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ON THE SWAY, YAW AND ROLL MOTIONS OF A SHIP
IN SHORT CRESTED WAVES

By Fukuzo TAsAr*

In this paper, first we have derived two kinds of the equations of the
sway, yaw and roll motions in waves based on the strip theory.

One is according to the Ordinary Strip Method and the other according
to the New Strip Method.

In the next place, we have measured these three motions for a model
ship with full form self-propelling in short crested waves generated in our
long towing tank, and compared the results of computation by the above
two equations with the results of experiments.

Through the above study, it is -concluded that the computed values
from the equation of motion by the Ordinary Strip Method differ very little
from the ones by the New Strip Method. Comparisons between computed
values and experimental ones show satisfactory agreement for the ampli-
tudes of the sway and yaw. As for the amplitudes of the roll in the
resonance condition, however, the computed values are larger than the ex-
perimental ones by about 10~20 percents.

1. Introduction

The coupled second-order diffential equations based on a strip theory for
the heave and pitch motions can predict their amplitudes and phase lags with
a considerably good accuracy. Nowadays, these equations are widely used in the
investigations on seakeeping qualities for longitudinal motions of a ship.

Concerning the coupled motions of the sway and yaw in oblique waves, we
have Eda’s method? for an approximate computation, whose results show satis-
factory agreement with experimental results.

It is, however, hardly investigated as to how effective the equations based
on a strip theory are on three coupled motions which include the roll.

In this paper, we have measured these three motions for a model ship
self-propelling in short crested waves generated in a long towing tank; on the
other hand, we developed two kinds of coupled equations of the sway, yaw and
roll motions according to a strip method, and we compared and examined the
results of these computations with experimental results.

*Professor, Research Institute for Applied Mechanics, Kyushu University.
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F. TASAI

2. Short Crested Waves in a Long Towing Tank

In a long towing tank, we can generate regular waves, irregular waves and

transient waves® by usmg the wave maker. They are usually, -however, long
crested waves. .

In our long towing tank of Research Institute for Applied Mechanics of
Kyushu University, the float of the wave-maker of the plunger type is divided
into eight parts. If each of the eight floats is given the amplitude and phase
based on computation and made to vertical motion in the same period, we can
generate short crested regular waves which are composed of two kinds of one-
dimensional waves advancing each other in different direcﬁons. Short crested
irregular waves can also be generated by varying period of the wave-maker in
every cycle.®

In Fig. 1, let us introduce the coordinate system O-XYZ ﬁxed in space The
velocity potential ¢, of the gravity waves progressing to the X dlrectlon can
be expressed from the paper (4) as

Wall of Water Tank
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Fig..1 Three-node wave and coordinate system

_ o cosh ky(Z4R) 2w nn( P
$u=""F sinh Rk 2, ‘0 ~ >cos (\/ko ( 0) X— wr+e,,)
, where B,= tank breadth ' o

h = water depth
k,= wave number of one-dimensional wave
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SWAY, YAW AND ROLL MOTIONS

= w?/g=2m/A,
Ao= wave length of one-dimensional wave

® = circular frequency

I

and Cy,=w/k,= gl°;/ tanh 2wh/2, is the phase velocity of one-dimensional wave.

The elevation ¢ of the progressing waves can be written, using the equa-
tion (2.1), in the form:

‘e n<%¢o/zAncos n (_0 ) sin (\/ko (
B,

n=0

Bﬂ) X—wt+s,,) Q@2

The above equation in the case of n=<0 shows nodal waves varying ampli-
tude in the Y direction, that is, in the direction of tank breadth. In the case
of n=0, it does, of course, long crested waves.

The equation (2.2) can also be transformed into the following form:.
_ n< BukO/rA / "n—ﬂ 2 nir
(= Z‘:,o >3- [sm{ko(y 1—(B_~Oko) X+Bok0 Y)—wt+e,,1}+

+sin {ko (/1_(%)2 X—% Y) —wt+e,,2” (2.3)

, where if n is an even number, ¢,, is equal to e, and if #n is an odd number,
€. is equal to e, —m.

Putting nn/Byky=nk,/2B,=sind, 2.4

, we can obtain _( ) =cos 0,.
w o \/1 Bk c

The equation (2.3) presents the waves composed of two kinds of one-
dimensional waves, ‘which progress at an angle of 0,=sin™? (nn/Bk,) to the
X axis.

Putting 4,=3m, n=2 and B,=8m, we can get f,=sin"*(3/8)== 22 degrees.
Generally, the larger n and A, become, the larger 6, becomes.

In the next place, we put
k,cosl,=k,. @.5)

Let N, be the largest integer of n<Byk,/mw and assuming that z of water
depth is great enough to be regarded as deep sea waves, (2.1) and (2.2) become

No
b= O ez >34, cos nn (ﬁ + Y) cos(k,X—wt+e,) .6)
k, =0 B\ 2

= NZO A,cos Z—ﬂ (% + Y) sin(k,X—wt+e,). @D
n=0 0
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F. TASAI

N, is the maximum number of nodes of all waves in the water tank.

For example, the breadth of our tank is eight meters and therefore, if the
maker is given 1.0 sec of period, we obtain 10 of N,. But the maximum num-
ber of node is 5 at T,,=1.0 sec, as far as the nodal waves can be generated in-
dependently (without superposing of other nodal waves). The details about
these points are discussed in the papers (3) and (4).

k, in the equation (2.5) is the apparent wave number. Letting wave length
of nodal wave be 4,, we get

Ao=2r/k,=A,/cosb,,. .8)

At the time of t=0, supposing that we put at 0 a wave node in the case
of n in odd numbers or a wave crest in the case of n in even numbers, &, of
the sub-surface and ¢, can be written, according to (2.6) and (2.7), in the
form:

bp=— C"T‘OO e*%cos {—’g (% + Y)} sin(k, X —wt) 2.9
€.,=—CeMcos {nT;: (% + Y)} cos (k,X—w?) (2.10)

, where ¢, is amplitude of nodal wave and 2{,=H is wave height.

In Fig. 2, 0, is the point of intersection of the load water line and the
vertical line through G of the center of gravity of a ship when it floats on the
still water line. As shown in Figs. 1 and 2, O,—X,y,z, is assumed to be a coor-
dinate system fixed in the ship which puts O, at the origin and G—xyz which

1_.1-»
4
Y
k
]
X
Z,,
o Z
F A /;
0«
z 0, Y
AN,
17—

Fig. 2 Coordinate systems
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SWAY, YAW AND ROLL MOTIONS

puts G at origin to be a coordinate system fixed in the ship parallel with O,—
XY bZpe

In this paper, we will treat of the case of a ship advancing with constant
speed of V in short crested regular waves under the head sea condition.

We assume that OY and O,y, are on the same plane at t=0.

When a ship advances without oscillation, that is to say, under the restrained

condition, the equation (2.10) can be expressed, using a body axis (%, Vi Z),
as

¢,=—Ce"%cos {%: (%’ - y,,)] cos (kX +w,1) @11

, where w,=w+k,V=w+k,Vcosb,. (2.12)

The pressure p is given by

¢

— 9w _ koZ nz (B
p=—p—7= ng,,e“cos{Bo(

3~ y,,>} cos (k,X,+ w,t) (2.13)

3. Equations of the Sway, Yaw and Roll Motions in Short Crested Waves

The author has already derived the coupled equations of the sway, yaw and
roll motions of a ship with zero speed in beam seas (1965)% and ones in ob-
lique waves (1966)%.

In the latter, we partially considered the effect of the ship speed, but
essentially neglected it as for the radiation forces and moments in these equa-
tions of motions.

Regarding the pitch and heave motions, the Ordinary Strip Method” (here-
inafter referred to as the O. S. M.) explains results of experiments rather
well, but a more rational strip theory has been developed by Dr. Matao Takagi.
Differences between the two are described in Tasai and Takagi®*,

Recently, from another approach, N. Salvesen, E. O. Tuck and O. Faltinsen®
have developed equations of longitudinal motions and lateral motions (hereinafter
referred to as the S. T. F. method), where the end effect of the hull is taken
into consideration. As for longitudinal motions, Takagi’s new equations perfect-
ly accord with the S. T. F. method’s excepting the end effect. Furthermore,
Salvesen and others®” have given coupled equations of the sway, yaw and roll
motions in oblique waves.

In this chapter, first, we will derive the coupled differential equations of
the sway, yaw and roll motions according to the O. S. M. and secondly ones
based on Takagi’s new strip theory. And they will be compared with those of
the S. T. F. method.

In Figs. 1 and 2, it is assumed that a ship advances with constant speed
of V oscillating with small amplitudes.

* The idea of the new strip theory in the paper (8) is Dr. Takagi’s.
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F. TASAI

Let the angular displacements of the rotational motion about x and z axis
be 6 and ¢ respectively, and 7 be the sway displacement.

Assuming that all ship oscillations are small, we neglect effects of the pitch,
heave and surge motions acting upon the sway, yaw and roll motions.

And moreover it is assumed that all viscous effects can be disregarded.

- Because we let a model ship self-propel on the center line (Y=0) of the
water tank for the convenience of experimental equipments, short crested waves
with n in odd numbers were used in order to generate the lateral motions.

Table 1 Nomenclature

L : length between perpendiculars
B : breadth of ship
d : draft of ship
m, : mass of ship
W : weight of displacement of ship
GM : metacentric height of ship
m : sectional mass per unit length
w : sectional weight per unit length
T : sectional draft
: sectional beam of water plane
Sw : submerged sectional area
GM’ : sectional metacentric height
m’ : sectional added mass for horizontal motion
moK, : added mass of ship for horizontal motion
N, : sectional damping coefficient for horizontal motion
N, : damping coefficient of ship for horizontal motion
N, : sectional damping coefficient for rolling motion about x, axis
1, : lever of sectional added inertia moment due to swaying motion
I, : lever of sectional damping moment due to swaying motion
I, : lever of sectional added inertia force due to rolling motion about x, axis
J./ : sectional mass moment of inertia about x axis
J, : mass moment of inertia of ship about x axis

[\
o

I, : sectional added mass moment of inertia about x, axis
I, : added mass moment of inertia of ship about x, axis
I, : added mass moment of inertia of ship about x axis
J, : mass moment of inertia of ship about z axis
I, : added mass moment of inertia of ship about z axis
F’,, : sectional exciting force for swaying motion
F,, : exciting force of ship for swaying motion
M, : sectional exciting moment about z axis
M,, : exciting moment of ship about z axis
M ,, : sectional exciting moment about x axis
M,, : exciting moment of ship about x axis
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SWAY, YAW AND ROLL MOTIONS

And therefore in both theoretical calculations and experiments, we will discuss
the sway, yaw and roll motions of a ship advancing in short crested waves
with three nodes under the head sea condition.

3.1. Egquations of sway, yaw and roll motions based on the O. S. M.
In Fig. 2, let the horizontal displacement of O, be 7,, and 7, is given by
7,=7—0,G0+X,0. 3.1)

Hereafter the nomenclature in Table 1 will be adopted.
In Fig. 1, the momentum of the fluid between the control planes of X and
X+06X is '
m'y, =m'(; —0—1(;b+xb<0_ Vo). (3.2)

According to the O.S. M.”, therefore, the sway force dF,/dx, acting upon
an unit length cross section of the hull is written, letting the wave exciting
force be F,, in the form:

d o, ey d .
df: = —m(i+x,6) — g (M) —Nyin—

d (I'6\ N,
a(7)-10+r. 63

The above equation, being rewritten by using symmetric relations of I./l,
=m'l, and N,/l,=N,l,, becomes

By i)~ (i~ 0GB+ %, —2V)
b

—~N,(71—0,G 0+ x,p— Vo) —m'LLi—N,1,0
CVG-0G % V) A VIO Y+ P, (3.4)
7 1 »P @ axb axb 7 7€ B

Consequently, equations for the sway and yaw motions are given by

j L (Z_i’) d%,=0, J L (Zi: )xbd"b=0~ (3.5)

In the next place, the roll moment acting on an unit length cross section
about the center of the gravity G is

dM, s od [, Paa ) A
E:=—J’,0—37{(1,,—I—DOIG)0]—(No~l—016)0

w

- d;dt {m,(lﬂ_m)ﬁl} ~]\rﬂ(lw"“al_G)ﬁl‘_*_F,'we(lw— 0—1G) —w-GM'’ 0
= ("Jlx_llx+m,lwm) 0 + Voé_?C— (I’x_m,lﬂaTG)
b

o wel] . Ve . 0 —
— Nl (b= 0.8)6—m'is(l,— 0,6) + Vi 52 {m (1,—0:6)
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F. TASAI
—Nﬂ(lw_ W;);h“WGMlo'*_Fwe(lw_ WG) (36}
Then the equation of the roll motion is given by

f(48)aem.

The coupled equations of the sway, yaw and roll motions can be written
as follows:

a21¢+a22¢+a23¢+b215+b226+b230+cz1ﬁ + €+ Coan =M,

a7 +a,i +an +b11¢+b129’0+b13¢+0115+C1zé +¢;0 =F,,
} (3.8)
a310"+ @350 4 Q330 + by 5+ Doyt + b33 + €3 G+ Coplp + Cosp=M,,

Coefficients in (3.8) derived from (3.4), (3.5), (3.6) and (3.7) are shown in
Table 2, though; in the calculation of (3.5) and (3.7), we assume that the two-
dimensional hydrodynamic force and moment at both ends of the hull are zero,
as shown in [Vm']5:5:=0.

Table 2 Coefficients of the Sway, Yaw and Roll Motions

New Strip Method 0. S. M.
Swéy
70 an | mHKD MoK
7 Qs ILN,dxbzlvw N
7: Az 0 0
. V
¢: by L m’ x,,dx,,—l—T‘E L N,dx, Lm’xbdx,,
@2 by, ILN,,x,,dxb—VfLm’dx,, LN,,x,,dx,,—VLm’dx,,
0 b 0 —Vf Nedx,
L
bien | [, md—0:G)x, [, mt—0iGydx,
6100 | [ Ni(l—0:Gdx, [, Malt—0:G)a,
6: Cy13 0 0
Yaw
Fram | Tt [ mdet B[ Noxdx T+ [ sz,
@1 as I N,xidx,+ V:J N,dx, I N, xidx,
L wil)L L
01 ay VI N,,x,,dx,,—wj mdx, —V[ Nyx,dx, — V2 f m'dx,
L L L L
0 by Lm’(l,,— 0:G)x,dx, J’Lm’(lﬂ—— 0,G)x,dx,
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SWAY, YAW AND ROLL MOTIONS

IL N,(,— 0,G)x,dx,
+V [ mU—0:G)dx,

Vj No(ly— 0:G)dx,
L

J m’ x,dx,

L

j Nﬂxbdx,,+Vj m'dx,
L L

| 4 L‘ N,dx,

Tt Lo
L NoCly— 0:6)2dx,
wW-GM
[, mat,—0:Gydx,
[, M= 0:Gdx,
0
. [, Naltu— 0:6>dx,

+ [, mdy—0:Gyxdx,
fL N.(l,— 0:G)xpdx,
. j m’ (1l,—0:G)dx,
L

0

IL Ny~ (ﬁ)xbdxb
+V [t~ 0:GYdx,
L
0
[ m’x,dx,
L
L N,x,dx,-+-V J'm'dx,,

0

Tt

[ Mot~ 0162,

w-GM

[ m'dt— 016,

[ Nit—0:6rax,
0

J'Lm'(l,,— 01 x,dx,

[, Niu—0:6)x,dx,
v J’ _m'{y—0:6)dx,

~V [ N(,—~0:6)dx,
L

In the next place, F',, is approximately given, letting the horizontal com-
ponents of mean orbital velocity and mean orbital acceleration of water particle
be v, and 7,, in the form:

, where F',; is Froude-Kriloff’s force.

ml

F’ﬂe¢Flw1 + 'g? (m,Fn> +Nﬂ5ﬂ=F,wl+m’ZT)w+ Nﬂz—)w_ VEW gx (3-9)
b

Now, under the condition in head waves with three nodes, ¢, becomes

9

Lo 3n (B, .
b= & eZ cos { B, ( ) + Y)} sin(ksx,+ w,t). (3.10)

And therefore, v, of orbital velocity of water particle in the — Y direction

is
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10 F. TASAI
v,=— (%)) = — {,we"%sinf, cos (%l: Y) sin(ksx, + w,t) (3.11)

Assuming that v, and 7, are approximately expressed as the value at Z= —
T/2 on the center plane of the ship, we obtain the following:

v,= —C we "T%5inf,sin (k;x, + w,t
7 3 (ksx, )} (3.12)

0,=—€, wre M %sinf,cos (ksX, + w,1)

From (3.9) and (3.12), we can calcuate the whole sway exciting force F,,

=J F',, dx, and the yaw exciting moment MM=J F,x,dx,.
L L

Putting here

F,./¢, = F,cosw,t+F,sinw,t }

o7 e 3.13
M,,/C,=M,.coswt+M,sinw,t (.13)

, We& can obtain
F,,=—pg J kyS,,S.cosksx,dx,
L
—ww.sinb, I m'e~*Tcosk,x,dx,
L
—wsin63j N,e-"T2sink,x,dx,
- (3.14)
F,y=—p8 J k,S,,Sosink,x,dx,
L

+wwesin03J m'e"®Tsink x,dx,
L

—wsinﬂaj N, e " cosk x,dx, .
L

, where S;= _IEZSZ— J'—T ensin(¢,y,)dz, (3.15)
0w JO

and c¢;=3n/B,(B,=8m in our long towing tank).

M, =— ngL koS ,Sex,cosk;x,dx,
~wwesin63J m'e *T2x, cosk,x,dx,
L
—wVsinb; J m'e~"Tgink,x,dx,
L

—wsinf, L N,e "% sink;x,dx,, ,(3'16)

Mws = ngL kaSwSox,,sink3x,,dx,,
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SWAY, YAW AND ROLL MOTIONS

+ww,sinf, J m'e~*T2x, sink,x,dx,
L

—wVsinl, J m'e *T"2cosk,x,dx,
L

—wsin(igj N, e *T%x,cosk,x,dx,
L
In the next place, putting the roll exciting moment as follows:
M02=MBI+M02+M63+M64 (3-17)
, We can approximately obtain such as: '

M, =moment based on Froude-Kriloff’s theory

M= [ m'5,(,—~ 0G)dx,
L

M= J Nnan(lw“bTG)dxb
L

G —
M“: -V JL v, E {m’ (l.,,—* OIG) }dxb
——=om’ 6] _
= VIL {OlGﬁ b éx_b (m’l,”)} ’dexb.
Consequently, putting
M,,/C,=M,.coswt+M,sinw,t (3.18)

M,, and M, are given by
Mac= PgI koS4 {So 6T—G+ (Py—Ry) T}COSksxbdxb 3
L
—ww,sinf, J m'(l,— 0,G) e " ’cosk,x,dx,
L
—wsinf, J N,(l,— 0,G)e ""sink,x,dx,
L
(3.19)

M= — pg[L koS, {So 0,G+ (PO—RO)T} sink,x,dx,

+wwesin03J’ m'(l,— 0,G)e *""*sink,x,dx,
L

—wsinﬂgj N,(l,— 0,G)e " ¢cosk,x,dx,
L

where
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12 F. TASAI

-
P,—R,—= 2 (J" et?vy,sin ¢;y,dy,— J‘ e"%z,sin csy,,dz,,> (3.20)
ko, TS, \Jo 0

3. 2. Equations of the sway, yaw and roll motions based on Takagi’s new strip
theory

Dr. Takagi® has developed the equations of longitudinal motions which
seem to be more rational than those of the O. S. M.. We will derive the equa-
tions of lateral motions from Takagi’s new strip theory.

In Fig. 2, a certain point (X, Y) on the space-fixed coordinate system can
be expressed by (x,, y,) of the hull fixed coordinates as the following form:

1=+ —0,G 0+ (X—Vt)o,
X,=X—Vt.

Putting U for the fluid velocity in the —Y direction on the fixed cross sec-
tion of the hull, U is :

U=—(71—0,G 0 +x,0— Vo). (3.21)

Under the assumption that — (¢s+i¢,) is the two dimensional velocity poten-
tial when an arbitrary cross section oscillates with periodic velocity e'¢, ¢,
of two dimensional radiation potential is given by

6.=U (ds+id,). (3.22)

For the sway, yaw and roll motions, putting as follows:

p=1,€ @et+en
a }

o= ¢aei(wgt+s¢) (3.23)
0=0aei(mgt+so)
, ¢,, becomes
Pr=w b1 —Ps1+ (Vs + w. X0 ) @
v — —
+ (o $a—s) 9= 0.0:G 4,0 + O.G $s0. (3.24)

Now, let the whole velocity potential be @, and we can calculate the pres-
sure by the following linear equation derived from the Bernoulli equation

G C)
P—Pa=—0gzb—ﬁ<§ - Va—xb)m (3.25)
, where
0 = $o+¢,+4. (3.26)
¢,= incident wave potential

¢,

radiation wave potential

I
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SWAY, YAW AND ROLL MOTIONS 13

¢,= diffraction wave potential.

Fisrt of all we compute the pressure p{” from ¢,, and obtain the following :

P"=p [(bsﬁ - ( Pat Va¢s )7l + Vo, 2;’3‘4 < ba— x,,¢s)

_ _V:0d4 O, ( 9¢; 0¢.
(278, omdam oz 5ot + Y gE) o+ (V158 + Vo gt

+ Vwe¢A)‘P 0:G .0 + (“’*0 G4 +V0G 8¢s) ’

=004
~ Vo, 0,652 0]_ (3.27)

In the next place, putting the following for the radiation potential when
the ship rolls about x, axis

== (Ws+id') 0 =— ¢/s0 + ' 10,0 (3.28)

and substituting this into (3.25), pressure p,”” becomes

. 2 0
p."=p |:¢'30 — ¢ 0.0 — V A 50 +V 8¢xA ”0] . (3.29)

Therefore, the whole radiation pressure p” is given by

PO =p, P 4 p, ™. (3.30)

Herein, taking into consideration the following:

0 , 0 N,
o — 2o gt

-7 ~T W,

0 (D¢ __om’ ¢ (O, 1 ON,
2pJ“T(axb)de_—axb ’ 2pJ—T<axb)de_ 0, 0X,,

(3.31)

oy d ’ ‘ ’ 1
20 &' Zb=_mlm 2pJ' ¢Adzb =°_N-qlwv

-T -T W,

° (o4, __© ¢ (O¢'4 _ 19N,
20, (5 ) do= =5y (10, 20 [ (Gt ) dan= 5 25,

and making use of (3.27), (3.29) and (3.30), we can calculate the force dF,,/
dx, in the -Y direction acting upon an unit length cross section as shown in

the following form:

dF, om’ ON, |4 .
-——al:—m’ (N Vax ) Vaxanr (m'x,,+ wN,,)qo

V*: ON, om'\ . om’
+ (N,,x,,— w—z axb '—‘ZVm"—beé‘)c‘b*)(P’F (Vza—xb —VN.,,—-
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14 F. TASAI

Vx,,gN )¢+m'(l ~05) b+ {(1 — OGN, + VOngm
5 ) (BN BN,
~ Ve (i )0 —v{ =5 — 0,651 0. (332)

Coefficients for the sway and yaw motions in the left side of the equation
(3.8) are computed from

1 - dF,y() . dFﬂq
L (mi— dx, ) dx, and L (mq— E) X, dx,.

These coeflficients are also shown in Table 2.

The roll moment M,, caused by p is written, using the pressure difference
" =py—p), at the symmetric points on the cross section contour, as

b -016
M, = Jopomybd »t+ J_T Dpy"z,dz,. (3.33)
Hereafter let us use the shortened signs of
4 -016
plgs] for p [J0¢sybdyb+ J'_T ¢szbdzb]'

Using these signs, we obtain the following:

olp]=—m'(,—0.G), olgal= 2> - 0:6),

a¢s aWa a¢A 1 6 _—
0 = - (IW—OIG)}’ Y =T {NW(IW—OIG)}’

[axb:l [abe w, Ox, (3.34)
o [¢s] == —m1,0,6), 0194 = o No(lu— OB,
o[32] - - o =106, o[ Pt = Lot (N~ 06 L),

Taking the above into consideration, we will calculate the roll moment act-
ing upon an unit length cross section.

That is as follows:

dM,,
T dx,

= (I/—2m'1,0,G+m’ 1,0,G*) §

+ [N (Uy— OC) + V2 (I, — 1, 0,60) + V 0,G = (m! (I, — 0.6)) 0
7 w 1 axh x K 1 1 axb 7 1

— [Vog Wd(a—0.:6)) + V06 55 (N,(a— 0.0)) | 0+

+ [ Mol = 08 +x,(m (1~ o—@}] ¢
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V: o

w—ez a—xb {Nw(lw_ W;)} +Vx,

+ [N, - 06)% e (M= 060} | ¢

2 _— — e _—
+ [VZW {ml(ln—' 01G>} - VN'I/(lw_ OlG) - beaxb {Nﬂ(lw_ OIG)}:I @

+ (L= 0.6 + [N,(y= 0:6) ~ Vo (m'(1,— 0,6)) |
b

Vo (N, — 0.6)) 7 (3.35)

Coefficients of @j;, @3py cevvennnenns ¢;; are also shown in Table 2. a.s, that is,
coefficient of restoring moment of the roll is assumed to be W-GM.

The above radiation forces were calculated by assuming that the fluid is
perfect fluid. In the roll motion, however, viscous resistance is pretty large
because of the eddy-making resistance caused by bilge keel and the skin fric-
tion of the hull. And consequently a,, should include viscous damping coeffi-
cient in order to correctly predict the roll motion. This will be discussed in
chapter 5.

3.3. Differences in the coefficients of equations of motions

We will compare the coefficients of equations based on the O. S. M., Taka-
gi’s new strip method and the S. T. F. method with each other.

The end effect of the hull is considered in the S. T. F. method. Excepting
this end effect, however, the coefficients of the S. T. F. method and those by
Takagi's new strip method show agreement. For example, coefficients of ¢ and
¢ can be written. as in Table 3. Because ¢ is a periodic function of w, we

ays .. . .
2. Including @,; in a,, we get

obtain a,;¢ = — o
e

2
a,=J,+ J . m'x, dx,+ %L N, x,dx,— w_r:; Iwa,,dx,,-F aI]/Z JL m'dx,,

e e

Table 3 Comparison of coeflicients

‘ S. T. F. Method - New Strip Method
Ve | N4
@ an J.+ .[1. m'xbzdx,,—]-w—;jl‘ m'dx, | J,+ J’L m’ x,fdx,+ of ILN,,x,,dxb
Q2 as | 0 ) VJ N,,x,,dxb—sz m'dx,

! L L

And therefore, this accords with the one by the S. T. F. method.

In the next place, differences in the coefficients between the new strip theory
and the O. S. M. essentially admitted only for the yaw motion. This says that there
are no differences in coefficients for the sway and roll between both methods.
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Differences exist for a@,;, @, b,; and c,; of the yaw. As shown on page
31 in the paper (8), differences in coefficients for the longitudinal motions be-
tween Takagi’s new strip method and the O. S. M. don't appear in the equation
for the heave but in the one for the pitch. This resembles the case of the
above lateral motions.

3.4. Diffraction wave force

We will derive the diffraction wave force using Takagi’s new strip method.
It is assumed that the equation (3.12) can approximately show the com-

ponent in the —Y direction of the orbital velocity of water particles. The equa-
tion is
v,=—C,we "2 ginfl; sin(ksx,+ w,t).
Using v,, the diffraction wave potential ¢, can be approximately given by
Pa=0,(hs+1d). (3.36)
From (3.36) and (3.25), we can obtain

o _ —0¢; O,
P P=—pv,0s+ p0D, 0,4+ ()V(?)-q ox, O ox, )

, where
Dy=—C,w2e "2 8inf,cos (k. X, + w,t)} 37
N,=C,e"%772sin 0; cos (ksX,+ w,t). )
Using (3.31) and computing the sway exciting force and yaw moment, we
find that the sway force agrees with the one by the O. S. M., though; as for
the yaw moment, the following terms are added to the one by the O. S. M.

M, /€,= %‘9- -sin BsJ e ®T2N cosk,x,dx,
e L

(3.38)
Ma’s/ca =

Vo . .
sin 03J e MmN sink,x,dx,
W, L

The roll exciting moment M,, computed by using (3.30) and (3.34) accords
with the equation (3.19) obtained by the O. S. M..

As can be seen above, differences in the diffraction wave force between
Takagi’s new strip method and the O. S. M. exist only for M,,. Concerning
the sway exciting force and roll moment, both methods show perfect agreement.

The equations of the yaw moment added to those of the O. S. M. resemble
the terms of on page 31 in the paper (8).

WAAAAR

4, Model Experiments

We used the N-ship model which was described in the paper “A Study on
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Seakeeping Qualities of Full Ships”.! The principal particulars of the model

are shown in Table 4 and the body plan in Fig. 3.
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Fig. 3 Bodyplan of the model ship

Table 4 Principal particulars of the model ship

Description Model Ship
Length between perpendiculars L 3.00 m
Breadth B 0.5012 m
Depth D 0.2500 m
Draft d 0.1686 m
Displacement W 206.48 kg
Block coefficient C; 0.815
Waterplane area coefficient C, 0.870
Prismatic coefficient Cy 0.822
Center of buoyancy forward of midship 0.0655 m
Center of waterplane area forward of midship -0.001 m
Radius of gyration for pitch and yaw 0235L
GM 0.072 m
0,G 0.0336 m
Natural rolling period T, 1.244 sec

Without bilge keel. With rudder and propeller.

17
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The experiments under the full load condition were carried out in the
large tank (LXBXDXxd=80mX8mXx3.5mXx3m) at the Research Institute for
Applied Mechanics of Kyushu University.

4.1. Free rolling experiments of the advancing ship model

We made free rolling experiments of the model advancing in the still water.

The experimental equipment are shown in Fig. 4. The sway displacement
is perfectly restrained by the two guiding devices (the rolling axis is pivoted).

Towing Apporatus and Guide Devices

I ATL

A: Rolling guide E: Trimmer
B: Towing rod F : Vertical gyro
C : Piano wire G: Center of Gravity of the model
D: Pivot part H: Ball bearing
I:Truck

Fig. 4 Towing apparatus and guide devices

The ship model was towed by the piano wire joined to the towing rod. A
ball bearing was used where the piano wire was joined to the hull in order to
lessen the effect of the twisting moment of the piano wire. The effect of the
friction of each part is small enough to neglect.

The angular displacement of the roll was measured by the vertical gyro-
scope.

Experiments were conducted by varying the initial heeling angle 6, as
follows: 5°, 10°, 15°, 18°. The extinction curve in the experiment of 6,=18" is
assumed to be 40=al,+b0,>. In Fig. 5 are shown a and b (I/deg) of coeffi-
cients satisfying both 6,=5" and 6,=10" of the mean rolling angle.

Within the Froude number Fn used in experiments, @ increased and &
slightly decreased with the increase of the ship speed.

Furthermore, we calculated the mean value of Bertin’s extinction coefficient
N=46/6,? for 0,=8, 10° and 12°. It slightly decreased with the increase of
ship speed, as shown in Table 5.
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Table 5 Experimental values of N coefficient

F, 0 0.10 0.13 0.16 0.20

N " 0.0092 - 0.0089 0.0088 0.0087 0.0085

On the other hand, the value of N in the case of 6,=10" at zero speed
which was obtained from Watanabe and others'® was 0.0064.

4.2, Experiments in head waves with thre_e nodes

We let the model ship self-propel on the node line in three nodal waves
and measured the amplitude of the sway, yaw, roll motions and the relative
bow motion.

We carried out experiments under the head sea condition, so that we might
get the roll resonance for each speed of our ship model with a short natural
rolling period. (In the case of a container ship model whose natural rolling
period is relatively long would be adopted the following waves.)

Motions of the ship model were measured by means of the equipment for
measuring six motions of a ship model'¥. Moreover, in order to measure the
amplitudes of the roll and yaw were used angular differential transformers.

We used a manual steering apparatus in order not to let the model get off
the nodal line in three nodal waves and the model ship was steered as few
times as possible to lessen the effect of steering on the roll motion.

The test conditions in waves were as follows:

Ao/L=0.5~1.7,
H/,==1/50.
The wave height H was measured on the crest and trough line at the dis-
tance of B,/6 from the center line of the tank.
Some illustrations of records of ship motions are shown in Figs. 6 and 7.

In the analysis of the experimental results, we used the records while the
model wasn't steered, as shown in Figs. 6 and 7.

5. Comparison between Experiments and Computations

5.1. Computations of ship motions

.Computations of the sway, yaw and roll motions were carried out accord-
ing to the O. S. M. and the new strip method, by using coefficients of ay,, a,,,
...... , €33 in Table 2 and the wave exciting force in (3.13)~(3.20) and (3.38).

The two dimensional values of m/, [, I, and N, were calculated by ap-
proximating the cross section of the hull to the Lewis form.

For the following items, we used experimental results.
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1) Apparent moment of inertia for the roll

Because there’s little knowledge about the three dimensional effect for I,
in this paper we calculated J,+I, from the following equation, using the
natural rolling period T, obtained from the free rolling experiment in the case

of V=0.
To=2my (J.+L)/W-GM. (5.1)
2) Damping coefficient a;, for the roll _
In order to consider the viscous roll damping moments in addition to the
wave damping, we used, in this paper, the damping coefficient obtained from
the free rolling experiments. (In principle, it is more rational to get it from

the experiments by the forced oscillation method.)
As shown in Watanabe'® and Tasai®, equivalent linear roll damping is

G/l =200, = Z 0, (a+bAD,) 52

, where w,=2n/T,, A=T,/T,=w,/w, and T, is period of encounter.
Putting
@w’:ﬂH/Ao» (5»3)
0a=@w B— (5-4)

, the equation (5.2) can be written in the form

= L) - {a+b 2 @+k7)8, T ) 5.5

Using H/A,==1/50 in the case of experiments, that is, @,=3.6"; the equa-
tion (5.5) becomes as

U3 =8a+ &b (0 +k V)0 (5.6)

, where g, and g, are known constants.
In this paper, we compute by using coefficient N and in this case, from the
equation (5.6) 4as, is given by the following:

a3, =1.3356N(w+k,V)0. v 5.7

We used the values of N shown in Table 5.

We will explain here the concrete computation method.

In the first place, we solve the equation (3.8) by putting a;,=0 and obtain
the value of T=7,/C0 0=0u/kla 0=0,/kC,, €, e,and e,

Using this computed 6 and the equation (5.7), we can get @, which is

used in solving again the equation (3.8).
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In this way, computing the equation (3.8) by the iterative method, we finish
computing when the error of convergence of f, and others settles within 0.1
percents.

The computed results of 7, ¢ and 0 according to the O.S. M. are shown in
Figs. 8, 9 and 10.

The response curve of the sway amplitude in Fig. 8 has a hollow near the
frequency of the roll resonance. This phenomenon can also be seen for the

sway amplitude in beam seas®. Such phenomena are due to the coupling of

the roll into sway in the roll resonance condition. We will call these phe-
nomena Coupled Resonance. This will be discussed in detail in the appendix.

The response curve of the yaw ampiltude in Fig. 9 also has a small hump
near the roll resonance condition for the same reason as the sway.

In Fig. 10, the roll amplitudes in the resonance condition become larger
with the increase of ship speed. For M,,, there are few differences between
the case of F,=0.1 and the case of F,=0.2, and it can be inferred that the effect
of the ship speed upon the roll amplitude in Fig. 10 is due to coupling of sway
and yaw into roll.

In the next place, theoretical results 7 and § computed by the new strip
theory show good agreement with those by the O. S. M.. There's little difference
only for the yaw. This can be seen from the curves of a solid line and a
dotted line in Figs. 15~18.

5.2. Comparison between computations and experimental results

Comparisons between Computations and experimental results for the ampli-
tude of motion are shown in Figs. 11~22.

For the sway amplitude in Figs. 11~14, experimental results and computa-
tions show satisfactory agreement.

For the yaw amplitude in Figs. 15~18, experimental values are considerably
scattered for 4,/L>1.3. But it can be generally said that the agreement between
the computed and experimental results is satisfactory.

In the comparison of the roll amplitude in Figs. 19~22, the computed values
are larger than the experimental ones by 10~20 percents in the resonance ¢on-
ditions.

6. Concluding Remarks

In order to derive the rational method of prediction for the sway, yaw and
roll motions in oblique waves, we made such investigations as already dis-
cussed in this paper.

We have derived the coupled equations of the sway, yaw and roll motions
not only by the O. S. M. but also by Takagi’s new strip method.

In the next place, we have got the roll damping moments including the

21
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viscous effect and the effect of the ship speed from the free rolling experiments
in the still water. And we have let a full ship model self-propel in three nod-
al waves and measured amplitudes of the sway, yaw and roll motions.

Subsequently, using coefficient N obtained from experiments and equations
of motion based on the Q. S. M., we have computed amplitudes of the sway,
yaw and roll motions in three nodal waves according to the iterative method,
and the computation has been also carried out by the new strip method.

Finally, we have compared computed results with experimerntal results.
These investigations may be reduced to the following conclusions.
1) The derivatives of the radiation forces given by the new strip theory show
agreement with those by the S. T. F. method excepting end effect.
Difference in them between the former and the O. S. M. appears only for
the yaw. This circumstance resembles the one for the longitudinal motions.

2) Difference in the wave exciting force between the new strip method and
the O. S. M. also exists only for the yaw.

3) The computed values of the sway and roll amplitudes of the full ship model
in three nodal waves differ very little between the new strip method and the
0. S. M.. A few differences appear only for the yaw. '

4) The agreement between computed and experimental amplitudes of sway and
yaw is satisfactory.

5) The amplitude curves of the sway and yaw have a hollow and hump near
the roll resonance condition. This is due to the coupling of roll into sway
and yaw.

6) The computed values of roll amplitude are larger in the resonance condi-
tion than the experimental ones by about 10~20 percents.

Investigations to proceed further would be listed as follows:
a) Improving the computation method of wave exciting forces for an advan-
cing ship, in particular, the roll exciting moment.
b) Measuring radiation derivatives by tﬁe forced oscillation method and check-
ing up the equations of motions in this paper.

¢) Developing a theoretical equation or an empirical formula to predict correct-
ly the roll damping moment including viscous effect and the effect of advance
speed.

Acknowledgments

The author wishes to express his deepest appreciation to Mr. M. Kurihara
who carried out numerical computation and he is also gratefall to Mr. H.
Arakawa, Mr. T. Kita, Mr. A. Tashiro and other members of the laboratory
who cooperated in the model experiments.

It is mentioned that we used in numerical computation FACOM 230-60 of
the Computer Center of Kyushu University.


library
ノート注釈
library : None

library
ノート注釈
library : MigrationNone

library
ノート注釈
library : Unmarked

library
ノート注釈
library : None

library
ノート注釈
library : MigrationNone

library
ノート注釈
library : Unmarked


D

2

3
D
5
6
D
8
D
100

1D

12)
13
14

15)

16)

SWAY, YAW AND ROLL MOTIONS

References

Eda, H. and Lincoln Crame, C., Steering Characteristics of Ships in Calm Water
and Waves, S. N. A. M. E,, Vol. 73, 1965.

Takezawa, S., Fukuhara, M. and Yamashita, S., On the properties of the Tran-
sient Water Waves in Ship Model Basins, J. S. N. A. of Japan, Vol. 124, Dec.,
1968.

Kurihara, M., Tasai, F. and Suhara, T., On the Experimental Tank for Sea Disas-
ters, J. S. N. A. of West Japan, No. 32, July, 1966.

Awaya, Y., Generation of Higher Nodal Waves in Long Basin, Bull. Res. Inst,
Appl. Mech., No. 17, 1961.

Tasai, F., Ship Motions in Beam Seas, Rep. Res. Inst. Appl. Mech., Vol. XIII.
No. 45, 1965.

Tasai, F., On the Swaying, Yawing and Rolling Motions of Ships in Oblique
Waves, Rep. Res. Inst. Appl. Mech., Vol. XIV. No. 47, 1966.

Tasai, F., Improvements in the Theory of Ship Motions in Longitudinal Waves,
Appendix II of the Seakeeping Committee, 12th I. T. T. C., 1969.

Tasai, F. and Takagi, M., Theory and Calculation of Ship Responses in Regular
Waves, Symposium on the Seakeeping Quality, S. N. A. of Japan, July, 1969.
Salvesen, N., Tuck, E. O. and Faltinsen, O., Ship Motions and Sea Loads, S. N.
A. M. E,, Vol. 78, 1970.

Tasai, F., On the Equation of Rolling Motion of a Ship, Bull. Res. Inst., Appl.
Mech., No. 25, 1965.

Tasai, F., Kurihara, M., Arakawa, H., Kawasumi, K. and Kita, T., A Study on
the Seakeeping Qualities of Full Ships, J. S. N. A, of West Japan, No. 37, Feb.
1969.

Watanabe, Y., Inoue, S. and Murahashi, T., The Modification of Rolling Resis-
tance for Full Ships, J. S. N. A. of West Japan, No. 27, March, 1964.

Tasai, F., Kaname, M. and Arakawa, H., Equipment for Measuring Six Motions
of Ship Models, Rep. Res. Inst. Appl. Mech., Vol. XIII. No. 45, 1965.
Watanabe, Y., On the Motion of the Centre of Gravity of Ships and Effective
Wave Slope, J. S. N. A. of Japan, Vol. 49, 1932,

Takaki, M., Arakawa, H. and Tasai, F., On the Oscillations of a Semi-Submersible
Catamaran Hull at Ballast Condition, J. S. N. A. of West Japan, No. 42, May,
1971. (to be published)

Ueno, K., Theory of Free Rolling of Ships, Memoirs of the Faculty of Engineer-
ing, Kyushu Imperial University, Vol . 9, 1942,

(Received March 31, 1971)

23


library
ノート注釈
library : None

library
ノート注釈
library : MigrationNone

library
ノート注釈
library : Unmarked

library
ノート注釈
library : None

library
ノート注釈
library : MigrationNone

library
ノート注釈
library : Unmarked


24 F. TASAl

AG=0OnthOm

-~

$ o a
N

T P b
0.02- =2
R

1
o o/ oi3 oi6 o020
— F”

Fig. 5 Coefficients of the cuve of extinction
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Fig. 6 An illustration of records of ship motions and wave; 2,/L=1.315 C(wave
was recorded on the line of trough and crest)
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Fig. 7 An illustration of records of ship motions and wave; 2,/L=1.078
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Sway Amplitude

{ﬁ (Calculation by 0.5.M.)
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Fig. 8 Calculated frequency characteristics of sway amplitude
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Fig. 9 Calculated frequency characteristics of yaw amplitude
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Fig. 10 Calculated frequency characteristics of roll amplitude
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Fig. 11 Comparison of calculated and measured amplitude of sway; F,=0.10
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Fig. 12 Comparison of calculated and measured amplitude of sway ; F,=0.13

L]
()
L\'\ Fn=0.16
1.0t .
o)
0.8 t
Calculation
0.6 o] Experiment
0.9
0.2 F
— 2
O 1 l
0.5 1.0 1.5 2.0

Fig. 13 Comparison of calculated and measured amplitude of sway; F,=0.16
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Fig. 14 Comparison of calculated and measured amplitude of sway; F,=0.20
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Fig. 15 Comparison of calculated and measured amplitude of yaw; F,=0.10
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Fig. 16 Comparison of calculated and measured amplitude of yaw; ¥,=0.13
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Fig. 17 Comparison of calculated and measured amplitude of yaw; F,=0.16
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19 Comparison of calculated and measured amplitude of- roli; F,=0.10
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Fig. 20 Comparison of calculated and measured amplitude of roll; F,=0.13
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Fig, 21 Comparison of calculated and measured amplitude of roll; F,=0.16
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Fig. 22 Comparison of calculated and measured amplitude of roll; F,=0.20

Appendix

On the Coupled Resonance

In the response curve of the sway amplitude, there appears a hollow near
the roll resonance condition, as shown in Fig. 8. Although there is a coupling
effect of yaw upon the sway, this phenomenon is mainly due to the coupling
of roll into sway in the roll resonance condition.

In the swaying motion of a system with one degree of freedom without
the coupling of roll and yaw doesn’t exist the natural.period of the sway.
Accordingly, even if we omit the damping force in this case, it cannot be
happened that the sway amplitude of the forced oscillation in waves becomes
infinite.

On the other hand, when the sway motion has been coupled into by the
roll motion, there appears the resonance peak of the sway amplitude in the
forced oscillation.

We will discuss the coupled oscillation of the sway and roll, excepting the
yaw in order to make the discussion short.

The natural period of roll is usually calculated from the equation of roll
motion of a system with one degree of freedom.

Neglecting the damping moment for the roll, the equation of free rolling is.
a; 0+a0=0. (A1)

From (A1), the natural circular frequency w, and natural period 7, of the
roll are given by
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Wy’ =0ay33/q; and Ty=2m"as/a;; . (A2)

Putting ¢ =0 in the equation (3.8) and considering @,;=c,;=b;;=0, the coupled
equations of free oscillation are as follows:

all77+a12:;7 +cuﬁ+c12é=0}

.. . A
Aoy 0+ Ay + @yl + by, 14y —0 (A3)

, where ¢;;=b,, and ¢;,=b,,.

The natural period of the coupled oscillation can be approximately calculated
from the following equations, omitting the damping forces,

ani +cua=0 }

.. . A4
a3, 0+as360+c¢,7=0. (A9

Assuming that both 7 and 6 oscillate harmonically with the circular fre-
quency w, it results that a330=—%5.
And (A4) becomes as

anﬁ'f‘cné:()}

. A5
Cui+az =0 (A5

Q33

, where Ayo =51 — 5

(A6)
The natural circular frequency w, of the coupled oscillation can be got
from the following equation:

€11 85— C1,*=0. (A7)

Consequently, in the case of the undamped oscillation, the amplitudes of 7
and @ become both infinite if the frequency of the wave exciting force and
that of the free oscillation coincide.

For such a phenomenon of resonance as a motion originally without the
natural period comes to have by the coupling effect of another motion, we will
call the Coupled Resonance.

In both computations and experiments of the investigation in this paper
did not appear a large resonance amplitude for the sway, however, it is predicted

that if the roll damping moment is very small, a large peak of resonance comes
out.

The investigations for the coupled motion of the sway and roll for a two
dimensional cylinder have been carried out by Mr. M. Takaki and others'®
who omitted the viscous damping. Their calculation shows that a very large
resonance amplitude of sway is generated in the resonance condition of the roll.

It is reasonable that the same phenomenon as the sway should consist in
the yaw.
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We see no examples that a large coupled resonance peak appears for the
sway or yaw in the case of an usual ship.

There would be, however, the need to consider the coupled resonance in the
case of a marine structure with the multi-hull.

Now, let us suppose V=0. In Table 2 can be presented the following:
@3=b,;=¢,3=b3;=C33,=0, ¢;;=b,,, } (AS)
Cyo=by,, byy=cyy, byy=Cyy, by=c,, and by,=c,,.
Then, the equation- of the free oscillation can be written, using (A6) in
the form:

a, i+ a7+ by ¢ b0+ el + 0120.=0
b“'ﬁ+b12ﬁ+a’21¢+022¢+b'210+b220=0} (AQ)
CiiF €l by + 050+ a3°0"+a320 =0
where ', —a, — 2% and bty —=b,, — <2
’ 21 21 wz 21 21 mz .
Coefficients of ay, ...... , a3, in the above equations are generally functions

of circular frequency w, and therefore, it is very hard to compute the coupled
natural frequency from (A9).

Omitting items of damping forces, that is, items of 7, ¢ and § in (A9),
we can get graphically the coupled natural frequency of the undamped oscilla-
tion by the following:

a, b, ¢,
d= | b, ay by | =0. (A10)
L ¢, by ay

Hereafter, we will discuss the coupled natural frequency of the sway and
roll.

The coupled free oscillation of the sway and roll has been studied in de-
tail by Dr. Ueno'®.

In the first place, he derived the following coupled equations of the sway

and roll.
U+ LA)6 + I,k 0+ WGMO — (Mﬁi+Mmi7)hz=0} (A11)

(M+M,) i+ M,y — (L6 + L,,6) =O0.

Solving the above equations of motions, he showed that the roll motion 8
is approximately expressed by the following form of the damped oscillation:

0=0,secae"*cos(w,t—a) (A 12)

and that the sway motion 7 is composed of one aperiodic damped horizontal
translation and one damped horizontal oscillation, as shown in the following:
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7=0,R, sec o [e‘”—;_‘-sins+e‘“’cos (mnt—a—e)] (A13)

According to him, the center of gravity of the ship translates transversely
toward the opposite direction to the side to which a ship is initially forced to
list by external moment, oscillating horizontally.

The oscillation gradually damps with the horizontal shift of the center of
gravity.

In the next place, he calculated the roll motion of the ship, whose horizontal
motion of the center of the gravity was strictly restrained.

Furthermore, using the model ship (Lpp=189.2 cm, H,=B8/2d=1.08, with bilge
keel), he carried out two kinds of experiments; one is the coupled free oscil-
lation and the other is the free rolling of the ship model whose horizontal
translation is strictly restrained.

He obtained the following results.

1, The coupling effect of the horizontal motion on the damping coefficient of
the roll decreased with the increase of the value of 6,: about 7 percents at
0,=0, about 4 percents at §,=35 degrees.

2) The coupling effect of the horizontal motion on the natural rolling period
showed as small a value as about 2 percents irrespective of 4,.
From the above he concluded that the influences of the horizontal motion
upon the damping power and the period of free rolling are small enough to be
neglected.

Now, in the case of zero speed, from the Table 2 we obtain

a,=my(1+K,),

W-GM

aao=(Jx+IxO)_ w?

’

= j _m'(1,~0,G)dx,.

Using the above, the equation (A7) is transformed into the following equa-
tion :

W-GM _ ULm’(lrfﬁ) a’beg

(Jx'l'lxo) - w? — - (A 14)
m,(1+K,)
Putting (Jo+ L) — U R (l"“(Tf) dx”] = G(w) (A15)
m, (1+K,)

, we can obtain the natural circular frequency by the graphical method as
shown in Fig. Al.

In the case of an usual ship, because the value of K, would be positive,
o is always larger than w, obtained from a;=0.
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—> Gw), W.GM/w?

o
£

Fig. Al

Herein, putting

[ ma,—06rdx] /ma+E)=s A16)

, the difference between w, and w, becomes larger as § increases.
For example, we will compute the approximate value of ¢ for a two

dimensional body, whose section is the Lewis form (H,=2.0 and a=%=0.9).

From the appendix of the paper® we obtain K=m'/pS,=0.7 and Lg/T=—
0.8 in the small circular frequency. And therefore, we have m'=1.26 pbT, I,
= —0.87 and m,=1.8 pbTL.

Assuming the O,G is much smaller than [/, and neglecting the value of O0,G
we obtain

d =0.332 pbT L.
Putting 0 = m,(K2b)?
, We get K =0.107.
Accordingly, in this case, it results that the radius of gyration is 0.214b less

than the one computed from the equation of roll of a system with one degree
of freedom.
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