SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

ON THE MOTION OF MULTIHULL SHIPS IN WAVES (II)

OHKUSU, Makoto

Research Institute for Applied Mechanics, Kyushu University : Lecturer

TAKAKI, Mikio

Research Institute for Applied Mechanics, Kyushu University : Research Associate

https://doi.org/10.5109/7172173

HERIE%R : Reports of Research Institute for Applied Mechanics. 19 (62), pp.75-94, 1971. FLMKX
N ANEH AT
N— 30

HEFIBAMR

2 KYUSHU UNIVERSITY




Reports of Research Institute for Applied Mechanics
Vol, XIX, No. 62. 1971

ON THE MOTION OF MULTIHULL SHIPS IN WAVES D
By Makoto Oukusu® and Mikio TagaRI**

This paper is the second report on the motion of multihull ships in waves
and is especially concerned with the theoretical calculation of the seakeeping
qualities of twin hull ships in head seas and beam seas. The theoretical
results obtained by using the method which was developed in the first paper
in order to compute added mass etc. of twin hull cylinders and by apply-
ing Strip method were found to be satisfactory in comparison with the ex-
perimental results.

The forces acting upon twin hull ship when it ran in waves were also
calculated.

1. Introduction

Recently the merits and demerits of twin hull ship have been discussed
from many points of view.”’~® The twin hull ship does not seem to be able to
get an economical advantage over the ordinary mono hull ship. The former,
however, has several merits in its utility. Oceanographical research ships and
floating stations for ocean development having twin hull have been recently
built for such merits. ‘

The research of twin hull ship has been carried out chiefly upon its resist-
ance on calm sea and it is because the merit of the catamaran has been looked
for from economical stand point. In the case of the research ships or the float-
ing stations, however, the seakeeping qualities are more important. There are a
few examples”~® of the studies upon the motion of catamaran in waves and these
studies conducted so far are not necessarily based upon the modern ship mo-
tion theory which has been successfully applied to the motion of the ordinary
ship and they neglect the hydrodynamic interaction between two hulls of twin
hull ships.

In this paper we calculated the damping force, added mass of twin hull cylin-
ders oscillating on the surface of a fluid and the wave exciting force upon these
cylinders due to an incident wave by the method which was developed in the
first paper® on the motion. of multihull ships in waves and which took the
interaction effect into account as a matter of course, and solved the equations
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of the motions of catamaran in head seas and beam seas which could be formu-
lated by using the damping force, added mass thus obtained of twin hull cylin-
ders. In addition the solutions were compared with the measurements on model
tests.

The forces exerted upon the twin hull ships moving in waves were also
calculated.

2. The Motion of Twin Hull Ship in Head Sea

2.1. Comparison of theory and experiment

In the first paper® on the motions of multihull ships in waves one of the
authors reported the method by which we can compute comparatively easily
the hydrodynamic force exerted upon multiple 2-dimensional cylinders when
they are oscillating on the surface of a fluid or they are in waves.

We can predict theoretically the motions of a catamaran in head seas by
applying the method to the calculation of added mass and damping force etc.
of its each cross section and with the aid of Strip method. It may be safely
said that the accuracy of this prediction is not less satisfactory than it is in
the motion of ordinary mono hull ships.

Two twin hull ship models were selected for our study (it will be called
TWI1 and TW2 hereafter). These two models are composed of two mono hulls
with the form longitudinally symmetrical with respect to midship as shown in
Fig. 1. The principal dimensions of these models and their component mono
hull are given in Table 1. TWI and TW2 are catamarans with 2p/T=3 and 5
respectively where 2p is the distance between the longitudinal centers of their

Table Particulars of Models

Description T Single-hull W 1 W 2
2P/T — 3.00 5.00
~Length betweeli p§rpendicu1ars 4.00 m 4.00 m 4.00 m
'bb
Breadth €:)) 0.36 m 0.90 m 1.26 m
Draft «») 0.18 m 0.18 m 0.18 m
Displacement (D] 0.207m3 0.414m3 0.414m3
Radius of longitudinal gyration 0.262 0.262 0.262
(Ry/Lys : ’ )
Radius of transverse gyration _ L7172 2514
8.
Metacentric height (GM/T) — 1.950 6.272
Height of center of gravity from
keel (KG/TS 1.336 1.336 1.336
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component mono hulls and 7 is the draft.

The heaving and pitching motions of twin hull ships TWI and TW2 advanc-
ing in regular head waves were theoretically calculated along the afore-mentioned
course, that is, to compute added mass and damping force of each cross section
of the ships by our method and to apply the Strip method for connecting these
two dimensional results to get the equations of the motions of the ships in
head seas. In order to compute the added mass etc. of two-dimensional twin
hull cylinder by the method described in the first report it is necessary to solve
previously the so-called radiation problem of heaving, rolling and swaying mo-
tions of one cylinder which composes the twin hull cylinder. Then each cross
section of the mono hull cylinder composing TWI1 and TW2 was approximate-
ly expressed by a Lewis form and the radiation problem of this section was
solved by Tasai method.®

The equations of the motions of twin hull ship in head seas can be formulat-
ed as follows” by the Strip method, where a coordinate system is taken as
shown in Fig. 2.
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Fig. 2 Coordinate system
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ON THE MOTION OF MULTIHULL SHIPS IN WAVES (II)

where L, and L, are the x coordinate of the fore and aft end of the ship,
m: mass of the ship, '
J,: londitudinal mass moment of inertia of the ship,
Ay water plane of area of the ship,
I : londitudinal moment of the water plane area about the center of floatation.

S is the area under the water and 2b, T, and T, are the breadth, the draft and
half of the draft of a section at x of the ship. my and 7, are added mass and
damping coefficient of this section. The ship runs in regular head waves of an
elevation {,e!“@*%» with advance speed ¥V where K is w?/g and w,=w+KV
and p, g are the density of a fluid and gravity acceleration. Z; is the heavng
displacement of the center of gravity and 6 the pitching angle (bow down is
taken to be positive). It is of course that the equations have the same form
as those of ordinary ship, but my;, n; of each section at the coordinate x are
calculated as the values of twin hull cylinder by our method of the first paper.

The amplitudes of heaving and pitching motions Z, ® of TWI1 and TW2 at
the Froude number F,=0 and 0.1 which were obtained by solving the equations
(1), (2) and (3) are shown in Fig. 3, 4, 5and 6 as theoretical values. In these
figures the amplitudes Z, ® are nondimensionalized by wave amplitude £, and
maximum wave slope K&, respectively and A, L are the wave length and the
ship length. And the curves named as single hull in these figures give the am-
plitudes of the motions of the mono hull ship which is a constituent element of
our twin hull ships. They were calculated by putting my, ny etc. of this mono hull
into the equations (1), (2), and (3). If we neglect the interaction effect between

S
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Lo 2P/T=3 o
2P/T=5 —m— === A
Single-hull
Fn=0
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Fig. 3 Heaving motion of twin hull ships in head seas (F,=0)
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Fig. 4 Heaving motion of twin hull ships in head seas (F,=0.1)
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Fig. 5 Pitching motion of twin hull ships in head seas (F,=0)
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Fig. 6 Pitching motion of twin hull ships in head seas (F,=0.1)

two mono hulls of TWI1 and TW2, we can consider the values of the single
hull curves as the amplitude of the motions of TWI and TW2. From these
comparison it is found that there is comparatively large difference between the
motion amplitudes of catamarans with and without taking the interaction effect
into account if F, is not zero.

The experiments concerning the motions of our two catamaran models TW1I
and TW2 in head waves were carried out at the large tank of Research Institute
of Applied Mechanics, Kyushu University.

In our experiments the amplitudes of regular head waves generated by the
wave maker at the end of the tank were made to be constant at any wave
length, and they were measured at a fixed point in the tank before each ex-
periment started. The apparatus used in our experiments are shown in Fig.
7, and heaving displacement and pitching angle are measured by potentio
meters. The models are run by a propeller driven by a motor M and this
propeller is not behind the after perpendicular of the models but between two
hulls.

In our experiments some remarkable phenomena were observed. One is
that the height of waves between two hulls caused by their motions and the
incident waves is rather large even when their heaving motion is small. The
others are that at a certain wave length the motion amplitudes make com-
paratively large change with a little variation of the wave length and that the
measured amplitude of the motions does not become stationary but varies with
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Fig. 7 Ship model and experimental apparatus

a time like a phenomenon of so-called “beat”. The reason why this beat phe-
nomenon occurs seems to be that the incident wave is not a sinusoidal wave
with one component of frequency buf includes other components of small
amplitude or that a small drift speed of the models due to head waves causes
a small variation in the frequency of encounter and as a result a change of
motion amplitude because of the characteristic of catamarans, that is, the large
variation of motion with the small change of wave frequency at some frequency.
But it is not confirmed now.

It can be concluded from the comparison of theoretical and measured heav-
ing motion in Fig. 3 and 4 that both are in good agreement. The heav-
ing motion of twin hull ships TWI1 and TW2 is very large compared with that
of ordinary mono hull ships at resonance period and it is because the damping
force of heaving motion of the twin hull ships become smaller than that of
the mono hull ships at this period. When we neglect the interaction effect
between two hulls, theory does not predict this large motion.

In the case of pitching motions of Fig. 5 and 6, there is some difference
between theoretical and measured amplitude, though the theoretical values cal-
culated by taking into account the ineraction effect are better. This difference
seems to increase when the advance speed of the ships becomes larger.

2.2. The force exerted upon twin hull ship in head seas.

The wave bending moment at an arbitrary section of twin hull ship in
head seas which is caused by the motion and the wave force can be also cal-
culated” by applying our procedure to solve the radiation problem of twin hull
cylinder.

Some examples of the moment at midship of TWI and TW2 are compared
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ON THE MOTION OF MULTIHULL SHIPS IN WAVES (ID) 83

in Fig. 8, where F, is 0.1. The moment upon the twin hull ships when the
hydrodynamic interaction between two hulls of the ships is not taken into
account is also shown as single hull curve. It is, of course, twice of that which
acts upon the midship of one element hull of TWI and TW2 when the element
hull runs in head seas as a mono hull ship.

- Theoretical
s 2P/T=3
e 2P/T=5 — — — —
S~
= Single-hull

10><10‘7_ ]

05107

0 | : | |
0 0.5 1.0 1.5 2.0

Fig. 8 Wave bending moment of twin hull ships in head seas (F,=0.1)

It can be concluded from Fig. 8 that it is sometimes dangerous to consider
the wave bending moment upon twin hull ship as only twice of those values
of one mono hull ship which constitutes the twin hull ship.

As stated in the first paper when a twin hull cylinder as shown in Fig. 9
makes a heaving oscillation, a progressing wave £, given approximately by the
equaion (4) comes upon the left cylinder. And also a wave £, with the same
amplitude and the same phase as &, but progressing rightward comes upon
the right cylinder.

A_zei(sﬁxm .
(0t +Kx)
wxpe x) (4)

x= {ZiH (KT e 7

Zei(ez+ KP)

ST EDe e ©)

¢

where
H*(KT) =ie*cos e, Fe*isin e,. ©6)
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Fig. 9 Coordinate system

and 4; and ¢; are the amplitude and the phase of progressing wave at infinity
when one cylinder of the twin cylinders makes j oscillation about the origin L
or R (j=1 is swaying y=e! and j=2 is heaving z==¢'*") without another cylinder.

Accordingly each cylinder receives a hydrodynamic force in Y direction
and a moment due to these incident waves respectively. The forces and the
moments upon the right and left cylinder have the same amplitude and the
opposite direction with each other. The force of Y direction upon the right
cylinder is given by

S )4 P 5y i 08 g AN
5 mys(—%) + e ngs(—2)=—i X 4.e 1—iH* (KT)e %", @)

It is to be supposed immediately that the similar force and moment act
upon each mono hull of twin hull ships TWI and TW2 when they run in head
waves.

The formulation® to calculate vertical force on a cross section of a ship
running in head waves which is, of course, based on Strip method can be also
applied to the calculation of such transverse force or moment upon each mono
hull of twin hull ship in head seas.

In this application the terms of inertia force and static water pressure force
which appear in the equation of the vertical force must be removed, because
these forces do not act in the transverse direction.

The force F of Y direction upon x section of the right hull of a twin hull
ship running in head waves with advance speed V is expressed as

S - ? .
F= [PKZFVE "Hs+x07mns] 0+ [x%"xs_V%mﬂs—VEp' 3% (xsmys):l 0

2 N : o ;
+Wg“87(5'mns)0+%maszc+ [%i—gnys— %g}(‘s‘mlls}]zG
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08 p o . S i(Kx+oe
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Fig. 10 shows the total of such forces acting upon the right hull of TW2 at
F,=0.1 in the non-dimensionalized form, where {, is the amplitude of head
waves. Such force or moment will have important meaning when it is necessary
to know the stress at the bridge structure of a twin hull ship.

’ ~—P—-,~P
2P/T=5

R — F/pgleéa

(=4

0.03 ’—

0 | | |
0 0.5 1.0 1.5 2.0

— /L

Fig. 10 Transverse force of twin hull ships in head seas (F,=0.1)

3. The Motion of Twin Hull Ship in Beam Seas

3.1. The equations of motions

The added mass and damping coefficient of twin hull cylinders calculated
by our method can be also used for formulating the equations of motions of
twin hull ship in beam seas. The equations are formulated by integrating with
respect to x the hydrodynamic forces (added mass and wave exciting force
etc.) upon cross sections of the ship which are considered to be 2-dimensional.

Added mass (moment) coefficients m; (j=1, 2, 3) and M, N of each sec-
tion are calculated, where m, and m, are added mass coefficients of swaying
and heaving motion of twin hull cylinder shown in Fig. 9, and are defined to
be added mass divided by pS (S is sectional area under the water of the twin
hull cylinder) and m; is a coefficient of rolling motion given by a moment
around the origin O divided by pS7T. M and N are also defined by the following
equation

=pSM(~5)+-LEN(-5), ©)
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where f is a moment about O due to hydrodynamic force when the cylinder
makes a swaying motion y=e?,

In addition we can calculate twin hull cylinder’s 4; and ¢; by which the
wave at y—+oo is expressed as A,e!®@~X5+sh when the cylinder makes the oscilla-
tion j (j=1, 2 mean the swaying and the heaving motion, and j=3 is the rolling
motion about the origin O). Accordingly the wave exciting force when a plane
wave with the elevation e'“'*£” comes upon the twin hull cylinder from rightward
as shown in Fig. 9 can be exactly derived by Haskind-Bessho relation.” These
wave forces (moment) are expressed by

l_]’%gzenjeiw;, (10)

where j=1 and 2 mean the forces in x and y direction, and j=3 the moment
around the origin O.

Then the equations of motions of the center of gravity G in beam seas
eitot+Xn are given by

J (1+mz)de+z J Aytdx+z- ogj 2bdx

= l—Ip(g eiot JU A etdx,, (10)
Lg
oyJ: A+m y Z)%ZJ:MHMJ; <M+ ITGm )a’x
+ 0 %J:T(N—&— ZTGZIZ) dx= l;%ge""" J: A etadx, ¢5))
(o oo s [ () m12() ]

+ (’Ta)z A+ 2(’%) N] dx+o-pg-GMdex

L / 2 L —
+y-pJLfST(M+ ZTGml)dx+j: %LfT<N+ l—;ALZ)dx
a a

_i_p_g ® g A3 ie lG ie
X e“La(Te 14 S 4 e 1)dx _ 2

where y and z are a swaying and a heaving displacement of the point G and
0 rolling angle. And 7, is the radius of gyration, GM the transverse metacentric
height and /; the z coordinate of the center of gravity of each cross section
of the ship. Another symbols have the same meaning as in the section 2.
Substituting z=Ze!, y=Ye'* and §=0 e*** into the equations (11), (12),
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ON THE MOTION OF MULTIHULL SHIPS IN WAVES (ID)
and (13) we can obtain the amplitudes and the phases of the motions.

3.2. Comparison of theoretical and experimental ship motions

The heaving, swaying and rolling motions in beam seas of TWI and TW2
were measured at zero advance speed. The experimental apparatus and regular
waves used in the measurement are the same one as used for the experiment
in head seas.

The measured amplitudes of swaying, heaving and rolling oscillations of
TWI1 and TW2 are shown and compared with the theoretical ones obtained by
solving the equations (11), (12) and (13) in Fig. 11, 12 and 13. The transverse
radius of gyration r, of TWI1 and TW2 used in the equations was determined
experimentally from free rolling test.

It should be noted that the amplitude of swaying motion shown in Fig. 12
is not of gravity G but of the point 35.3 cm above the point G. Ship models

drift due to the wave force in beam seas and accordingly the abscissa of these
w,?

figures is T, where w, is the circular frequency of encounter of incident

waves.

Theoretical and measured values of the motions are generally in good agree-
ment. Since damping force given rise to by the generation of progressing waves
is larger, the theoretical and the measured values are also in comparatively
good agreement even in the case of rolling in spite of the neglect of the force
due to viscosity of a fluid.

S}' Theoretical Measured
N 2P/T=3 —m—mo—0uw - o
T 2P/T=§5 — — ——=— a

1.0

0 | [
0 0.1 02 0.3 04 05 06 07 08 0.9 1.0

Fig. 11 Heaving motion of twin hull ships in beam seas
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Fig. 12 Swaying motion of twin hull ships in beam seas
7.0 —
Theoretical Measured
2P/T=3 o)
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Fig. 13 Rolling motion of twin hull ships in beam seas
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ON THE MOTION OF MULTIHULL SHIPS IN WAVES (II)

In the experiments it was observed that the waves between two hulls began
to progress in the lengthwise direction of the ships especially at the frequency
when the waves became very high and the heaving motion was larger. This
fact means that three dimensional effect is strong at this frequency of motion.
And at such frequency the measured amplitude of the heaving motion was not
stationary but varied with a time like a beat. It will be due to these facts
that at the resonant frequency the measured amplitude of the heaving motion
does not reach to the level of the amplitude predicted by theory.

Next let us study the details of Fig. 11. Theory predicts that there are three
resonance point of heaving motion for TWI in the range of KT shown in this
figure, where a resonance point of heaving motion means a frequency at which
the sum of inertia force and restoring force upon a ship making a heaving mo-
tion vanishes. One of these three points is a frequency where the amplitude
of the heaving motion of TWI becomes the largest as shown in Fig. 11 and the
other two points are K7==0.4 and 0.55. At the latter two points, the amplitude does
not show a peak because A, that is, damping force is large there (vertical
wave exciting force becomes larger with A4, but damping force is much larger).

Although the resonance frequency of heaving motion of a mono hull ship
which constitudes TWI or TW2 is known to be at KT==0.7, the resonance point
of TWI1 and TW2 differs from the mono hull’s one as a result of an interaction
between two hulls. When 2p/T is from 3 to 10, it can be said that the larger the
distance between two hulls is, the smaller the difference becomes. By the theory
developed in the first paper, added mass, damping force of heaving motion and
vertical wave exciting force of twin hull are known to be functions of KT and
e K7 a5 far as KT is not so small. Accordingly if a twin hull ship composed
of some two hulls is at resonance of heaving motion with KT=«a and 2KP=p,
then another twin hull ship which is composed of the same two hulls but has
2KP=p+27 at KT=« makes just the same heaving motion at this frequency.
The heaving motion of TWI, for example, is in resonance at K7T==0.9 and that
of a twin hull ship with widened breadth as 2P/T=10 is also in resonance
at KT==0.9.

It is shown in the first paper that there are some frequencies at which A4,
of twin hull cylinder is zero and then vertical wave exciting force upon the
cylinder is also zero. In the heaving motion of TWI and TW2 there is the
frequency at which the wave exciting force become almost zero and as a result
the ship does not make a heaving motion as shown in Fig. 11 at this frequency.

3.3. Miscelianeous

Let us compare the motion amplitudes of twin hull ships in beam seas
calculated approximately without taking the interaction effect between two hulls
into consideration with the exact ones obtained in 3.2.

When the interaction is neglected the added mass, damping force and the
wave exciting force of a twin hull ship in heaving and swaying motion are
considered to be the sum of the ones for the mono hulls which are elements
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of the twin hull ship. In rolling, added mass moment and damping coefficient
are derived from the sum of the hydrodynamic forces acting upon each mono
hull when it makes a heaving motion and a rolling motion about its center.
The wave exciting forces of Y and Z directions (j=1 is Y direction and j=2 Z
direction), for example, are expressed as follows

108 (M [ pie;picot=KPY 4 7 . pit;pitot +EP) d
K|, |Aee + A, e'e X, 14
o

and the wave exciting rolling moment about the origin is
ipg Lf A oteapitot—KP) A pie2pilot +KP) | A piezpilot—KP) 1 A piegpilot+KP)
a —P-A4,et2e + P. 4,e'%2e + A,etsse + A;e e dx,
Lﬂ

(15)
where A, ¢; are the values of the mono hull cylinders.

The added mass and the wave exciting force thus calculated are substituted
into the equations (11), (12) and (13), then we can obtain the motion amplitudes
of twin hull ship when the interaction is neglected.

In Fig. 14 and 15, there are shown the heaving and the rolling motion am-
plitude of TW1 with and without the interaction, where approximate denotes the
values without the interaction. As seen in Fig. 14, if the interaction is not taken
into account, the amplitude of the heaving motion is not only smaller than the
exact one, but also the amplitude is rather large when the exact calculations
show the zero amplitude. Both the exact and the approximate calculations give
almost the same resonant frequency and the wave exciting moment in the rolling,
but the damping force without the interaction is larger and the approximate

2P/T=3 —— Exact

" ~= = = = Approximate

~ -
0 l [ 1 | l | | I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fig. 14 Comparison of approximate and exact solutions Cheaving)
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7.0 —

6.0 2P/T=3 ————— Exact

”

— — — — Approximate

i e
o 01 02 03 04 05 0.6 07 08 09 10
— KT (=%T) )

Fig. 15 Comparison of approximate and exact solution (rolling)

amplitude is much smaller the real value.

Each element hull of twin hull ship making oscillation in beam seas receives
also a hydrodynamic force with Y direction and a hydrodynamic moment about
its center line. This force and the moment upon right and left hull have the
same magnitude but the opposite direction with each other. Such a force upon a
twin hull ship moving in beam seas is expressed by

(S .\ og (1 i R
("Z)PJLaTmHsdx'l'(_z) Zs: JLaandx‘f‘ JLa(WxR —%) dx,

(16)
where mys and nys of each section are calculated from the equation (7). W,®
and W,r are wave exciting forces of Y direction upon the sections of right
and left hull respectively and are given as follows.

When the wave e'@**¥» comes upon the twin hull cylinder shown in Fig.
9, the exchange of diffraction waves between two cylinders described in the first
paper produces the incident wave upon the right cylinder given by
(1+iH-(KT))iH* (KT)
1+H+(KT)Ze—i4KP

E, (KT)ei(mt—KyR) — e~B3KP gitwt-Kyp) an
and the incident wave upon the left cylinder given by

E2 (KT) eiwt+Kyp) i g;i‘?ﬂé})@f}g}w e—iKPei(wHKyL)’ (18)
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where H*(KT) is given by the equation (6) and y, and y, are the Y coordinate
measured from the center of the right and left cylinders. The wave exciting
forces, W,- and W,® upon the right and the left cylinder are calculated as the
exciting force due to these incident waves by

Wi =08 4,0E, (KT)e™,

. (19)
W,k = L8 Ao [+ E, (KT) | e

Hydrodynamic moment upon each hull can be calculated by the same
procedure.

Fig. 16 and 17 give the amplitudes of such force and moment of TWI and
TW2. At small heaving amplitude the force or moment becomes rather large
in some cases.

4. Conclusion

The method to solve the radiation problem of twin hull cylinder developed in
the first report was applied to the theoretical calculations of the various motions
of twin hull ships by Strip method and it was found that the theoretical predic-
tions gave satisfactory results in comparison with the measurements on model
tests.

AN
o ,._P_T_p_. 2P/T=3
5.0 & y 2P/T=5 oo e
< T F
& \{_J A
4.0-T
3.0 |-
2.0 |-
1.0 -\
0 | | | 1 1 Ly | [\/I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

—— KT (=%T)

Fig. 16 Transverse force of twin hull ships in beam seas
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« 2P/T=3 —————
R A -
= \
= Y
% & T M
& QL '
=

1.0 — T

0.5

0
0

Fig. 17 Transverse moment of twin hull ships in beam seas

The motions of twin hull ship are some times much different from those
of ordinary mono hull ship and this singular response characteristics of twin
hull ship can not be predicted if the hydrodynamic interaction effect between
its two hulls is neglected.
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