the mesh size of Simpson’s rule,
because the behavior of F,,, (V) for the mesh size #=0.02, 0.05, 0.1 and
0.5 are shown in Fig. 4.3 as the functions of frequency V and it is seen
that the effect of mesh size of Simpson’s rule depends on the accuracy of
the singular function F,,.,; (V) in low frequency range and it leads to the
wrong calculated results consequently.

Table 4-2 Mesh size b for Simpson’s rule

Frequency (V= —‘:;h) Mesh size (b)
0 <V<0.015 b=0. 001
0. 015<<V<0. 04 b=0.01
S=0 0.04 <V<0.10 b=0.02
0.10 <V 0.20 b=0.05
0.20 <V<1.0 b=0.10
1.0 <V<oo b=0.50
s—1 0 <V<1.0 5=0.10
1.0 <V<oo ' b=0.50
S=2 0 <V<0.2 5=0.10
0.2 <V<oo b=0.50
S=3 0 <V<oo b=0.50
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2.0
>N
= b=0.05,0.1,0.5
@ L
o o
I.ob " b=0.1,0.05
S S b=0.5
~-\*
o) | 1 ! 1 | 1 1
o.1 0.2 0.3 0.4
w?
V='—g—h
B Fzset(V)s-o
ok — = —  Fasu(Vs=1

— e Fzsu(V)sez

Fig. 4.3 Behavior of the singular function Fye, (V)
for varying & at low frequency

C. H. Kim also has recently corrected his numerical results by taking into
account this effect ?®. The mesh size b used in our calculations are shown
in Table 4-2. And the limits of integrations by using Simpson’s rule are
determined within 0. 1% with maximum error. The number of suffix S
in double series I, and J, are taken from S=0 to 7 because the numerical
results obtained by taking S=7 coincides with the ones obtained by S=8 up
to five significant figures.

4.2 Accuracy of the numerical calculations

The accuracies of numerical calculations become good as the numbers of

25
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dividing the surface of cylinder become much. The accuracies of the numeri-
cal calculations of the hydrodynamic forces for heaving semi-circular cylinder
with the valuable dividing number of surface of one side N=4, 8, 12, 16,
20, 30 and 40 are shown in Table 4-3. It is obvious that the accuracies of
numerical results become good as the dividing numbers become much and
the depth of water does not depend on the accuracies of numerical results too
much and the hydrodynamic forces of very shallow water 2/7=1.1 also can
be obtained with a good accuracy due to this table. Since the maximum
error for calculating with N=20 is no more than 0.2% at the most, we
think the accuracies of results obtained with N=20 to be enough and have
calculated with the dividing number N=20 hereafter.

Sayer and Ursell have recently calculated the added mass of heaving semi-
circular cylinder in water of finite depth at the low frequency K7'=0.¥

1.3r

Mu=Mu/Pa

Semi-circular

A

Sayer & Ursell (KT=0)

° Takaki (KT=0.005)

o}

0.9r

0.8

TJ (I 1 L L 1 1

1.2
.1 1.5 2 3 4 6 10
%

Fig. 4.4 My: Added mass coeff. of heave for semi-circular
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HYDRODYNAMIC FORCES IN SHALLOW WATER

Table 4-3 Accuracies of hydrodynamic forces for heaving semi-circular cylinder

N2 ] e s |20 | 40 |60 | 100

4 0.50 1. 0208 1. 0036 0.99770 | 0.99758 | 0.99755 | 0.99720 | 1. 00267‘
1.00 1.0152 0.99488 | 0.98890 | 0.98907 | 0.9828 0.98760 | 0.99361

8 0.50 0.99966 | 0.99952 | 0. 999751 0.99987 | 1.C001 0.99992 | 1.0036

1.00 0.99755 | 0.99754 | 0.99829 | 0.99874 | 0.99891 | 0.99798 | 1.0072

12 0.50 1.0001 1. 0000 1. 0001 1. 0002 1. 0002 0.99910 | 0.99883
1.00 0.99980 | 0.99958 | 0.99989 0002 1. 0002 0.99878 | 1.0017

1.
16 0.50 1. 0002 1. 0001 1. 0002 1. 0002 1. 0003 1. 0003 1. 0004
1.00 1. 0006 1. 0002 1. 0003 1. 0005 1. 0008 1.0011 1.0011

20 0.50 1. 0003 1. 0002 1. 0002 1. 0002 1. 0002 1.0011 1. 0004
1.00 1.0008 1. 0004 1. 0004 1. 0006 1. 0006 1. 0028 0. 99806

30 0.50 1.0001 1. 0001 1. 0002 1. 0001 1. 0000 1.0003 0.99748
1.00 1. 0007 1. 0005 1. 0004 1. 0005 1. 0002 1.0013 0. 99597

40 0.50 1. 0003 1. 0002 1. 0001 1.0001 1. 0002 1. 0008 1.0012
1.00 1.0011 1. 0005 1.0004 1. 0005 1. 0004 1. 0008 1. 0015

Their results and our results (our results are not K7=0 but K7=0.005)
are shown in Fig. 4. 4. It is seen from this figure that we obtained good
numerical results at such a very low frequency range by this calculated
method.

4.3 Analysis of forced oscillation test

The forced oscillation test was performed in the small experimental tank
(LxBxD=60mx1.5mx1.5m) of the Tsuyazaki Sea Safety Research Labo-
ratory belonging to the Research Institute for Applied Mechanics of Kyushu
University. Photo 4-1 shows the condition of forced heaving test and Photo
4-2 shows the condition of laterally forced oscillation test. Three model ships
used in this experiment have the two dimensional Lewis form cross section
shown in Fig. 4.5, and the lengths of models are all 1.45m in order to
keep the two-dimensional test condition. The forced heaving test and the
laterally forced oscillation test (swaying and rolling) were carried out in the
different test conditions respectively. Namely, the forced heaving test was
performed in four kinds of water depth (2=130.0cm, 59.2cm, 31.4cm and
21.5cm) by using only the model with a rectangular cross section. On the
other hand, the laterally forced oscillation tests were carried out in various
.depths of water (A=124.5cm, 66.5cm, 32cm, and 22.5cm) by using three
ship models shown in Fig. 4.5. In these experiments the test of the rect-
angular model was carried out with a bilge-keel of 10 mm breadth and the

tests of semi-circular model were carried out with and without a bilge-keel.

We measured the displacements of the cylinders, the hydrodynamic forces

and moments acting on the ship models and the amplitude of outgoing waves.
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Photo 4-2 Condition of laterally forced oscillation test

The swaying force, the rolling moment and the coupling force acting on
the ship model were composed with three forces which were measured by
the three strain-gauge dynamometers 27. The amplitude of the outgoing
waves was measured by the wave height meter which was set at the point
from the ship model by 5m. Thus the forces and the wave height measured
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Rectangular Elliptical Semi-circular
cylinder cylinder cylinder
A B/2 8/2
T =Z— T = =
T T I
%E} £ £
g=1.0 0 =0.7854 0 =0.7854
Ho=1.25 Ho= 1.25 Ho= |. 0
B =0.40m B=0.490m B =0.490m
T=0.16m T=0.16m T=0.20m

be.x. =1omm

Fig. 4.5 Cross sectional forms of models

were analyzed with aid of Fourier expansion, and we compared the numerical
results with the experimental results of the first order with the circular
frequency w.

Now, the heaving equation and the coupling equations between swaying
and rolling about O (shown in Fig. 2.1) are represented as follows:

(ed+Mp)E+ Ny C+pgAy C=Z, sin(wt+ez), (4.19)

[(pA+MS)57+NS7'7+ (My,—pd OG)E+Nyb=Y , sin(wt+ey),
(Js+Mgp)d+ Nrd+pgd-GMp+ (M,;—pd OG) %+ N,si1=L, sin(wt+e,),
(4. 20)

where the direction of moment is crockwise,
MW:MM:_PA’ZSRy NW:Nw:_Ns‘lm

Z,: Heaving exciting force, e,: Phase lag between heaving displacement
and heaving hydrodynamic force,

Y ,: Swaying exciting force, ey: Phase lag between swaying displacement
and swaying hydrodynamic force,

L,: Rolling exciting moment, e,: Phase lag between rolling displacement
and rolling hydrodynamic moment.
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30 M. TAKAKI

(i) The forced heaving test

The origin of two-dimensional model ship O is forced to a harmonic oscil-
lation ¢=Z2, sin wt. Then the coefficients of hydrodynamic forces with
the first order of circular frequency w can be obtained from equation (4. 19)
as follows:

My=— Zio ZCOZS 2 _pg 4L g;) Aw. Addedmass of heave
‘ 4 (4.21)
No— Z, sin ey
y= 24 S g7

: Damping force of heave,
w Z,

Z,=1.5cm: Heaving amplitude.

(ii) The forced swaying test

The origin of two-dimensional cylinder O is forced to a harmonic oscil-
lation =y, sin wf. Then it means that §=¢=0 and the relations between
the coefficients of hydrodynamic forces and moments with the first order of
circular frequency o can be oatained from equation (4.20) as follows.

My= _Yacosey —pd: Addedmass of sway,

w? y
_ ‘ (4.22)
Ng=—24Ser . Damping force of sway,
@ Ya
MW:—%%%S—EJ‘— +p4+0G | Coupling moment of sway
A4
(4.23)

L,sine,
NW:

into roll.
@ Y4

y4.=2cm: Swaying amplitude.

(iii) Forced rolling test

The two-dimensional ship model is forced to a harmonic oscillation ¢=¢,
sin ot about the point O origin of ship model. Then it means that 7=7=0
and the coefficients of equation (4.20) have the following relations.

Jot My=— Lycose, | pgd-GM . Virtual mass moment

0P, w? " of inertia of roll,
. (4.24)
N R=—I—’—Aﬂni: Damping moment coeff. of roll,
w4
M, —_ Yacoser ., i5e ,
1 0P 4 e Coupling force coeff. of @25

Y, sin roll into sway,
N,y = Aa)qSA ey y
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HYDRODYNAMIC FORCES IN SHALLOW WATER

¢,=5° 10°, 15° Rolling amplitude.

4.4 Comparison the experimental results with the calculated results

The calculated results and the experimental results obtained by the above
mentioned method are shown in Fig. 4. 6~Fig. 4. 35.

(1) Added mass coefficient for heave: M,,

M increases in the full frequency range as the depth of water becomes
shallow. This tendency is agreement with the Tasai and Kim’s result *®
which shows that the heaving natural period of ship becomes large as the
depths of water become shallow. In the range of low frequency My of
infinite depth increases in a logarithmic way, but MH of finite depths for
KT—0 yield finite values respectively according to our calculations and ex-
periments. Sayer and Ursell have calculated M, of semi-circular at KT=0
as for this characteristic ¥. The calculated results are larger than the
experimental results at very shallow water, but the tendencies of both are
in good agreement. (Fig. 4.6)

Jg=1.0
& Ho=1.25
N
X
=
n
X
(s

‘ w9
L - &P -
- °3—5’§7»9 ¢ T i
1.0 _~az79 ¢ % W&—E A0 ©° c E
| o b Ew; o) al. Xp.
-7 s h/T=1.344 —— X
i h/T=1.962 —-— &
r h/T=370 —--— A
h/T=8.125 - ---- )
il 1 1
(0] 0.5 1.0 1.5
KT

Fig. 4.6 M z: Added mass coeff. of heave for rectangular cylinder

(i) Damping coefficient for heave: N, and wave amplitude ratio: A,
Ny increases in the full frequency range as the depths of water become
shallow. The wave amplitude ratios /iH also have similar tendencies. Since
the damping coefficient obtained by the potential theory is all compose of
the wave damping force, the damping coefficient ]VH at KT=0 has to yield
to zero because of A,=0. But since the gradient of AH at K7T=0 becomes
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large as the depths of water become shallow shown in Fig. 4.8, N does
not yield the zero value near at K7=0 shown in Fig. 4.7 that is different
from one of other oscillating mode. This characteristic is comfirmed by
calculating very near at zero frequency K7=0. The calculated results of
the damping coefficients and the wave amplitude ratios are in good agre-
ement with the experimental results.

&
g
I Ho=1.25
ng Cal Exp.
n Fox h/T=1.344 X
R Y *'X' ’
(z Lo PN R X h/T=1962 — - — ®
NS
P © \ h/T=370 —--— a
r © D h/T=8.125-~-~--- °

0.5--885 5

B 5 2

L A%MF%

L ‘ﬁe—.ﬁx:
1

(0] 0.5 1.0 1.5

KT
Fig. 4.7 Npg: Damping coeff. of heave for rectangular cylinder

(iii) Added mass coefficient for sway: Mg

My decreases generally as the depths of water become shallow, but increases
coversely in the range of low frequency as the depths of water become
shallow. The above tendency is independent on the cross sectional form of
cylinder and appears uniformly. As shown in Fig. 4.9, 4.10 and 4. 11, the
numerical results agree well with the experimental results.

(iv) Damping coefficient for sway: N,

N, increases in the range of low frequency as the depths of water become
shallow but has a tendency decreasing conversely in the range of high
frequency as the depths of water become shallow. The rectangular model
especially of which beam draft ratio H, and the sectional area coefficient ¢
are larger than those of semicircular model shows intensely the above tendency.
Because the wave amplitude ratios become large in the range of high frequency
as the depths of water become shallow (Fig. 4.17), when H, and ¢ of the
cross section become large. The theoretical calculations coincide with the


library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked


HYDRODYNAMIC FORCES IN SHALLOW WATER

gd=1.0
Ho=1.25 X

28
Exp.
h/T=1.344 X
h/T=1.962 — - — ©
h/T=370 — --— A
h/T=8.125 -=---- e
| |
1.0 1.5

KT

6 =0.7854
Ho=1.0

Cal.
h/T=1.125

h/r=1.60 — - —

Ms=Ms/PA

P

h/T=3325 — --—
h/T=6.226 —=— - -~

eboxg
©

of heave for rectangular cylinder

0] 0.5 1.0 1.5

KT
Fig. 4.9 M,: Added mass coeff. of sway for semi-circular cylindr
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q
Q.
2
= 0 =0.7854
n
©» HO = '25
E
Cal. Exp.
.0 0 h/T=1.406 ———m— x
h/T=2.00 — - —
AY \ o
N h/T=4.156 — -~ — A
\\
0.5+ ~ \
’o:f&‘k\
X \N\
\%
| | |
(o) 0.5 1.0 1.5
KT
Fig. 4.10 M,: Added mass coeff. of sway for elliptical cylinder
N
>
3 6-10
" Ho =1.25
(S
Cal. Exp.
h/T=1.406 X
h/T=2.00 — = — o3
h/T=4.156 — - ~— A
h/T=7.781 —=-~--- 0]

(0]
KT

Fig. 4.11 M,: Added mass coeff. of sway for rectangular cylinder
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Fig. 4.12 N,: Damping coeff. of sway for semi-circular cylinder
&
Ei Cal. Exp.
olq G =0.7854 p/r.i406 ——  x
Zlk Ho=1.25 h/T=2.00 — - — ©
. h/T=4.156 —--— &
(=

/B/2g

HYDRODYNAMIC FORCES IN SHALLOW WATER

I 1 |

Fig.

0.5 1.0 I.5

KT
4.13 Ni: Damping coeff. of sway for elliptical cylinder
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_ Cal. Exp.
¢ =10 h/T=1.406 ———— X
Ho=1.25 o
h/T=2.00 —=-——
h/T=4.156 —--— A
h/T=7.781 ----- -~ O
/ ‘/N
| |
0.5 1.0 1.5
KT

Fig. 4.14 N,: Damping coeff. of sway for rectangular cylinder
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Fig. 4.15 A,: Wave amplitude ratio of sway for semi-circular cylinder
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HYDRODYNAMIC FORCES IN SHALLOW WATER

experimental results shown in Fig. 4.12, 4.13 and 4. 14.

(v) Wave amplitude ratio for sway: A,

The tendency of A, with respect to the depths of water is completely
similar to that of the damping coefficient composed of the wave damping
force which increases in the range of low frequency and decreases conversely
in the range of high frequency as the depths of water become shallow.
The experimental values show a little scattering, but the calculated results
are in fair agreement with the experimental values shown in Fig. 4. 15, 4.16
and 4. 17.

(vi) Added mass moment of inertia coefficient for roll: MR

Since the virtual mass moment of inertia (/;+Mjz) composed of the mass
moment of inertia J; and the added mass moment of inertia My has been
measured by the forced rolling test, it is better to indicate the virtual mass
moment of inertia (J;+Mj) than the added mass moment .of inertia Mpy
because of involving the analytical error. So the figures show the virtual
mass moment of inertia coefficient ( f¢+M =)-

Fig. 4.18 shows the virtual mass momement of inertia coefficients of
semi-circular cylinder. In the case of the semi-circular cylinder without a

. A
o
2 6 =0.7854 0
) ¢ 2
Ho= [.25 X
3 i 0 5/
12 A
<
1.0 °
A
Vi
Cal. Exp.
h/T=1.406 X
h/T=2.00 — - — o
h/T=4.156 —--— &
h/T=7.781 ---- -~ [0}
| |
1.0 1.5
KT

Fig. 4.16 A;: Wave amplitude ratio of sway for elliptical cylinder
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h/T=4.156 —--—
h/T=7.781 == - = ~- o

0.5

P o X

I |
1.0 1.5

KT

Fig. 4.17 A,: Wave amplitude ratio of sway for rectangular cylinder

bilge-keel rolling about the center of the circular O, the added mass moment
of inertia obtained by the potential theory is equal to zero and then the
virtual mass moment of inertia for roll coincides with the mass moment of
inertia of the cylinder. The experiments of the conditions with a bilge-keel
(bpx.=10 mm) and without a bilge-keel have been carried out. The virtual
mass moment of inertia of the semi-circular cylinder without a bilgekeel
obtained by the experiments agrees almost with that obtained by the poten-
tial theory in the water of deep depth (#/7T=6.225). The virtual mass
moment of inertia of the semi-circular cylinder with a bilge-keel, however,
increases rapidly in the range of low frequency as the depths of water
become shallow. In the forced rolling tests by Vugts?®, it has been seen
that when the rolling amplitude ¢, is changed, the added mass moment of
inertia My decreases in the case of the small rolling amplitude, on the
other hand, in the case of the large rolling amplitude Mj increases in the
range of low frequency. He has explained these phenomena to be caused
by his experimental error. But it seems that these phenomena caused by
the viscous effect of the fluid, because the radius of transverse gyration
and the center of gravity of this cylinder are constant at the variable depths
of water in our experiment and the above tendency appears more strongly
in the case that the bilge-keel is set and the depths of water become sha-
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Fig. 4.18 L%—M g Virtual mass moment of inertia coeff. for
semi-circular cylinder with and without bilge-keel
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Fig. 4.19 J,+Mg: Virtual mass moment of inertia coeff. for
elliptical cylinder without bilge-keel
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Fig. 4.20 .7¢+M r: Virtual mass moment of inertia coeff. for
rectangular cylinder with bilge-keel

llow much more. it however seems to be problem which we ought to study
hereafter.

The tendency that the added mass moment of inertia M, increases in the
range of low frequency as the depths of water become shallow appears in
the experiment of the elliptical cylinder and the rectangular cylinder in
shown Fig. 4.19 and 4.20. But the theoretical calculations are in agreement
with the experimental results in the range of high frequency. - It is seen
that My increases as the depths of water become shallow and the cross
sectional form becomes full according to these figures. The added mass
moment of inertia of the rectangular cylinder especially increases in overall
range of oscillating frequency as the depths of water become shallow. The
above phenomena coincide with those of Iwai’s experiments®” in which the
natural period of rolling becomes large as the depths of water become shal-
low and the block coefficient of ship body becomes large.

(vii) Damping coefficient for roll: Ny

As the example of the condition without a bilge-keel .the.wave amplitude
ratios of the rolling elliptical cylinder are shown in Fig. 4.21. The tendency
as for the effect of depths of water is the same as that of the swaying: the


library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked


Ca/¢A. T

A
AR =

B/2g

__Nr
" paB2

Nr

HYDRODYNAMIC FORCES IN SHALLOW WATER

0.05

o

T

0.006

0.005

0.004

0.003

0.002

0.001

Cal. Exp.
h/T =1.406($a=109 x
h/T=2.00($as5° — - — &
h/T=4156(Pa=5° —--— &
h/T=7781(Pa=5°) --=--n-- °
I L
—» KT
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wave amplitude ratio A, becomes large in the range of low frequency and
becomes small conversely in the range of high frequency as the depths of
water become shallow. The theoretically calculated values are in good
agreement with the experimental values as shown in Fig. 4. 22. Since
the damping coefficient of the rolling elliptical cylinder without bilge-keel
Ny is almost composed of the component of wave damping force and does
not involve almost the component of viscous effect of fluid in the range of
low frequency, it can be estimated by the potential theory. The viscous
damping component, however, becomes much as the oscillating frequency
becomes to the range of high frequency, and the rolling damping components
become to be composed of the components of the wave damping force and
the viscous damping force in the range of high frequency. And the rolling
damping values obtained by the experiments are much more than the theo-
retically calculated values obtained by the potential theory and the effect of
water depth does not appear clearly in the experimental values at the same
time.

In the next place, in order to study the effect of the bilgekeel the forced
rolling tests have been carried out by using the semi-circular cylinder with
the bilge-keel (bp.x.=10mm). At the first time the wave amplitude ratios
of the rolling semi-circular cylinder without a bilge-keel are shown in Fig.
4.23. According to the potential theory, the wave amplitude ratio of the
rolling semi-circular cylinder is equal to zero, but there are outgoing waves
actually with aid of the viscous fluid. Krap and Kotick ¥ have obtained
the following experimental formula which expresses the amplitude of the
outgoing wave, when the semi-circular cylinder is rolling about the center
of the cylinder O in the water of infinite depth written by

Ca=4(Er)’'N v]w *ba (4. 26)

where 7: radius of semi-circular cylinder,
y: fluid kinematic viscosity.

The values of the above formula (4.26) are represented in Fig. 4.23.
According to this figure it is seen that the wave amplitude ratios Az become
larger in the range of low frequency and conversely smaller in the range of
high frequency than that of the above formula as the depths of water become
shallow in water of finite depth.

As shown in Fig. 4.24, the wave amplitude ratios of the rolling semi-
circular cylinder with the bilge-keel become larger than that without a bilge-
keel and the order of the wave amplitude ratios take a figure up one place.
And so it is seen that we can’t neglect the outgoing wave amplitude by the
effect of the bilge-keel and the effects of water depths as for A, become
generally large as the depths of water become deep.

The roling damping coefficients N of these two conditions with and
without the bilge-keel are shown in Fig. 4.25. It is seen from this figure
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cylinder with bilge-keel
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Fig. 4.25 Ng: Damping coeff. of roll for semi-circular cylinder
with and without bilge-keel

that the N without the bilge-keel are not affected very much the effect of
water bottom. We suppose that we neglect the wave damping force without
the bilge-keel above mentioned as the small component and the rolling dam-
ping forces are completely composed of the frictional damping component.,
Namely we consider the oscillation of the semi-circular cylinder about the
center of the cylinder O and the flat plate in the uniform flow as the same
condition and obtain the frictional resistance acting on the flat plate using
Hugh’s frictional resistance coefficient ® given as

Cr=1.328R, 75 +0. 014,114, 4.27)

where Rn=LTV : Reynolds numbef, L: Length of plate,
y=1.01 10 °m?/sec (20°C), V: Speed of fluid.

We transform the term of the square of the velocity to the equivalent linear
equation as follows:

1

50-CreS-[74] 74

; P‘Cf‘S‘ sz

Rr=

=1 p.crs B wrrg cos o (4.28)
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HYDRODYNAMIC FORCES IN SHALLOW WATER

where S=nrL: Surface area of cylinder.

The frictional resistance moment Ny-é obtained by the above equation are
expressed as

NR.¢§=LJ 7 dR;= %pcf w?’¢2rt L cos wt,
" Ny=-5-pCropr'L, | (4. 29)

N = ?)]7\%5\/—3 g =l§;¢ (1. 328 R,~05+0. 014 R, 1) /BT, (4. 30)

where T=r: Radius of semi-circular,
V=ws.r, 4+=15°: Roll amplitude.

It has become obvious that the values obtained by the formula (4.30) are in
good agreement with the experimental values. The rolling damping mo-
ments of the semi-circular cylinder with the bilge-keel are not significantly
affected the effect of water depth shown in Fig. 4.25. It is necessary to
take into account the direct pressures acting on the bilge-keel because the
N, with the bilge-keel are larger by taking a figure up one place than that
without the bilge-keel. )

Fig. 4.26 shows the wave amplitude ratios A, of the rectangular cylinder
with the bilge-keel (bg.x.=10 mm). The wave amplitude ratios Ay of the
rectangular cylinder without the bilge-keel, which are shown with a mark
(@) in Fig. 4.26, are sufficiently estimated by the potential theory, but
the wave amplitude ratios with the bilge-keel become larger than the theore-
tically calculated values because of the outgoing wave occured by the bilge-
keel. The tendencies of A, as for the various depths of water become
small constantly as the depths of water become shallow. The rolling damp-
ing moment coefficients Ny of the rectangular cylinder are shown in Fig.
4,27. The order of the rolling damping moment without bilge-keel obtained
by the experiment is almost equal to that obtained by the potential theory.
On the other hand the order of the rolling damping moment with the bilge~
keel takes a figure up one place. Furthermore it is an interesting problem
that the rolling damping moments are not affected very much the effect of
water bottom until the ratio of water depth and draft %/7 becomes to be
equal to about twice, but the Ny increase rapidly and the values with the
rolling amplitude ¢,=10° are equal to those with the rolling amplitude ¢,=
15° as the depth of water becomes very shallow %/7T=1. 406.

The effects of water depth as to the rolling damping coefficients obtained
from these experimental results may be summarized as follows.

(a) The component of the wave damping force is affected significantly
the effects of water depths, and it is not able to neglect the wave damping
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Fig. 4.26 Agz: Wave amplitude ratio of roll for rectangular
cylinder with bilge-keel
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Fig. 4.27 Ng: Damping coeff. of roll for rectangular cylinder
with bilge-keel
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force occured by the bilge-keel.

(b) The firictional damping component and the direct pressures acting
on the bilge-keel within the viscous components are not affect the effect of
water depth at all.

(c) The pressure distributions on the surface of the cylinder occured by
the bilge-keel do not change until the ratio of the water depth and the
draft is equal to twice (#/T=2.0) and then change very much and produce
a large pressure damping force as the depth of water becomes very shallow
(h/T=1.4).

(viii) Cross coupling terms: M,;=M,, N,z=N,, ) )

Firstly the symmetric relations of cross coupling term M,4=M,, and N,y=
Ny, of the elliptical cylinder without a bilgekeel are satisfied and the nume-
rically calculated results almost agree with the experimental results shown
in Fig. 4.28, 4.29, 4.30 and 4. 31. The tendencies of cross coupling terms
as to the various depths of water are similar very much to those of the
added mass and the damping coefficients for the swaying elliptical cylinder
respectively. .

In the next place, the symmetric relation of cross coupling term M,s=M,,

§lo 0a51), 0 =0.7854
g‘”g Ho=1.25 Cal. Exp.
'_'eé_' h/T=1.406 x
<= h/T=2.00 ———— o
h/T=4.156 —=~— a
010 h/T=7.781 —=——~~ e

0.05

(0] 0.5 1.0 1.5

—— KT

Fig. 4.28 M”: Coupling force coeff. of roll into sway for
elliptical cylinder without bilge-keel
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Fig. 4.29 M,,,«,: Coupling moment coeff. of sway into roll for
elliptical cylinder without bilge-keel
6 =0.7854
Ho=1.25
0.06
&
8 % 5
0.05 #° a- \«\
s AN i\’\“:%
0.04 A A'
0.03 Cal.
h/T=1.406($=10°
0.02 h/T=2.00 ($s=5°) - —
h/T=4.156 (% =5° --—
0.01H h/T=7.781($ax5°------
1 1
0 1.0 1.5
— KT

Fig. 4.30 N,,: Coupling force coeff. of roll into sway for elliptical
cylinder without bilge-keel
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Fig. 4.34 N;,: Coupling force coeff. of roll into sway for rectangular
cylinder with bilge-keel
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Fig. 4.35 N,,: Coupling moment coeff. of sway into roll for rectangular
cylinder with bilge-keel

of the rectangular cylinder with the bilge-keel (bg.x.=10 mm) is satisfied
in comparatively shallow water. But the theoretically calculated values
do not coincide with the experimental values as the depths of water become
very shallow shown in Fig. 4.32 and 4. 33.

The experimental results without the bilge-keel satisfy the symmetric
relation N,;=N,, and are in good agreement with the theoretically calcul-
ated results. But the absolute values of the experimental results with the
bilge-keel are larger than the numerically calculated absolute values.
Especially the coupling terms N,;, of the rolling into the swaying become
large.  The bilge-keel affects very much not only the rolling damping mo-
ment but also the coupling terms which are proportional to the velocity
shown in Fig. 4.34 and 4. 35.

4.5 Examples of numerical calculations

(i) Comparison with Kim’s results

C.H. Kim has calculated the hydrodynamic forces and moments acting on
the rectangular cylinder ¥, which has a Lewis form cross section with the
sectional area coefficient ¢=1.0 and the beamdraft ratio H,=1.0, by using
the method of multipole expansions. The results comparing our values with
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Kim s values are shown in Fig. 4. 36~Fig. 4. 43.

As for the heaving added mass coefficients MH shown in Fig. 4.36 Kim's
results are very different from ours in the range of low frequency, because
Kim has mistaken the mesh size to calculate the infinite integral equations
(4.13) and (4.16) in the previous section. There is no great difference
between our results and Kim’s results, which are the wave amplitude ratios
Ay except for the case of #/7=2.0 as shown in Fig. 4.37.

As for the hydrodynamic force and moment of the swaying, the rolling
and the cross coupling, there are little difference except for the coupling
moment lever Iz, which is proportional to acceleration as shown in Fig. 4.
42,

0.5 1.0 1.5

— = KT

Fig. 4.36 ¥ My: Added mass coeff. of heave for rectangular cylinder
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Fig. 4.37 Ay: Wave amplitude ratio of heave for rectangular cylinder
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Fig. 4.42 73 r: Added moment arm for rectangular cylinder
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HYDRODYNAMIC FORCES IN SHALLOW WATER

(ii) Semi-circular cylinder floating on a free surface of water

The added mass coefficients ZlZfH and the wave amplitude ratios /i,, for the
heaving semi-circular cylinder are represented in Fig. 4.44 and 4. 45 respec-
tively, where the values in the water of infinite depth 2/T=co are obtained
by the so-called “Ursell-Tasai’s method.”

The added mass coefficients My decrease in the range of low frequency
as the depths of water become from the infinite depth to twice the draft of
cylinder, and increase rapidly in the overall range of frequency on water
depths smaller than twice the draft of cylinder. The wave amplitude ratios
Ay become large throughout the range of frequency as the depths of water
become shallow.

(iii) Submerged circular cylinder

According to this calculating method the hydrodynamic forces acting on
the submerged cylinder can be obtained by the same method as the floating
cylinder on surface of fluid. As the numerical examples the hydrodynamic
forces acting on the submerged circular cylinder are shown in Fig. 4.46~
Fig. 4.50. Non-dimensional coefficients of the hydrodynamic forces are
expressed as follows..

FH’ FS:FHr Fs/2pgtrL
MH: MS=MH1 Ms/prr®L

Fig. 4.46 shows the wave exciting forces obtained by Prof. Tasai acting
on the submerged circular cylinder. It is seen from this figure that the
theoretically calculated values are in good agreement with his experimental
results.

The added mass coefficients ZIZIH and M for heave and sway increase
respectively as the depths of water become shallow as shown in Fig. 4.47
and 4. 49. The wave amplitude ratios A, and /is for heave and sway
become small in the range of low frequency and large in the range of high
frequency as the depths of water become shallow, where the values in
water of infinite depth have been obtained by Maeda.*® The tendency above
mentioned is completely contrary to that of the floating cylinder.

It has been proved by Ursell that the heaving forces and the swaying
forces acting on the submerged circular cylinder in water of infinite depth
agree precisely.** Both hydrodynamic forces, however, do not agree because
of the effect of water bottom in water of finite depth according to these
calculated results.
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Fig. 4.44 Mpy: Added mass coeff. of heave for semi-circular cylinder
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Fig. 4.45 Ap: Wave amplitude ratio of heave for semi-circular cylinder
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Fig. 4.47 M r: Added mass coeff. of heave for submerged circular cylinder
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Fig. 4.49 M,: Added mass coeff. of sway for submerged circular cylinder
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Fig. 4.50 A;: Wave amplitude ratio of sway for submerged circular cylinder

5. Conclusion

The principal purpose of the present investigations is to calculate precisely
the two dimensional hydrodynamic forces and moments acting on the cylin-

ders of arbitrary cross section in water of finite depth. The principal
conclusions obtained from the results of this paper may be summarized as
follows.

(1) We established a numerically calculating method for two dimensional
hydrodynamic forces and moments in water of finite depth.

(2) It becomes clear from the comparison with the experimental results
that the numerical calculations obtained by the above method are in
good agreement with the experimental results for a naked hull without
bilge-keel.

(3) It is necessary to take into account the viscous effects for added
mass moment of inertia of roll in the range of low frequency as the
depths of water become very shallow.

(4) The wave damping moments of rolling damping moments are affected
significantly by the depths of water, however the direct forces acting
on bilge-keel and the frictional damping moments are scarcely affected
by the effects of water depths.

(5) The pressure distributions on the surface of the cylinder occured by
the bilge-keel do not change until the water depth draft ratio is equal
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to twice (B/T=2.0) and change very much and produce large pressure
damping moments as the depth of water becomes very shallow (2/T=
1. 4).
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