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Abstract

In this thesis, the numerical computation methods for the resistance in calm water
and for the seakeeping performance in waves of multi-hull ships have been developed.
In the resistance computation, thin ship theory has been applied since this theory
fits quite well to the nature of the slenderness and thinness of the hulls.

The problem is solved by the boundary element method in terms of the Green func-
tion. The symmetrical part uses the Havelock source distribution on the center plane
of the hull whereas the asymmetrical part is achieved through the doublet distribu-
tion on the camber surface. By introducing the tent function, the hull form can be
easily expressed by the hull offsets.

Employing the numerical methods developed in this thesis, various configurations of
multi-hull ships have been analysed. The wave-making interference characteristics
of multi-hull ships and the wave wake influence to the wave-making resistance have
been discussed. The numerical results have shown significant influences of hull form,
speed and arrangement of individual hulls on the resistance of the multi-hull ships.
As one step further, the seakeeping performance of a catamaran has been studied.
Motions of a catamaran in waves were computed in the time domain.

The external forces acting on hulls include the linearized radiation and diffraction
forces, and nonlinear Froude-Krylov force. The linearized radiation and diffraction
forces are obtained from the impulse response functions, which are solved by directly
using the time-domain Green function. The nonlinear Froude-Krylov force is com-
puted at the “instantaneous wetted surface” of hulls under the incident wave profile.
Computed results have been validated with the published data. Then the computer
program were used for general analysis.



Chapter 1

Introduction

1.1 Literature Review

In the past decade not only navy authorities but also commercial applications have
shown a rapid growth of interest in the development of fast marine vehicles for var-
ious applications. A new vessel should be designed such that it will perform at the
required speed with minimum power requirement. In the recent years, a great in-
terest has turned to the development of multi-hull vessels. Primary design concerns
is the minimization of the multi-hull ship resistance, particularly the wave-making

resistance to take advantage of wave interference between hulls.

The multi-hull ships have the advantages of large internal volume, large deck area,
good transverse stability, improved seakeeping quality, and a wide range of choices for

reducing the wave-making resistance by exploiting arrangements of the hull elements



and varying hull forms. However, it is well known that, when the wave exciting
frequency approaches its roll or pitch natural frequency for a multi-hull ship with
large beam, simultaneous excitation of large coupled motion of roll and pitch that
make crew and passenger seasick may occur. Large vertical motions due to pitch and
heave may also cause cross-deck impact and produce heavy sea-loads on structures.
The seakeeping study is indeed necessary for high-speed multi-hull vessels let along

resistance study.

Advanced multi-hull ships pose many new technical challenges that are beyond the
realm of conventional displacement ship design. These ships are characterized by more
complex geometric configurations and operation at higher speed. Since 2 more limited
base of experience exists for multi-hull ships, experimental or numerical modeling
techniques are very important to a designer. One of the options available to the
designers is to use full-scale data from an existing but similar vessel, but required data
may not always be available, particularly for newest types of ships. Another involves
using model tests for predicting full scale performance, but this requires experimental
facilities and is also expensive. Therefore, a flexible, robust, and accurate numerical
simulation of ship hydrodynamics is necessary for the performance and safety analysis

of this new type of ships.

In the field of ship hydrodynamics, the first theoretical solution for the problem of
wave resistance was given by Michell (1898) for a thin ship moving on the surface of
an inviscid fluid. The solution is the well-known Michell Integral based on the double
Fourier transformation of the velocity potential. Later on, Kelvin(1905) established
the fundamental theory of ship waves. Since then many theoretical studies in ship

hydrodynamics have been undertaken. But there were no advanced digital computers



available in the early yvears and the numerical computation, even based on first-order

approximation, was still very difficult.

The fast growth of high performance computer has accelerated the development of
ship hydrodynamics research. The three-dimensional panel method was developed to
improve the solution of the wave-making problem. The Rankine source method was
initiated by Gadd(1976) and Dawson(1977) and adopted by many researchers. In this
method, the singularity have to be distributed on the water surface as well as the ship
surface. On the other hand, the application of the Neumann-Kelvin theory, which is
based on the Havelock moving source distribution on the hull surface, has been studied
extensively in such works as those by Guevel et al.(1977), Noblesse(1983), Andrew
and Zhang(1987), Doctors and Beck(1987), Cong and Hsiung(1991). Compared to
the Rankine source method, the Havelock source needs only to be distributed on the
ship surface since it has satisfied the free surface condition and far field conditions
automatically. But the numerical solution of the Neumann-Kelvin problem is difficult
due to the complicated kernel in the integral equation. The wave-making Green
function, namely the Havelock moving source, contains a few complicated singularities
and the function itself is highly oscillatory. This has been investigated by Wehausen

and Laitone(1960), Havelock(1965) and Newman(1987).

With the modern Computational Fluid Dynamics technology, the resistance prob-
lem can be solved by the Reynolds Averaged Navier-Stokes (or RANS) method (see
Larsson et al.(1998), Yang and Loehner(1998)). This relies on the numerical solution
to the Reynolds-Averaged Navier-Stokes equations for the turbulent flow around the
complex geometry of a surface ship. This method is still in the verification and val-

idation stage and is very time consuming even with high speed computers. To be



usable in design and analysis, computational ship hydrodynamics must be accurate,
generic and efficient. The slender nature of multi-hulls makes it possible to apply the

linearized theory with acceptable accuracy during early stages of design.

As mentioned before, the multi-hull vessels have many advantages. By making its
main hull very slender, the increase of wave resistance at high speeds can be within
reasonable limits. The required stability can be provided by the outriggers, which
can be relatively small and slender. A certain increase in the total wetted surface is
inevitable, but this could be overcame by a suitable arrangement of the hull elements.
In the development of multi-hull high speed vessels, it is important to pay attention
not only to the fuel economy, but also to the detrimental effect of the wave wash on
the environment. In a number of parts of the world, the fast-ferry operations have
been already constrained in one way or another as a result of complaints of erosion,
damage to fixed and floating structures, and danger to small boats, fisherman and
swimmers (Kofoed-Hanson and Mikkelsen 1997, Stumbo et al. 1999). This boosts

further interest in research on the interaction effect between hulls and the wave-

making resistance.

Multi-hull ships can be catamarans, trimarans or even four body high speed ship
called “SLICE” (Akers, 2000). Optimal forms of a catamaran for minimum resis-
tance was studied by Hsiung and Xu (1988). Both analytical predictions and towing
basin validation experiments for the Wave Cancellation Multihull (WCM) of a tri-
maran were carried out at the David Taylor Model Basin by Wilson et al.(1993). In
Japan, optimization studies of trimaran configurations have been carried out at the
Yokohama National University by Suzuki and Ikehata (1993). Development of tri-

maran has been reported from the University College London by Andrews and Zhang
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(1995). In Sweden, numerical investigation of trimaran configurations was made by
Larsson et al. (1997) using the SHIPFLOW software package. Computation of tri-
maran resistance by the tent function approach was carried out by Peng et al. (1999).
Recent developments were reported at Fast Marine Transportation Conference which
is a forum for researchers and operators interested in advanced high-speed marine

vehicles and has been held every two years in various locations in the world.

The research on multi-hull seakeeping started later than the investigation of resis-
tance. In early nineties, Kashiwagi (1993) computed the hydrodynamic forces on a
Lewis-form catamaran advancing in waves based on Newman's unified slender-ship
theory. Applying the strip theory, van’t Veer and Siregar (1995) investigated the wave
interaction effects of a Wigley catamaran model sailing in head waves in the frequency
domain. The results showed that the strip theory became less satisfactory when the
speed was increased and the three-dimension effect became more pronounced. Later,
van’t Veer (1997) used a three-dimensional panel method to compute motions of a
catamaran in waves. The interaction effects are automatically included. The hy-
drodynamic forces of a catamaran with the Lewis form was computed by Ye and
Hsiung(1999) in the time domain. When the forward speed is involved the time-
domain Green’s function is rather simple and requires less computational effort than

the frequency-domain Green’s function (Peng, et al. 2000).

The strip theory (Salvasen et al.,1970) and the three-dimensional panel method
(Chang, 1977; Inglis and Price, 1981; Guevel and Bougis, 1982) have been widely
used to predict ship motions in waves in the frequency domain. But these approaches
have practical restrictions for application in multi-hull ships. The strip theory is hard

to model interaction between multiple hulls and the three-dimensional Green function



with forward speed in the frequency domain is not easy to compute. For the monohull
Green function with forward speed in the frequency domain, Wu and Eatock-Taylor
(1987) were able to develop a formulation for computation with some success. On
the contrary, the time-domain Green function is versatile in ship hydrodynamic force
computation. Based on the methods introduced by Cummins(1962) and Wehausen
(1967), the time-domain ship motion can be solved directly by using the time-domain
Green function derived by Finklestein (1957). The advantages of the direct method
are that it can be extended to solve the quasi-nonlinear hydrodynamic problem as
shown by Lin and Yue (1990). More over, it is easier to compute the time-domain
Green function numerically than to compute the frequency-domain Green function
with a forward speed. Many works on computing motions in the time domain have
been published, such as Liapis and Beck (1985), Beck and Liapis (1987), Beck and
King (1989), Beck and Magee (1990), Lin and Yue (1994), Qiu, et al. (2000). This is
quite important to compute motions in the time domain for the high speed multi-hull

ships.

1.2 Main Objectives of the Thesis

In this thesis, computational methods for the resistance in calm water and for sea-
keeping performance in waves of multi-hull ship are developed. In the resistance
computation, thin ship theory is applied since the thin ship form is naturally suit-
able for the high speed multi-hull ships. By introducing the tent function (Hsiung,
1981), the hull form can be easily expressed by the hull offsets. The resistance co-

efficient can be expressed as a quadratic form in terms of ship geometry. This is
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the first step in determining an optimized ship form. In the seakeeping analysis, the
three-dimensional time-domain panel method has been developed to predicate the
multi-hull ship motion in waves. The linear time-domain analysis was applied to
compute the radiation and diffraction forces. The Froude-Krylov forces and restoring
forces were computed on the instantaneous wetted surface under the incident wave

profile. This captures some nonlinear phenomena of multi-hull ship motions.

The first objective of the thesis is to develop a numerical method to investigate the
multi-hull ship resistance with arbitrary hull forms and arrangements. The problem
can be solved in terms of the boundary element method based on the given steady
motion Green function. The symmetrical part is based on the Havelock source dis-
tribution over the center plane of the hull and the asymmetrical part is achieved by
a doublet distribution on the camber surface of the hull which is treated as an airfoil.
The strength of the dipole can be found from the hyper-singular Fredholm integral
equation of the first kind. By using the tent function, the resistance and wave profile
can be easily expressed in terms of the offset of the ship and no effort is needed to
panelize the hull surface. This is illustrated in Chapter 2. The present work is aimed
at exploiting the wavemaking interference characteristics of multi hull ships and also

the wake influence to the wave-making resistance.

The second objective of the thesis is to investigate the seakeeping characteristics of
the multi-hull high speed ships. The problem of wave interaction becomes prominent
and the time-domain three-dimensional panel method has been developed to predict
the multi-hull ship motion in waves. The linearized radiation and diffraction forces
were obtained from the impulse response functions, which were solved by using the

time-domain Green function and applying the non-impulsive input to the multi-hull



ships. In this work, the discrete Fredholm integral equation of the first kind for the
response was solved directly in the time domain at each instant. This method was
found to be robust without much numerical difficulty. This aspect of the research is

discussed in Chapter 3.

By applying the numerical methods developed for wave resistance computation,
multi-hull ships of various configurations and arrangements have been analysed. The
numerical results have shown significant influences of hull form, speed and arrange-
ment of hulls on the resistance of multi-hull ships. Another numerical scheme has
been developed for seakeeping analysis on a Wigley catamaran. Numerical results
related to resistance and seakeeping studies are presented and discussed in Chap-
ter 4. Finally in Chapter 5, conclusions of this thesis research are presented, and

recommendations for further development are also proposed.



Chapter 2

Formulation of the Multi-hull

Resistance Problem

In this chapter, a general formulation for the wave-making problem of a multi-hull
ship with an arbitrary form of demi-hull will be discussed. The linearized wave
resistance theory is outlined in section 2.1 and the numerical scheme of computing

wave resistance are presented in section 2.2.

2.1 Theoretical Formulation of Wave Resistance

When a ship moves in calm water with a constant speed, it encounters resistance
which is caused by the friction between the hull surface and water, and also due to

the energy consumed in generating water waves. Froude(1955), as known as Froude's

9
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Hypothesis, separated the total resistance into two components, namely frictional re-
sistance and residuary resistance. The residuary resistance is, by definition, obtained
by subtracting the total resistance with an equivalent plank frictional resistance for a
plank of the same length and the same wetted surface area. It includes wave-making
resistance and viscous form drag. When the ship moves through a viscous fluid
which is otherwise at rest, a thin layer of fluid adheres to the body surface to form
the boundary layer. Due to velocity gradient across the boundary layer, the fluid is
in shear and the body experiences a resistance in the tangential direction which is
termed the frictional resistance. The frictional resistance of a multi-hull ship is de-
pendent upon the wetted surface area and Reynolds number, and is assumed to be the
same frictional coefficient as an equivalent plank. The viscous form drag is evaluated
from an associated form factor. Both the frictional resistance and viscous form drag
are due to the viscous effect. By Froude’s Hypothesis, viscous resistance and wave
resistance are independent of each other. The wave-making resistance is the transfer
of energy in the form of water waves, and manifests itself as a force opposing the
forward motion. It is the main part of the residuary resistance and can be estimated
through the potential flow theory. Conventionlly, the “wave-making” resistance has
also been called “wave resistance”. From now on, the term “wave resistance” will be
used throughout in this thesis. In ship-model resistance tests, the original Froude’s
Law of Comparison states that if two geometrically similar forms are run at corre-
sponding speeds (i.e. speeds proportional to the square root of their lengths), then
their residuary resistances per unit of displacement are the same. Alternatively, the
modern day Froude’s Law of Fluid Similitude states that if two geometrically similar
forms are run at the same Froude number their residuary resistance coefficients will

be equal. This is the basis for model resistance tests. The experimentally obtained
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residuary resistance coefficient can be corrected through a form factor on the equiva-
lent plank frictional resistance coefficient to give the wave resistance coefficient. That
1S:

Cg=C]+C,-=Cf(1+k')+Cw (2.1)

then Co=C:—Cs(1+k) or C,=C,-kCy (2.2)

where k£’ = form factor; C,, = wave resistance coefficient; C,= residuary resistance
coefficient; C; = frictional resistance coefficient of an equivalent plank and C,= total
resistance coefficient. Then the numerical computation of wave resistance coefficient

can be verified with the model test.

If all viscous effects are assumed to be limited to the boundary layer, the exterior
fluid can be assumed to be inviscid, incompressible and the flow can be considered as
irrotational. So the velocity field can be described by a velocity potential satisfying
the Laplace equation in the whole fluid domain. At first, the steady potential flow
caused by the multihull ship is considered. The multi-hull ship is moving with a
constant speed U on an unbounded free surface of deep water. A right-hand Cartesian
coordinate system o — zyz moving with the ship has been assumed. The origin o has
been taken in the undisturbed water surface at the midship section on the centre line

with the oz-axis vertical upwards and the oz-axis parallel to the direction of motion.

The so-called demihulls are assumed having a general shape with an arbitrary camber.
The projections of the wetted surfaces of each hulls on its centerplane are denoted

by S;. These projected domains are the planes on which the singularities are to be
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Figure 2.1: The coordinate system of a trimaran in steady forward speed

distributed.

For an irrotational flow, a velocity potential function ® exists and components of the

fluid velocity (u,v,w) can be determined by:

u(z,y, 2) = $2(z,9, 2)
v(z,y,2) = L(z,3,2) (2.3)

w(z,y,2) = $2(z,y,2)

The wave-making problem is reduced to determine the potential function ®, which

is defined on the whole exterior domain of the ship as the following:

®(z,y,2) = -Uzx + ¢(z,y, 2) (2.4)
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where the first term, —U, is a potential of the uniform flow determined by the steady
motion of the ship, and the second term, ¢(z, ¥, 2), is a perturbation potential. Based

on the continuity equation of fluid, the potential must satisfy the Laplace equation:

V2®(z,y,2) =0 (2.5)

The unique solution of the governing equation depends on the boundary conditions.

The combined kinematic and dynamic condition on the free surface z = {(z,y) can

be obtained as:

6¢ BC d¢ 8¢

> ¢ 00
5zt koa—z ko( By 6y) + = 2U6 [(V¢)2] (2.6)

where ko is a wave number, defined as ko = g/U?.

The boundary condition on ship hull surface S, which is the wetted surface under the

free surface can be written as:

— =Un, on S 2.7)
on

The bottom condition for water of infinite depth is

as 2 = o0 (2.8)

e
I
=

The radiation condition is
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O(1/vVzZ+y?) forz>0

o= as R=,/r?+y%> > o0 (2.9)
O(1) forz <0

This condition guarantees that the wave can only be produced behind the moving

disturbing source, but not in front of the source.

Integrating the x-component of dynamic pressure over the wetted hull, the wave

resistance can be computed by
R, =~ [ [ pn.ds (2.10)

where

S = wetted area of hull surface;

n = (n,ny,n;), is normal vector directed outward from the hull surface; and

p = dynamic pressure which is given by the Bernoulli equation as:

.00 1
p = polU oz PogC — §P0(V¢)2 (2.11)

where g = water density, and U = ship speed.

The boundary value problem mentioned above is the exact formulation for a steady
wave-making problem. It is impossible to obtain an exact analytical solution of it.
The principal difficulty is that the free surface condition is nonlinear and the shape

of the free surface is unknown before solving the problem.

By a systematic perturbation expansion based on the thin ship assumption, we have
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obtained the following boundary-value problem appropriate for the first-order ap-

proximation of the disturbance potential ¢,

¢ ¢ 8¢

57 + 272 + 3.7 = 0 for z<0 (2.12)
%o ¢
32 " ko—az =0 atz=0 (2.13)

o(1/vVzZ+y?) forz>0

¢ = as z’+y* 5 o0 (2.14)
o(1) forr <0
lim, 2% = 0 (2.15)
0z

In addition, ¢ is required to satisfy the following kinematic conditions on the hull,

a¢ + - afi+
ay (xa yi 72) - 61: (216)
86, _ . Bf
ay(xa yi ,Z) - U 8.1: (2.17)

where f;" is the port side of the ith hull function and f; is the starboard side of the

ith hull function.
The linearized wave elevation, ¢*, is given by:

. _ Ud¢(z,y,0)
¢(z,y) = R (2.18)
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One remarkable difference between the flow problem of a symmetric monohull and the
current problem is the satisfaction of the linearized kinematic boundary conditions
on the hull element plane. It requires distributions of both Havelock source and
transverse doublets. This is due to the non-symmetric flow or cross-flow effect around
the hull. This is from the existence of the other hull in the near field and/or the
asymmetry of cambered hull element. The present problem may be decomposed into
thickness and lifting problems, which can be treated individually. The results from
the thickness problem are related to the strength of the source distribution explicitly
to the demihull thickness. The lifting problem, on the other hand, provides an integral
equation which is related to the strength of dipole distribution with the hull camber.

This will be stated later on.

2.1.1 Wave Resistance for Multi-Hull Ships

The wave resistance for multi-hull ships can be expressed as an extension of the tra-
ditional wave resistance of Michell Integral for thin nonsymmetric ship hull forms
by including, in addition to the centerplane sources o;, a camber surface dipole dis-
tribution, y;, where the strength of which is related to the asymmetry of the hull

forms.

The potential function can be found by the Green function method:

K K
$=) G+ ¢y for i=12,--- K (2.19)
i=1 =1
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where K = total number of hull elements

Pic = — //0:' -Gz, y, z; &, i, Gi)dEidG; (2.20)
¢iu = /[,“tl ° %G(Iv Y,z fia i, C!)dfldCI (2'21)

where (z, y, z) is the field point and (&, n, {) is the source point. The Green function,
G(z,y,2;€,1n.(), can be expressed in terms of the Havelock moving source (Wehausen

and Laitone, 1960),

1 1
G(Ia Y, z; 67 m, C) =—-=+ ;: (2'22)

-
1 oo - — n)si
+ik_°_/' seczodOf dke"(”‘)coslk(x &) cos 8] cos[k(y — n) sin 6]
T Jo 0

k — kgsec?6
+4k0/
0

cos[kg sec? 8(y — n) sin 6]d8

T

N

sec?Be*o %> 8+ sinlk, sec B(z — £)]

where

1 1
T Je—+y—nP+(z—C)?
1

1
T VE =62+ (y—n?+(2+¢)?

The source strength is
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Uaf — fi)/2
T 2r oz (2.23)

oi(z,2) =

The dipole strength can be determined by the hyper-singular Fredholm integral equa-

tion of the first kind as given below:

1 8 a(1/r) _ a(f + f7)/2
Ea—y'//sﬂi—_an dfdc— U- Oz (224)

Having determined the velocity potential in terms of the source and transverse-dipole

strengths, we may find the force acting on the ship by Lagally’s theorem (Lin 1970),

n/2
Rw = —16mpk? /0 (P? + Q?) sec® 8d6 (2.25)
where
K K
P = Z(Pia - F’iu), Q= Z(Qia - Qin) (2.26)
t=1 =1
P, cos
= / / o;  [ko((& — lz;) cos8 + ly; sin 8) sec? 8] exp(ko; sec? 8)dE;d(;
Qis S sin

(2.27)
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P .
“ 1 = kosec?osing [ [ g S [ko((& — lz;) cos 8 + ly; sin 8) sec? 9] 2.28)
Qiu 5¢ cos

exp(ko(; sec? 8)dE;d¢;

where kg = g/U?, the domain S; is the projected domain of ship hull on each hull
centerplane, o;(&;, ;) is the source strength at (&;,¢;), and w;(&,¢;) is the dipole

strength at (&;, (;)-

Coordinates lzx; is the setback of the ith hull element, ly; is the hull spacing of the
ith hull element. The summation is carried out over all the hull elements. Wave
resistance R,, contains components produced by the wave-making of each individual
hull element (squared terms) 3~ P? and 3_ Q? and components produced by the wave-
making interactions of different hull elements (cross-product terms) 23 F;P; and
23 QiQ);. The squared terms are positive, but the cross-product terms can be either
positive or negative, depending on the hull arrangement. It is the negative cross-
product terms that are responsible for the potential of a reduction in total wave

resistance because of the favorable wave-making interactions for groups of ship hulls.

With the thin ship assumption, the source and dipole distributions are only on the
center plane of each hull element. In spite of this, the actual numerical computation

is still quite complicated. The numerical formulation should be tested and validated

to ensure its applicability.
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2.1.2 Wave Profile for Multi-hull Ships

In order to find the wave profile around the ship, the Green function for the thin ship

theory can be written as the following form:

G(z,y,2:£,0,() = 1 + 1_ 2—k0i/‘§ cosfe’ E,(vq4)dO (2.29)
Tr ™ T —%
—4koyiH[~(z — €)] / ? sec?Ge™df
-
with
va = kocosO[—(z+ {)cosf + ysinf + i|x — &|]
vs = kosec?{—(z+ )+ i[(z — &) cos@ + |y|sinf]}
the complex exponential integral is defined as
E ey 2.30
Q= [ S=dr. lerg(©)l < (2:30)
and H(t) is the Heaviside function defined as:
_ 0 t<0
@) = (2.31)
1 t>0

The wave profile can be directly computed from the linearized dynamic free surface
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boundary condition as

. _ U d¢(z,y,0)
¢Cz,y) = PR — (2.32)

On calm water surface, waves induced by the double body term in the Green function
canceled each other. The wave elevation can be computed from the last two terms of
the Green function. One is called local wave elevation {; and the other is called the

free wave elevation (; (Cong and Hsiung 1991),

¢z, y) =G (z,9) +(f(z, 9) (2.33)
U
Gz, y) = —m/‘/zd(&,m,(i)clz(f, Y, 0; &, mi, G:)dS;
U
C;(Iv y) = _m//20(5n i, Ci)Gf:t(I’ Y, 0; gi’niv Ct)dst
where
2 =
Gi(r,9,0;&,m, () = -%sig(:z: - &) /2 cos? @ Re[e” E, (vq) — l]dg
s -3 Vd
Gs(2,94,0: 6,15, ) = —4kiH[—(z — &)] /i sec? Ge"* df
sig(t) is a signal function defines as
1 t>0

-1 t<0
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2.2 The Numerical Method for Multihull Ship Wave

Resistance Computation

As discussed in the last section, the multihull wave resistance can be approximated

by the following equation with the coordinate system shown in Figure 2.1:

R, = —167pk} /0 g[Pi’ + Q?] sec® 6d8 (2.35)
with
K K
P = Z(F’ia - Ijiu), Q= Z(Qia - Qiu) (236)
i=1 i=1
P, cos
= /' / o;  [ko((& — lz;) cos 8 + ly; sin 8) sec? 8] exp(koC; sec? 8)d€.d(;
Qia Si sin
(2.37)
I):'u sin
= kosec?@sind / / Wi [ko((& — lz;)cosB + ly; sin B) sec? 6](2.38)
Qi 5S¢ cos

exp(koG; sec? 0)dé;d¢;
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where the wave number

ko = % (2.39)

These equations are obtained with the thin ship assumption. As a result of the
approximation, the strength of the source distribution is determined by the forward

speed and the local longitudinal hull slopes:

(6 G) = ~ 3 52 (6 ) (2.40)

where H(&;, () = (fiY — f7)/2 is the half thickness function of the hull element. If

the hull element is symmetrical, then H(&;, ;) coincides with the hull function.

The dipole strength can be found from the hyper-singular Fredholm integral equation

of the first kind. It is also the function of the forward speed and the slope of the

camber surface

3(1/7') U 9(C (& Gi))
47r 3y // o dedG = T 8z (2.41)

where C(&;,¢) = (fif + f7)/2 is the camber surface function of the hull element. If
the hull element is symmetrical to its own centerline, then the dipole strength, u;,

will be zero.

Since there are singularities in the integrand of equation (2.35) at the upper limit of

integral, the following transformation is introduced:

sec = coshu (2.42)
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for each 8 over [0, 7/2], u corresponds to a single value within [0, +oo]. Differentiating

both sides of equation (2.42) yields:

du -sinh u du (2.43)

db = (sinh u - cosh u) ~ Ccoshu

Substituting all these into equation (2.35) leads to

R, = 167 pk} [:’O(P2 + Q?) cosh® udu (2.44)
P U cos
= o [ [ He(6nG) (o~ lz)coshu  (2.45)
Qio T i sin
+koly; cosh u sinh u) exp(ko(; cosh? u)dE;d¢;
IJ:‘ ] . sin
= i coshusinhu // u(&:, ) (ko(& — lz;)coshu  (2.46)
Qi Si cos

+koly; cosh u sinh u) exp(ko(; cosh® u)d&;d(;

The integration domain S; is bounded by & : [-%, &, ¢; : [-T;,0].

For convenience, the coordinate system is transferred to a new coordinate system,

o' — &7'{’, so the corresponding integral is evaluated within &' : {0, L;], ¢’ : [0, T}]
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The relationship between two coordinate systems are

L;

&l = ? — & (2'47)
= -7
Gt = T;+G

with nondimensional forms of z,y and z € [0, 1]

. = &/L; (2.48)
[ Bi
vi = m/5
z = §/T;
n o= (3 -&)/L, (2.49)
B;
by = —ﬂi/‘2—

z = (Ti+G)/T;

Then the integration domain becomes z; : [0, 1], 2 : [0, 1].
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Furthermore,

d§;, = ~—L;dz; (250)
B;
dy, = ——Q—dyz
d§; = Tidz;
d§id¢; = —L;Tidx:dy;
ng‘ 1 lIi
ko(§i~lzi) = TZlg—oi— f‘]
= 9L oL
kOC: = U2 [Z, 1.0} L,'

As defined early, the half-thickness hull function is H;(&;,¢;), Let

hi(zi, z) = Hi(&, G)/(Bi/2) (2.51)

be the non-dimensionalized hull function, then the normalized slope function is:

2L; -
hiz(zi. 20) = ——5= ie(&i: Gi) (2.52)
or
B;
Hi(&,6G) = —2L.hiz(xis ;) (2.53)

Substituting all of these corresponding dimensionless forms into equation (2.44), the

wave resistance formula becomes:

R, = 16mpk> fo *(P? + Q?) cosh? udu (2.54)
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o. = or o5 /(; dzi[) dzihiz (i, 2i) i [70(—2- - Ti— -Z:)coshu (2.33)
by , . .,
T cosh u sinh u] exp[vo(2: — l)rcosh ul

P i1 1 1 sin 4
u = _gl[}2T coshusinhu/ dzi/ dz; p; ['70(% o T lz ) cosh u (2.56)
Qi 0 0 cos i
ly; . T; 2
+r0T. cosh u sinh u] exp[yo(zi ~ l)L— cosh® u]
i i
where
L;
%= (2.57)

It can be seen that the hull function now appears in the wave resistance formula
explicitly. Thus, in order to carry out the numerical computations, the hull forms
must be described analytically. This may cause some difficulties since the hull form

usually is given in terms of hull offsets.

Byv applying the tent function introduced by Hsiung (1981), the hull form can be
expressed by the linear shape functions in terms of hull offsets. A unit tent function

associated with a grid point in the centerplane, (zn,, z,), is defined as:
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( Q- )(1-787) T 1 ST < Tm2m-1S2< 2n

In—2In—1

_ _Tm-T zp—=z .
(1 P 1)(1 Zn—zn+1) Tm-1 ST < ZTm2n S 2 < Zpy

Rz, 2) = (- Z2mzi)(1 - G2i) 2m ST < Tmyn i1 S 252, (2:58)

.

and

(
s
h7"(z,2) = § (——
(Fnr-ry
0

Tm

Im

Im

Im

Im~—~Tm+1 Zn—2In-1

— —ZIm=T (] — _2a=z . .
(1 T —Tm+1 )(1 z"_z"+x) Im S T S Im+11‘n S < S “n+1

0 elsewhere

—zm~ (1 —F=2) z, 1 K2 S Im, 21525 2,

Zn—2Zpn—1

Zn —
)1 - :57%) ZTm 1 ST < Tm2m <2< 2

—tm+1)( - ;"_zf';_z_T) Im ST < Tmyi1,2n-1 K25 2, (2.59)

- _zn:i—) Im ST < Tm41:20 £ 2 < 2p4

—z:m+1 Zn—2Zn+1

elsewhere

Note that although A(™"™)(z, 2) is not a linear function, it is linear in x for z fixed

and in z for x fixed in each quadrant of its rectangular element. Figure (2.2) shows

a unit tent function.

To construct the hull surface function h(z, z), a family of tent functions will be used.

If Ymn is the hull offset at (z,,,yn), we obtain the approximation hull function as:

h(z,z2) = E Z Ymnh™™(z, 2) (2.60)

m=1n=1
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Figure 2.2: A unit tent function

he(@,2) = 30 3" Ymeh (2, 2) (261)

m=1ln=1

where M +1 is the total number of stations and N+1 is the total number of waterlines.

It is clear that in this approximation, the hull function retains exact values at each
grid point. In between the adjacent grid points, waterlines and section lines are ap-
proximated by straight lines. Figure (2.3) illustrates how a family tent functions can
be used to construct a portion of hull. The numerical computation for wave resistance

coefficient would be significantly simplified by introducing this approximation.

With the application of the tent function,

P = BE S $ ynBalu, 0 2070 L)) (2.62)

m=1n=1
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Figure 2.3: A family of tent functions

BT, 4 X T; ly
Quw) = =3 3 ymnEa(w %0, 7)Sm(u, 70, 70)
m=1n=1 1 1
B,-ly,- _ 1
Cm(u’ Yo 2L; ) - Tm ~ Tym1 (2.63)
Im 1 ll’,‘ ly, .
/;m_l cos['7(§ —r— L—,) coshu — 7y I cosh usinh u]dz

— [ lz; i .
+ 1 / ! coS['Y(% -z - i_) coshu — 70%-_- cosh u sinh u|dz

Im — Im+i L t
1 1 . 1 lI,‘ ly, .
= — o+ % cosh
P— {l‘m m— [sin(vo(zm 5+ I coshu + v I, cosh usinh u)
. 1 lz; ly; .
—sin(vo(Tm — 7 + = cosh u + vp— cosh u sinh u)]
2 L; L;
1 1 lz; ;
————[sin(Yo(ZTm+1 — = + =i coshu + 70@& cosh u sinh u)
Tm+1 — Im 2 L L;
1z, ly; .
— sin(7yo(Tm — 5t Li cosh u + 'yg—Lyl cosh usinh u)]}
i i

where lz; is the setback of the ith hull element and ly; is the spacing of the ith hull

element.
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1

.64
18(3)? cosh*u (2.64)

T;
E‘n(u’ Yo, L_) = -

1 T; T
{————[ezp(70(2n — l)z—_ cosh? u) — ezp(Yo(2n—1 — l)f cosh® )]
2 1l

Zn " 2n-1

1 T; ) T, ,
Tnel — 2n [ezp(Yo(zn+1 — I)L,- cosh” u) — exp(vo(2n I)L,- cosh® u)|}

Bily;

Sm(u, o0, 2—L;_) = (2.65)
1 m 1 lz: ; .
T — Ty /::.-1 sin['y(§ -z - Li:) coshu — 70% cosh u sinh u}dr
T ) .
+_Im ._lme /z'm + Sin[‘Y(‘lz' -—z- %:'—) coshu - 'yo% cosh u sinh u]dr
1 1 1z, ly: :
" yecosh u{:rm T [cos(Yo(zm — 5t i coshu + v L cosh u sinh u)
1, Iz lys :
~ cos(Yo(Tm — 5 + —— cosh u + vyo=— cosh u sinh u)]
2 Li L,‘
1 1 lI,‘ lu: .
_x_—_—mu — [cos(vo(Tm+1 — > + E coshu + %Ll: cosh u sinh u)

1 x; ly; .
—cos(Yo(Tm — 3 + Li coshu + 'yo%- cosh u sinh u)]}

U?sinh u

P, = gCOSh2 mz_l ng H(mn)Am Br (2.66)
U sinh u

Qin = Z 2 ﬂ(mn)D B, (2.67)

vcosh?U
g cosh® U 2= <=
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/:,,, sin('yo(-;- -I— %) coshu + 'Yo(% cosh u sinh u)dzr (2.68)

] [ i .
cos(Yo(Tm — % + IZ—’_) cosh u — vo(-£ cosh usinh u))]

Yo cosh u [ Li

L L .
+ f) coshu “ro(Li cosh usinh u))]

N =t

— |COS -~

B, = /z" exp[vo(z — 1)% cosh? u]dz (2.69)
Zn—-1 i

17T; T;

= ——cosh®u{ez n — 1)>=* cosh?u
2 L; {ezp[vo(z )Li ]
—ezp[vo(2n_1 — l)L—': cosh® u}

I l .

/ cos('yo(é- - - f) cosh u + 70(% cosh u sinh u))dx (2.70)
sin(vo(Zy — 1 + E) h (i cosh u sinh u))

Yo cosh u foltm = 3 L; coshu =T L;

——-——1 1 1 l.‘:i ly,' .
p—— [sm(’)’o(xm-n -5* L_i) coshu — ’yo(Li cosh usinh u))}

For the purpose of wave resistance coefficient computation, the above integral can be

computed numerically.
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Here, the total wave resistance has two main components: the resistance of individual

hull elements and the resistance due to the interactions between hull elements.

where R.,= wave resistance due to individual hull elements and R;,, = wave resistance

due to the interaction between hull elements.

Then, the wave-making resistance coefficient of a multi-hull ship can be expressed as:

Ry
Cy = m = Cqp + Ciw (272)

where S is the total wetted surface of all hull elements; C,,, is wave resistance coef-
ficient due to individual hull elements; and Cj;,, is wave resistance coefficient due to

the interaction between hull elements.

2.2.1 Derivation of the Dipole Strength

The potential function of the dipole is

1 o 1
6u(P)= -1 [ e Qg =psds (2.73)

where u is the strength of the dipole, S is the camber surface and Syate is the free

vortex surface shed from the camber surface.
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The camber surface and wake can be discretized into panels according to the base of

the tent function. If the strength of the dipole in each panel is constant, then

1 & a 1 .
ou(P) = ‘E]z::lﬂjfsj Er—lmds (2.74)

where N is the total number of panelis.

According to the law of Biot-Savart, the velocity induced from the jth panel of dipole

is equal to the velocity generated by the vortex line around that panel, that is

Vi(P) = Vg (2.75)
i f O 1
47 Js; Onr(P,Q)

- K [T ;
= Pfaxd

ds

where r = P(z,y,2) - Q(&,1n.¢), r = |r| and 7 is the direction vector along the vortex

line.

The velocity at the control point P will be

V(P) = - E 14— xdf (2.76)
5 47 r3

N
= Y pu;Ci(P)
=1



where

-1 - _
C;(P) = 27??{ 1% x df (2.77)

According to the boundary condition on the camber surface for each control point

P;, we can write

N
n; 'Zﬂjcj(Pi) = —U-n,-, 1= 1,2N (278)
j=1
Solving the linear system of equations, the dipole strength can be obtained. If the
panel points and the field point are known, see Figure 2.4, the C;(P) will be obtained

(Zhang et al. (1994)).

C;(P) = Ci2 +Co3+C3y+Cyy (2.79)
l ry XrPp I'm FIn
Cmn = I;m(l‘mn (r—; E)] (2.80)

where m =1,2,3,4,and n = 2,3,4, 1.
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B (n)

A (m)

Figure 2.4: Vortex line and panel element

2.2.2 Numerical Formula for Wave Elevation

The wave elevation can be computed by equation (2.33). The local wave can be

numerically computed by:

)
Gy = gy ;zz [ [ dedGo(m.Qsig~( — &) (28)

T/2 1
/ df cos® ORele" E\ (vq) — —]
m/2 Ud

where K'=the number of hulls, Af +1 = total number of stations on the centre plane,

N + 1 = total number of waterlines on the centre plane and

vg = kocosB[—(; cos 0 + ysin 0 + ijz — &i] (2.82)

Equation (2.81) can not be further reduced by analytical integration because of the
existence of the complex exponential integral function E). In this case, numerical

integration on each element becomes inevitable. The inner integral can be computed
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in terms of the Chebyshev expansion (Cong and Hsiung, 1991). Since the effect of the
local wave decays quickly with the increase of distance between the field and source
points, numerical integration on each panel usually does not produce significant error
in the final result on the total wave, particularly in the far field. However, the free
wave is a dominant component in the total wave system and is very sensitive to the
relative position between the field and source points. Thus analytical integration on

each panel is necessary. The free wave due to a quadrilateral panel can be derived as

follows:

QU? [~ du .
C;mn (.’l'., y) = - g /0 1 +uu2[H(—(z = Tm+1 + lzi)) (2.83)

sinfkoV'1 + u%(T — Tyt + Uzi)] cos(koly — lLiluv1l + u2)
~H(—(x — &m + lz)) sin[koV'1 + ©2(z — Ty, + Iz5)]cos(koly — Lyi|luv1 + u2?)]

1 1
~kozn+1(1+u?) —kozn(1+u?) Ym+kn+t Zpt 1
{le o S 1-—
{[ ] k=0 [=0 vzk [ Vzl kO(l + uz)VZl]

1 1
—koz 14+u? —kozn(l+u? Ym+k,n+il 1
+[zn+le ozn+1( ) - zZne 0 n( )] Z z \v4 v }
k=0 =0 Tk 2

Finally, the non-dimensional wave elevation is defined as:

. ¢
¢= T (2.84)
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2.2.3 Total Resistance for Multihull Ship

After the wave resistance of multi-hull ships is obtained, the frictional resistance will
be calculated. As discussed before, the frictional resistance coefficient is simply taken
to be that of the equivalent plank, which has the same length and wetted surface as
those of the multi-hull ships, moving with the same forward speed in the direction of
its own length. The ITTC (International Towing Tank Conference) 1957 formula is

adopted in the current work,

C.— 0075
7™ (logioRn — 2)?

where the Cy is the frictional resistance coefficient and R, is the Reynolds number

(2.85)

in terms of ship length.

Because the individual hull of a multihull ship may have different lengths, even though
the speed is the same the Revnolds numbers of the individual hull may be different.
Let p be the water density and S; be the wetted surface area of the individual hull,

the total frictional resistance of a multi-hull ship can be computed as:

K
1
Rf = E (5[.’)(]25{0}',’) (286)
=1

where K is the total number of individual hull; Cy; is frictional resistance coefficient

of individual hull; U is ship speed.

The total resistance of a multi-hull ship is:



The total resistance coefficient of a multi-hull ship is:

pu— Rt
Ce= 1pU2S

where S is the total wetted surface area of a multi-hull ship.
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(2.87)

(2.88)



Chapter 3

Time-Domain Analysis of

Multi-Hull Motion

3.1 Mathematical Formulation and Assumptions

After the resistance of a multi-hull ship in calm water has been studied, then the
motion of a multi-hull ship in waves is now considered. It is assumed that the fluid is
inviscid and incompressible. and the flow is irrotational. The multihull ship, assumed
to be a rigid body, oscillates in six degrees of freedom with a forward speed in waves.
A right-hand Cartesian coordinate system o — ryz moving with the ship has been
assumed. The origin o has been taken on the undisturbed water surface intersecting
with midship section on the center line with the z-axis vertical upwards and the z-
axis parallel to the direction of motion. The flow problem can be described by an

initial-boundary value problem which is governed by the Laplace equation subject to

40
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the free surface boundary condition, body boundary condition, bottom condition, far
field condition and initial condition. Based on the continuity equation of fluid, the

velocity potential ¢ satisfies the Laplace equation:

V2® = 0. in the fluid domain Q (3.1)

On the body surface Sg(t),

or
o —V., on Sg (3.2)

where t is the time and n is the unit normal vector pointing into the hull surface from
the fluid, and V;, is the velocity normal to the hull surface. On the free surface Sg(t),
the dynamic and kinematic boundary conditions have to be satisfied. In the dynamic
condition, the pressure on the water surface is equal to the atmospheric pressure. The
kinematic condition assures the water particles stay on the free surface. Combining

both free surface conditions leads to a nonlinear free surface condition,

Gy +2VP - VP, + %V@ V(V®-V®) +gd, =0, on z=n(x,t) (3.3)

where x(z,y,z) represents a point on the free surface and g is the gravitational
acceleration. In the far-field, S,, V& — 0. On the bottom Sgr, 0®/0n = 0. The
initial conditions are ®(¢t) = 0 and 8®(t)/dt = 0, for t = 0. The initial-boundary

value problem mentioned above is highly nonlinear and difficult to solve directly.
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With the assumptions that the flow disturbance by a ship is relatively small and the

wave is also sufficiently small, a linearized theory can be applied.

The total potential can be written as a summation of four components after lineariza-

tion:

6
B(x,t) = B(x) + 3 Pa(x,t) + d7(x,t) + do(x, ) (3.4)

k=1

where &(x) represents the potential of steady flow; ¢x(x,t) is the radiated wave
potential due to the kth mode of motion, ¢+(x,t) is the diffracted wave potential and

do(x,t) is the potential of incident waves.

The free surface can be linearized on the equilibrium position z = 0 for the radiation

or diffraction problem as

9 .8, . 06 N
(-&—05)¢+95;—0, onz=0 (3.5)

where o can be ¢ or ¢7;. The body boundary conditions can be linearized about the

mean wetted surface Sy as

n-ve=0 (3.6)

For the radiation problem, the body boundary condition can be derived according to

Timman and Newman (1962) and given by
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% =Ung+mg, on Sy for k=1,2,...,6 3.7)

where U is the ship forward speed and m is the m-term (Newman, 1978), defined

bv:

-~

(mi.ma,m3) = —(D'V)W’

(mg,ms,mg) = —(n-V)(rx W)

where W = (U, 0, 0).

For the diffraction problem, the boundary body condition is given by

0¢1 = _%% on Sy (3.8)

on on

The Bernoulli equation can be linearized as follows:

o -
plx.t) = ~p58 ~ ol - Vo (3.9)

where W is the velocity vector of the steady flow; ¢ can be either ¢, or ¢;. Forces

acting on the hull then can be computed by integrating the pressure as

F(x,t) = /S p(x, t)ndS (3.10)
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3.2 Equations of Ship Motion

In the multi-hull ship motion analysis, three right-handed coordinate systems (Figure
3.1) are emploved. The space-fixed coordinate system. OX'Y Z. has the OXY plane
coinciding with the undisturbed water surface and the Z-axis pointing vertically
upward. The steady moving coordinate system, 6Z%, moves at a steady forward
speed, U, with respect to the OXY Z system in the OX direction, and the 6i-axis is
in the same direction as the OX-axis; the 6zZj plane coincides with the calm water
surface and the 6z-axis is positive upward. In the ship-fixed coordinate system,
0sTsYs2s, the origin, o,, is at the midship section intersecting with the longitudinal
plane of symmetry on the calm water surface; the o,z,y; plane coincides with the
undisturbed water surface when the ship is at rest; and the positive z,-axis points

toward the bow and the y,-axis to the port side.

z

Figure 3.1: The coordinate systems of a catamaran moving in waves

Ship motions are represented by & = {£,,€2,3,4,&5,&6} in the 6Z7Z system, where
{&€1,&2, &3} are the displacements of the center of gravity CG, and {&,&s,&} are the

Eulerian angles of the ship. The Eulerian angles are the measurements of the ship’s
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angular displacements about the axes which pass through the CG. The instantaneous
translational velocities of ship motion in the directions of o,z,, 0,y, and o4z, are
{&,, 2, %3}, and the angular velocities about axes parallel to o,z,, o,y, and 0,2, and
passing through CG are {z4,45,46}. The equations of motion for a multi-hull ship

are

(M,'j + Amij))Z'j + B,-ij + C.'ij +S,=F, i1=12,..6 (3.11)

where X = {Z1, %o, £3, T4, &5, Z6}; Amyj, Bij and C;; are the added-mass, the damping
coefficient and the restoring force coefficient in the time domain, respectively. Details
on the computation of these coefficients are given by Liapias (1986). The mass and

inertia matrices are

mo0oo0o 0 0 0]
0mO O 0 O
0 0m O 0 O
M = (3.12)
0 0 0 I, 0 -—Is
0 00 0 I, 0
I 0 0 0 —'113 0 133
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m(isiy — Tel2)
m(iex, — TaZ3)
m(z4Lo — I5L

S | (T4 5L1) | (3.13)
TsZe(f33 — I2) — h3i4Zs

:i:4j:6([11 - 133) - 113(1'% - 1‘3)

TyZs5(la2 — In) + L1356

where m is the ship mass and I;; is the moment of inertia.

The external force vector. F, acting on the ship is

Fi(t) = i /t KE(t — r)an(T)dT + /m K2 (t — m)no(r)dr (3.14)
k=170 -0

+ FFK(t)+ FRS(t) + FFEAM(t) + Fr(t) + FMC(t), for i=1,2,..,6

where K[Z(t) and K2(t) are the impulse response functions due to radiated and
diffracted waves, which are computed by emploving non-impulsive input, details are
given by King (1987), Cong, et al. (1998) and Qiu et al. (2001); 70(t) is the free
surface elevation of the incident wave at the origin of the steady-moving coordinate
system; FFK(t) is the nonlinear Froude-Krylov force vector; F®5(t) is the restoring
force vector; FY(t) is the viscous force vector; F°t4M(t) is the bow flare slamming
forces; and FMC(t) is the vector of miscellaneous forces which include the propeller

thrust, maneuvering forces, and rudder forces. These forces were computed based on
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the work by Huang and Hsiung (1996).

The velocities of motion in the 6Z%Z system are related to those in the 0,z;y;z, system

as follows:

& = RyX;, i=1,2,..,6 (3.15)

where € represents the vector of ship perturbation velocities in the steady-moving
coordinate system. The transformation matrix R is

R = Rc 0O (3.16)

0 Rp

where
C2C3 8182C3 — C183 C182€3 + 8183
Rc = | cy53 818283+ ¢1c3 €15283 — S1C3 (3.17)
—S2 S1C2 C1C9
and

1 s1to citla

RD = 0 Cy —8 (318)

0 31/02 C1/62

where ¢; = cos(x;), s; = sin(z;) and t; = tan(z;) for i=4, 5 and 6.

Ship motions in the steady-moving coordinate system can be solved from equations
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(3.11) and (3.15) by the Runge-Kutta scheme.

3.2.1 Radiation and Diffraction Forces

By employing the time-dependent Green function (Wehausen and Laitone, 1960). the
boundary integral equation of linearized radiation and diffraction problems can be
solved from the integral equations in terms of source strength distribution. A panel
method has been developed to solve the integral equations for the radiation and
diffraction problems in the time domain. The impulse response function method is
used to describe the radiation forces on the ship hull. One way to obtain the impulse
response function is by introducing a non-impulsive input motion and solving the

integral equation directly in the time domain (Cong, et al. 1998).

3.2.2 Time-Domain Green Function

The Green function is given by

G(P,Q,t—7) = Go(P,Q)o6(t — )+ H(t — T)Gp(P,Q,t — T) (3.19)

with

foary

Go(PQ) =~ (3.20)

ﬂ\
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the Dirac delta function:

si-m =4 'FT (3.21)

o0, t=rT1

and H(t — 7) is the Heaviside unit step function expressed before as equation (2.31)

] 0 t<
Hit-r)= T (3.22)
1 t>71

Gr(P,Qt—7) =2 [ \/gksinly/g(t — )"+ Jo(kR)AE  (3.23)

where

r=yz—o)+@y-y)?2+(z—2) (3.24)
M=y -2+ G-y + (z + 2 (3-25)
R=\(z—z)2+(y—y)?, (3.26)

and Jj is the first kind Bessel function of the zeroth order.



3.2.3 Solving for the Source Strength

In a radiation problem, the source strength can be solved from the boundary integral

equation as follows (Qiu, et al. 2001):

PO =~ SoP - [ar [ [ BRI 56 as (37
v G(P.Q.t = 7
- i / }{ o (Q, 7)d!

where V7, (P, t) is the normal velocity of a point P on hull surface at time ¢ in ship fixed
coordinate system. For simplicity, we assume the mean wetted surfaces of demihulls
of a catamaran are represented by S, and S, (Sy = S, + Sp). respectively. The
waterlines on demihulls are represented by I'; and I', (I = I'; + ['s). The number
of panels on demihulls are n, for S, and n, for S;, respectively; and the number of

segments on 'y and ', are m, and m,, respectively.

By defining

Gn(t) = / rf [S aite Q*"t ) o (@3, 7)dS (3.28)
Grj; 2(¢) _/ //;) OG(F, Q{” — U(Qg,'r)dS
Gatptt) = 3= [Lar [ [ aG‘P"’f’;’ —o(@s s




ﬂt](t) =

nij

]

L3 ()

L.32(t)

n;J (t) =

—l— ‘ 3G(P5:1Q{;-t""'r) .
“477/0 dr | /si Bn o(Q3.7)dS

41rg.[ fr{, o) 25U Q] =T 5@l )t
47rg./ }f. ’ ’aG(PI’Q{” — T)a(Q{;,r)dz
. ;0G(P:, Qa,t o
4ﬂ'g,[ fi;.l J == an (Q‘Z,., T)dl
T ang / fr ' ’aG(P"’Qi ™) Qi 7)dl

(3.29)

where 7 and j denote the ith and jth panels. Equation (3.27) can be written as

Va(P7. t)

Va(PY.t)

= —él—o(Pl-“ )+ ZGn,J (t) + Z G"u t)

Mg

+ Z L2 (t) + Z L2t

—%o(Pf, t) + "Za Gn.J (t) + Z G"U (t)
=1

(3.30)

(3.31)



+ S L) + Z L.2(2)
=1

j=1

where P® and P? represent the ith panel on S, and S,. respectively. Substituting the
1 1 p g

Green function into equation (3.28) leads to

“ry = / /s ) aG"”:’ (3.32)
"5 = —4%/ [, i Ras

OGF(P. QI t —t
anIF;ch—-k — //_;., F Q k)dS (333)
_ dGr(P.. Q’
aby ki—k _ F be
Iekk = / /s J K s
. aGp(P,, — )
fpih = I f/SJ e ds
w2 [, AU ARLANE

- aGP ‘1Qj7t_tk)
aa ke—k a
Ly " dnmg //rJ on d (3.34)



OGr(P:,Ql t
br ke—k J F bs
abp ok = / [, £) gy
47rg r]
aGF(vaQ = k)
ba ke—k a /i
Lry " 4mg //[‘J on d
2 OGr(Pi,Ql.t
by ke—k _ J F\lb:%h-
Les; - -lTrg//rf on dl

Assuming that the source strength is constant over a panel and using the trapezoidal
integration method for the time integration, equation (3.27) can be discretized as

follows:

kt 1 k!—l
Vi = —-%af' + o + At ( @! + Z ¢,) + At ( éLi + Z m,) (3.35)

where

avkz' aa,llﬁr
Ve — ok = (336)

ni 13

byke bkt

n 1

na aaIO ny abl:)
I° = e AR (3.37)

ng bajyo nbbb
1=1 Iz] 2 ;



ng aaI kma +Z abIF:_c;bo.(_)

@ = =l ! (3.38)
;la . baI kcao. + ZJ—I beF;_E]gbo.;)

ke—ka k& Ny, aby ke—kb _k
E'F;IGGIF.! o" +Z‘=l I} o"
J 1 2 2 L ¥] 7 (3-39)

na bajy ke—ka k Ny bbr ke—kb  k
o dpy 0y + 52 P o)

A
-
I

Na k 0 ny aby keb 0
“LpitoL; + 22 Y Lri oL

0 j=1
oLl = ) i ) (3.40)
;‘i baLF maLg +Zjb bbLF eb 2

ng aaL kz kaaLk+Zf}b aby ke—kb k

k J j=1 Fij J
PL. = bay ki—ka k o s~y bby ke—kb kK (341)

Na qQ t—Ra -

j21tLrg oy + X5 ULy o)
where At is the time step: 2% and ®c¥* are the source strengths in six modes of
motion for the ith panel on S, and S, at the time t = k,At, respectively; “1';,",-' by ke

are the corresponding normal velocities in six modes; 7 = t, = kAL, %g % and %o

denote the source strength on the ith waterline segment on I', and Ty, respectively,



at time step {;

With these definitions, we obtain a system of linear equations which are solved for

k

o~
Ak gkt = B (3.42)
where
where I is the unit matrix.
1 ke—1 1 ke—1
Bl = (V)" — At | 5¢°+ 3 ¢f | — At | 5(on] + 3 ouf (3.44)
k=1 k=1

3.2.4 Computation of the Velocity Potential

After the source strength is solved from equation (3.27). the velocity potential ¢(P,t)

can be obtained from:

o(P.t) = -11; /:dr / /s G(P.Q.t=T)o(Q.7)dS (3.45)

U?
4mg

/ “dr f mG(P.Q.t — 7)o(Q, 7)dl
0 T

The above equation can be discretized in a similar way to equation (3.27). Introducing



G (t)
G2 (t)

G2 (t)
G5 (¢)

Laa (t)
Lab(t)
L¥(t)

L2(¢)

It

_—17;/; d-r//;_g G(Pi, Qi t — r)o(Q]. 7)dS (3.46)
—-l-/td'r// G(P;,Qg,t— 7)o (@], 7)dS

4,./‘”// G(P;. Q. t — 7)o (Q}. 7)dS
——/dT// G(P.,Qlt—1)o(Ql, 7)dS

U2 o |
4@/ ‘”f “n]G(F;. Q5. t — 7)o (Q]. 7)d! (3.47)
U? A .

" 1rg / dT}{ G(F;, Q). t - 7)o(@}, 7)dl

Lr?

41rg/drf “n]G(P;, Q). t — 7)o (@, T)dl

" Irg / ‘”f n|G(P, Q. t ~ 7)o (Q}, 7)dl

then the velocity potential “a")f‘ and °¢f‘ at the ith panel of S; and S, can be computed

from

k
a¢i¢

Zu G;m"a'k' + Z Gabb It. (3_48)

Jj=1
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ng Ny
bkt — Z;G?;aa;. + Zggba;cc (3.49)
= =
Mg
+ Y L%k + ZL”""aL, ' =1,..m

1=1 =1

In the diffraction problem. the source strength and velocity potential can be solved

by employing the same method as discussed above.

3.2.5 Nonlinear Incident Wave Forces

The Froude-Krvlov forces and restoring forces were computed on the instantaneous

wetted surface of the multihull ship under the incident wave profile.

At each time step the instantanecus position of any point on the surface of the hull

can be computed in the steady-moving coordinate system as follows:

T d, + z, Ts — T4
] - d2 + Yqg + [RlJ] Ys — Yg ! 1,_] =123 (3.50)
z dz + Zq Zs — Zg

where (Z, 7, Z) are the coordinates of a point in the steady-moving coordinate system;
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(z4.y4. 29) are coordinates of the center of gravity in the ship-fixed coordinate system:
(di.d,.d3) are translational displacements in the steady-moving coordinate system:
and (z,, ys. 25) are the coordinates of a point in the ship-fixed coordinate system. [R;;]
is the transformation matrix. as in equation (3.16), between the ship-fixed coordinate
svstem and the steady-moving coordinate system. The corresponding point in the

space-fixed svstem, (\\'.}. Z). can be expressed as

X Ut+z
Yy | = g (3.51)
Zz z

At each time step. the instantaneous position of the hull in the space-fixed system
can be obtained from equation (3.50) and (3.51). Pressures are computed on panels

up to the bulwark.

When computing the hydrodynamic pressure due to incident waves, it is assumed that
the pressure is bilinearly distributed over a panel. The hull up to the bulwark is dis-
cretized by quadrilateral panels. A quadrilateral panel and its mapping relationship

to the local reference coordinate system is shown in Figure 3.2.

The pressure at any point on a panel due to the incident wave is given as

4
ﬁO(‘\’t }-s Z: t) = Z ‘Jvi(‘\’a }’a Z)pOi(Xv }’1 Z! t) (3‘52)

=1

where pg, is the pressure at node i. The shape function N;(r, s) in the local reference
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Figure 3.2: A quadrilateral panel and the local reference coordinate system

frame can be expressed in terms of the local coordinates (r, s):

N = %(1 —-r)(1 —s)

Ny = l(1+7‘)(1—s)

1
Ny = %(1+'r)(1+s)
N, = i(l—r)(l%—s)

and r.s € [—1,1]. The pressure at a local coordinate system (r,s), is then written as

ﬁO(rs oF t) = ZN,’(T, S)po..(T,S,t) (353)

i=1



60

By employing Gaussian quadrature, the Froude-Krylov force can be obtained as

FER(@t) = = 303 wiw;p§(ri, 85, )ne(ri, s;) | I (ris5) | (3.54)

i=1j=1

where w; and w; are the weighting factors at (r;, s;), and |J(r;, s;)| is the Jacobian

given by:

[J(ri,85)| = 92 (3.35)

%

1
ax @
or or
ax av oz
Os as

m and n are the number of Gaussian points along r and s direction, respectively, and

ny is the kth component of the normal.

The restoring forces are given by

m n

FR(t) = - Z Z w;w;Pg(Ti, 85, t)na(ri, ;)| J (74, 55)1 (3.56)

i=1j=1

where. in equation (3.54) and (3.56), p3 and p¢ are the static and dynamic pressure

of a point on a panel induced by the incident waves.



Chapter 4

Computation of Multihull

Resistance and Motion

To understand the resistance and motion characteristics of the multihull and the
interaction between individual hulls is one of the major objectives of this thesis. The
numerical computation was made it possible to analvze the details of relationship
between the resistance and the hull form or the hull arrangement. In this chapter,
different types of multihull ships with symmetric and asymmetric demihulls were
selected to test the computer programs which have been developed on the basis of
the formulation in Chapter 2 and Chapter 3. The computational results and their

comparisons with the experimental data are presented.

61
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4.1 Computation of Multihull Resistance

Although some theoretical and experimental investigations on the resistance of cata-
maran vessels have been conducted in the past (Hsiung and Xu, 1988). there are still
hvdrodynamic phenomena needed to be studied. As we have known, the ship design-
ers have relied on their experience to reduce the interaction effects for demihull with
inward flattened side walls. In order to improve the understanding of the calm water
wave resistance of asymmetric demihull with high speed catamarans, the method for
numerical computation of the wave resistance of a multi-hull vessel with arbitrary

demihull has been applied to catamaran next.

4.1.1 Catamaran Wave Resistance

The steady motion of a twin-hull ship on an unbounded free surface of deep water is
considered. A right-hand Cartesian coordinated system moving with the catamaran
has been assumed. The origin o has been taken on the undisturbed water surface
of one of the hulls at the intersection of midship section and the center plane, with
the oz-axis upwards and the oz-axis pointing to the direction of motion. The two
demihulls are assumed to have a general shape with an arbitrary camber. They are

always mirror images of each other. The coordinate system is shown in Figure 4.1.

The catamaran wave resistance based on thin ship theory with the coordinate system

shown in Figure 4.1 is from the basic solution given by equation (2.25):
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R, = —167rplc§[0-;.[P2 + Q%] sec3(0)d8 (4.1)

with 7 = 1. 2 for catamarans,

2 2
P = Z(Ha - 'Pi;l)v Q = § :(Qid - Qiu) (42)
i=1

1=1

Figure 4.1: The coordinate system of a catamaran

That is

k.o
2

R, = —16mpk} /0 P+ Q%) + (PE+Q3) +2P Py + 2Q1Qy)sec®(0)df  (4.3)
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It is found that the wave resistance of demihull 1 by itself is:
Riy = —167pk3 [*[(P? + Q}))sec’(8)ds (4.4)
o
The wave resistance of demihull 2 is:

Row = ~1670k3 [ *[(P3 + @3)]sec’(0)a0 (4.5)

In equation (4.3), the wave resistance component due to the interaction between two

demihulls is:

Ri, = —16mpk? /0 *[2P, P; + 2Q,Q,] sec®(8)df (4.6)

Defining
Cu = Ru/(3pU?8) = Cup + Cua + Cu (4.7

where C,, is the total wave resistance coefficient; C,,, is the wave resistance coefficient
of demihull 1; C,, is the wave resistance coefficient of demihull 2; C;, is the wave

resistance coefficient due to the interaction between demihull 1 and demihull 2.

4.1.2 Numerical Results

In order to validate the program developed based on the theory discussed on Chapter
2, the Wigley hull catamaran with symmetrical demihulls was first investigated. The

mathematical Wigley hull is described by the following formula:



y=201-€)1-¢ (48)
where
= e[-11] (4.9)
§£= /3 : .
and
(=F€ [(—1.0] (4.10)

The body plan of Wigley hull is shown in Figure 4.2.

In Figure 4.3, a comparison between theoretical predictions and model test (Pa-
panikolaou, et al. 1996) for the wave resistance coefficient ( for ship dimensions with
L/B =10.0, B/T = 1.6, l,/L = 0.6) is shown. The agreement of numerical results

and experimental data is very good, except at lower Froude numbers the numerical

results show highly oscillatory.

In order to study the camber and spacing effects on the wave resistance for a cat-
maran. svmmetric and asvmmetric demihulls have been applied to the halved Wigley
demihulls with dimensions: L/B = 10.0, B/T = 1.6, l,,/L = 0.6, l,2/L = 0.4. We
define [, /L = 0.6 as Case 1 and [,»/L = 0.4 as Case 2 as shown in Figure 4.4. The
wave resistance coefficients were computed and compared with the corresponding
symmetrical Wigley demihulls, see Figure 4.5. It is found that the camber of the
Wiglev hull would reduce the wave resistance for F,, = 0.35 to 0.6. For F, > 0.6, it
increases the wave resistance. As for the spacing effect, for F, = 0.35 to 0.6, {,/L =

0.6 gives lower wave resistance. But for F,, > 0.6, [,/L = 0.4 is better.
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For more information on the wave resistance and also to know how the wave systems
generated by individual hulls and interacting to each other, the wave patterns gener-
ated by the multihull ships have been computed and analyzed. In order to validate
the program developed, the Wigley hull was chosen as the basic model. The dimen-
sion of the monohull is the same as the Wigley demihull mentioned before. The wave
generated by Wigley monohull at two Froude numbers (F,, = 0.348 and F, = 0.452)
are shown in Figure 4.6 through Figure 4.11. The comparison between numerical
results and experimental data shows that the thin ship theory gives reasonably good
results, except for the regions near the bow and the stern where the assumption of the
linear wave theory may be too far away from the realistic situation. In Figures 4.10
and 4.11, the nondimensional wave height is {*/(U?/g), where ¢* is the wave ampli-
tude. U is the ship velocity. Nondimensional distance is 2z/L with -1.0 corresponding
to the bow and 1.0 corresponding to the stern of the ship. In Figures 4.12 and 4.13,
the wave field generated by a Wigley catmaran are shown. The contours generated
by the Wigley catamaran are shown in Figure 4.14 for [,/L = 0.6 and Figure 4.15
for l,/L = 0.4. With different spacings of two hulls, the wave patterns are different.
That is the reason why the different hull spacings cause different wave resistance.
The ship that generates higher waves will expend more energy and hence has greater
resistance. The Froude number for wave computation is 0.40. The maximum wave
elevation range is [-0.334. 0.343] for {,/L = 0.4 and {-0.279, 0.333] for {,/L = 0.6.
Obviously, the wave height with [,/L = 0.6 is smaller than that with [,/L = 0.4.
It means the wave resistance with [,/L = 0.6 is lower than that with [,/L = 0.4 at

F,=04.



Figure 4.2: Wigley hull body plan
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Figure 4.3: Comparison of the wave resistance coefficients for a catamaran with

Wigley demihulls.
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Figure 4.4: Two types of Wigley demihulls.
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Figure 4.5: Comparison of the wave resistance coefficients for catamarans with Wigley
demihulls.
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Wigiey mono Fr = 0.348

Figure 4.6: Wave pattern generated by a Wigley monohull for F,, = 0.348

Wigley mono Fn = 0.432

Figure 4.7: Wave pattern generated by a Wigley monohull for F,, = 0.452
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Figure 4.9: Wave contours generated by a Wigley monohull for F, = 0.452
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Figure 4.12: Wave pattern generated by a Wigley catamaran for F;, = 0.4 and [,/L
= 0.6

Wigley caiamaran Fn = 0.40. iy/L = 0.4

Figure 4.13: Wave pattern generated by a Wigley catamaran for F,, = 0.4 and {,/L
=04
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As for a realistic catamaran, CAT2, from an experimental research carried out by
Brizzolara et al. (1998) at the University of Trieste, was chosen for computation.
The computed wave resistance coefficient and wave profile of catamaran inside were
compared with experimental results. as shown in Figure 4.17 and Figure 4.20. Ex-
amining these figures, it can be seen that the agreement between theoretical and
experimental values is quite well. In Figure 4.20, the nondimensional wave elevation
was (/L where the L is the ship length, and z/L = 0 corresponding to the bow,
and r/L = 1.0 corresponding to the stern. The wave pattern were also computed
for F, = 0.5. The wave pattern and wave contours are illustrated in Figure 4.18
to Figure 4.19. The maximum wave elevation range is [-0.323, 0.341]. The contour

elevations are z = —0.0130 to z = 0.0127.

The principals of the demihull of the CAT?2 are as follows: Length, L, is 2.5m; Beam,
B. is 0.2m: Draft, T, is 0.177m. and spacing ratio {,/L is 0.225. The body plan of
the demihull is shown in Figure 4.16.

al

Figure 4.16: CAT?2 body plan
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4.1.3 Trimaran Resistance

In the case of wave resistance computation, the steady motion of a trimaran on an un-
bounded free surface of deep water is considered. A right-hand Cartesian coordinate
svstem moving with the trimaran has been used. The origin o has been taken in the
undisturbed water surface, at the midships section of the main hull intersecting with
the centerplane, with the oz-axis upwards and the oz-axis pointing to the direction
of motion. The hull elements are assumed having a general shape with an arbitrary

camber. The coordinate system is shown in Figure 4.21.

setback Ix [ )

hull spacing 1y

-

LengthL

==
C
-

Beamm B

Figure 4.21: The coordinate system of a trimaran

The trimaran wave resistance based on thin ship theory with the coordinate system

shown above is from the basic solution given by equation (2.25):



R, = —167pk? ‘/()%[P2 + Q?] sec®(8)d# (4.11)

with : = 1, 2. 3 for a trimaran:

3 3
P= Z(Ho - -Piu)’ Q= Z(Qia - Qiu) (4.12)
=1

=1

P,, cos
= / / o; [ko(&: cos 8 + ly; sin 6) sec® Blexp(ko(; sec® 0)dE:id(;  (4.13)
Qis S sin
P, A sin ] 2 2
= kgsec” @sinf / /; i [ko(Ecosb + ly; sin 8) sec? Blexp(ko(; sec? 8)dE;d(;
Qin *  cos
(4.14)
That is
R, = —16mpk} [*[(P2+Q}) + (P2 +Q}) + (P} + Q3) (4.15)

+2P1P2 + 2P2P3 + 2P, P; + 2Q1Q2 -+ 2Q2Q3 + 2Q1Q3] sec3(0)d0



The wave resistance of hull element 1 alone is:

Ry = —167pk? /0%[(}’[2 + Q?%)] sec®(6)db. (4.16)
The wave resistance of hull element 2 alone is:

Ry, = —167pk] /0%[(%2 + Q2)] sec*(6)d9. (4.17)
The wave resistance of hull element 3 alone is:

Ryw = —16mpk2 /0 1(P? + Q2)] sec*(6)ds. (4.18)

In equation (4.13), the wave resistance component due to the interaction between the

hull elements is:

Ry = —16mpk? /0 *[2P,Py + 2Py P; + 2P, Py + 2Q1 Q2 + 2Q2Qs3 + 2Q, Q3] sec®(6)df
(4.19)

We define:
Ce=Ru/(5 PL 28) = Cu1 + Cy2 + Cuz + Ciw (4.20)

where C,, is the total wave resistance coefficient; C,,; is the wave resistance coefficient
of hull element 1; C,, is the wave resistance coefficient of hull element 2; Cy3 is the
wave resistance coefficient of hull element 3 and C;,, is the wave resistance coefficient

due to the interaction between the center hull and outriggers.
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The total resistance of a trimaran is:

R. =R, + Ry (4.21)

where Ry is the frictional resistance of trimaran found from equation (2.86).

The total resistance coefficient of a trimaran is:

Ce = Ru/(3pU°S) (4:22)

where S is the total wetted surface area of the trimaran.

4.1.4 Numerical Results

A trimaran of the mathematical Wigley form with the central hull two times longer
than the outriggers was first investigated (Battistin, et al. 2000) . They all have
dimensions of L/B = 10 and B/T = 1.6. The setback [, is defined as the longitudinal
distance between midsection of the central main hull and the outriggers, positive for
outriggers towards the stern. The spacing [, is defined as the lateral distance between
the centerplane of the main hull and that of the outriggers. These two parameters
were systematically varied: {, took values of 0.2L, 0.3L; and I, took values of -0.25
L. 0.0L, 0.125L and 0.25L where L is the length of the main hull. ( for {, = 0.25L
and [; = -0.25L, the FP’s and AP’s of the main hull and the outriggers are aligned

each other, respectively). A total of eight validation cases were considered as shown
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in Tables 4.1:

Table 4.1: Validation Conditions for the Wigley Trimaran

I./JL = <025 1,/L=00]1;/L=0.125] I;/L =025
I,JL=02] CASE1 CASE 3 CASE 5 CASE 7
I,JL=03| CASE?2 CASE 4 CASE 6 CASE 8

The computed wave resistance coefficients were compared with the experimental re-
sults by Battistin, et al. (2000), as shown in Figure 4.23 to Figure 4.30. Examining
these figures, it can be seen that the agreement between the theoretical and the ex-
perimental data is good. The computed curves showing a big second hump around

F, = 0.3 in most cases is the typical phenomenon for thin ship theory.

The wave patterns were also computed for CASE 5 and CASE 7. The Froude number
for wave pattern computation is 0.35. The wave patterns and wave contours are
illustrated in Figure 4.31 to Figure 4.34. The maximum wave elevation range is
[-0.334. 0.344] for CASE 5 and [-0.266. 0.239] for CASE 7. The contours of wave

elevation are z = —0.2461 to =z = 0.2141 with an increment of 0.092.

The hull arrangement is shown in Figure 4.22. In order to investigate the relationship
of the wave interaction effect for various positions of outriggers, a computation table

was set up for Wigley trimaran as shown in Table 4.2.

At first, the longitudinal position of outriggers was fixed. The spacing effect on
wave resistance and the wave interaction was studied. The comparisons of computed

results are shown in Figure 4.35 to Figure 4.42 with [;/L = -0.25, 0.0, 0.125, 0.25,



Table 4.2: Investigation Conditions for the Wigley Trimaran

l,/L=-0.251./L=000]!/L=0.125| [;/L =0.25
l,/L = 0.15| condition 1 | condition 4 | condition 7 | condition 10
ly/L =0.20 | condition 2 | condition 5 | condition 8 | condition 11
l,/L =0.25| condition 3 | condition 6 | condition 9 | condition 12

respectively.
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Then, the lateral position of the outriggers was fixed. The setback

effect on wave resistance and the wave interaction were studied. The comparisons of
computed results are shown in Figure 4.43 to Figure 4.48 for [,/L=0.15, 0.2, 0.25.

respectively.

In general, the negative wave interference speed range is for F,, = 0.25 to 0.45, which
is the most favorable condition for low wave resistance in operation, and we have find
that the wave resistance coefficient is not very sensitive to the spacing. For F,, =
0.3 to 0.4. l,/L = 0.15 gives lower resistance. When F,, is between 0.4 to 0.5, the
maximum wave resistance occurs. Comparing the wave resistance for three spacings,
the hull configuration with /,/L = 0.25 has the lowest resistance. It means that for
the high design speeds the outrigger should move out from the main hull. Certainly
on very high speed (F,, > 0.6). the wave interaction between the hull elements, C;,,
approaches to zero. To study the setback effect on the wave resistance and the wave
interaction values, comparisons of computed results are given in Figure 4.43 to Figure
4.48 with [,/L=0.15. 0.2, 0.25. From these figures, the wave resistance coefficients of
trimaran are very sensitive to the longitudinal position of the outriggers. For F,=
[0.25 to 0.35], [;/L = 0.0 is the best position to cause lowest wave resistance among
three setbacks. For F,, = 0.35 to 0.55, [;/L = 0.25 is the best choice. It means that

for the high design speed the outrigger should move back. From Figure 4.43, we find
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that if the design speed is F,, = 0.43 the optimum position of /;/L = 0.25 reduces

the wave resistance to about one-half of that for the worst position of [,/L = 0.0.

In Figure 4.43 to Figure 4.48, it is interesting to find that the computed wave re-
sistance coefficient of the hull configuration with Ir/L = 0.25 is exactly the same
as that of with lz/L = —0.25. for Conditions 1, 2. 3 versus Conditions 10, 11. 12.
respectively. This is because these two positions are symetrical with respect to the
midship and centerplane. By potential theory, the interaction between the front left
side outrigger with the main hull is the same as the back right side outrigger with
the main hull, vise versa. This pheonomenon is verified by experiments, as shown by
CASE 1 (Figure 4.23) verse CASE 7 (Figure 4.29) for Condition 2 versus Condition
11, as well as shown by Case 2 (Figure 4.24) versus CASE 8 (Figure 4.30).

Figure 4.22: Hull arrangement
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Figure 4.23: Comparison of computed and experimental results for C,, of the Wigley
trimaran, CASE 1
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Figure 4.24: Comparison of computed and experimental results for C,, of the Wigley
trimaran, CASE 2
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Figure 4.25: Comparison of computed and experimental results for C, of the Wigley
trimaran, CASE 3
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Figure 4.26: Comparison of computed and experimental results for C, of the Wigley
trimaran, CASE 4
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Figure 4.27: Comparison of computed and experimental results for C,, of the Wigley
trimaran, CASE 5
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Figure 4.28: Comparison of computed and experimental results for C,, of the Wigley
trimaran, CASE 6
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Figure 4.29: Comparison of computed and experimental results for C,, of the Wigley
trimaran, CASE 7
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Figure 4.30: Comparison of computed and experimental results for C,, of the Wigley
trimaran, CASE 8
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Wigley trimaran Fn = 0.35, spacing=4m. setback = 2.5m

Figure 4.31: Wave pattern generated by Wigley trimaran for F,, = 0.35, CASE 5

Wigley timaran Fn = 0.35. spacing=4m, setback = Sm

Figure 4.32: Wave pattern generated by Wigley trimaran for F,, = 0.35, CASE 7
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Figure 4.33: Wave contours generated by Wigley trimaran for F,, = 0.35, CASE 5

Wiglev trimaran. Fn=0. 35, spacing = 4m, setback=5m
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Figure 4.34: Wave contours generated by Wigley trimaran for F;, = 0.35, CASE 7
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Figure 4.35: Effect of spacing on wave resistance coefficient of the Wigley trimaran
(lz/L = -0.25).
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Figure 4.36: Computed wave interaction resistance coefficient of the Wigley
trimaran(l,/L = —0.25).
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Figure 4.37: Effect of spacing on wave resistance coefficient of the Wigley
trimaran(/./L = 0.0)
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Figure 4.38: Computed wave interaction resistance coefficient of the Wigley
trimaran(l,/L = 0.0).
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Figure 4.39: Effect of spacing on wave resistance coefficient of the Wigley
trimaran(l;/L = 0.123).

0.006 — . . . .
0.005 | .
PRI
0 020 .
004 |- '1‘;/1_,0.25 1
0.003 | ]
E3
Q

-0.001 | -

-O.mz L S . A '
0.2 0.3 04 0.5 0.6 0.7 0.8

F

n

Figure 4.40: Computed wave interaction resistance coefficient of the Wigley
trimaran(l;/L = 0.125).
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Figure 4.41: Effect of spacing on wave resistance coefficient of the Wigley
trimaran(l./L = 0.25).
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Figure 4.42: Computed wave interaction resistance coefficient of the Wigley
trimaran({;/L = 0.25).
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Figure 4.43: Effect of hull setback on wave resistance coefficient of the Wigley tri-
maran ({,/L = 0.13)
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Figure 4.44: Computed wave interaction resistance coefficient of the Wigley
trimaran(l,/L = 0.15).
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Figure 4.45: Effect of hull setback on wave resistance coefficient of the Wigley tri-
maran (l,/L = 0.20).
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Figure 4.46: Computed wave interaction resistance coefficient of the Wigley
trimaran(l,/L = 0.20).
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Figure 4.47: Effect of hull setback on wave resistance coefficient of the Wigley tri-

maran (l,/L = 0.25).
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The second trimaran model to be presented in this thesis was designed and tested in
the Dalhousie towing tank (Peng, et al., 1999). The full-scale principal dimensions
are given below. This model is a typical example of a trimaran arrangement of hulls.
It had a submerged cylindrical main hull, borrowed from the SWATH concept. to
provide the buoyancy required for the vessel. and a narrow strut was used to connect
the hull to the deck. Two surface piercing struts were used as the outrigger hulls.

Lines drawing is shown in Figure 4.49.

Center main hull Length: 30.0 m
Center main hull Beam: 20m
Center main hull Draft: 3.0m
QOutrigger Hull Length: 10.0 m
Outrigger Hull Beam: 0.5 m
Outrigger Hull Draft: 1.0m
Outrigger Hull Spacing: 3.35 m
Outrigger Hull Setback: 1.53m
Total Wet Surface Area: 282.8 m?
Total Displacement: 105 tonne

Four validation cases were considered as shown in Tables 4.3: In this model, the total
resistance coefficients, C; = C,, + C; instead of C,, as for the Wigley trimaran, were
compared with the experimental data. The form factor correction was not applied

here.

Figure 4.50 to Figure 4.53 show the comparison of the computed total resistance

coefficients with the experimental results of the Dalhousie trimaran (student report).
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Figure 4.49: Dalhousie trimaran lines drawing

Table 4.3: Validation Conditions for the Dalhousie Trimaran

[ =133m | I; = 5.58

l,=535]| CASE1 | CASE 3
l, =665 | CASE2 | CASE 4

<

At high speeds. the computed resistance coefficients were lower than the model test
results. This could be due to the extra water shipping on the deck during the test and
the current theory did not include this condition. In general, the computed resistance

agree well with the model test data.

In order to investigate the relationship between the wave interaction effect and po-
sitions of outriggers, the same conditions were computed for the Dalhousie trimaran
as the Wigley trimaran as before. The comparisons of computed results are shown
in Figure 4.54 to Figure 4.61 with {,/L = -0.25, 0.0, 0.125, 0.25, respectively; and in
Figure 4.62 to Figure 4.67 for !,/ L=0.15, 0.2, 0.25, respectively.
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Figure 4.50: Comparison of computed and experimental results for C, of the Dalhousie
trimaran, CASE 1
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Figure 4.51: Comparison of computed and experimental results for C, of the Dalhousie
trimaran. CASE 2
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Figure 4.52: Comparison of computed and experimental results for C, of the Dalhousie

trimaran. CASE 3
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Figure 4.53: Comparison of computed and experimental results for C, of the Dalhousie

trimaran, CASE 4
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Figure 4.54: Effect of spacing on wave resistance coefficient of the Dalhousie
trimaran(l,/L = —0.25).
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Figure 4.535: Computed wave interaction resistance coefficient of the Dalhousie
trimaran(i{;/L = —0.23).
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Figure 4.56: Effect of spacing on wave resistance coefficient of the Dalhousie
trimaran(l./L = 0.0)
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Figure 4.57: Computed wave interaction resistance coefficient of the Dalhousie
trimaran(l,/L = 0.0).
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Figure 4.58: Effect of spacing on wave resistance coefficient of the Dalhousie
trimaran({,/L = 0.123).
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Figure 4.39: Computed wave interaction resistance coefficient of the Dalhousie
trimaran(l;/L = 0.125).
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Figure 4.60: Effect of spacing on wave resistance coefficient of the Dalhousie trimaran
(lz/L = 0.23).
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Figure 4.61: Computed wave interaction resistance coefficient of the Dalhousie
trimaran(l,/L = 0.25).
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Figure 4.62: Effect of hull setback on wave resistance coefficient of the Dalhousie
trimaran(l,/L = 0.15)
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Figure 4.63: Computed wave interaction resistance coefficient of the Dalhousie
trimaran(l,/L = 0.15).



0.005 ' r Y -+ r
0.0045 |- 4
0.004 | I, /L=025 — 1
P —
i =0.125 --e..e..
0.0035 - AL =025 . .
0.003
& 0.0025
0.002 +
0.0015 |
0.001 |
0.0005 -
0 e 4 A A 4
0.2 03 0.4 0.5 0.6 0.7
Fﬂ

Figure 4.64: Effect of hull setback on
trimaran(l,/L = 0.20).
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Figure 4.65: Computed wave interaction resistance coefficient of

trimaran(l,/L = 0.20).
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Figure 4.66: Effect of hull setback on wave resistance coefficient of the Dalhousie

trimaran(l,/L = 0.25).
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Figure 4.67: Computed wave interaction resistance coefficient of the Dalhousie

trimaran(l,/L = 0.23).
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The third trimaran model selected in this study was Wave Cancellation Multihull
(WCM) tested in the David Taylor Model Basin of the U.S. Navy (Wilson. et al..

1993). Principal dimensions of the prototype are summarized as below:

Center Main Hull Length: 118.87 m
Center Main Hull Max Beam: 5.80 m
Center Main Hull Min Beam: 2.64 m
Center Main Hull Draft: 9.14m
Outrigger Hull Length: 57.91 m
Outrigger Hull Beam: 201 m
Outrigger Hull Draft: 4.23m
Outrigger Hull Spacing: 3231 m
Total Wet Surface Area: 3891 m?
Total Displacement: 4369 tonne

It was a variant of the O’Neill Huliform (OHF) which the center body-center strut
combination was replaced by a tapered, strut-like center hull with a trapezoidal cross

section, as shown in Figure 4.68.

Figure 4.68: WCM trimaran lines drawing

Four validation cases were considered as shown in Tables 4.4:
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Table 4.4: Validation Conditions for the WCM Trimaran

l; =15.20m | l, = 24.50m | [ = 31.15m | [; = 45.50m
[, = 16.0m CASE 1 CASE 2 CASE 3 CASE 4

The computed wave resistance coefficients were compared with experimental results
by Wilson, et al. (1993). as shown in Figure 4.69 to Figure 4.72. Examining these fig-
ures, the theoretical and experimental results are in good agreement. The computed
curves all show good prediction on the positions of humps and hollows. The wave
interaction effect was investigated by changing the positions of the outriggers just the
same conditions set up as the Wigley trimarans and the Dalhousie trimarans. The
comparisons of computed results are shown in Figure 4.73 to Figure 4.80 with [, /L =
-0.25, 0.0, 0.125, 0.25, respectively; and in Figure 4.81 to Figure 4.86 for [,/L=0.15,
0.2, 0.25, respectively. Again, the theoretically computed wave resistance coefficients
for outriggers at lx/L = 0.25 and at lr/L = —0.25 are exactly equal, just as the cases

of the Wigley trimarans.



0.005 T

0.0045 -

0.004 -

0.0035

0.003 -

Computed Cw
Experimental Cw (Wiison, et al. 1993)

< 0.0025 | .
0.002 I 0,8 & 8.8 <
0.0015 4
0.001 N
0.0005 1
015 5(7 2‘5 50 3‘5 40

Speed. V(knots) (setback = 15.2 m)

110

Figure 4.69: Comparison of computed and experimental results for C,, of the WCM

trimaran, CASE 1
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Figure 4.70: Comparison of computed and experimental results for C,, of the WCM

trimaran, CASE 2
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Figure 4.71: Comparison of computed and experimental results for C,. of the WCM
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Figure 4.72: Comparison of computed and experimental results for C,. of the WCM
trimaran, CASE 4
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Figure 4.73: Effect of spacing on wave resistance coefficient of the WCM
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Figure 4.75: Effect of spacing on wave resistance coefficient of the WCM
trimaran(l;/L = 0.0)
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Figure 4.76: Computed wave interaction resistance coefficient of the WCM
trimaran({,/L = 0.0).
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Figure 4.77: Effect of spacing on wave resistance coefficient of the WCM
trimaran(l;/L = 0.125).
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Figure 4.78: Computed wave interaction resistance coefficient of the WCM
trimaran(l;/L = 0.125).
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Figure 4.79: Effect of spacing on wave resistance coefficient of the WCM
trimaran(l,/L = 0.25).

0.005 . . . ' '
0.004 |- )}
LA =015 ——
Iy /L =020 —--eeme-
0.003 AL =025 --e..... J
0.002 ]
=
3]
0.001 ]

-0.001 4

-0.002 - . . :
0.2 0.3 0.4 0.5 0.6 0.7 08

Fﬂ

Figure 4.80: Computed wave interaction resistance coefficient of the WCM
trimaran(l,/L = 0.25).
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Figure 4.83: Effect of hull setback on wave resistance coefficient of the WCM
trimaran(l,/L = 0.20).
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Figure 4.84: Computed wave interaction resistance coefficient of the WCM
trimaran(l,/L = 0.20).
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Figure 4.86: Computed wave interaction resistance coefficient of the WCM

trimaran(l,/L = 0.23).
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4.1.5 Quadrimaran Wave Resistance

After the computer program for computing wave resistance of a multihull ship has
been fully validated. we have the confidence to study the performance of new tyvpes
of multihull ships numerically by using our computer program. A right-hand Carte-
sian coordinated syvstem. moving with the quadrimaran, a four-hull ship. has been
assumed. The quadrimaran wave resistance based on thin ship theory with the coor-

dinate system mentioned above is from the basic solution given by equation (2.23):

R, = —16mpk? /0 %[P"’ + Q?] sec*(8)db (4.23)

with ¢ = 1. 2, 3, 4, for a quadrimaran, where

4 9
P = Z(I)ia - Hu)- Q = Z(Qia - Qiu) (424)
=1 i=1

Three configarations of the quadrimaran of the Wigley form were investigated. All
individual hull element had the same dimensions of L/B = 10 and B/T = 1.6 with
L =10.0m. B=1.0m. T = 0.625m again as the trimaran. The setback /. is defined
as the longitudinal distance between midsections of the central main hull and the
outriggers, possitive for outriggers towards the stern: and the spacing [, is defined
as the lateral distance between the centerplane of the main hull and that of the
outriggers. The three configurations are shown in Figure 4.87 to Figure 4.89. The

arrangements for configurations are shown in Table 4.5.

The comparison of the wave resistance coefficients of three quadrimarans are shown



120

Table 4.5: Arrangements for the Wigley Quadrimaran

Type A Tvpe B Tvpe C
lp(m) | Ly(m) | I:(m) ly(m) lz(m) | l,(m)
Hulll | 0.0 1.0 0.0 0.0 0.0 2.0
Hull2 0.0 -1.0 5.0 1.0 0.0 -2.0
Hull3 | 13.0 4.0 3.0 -4.0 3.0 6.0
Hull4 | 13.0 -4.0 15.0 0.0 5.0 -6.0

in Figure 4.90. The wave interaction resistance coefficients for three quadrimarans
are shown in Figure 4.91. The wave patterns were computed and the wave contours
were plotted for three quadrimarans for F;,, = 0.35 illustrated in Figure 4.92 to Figure
4.97. The maximum wave elevation range is [-0.223, 0.243] for Type A , [-0.354, 0.412]
for Type B and {-0.286, 0.283] for Type C. The contour elevtions are z = —0.2461 to

= = 0.2144 with an increments of 0.092.

Quatnmaran Type A

Figure 4.87: Wigley quadrimaran, Type A
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Quatnmaran Type B

Figure 4.88: Wiglev quadrimaran, Type B
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Figure 4.89: Wiglev quadrimaran, Type C
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Figure 4.90: Comparison of computed wave resistance coefficients for three quadri-
marans
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Figure 4.91: Comparison of computed wave interaction coefficients for three quadri-
marans
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Wigley quadrimaran type A. Fn=0.35

Figure 4.92: Wave pattern generated by the Wigley quadrimaran. Type A
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Figure 4.93: Wave contours generated by the Wigley quadrimaran. Type A
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Wigley quadrimaran type B, Fn=0.35

Figure 4.94: Wave pattern generated by the Wigley quadrimaran, Type B
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Figure 4.95: Wave contours generated by the Wigley quadrimaran, Type B



Wigley quadrimaran type C. Fn=0.35

Figure 4.96: Wave pattern generated by the Wigley quadrimaran, Type C
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Figure 4.97: Wave contours generated by the Wigley quadrimaran, Type C



126

4.1.6 Pentamaran Wave Resistance

For further study, the pentamaran. a five-hull ship,was investigated. The same right-
hand Cartesian coordinated system moving with the pentamaran has been assumed.
The pentamaran wave resistance based on thin ship theory with the coordinate system

mentioned above is also from the basic solution given by equation (2.25):

R, = —167pk? /j[P2 + Q%] sec®(6)do (4.25)

with ¢ =1, 2, 3, 4. 3, for a pentamaran,where

3 5
P= Z(Pia - Piu)v z Qir — Qm (426)
=1 =1

Two configarations of pentamarans of the Wigley form were investigated. All hull
elements had the same dimensions as the hull elements of quadrimaran. They are
shown in Figure 4.98 and Figure 4.99. The arrangements for the pentamaran are

shown in Table 4.6.

The comparison of the wave resistance coefficients of two pentamarans are given
in Figure 4.100. The wave interaction resistance coefficients of two pentamarans
are given in Figure 4.101. The wave patterns and contours were computed for two
pentamaran and given in Figure 4.102 to Figure 4.105 for F, = 0.35. The maximum

wave elevation range is [-0.323, 0.341] for Type A and [-0.223, 0.271] for Type B. The



Table 4.6: Arrangements for the Wigley Pentamaran

Type A Type B
Iz(m) | l,(m) | Iz(m) | l,(m)
Hulll | 0.0 0.0 0.0 2.0
Hull2 3.0 4.0 0.0 -2.0
Hull3 | 5.0 -4.0 3.0 8.0
Hull4 2.0 8.0 2.0 -8.0
Hull5 3.0 -8.0 2.0 0.0

contour elevations are z = —0.2461 to z = 0.2144 with an increments of 0.092.
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Figure 4.98: Wiglev pentamaran, Type A

Pentamara~: Type B

Figure 4.99: Wigley pentamaran, Type B
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Figure 4.100: Comparison of computed wave resistance coeflicients for two pentama-
rans
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Figure 4.101: Comparison of computed wave interaction coefficients for two penta-
marans
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Wigley pentamam type A, Fn = 0.35

Figure 4.102: Wave pattern generated by the Wigley pentamaran, Type A
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Figure 4.103: Wave contours generated by the Wigley pentamaran, Type A
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Wigley pentamaran type B Fn = 0.35

Figure 4.104: Wave pattern generated by the Wigley pentamaran, Tvpe B
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Figure 4.105: Wave contours generated by the Wigley pentamaran, Type B
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4.2 Computation of Catamaran Motion in the Time

Domain

Based on the theory discussed in Chapter 3, a computer program using the three-
dimensional panel methods (see Figure 4.106) was developed (Peng. et al.. 2000)
for computing catamaran motion in waves in time domain. In order to validate
the program. an effort was made to compare the computed motions of a Wigley

catamaran with the experimental results from Siregar, (1995) and van’t Veer and

Siregar, (19935).

The coordinate systems were shown in Figure 3.1 in Chapter 3. The Wigley hull for

motion computations is described by the following mathematical form:

y= 9= €)1 - )1+ 1) + £2(1 — €)(1 - ¢ (427)
where
=2 e[-1.1 4.28
E - L/2 € [— . ] ( . )
¢= 7 € [~1.0] (4.29)

The principal dimensions of the Wigleyv model are listed below:

Length, L(m) 25 m
Beam, B(m) 0.357 m

Draught. T(m) 0.139m
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Volume, V(m?) 0.06953 m?

Three hull spacing ratios were considered with 2/,/B = 1.04. 2.10 and 3.14. The hull
spacing 2[, is defined as the lateral distance between the center-planes of demihulls
at the design waterline. For three hull spacings. computations were carried out for
the model at three forward speeds, F,, = 0.15, 0.30, and 0.45, in head seas. The wave

frequencies were determined from experimental data (Siregar, 1995).

The computed heave, z3. and pitch, r5, were plotted in Figure 4.107 and Figure
4.112, respectively. The heave and pitch are nondimensionalized as z; = z3/£, and
Iy = x25/(k€a), respectively, where &, is the amplitude of incident wave and & is the
wave number. The computed motions were compared with experimental data by

van't Veer and Siregar (1993).

Typical motion curves and response functions can be found in Figure 4.113 through

Figure 4.118. The formulation of response function can be found in Qiu, et al. 2001.
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[Frame 001 | 01 Apr 2001 | Meshes

Figure 4.106: Panelization of Wigley Catamaran
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Chapter 5

Concluding Remarks and

Recommendations

This thesis investigates two aspects of the hydrodynamics of multi-hull ships. namely
wave resistance and motion in waves. Conclusions and recommendations for the

current work are presented in separated sections below.

5.1 Wave Resistance and Wave Pattern of Multi-

Hull Ships

Numerical investigations have been carried out to explore the multi-hull ship wave
resistance and the effect of wave interference between the hulls. Based on the linear

theory of wave resistance and the thin ship assumption, a computer program has

141
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been developed for these investigations. The hulls assumed to be of arbitrary forms
with various arrangement configurations and the corresponding wave patterns were
computed and respective wave contours were plotted. The hull numbers can be
arbitrary. By using the tent function. the hull form can be easily expressed by
the hull offset. Two types of catamaran and three types of trimaran were chosen
for the validation work involving comparisons with available published information
and experimental data. The computed wave resistance coefficients were observed in
good agreement with the experimental data, especially in high speed range. It is
interesting that second hump matches experimental results for most trimaran cases.
but it is well-known that in a monohull case this hump produced by the thin-ship
theory doesn’t match experimental results. It shows that the thin ship theory is
applicable for multihulls for wave resistance computation and also demonstrating the
effectiveness of the tent function implementation. The properties of wave-making
resistance of high-speed multi-hull ships can be studied by the present program if the

hull element has sufficiently small beam/length ratio.

As noted earlier. two groups of wave systems are created by a moving ship: the
diverging waves spreading out from the ship’s centerline and the transverse waves
perpendicular to the ship’s centerline. Since the energy is expended in the formation
of these waves as a ship advances through the calm water, these waves account for
the wave resistance portion of the total resistance. Comparison of computed wave
patterns with experimental ones offers a qualitative method of assessing accuracy of
wave resistance computation. A program was developed to enable these computation
to be performed. The numerical results and experimental data were observed to be

in reasonably good agreement except for the area near the bow and the stern where
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the linear theorv may not be applied. Following validation of the computer program,

the wave pattern could be used to study the wave interaction effect of hull elements.

The validated software tool for wave resistance computation and wave pattern visu-
alization were the approach to study the wave interference phenomenon of multi-hull
ships. One of the main objectives of this study was to identify how multihull ship
configuration details influence ship wave resistance. Configuration details include
variations of hull camber, spacing and setback. From the analysis it is concluded

that:

1. Although one catamaran was studied, it was found the spacing effect was greater

than the camber effect.

2. It could be concluded that the trimaran performance strongly depended on the
outriggers longitudinal position, but was not sensitive to the spacing. It is pos-
sible to reduce significantly the wave-making resistance by realizing favorable
wave interference of hull wave syvstems. Optimum trimaran configurations are
able to achieve a reduction of almost 50% wave resistance with respect to the
worst condition of outrigger position for certain speeds. At very high F,,, for
more than 0.6. the wave interaction starts to reduce to zero. Thus the resistance
reduction of muitihull ships depends very much on the hull element arrange-
ment. Normally, the trimaran with outriggers aligned with the stern would
produce smaller wave resistance coefficient than that with the outrigger aligned
with the middle of the hull. for F,,= 0.35 to 0.55. For F,= 0.25 to 0.35, the
optimum outrigger position is aligned with the middle of the main hull. For

trimarans, the negative interaction wave resistance occurred only in the range
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of F,, = 0.25 to 0.45.

3. The ship hull-form effect on wave resistance was investigated in this thesis. In
Figure 5.1. the wave resistance coefficients of different ship forms are illustrated.
We found that the WCM trimaran was the best ship form. Comparing the
Wigley trimaran, Wigley quadrimaran and Wigley pentamaran. we found that
at F,, = 0.5 to 0.6. the pentamaran A is the best. If F, was greater than 0.6.
Wigley trimaran is the best. Generally speaking, the Wiglev quadrimaran is

the best form. However, if F,, is greater than 0.6, trimaran becomes the best.

0.01 — . ‘ ’ ‘
Wigley trimaran ————
Dalhousa‘ trimaran --------
WCM trimaran ---------

o008 1 Quadrimaran B —— - _4
Pentamaran A --~--

0.006 | |

0.004

0.002

0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure 5.1: Comparison of computed wave resistance coefficient for different tvpe
multihull

4. For quadrimarans and pentamarans, the negative wave interaction resistance
range would be increased to F,, = 0.6 and above (see Figure 4.91 and Figure

4.101). This would provide more choices for the multihull ship design.
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The wave patterns and wave contours are useful tools for analysis. Further work
should include the investigation of the rate of decay of the waves generated by high-
speed multihull ships. Based on the program developed in this thesis. some funda-
mental parameters affect the wave decay, such as length of the vessel and the choice
between the monohull and multihull or the type of the multihull. will be studied. At
present, the wave resistance and wave patterns were computed based on the linear
theory. Large and breaking bow and stern waves should be other topics to be studied

in the future.

5.2 Multi-hull Ship Motion in Waves

A panel method has been developed for computing multihull motions in wave in the
time domain . With the non-impulse response functions, the integral differential equa-
tions of motions were solved in terms of the time-domain Green function to compute
multihull motions with forward speed. This method is not limited for catamaran
motion computation. By this method. the numerical difficulties from the Fourier
transform method could be avoided and the wave interaction between each hull was
automatically considered. Nonlinear effects of the catamaran motions in large am-
plitude waves are considered in the Froude-Krylov forces. The linear assumption is

applied to the forces due to the radiated and diffracted waves.

The computed heave and pitch motions were compared with experimental data and
results from a strip-theorv program (van’t Veer and Siregar, 1995). In the case of

F, = 0.30 and 2{,/B = 2.10, the computed heave and pitch are presented in Figure
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4.107 and Figure 4.108. The predicted heave values show a reasonable agreement with
the experimental results. However, it seemed that it was more difficult to predict pitch
than heave for the cases of low speeds and narrow spacings. In this case the spacing

is very small.

In the case of F;, = 0.30 and 2{,/B = 2.10, the computed heave and pitch are pre-
sented in Figure 4.109 and Figure 4.110. The computed values show better agreement
with experimental data for the case of F, = 0.15 and {,/B = 1.04. For the high-
speed case. F,, = 0.45 and 2[,/B = 3.14. the computed heave and pitch show a good
agreement with test data. It also can be observed in Figure 4.111 and Figure 4.112
that at high speed the computed results were better than those from strip theory. It
is shown that the present method is especially useful to analvze catamaran motions

with forward speed.

In this thesis. only pitch and heave motions have been computed in regular waves.
The computation of motions for six degrees of freedom can be developed in the
future. Further validation should be carried out for different wave conditions and
other types of muiti-hull ships. The prediction of pressure distribution and seaload
computation on multi-hull ships could be developed. Unsteady wave washes generated
by a multihull ship using time-domain panel method should be conducted as well.
Above all. the numerical methods and computer programs developed in this thesis
should be a contribution to Canada for the advanced high-speed vessel development

in the future.
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