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A Study on Longitudinal Motions and Bending Moment of
 a Container Ship in Following Sea

by Seiji Takezawa*,

Tsuguklyo leayama>r ‘Kazuo Nishimoto**

Summary

The vertical bending moment in following sea to be calculated by Strip Methods
has an important problem as obviously shown in the results of the international
joint calculation under the Seakeeping Committee of I.T.T.C.»

In this paper, for the first time, the following Transient Water Wave was adopted

in experiments.

As the results suggested, good data was obtained effectively, and

the fact that Transient Water Wave is useful even in following sea conditions was pro-
ved. Next, a practical method of calculation taking into account three-dimensional
correction is presented. By applying this method, experimental values of vertical
bending moment in following waves at near —zero encounter frequency can be expl-

ained satisfactorily.

1. Introduction .

In recent years, comparisons of calculations on
ship motions in waves as well as wave loads by
Strip Methods have been carried out international-
ly under the Seakeeping Committee of I.T.T.C."»®
Part of the reports.were presented at the 15th

1.T.T.C 1978, whilethe rest are left to be presented-

at the 16th I.T.T.C. scheduled for 1981. From
these reports, it has been understood that
calculated. results on ship motlons done. by vari-
ous institutions did not appear to differ signifi-
cantly and these results -also showed good
agreement with results of mddel " experiments.
Hence, the fact that the Strip Method has
become a practical calculation method on ship
motions has been confirmed. On the other hand,
the calculated results on wave loads such as
bending moment, shearing force, etc., which are
regarded to be moré important practically,
showed considerable differences. And the results
of model experiments did not agree with calcula-
tions as well as that on the ship motions.. -
Among these, an interesting note is the estima-
tion of vertical bending moment while the en-
counter frequency approaches zero in following
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sea condition. In this case, the value of vertical
bending moment, V.B.M., tends to be infinite if
the widely used Strip Method is applied. This
fact is also very clearly shown by the graph of
comparison of calculated values by I.T.T.C.»
Moreover, as medium and small high-speed
displacement ships do come across this state of
following sea in service, and the values of bend-
ing moment appear not to be so small, it can not
be ignored in practice.

In this paper, results of model experiments
on vertical bending moment in following sea
condition, which mostly has not been presented
due to difficulties in carrying out these experi-
ments, are presented. In order to obtain good
results effectively, Transient Water Wave (T.
W.W.) was employed. However, running in
following sea with T.W.W., considerable effort is
necessary, taking into account the interaction
between ‘the ship speed and the encounter fre-
quency. Therefore, a number of precautions are
to be taken for carrying out experiments of this
kind and these precautions will also be stated.

The fact that V.B.M. tends to be infinite, as
shown by the results of conventional calcula-
tion, was not found in the experimental result of
V.B.M.. So as not to let the wave loads increase
to infinity while the encounter frequency becomes
zero, improvement on the method of calcula-
tion was made by taking into account three—
dimentional correction. This calculated results of
vertical bending moment is able to explain the
experimental results well.
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2. Experiment

2.1 Encounter wave phenomena in Following
Sea

A certain understanding on the encounter wave
phenomena is necessary before introducing- the
procedure of the experiment.

In the moving reference frame of a ship, the
incident waves arrived with the encounter fre-
quency.

we=|w— VK cos y| (1)
where
w: circular frequency of wave
K=w%g: wave number

x: encounter angle
V. forward speed of ship

This equation introduces a Doppler effect be- -

tween the wave frequency w and the frequency of
encounter we. The variation of we with w, when'

it is defined in this way, is as shown in Fig. 2.

Usually » axis can be divided into the follow-
ing three ranges:®

Range 1
g , _

<2VcosX so that Vcosy<C/2=C,

Range 11
g g
2Vcosx<w< Veosy
‘ sothat Co=C/2<V cosy

Range II1I

——*q——<cu<00 so that C<Vcosy<co.

Vcosy

In desp water waves, the phase veloc1ty of
wave C is defined as follows.

C=w/K=glw .

And the group velocity C, has the follovsmg
relation.

Cy=CJ2

In following waves, y=0° and Vcosy=V
Non-dimensional wave frequency o is defined
as

o=w+v¥Lfg L: ship length
Then, there is the non--dimensional relation

such as.
@=1/Fncosy corresponds to w=g/V cos y

where
Fn=V/[vLg:

Froude Number

As shown in Fig. 2, in the range of 0<w.<g/
4V cosy or 0<@<1/4Fncosy, there are three

different values of w for one value of we.

2.2 Model Condition and Instrumentation

A S-175 container ship model was used in
the towing tank of Yokohama National Uni-
versity (LXBXxd=100x8x3.5m). And the
experimental conditions were fitted to the
designation in the I.T.T.C. comparative study
(see Table 1).

Experiments were carried out at Fz=0.0 and
Frn=0.275 in head as well as following waves,
and Fn=0.40 only in following sea. However,
in this paper only following sea is treated.

Arrangement of instruments used is shown in
Fig. 1.

Heaving and Pitching were free and Surging
was fixed. Vertical bending moment at midship
was measured through strain gauge by detecting
the bending of the horizontally set flat steel
bars connéctin’g the fore and the aft bodies di-
vided at midship.

Table 1 Principal’ dimensions and experi-
mental conditions of the used model

ITEMS Ship Model
Length (p.p.) 175.00 m 2.000 m
Breadth 25.40 m 0.290 m
Depth 15.40 m 0.176 __m
Draft . 9.50 m 0.1088 m
Displacement 24742 ton 36.14 Kg
Block Coefficient 0.5716 0.5716
C.G. from Keel 9.50 m 0.1088 ™
C.G.from Midship -2.48 m ~-0.0028 m
Longi. Gyradius _ 42.00m (0.24Lpp) | 0.48 m (0.24Lpp)
Trim 1] . Q :
Scale 1 1/87.5
Nat. Period | Heavel: 7.52 sec 0.803 sec
in Water I Pitch 7.86 sec 0.842 sec .
Separated Parts of Model
Weight Ci(f;of':m:) o Longi. Cyradius
fore 17.38 Kg 0.3872 m 0.262 m (0.131 Lpp)
aft § 18.76 kg -0.4128 m 0.271 m  (0.136 Lpp)
[ Pen oOscillograph | [ Analyzer ]
¥ ¥

[ Low Pass Filter { Cut Freq. 40Hz) |
]

[ anclog Dota Recorder ]
[oc-ampiifier °]

¥ )
[Strain Amp.] Ampiifier |

ENCOUNTER
WAVE PROBE (F)

STEEL BAR STRAIN GAUGE
(L

—=;

ENCOUNTER WAVE PROBE (S)

2.25m

Fig. 1 Block diagram of the experiment

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

A Study on Longitudinal Motions and Bending Moment of a Container Ship 203

101 070 ML 039
. T 133

»
N

= .
1 A Lpp=175m (ship) 2
o % = 2m{model) g =
S /% - |2
=, 2 s 8
E = 21 &
; v el el
< : IS
2 I oot B boolsi0
03'% glavccsx P A f 291973/
e+ {74 Frx cos H
w =g/vCos
o5 NG, @ Urncosp > 1568
5 N H
" w=g/2V cosx2sy, i s28hia2
. =12 Fnlcos X L ;
o] [T wm 2 2 500 3 3536 4

{ TwwCsom
»———.-.——q

Tww(D)SOnPJI—‘i‘—’Y .3 59

Fig. 2 Relation between encounter frequ-
ency and wave frequency and ranges
of T.W.W. used in experiment

The wave probe fixed to the carriage was
located at one side of the ship at a distance of
3.2m (position S) from the center of gravity
(C.G) in order to avoid the influence of the
disturbance by the ship hull. Another wave
probe was set in front of the stem at a distance
of 2.25m (position F) from C.G. Wave probe
F was used for checking on the height of wave
which was to pass the ship.

Furthermore the analysis of data in T.W.W,
was carried out by using a mini-computer based
on F.F.T. (Fast Fourier Transformation) algo-
rithm.

To measure the wave exciting pitch moment,
the method was identical to that of the vertical
bending moment except that either one of fore
or aft body was fixed.

2.3 Procedure of Experiment

Regular waves and T.W.W. were used to
obtain the transfer functions. As previously
mentioned, there are some problems with ex-
periments in following T.W.W.

Therefore, these experiments had to be care-
fully planned (refer to Figs. 2, 3, 4).

It has been confirmed earlier that the TW.W.
advances fundamentally with group velocity.”
Two types of experiments could be considered.
In the first case where the ship velocity is greater
than the group velocity of waves (Range II and
11T of Fig. 2), the carriage was started after the
total passage of the waves (see Fig. 3). Only
this case was carried out in this experiment. For
the second case where the ship velocity is less
than the group velocity of waves (Range I),
the carriage had to be started before the arrival
of waves. However, since waves in this range
possess long wave length, which is not within
the important range and experiments are difficult
without a very long towing tank, experiments
were not conducted for this case.

To decide the timing of starting the carriage,
the wave generation time had to be taken into

(GC; CATCHING T folowing Seo *Mﬁﬁzggg{&g;gg T

m . a
CONCENTRATION of 50m —

30 JCONCENTRATION
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ACCELERATION
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o
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Fig. 3 Procedure of the experiments in fol-
lowing Transient Water Waves
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Fig. 4 A sample of time history in a follo-
ing Transient Water Wave

consideration, for the encounter had to occur
before the concentration of the T.W.W. in order
to maintain its property. In addition, the total
of the measured record had to take place when
the speed of carriage was constant and same
zero-base was necessary before and after the
encounter in order to achieve good precision of
data analysis to be carried out later (see Figs.
3, 4). As the result, time-histories of waves
as well as responses during the passage of waves
before the starting of carriage (i.e. at Fn=0.0)
and that during the encounter after the starting
of carriage are shown in Fig. 4. This can be
better understood by refering to Fig. 3. Atten-
tion is to be given to the difference in measuring
period for the two kinds of time-histories shown
in Fig. 4. An advantage of this experiment is
that two curves of transfer function can be
obtained in one run.

To set up the signal of T.W.W. for following
waves, additional considerations were necessary
besides those mentioned in references 4), 5),
6), 14) in order to achieve good experimental
results. As there are three wave frequencies
corresponding to each encounter frequency, as
shown in Fig. 2, it is necessary to divide the wave
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frequency into three ranges so as to obtain just
one wave frequency corresponding to one en-
counter frequency in each range.

In this particular case, if F»n=0.275, the &
base was divided into three ranges such that
Range I be #=0~1.81, Range II be #=1.81~
3.636 and Range IIT be w=3.636~00 (see Fig. 2).
The approximate value of the sweep time of
wave generating signal is given by the formula®

=22(wr—wr)/d (2)

where

T: sweep time or duration of wave genera-
tion
x: concentrating position from wave maker
wg: virtual high frequency of TW. W,
wr: virtual low frequency of T.W.W.

A limitation of frequency range in each range
was necessary in order to achieve appropriate
sweep time. ‘

Eventually, the frequency range of T.W.W.
used for experiment is indicated in Fig. 2, where
T.W.W. (A), (B), and (C) were used for Fn=
0.275 and T.W.W. (C) and (D) were used for
Fn=0.40.

Another advantage of the use of TW.W. is
that experiment of small we(we—0, i.e. Te tends
to be very large, see Fig. 2) which is very diffi-
cult in regular waves was made possible.

In the case when the wave phase velocity is
larger than the ship’s velocity (Range III),
there was no problem in obtaining the encounter.
On the other hand the difficulty with the high
frequency component waves is that these waves
either become nonlinear or break as it passes the
model.

Consequently, necessary data was obtained
within the important frequency range (near
we=0) in our experiments.

3. Analysis and Considerations

3.1 N.S.M. and O.S.M.

On the theoretical calculation of ship motions
and wave loads, Strip Methods such as Ordinary
Strip Method (O.S.M.)'” New Strip Method (N
S.M.),’® Salveson, Tuck and Faltinsen’s Method
(S.T.F.)'® etc., have been proved practical and
are widely used in spite of some difference in the
way of treating. Calculation of ship motions by
these methods present good agreement with
experimental ones. - »

In this paper, only vertical bending moment
formulae is dealt with, and equation of motions,
on which many reference and literature?®»? have
been published, are excluded. :

Vertical bending moment at x” is given by the
Strip Methods as follows.

»' sz() dFdz dFFK (ZFI
i z
My (') la dx+dx+d:c +dx
(X—x")dw (3)
where
dFnldx: the vertical component of the radia-
tion and restoring force on the strip
dx
dFq[dx: the vertical component of the diff-
raction force on the strip dx
dFrxldz: the vertical component of the Froude—
: Kiiloff force on the strip dx
dFr./dx: the vertical component of the inertia
force on the strip dx
respectively. The last two forces dFrx/dx and

dFr1/dx are identical in both N.S.M. and O.S.M.

At the Kobayashi’s N.SM."» used in our
computer program® the radiation component
is given by

-
|, @ a)dn =0u1(Cly— Abu0)~ Bisir]
+24[(C}, — A j:we?) — Blwel
(4)
where
VvV * &'
Ap= o SlaNg(x—x’)dx—i—Slax(:c——x’)Mde

[ !

-
ngzgl 2(z—a)\Nuda
rx’

- VL (5—2) Mudo+ ng cMudz

i !
T/

vV o[+ .
+— S Nudxr—Viz(x—2)MzlF,
Cl)e La B N N NP
S |

~2z")N=lf,
S |

50=2pgg z(x— x’)b(x)dijVg xNHd:c
] |

~7:\" Madz-viMa—a;

—VS Nglx— x’)dx+V[x(w — 2" YNglf
| B

la
1

S (x—xYMgdx
=,

(x—2" ) Nmdx— VS Magdx
+ VIMa(z—a"]i,

Ch= —ngg b(x)(x zYdx

——VS Nada+VINa(z -z,

| i
o e R R T T T <
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where |1 terms are not included in the modified
0.5.M.2» which is used in this paper, and more-
over terms are not included in. original

————

O.S.M.118 and |

The diffraction component is given by

z dFdz ,
Sza_—dx (x—2"dx
s = ~ o cos
= ﬂ—gawwgglaMzz(:c—x e KTm(sin (k*x))da:»

— z cos .
e ! p—KTM0 t3

_§awglaNE(x x')e (sin (% x))dx
- (* _ oy —ETm| OS5 [z >
__gaCUVSlaMH((L' x")e <sin (k*z) \dx
42 Vgx Nz e-KTm<C?S (k*x))dx

we  Jia sin

|

oz [ME@: —) (;Ons (k*m))]j;

FlaV Z: [NH(.’E——.ZU’) (g)ns (k*.r)ﬂj; (5)
el

sectional added mass
Ng: sectional damping coefficient
{a: wave amplitude
w: circular frequency of wave
we: encounter circular frequency
k*: Kcosy
K: =w?/g (wave number)
p: density of water
g: gravitation acceleration
V. forward speed of ship
Tm: mean draft of section
b(x): water plane half beam at x
la: aft end length
04: pitch amplitude
z4: heave amplitude
For comparison with experimental results,
longitudinal motions as well as vertical bending
moment were calculated by both O.S.M. and
N.S.M. In both calculations, damping coeffici-
ent and added mass was directly calculated by
the Ursell-Tasai Method!® at each frequency.
Moreover, end effect was taken into considera-
tion as shown in equations(4), (5).
3.2 Three Dimensional Correction in Strip
Method
Usually in the Strip Method, three dimensional
effect is not taken into consideration. If the
wave length is sufficiently short, hydrodynamic
coefficients obtained from the Ursell-Tasai Meth-
od is quite similar to that from three dimen-
sional theoretical results.®»1%
Nevertheless, as wave period increases the
difference between the two becomes larger.
Especially when we tends to zero, it is not seen

that the added mass coefficient increases - to
infinity in three-dimensional theoretical calcula-
tion,!? whereas it appears in the result of the
Strip Method.

Recently, Maruo-Tokura®® introduced a nume-
rical calculation method of sectional hydro-
dynamic coefficients using Maruo’s® improved
slender body theory.. The base of this method is
to introduce the slender ship!®»2 theory at very
low frequency, so that at high frequency, the
derived results from this method coincides with
that of the results of the Strip Theory. This
calculation finally becomes such that as if three
dimensional correction is added to the Ursell-
Tasai Method at low frequency. _

Similar work exists in Newman’s unified
theory'® but here only Maruo’s formulation was
adopted.

From this theory, the hydrodynamic force
f(x) acting on each section is

f@)=+Me+Mza)wsa—(Ne+Ng')iwza
(6)

where
Mz and Ng are sectional heave added mass and

‘damping coefficient obtained from Ursell-Tasai

Method respectively. And here Mz’ and Nx’
are considered as three dimensional correction
in heave sectional hydrodynamic coefficients.

Similarly we can obtain coupling coefficient
of pitch with three dimensional correction

f(@)=—(Mzaz+Mzg")w0s—(Nuz+Ng'")iwda
(7)

where Mg’ and Ny’ are considered as three
dimensional correction in coupling hydrodynamic
coefficients of pitch. More details are shown in
reference 24).
In this paper, we define
—Mzg’ and Mg” as three dimensional cor-
rection in sectional added mass.
—Ng’ and Nz’ as three dimensional cor-
rection in sectional damping coefficients.
3.3 Comparison between Experiments and
Calculations

All the calculation conditions as well as model
conditions (see Table 1) were in accordance with
the I.T.T.C. designation.

Combining three dimensional correction with
N.S.M. and O.S.M., the following six cases of
calculations were carried out in this study.
Therefore, six curves are found in Fig. 5~
Fig. 15 as calculated results. In some cases
where there are no differences among calculated
results such as Fig. 10, the number of curves
seems to be less. Here, we define the calculation
methods as follows
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1. N(O): original N.S.M. calculation based on
Eq. 3), 4), 5) for vertical bending moment
without three dimensional correction.

2. N(A): N(O) with three dimensional
correction of sectional added mass Mz’
and Mz"" only ’

3. N(A.D): N(O) with three dimensional
correction of sectional added mass Mz’
and Mg"”, and damping coefficient Nz’
and Ng”’

4. O(0): original O.S.M. calculation based on
Eq. 3), 4), 5) except ____ terms for vertical
bending moment without three dimensional
correction

5. O(A): O(O) with three dimensional cor-
rection of Mg’, Ma" only

6. O(A.D): O(0O) with three dimensional
correction of Mg’, Mg, and N&#’, Nz"’

It was found out that for longitudinal motions

in following sea, the calculated values nearly
coincided with experimental ones in regular
waves. All the calculated results of pitch and
heave by both O.S.M. and N.S.M. (for N(O),
N(A), N(A.D), O(0), O(A), O(A.D)) appeared to
be quite identical to one another and with
measured motions (see Figs. 5, 6, 13, 14).
Experimental results obtained in T.W.W. were
also very close to that in regular waves. Thus,
it can be said that the effectiveness of measure-

T HEAVE

| X=0°,Fn=0.275

< EXP. [REG.W. @

N TWW. (A) O

F (B) A

o5k NO) © v

N(A),N(A-D)

S S ¥ T

oW [me]rmf @-wflrg 2 o0 4

Fig. 5 Heave transfer function in following

waves Fn=0.275
1.0
| * PITCH
Al X=0°,Fn=0.275
3l EXP. [REG. W, e
© TWW. (A) O
L B A
o.5- © v
LA PR I VO S —" f7a)
ot Gdmee @ WL 3

Fig. 6 Pitch transfer function in following
waves Fn=0.275

ment in T.W.W. in following sea was equally
well as that in head sea.

In spite of the difference in sectional hydro-
dynamic coefficients between the calculations
with three dimensional correction and original
Strip Method, good results can be obtained
from the original Strip Methods for the estima-
tion of motions.

Although the sectional added mass tends to
infinity as we tends to zero, it is of little im-
portance for prediction of ship motions. This is
because it is the wea (a is the mass term) and
web (b is the damping term) which occur in the
equations of motion. Since the Strip Theory
correctly predicts the hydrostatic effects which
are dominant as we tends to zero, the resulting
equations of motion are also correct for the case
where we tends to zero.!®

Next, concerning the vertical bending moment
(Fr=0.275) shown in Fig. 7, unlike the values
from N(O) calculation, no singular phenomena

Table. 2 Representation of calculation
methods in Fig. 5~Fig. 15

CAL. METHOD N.S.M. 0.S.M.
without 3D- COR. N(Q) —— 0 (0) ——
with 3D-COR.on Mr only  |NWA) -----—- O(A) -------
with 3D-COR.onMH & NH [ N(A-D)— ——] O (A-D)}— ——

0.02r VERT. B. Mt. ot T
J:' X=0° Fn=0.275
B exe [REGW. @
Gyl TWW.(A) O
N
3|

0.01F

X\. O(A-D)

J\F —% . N(‘A'D})) A 2
o Vi w=w/L/ L
dmax 9 @=0

Fig. 7 Vertical bending moment at midship
in following waves Fn=0.275

0.05¢ WAVE EXCITING PITCH Mt
gt 0, (FORE BODY FIXED)
" X=0° , Fn=0.275
£
.
o
oY
9
Il EXP [REGW @
2 TWW.(8)A
= v
v
_Avx‘.,.?v'.|_._x3.l.‘,:.¥
o ima PN Be-0

Fig. 8 Wave exciting pitch moment at mid-
ship in following waves Fn=0.275
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was seen in experimental results in the region
near we=0. Results from O(O) showed that
similar singular phenomena occurred at around
we=0, but it was generally quite lower than the
experimental results. The reason for the differ-
ence in the results between O(O) and N(O) where
we is very low, is regarded as that terms divided
by we® in radiation force and by w. in diffraction
force do not appear in O(O) (see Egs. (4), (9)).

Furthermore, as shown in Fig. 15 singular
phenomena appeared to be wider at Fn=0.40
than the former ones for both N(O) and O(O)
in the region near we=0. Once again, results of
calculation by O(O) generally appeared to be
lower than the experimental ones.

The same singularity in vertical bending
moment shown in Figs. 7, 15 was obtained from
the widely used O.S.M. and N.S.M.

However, experimental results have proved
the invalidity of the existence of such singularity.
This singularity is due to the increase of added
mass towards infinity obtained by Ursell-Tasai
Method at very low frequency.

In order to make up for such a defect in the
traditional Strip Methods, it was attempted to
bring in Maruo’s three dimensional correction.
When Maruo’s method was first applied on three
dimensional correction for Mg and Nz, good
results could not be obtained as shown by the
curves of N(A.D) in Fig. 7 and Fig. 15: Since
the influence of Ng in the region where we is
small, which is regarded as the main issue here,
appears to be insignificant, three dimensional
correction for only Mz was applied for N(O).
Consequently, as shown by the curves of N(A)
in Fig. 7 and Fig. 15, a characteristic capable
of explaining the experimental results was
obtained. As a conclusion, the authors would
like to présent this as a new practical method of
calculation.

On the other hand, to investigate the con-
sequence of three dimensional correction in
O.5.M., the same correction was applied in O(0O),
which means that six kinds of method of calcula-
tion were carried out in total.

To show how small we could be in following
wave Fig. 9 was put in. Running with high
speed in following wave, the value of we could
take a figure down one place than running in
head wave. Moreover, added mass obtained
from traditional methods in this zone appears
to increase quite sharply. However, it is easily
understood that this can never occur in the
actual case. In addition, it is also understood
that the value of added mass appears to be
limited and not quite large if the Maruo’s three
dimensional correction is applied. Furthermore,
the fact that the quantitative amount involved

2.5
107 HEAVE VIRTUAL MASS OF TOTAL SHIP
i - M/pL = 0.45x107 "M = Total mass of ship
4 URSELL - TASAI'S METHOD (N.S.M. & O.S.M.)

S

o5 20 .. 0 . 80 % , o
e = (e
Eo—"?'W HEAD e Fn=0275
. ~—4————Fn 00 eap
f : )\ /L= Fn=0.40

Fig. 9 Heave virtual mass coefficient of
total hull
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X=0°, Fn=0275

N(©Q) & 0(0)
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Fig. 10 A component of radiation force for
vertical bending moment

[
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X=0° , Fn=0275
2r N(O 4
E Y )
3
&
!

o [we]mox @= “’«/L/Q 3 deo 4

Fig. 11 A component of radiation force for
vertical bending moment

in three dimensional correction at low frequency
zone, regarded as the main object here, appears
to be considerable is also understood.

Fig. 10 indicates the term in the radiation
component largely affected by three dimen-
sional correction. Moreover, it is to be noted that
all coefficients consisting of Mz are affected since
three dimensional correction for all Mz in Egs.
4), 5) of N(A) is included. TFig. 11 shows the
term in the radiation component which differs
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greatly in N{(O) and O(0O). Furthermore, the
effect of three dimensional correction on this
term is almost negligible in N(A).

The value of vertical bending moment is
greatly influenced by wave exciting pitch mo-
ment, as shown in Fig. 8. As this term tends to
infinity while we tends to zero in N(O) and O(0),
vertical bending moment does vary similarly
(Fig. 7). In N(A), as the tendency towards
infinity vanishes, vertical bending moment does
not tend to infinity. As a result, N(A) provides
the most satisfactory results compared with
others. However, the zone containing a differ-
ence between N(A) and experimental results in
Fig. 8 is quite similar to the zone containing
a difference between N{A) and experimental
results of vertical bending moment in Fig. 7.
Hence, it can be considered as such that if the
precision of prediction of wave exciting pitch
moment is improved, the predicted value of
vertical bending moment will also improved.

For O(A) calculation, although the singular
phenomena disappeared, the value of vertical
bending moment appeared to be considerably low
compared with experiment for Fn=0.275 and
for Fn=0.40 and the dislocation of peak value
occured.

In the case N(A.D) (Figs. 7, 15) although the
singular phenomena does not appear any longer,
since the sectional damping coefficients become
lower than that by the Ursell-Tasai Method, the
value of wvertical bending moment become
lower than experimental results.

The difference between O(A) and O(A.D) is
insignificant (see Figs. 7, 15), but they differ
considerably with experimental results.

Results in quarter following sea of y=30° at
Fn=0.275 are shown in Fig. 12. The difference
between N(O) and N(A) and experimental results
from Sumitomo Heavy Industry square basin
becomes larger in the wave range as we tends to
zero. On the other hand, it is clear that N(A)
does not bring about any bad effects. N(A.D)
calculation appeared to be considerably low and
it is understood that N(A.D) is also not useful
in this case.

Three dimensional effect for only added mass
is included, though the singularity of vertical
bending moment by original Strip Methods in
following sea vanishes, the difference between
calculated results by O.S.M. and by N.S.M.
appear to be significant. Calculated results by
N.S.M. have proved to approach better to
experimental results than that by O.5.M. and
this method gives a much better estimation of
vertical bending moment in following sea than
that obtained from the traditional Strip Methods.

0.02r VERT. B. Mt.
[ X=30°,Fn-0.275 . '
el
o
o
o
S EXP REG.W. ®
=1 (SH.L.)
0.01F
L B e
\_«lr....l,x..l..x\.-x
oM 2 w=wfllg 3 3

Fig. 12 Vertical bending moment at mid-
ship in quarter following waves
Fn=0.4
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X=0°, Fn=0.4
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0.5} e O(A)

.\
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= i -
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Fig. 13 Heave transfer function in follow-
~ing waves Fn=0.4
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OJ\/I [(Tfle]max 2 G'texo 3 w=w/L/Ag 4

Fig. 14 Pitch transfer function in following
waves Fn=0.4
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Fig. 15 Vertical bending moment at mid-
ship in following waves Fn=0.4
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4. Conclusions

Summarizing this study, the following conclu-
sions can be drawn.

1) It has been understood that in spite of
experiments in following sea, good data can be
obtained effectively by applying T.W.:W. How-
ever efforts in limiting the frequency range for
the wave components in T.W.W. as well as in
making them corresponding to encounter fre-
quency on one-to—one basis are necessary. In
addition, it is also essential to predict the rela-
tions with the period of generating waves, the
start position of the carriage and the measuring
period in planning such experiments.

2) The actually obtained transfer functions
of heave and pitch in following sea show good
agreement with the Strip Method calculations
such as O.S.M. and N.S.M.

8) According to Strip Methods such as O.S.M.,
N.S.M. etc., vertical bending moment in follow-
ing sea tends to be infinite while the encounter
frequency is equal to zero. Nevertheless, it is
obvious from the experimental results that such
a tendency does not exist.

4) In order to correct such defects in widely
used Strip Methods, attempts were made in
trying out many kinds of calculation method.
Consequently N.S.M. modified with the Maruo’s
three dimensional correction for the sectional
added mass coefficient, explained well the ten-
dency of experimental results. This method was
proposed as a practical method of calculation for
the vertical bending moment when the encounter
frequency tends to zero.

5) From the comparison of calculated results
in I.T.T.C., considerable differences can be seen
in calculated values of vertical bending moment
in following sea although the same formation of
calculation method, say O.S.M. or N.S.M., was
adopted, due to the difference in detail of calcula-
tion programs. Taking this into consideration,
the actually obtained characteristic of vertical
bending moment in following sea, is explained
better by N.S.M. than by O.S.M.

In spite of the Method of correction presented
in this paper, some difference with experimental
results can be seen quantitatively. The authors
intend to carry out further research on calcula-
tion method as well as experiments.
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