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NOMENCLATURE

waterplane area
maximum half-beam of each hull
subscript designating centerbody and both hulls

subscript designating port and starboard halves of the
centerbody and hull respectively

mean draft of underwater form; dy = V/Aye
gravitational constant

elevation or depression of free surface
wave emplitude

effective wave height or subwave height
wave factors

moment of inertis sbout x-axis

‘moment of inertia about y-axis

distance between centerlines of two hulls
length of the catamaran
subscript designating both hulls

subscript designating port and starboard hulls re-
spectively

sectional virtual mass at section x in the direction
of z-axis

sectional damping coefficient
superscript designates either port or starboard

superscripts designate port and starboard respectively



T draft of each hull

v advance speed of catamaran
W weight of catamaran
Wwo(x,y) weight distribution of catamaran
Wl,g(X) weight distribution of port hull and starboard hull
respectively
(X,Y,2) coordinate system fixed on the surface of the sea.

X-direction coincides with the direction of advance
of the catamaran

(x,¥,2) coordinate system fixed at the center of the mass
which is assumed to be in the waterplane of the
ship at rest

y(x) half-beam of each hull at x
vertical displacement of the section x for port hull

and starboard hull respectively. Dots indicate the
derivatives with respect to time

Zg displacement in heave
dF%’Z/dx comporent of force in the direction of z~axis per unit
length at the section x, port hull and starboard hull
respectively
de/dx moment per unit length of the body at the section x

about x-axis

dMy/dx moment per unit length of the body at the section x
about y-axis

] angular displacement in roll
V angular displacement in pitch
K wave number

A wave length

) angular frequency of wave

vi



starboard and port moment respectively
total bending moment at the centerline
density of water

twisting moments acting at the port and starboard por-
tions of the longitudinal centerplane respectively

total twisting moment at the longitudinal centerplane
angular encounter frequency = p-kV cos Xe

direction of wave propagation with respect to x-direc-
tion
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I. INTRODUCTION

In this paper motions of a catamaran in regular waves are calculated
under certain simplifying assumptions. It is felt that the results will jus-
tify certain general conclusions about the motions and strength of a catam-
aran in waves.

1. ASSUMPTIONS

(a) It is assumed that the beam of each hull of the catamaran is so small
in comparison with the wavelength that the transverse restoring force caused
by the inclination of water surface at the transverse section of each hull may
be neglected.

(b) When the hydrostatic force and moments which are out of balance with
the weight of the body are calculated, yielding the exciting force and moment,
they are done so in accordance with the Froude-Krylov hypotheses. That is,
the wave is assumed not to be interfered with by the body. But the Smith ef-
fect is taken into consideration in that the hydrostatic pressure is corrected
for the pressure change due to the inertia forces of the rotating water par-
ticles.

(¢) It is assumed that surging, yawing and swaying motions are small
enough that the gyroscopic coupling terms in the equations of motions may be
ignored.

(d) The relative motion between each hull and the water surface gen-
erates waves propagating from one hull to the other hull. In other words,
there is the interference effect between two wave systems created by the rel-
ative motion between each hull and the water surface. In this paper, these
effects are neglected for simplicity.

(e) The lateral forces caused by waves are not taken into consideration
in this paper because motions caused by the lateral forces—yawing and swaying—
are neglected. These forces could be calculated by the same method as will
be utilized, and should be,because they could have serious effects on the bend-
ing moment on the central body. If this were done, the bending moment caused
by these forces could be superposed on the results of the present calculations.

2. COORDINATE SYSTEMS

Before entering into the calculation, the coordinate systems to be used
will be defined. There are two systems: both are right handed, and so di-
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rected the z-axes are vertical and the x-axes are in the direction of the
ship's heading. In this case, where the swaying and yawing motions are neg-
lected, the direction of the ship's heading coincides with the ship's course.

(a) Fixed Coordinate System Oriented with Respect to the Moving Ship.—
The origin of this system is at a fixed point on the surface of the sea. These
coordinates are described by (X,Y,Z).

(b) Moving Coordinate System Oriented with Respect to the Vessel.—The
origin of thils system is at the ship's center of mass, which is assumed to be
in the waterplane of the ship at rest. These coordinates are described by
(x,7,2).

3. SHIP DESCRIPTION

The following symbols are used:

L length of the catamaran
2k distance between centerlines of two hulls
v(x) half-beam of each hull at x
v speed of catamaran
b maximum half-beam of each hull
T  draft of each hull

Variables and constants concerning the port and starboard hulls are desig-
nated by the superscripts 1 and 2, respectively.

4, WAVE DESCRIPTION

When referred to a fixed system of coordinates (X,Y,Z) and the time var-
iable, t, the free surface of the waves is described by the expression:

h(X,Y,t) = hecos{k(X cos X + Y sin X) - ut}, (1-1)

where h(X,Y,t) is the height of the sea surface above or below the X-Y plane,
hy is the wave amplitude, p is the angular frequency of the wave, X is the di-
rection of wave propagation, k = 2x/\, and A is the wavelength.

The expression of the wave for the moving coordinate system fixed to the
ship is

h(x,y,t) = hocos{k(x cos Xe + y sin Xe) - wt}, (1-2)



where

®w = u - kV cos Xe, (1-3)

We should notice the subwave or effective wave, the mean depth of which
is dm, and designate it by he(X,Y,t), where

Kd

-Kdp
he(X,Y,t) = hge cos{k(X cos X + Y sin X) - ut}, (1-k)

or

Kd

he(x,y,t) = hoe— mCOS[K(X cos Xe + y sin Xe) - wt) . (1-5)

If the ship were flat-bottomed, the force and moment would depend upon
the effect of the subsurface at the depth of the keel. For a normal ship
form, however, the effective subsurface will be somewhat nearer the free sur-
face. T. H. Havelock? has suggested that the effective subsurface is that at
the mean draft, dp, of the underwater form, defined by V/Awe, the volume of
displacement divided by the waterplane area. This assumption is adopted in
the present calculations.






1. EQUATIONS OF MOTION

Following the usual metho
by exciting forces, the motion

i

]

In these equations, Zg, ©, and
pitch, respectively. W is the
moments of inertia about the x

IT. SHIP MOTION

ds for the mechanics of rigid bodies acted upon
s are described by the differential equations.

deZ

L

ar,
I dx

;/ dMy, and
L

Jas
L

¥ denote displacements in heave, roll, and
weight of catamaran, and Iy and Iy are the
-axis and the y-axis, respectively. dFZ/dx

(2-1)

is the component of force in the direction of the z-axis per unit length at
the section x. de/dX and dMy/dx are the moments per unit length of the body
at the section x about the x-axis and the y-axis, respectively.

We may denote the force in the direction of the z-axis per unit length

of the portside body by dF;/dx

, and that of the starboard body by dFﬁ/dx. The

force and moments per unit length of either body may be described as follows:

dFy ar: ng
dx =~ dx dx ’
dMx arFy dF%‘)
& T & Twm ) o
dry dFg ar
9%1 = -x (=24 22) - _x=222 (2-2)
dx dx dx dx
ng/dx, where p = 1 and 2, is in turn divided into three parts,
aFy aFy, dFe  dFgs
— = + + (2-3)
dx ax dx dx



In this expression,

dFy,

= 2080 (ZP(x) - he(x,(-1)P k1))

dx
dg;%E = ’N{é‘p(x) - he(x;('l)p-‘-lk,t], and (2_)4_)
dre ~ '

dis = - %g m(%°(x) - he(x,(-l)p+lk,t§} ,

where p 1s the density of water, Zp(x) is the vertical displacement of section
x due to the ship motions, N is the sectional damping coefficient, m is the
sectional virtual mass at section x in the direction of the z-axis, and hg is
the subsurface wave profile or effective wave.

The first expression of (2-3) is the force due to the hydrostatic pressure
in the waves under the Froude-Krylov assumption. The effective wave height in-
cludes the Smith effect. The second expression is the force due to the damp-
ing effect, and the third one is the force due to the hydrodynamic effect.

Zp(x) can be represented by the following equations:

7t (x) Zo + kO - xy

(2-5)

i

78(x) Zg - k6 - x| .

In order to evaluate the right—-hand side of the Eq. (2-3), we must calculate
the difference between vertical displacements of the two hulls, their sum,
and their derivatives with respect to time. These are:

ZM(x) + 73(x)

Q(ZG - X\lf) ’

71 (x) + 70(x)

1

2(2q - x§ + W), (2-6)

Z:(x) + B(x) = 2(%g - xf + 2Vf),

and
z'(x) - 2%(x) = 2ke,
b x) - 28(x) = 2x8, (2-7)
7' (x) - Z%(x) = 2%6.
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The effective waves, he(x,(-l)p+lk,t) and their derivatives with respect

to time, are related as follows:

he(x,k,t) + ho(x,-k,t) = 2H,cos(kx cos Xe - wt),
he(x,k,t) + he(x,-k,t) = 2uHesin(kx cos Xe - wt),
he(x,k,t) + he(x,-k,t) = -2u%Hecos(kx cos Xe - wt);
he(x,k,t) - he(x,-k,t) = -2Hgsin(kx cos Xe - wt),
ﬁe(x,k,t) - he(x,-k,t) = 2uHgcos(kx cos Xe - wt),
he(x,k,t) - ho(x,-k,t) = 2p®Hgsin(kx cos Xe - wt);
where
Ho = heocos(kk cos Xg),
Hy = hegsin(kk sin Xe), and
- Kdm
heo = h e

Hy and H, are called wave factors.

(2-8)

(2-9)

(2-10)

From these relations, and Egs. (2-2) and (2-3), the forces and moments

per unit length of the body may be obtained as follows:

dF

dil = -bpgb{(Zg-xy) - Hocos(kx cos Xe - at)},

szg ° N .

S = -2N{(Zg-xy+Vy) - uH.sin(kx cos Xe - wt) ],
X

dFys e e 2

- = -2(m( Zg-xy+2W) - Vm'(Zg-xy+W) + pmHocos(kx cos Xe
X

~wt) + pVm'H,sin(kx cos Xg - wt) J.

(2-11)



dM: )
X1 = _lpgkb{k6 + Hgsin(kx cos Xe - wt)},

dx
aM .

df = -2kN{kd - pHgcos(kx cos Xe - wt))}, and (2-12)
AMs . X

diB = -2k{kme - kVm'6® - pPmHgsin(kx cos Xg - wt)

+ pVm'Hgcos(kx cos Xg - wt) };

dMy dFy

x - 7F ax (2-2)

Inserting the values dF,/dx, dMy/dx, and dM,/dx, obtained from the above
equations, into Eq. (2-1), and transferring the terms not directly affected
by the wave motions to the left-hand side, the following set of three equa-
tions is obtained:

ag1Zg t asa4g t+ aszzlg * 8gaV + 8gsV + agey = Fy,
Aoy + Aozl + Aoal + Aoal + Apsl + Aos¥ = My, and (2-13)
Allé + Algé + Alge = MX .

2. COEFFICIENTS OF EQUATIONS

The coefficients of these equations are represented by the following equa-
tions:

W
83y = é
2

83z =

8asg = Ll.pg /; bdx

aszq = -2/W mxdx (2-1L)
a = -2/1< Nxdx + 2V/W mdx
35 Jr J1
asg = -hpg-/ﬂbxdx + 2V Nax = -hpg~/ bxdx + Vags ;
YL ‘L ~L



I
Aoy = _.3_'+2fmx2dx
g L

A2 o = 2 f NX2d X

L
Aoy = hpg;/; bxZdx + VAos
(2-15)
Apy = —2./“mxdx = asg
L
Aoy = -2;/ Nxdx - 2V;/\mdx
L L
Aog = -hpg./jbxdx;
~L
I
Ay, = i+2k2£mdx
g
Ap = 2k2;4:Ndx = k2a32 (2-16)

Ays = hpgk2~/\bxdx .
“L

3. EXCITING FORCES AND MOMENTS

F,, My, and M, in Eq. (2-15) are the force and moments caused by the
waves and may be represented by the following expressions:

(a) Heaving Force.—

F, = Fgcos wt + Fisin wt, (2-17)
and
FC fl+f2+f8 COS OtF
Z Z
( >= < > _ on( > (2-18)
S .
F, fl+fo+fs sin o,
where
2 2
_ S
Fgo = Fg + F, , and
c (2-19)
tan O = Iz
F s
Fy



VR
H b
n- N
N

I

—
ungCjI: b cos(kx cos Xg)| dx

sin(kx cos Xg)|

N dx, and
Lcos(kx cos X )

f sin(kx cos Xg)T]
~L

'ngcfm EOS(KX cos Xe)]dx
~L

sin(kx cos X.)

(b) Pitching Moment.—

and

My

M§cos wt + I\/J;sin wt,

) - (22 ()

where

o)

]

cos(kx cos Xg)
-logH, fbx dx

31n KX cos X

_ sin(kx cos X,)
+2uHe Nx dx, and

cos(kx cos Xg)

cos(kx cos Xg)
2uchfmx Ein( KX cos Xe] ax
_ sin(kx cos Xg
+2uHchm Eos( KX cos Xe—il ax
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(2-23)

(2-2k)



(c) Rolling Moment.,-—

My = Mcos wt + Mysin wt (2-25)

M; My + Mxo + Nxs 0s Oy
M}s{ . m}'{l + m)'cg + m)’cs sin CXMX

2 52
Mg, = M, + M; , and
M (2-27)
tan OfMX = —ME H

X U/‘ sin(kx cos Xe)
T
peklls | D cos(kx cos Xg) ax

My
my 1
<mx2
H
My o

cos(kx cos Xg)
PukHg [ N | | dx, and (2-28)
sin(kx cos Xg)

sin(kx cos Xe)

iEHUJKHS f m dx

cos(kx cos Xe)

Ny 3
( ,
My 3,

4, SOLUTION OF EQUATIONS

The exciting force and moments in Eq. (2-13) may be expressed in complex
form to facilitate the algebraic work of the solution. If it is then assumed
that the ship is moving in a uniform sea, and that steady state motion is
established, the transient responses will have been damped out and only a par-
ticular solution of Eq. (2-13) is required. This is the most useful solution
as a response function of the ship in waves.

When we utilize the following expressions,
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The exciting force and moments Fy, My and Mz are the real parts of the
complex expressions, or

FZ - R(FZ ei(l)'t)
M, = R(H 1) | and (2-20)
My = R(ﬁx eiam)

where R( ) indicates that only the real part is to be taken.

Therefore, the desired solution Eq. (2-15) is the real parts of the fol-
lowing equations:

ag1Z + agal + agal + 334$ + ass@ + aggy = 1?z elwt

. : - : = et
ApgZ + ApsZ + Aol + Apq + Aoy + Aoy = My e (2-31)
Allé + Algé + Algg = —MX el(bt

Since the exciting force and moments are harmonic, the solution likewise
can be assumed to be harmonic or of the form

ZG - 'ZG ei(Dt
- dwt

yo= e (2-32)
— dut

e = © elw

where ZG: ¥, and © have the complex forms,
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Vo= oy - iyS (2-33)
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1
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The real part of the solution of Eq. (2-31), i.e., the solution of Eq. (2-13),
is

Zg = Zécos wt + Zésin wt
v = yCcos wt + ¥Ssin wt (2-3L)
© = 6Ccos wt + 6%sin wt

Substitution of the assumed solution into Eq. (2-31) leads to the fol-
lowing algebraic equation:

(-aPasitiwagatass)Zg + (-oPagativasstase)T = F,
(-aPAsg+tiohosthog) Zg + (-0PAoi+iwhpothss)| = -My (2-35)
(-wPAy1+ioA;o+A13)6 = ﬁx
The solution in the complex form is
— +1
R+iS
— P'+iQ’
= ———, and 2-36
v R+ig ’ (-3
s
- M:?c'iMx
9 =

-(0Fhy1-Ays) HiwhA o
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Where

Pl

(wPazi-aaa) (WRap)-a03) - (wRagy-ass) (WPAs,-Ase)

2
- wPagphos - Waszshos

~wazo(afhsr-Aog) - whso(wPasi-ass)

+ wazs(@WPhsy-Ass) + 0Fhos(wfag,-2as)

"Fg(ngzl-Azs) + My(0agq-ase)

S C
+ (DFZAgg - (l)Mya.gs

s s
F,(afAzy-Azs) - My(w28«34'a36)

C S
+ (l)FZA22 - CL)My8.35

-My(aPasy-aga) + Fy(wPAns-Aze)

S S
+ uMyasg - wFyags

M;(wzasl'aas) - Fo(oPAos-Ase)

c
+ aMfags - wFzags .

1k

(2-37)



The real part of the solution, Eq. (2-36), is the solution of Eq. (2-13) as
mentioned sbove, that is, 73, Zé, Ve, ¥°, 6%, and 6% in Eq. (2-3L4) are repre-
sented by the following:

Zc _ PR+@S
G 7 Lo«
R=+8
zS _ FS-GR
G - 2 .2
R4S
o . BIRAS
R3+g2
S - PBS-QR
R%+g%
o - -M(@2Ay 1 -A1 ) -aMA; o

2
(wPA11-Ar3) "+PA) 5

-MS(aPAy g -Ay ) +aMSA
QS _ >4 11 13 xa12 (2—58)

>
(0PA11-A13) +aPh; o
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ITI. HYDRODYNAMIC FORCE AND MOMENT ACTING ON CENTERBODY

The structure of a catamaran is more complicated than that of a conven-
tional ship. The centerbody and both hulls constitute a statically indeter-
minate system. Therefore, in order to determine the strength of each member,
it is necessary to know the distribution of forces and moments in relation to
this overall configuration. This distribution of the hydrodynamic forces and
moments along each hull may be calculated from the equations developed above,
but the full calculation is too lengthy for estimating the strength of the
centerbody at the stage of the initial design of a catamaran. In order to
establish a kind of standard to estimate the strength of the centerbody of a
catamaran, the bending and twisting moments may be calculated under the fol-
lowing assumptions.

(a) The longitudinal strength of each hull is great enough in comparison
with that of the centerbody that the deflections along the connections between
centerbody and each hull are neglected. In other words, each hull is regarded
as a rigid boundary connected to the centerbody.

(b) If the weight distribution in the centerbody is given by wo(x,y) and
the weight distribution of each hull by w;(x) and ws(x), it is assumed that
w1(x) and wo(x) are concentrated along the longitudin?l centerline of each
hull and that wy(x) = wa(x). The inertia force, - “P Xl 72(x); p = 1,2, is
thus working at section x of each hull, and the € inertia force of the
centerbody at a point (x,y) is EQLELZL 7(x,y). It should be recalled that
7(x,y) is the vertical displacement®at (x,y) given by

Z = Zg+ ye - xy, (3-1)
and the second derivative with respect to time is therefore

2 = Zg+y6 - xy (3-2)
where x is independent of time.
1. BENDING MOMENT IN THE DIRECTION OF x-AXIS

The bending moment about the x-axis along the centerline longitudinal
axls of the centerbody may be calculated as follows.

17



+ -
Ir })(x and )Z(x are used to denote the starboard and port moments, re-
spectively, they may be expressed as

er - _[[ y yj_gﬁ Z(x,y) dxdy + kf dFy(x)

* (c+I)? (1)

and

.

X

JCXX y E1§4Zl Z(x,y)dxdy + k;/\ dF2(x)
(e+)” (1®

2
where (c+L)® and (c+L)” mean the port and starboard halves of the centerbody
and hull, respectively. (L) and (I)® designate the port and starboard hulls,
respectively.

The total bending momentr)zf; at the centerline is then given by
17+ -
M = E(MX+MX)
W‘X y) .o
- f (v) P Z(x,y) dxdy

(c+L)

+ kf dF,(x) (3-3)
(1)

where (c+L) means the centerbody and both hulls, and (L) designates both hulls.

It

Because of the assumption of symmetry of the weight distribution with
respect to the longitudinal centerline, i.e., w(x,y) = w(x,-y), and specifying

;}5 f[ w(x,y)y dxdy = ky , (3-4)
(ctp)
and
;%E E[IW w(x,y)xy dxdy = k&y (3-5)
(c+p)?

18



we may write

W kLW .. k
s kW X f
fo og ZG g v+ > dFZ(X)

W
s (k) B - i) (3-6)

If the bending moment at midships of the centerbody is represented in
the form

MX = micos wt + M}scsin wt (3'7)

then, from the solutions of the equations of motions (2-38), we may write.

e - . W ((k-ky)P - kyyP' IR + {(k-k§)Q - kyyQ')S
X g R + g2
(3-8)
MS We?  ((k-ky)P = kyoP')S - {(k-k{)Q - kyyQ' )R
x g p2 4 g2

2. TWISTING MOMENT

The twisting moment caused by the hydrodynamic forces and the inertia
forces may be calculated as follows.

If 7T and T§ are used to denote twisting moments acting at the port and
starboard portions of the longitudinal centerplane, respectively, they may
be expressed as:

T; ) \K]j w(XZY) i(x,y)x dxdy +u/\ Fé(x,y)x dx,
(c+pyt  © ()*

and

- ff w(x Z‘(x,y)xdxdy-f F2(x,y)x dx.

(c+L)® (L)%

19



The total twisting moment at the longitudinal centerplane is then given by

._]
I
M|

(% - 5

- -% jf Wz—(—zﬂx [sign y1Z(x,y)dxdy

(c+L)

= fxdmx : (3-9)

Using the expression given in Eq. (3-5), we may write

W w1
= ___kvg__,f -
Ty 25 5° T xdMy (3-10)

If the twisting moment at the longitudinal centerplane is represented in
the form

_ (¢} S .
Ty = Tycos wt + Tysin wt (3-11)

then, using the expression of Eg. (2-12) for dMy, we may write

Wk
¢ —X (0P6° - 1)
& & (3-12)

=
n
Il

Wk
2 (oP6® - M) .
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