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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 reqular 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 theoryl’z). 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 reqular waves. The more
precise method such as the three-dimensional strength calcula-
tion will be available, but here the simple EWo—dimenéional
method is applied for the transverse strength calculation of a
giganfic oil-tanker.

* The original paper was published in thé Journal of the Society
of Naval Architects of Japan, Vol. 129, June 1971. The 6ut1ine
of the paper is translated here into English,

June 24, 1972




2 Calculation Methods

2.1 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 = hocos(kxl—mt) = hocos(kxcosx—ky51nx—met) (1)

where
hy : wave amplitude
k=0?g=2x/2
4 : wave length, g: acceleration of gravity
o : wave circular frequency

we=0—kVcos X : circular frequency of wave encounter -

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

placement can be written as

h(z) = hoe—kzcos(kxcosx—kysinx—met) | (2)

and the vertical orbital velocity and acceleration, as
v, = mhoeﬁkzsin(kxcosx-kysinx—met) (3)
v, = —mzhoe—kzcos(kxcosx—kysinx—met) ' (4)

and the horizontal orbital velocity and acceleration in the
transverse direction, as '

kzcos(kxcosx—kysinx—'wet) (5)

k

Vy = wh sin e
v
y
When the ship goes forward in regular waves, the hydrodynamic

2 . -kz_. . :
w"h sin e "“sin(kxcosx-kysiny-u_t) (6)

forces induced on the ship cross section can be expressed as




follows by taking into account the influences of heave (r),
pitch (¢), sway (n), yaw (¢) and roll (6) based on the momentum

theory.
a) vertical force (downward: positive)
d dF dF dr dr
Fz Bzl Bz2 Bz3 Bz4
= + + +
dx dx dx dx dx
dFr dr dr dr
Wz4
+ Wzl + Wz2 + Wz3 + z (7)
dx dx dx dx
where

dFgs ' p : density of sea water, g: acceleration of gravity
Ll _ _og —(z—

dz P9yul—(2—25) ¢} Yw : half breadth of water p_lane .
di‘gn =—pN,{c:—-(z—z¢';)96+ Va} Zg : z-coordinate of the center of gravity

e ON; : sectional damping coefficient for vertical motion
di‘:,, =—ps {¢—(z—25)d+2Vd} ps; : sectional added mass for vertical motion

he=CCh=C\Cohy cos(kz cOs X — w,t)

dF, d(ps

= V—p= ¢ J{C (z—z6)d+ V) Dze= 0hoC,C; sin(Bz cos X —wqt)
dFwn =2 payih Ures= — 0%hyC,C; cos (R cos X — w,t)

dz o PoYute €, =sin(kyy sin X)/kyy sin X
dFd:n;=pN:”:e , C2=e"fﬁ. dmf(sectiongl area)/2y,
dFweg - !

d:“ =0Sg0z¢
dFws — d(ps;)

rrar ~al

b) moment about the centre of gravity due to vertical force

(zX-direction: positive)

dMZX sz i
= - ———(x-xC) (8)
dx dx i
c) horizontal force (starboard direction: positive)
dFy ) dFByl . dFBy2 . dFBy3 . dFBy4
dx dx dx dx dx
dF dF dr dF
+ Wyl + Wy 2 + Wy 3 + Wy 4 (9)
dx dx dx dx
where
dFa,
~?%1=0 : di:“=prw
2ER o N, {1+ (2= 20) - Vot (ze=L)0)} 2P0 — s
55;;‘-“~ — 05,0+ (5—26)d— 2Vt (ze—1)B) Pou__y 208,

AFay _yy d0os,)

O (14 (3201 Vit 2011 = Vos, 2126

- z w=20ghof e~k sin(ky; sin Y)dz;-sin(kx cos X —o,f)
o




AN, : sectional damping coefficient for horizontal motion
Psy : sectional added mass for horizontal motion
1, : lever of damping force due to rolling motion with respect to o
I, : lever of added mass inertia force due to rolling motion with respect to o
d : draught of the section
¥s : y-coordinate of the section contour
Z; : z-coordinate of the section contour
Ve whg sin X -¢%9/2 cos (kx cos X—ogt)
Dye = W2k, sin Xe 2972 sin (kz cos X —w.t)

d) moment about the centre of gravity due to horizontal force

(xy-direction: positive)

dM dFr
dx dx

e) transverse rotating moment about the centre of gravity

(¢2-direction: positive)

Mz _ Mpey . Moz | Mpes . MBe4
dx dx dx dx dx
dMm dM dM dM
+ wWel + wWe2 + Wo3 + wWo4 (11)
dx dx dx dx
where
——d?f:“ =—w(z;'~2;)0—Pgs'm,' 6

w : sectional weight of the ship

Zg : z-coordinate of the centre of gravity of ship
2g’ : z-coordinate of the centre of gravity of w

s’ : sectional area, m’; : sectional metacentric radius

dMge,

gz = PN (ze =) i+ (2~ 26)g— Vgt 266} + DNyl (26— 1) 6

'—_“;I:” ==psy(zc—1y) i+ (2—26) g —2 Vit 266} + ps, 1y (2 ~ 1) 6

d .—1 . . - .
dIdW:M =V {psv(;; ﬂ)} [77+ (I"‘ZG)(b—' V(,’I+Z(;0)}" 78 d{psvlﬂgz;; Iﬂ)} 6

dMys, _ dFy,

z =gz (%—h)

dMye; _ dFy

B e ARG

dMygy _ dFyy _

B O

deu__ , d{osy(z¢—1;)}

e i) (el A b B 4 P
dx dz ve

ly=pilps,};, pi:added mass moment of inertia

d Yo
f e~k sin(ky; sin X) z;dzs—f e~*2e sin(kys sin X))y dy,
1= 0

d
f e~k sin(kys sin .Y)dzs
0




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

putting as follows.

W dF
_C=/—de
g L dx
(12)
I daMm
- ) =j/- 2X ax
g L dx
woo dFr )
—h =/ —X gx
g L dx
I dM
Y ¥ =// Xy dX( (13)
g L dx
I dM
___g.e=/ yzdx
g L dx

where the integrations should be carried out from the after end

to the fore end along the water line length, and
W/g : mass of the ship

Iy/g : moment of inertia of the ship for pitching motion
Iy/g : moment of inertia of the ship for yawing motion

Ig/g : moment of inertia of the ship for rolling motion

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

Alpl * Apol + Agat + Ad + A b+ a0 = ol g
A1l * Bppl + Byl + Byub + Ayb 4 Ay 6 = My
3110 * Ay A +oag b+ oaggh +oa) gy
+ al7é + alBé + a196 = Fn
310 *+ ByyN + agan + ayl 4 aych 4 ayc - as)
+ a27é + a28é + a296 = Mw
31N + agpn *+oaggn +oag o +aggh +oagl
+ a37é + a38é + a396 = MGJ -
All' AiZ' -—— - A21, Byny = = = 5 FC and M¢ in Eg. (14)
can be determined by using the added mass and damping coefficent
according to Tasai's methods) and ay17 By9r — = " i ay17r 859
= T @3ys 835, 7 T = Fn, Mw and Me in Eq. (15) by using those

~
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according to Tasai's method or Tamura's one ' (see Appendix).
The roll damping coefficient a3g in Eg. (15), however, should be
determined by taking into consideration the non-linear viscous
damping in addition to the linear wave-making resistance. Here
the non-linear rcll damping is introduced by using "N-coefficent"
according to Watanabe-Inoue's methode) and the speed influence

estimated from model experiments carried out by Takahashig) as

follows.
_ _ _~10Fr 2
ajg = 20, a3 [1 + 0.8(1 e )(mn/me) ] (16)
where
2a,= 721 On{a +b(0e/0y,) 0}
Wy= \/039/037

O, : rolling amplitude., F; : Froude number

a; and b1 are the coefficients in the formula of extinction
curve for the free rolling in still water as follows.

= 2
AB alem + blem

On the other hand, A6 will be approximately given by follows for
large 6_.
m

_ 2
A8 = Nem

For the cases of 6m=10° and 6m=20°, N10° and N20° can be estimat-

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

(a1/10°) + b1

Nige =
N200 = (a1/20°) + b1
Thus the non-linear roll damping is replaced by the equiva-
lent linear dampindg coefficient a38 and Egs. (15) should be solv-
ed by the iteration method.
The solutions of heave, pitch, sway, yaw and roll will be

obtained as follows.

r = cocos(met—ec)
¢ = ¢ocos(met—e¢) -
n = nocos(met-en)r (17)

Y = wocos(“et_ew)

6 = Bocos(met—ee)




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 = Pocos(met - ep) = P_cosw t + P_sinu_t (18)
and this pressure will be expressed as follows.

P=P,+P. .+ P_+ P (19)

v H R W

where
Py : pressure due to vertical motion
. Ppg : pressure due to horizontal motion with respect to o
Pp : pressure due to rolling motion with respect to o

Py : pressure due to regular wave

Py=pghy{Pyc cos w,t+ By sin ,t} (20)
Py =pghy{Pyc cos wet+ Py sin w,t} (1)
Pp=pghy{ P pc cos w.t+ Ppgs sin w,t} (22)
Py =pghy{ Pyc cos wet+ Py sin w,t} (23)

PZVC}__C&_[ sy [COS &¢ ’"” sin g¢
) 2 ™ (1+Fiy {s'n ec}_P“H{ —cos Ec}]

- G—sa e[ e P (T2 P {0 4)]

sin ey oS £4
_ _qS_o[ sin g4 /s [COS &4 .
(Viwe) 3 2P£.'E{_cos e,} +I’m{sin u}] (24

Pacl_m [ , [C0S &) o, sine,
Pﬂs}_ hy P‘“{sin £ }_P‘“{—cos e,,}]
_ <o cos €y p sin gg ]
+(z—ze) - [ “{me} { coss,;}

+ (Viw) 2 ¢° [zpéé{ sin E¢} ,,{cos s¢}]

€os €4 sineg
oS ep) _ prf sine,
+2G [ sin ea} { cos s,}] (25)
}E,Bc} o (cos gy b [ p,, fcos &5 ’"” sin €4
Pos] =¥, {sm s,}+ Yo [ ”‘{sin sa}—P'”'{—cos e,}] (26)

13,,,:: —e~kacos(kz cos X —kys sin x)

2
—ekn (—:—:’—-)-P‘;'H cos(kx cos X — ky; sin X)
(4
+e-kip (—:-)’—) Pl sin(kz cos X — ky sin X)
(4
2
+e-*usin y (7%:—) Pisin(kz cus X—kys sin X)

+e-* sin x(—wa-’-) Py cos(kz cos X—ky; sin X)
(4

Ps=—e-*sin(kz cos X —ky; sin X) @)

_ e‘.h ( s
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2
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+e-*2 sin x( )Pé; sin(kz cos X —ky; sin X)

[

¢




Bl

Accordingly, Pc' Ps' P_ and Ep can be calculated as follows.

o
P + P P )
pgho(PVC + P P + P__ )

Pe = He Re We
Ps = ogho(PVs + PHs + PRs + PWs)
2 2.1/2 ’ (28)
P = (P + P°)
o} c s
_ -1
€p = tan (PS/PC) J
The calculaton methods of PaH' PdH' Pas' Pds' PaRand PdR
3,4,5,6)

are given in detail by Tasai

2.3 Dynamic Pressures of Cargo 0il 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 and 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.

a) pressure due to vertical motion

The dynamic pressure is in proportion to the vertical accel-
eration and to the depth of tank. On the bottdm of tank, the
dynamic pressure is given by

Ap, = —pcaz = -pca[; - (x-x5)¢] (29)
where
Pt density of cargo oil
d : depth of centre tank
b) 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
Ap, = -p— ¥ = e [n + (x=-x5)9] (30)
where

b : breadth of centre tank




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 10020 per cent

10). The pressure increase due to heel is in propor-

of the former
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

Ap; = p_gb|6| (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 in longitudinal waves but not in obligque waves.
Tﬁerefore, 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 Ohsakall).
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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.
a) Heading angle
x = 0, 45, 90, 135, 180° (X = 0° : following waves)
b) Ship speed '
Fr = 0.10, 0.15 (Fr : Froude number)
c) Wave length
YvL/A = 0.3 1.5 (L : ship length, A : wave length)
d) Wave height
Hw = 10m (Hw = 2ho : wave height)

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 Tasais).

And, in the coupled equations of swaying, yawing and roll-
ing motions, the hydrodynamic coefficients except ajg 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 ajg was
estimated by Eq. (16) including non-linear viscous damping so
that Egs. (15) should be solved by the iteration method.

Ariplitudes of the non-linear motions are shown in Fig. 4
as functions of wéve height, which are obtained by solving Egs.
(15) according to the iteration method.

In order to investigate the influence of non-linear roll
damping, the comparative calculations 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

guartering 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.
a) Heading angle
x = 0, 45, 90, 135, 180°
b) Ship speed
Fr = 0.10, 0.15
c) Wave length
A/L = 0.50, 0.75, 1.00
d) Wave height
H = 10m

w

e) Hull section
1

Midship, S.S.75 (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 hydrodynamic 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 dynaﬁic 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.
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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 ~30.

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.
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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 reqular waves, the important characters‘of transverse
wave loads and strength of a gigantic o0il 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.
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Fig. 1 Coordinates Fig. 2 Fluctuations of Cargo Oil
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Fig. 4 Amplitudes of Non-Linear Motions as
Functions of Wave Height
4 4 4 s 4 4 Table 2 Comparisons of Rolling Amplitude
t ¢ Calculations
Fig. 3 Support Conditions for = - -
Transverse Strength Cal- L F Rolling Amplitude in Degree
. re -
culanop . . ( a) (b ) ( ¢)
Table 1 Main Particulars of a Gigantic Oil Tanker 0.7 0.10 13.9 13.9 13.6
: i . 0.15 13.8 13.8 13.5
Length between Perpendiculars (L) 310.00m
Breadth Moulded (B) 48.40m Lo | 010 58.3 36.8 30.4
. Depth Moulded (D) 23.60m 0.15 58.2 36.7 28.4
g.’a",ght M°"l°é‘;:',)(d) 50 o}z: 80m Ls | 010 15.6 15.6 15. 4 .
isplacement N t . )
Length/Breadth (L/B) 6. 4050 ' 015 15. 4 1.6 15.4
Breadth/Draught (B/d) 2.7191 (a) : Calculated by using linear roll damping
Block Coeflicient (Cy) 0. 8403 without speed influence )
Centre of Gravity from Midship (25) 0.0326 L (b) : Calculated by using non-linear roll damp-
Centre of Gravity from Water Line (25) 0.3202d ing without speed influence
Metacentric Radius (GM) 0.4264d (c) : Calculated by using non-linear roll damp-
I_.or;gitudinal Gyradius (&) 0.2336 L ing with speed influence
Transverse Gyragli-us (&) 0.3469 B in regular beam waves. (Wave Height=1/20)
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Appendix

'gydrodynamic 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 :

Bl1% F Aol F Aa0 Ay + Ajd + Ajd = F, } (14)

Ba1% * Bppl * Byl + Ayud F Apgd + Ayed = My
All' A12' -—-—, A21, A22 - - -, FC and M¢ are derived as
follows.

A"=%+fp$td2
A,3=f0N,dz
All=ngfywdz
(14.1)
Au=—fp&'g(z—2c;)d2
A,,:—pr,(z;zG)dz+ Vfﬁs,dz
A= —20g [y (z~26)dz+ VA
Ay =4y A
Aa=—pr,(z—zG)dz— Vfﬁs,dz
An=—20g [ yu(a~26)dz
14.2
A2‘=-Ig—"+fﬁs,(z—za)”dz ( )
A35=f0N,(z—zG)’dz
Au=20g [ 45(z—26)dz+ VAz,
Fe=F cos wyt+ Fe; sin w,t
My =My, cos w¢¢+ﬂcls¢, sin w,t} (14.8)
Fe, JSie+fect fie My, ml;:+m2:+m:lc T
FCs} {.f|s+.fzs+.f:|s} Més} ho{_mls‘_f' mzs+mss} (14.4)

f"} sin k*z
e}=o fecm 3K @
A

b*
—wo, f C,Czos,{:?: E *:}dz ]

2_ong1Czyw{c?s k .z}dz




el

LI

::} =—of c,csz,{

m"} = ww, C,Czps,{

Mgs

”"'c} =-2 pGICICzZIw{

cos k*z
sin k*z

sin k*z
oV f C,Czps,{_c;s o

k*=Fkcos X

cos k*,
sin k*x

sin k*z
—cos k*z

z

}(z—zc)dz

}(z—zc) dz

}(z—zc)dz

dz

b) Swaying, Yawing and Rolling Motions

(14.6)

In the coupled equations of swaying, yawing and rolling mot

motions:

211N + 25,0 + apan

a210 * 3,50 + asgn

231N * azyn + aggn

2117 212

' 8217 8220

Me are derived as follows.

w
an, =—g——+fps,dz

a,,=pr,dz, a13=0

q,.:fps,(z—zc) dz

a,,=pr,(z—zc)d:— prs,dz

as=—Vay,

a.-,=fps,,(zq—l-,)dz

aw= [ oN,(zg~lu)dz

8;p=0

@31 =0y,

az,=pr,(z_—z¢;)dz+ prs,dz

) G23=0

a,,=%+fps,(z—zc)3dz

= f PN, (z—25)3dz
ay=—Vay

an= [ 05,(25~ 1) (s~ 26)dz

au=pr,(zc—lw) (z—zg)dz+ Vyy,

83=0

+

214Y * a35Y + ayey

a,-6 + a,.6 + a,.0

17
a24u) +

18
a5V

19

+ a26w

6 + a,.0 + a..0

28
ayg¥

29

+ a36w

6 + a386 + a396

" a -

31" 7327

= F

n

r . (15)

=M

[
= Me /
- -, Fn, Mw and
(15.1)
(15.2) -
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a8!=a11' Gy=ay, au=0, ay=dy
a= [ 0N, (26— 1) (2= 26)d2— Vary

Oy = — Vais

15.3
a,-,=——;!-+fpidz+22¢;a"—za’fﬂs,dz ( )

. asa=pr,'(zG—.lw)’dz

Ggg= Wﬂ'l;

pi=ps,ll : addcd mass moment of inertia

sn; : metacentric radius

Fy=Fye cos 0l + Fyy sin .t
My = Mg, cos wet+ My sin w2 (15.4)
My = My cos wet+ Mg sin w,t : :

Fvc}=h sin x{fnc‘i’fvzc“’fvsc*’fwc} )
Fus o Jrs+Soes+Inas+ Sus *
M¢c} ; {m¢1c+m¢2c+m¢sc+ ”‘Mc}
=h 15.5
My ="esh X M5+ Mygs+Mpss + Mogs (15.5)
M, ac} _ . {’"ﬂc +mgoc+moge+ macc}
Mos =ho sin X Mo1s+ Moas+ Moss+ Mogs
fm} f sin k*:}
=pgf S dz
Jns g 1\ —cos k*z
fr,zc} f {COS k* 2}
=o | pN,Cs
Snas sin k*z
15.6
Joge [ sin k*z ( )
s}:a) fps,Cs{_cos Bz dz
fm __ { sin k*:}
fws}_ wk*V f ps,G_Sm
myrc) _ sin k“z} _
'nm}_p fs'{—cos poz) (F0)E
:"”‘} wpr C’{sm it }(z —zg)dz
28 ‘
::"}=w f ps,Cs{ sin :‘:}(z—za)dz a.n -
8s. .
*. ! .
"th} wVfﬁS,Ca{:: :*:}dz , ¢
945
1 *
—ok* prs,,Cs{_::: :‘:} (z—z6)dz
. ‘ A :
moc) =g [ 5,{ 50 fe} etz
cos k*z
::::} of "N”C’{sins k*z} (2e—lu)dz (15.8)
. , .
il BT YR i O T
35 .
Moyc sin k‘z} _
m“s} — kY f ps,,c,{ SR etz |

sm
Sl—ﬁf e~k sm(ky, sin x)dz,

Cy=exp(—kd/2), 1, :(11)

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, ajg was evaluated by Eg. (16)




26

introducing the non-linear viscous damping, and Me was calculated

7)

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

corresponding to Mgy

and Mg in Egs. (15.8) was not included.

c 4s




