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Theoretical Calculations on the Motions, Hull Surface

Pressures and Transverse Strength of a Ship in Waves*

by

J. Fukuda, R. Nagamoto, M. Konuma and M. Takahashi

1 Introduction

There is proposed a method to analyse the motions, hull

surface pressures and transverse strength of a ship in regular

waves. The method of such analysis has been applied for a

gigantic oil-tanker in regular waves from different directions.

Supposing that a ship goes forward in regular waves with a

constant speed and a constant heading angle, the ship motions

can be solved by assuming the coupled equations of heaving and

pitching motions and those of swaying, yawing and rolling

motions based upon the modified strip theory1'2. The former

coupled motions are treated as linear motions and the latter as

non-linear motions by introducing the non-linear roll damping.

When the solutions of ship motions are obtained, the hydro-

dynamic pressures induced on the hull surface can be evaluated

theoretically according to Tasai's method3'4, and the cargo oil

pressures induced by the ship motions can be estimated approxi-

mately by using the solutions of motions.

Since the loads acting on a transverse section of the ship

can be calculated by such methods, the transverse strength

calculation can be made for the case in regular waves. The more

precise method such as the three-dimensional strength calcula-

tion will be available, but here the simple wo-dimensional

method is applied for the transverse strength calculation of a

gigantic oil-tanker.

* The original paper was published in the Journal of the Society

of Naval Architects of Japan, Vol. 129, June 1971. The outline

of the paper is translated here into English.

June 24. 1972
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2 Calculation Methods

2.l Ship Motions

Consider the case when a ship goes forward with a constant

velocity V in regular waves. As shown in Fig. 1, the co-ordinate

system O-XYZ is employed such that the XY-plane coincides with
the still water surface and the Z-axis indicates the downward

direction perpendicular to the XY-plane. The other co-ordinate

system O-X'Y'z' is determined such that the X'-axis coincides

with the average course of the ship oscillating among waves com-

ing from the negative Xdirection to the positive X direction.

The co-ordinate system o-xyz fixed to the ship is determined

such that the origin o locates at the midship on the center line

of water plane and the x-axis points out ahead the longitudinal

direction. The ship goes forward with the average heading angle

x to the wave direction. Then the vertical displacement of the

encountered wave surface will be written as follows.

h = h0cos(kX1-wt) = h0cos(kxcosx_kysinx_ut) (1)

where
wave amplitude

k=w2/g=:2 r/A

A : wave length, g : acceleration of gravity
w : wave circular frequency

(I)eWkVCOSX circular frequency of wave encounter

As for the subsurface of deep sea waves, the vertical dis-

placement can be written as

-kzh(z) = he cos(kxcosX_kyslnX_wet) (2)

and the vertical orbital velocity and acceleration, as

v = (3)

= -w2h0e'cos(kxcosX-kysjnX_wt) (4)

and the horizontal orbital velocity and acceleration in the

transverse direction, as

V = wh0sin ecos(kxcQsX-]cysinX_wt) (5)

= w2h0sin e'sin(kxcosX_kysinX_wet (6)

When the ship goes forward in regular waves, the hydrodynamic

forces induced on the ship cross section can be expressed as



follows by taking into account the influences of heave (c),

pitch () , sway (n)

theory.

a) vertical force

dF dFz_ Bzl+
dx dx

where

dF31 - 2Pgy[(zx0)}dx

= PNf(xx0)+ V}
dx

dFB4 PsZfC(xxG)c+2V)dx

= d(ps)
( x)cJ,-- V}

dx dx

dFw1 = 2 Pgyhdx

dF PN1vdx

dF
dx PS1V

dF4 d(ps)
dx dx Vte

yaw (iii) and roll (0) based on the momentum

(downward: positive)

dF dF
Bz2 + Bz3

dx dx

dF
+ Bz4

dx

dFBYI -o
dx

-=PN+(xx0)g Vc+(zG-1U))}

Ps+ (xxG) 2 Vç+ (z-1)}

= Vci-('H- (xx)ç';. Vgi+ (zGl)6}-- VPs-O

fluI_=2prJho fde_k:. sin(ky sin X)dzsin(kr cos Xwj)

p : density of sea water, g acceleration of gravity
Yw : half breadth of water plane

x-coordinate of the center of gravity
PN sectional damping coefficient for vertical motion
ps : sectional added mass for vertical motion
herrCiC2hCiC2ho cos(kx cos Xt)
v1wh0C1C2 sin(kx COS Xwt)

- w2h0C1C2 cos (kx COS X - wet)

Ct=sin(ky sin X)/ky sin X
C2=ekd'., d=(sectional area)/2y

moment about the centre of gravity due to vertical force

(s-direction: positive)

dM dF
zx z

(8)
dx dx

horizontal force (starboard direction: positive)

dF dF dF dF dF
y Byl

+
By2 By3 By4

dx dx dx dx dx

dF dF dF dF+ Wyl + Wy2 Wy3 Wy4

dx dx dx dx

where

dFwy PN v
dx

dF3 =
dx

dFw4 - d(os)
dx - dx

(9)

r

I

+
dFwi

+
dFw2 dFw3 dFw4

(7)

dx dx dx dx



(10)

(4

pN : sectional damping coefficient for horizontal motion
sectional added mass for horizontal motion
lever of damping force due to rolling motion with respect to o
lever of added mass inertia force due to rolling motion with respect to o

d : draught of the section
y-coordinate of the section contour
z-coordjnate of the section contour

VYeWhO sin Xe/2cos(kx COs XCUgt)
e2ho sin sin(kx cos XWet)

moment about the centre of gravity due to horizontal force
(-directjon: positive)

dM dFxy - -X XG
dx dx

transverse rotating moment about the centre of gravity

(i-directjon: positive)

BO1 dMBO2 dMBQ3 dMBO4

dx dx dx dx dx

dMwei dMwe2 dMwo3
(11)

dx dx dx dx
where

=

w : sectional weight of the ship

z-coordinate of the centre of gravity of ship
z-coordinate of the centre of gravity of w
sectional area, ,n' sectional metacentrjc radius

- PNv(zG-1w)(+(x_xG)_ Vçb+zo}+pN1(z0_1)6

dM3
- Ps(zl) C+ (xx0)4-2 Vc+ zØ} +Psyl(zG 16)O

dM884 - v dCpsv(zc1,i)} (+(xx0)ç Vc'+zG)1 V d[Psl(z0_l0)}
dx - dx dx

dM81 dFw1 (ZGll)dx - dx

dFw( - 1)__x
dMwe3_dPw(J)

dx dx

- , dps(z0-1)}
dx - dx Vj,e

16=pi/ps1, P1: added mass moment of inertia

fde_*:. sin (ky snX)zdzs_f Uek:. sin(ky sin X)ydy

Jo e*:. sin(ky5 sin X)dz



The coupled equations of heaving and pitching motions and
those of swaying, yawing and rolling motions can be obtained by
putting as follows.

w f dF-=I -
g iLdx

z 1- dx I

dM
dx

g IL dx J

w r dF- = I
g .JLdx

I dM I

xy

g IL dx
- = dx (13)

18 dM
YZdx

g IL dx

where the integrations should be carried out from the after end

to the fore end along the water line length, and
Wig : mass of the ship

I/g : moment of inertia of the ship for pitching motion
I/g moment of inertia of the ship for yawing motion
f,/g : moment of inertia of the ship for rolling motion

(12)

Eqs. (12) and (13) will be written in the following forms.

+ Al2 + A13 + A14 + A15 + A16 =
(14)

+ A22C + A23 + A24 + A25 + A26 =

a11rj + a12 + a13 + a14 + a15ip + a16i'

+ a17e + a180 + a190 = F

a21 + a22 + a23 + a241p + a2541 a26i1.i

(15)
+ a270 + a280 a290 = M

a31Tj + a33 + a34 + a351J) + a3611.'

+ a370 + a380 + a390 = M0

A11, Al2, --- - ; A21, A22, - - - ; and in Eq. (14)

can be determined by using the added mass and damping coefficent

according to Tasai's method5 and a11, a12, - - - ; a21, a22, -
- - ; a1, a32, - - - ; F, M and M0 in Eq. (15) by using those



according to Tasai's method6 or Tamura's one7 (see Appendix).

The roll damping coefficient a38 in Eq. (15), however, should be

determined by taking into consideration the non-linear viscous

damping in addition to the linear wave-making resistance. Mere

the non-linear roll damping is introduced by using "N-coefficent"

according to Watanabe-Inoue's method8 and the speed influence

estimated from model experiments carried out by Takahashi9 as

follows.

-lOFr
(w /

)2
J (16)a38 = 2aea37 [1 + 0.8(1 - e

n e

where

2
w(a, + b,(w,/w) O}

(D,,= ,/a39/a37

rolling amplitude. F Froude number

a1 and b1 are the coefficients in the formula of extinction

curve for the free rolling in still water as follows.

= a1e + b182

On the other hand, O will be approximately given by follows for

large em.

= NO2m

For the cases of O=lO° and °m=200' N100 and N200 can be estimat-

ed according to Watanabe-Inoue's rnethd. Then, a1 and b1 will be
determined by the following equations.

N100 = (a1/lO°) + b1

N200 = (a1/20°)

Thus the non-linear roll damping is replaced by the equiva-

lent linear darnpinq coefficient a38 and Eqs. (15) should be solv-
ed by the iteration method.

The solutions of heave, pitch, sway, yaw and roll will be
obtained as follows.

= oCOS(wet_)

= ocos(wet_c)

n = flocos(wet_c)

=

e =

(17)
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2.2 Hydrodynamic Pressures

When the solutions of ship motions are known in the forms

of (17) , the hydrodynamic pressures induced on the hull surface

can be evaluated theoretically according to Tasai's method3'4

in the form of

P = P0cos t - c) = P COSW t PS±flwt

and this pressure will be expressed as follows.

P
=

+
H

+
+

where
pressure due to vertical motion

pressure due to horizontal motion with respect to o
pressure due to rolling motion with respect to o

pressure due to regular wave

Py, = pgh0 [Pvc COS Wet+ vs sin WtJ

P.=pgh0fP, COS Wet+Pffs Sifl wt}

P=pgh0fPcoS wet+PRS Wt}
Pwpgho(Pwccos w(+P,5 sin wtj

Co ( sine)1pj' [ci +P) {

(cose*}
sin e)1

- cose*Jl

(V/we) :[2P" ( sine) (cose41-- aHl_s f+Pt. j
7l r,,(cosl t,i sirie,fl

FHSJ L ast5j _Pas 1cos eJ J

+ (x x0)
:
[n"

(cos Eç&) ( Sin- - asjSinJ_Pd'jCQSjJ

+ ( V/w)_2_[2P" ( sin

+{cos
c)

asl_coS ec5J sin

Icos te p{ Sin
h0 L assjn rj cos eJ J

?RC1 OoJ'Cos C81 Oo fCOS t4
p,, f

SIfl £0

PRS1h0 isin ef+W_L lsin f- dRl_cos
Pwc= e-. cos(kz cos Xky3 sin X)

_e.(.__).P'11 cos(kx cos Xky5 sin X)

sin(kz cos Xky sin X)

+e-k:. sin x
()2

sin(kx cos Xky5 sin X)

+eZ. siaX (_!-) P cos(kx cos ky sin X)

Pws= _e:. sin(kx cos Xki.' sin X)

/ w_e_k:.(.___) P1', sin(kz cos Xky sin X)

- eh:.(AL)P' cos(kx cosxk sin X)

es. sin cos(kx cos Xky sin X)

+8-hZ. sin x(-_)P siri(kx cos Xky sin X)



Accordingly, P, P' P0 and can be calculated as follows.

P pgh(P +P +P +P r
c o Vc lic Rc Wc

P pgh( +P +P +P
s o Vs Us Rs Ws

P = (p2 + P2)"20 C S

tan(P/P)

The calculaton methods of
H' dH' '

P" and P"
aR dR

are given in detail by Tasai3'4'5'6.

2.3 Dynamic Pressures of Cargo Oil due to Ship Motions

When the solutions of ship motions are known in the forms

of (17) , the dynamic pressures of cargo oil in a tank can be

estimated approximately. Consider the case, for example, when

the centre tank is filled up with cargo oil an the both side

tanks are empty. Assuming that the motion of a particle of oil

would be just similar to that of ship body, namely, there would

be no ralative motion between a particle of oil and the tank,

the dynamic pressures due to the ship motions would be approxi-

mately given by follows in the transverse section shown in Fig.

2.

pressure due to vertical motion

The dynamic pressure is in proportion to the vertical accel-

eration and to the depth of tank. On the bottom of tank, the

dynamic pressure is given by

= = Pcd - (x_x)q] (29)

where

p: density of cargo oil

d : depth of centre tank

pressure due to horizontal motion

The dynamic pressure is in proportion to the horizontal

acceleration and to the horizontal distance from the tank centre

line. On the longitudinal bulkhead, the dynamic pressure is

given by
b b

= c = [r + (x_x)qJ] (39)
2

C2

where

b : breadth of centre tank

(28)



c) pressure due to rolling motion

For the practical purpose, it is sufficient to consider

only the increase of pressure due to heel angle, because the

influence of rolling acceleration amounts to only lO2O per cent
of the former10. The pressure increase due to heel is in propor-

tion to the rolling angle and to the horizontal distance from

the longitudinal bulkhead of the opposite side to heel. On the

longitudinal bulkhead of the heeled side, the pressure increase
is given by

= PgbIOI (31)

2.4 Transverse Strength Calculation

The hydrodynamic pressures induced on the hull surface and

the dynamic pressures of cargo oil on the inside of a tank can

be evaluated by the methods described above, Hence, the dynami-

cal loads on a transverse section of ship body can be determined

at any time during an encountered period in regular waves. Under
such a load condition, the two-dimensional transverse strength

calculation can be performed by assuming appropriate support

conditions. The more precise method such as the three-dimensional

strength calculation will be applicable, but here the simple

two-dimensional method is applied under the support conditions

shown in Fig. 3.

The transverse load distribution on a section of ship body
is symmetric n longitudinal waves but not in oblique waves.

Therefore, two kinds of support condition are supposed for those

cases as shown in Fig. 3. Under such support conditions, trans-

verse loads are given by superposing the static water pressures

and the hydrodynamic pressures on the hull surface and also by

superposing the static cargo oil pressures and the dynamic oil
pressures on the inside of the tank.

The method of transverse strength calculation is based on

"Stress analysis of Plane Frame Structure by Digital Computer"

by Fujino and Ohsaka11.



3 Results of Calculation

According to the methods described avobe, the calculations

on the motions, hydrodynamic pressures and transverse strength

were carried out for a gigantic oil tanker in regular waves.

The main particulars of the ship is shown in Table 1.

3.1 Ship Motions

The ship motions were investigated for the following cases.

Heading angle

x = 0, 45, 90, 135, 1800 Cx = 0 : following waves)

Ship speed

Fr = 0.10, 0.15 (Fr Froude number)

C) Wave length

= 0.3 1.5 (L : ship length, X : wave length)

d) Wave height

H = lOm (H = 2h : wave height)
w w 0

In the coupled equations of heaving and pitching motions of

(.14), the hydrodynamic coefficients and the wave exciting forces

and moments were evaluated by using the sectional added mass and

damping accoding to Tasai5.

And, in the coupled equations of swaying, yawing and roll-

ing motions, the hydrodynamic coefficients except a38 and the

wave exciting forces and moments were derived by Tamura's

method7 where the influence of ship speed was not introduced

into the wave exciting rolling moment. The roll damping a38 was

estimated by Eq. (16) including non-linear viscous damping so

that Eqs. (15) should be solved by the iteration method.

Anplitudes of the non-linear motions are shown in Fig. 4

as functions of wave height, which are obtained by solving Eqs.

(15) according to the iteration method.

In order to investigate the influence of non-linear roll

damping, the comparative calculatidns were made for the cases

shown in Table 2.

The calculated results of heave, pitch, sway, yaw and roll

in regular waves of 10 meter wave height are shown in Figs. 5-'9.

It was found that the rolling amplitude was large in beam and

quartering waves.
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3.2 Hydrodynamic Pressures

By using the solutions of motions, the hydrodynamic pres-

sures induced on the surface of hull sections were calculated

for the following cases.

Heading angle

x = 0, 45, 90, 135, 1800

Ship speed

Fr = 0.10, 0.15

Wave length

AlL = 0.50, 0.75, 1.00

Wave height

= lOm

Hull section

Midship, S.S.7 (0.25L forwards from midship)

The calculated results of the pressure amplitude are shown

in Figs. 10-18.

Large hydrodynamic pressures are found in beam waves and in

quartering waves on the weather side water line.

For the cases when the larger hydrodynarnic pressures are

found, the variations of pressure during an encountered period

in waves are shown in Figs. 19-''22. In those figures, the pres-

sures include the still water pressure and the hydrodynamic

pressure.

3.3 Transverse Strength Calculation

The calculations on the transverse strength were performed

for the cases when the large hydrodynamic pressures were induced

on the surface of hull sections.

The distributions of transverse load were determined by

taking the water pressures along the hull section contour at the

time when the pressure on the water line took the maximum value

and also the cargo oil pressures in the centre tank including

the static pressures and the dynamic pressures due to ship

motions at the same instant. The both side tanks are assumed to

be empty and the center tank to be filled up with cargo oil.

The loads on deck were assumed by taking the water head in ex-

cess of the freeboard distributed linearly from the weather side

to the other side.



By assuming such transverse loads, the two-dimensional

strength calculations were carried out for the hull section with

ring structure under the support conditions as shown in Fig. 3

for the cases in longitudinal waves and in oblique waves.

The calculated results of shearing force and bending moment

are shown in Figs. 23'-'3O.

The large bending moments are found at the deck corner,

bilge and bottom of longitudinal bulkhead in the transverse ring

structure in beam and quartering waves where the large hydro-

dynamic pressures are induced.

The stress calculations will be possible by using the dis-

tributions of shearing force and bending moment as shown in Figs.

23-" 30.

12



4 Concluding Remarks

A method to analyse the motions, hull surface pressures and

transverse strength of a ship in regular waves has been proposed

here with the examples of calculation. This is the first stage

of study on the transverse strength design. The final goal will

be reached by means of the statistical prediction of transverse

wave loads in ocean waves,

In this paper, though the problem is dealed with for the

cases in regular waves, the important characters of transverse

wave loads and strength of a gigantic oil tanker reveals them-

selves.

Due to the rolling charaterristic of a large tanker, the

large hydrodynamic pressures are induced on the hull surface
in beam and quartering waves, which produce the large bending

moment at the deck corner, bilge and bottom of longitudinal bulk-

head in the transverse ring structure when the centre tank is

filled up with cargo oil and the both side tanks are empty.

13
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t

IN OBLIQUE WAVES

Length between Perpendiculars (L)
Breadth Moulded (B)
Depth Moulded (D)
Draught Moulded (d)
Displacement (W)
Length/Breadth (L/B)
Breadth/Draught (Bid)
Block Coefficient (C0)
Centre of Gravity from Midship (x0)
Centre of Gravity from Water Line (z0)
Metacentric Radius (GM)
Longitudinal Gyradius ()
Transverse Gyradius (Kg)

,. t
Fig. 3 Support Conditions for

Transverse Strength Cal-
culation

Table 1 Main Particulars of a Gigantic Oil Tanker

310. COrn

48. 40m
23.60 m
17. 80 m

230.048 t
6. 4050
2. 7191
0.8403
0. 0326 L
0. 3202 d
0. 4264 d
0. 2336 L

0.3469 B

i0' 1.0'. 20

5

TI,

0

05

30'

tO

L4

4a.
(C) pgbIe!

10 IS
-WAVE HEIGHT

Fig. 4 Amplitudes of Non-Linear Motions as
Functions of Wave Height

Table 2 Comparisons of Rolling Amplitude
Calculations

(a) Calculated by using linear roll damping
without speed influence

(h) Calculated by using non-linear coil damp.
ing without speed influence

(c) : Calculated by using non-linear roll damp.
ing with speed influence

in regular beam waves. (Wave Height=A/20)

16

2/L Fr.
Rolling Amplitude in Degree

(a) (b) (c)

0
0. 10 13. 9 13.9 13. 6
0. 15 13. 8 13. 8 13. 5

0
0.10 58.3 36.8 30.4
0. 15 58. 2 36. 7 28. 4

0.10 15. 6 15. 6 15. 41.5
0.15 15. 4 15. 6 15. 4

ji
rP

IlA A A A

Fig. 2 Fluctuations of Cargo Oil
Pressure due to Ship
Motions

Fig. I Coordinates

IN LONGITUDINAL WAVES
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Fig. 8 Yawing Amplitudes in Regular Waves from Different Directions
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Fig. 10 Amplitudes of Hydrodynamic Pressure
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Fig. 12 Amplitudes of Hydrodyrtamic Pressure
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Fig. 14 Amplitudes of Hydrodynamic Pressure
in Regular Beam Waves (X=9O),
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Fig. 16 Amplitudes of Hydrodynamic Pressure
in Regular Bow Waves (x=135°), S.S.
V/3 Section
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Fig. 15 Amplitudes of Hydrodynamic Pressure
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Midship Section
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Fig. 17 Amplitudes of Hydrodynamic Pressure
in Regular Quartering Waves (X=45°),
Midship Section
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Fig. 18 Ampltudes of Hydrodynarnic Pressure
in Regular Quartering Waves (x=45°).
S. S. 71/a Section
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Fig. 20 Pressure Distributions at Time Intervals
of T/12 during an Encountered Period
in Regular Beam Waves (X=90'), Mid.
ship Section
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Pressure Distributions at Time Intervals
Of Tg/12 during an Encountered Period
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Fig. 25 Shearing Forces Calculated in Regular
Head Waves (X=18O). S. S. 71/2 Section
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Fig. 26 Bending Moments Calculated in Regu-
lar Head Waves (x=180'), S. S. 7'/
Section
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Fig. 23 Shearing Forces Calculated
Water, Midship Section
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Appendix

Hydrodynamic Coefficients and Exciting Forces and Moments

In the appendix, the hydrodynamic coefficients and the

wave exciting forces and moments are given based upon the linear
strip theory.

a) Heaving and Pitching Motions

In the coupled equations of heaving and pitching motion

+ Al2 + A13 ± A14 A154 + A16q = F

A22e + A23 + A24cp + A25 + A26 = M

A11, Al2, - - - , A1, A22, - - - ' F and M are derived as
follows.

A11=-+fPsdx

Al2 =fPNdx

A15=2P9fydx

A14= _fPs:(z_zG)dx

A1 _fPNg(Z_Z0)dx+ VfPsdx

A= 2 Pgf Yw(XxG)dX+ VAl2

A31 =A14

Axz= -f PNZ(xxG)dx vfPs1dx

A= _2Pgfyw(x.._xc)dz

A24=-4-+fPsZ(x_ZG)2dx

A25=fPN1(x XG)2dx

A262PgfY(x_ xc)2dx+ VA22

Fc_Fc COS wt+F sin Wgt

Mi=M*s COS w+Mp3 Sin Wt

Fcl - h rff2+ 134 M04
- h inic+ m2+m3

FcJ °lf+f+f I M0j °1m12+m23+m33

= 2 Pg (CLCZYW
(cos k*x

. dx
1uJ (sin k*xj

f2Cfq{ sin k*x1
dx

123) cos k*xJ

f3C Icic (cos k*x

fl:} (sin k*xJ dx

(14.1)

(14.2)

(14.3)

(14.4) -

(14.5)

(14)
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m=2p9
fc1c23

k*x
m1j .' 'Isin k*x_)d1z

sin k*z$24=_W IC1CsPN{ k*xG)(12J

= r12 fcos k*z
(x - Z) dx

m35J . Isin k*xJ

vfciczsf sin kx
1cos kx*J

= k cos X

b) Swaying, Yawing and Rolling Motions

In the coupled equations of swaying, yawing and rolling mot

+ a378 + a380 a390 = Me

a11, a12, - - - , a21, a22, - - - , a31, a32, - - - , F, M4, and

Me are derived as follows.

=--+
013=0

ai4=fPs(x_ :G) dx

a16=fP1v(x_x0)dx_ Vfsdz

021=014

ari=fPNu(x_xc)dx± VfP5dz

a, = 0

034r_!j_+fPSY(x_xG)3dx

as=fPNv(x_x)2dz

o= Va
az7=fPs(zo_:) (xx0)dx

(xx0)dx+ V017

029 = 0

(14.6)

24

motions:

a11j

a21

a31fj

+

+

+

a12i

a22ñ

a32ñ

+

+

+

a13

a23

a33

+ a14

+ a170

+ a24i

+ a270

a34

+ a15b +

+ a180 +

+ a25p +

+ a280 +

+ a35 ±

a16

a19e

a26i

a290

a36

=

=
(15)

(15. 1)

(15.2)



a31=a17. a32=a10, a33=O, a34=a37

(xXG)dx Vat7

- Vat8

C= Pidx+2 zGall zo2fPssdz

a =f PN3Z0 l)2dx

c39= V,n3

pi=ps,1,11, added mass moment of inertia
metacentric radius

= Fcc COS (Vet + Fcs sin wi

M# = M cos W,t+ M#3 Sifl (Vet

M, = M,, COS + M,3 Sfl

Fce} h sin
F,3 ° tf+f'2ss+ft+fcuJ'

sin XIfic+mv2c+m3c+ m#41
Mj = 1,n13+ mas+ mPSs + lntsJ

Mec} =h sjn
JlJ 1me3+mez3+me53+

I sin k*x)
_,
Sjj_JdZ

-W
IC0Sk*Z'l

dxJ
= dxPSCs{

sin k*x'l

Icss} f _cos k'xJ
sinfc4c} = _wsVf PS5C5{
_.-

sin k*x

:::} =ofsi{_ k*xj

::::} =wf PN,C3
Isin k*x}

f sin
k*xj (xxG)dx

m}
= vfps5c

kx}dx
mu ssin k*x

sin k*x)_Wk*VfP5A{ k*xf

m.'c} = pg S1
sin -

m013 I k*xJ (z0-11)dx

(cos k*x

mess} fPNyCo1s *xj (zclw)dz

sin kx'
cvs fs5ca{ k*xt°rn,33) .i

I sin k*z= - wk vfsvca k*x. (ZG lu) dx
me43)

2
stnX

S1=* e. sin (ky3 sin X)dz0

C3=exp(kd/2), : (ii)

In those equations, the integrations should be carried out

from the after end to the fore end along the water line length.

In the actual calculations, a38 was evaluated by Eq. (16)

'I

I

(15.3)

(15.4)

(15.5)

(15.6)

(15.7)

(15.8)
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introducing the non-linear viscous damping, and M was calculated

according to Tamura's method where the influence of ship speed

corresponding to m040 and me4g in Eqs. (15.8) was not included.


