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while ship_a is at rest

added mass of ship_b due to the motion of ship_b

while ship.a is at rest

added mass of ship_b due to the motion of ship.a

while ship_b is at rest

water density

steady flow source density on ship_a

steady flow source density on ship_b

diffraction source density on ship_a



diffraction source density on ship_b

radiation source density on ship_a due to the motion of ship_a
while ship_b is at rest

radiation source density on ship_a due to the motion of ship_b
while ship_a is at rest

radiation source density on ship_b due to the motion of ship_a
while ship_b is at rest

radiation source density on ship_b due to the motion of ship_b
while ship_b is at rest

time dependent unsteady velocity potential

steady velocity potential,®s = —Uz + ¢,

time dependent diffracted wave velocity potential

time independent diffracted wave velocity potential

time dependent incident wave velocity potential

time independent incident wave velocity potential

canonical radiated wave velocity potential

the radiated wave potential of k** direction, k = 1,2, ...,6

due to the oscillation of ship_a while ship_b is at rest

the radiated wave potential of k** direction, k = 1,2, ...,6

due to the oscillation of ship_b while ship_a is at rest

time dependent radiated wave velocity potential of ship_a
time dependent radiated wave velocity potential of ship_b
time independent radiated wave velocity potential

time dependent radiated wave velocity potential

time dependent total wave velocity potential
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steady disturbance velocity potential
time dependent radiated wave velocity potential of ship_a
incident wave frequency

frequency of wave encounter
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Abstract

The main objective of this study is to numerically predict the shallow water effect
on two ship interactions in waves. An algorithm has been developed to solve the
free-surface Green function of zero forward speed in water of finite depth and in shal-
low water. The improper integral containing a singularity in the integral form of the
Green function was solved by the Gauss-Laguerre quadrature. John’s Conventional
Expansion (i.e. the series form of the Green function) was found more effective than
the integral form of the Green function when R/h > 1/2, where R is the horizontal
distance between the source point and the field point and k is the depth of water.
Therefore, a numerical scheme which combined both the integral form and the series
form of the Green function was applied to compute the free-surface Green function
with the water depth effect. The 1/r term in the potential function is treated by the
Hess-Smith method. The interactions due to the coupled motions and hydrodynamic
forces of two ships with forward speed in waves were then computed by the three-
dimensional panel method based on the zero forward speed free-surface Green function
with a forward speed correction. The effect of water depth on double-body flow and
m-terms which have been used to compute the steady flow effect on the wave field
were also considered. The m-terms were computed by the integral equation method
based on the double-body flow of two ship interactions. The viscous rolling damping
coefficient had been determined by the method of Schmitke for Ship_a and Ship_b
separately.

To verify this code. two numerical test cases were provided: two identical cylin-
ders interact in water of finite depth and in shallow water. Furthermore, two ship
interactions in shallow water, in water of finite depth and in deep water were carried
out in regular waves with headings of 120°, 150° and 180° for forward speeds of 12
knots and 0 knots. Also a lateral separation distance of dy = 52.705m (gap distance
Gy = 30.0m) and a longitudinal separation distance dr = 45m were considered in
the computations.
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Chapter 1

Introduction

1.1 Two Ship Interactions in Shallow Water and

Waves

The subject of hydrodynamic interaction between bodies moving in close proximity
has received much attention not only by hydrodynamicists but also by ship designers
and even ship operators. The determination of interaction forces and moments plays
a significant role in many practical situations, such as proximity manoeuvres of naval
vessels, collision-course encounters of ships in shallow regions, congested vessel traffic
in harbors and even the passing of two ships in canals. The interaction phenomenon
is generally exacerbated by the effects of shallow water. This is particularly true in
the case of the super-tankers such as VLCC (Very Large Crude Oil Carrier) where

consideration of these effects is imperative.



The problem of ship-ship interaction has long been a subject for investigation and
argument. In deep water, the major stimulus for systematic study of the phenomenon
arose from the needs of the warship replenishing while underway at sea. It has already
been pointed out that merchant ships are most likely to be in close quarters situa-

tions in shallow water where interaction effects may be larger and cause loss of control.

Some of the most notable investigations of ship-ship interactions have been con-
ducted by Dand (1975). The collisions and stranding of the vessels occurred in shallow
water which featured prominently in the determination of hydrodynamic forces and
moments. Usually, ship motions in shallow water are not only changed by the shallow
water effect but are also affected by the additional forces which are induced by the
interaction with other ships. The interaction forces are usually larger and decrease
more slowly with distance in shallow water as compared to deep water. Therefore in
deep water hydrodynamic effects. such as ship-ship interaction, rudder effectiveness
and propeller bias may not contribute significantly to the occurrence of a collision
situation. But, tug-ship interaction is a typical example of collision in shallow water.
Therefore, the accurate prediction of interaction hydrodynamic forces and moments
and ship motions in shallow water will have important significance for avoiding ship

collisions in shallow water regions.

The general problem of interaction of ships in restricted water had been inves-
tigated by several people. e.g. Fujino (1976), King (1977), Newman (1969). Tuck
(1978), Tuck & Newman (1974), Yeung (1977,1978) and Hsiung & Gui (1988). But,
most of them were only based on two-dimensional flow in shallow water, i.e., using

an aerodynamic equivalence principle, which essentially models the flow in the far



field as the flow past a two-dimensional airfoil. In the near field, a two-dimensional
problem in a plane containing a cross-section of the ship is obtained by neglecting
changes along the length of the ship. After solving these two boundary-value prob-
lems. the concept of the inner and outer asymptotic expansion is used to match the
solutions to these two problems and thus provide an approximate solution valid over
the most of the flow field. This method is very classical and of limited appplication.
Davis (1982) started to use the source distributed method, but was stili limited by

the slender-body theory, rigid free-surface assumption and by no incident wave.

Usually, in the past, most numerical computations for the three-dimensional two
ship interactions were performed in deep water, such as Lin (1974), Fang (1986),
Kashiwagi (1993), Li. He & Hsiung (1999, 2000). The main reason is the limitation
of complexity of shallow water theory, in other words, the lack of a method to solve
the free-surface Green function in finite depth or shallow water. The current study
will solve the three-dimensional two ships interaction in finite depth or shallow water

in waves.

1.2  Shallow Water Theory

Most work on ship seakeeping prediction assumes that the water is infinitely deep.
However. there are a number of practical situations where the water depth may be
an important factor in the ship motion problem. Published work on the effect of

water depth includes Kim (1969), Tuck (1970,1974), Beck & Tuck (1972), Van Oort-



merssen (1976) and Andersen (1979). Most of them were based on the slender body
assumption and no consideration of free-surface involved by solving a two-dimensional
problem. Endo (1987) produced a more accurate seakeeping prediction in shallow wa-

ter, but some parts of his method still needed to be improved.

The influence of limited water depth on the ship motions becomes obvious when the
water depth is less than about 4 times the draft of the ship (Van Oortmerssen, 1976).
When the ratio of water depth to draft is less than 2, the effect of the bottom becomes
significant (Van Oortemerssen, 1976). The motions of a ship are directly affected in
two ways by the restricted water depth: (i) the incident waves are changed and as a
result, the wave exciting forces exerted on the ship differ from those in deep water; and
(ii) the hydrodynamic coefficients of the ship (i.e. radiation forces) are changed by

the nearness of the sea bottom. These two factors will directly affect the ship motions.

Very few studies have been presented on the motions of a ship in shallow water.
The application of strip theory has limited potential. Because of the nearness of
the sea bottom. three-dimensional effects become more important. Therefore, the
three-dimensional panel method with the free-surface Green function in finite depth

or shallow water has been chosen in the current study.

1.3 The Free-Surface Green’s Function Method

During the past three decades, several numerical methods have been applied to the

study of hydrodynamics of floating bodies at the free surface. These numerical meth-
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ods fall into three groups, namely, multipole expansion, finite element( variational

principle), and surface source distribution.

The theory of multipole expansion has been used to express the velocity potentials
in terms of an infinite series of Legendre polynomials or Chebyshev polynomials with
unknown coefficients which are obtained by imposing the body surface condition.
The multipole expansion was developed by Ursell (1949) and some detailed discus-
sions of it were given by Thorne (1957). Newman (1961,1992), Wu (1991), Williams
& Abul-Azm (1988,1989) successfully applied it to various siutations including circu-
lar cylinders, spheres and spheroids floating on or submerged beneath a free surface.
However. the multipole expansion theory is rarely used to compute the ship hydro-

dynamic characteristics because of the complex body surface conditions.

Some people have used the finite element method, boundary element method or
hybrid element method to analyze the water wave diffraction and radiation problems
associated with floating structures, including Kagemoto & Yue (1986). These meth-
ods are limited by expensive and time-consuming computer requirements for solving

the three-dimensional problems.

Among the previously mentioned methods, the surface source distribution method
( the Green function method. also known as the boundary integral equation method
(BIEM)), is preferred for analysis of a three-dimensional body of an arbitrary shape
in a uniform depth of water. In this method, the source potential, or the Green func-

tion, is the fundamental element in the analysis of wave-induced motions and forces



acting on floating or submerged vessels. In the case of most practical importance,
a numerical model is based on the distributions of sources which are located on the
submerged portion of the body surface. This procedure, which can be justified by
Green'’s theorem, requires the solution of an integral equation in the domain of the
body surface, either for the source strength or for the velocity potential. In practice.
the body surface is discretized in an appropriate manner, and the integral equation

is reduced to a finite system of linear equations.

Two distinct numerical problems must be overcome to implement this approach
successfully for a fully three-dimensional body geometry. First, the body surface
must be described with a reasonable degree of fidelity and a large number of discrete
"panel” elements must be utilized to accomplish this, typically between 100 and 1000.
The corresponding linear system of equations is characterized by a square matrix of
complex coefficients with the same dimension and the equation system must be solved

by a suitable application of linear algebra.

The second numerical problem. peculiar to the field of free-surface hydrodynamics,
is the evaluation of the source potential and its derivatives. These are complicated
mathematical functions. which must be evaluated successively for each combination
of panels. This is regarded as the main difficulty in performing three-dimensional
computations of hydrodynamic parameters, such as the body motions in waves, or
the pressure forces exerted on the body in the environment. Wehausen and Laitone
(1960). Sarpkaya & Isaacson (1981), Susbielles & Bratu (1981) and Newman (1985,
1992) gave the mathematical expressions for the oscillatory source potential for infi-

nite and finite (constant) depth of the fluid.
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In the frequency domain, the three-dimensional panel methods, such as the free-
surface Green function method (Hsiung & Huang, 1991 and Papanikolaou & Schellin.
1992) and the Rankine source method (Bertram & SGding. 1991). have been applied
to solve the ship motion problems. The Rankine source method requires a large num-
ber of panels, more than 1000 typically, and the computation could only be conducted
for w.U/g > 0.25, Where w, is the frequency of encounter, U is forward speed and ¢
is the acceleration of gravity. Also the hull surface boundary condition was not sat-
isfied in the steady flow. Therefore, the free-surface Green function method has been
adopted to calculate the hydrodynamic forces and motions of two ship interaction in

waves with a forward speed correction in the current study.

In the case of finite depth. Wehausen and Laitone’s expression (1960) for the
source potential is in terms of a contour integral form. John’s expression (1930) is
in the form of a discrete eigenfunction expansion. However, the evaluation of the
principal-value integral in the integral form of the Green function presents a difficulty
because of an improper integral containing a singularity and it is also time-consuming
in computation. There is a logarithmic singularity which involves each term of the
infinite-series expansion form as well. Therefore, very few studies have been presented
on ship motions in waves in finite depth or shallow water with the free-surface Green
function method based on solving the Green function in finite depth or shallow water.

This makes the current study more of a challenge and more significant.

Monacella (1966) has proposed a technique by which the integrand of the principal-



value integral tends to vanish because of its symmetry. This singularity removal
method has been employed by Faltinsen & Michelsen (1975) with additional refine-
ment. This method consumes a large amount of computing time. Newman (1984) has
introduced new alternative forms of the principal-value integral in the Green function

for infinite water depth, but they lack generality in applications.

Later, Newman (1985) developed new algorithms for the computation of the Green
function in both infinite and finite water cases. He started from the premise that
numerical integration should be avoided in all cases and uses series expansions and
polynomial approximations to gain computational efficiency. Endo (1983)introduced
a technique which calculated the singular integral in the Green function for finite
water depth directly by Gauss-Laguerre quadratures. This technique consumes much
less time than that of Monacella. When 0 < R/h < 1/2 where R is the horizontal
distance between the source point and field point and 4 is the depth of water, this
technique gives very effective results. However, when R/h > 1/2, the results are not
reasonable. This has been proven by the current study. John (1950) gave the Green
function in the form of the infinite-series expansion for finite water depth. But, this
series is practically useless for small values of R/h. Each term of series expansion
contains a logarithmic singularity when R/h = 0. Numerical computation confirms
these estimates. and 6h/R has been found to be an appropriate number of terms in

the series to achieve 6 places of decimals accuracy in the domain for R/h > 1/2.

Based on the above analysis, a new algorithm has been developed for solving
the Green function and its derivatives in finite depth of water or in shallow water

in current study. When 0 < R/h < 1/2, the Gauss-Laguerre quadrature is adopted



to solve the integral form the Green function. When R/h > 1/2, John’s series form
of Green function is applied. This algorithm has been proven to be very efficient in

examples in the current study.

1.4 Forward Speed Correction Theory

The Green function with forward speed was first studied by Chang (1977), and sub-
sequently continued by many other people( i.e. Inglis & Price (1981), Wu & Eatock-
Taylor (1988)). However, using the forward speed Green function to calculate the
body motions in waves has been less successful. It was found that the accurate and

converged results were more difficult to obtain than in the case with zero forward

speed.

Hsiung & Huang (1990). further proved above conclusions by comparing both
the three-dimensional Green function with forward speed and without forward speed.
There are two aspects of difficulty in applying the forward-speed three-dimensional

Green function to the computation of ship motions:

e The oscillatory integrand in Green's function gives considerable difficulties. The
trapezoidal rule, applied to approximate the integration, needs a very long com-

puting time, since the discretized interval had to be sufficiently small in order

to obtain a meaningful result.

e The potential function in terms of the forward-speed Green function includes
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an integral along the waterline. It takes much computing time to calculate the
Green function G(p, q,w,) as the source point p and the field point g are on the

free surface., and G(p. q.w.) converges very slowly.

Since the zero-speed free-surface Green function is simpler than the Green function
with forward speed, difficulties in computation can be avoided and much computing
time is saved. And, so far, the published numerical results of ship motion based on
the Green function with forward speed are not as good as the results based on the
zero-speed Green function with forward speed correction. Therefore, the zero speed
of free-surface Green function with the simple forward speed correction is adopted

and has been proven to be very effective.

1.5 Roll Damping Correction

The roll motion of ships has a great impact on ship operations particularly in shal-
low water regions. However, the numerical prediction of ship motion based on pure
theoretical analysis usually produces significant errors in roll prediction. The wave-
making damping predicted by the potential flow around most hull forms is only a
small fraction of the total roll damping which is experienced in reality. According to
many studies such as Schimitke (1978). additional important contributions to rolling
damping come from bilge keel vortices, effects of dynamic lift on appendages and hull
circulatory. The hull form with relatively sharp corners at the bilge and/or at the
keel will shed eddies which absorb a good deal of energy and represent a significant

source of additional roll damping. Skin friction forces on the surface of the rolling
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hull may also be significant and any appendages will generate forces which oppose
the rolling motion. Eddy shedding, skin friction and appendage forces were all found
to have greater influence on rolling damping at low forward speed. To correct this
problem. Schmitke’s method is adopted when calculating the viscous rolling damping

of the two ships separately in present study.

1.6 Objective and Scope of the Present Work

The main objective of the work presented in this thesis is to study the shallow water

effect on the seakeeping of two ship interactions in waves.

The study of two ship interactions in shallow water and waves will investigate
not only the interactions of two ships but also the effect of water depth. Unlike the
single ship case, the two ship case is more complex because the motion has 12 degrees
of freedom and takes much more time for computation. Furthermore, hydrodvnamic
terms such as added mass. damping. and wave diffraction force must take into ac-
count for the presence of two ships in waves. In addition, the parameter h (depth
of water) involved in the two ship interaction case makes the problem much more
complicated than the two ship case in deep water. The incident wave, m-terms ( the
effect of steady flow to unsteady flow), diffracted wave, radiated wave and coupled
motions for ship.a and ship_b will be affected directly. Particularly, the parameter h

makes solving of the free-surface Green function much more difficult.
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First, the water depth effects on incident waves for ship_a and ship_b have been
solved separately. The double-body flow Green function and m-terms have been tak-
en into account for the finite depth and shallow water cases. An algorithm has been
developed to solve the free-surface Green function with zero-forward speed in water of
finite depth and in shallow water. The improper integral containing a singularity in
the integral form of the Green function was solved by using Gauss-Laguerre quadra-
ture. John’s conventional expansion ( i.e. the series form of the Green function) was
found more effective than the intergral form of the Green function when R/h>1/2.
Therefore, a numerical scheme which combined both the integral form and the se-
ries form of the Green function has been applied to compute the Green function in
water of finite depth and shallow. Then, the Green function would be used for solv-
ing the added mass, damping coefficients and diffraction force for ship_a and ship_b.

The 1/r term in the potential function was treated by the Hess-Smith Method (1964).

The 12 x 12 systems of equations were built up to solve for the coupled motions of
12 degrees of freedom of ship_a and ship_b. The interaction due to coupled motions
and hyvdrodynamic forces of two ships in waves with forward speed was computed by
the three-dimensional panel method based on zero forward speed free-surface Green’s
function with a forward speed correction. The m-terms were performed by the integral
equation method based on double-body flow of two ship interaction. Schmitke’s
method was adopted to calculate the viscous rolling damping for ship.a and ship_b
separately.

To verify the code, two numerical test cases were considered:

e Two identical cylinders interacting in water of finite depth.
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e Two identical cylinders interacting in shallow water.

Finally, two ship interactions in shallow water, in water of finite depth and in
deep water interactions were preformed in regular waves with headings of 120°. 150°
and 180° for forward speeds of 12 knots and O knots. Also a lateral separation
distance between the centerlines of two ships dy = 52.705m (i.e. lateral separation
gap Gy = 30.0m), and a longitudinal separation distance between the lateral axes of

two ships dr = 45.0m were considered in computations.



Chapter 2

Formulation of the Problem

N
<

Incident wave

]
(]

Figure 2.1: Coordinate systems

In order to predict coupled motions of two ships denoted as ship.a and shipb in

14
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waves, each ship is regarded as an unrestrained rigid body with its own six degrees of
freedom as defined in Figure 2.1. Three components of of translation are surge par-
allel to the longitudinal axis (z¢ and z%), sway in the lateral direction orthogonal to
surge (z3 and £3) and heave in the vertical direction (z4 and z3). Rotational motions

about the respective axes are roll(z¢ and z%), pitch(z? and z2) and vaw (z¢ and z2%).
1 4, P 5 5 \ 6 6

Four coordinate systems are employed as follows:

Space coordinate system 0Z§z;

Moving coordinate system ozyz;

Ship_a coordinate system 0,Z,y,zq; and

Ship_b coordinate system o0yTyypz2s.

water surface and the 6z axis being positive upwards. The coordinate system ozy:z
i1s a moving system which moves in the 6z direction with a steady forward speed U
with respect to the 67> svstem and the ozry plane coincides with the 6Z7 plane,
and the or axis is in the same direction as the 6% axis. The systems 0,T,¥.z, and
0 TpYs=s are fixed on ship_a and ship_b, respectively. The 0,z,y, plane and the o,z,ys
plane coincide with the ozy plane when ship_a and ship_b at their static equilibrium
positions. The 0,2, and 0,2, axes are positive upwards, and they move with ship.a
and ship_b with a steady forward speed U as well. The origins o, and o, are located
at the midship section of ship_a and ship_b, respectively. The regular incident wave
is propagating in the direction with a heading angle A8 which is the angle between

the positive oz direction and incident wave direction. dz is longitudinal separation
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distance between two ships’ lateral axes. dy is lateral separation distance between

the centerlines of two ships.

In the computation. the motions and forces of ship.a and ship_b were converted to
the local coordinate system in which the origin is at the centre of gravity of each ship.

The phase angles for motions and forces are also given relative to the wave crest at

the centre of gravity for each ship.

2.1 Fundamental Equations

2.1.1 Velocity Potentials

It is assumed that the fluid is inviscid and incompressible. and the flow is irrotational,
so that the flow around the two ships can be described by the potential theory. The

resultant velocity potential ®r in the flow field is in the following form:
Sr(z.y.2.t) = —Ur + o4(z,y. 2) + P(z,y. 2. 1) (2.1)

where. on the right hand side. the first term is the velocity potential of uniform flow
and U is the steady forward speed of the ships: the second term, @,(z,y, z). is the
steady disturbance potential. The sum of the first and second terms is called the

steady flow potential. The third term is the wave velocity potential which can be

written as:

(D(I, Y,z t) = ¢I + QD + QR = Re[(¢1(.1:, Y, Z) + ¢D(.’E, Y, Z) + ¢R(I7 Y, z))e—i“kt] (22)
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where ®;, &, and P are velocity potentials of incident wave, diffracted wave and

radiated wave, respectively.

2.1.2 Hydrodynamic Forces

The hydrodynamic force acting on ship-a and ship_b can be expressed as:

Fe= / [ Pntds, j=1,2..6 on s, (2.3)

J

b _ b -
F; —/ S, Pn;dS, 7=12,..6 on S (2.4)

where S, and S, are the mean wetted hull surfaces of ship_a and ship_b, respectively.

n§ is the generalized unit normal of ship_a.

nt if j=1,2,3
e X 7% if j=4,5,6

n’ is the generalized unit normal of ship_b,

i if j=1,2,3
n’ = ! (2.6)

7p x 1° if j=4,5,6

where 77% and 72 are unit normal pointing towards the hull surface of ship.a and ship_b
hull. respectively. 7, is the position vector from the centre of gravity of ship_a to a
point p(Za, Ya, 2a) on the ship. 7 is the position vector from the centre of gravity of

ship_b to a point p(zs, ¥», 25) on the ship. The hydrodynamic pressure of the fluid is
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od
p= —p(g + W . v®) (2.7)

where

W =g(~Uz + &) (2.8)

is the steady flow velocity vector. Substituting Equation(2.7) and Equation(2.8) into
Equation(2.3) and Equation(2.4), the hydrodynamic force on the two ships can be

expressed as:

o .
Fr = //5 ~plor +V(-Uz +0,)- vOIngdS,  j=1,2,..,6 (2.9)

od
b _ —p[— - . b | =
F=/ /S ol +V(-Uz+6,)-vdlnidS, j=1,2,..6  (210)

Depending on the value of ® (® could be &;, &5, ® or the combination of all com-
ponents), one can compute any components of wave forces or the total hydrodynamic

force from Equations (2.9) and (2.10). The steady flow effects are considered in com-

putations.

2.1.3 Hydrostatic Forces
The hydrostatic forces acting on ship_a and ship_b can be expressed as:

Fi$ = -C4 - 3 (2.11)

F°=-Cl -z} (2.12)
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where =%, £k = 1,2,...,6, are the generalized motion displacements of ship_a.

z§ = Re[zle ! (2.13)
and x‘,:, k=1,2,....6, are the generalized motion displacements of ship_b,

z8 = Re[zbe ™! (2.14)

As shown in Equations(2.13) and (2.14) z¢ and z2 are the time independent complex
amplitudes of motions corresponding to ship.a and ship_b. w, is the frequency of
encounter. For k = 1,2,3, zf and z% represent the translational displacements of
ship_a and ship_b, respectively. For k = 4.5,6, ¢ and z represent the angular dis-
placements of ship.a and ship_b, respectively. In Equation(2.11) and Equation(2.12),

C75i is the restoring force coefficient matrix of ship_a:

( 0 0 0 0 0 0 )
0 0 0 0 0 0
o = 0 0 pgASl 0 P9ALTE 0 (2.15)
0 0 0  pg(ASd?, +:5A9) 0 0
0 0 pgALTS 0 pg(ALds) + z5A%) 0
\ 0 0 0 0 0 0 )
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and C}; is the restoring force coefficient matrix of ship_b:

(0 o o 0 0 0 )
0 0 0 0 0 0
e, = 0 0 pgA’ 0 pg AL z8 0 (2.16)
0 0 o pg(ALdZ + 25 A\®) 0 0
0 0 pgALz, 0 pg(Asdyy + 25A°%) 0
L0 0 0 0 0 0 J

where A2 and A’ are the waterplane areas of ship_a and ship_b. z% and i'} are the x-
coordinates of the centre of flotation of ship_a and ship_b. A% and A® are the volume
displacements of ship_a and ship_b. d,,, dy,, d,3 and d;; are the radii of gyration of
waterplanes about oy-and or-axes. 2§ and :z% are the z-coordinates of the centre of

buoyancy of ship_a and ship_b.

2.1.4 Ship Motions

As we assumed that the ships are rigid bodies, their motions must satisfy the Laws
of Momentum Conservation. Therefore, the equations of motion of two ships can be

described by Newton’'s Law as :

mi iy = F} + F° (2.17)

mi iy = Fy + FPS (2.18)
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where mj, is the generalized mass matrix of ship_a:

(Me0 0 0 0 o0 )
0 M0 0 0 0
0 M0 0 0

0
mj, = (2.19)
0 0 0 Iy Ify Iy
0 0 0 I3 I3 I
\0 0 0 I3 I3 15;3}
and m?, is the generalized mass matrix of ship_b:
(M" 0 0 0 0 O )
0 M0 0 0 o
R 0 M0 0 O
mjy = (2.20)

0 o It I I
0 0 I It Ity

0
0 0 0 I} I} Iy
0
0

\

where A is the mass of ship_a and M? is the mass of ship_b; I}, are the moments of
inertia of ship_.a and Ij'?k are the moments of inertia of ship_b. According to the defini-
tion of r¢ and z} (see Equations(2.13) and (2.14)), when k = 1,2 or 3, ¢ represents
the translational acceleration of ship.a and #% represents the translational accelera-
tion of ship_b: when k = 4.5 or 6. £2 represents the angular acceleration of ship_a and
¥} represents the angular acceleration of ship_b. In order to solve the ship motion
problem. we need to know the hydrostatic forces FS and F?S which have been given
in the previous section in Equations (2.11) to (2.16), and the hydrodynamic forces

F? and F}’ which will be discussed in the following sections.
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2.2 Steady Flow

2.2.1 Double-Body Flow Velocity Potential

A ship moving in the water with a steady forward speed U will generate water waves
and produce the wave-making resistance. Since the wave-making resistance is bal-
anced by the propulsion force, it will not be considered here. However, the steady
forward speed will also affect the radiated wave of a moving ship and the radiated
wave forces. This effect is called the steady flow effect. To approximate the steady
flow effect in ship motion analysis, we will treat the disturbance potential by using
the double-body flow method. The double-body velocity potential for steady flow can
be expressed as:

bs5(r,y.2) = Uz + o4(z, 3. 2) (2.21)

the steady disturbance potential ¢, can be defined by

Vip, =0
30‘:5 =0 (z=0)
a“:’: =0  (2=-h)
%t |=U - nt (2.22)
%%- ls,=U-nd



Vo, =0 ( at infinity)

Applying the Green’s function method, ¢, can be expressed as follows:

op) = 1= [ [ 306 a)ds) + 1 [ [ @G ads@
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(2.23)

where p = p(z,y, 2) is the field point, ¢ = (&, 7, ¢) is the source point, 0%(q) is the

steady flow source density on ship.a and o%(g) is the steady flow source density on

ship_b. G(p;q) is Green’s function of the steady disturbance problem which can be

expressed in terms of the Rankine source distribution for a double body,

where

G(p:q)

X 1 1

P

i=1 Tl T2i

1 1 1 1 1 1

= —+— 4+ — 4 — 4+ — 4+ — ...
11 T21 T12 Tr22 T13 T23

-

m=[z -8+ (@y—n?+ (z —¢)?

(M

ra =[(z =€)+ (y—n)?+ (z +¢)?

N-

re = [(z — €)°+ (y — ) + (2 — ( + 2h)?
r=[(z =€)+ (y— )+ (2 + C + 2h)7}
ra =[x — €2+ (y—n)?+ (2 — ¢ — 2)7
= ((x — €7+ (y—n)? + (z + ¢ — 2h)?)}

----------------

(2.24)
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If the field point p falls on the surface of S,, we obtain the disturbance potential on

ship_a from Equation(2.23):

o5 (p) = / / 4(9)G**(p:q)dS(q) + — f / 0%(9)G*(p: q)dS(q) (2.25)

If the field point p falls on the surface of S,, we obtain the disturbance potential on

ship_b from Equation(2.23):

30) = 37 [ [ 2w aas) + & [ [ A@C*wads@ @26

Applying the body surface boundary conditions of the disturbance potential ¢, in

Equation(2.22) we have:

~aa (.. ~ab( ..
27030 + [ [ 3@ XG5 |5, as(a)+ [ [ A@25ED 1o, asig) = v ng
(2.27)

ba
270%0) + [ [ 30 758D Ig, dst) + [ [ b @B 1y as(q) = vt
(2.28)

Equations (2.27) and (2.28) can be solved simultaneously for the source densities o2
and 0%. Then Equations {2.25) and (2.26) can be used to calculate the disturbance

potentials ¢2(p) and #%(p).



2.2.2 Steady Flow Effect : m-terms

The steady flow effect to the radiation body boundary condition can be represented

by m-terms. The m-terms are defined by Newman (1978):

(mi.my, m3) = —(7 - V)W (2.29)

(s, ms. mg) = —(7 - V)(F, x W) (2.30)

where 1y = (z4,y,, 24) is the position vector from the centre of gravity of the ship to
a point (z,y, z) on the hull surface. For a single ship, we know that the m-terms can

be solved from the following integral equations:

20— L [ [foula )aa(?’))|pes—G(PeQ)|p.sm1(‘1)]dS (2.31)
s = 1= [ [lon@Ze 8D s Gl matats (232
s = - [ [10x@Ze 2L s G mslallas (239)

where ¢.¢(q), 5n(q) and o,.(q) are the partial derivatives of steady disturbance poten-
tial @5 with respective to &, 77 and ¢. In the case of two ships, we assume S = Sa + Sb.
and we have to consider two cases when the field point falls on ship.a and ship_b

separately. then the integral Equation (2.31) becomes two integral equations:

o s 1 66‘ y a
D) . = =/ / a[mq)ﬁlpesﬂ = G(P, )]s, m3(g)]dS +

i ] [0 s, — G(p, ) e m 0Nl

86, , X
B s = o [ [ ox 0 LD — Gip gl miallas + (230
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o] [ ox@B 8D, 6p.0), milas

where m¢ and m? are the m, terms of ship_a and ship_b, respectively. Similarly. we
1 1

can derive the integral equations of m, for ship_a and ship_b as follows:

Ods 9G(p, 5
o s = / [ on@Z 2D G, milas +

= JACEIC )ag,ff 3 EAL), 5. ~ G, s, mE(@))dS

09, 0G(p, - .
o) o= / [on@% 8L 60, milis + (239

L[] 0@ 2D, — 6p, 0, mitallds

and the integral equations of m; for ship_a and ship_b as follows:

00, ;
tJ;fp) IpcS.. = 4#// [¢sc( )ag(;(o) lpeSa G(p’Q)IWSam3(Q)}dS+

L[ [ @B 8D G, miaas

o= 1 [ [ o0 520 "’|,.cs,, G0 )s, m(@IdS +  (2:36)

47_// (o5 (q)aa (J(D )q) lpess — G(P, @)1,.5,m4(q)]dS

Equations (2.34), (2.35) and (2.36) are coupled motion equations which can be solved
as linear equation systems. G(p, q) is the double-body Green'’s function. For m; and
my terms of ship_a and ship_b,

ad 1

Gpig) =3 1.1 (2.37)

i=1 Tl T2



for m3 terms of ship_.a and ship_b,

Gp:q) =S — 2.38

(piq) 2=:1 i (2.38)

m§ = nywz — njw, + Yom3 — zgmy (2.39)
mg = n3w, — njws + zgm{ — ram} (2.40)
Mg = njw; — naw; + Tgmy — ysm (2.41)

m§, m$ and m} can be computed from the following equations:

mi = ndw; — nbw, + y:]’mg — zm} (2.42)
md = nfw, — nbw; + zg"mll’ - zgmg (2.43)
m¢ = njw, — njw; + zbmf — y’md (2.44)

where w,. w2 and w; are the components of the steady flow velocity; nj, j=1,2,3, are
the unit normals of ship_a. ns’-, J=1,2.3, are the unit normals of ship_b; (:L'g, Ygr z;‘) and

(z3.yp. =) are the centres of gravity of ship_a and ship_b.

2.3 Incident Wave

According to the linear wave theory, the regular incident wave potential function in

the finite depth of water can be obtained by solving the first-order boundary value
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problem with the perturbation method as the following form:

@] (Ie y.z, t) = Re[¢l($7 Y. z)e—iuet] (245)
with
) — gCa COSh(k(z + h)) tk(z cos B+ysin 8) 9y .
@I(Iv yv") - i COSh(kh) € (246)

where ¢,(z,y, 2) is called the spatial potential function of the incident wave which is
independent of time ¢; h is the depth of the water; (, is the incident wave amplitude:
we = w — k - UcosB is wave encounter frequency; w?/g = k - tanh(kh); w is the wave
frequency; k = 27/ is the wave number; g is the acceleration of gravity: 3 is the wave
heading angle (the angle between the wave propagation direction and the positive oz

axis direction as shown in Figure 2.1.

Reloy(a.y.2)] = 222 . S2E ) sin(k(zeos 5 + ysin 6) (2.47)

B Cag _ cosh(k(z + h))

= cosh(kh)  Cos(klzcos B +ysin 5)) (2.48)

Im[oy(z.y.2)] =

ORe(oy(z,y.2)) _ Gagk cosh(k(z +h))

oz w cosh(kh)  °°° B - cos(k(zcos B + ysinB)) (2.49)

ORe(o4(z,y, 2)) _ Cagk . cosh(k(z + h))

3y w cosh(kh)  SinB-cos(k(zcos S +ysinB))  (2:50)
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ORe(¢i(x,y,2)) _ Cagk sinh(k(z + h))
0z T ow cosh(kh)

- sin(k(z cos 3 + ysin 8)) (2.31)

OIm(or(z.y.2)) _ Cagk cosh(k(z + h))

oz w cosh(kh) rcos 3 -sin(k(zcos B+ ysin §))  (2.52)

0Im(91(z,y,2)) _ Cagk cosh(k(z + h))

By w cosh(kh) S -sin(k(zcos 5 +ysin 8))  (2.53)

ORe(o((z.y, 2)) _ _Cagk ' sinh(k(z + h))

9z w " cosh(kh)  Cos(k(@cosB+ysing))  (2.54)

2.3.1 Incident Wave Force (Froude-Krylov Force)

If we simply neglect the contribution of diffracted wave and radiated wave forces on
the hull and onlv consider the contribution of ¢ as if the hull does not exist, the
wave force will be only the incident wave force, or Froude-Krylov force. Substituting
the incident wave potential ¢, Equation( 2.46) into Equation(2.9), the Froude-Krylov

force acting on ship_a can be expressed as:

F!* = Re[floe~"<] (2.55)
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with
ffe=—po [ [ ImlonngdS —p [ [ Re[Vor- Vo ingds

+ifpw [ [ Refornzas —p [ [ Im[Vé; - Vo, InidS | (2.56)

Similarly, the Froude-Krylov force acting on ship_b can be obtained by substituting

Equation( 2.46) into Equation (2.10).
— Ib_ —iwe ==
F* = Re[f/te~ "] (2.57)

where

f]-"’ = —pw//Sb Im[¢1]n§’-d5 — p//s,, Re[Vo; - qu,]n;dS

+i{pw f /S Re[oy]nfdS — p / /s Im[Vo; - V«z&s]n;ds} (2.58)

2.4 Diffracted Waves

The existence of a fixed ship hull in waves will affect the incident wave and generate a
wave system called the diffracted wave. In the case of two ships moving in waves, we

evaluate the diffracted wave by assuming that two ships are fixed in incident waves.

2.4.1 Diffracted Wave Velocity Potential

The diffracted wave is also assumed to be a periodical wave with the velocity potential

®p(z,y,2,t) = Re[pp(z, y, 2z)e ] (2.59)
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The diffracted wave potential can be found by solving the following boundary value

equations
Viép =0

0 L, ... 0 M. L
(Z‘*‘U Er—z-+2zweb-a;—u,e)¢o_0 (z=0)

9¢p _ 09
n 5= 5 Is. (2.60)

000 | _ _d0r,
on ' " Bp IS

0op
on lz—,—h— 0

radiation condition : outgoing wave

Again, Green's function method is applied to obtain the diffracted wave potential

which is expressed as
oolp) = 1= [ [ b @G aas@ + 1 [ [ sh@GEmadse (261

where 0,(q) is the source density on ship_a and 0% (q) is the source density on ship_b.

The Green function G(p: q) is given by Wehausen & Laitone(1960),

Glpig) = ++
(4 + R) exp(—ph) cosh (u(¢ + h)) cosh (u(z + h))
+ 2PV / p - sinh(ph) — K - cosh(uh) Jo(uR)dy
2w (k + K) exp(—kh) sinh(kh) cosh(k(¢ + h)) cosh(k(z + h))
t Jo(kR)

K - h + sinh®(kh)

(2.62)

where
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2

K= ‘i;- = k - tanh(kh) (2.63)
r=(-&*+@-n*+( -0 (2.64)
=[-8+ -+ (+20+ Q)7 (2.63)
R={[(z-€)?+(y-n7: (2.66)

p = p(z, y.z2) is the field point; ¢ = g(&, 1, () is the source point;  is the water depth;
—L is the potential of the image source; k = 27/ is the wave number; PV indicates
the Cauchy principal value of the integral which has a singularity at u = k: and Jg
denotes the Bessel function of the first kind of zero order.

By applying the body surface boundary conditions to Equation(2.61), we have:

2mo(p) + [ [s, 0B (q) 2L |5, dS(q) + S fs, oty (q) 2584 |5, dS(q) = -3 |s,

2r0p(p) + [ fs, 0% (q) 258D |5, dS(q) + [ [s, oh(q)2Ea |5, dS(q) = -9 |5,
(2.67)

The source densities 0§, and ¢4 can be solved numerically from this set of equations.

Then the diffracted wave potential ¢p(p) can be obtained from Equation(2.61).

2.4.2 Diffracted Wave Force

The diffracted wave force of the jth mode of motion on the ship hulls can be expressed

as

FjD(:r, y,2,t) = Re[fJ-D(J:, y, z)e" "] (2.68)

with
fP=fP+ 5P (2.69)
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where fP* is the diffracted wave force acting on ship.a and fP? is the diffracted
wave force acting on ship_b. Substituting the diffracted wave potential obtained from

Equation(2.61) into Equation(2.9) we have the diffracted wave force acting on ship_a:
I 2dS + pU Re| a"’” n%dS Re[V s |n2dS
] [ tmioiias | [ me2las—o [ oo

{ -/ / RelgplnsdsS + oU [ / ’m[a% ngdS - p [ /s ] Im[V‘bD'V.d)s]n;dS}
(2.70)

Likewise, the diffracted wave force acting on ship_b can be obtained by substituting

diffracted wave potential into Equation(2.10):

b — _p, / / Im[¢p]ntdS + pU / / Re[222 ntdS — p / / Re[Vop -V, IntdS

{ -/ / Relop]n;dS + pU / 5, Il aa(b ZIntdS — p / / Im[Vép - v¢,]n°ds}
(2.71)

2.5 Radiated Wave

The major difference between the one ship motion and the two ship motion problems
is the radiated wave. In the case where two ships are in forced motion with six degrees
of freedom. separately. the radiated wave is generated by the oscillation of both ships.
The radiated wave force of a ship is not only due to its own oscillation but also due

to the oscillation of the other ship.
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2.5.1 Radiated Wave Potential

The radiated wave potential can be expressed as:
Pr(z.y.2.t) = Re[op(z.y, z)e "] (2.72)

For two ships freely floating in calm water, the radiated wave potential can be de-
termined by satisfying the body surface condition with two separation settings: 1)
ship_a is in motion and ship_b is at rest; and 2) ship_b is in motion and ship_a is at

rest. Then we can express the radiated wave potential in the following form:
Pp(z,y,z.t) = D% + ®% = Re[(42 + o8)e™ ™! (2.73)

where ¢ = ¢g(z,y.2), k =1.2,...,6, is the radiated wave potential per unit velocity
of the k** mode of motion due to the oscillation of ship_a while ship_b is at rest, and
&b = @b (z.y.2), k=1.2,....6, is the radiated wave potential per unit velocity of the
k** mode of motion due to the oscillation of ship_b while ship_a is at rest.

Ship-a in Motion and Ship-b at Rest

The radiated wave potential per unit velocity of the k** mode of motion can be found

by solving the following boundary value equations:

Vi =0
d 0 o0
—_ e - >, R Y ] — —
(gaz +L 32 + 2w U p we)og =0 (2=0)
0% _ . m -
an Isa_ nk iwe (2"4)

9% | _
on 1970



8¢k |

zap=20
radiation condition : outgoing wave

where n{ is the generalized unit normal of ship.a (see Equation(2.5)) pointing to-
wards the wetted hull surface of ship_a; U is the ship steady forward speed:; g the
gravitational acceleration; and m§ is the m-term of ship_a of the £** mode of motion
due to the influence of the forward speed.
Ship-b in Motion and Ship-a at Rest
Similarly, the radiated wave potential per unit velocity of the £** mode of motion can

be found by solving the following boundary value equations:
V2t =0

o
(92-4-6'2% +2zweba—-—w2)¢z =0 (3 =O)

oo} _ b m; -
51_1_ '55— n, — E (2.70)

5]
¢ ls.=0

O
on

l:-r=0
radiation condition : outgoing wave

where n} is the generalized unit normal of ship_b pointing towards from the wetted
hull surface of ship_b (see Equation(2.6)); and m% is the m-term of ship_b of the k*

direction due to the influence of the forward speed.

By applying Green’s function method to Equations (2.74) and (2.75), and ignoring
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the waterline integral term, we can obtain the radiated wave potential of ship_a and

ship_b (Liu & Miao(1986)):
6t) = 3 [ [ o @Cmaas@ + = [ [ oP@Cwmadse)  (270)

or(p) = 4% / /S +(9)G(p; 9)dS(q) + — / / 2 (9)G(p; 9)dS(q) (2.77)

where og® is the source density on ship_a due to the motion of ship_a while ship_b
is at rest, and o2 is the source density on ship_b due to the motion of ship_a while
ship_b is at rest. Also o2 is the source density on ship_b due to the motion of ship_b
while ship_a is at rest, and o}® is the source density on ship_a due to the motion of
ship_b while ship_a is at rest. G(p;q) is Green’s function of zero forward speed as

Equation( 2.62).

Applying boundary conditions of ¢¢ and ¢? to Equations(2.76) and (2.77), we have

the following two sets of integral equations:

[ 2002%(p) + f fs, o1 () SSER15,dS () + | J, o(e) 252D 5, aS(q) = 252,

$ =ng — ;‘"—E

| 2708 (P) + [ Js, 0% (0) *5EL 5,0 (q) + [ 5, 0f*(q) 252D 5,dS(q) = 2Ls, = 0
(2.78)

( . b

2702 (p) + J Js, 02*(9) 2582 |5,dS (q) + [ [5, of(q) 2522 |5, dS(q) = 24,

J =nb - T

| 270(P) [ Js, 04°(9) 2L 5,dS(q) + [ Js, of(q) 2R 5 dS(q) = 24P =0
(2.79)

The source densities 0£%(q), 0f%(q) can be obtained by solving the first set of equa-
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tions, and 0°(q) and 02(q) can be obtained by solving the second set of equations.
Once the source densities and Green'’s function are known, the radiation potentials

of ship_a and ship_b can be obtained by solving Equations(2.76) and (2.77).

2.5.2 Radiated Wave Force

Radiated Wave Forces on Ship-a

The radiated wave force of the jth mode of motion acting on ship_a is:

Ff(z,y.z,t) = Re[ffee™Y (2.80)

where ff* = fRa(z, y, z) is the time independent spatial radiated wave force on ship_a.
[ = fllae 4 fRab (2.81)

where ij““ is the radiated wave force on ship_a due to the oscillation of ship_a itself
while ship_b is at rest, and fj’*“", the interaction term, is the radiated wave force on
ship_a due to the oscillation of ship.b while ship_a is at rest. By substituting the
radiated wave potential of ship.a Equations(2.76) and (2.77) into Equations(2.7) and

(2.3) we can obtain the radiated wave force for ship_a as follows,

fhaa pwgzﬁ:zz{ / /s  RelofIn3dS + g— / /S ., Im[%;f]n;ds

k=1

- ;1- / [ fm[wz-w,]n;ds}
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+ ipwe kz::l 0 {we / /S Imlgginds — U / /s ,. Re[%%"-]n;ds

+ [ [ Relver - Vo ngds} (2.82)

& a U a¢b a
R = ng\;lzz{ A Reltlngds + — [ [ Im[Z¥Inzds
1 b a
- = / /s a Im[V¢k-V¢,]nde}

6

. . ¢!
+ ipwe Y. ii{we//sa Im[¢}p]n3dS — U //Sa Re[%]n;ds

k=1

+ [ /. e[V} - Vd?s]n;dS} (2.83)
where I} is the complex amplitude of the k** mode of motion of ship_a.

a

22 = Re[zle "<t (2.84)

and Z} is the complex amplitude of the k* mode of motion of ship_b.

z} = Re[zhe ™! (2.85)

Radiated Wave Forces on Ship-b

Similarly, the radiated wave force of the jth mode of motion acting on ship_b is:

F{®(z,y.z,t) = Re[ffte""| (2.86)

Here ff* = ff®(z.y, 2) is the time independent spatial radiated wave force on ship_b.

1= fRa g e (2.87)
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where fJ-R”" is the radiated wave force on ship_b due to the oscillation of ship_b while
ship_a is at rest. fjm’“ is the radiated wave force on ship_b due to the oscillation of
ship_a while ship_b is at rest. By substituting the radiated wave potential of ship.a

Equations(2.76) and (2.77) into Equations (2.7) and (2.4), respectively. we can obtain:

& U 5
Rbb  __ 2§ =b b1 b v k1, b
f; = pw? ézk{//& Re[¢;]n;dS + = / Im [ ] dS

- di [ Im{V6} - Vo Jnbds]

6

+ z'pwez.i'Z{we / /S Im{6lntdS - U / /s Re[aaif]ngds

k=1

+ [ /5 ReV}- V¢s]ngds} (2.88)

g = ety { / / Re[g] "dS+—- / a‘iz]ngds

1 ;a : b
- = / /s ., Im[Vok-V(Dg]nde}

6

+ ipuwe ZEZ{we / /s Imloglntds - U / /s ., Re[%}n?ds

k=1

+ /5 Re[Vey - Vas]nj.ds} (2.89)

Added Mass and Damping Coeflicients
According to Equations (2.84) and (2.85), the body motion of two ships can be

expressed respectively as:

Iy = Re[—iw.Tie "<

£ = Re[—w?zie ! (2.90)
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and

iy = Re[—iwThe ™!

it = Re[—uw?zbe i ! (2.91)

Substituting Equations(2.90) and (2.91) into Equations(2.82) and (2.83), the radiated

wave force on ship.a can be written as:

Raa __ ~a . . aa -a \aa
[0 = —Zppie — TEA
Rab __ b  .ab -byab
f] = -.’I:kﬂjk - xkl\jk (2.92)

where p3¢ is the added mass of ship_a due to the motion of ship_a; p47 is the added
mass of ship_a due to the motion of ship_b; Ajk is the damping coefficient of ship_a
due to the motion of ship_a: and /\“k is the damping coefficient of ship_a due to the

motion of ship_b.

N —

% =p{ / / Re[6g]n2dS + — v / [ 1 [3“"‘] 24S - — / / Im[Vég - Vo, n%dS
(2.93)

e = p{//sa Re[oz]n;45+£//5a Im[%]n;dS- %//; Im|[Vé, - Vo,In%dS
(2.94)

i ——p{wc / / Im[3]n%dS — U / [ el ¢"]n“d5+ / f Re[Vo? - Vo,n “d.S'}
(2.95)

k—p{we / Im[@}]n%dS - U /  Rel ¢"]n“d$+ / / Re[V? - V¢,]n;ds}
(2.96)

N —

where Im|[...] represents the imaginary part of a complex function and Re]...] repre-

sents the real part of a complex function.
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Similarly, by substituting Equations(2.90) and (2.91) into Equations(2.88) and (2.89),

the added mass and damping coefficients of ship_b can be expressed as:

p = p{//s Re(gp]nbdS + —/ ; Im 6d)"] %dS — —/ g Im[Vé. - Vo,]n dS}
(2.97)

ﬂg',:=p{ / /. Relof] °dS+— / [ m| a""‘] 1S - — / JA b Im[vczsz-w,]ngds}
(2.98)

A% = p{we//Sb Im[é}]nldS — U//s,, Re[%}ngds + //Sb Re[Vé} - V¢,]n§d$}
(2.99)

Aba — p{we / / Im[gg]ntdS — U / Re] ¢"]n"dS + / / Re[Vg? - V¢,]n”dS}
(2.100)
where Il??c is the added mass of ship_b due to the motion of ship_b, ug‘,‘c is the added
mass of ship_b due to the motion of ship_a, )\9’-',’c is the damping coefficient of ship_b
due to the motion of ship_b. and /\3’-‘,‘: is the damping coefficient of ship_b due to the

motion of ship_a.

2.6 Wave Exciting Force

The wave exciting forces on ship_a and ship_b for the jth mode of motion can be
expressed by the sum of the Froude-Krylov force and diffracted wave force as:

F¥e=F/*+ FPe (2.101)

F**=F/*+ FP* (2.102)

J
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The wave exciting force on ship.a can be written as:

F}¥® = Re[f}Voet!| (2.103)

J

where

fre=fle+ fPe (2.104)

fj' ¢ and fJ-D" are time-independent and have already been given in Equations (2.56)

and (2.70), respectively. Similarly, the wave exciting force on ship_b can be shown as:
F* = Re[f}"be™""!| (2.105)

where

fWo = flo 4 Db (2.106)

f]® and fP® are time-independent and have already been expressed in Equations

(2.38) and (2.71), respectively.

2.7 Coupled Motion Equations

Finally. we are ready to write the equations of motion of two ships advancing in waves.
Substituting Equations(2.101), (2.102), (2.11), (2.12) into Equations(2.17) and (2.18),
after moving the terms of radiated wave forces to the left-hand side of the equations
and with the definition of added mass and damping coefficients in Equation(2.93) to
Equation(2.100), we are able to derive the coupled motion equations of ship.a and

ship_b in the following forms:
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6 -
> {[—we(mfe + ugg) — iweA3E + Colze + (w22 — iw AR]Z2} = f¥*  (2.107)
k=1

6
> {[—wluge — iweARITE + [—w2(mb + pth) — iwed + CEIZ} = Y0 (2.108)
k=1

where 7 =1,2,...,6 and

mj, = mass matrix of ship_a

m$, = mass matrix of ship_b

ik = restoring force coefficient matrix of ship_a

C?, = restoring force coefficient matrix of ship_b

Z; = complex motion amplitudes of ship_a

#! = complex motion amplitudes of ship_b

We can see that in the case of two ship motions, there are two sets of coupled motion

equations. Compared to the motion equation of single ship motion, there are two

more terms that appear in each set of equations which take into account the radiated
wave effect from the other ship. By solving coupled motion Equations (2.107) and

(2.108) we can obtain the motions of ship_a and ship_b. To numerically implement

this. Equation(2.107) and Equation(2.108) must be discretized and written in a ma-

trix form. This will be discussed in the Chapter 4.

2.8 Viscous Roll Damping

The roll motion of ships has a great impact on ship operations. However, theoreti-
cal prediction using the aforementioned potential theory cannot give satisfactory roll

motion results comparing with the experimental results. For most ship hull forms,
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the radiation damping predicted for the potential flow around the hull forms is only a
fraction of the total roll damping which is experienced in reality. The discrepancies,
according to many studies, are mainly caused by the viscous roll damping. Hull forms
with relatively sharp corners at the bilges and/or at the keel will shed eddies as the
ship rolls. This absorbs a good deal of energy and is a significant source of additional
roll damping. Skin friction forces on the surface of the rolling hull may also be sig-
nificant and any appendages will generate forces which oppose the roll motion. The
effect of eddy shedding, skin friction, bilge keel and other appendages such as rudders,
fins on the roll damping experienced at low forward speed will arise because of the
influence of viscosity which is neglected in theoretical computation. To correct this
problem, Schmitke’s method (1978) is adopted to calculate the viscous roll damping

of the two ships separately.

The viscous roll damping coefficient can be expressed as follows:
B}, = Bpx + Be + By + Br (2.109)

where Bgy, Be and By denote contributions from bilge keels, eddy-making resis-
tance of the hull. and hull friction. respectively. Bf represents the viscous effect of
appendages other than bilge keels(rudders, fins, etc.) at zero speed. Each component
can be computed from the following empirical equations:

Bilge Keel
1
BBK = Fplbkrsweﬂ.quCaCkC"BF—a (2.110)

where [ is the bilge keel length, b; bilge keel breadth, r the distance from the centre

of the bilge keel to the centre of gravity of the ship, w, the frequency of encounter,
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ns the roll amplitude, and o the foil angle of attack. Cy, C,, Ci,Cr. B, and F are
coefficients depending on the ship form and Reynolds number. They are given by
Schmitke (1978).
Eddy-making

4

== 3 111
Be = —puwenir”SC (2.111)

where S is the wetted surface area of the hull section, and C is a drag coefficient

depending on the hull form.
Hull friction

4

By = 3—7rpwe774CDF/Ldl‘ /c, r(yna + zn3)?dl (2.112)

where Cpr is the skin friction drag coefficient, C; is the hull cross section, d! is the
girthwise length element.
Other appendages(rudders, fins, ...)

4
Br = —puwem 3_(y° + 2*)*2SC,, (2.113)

where C, is the normal force coefficient for a flat plate inclined at a large angle to

the flow.

Viscous roll damping is a nonlinear function of roll amplitude. It is computed by
an iterative scheme. The computation of viscous roll damping is initialized from the
computed motion responses based on the potential theory, and the linear roll damping
coefficient is replaced with the viscous roll damping coefficient in the equations of
motion. The computed roll motion amplitude is then used to compute the viscous

damping again. The iteration will continue until a given criterion is satisfied.
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In our computation, the criterion for iteration is set to be

k+1 k
b3 — b§Y)

T < 0.03 (2.114)
44

where £ is the iteration index number. When k = 1, bgi) = byy which is the same as

the non-viscous roll damping coefficient calculated from the radiated wave potential.



Chapter 3

Green’s Functions and Their

Numerical Analysis

3.1 The Integral Form of Green’s Function in Fi-

nite Depth of Water

For a fluid of constant finite depth h with vanishing normal velocity on the bottom,
the Green function: which is Equation( 2.62). can be expressed in terms of integral

as follows (Wehausen & Laitone. 1960):

1 1
Glpq) = —+—

9PV /‘ (1 + K) exp(—ph) cosh (u(¢ + h)) cosh (u(z +h))Jo(uR)d#

M 4 - sinh(zh) — K - cosh(zh)
27 (k + K) exp(—kh) sinh(kh) cosh(k(¢ + h)) cosh(k(z + h))
T K - h + sinh?(kh) Jo(kR)
(3.1)

47
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where
K = %2 = k - tanh(kh) (3.2)

r=[{z-&2+@y~-n’+ (-0 (3.3)

rt=[z - €2+ (y— 0+ (z +2h+()? (3.4)
R=[(z-€’+(@y-n?: (3.3)

and g is an integral variable, p = p(z,y. 2) is the field point; ¢ = ¢(&,7n,() is the
source point; h is the water depth: r* is the distance between field point and image
source point and k = 27/ is the wave number. PV’ indicates the Cauchy principal
value of the integral which has a singularity at y = k, whereas J denotes the Bessel

function of the first kind of zero order.

3.1.1 Method to Solve Cauchy Principal-Value Integr_al

There is a principal-value integral with a pole at 4 = k in the integrand of Equa-
tion( 3.1). The contour of integration passes above the pole to satisfy the radiation

condition of outgoing waves at infinity. Consider the principal value integral of the

form.
T exo(=z)- L4z = P [ exp(—1) -
P‘/O exp(—z) g(:c)dr_P‘/o exp(~z) - F(x)dz (3.6)
where
F(z) = 12 (3.7)
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When g(z) has a pole of one degree at z = a, F(z) is no longer bounded. In the

vicinity of the singular point, F(z) is approximated by:

f(a) (3.8)

F(.’L‘) jad Fl(.’L’) = m

Then, Equation( 3.6) can be rewritten in terms of the sum of I; and I, as follows:

PV /Ooo exp(—z)F(r)dr = /Ooc exp(—z)[F(z) — F\(z)]ldz
+ PV / * exp(—z) F (z)dz
0

3.1.2 Basic Theory to Evaluate the Cauchy Principal-Value

Integral by Gauss-Laguerre Quadrature

The Gauss-Laguerre quadrature is used to approximate the integral in the following

form:

oc N
/0 r" exp(—z) f(z)dz = 3w (z) (3.10)

where w; is a weight factor: z; is the ith zero of the nth Laguerre Polynomial Ln(x);
and the integrand f(z) is bounded. Substituting Equation( 3.8) into Equation( 3.9),

we obtain

L = ["exp(-2)[F(z) - Fi(z)}dz

e f(z) f(a)
- /o (1) {02 " G ag @

(3.11)



I, = PV / ~ exp(—z)F\(z)dz

_ exp(-2) ,_ f(a)
A

_ g fla)

= H g (a)

Lettingz —a =t, z = a + t, then

H = PI/ exp(=2) 4,

r—a
= p‘,«'/m i’tp_(—ta___tldt

= PV exp( a)——p(—t—)dt

—-a

= exp(—a)- - PV

—-Qa

= —exp(—a)E;(a)

exv( t) dt
t

Therefore.
_ f(a)
I = —exp(-a)Ex(a) - 2os
and.
Px/ exp(— f(z?d = I+1,
_ () f(a)
= /o exp(~2)(L 9(z) ~ (z-a)g(a)
~ exp(~a)Ei(a) L@

g'(a)

}dz

(3.12)

(3.13)

(3.14)

(3.15)

The integral in Equation(3.15) can be solved by Gauss-Laguerre quadrature which is

shown in Equation(3.10), where 7 = 0.



3.1.3 Treatment of the Integral Form of Green’s Function

From Equation( 3.1),

Gpq) =Gim+Gire+Gpy (3.16)
where
Gim = ! + l, (3.17)
r T
_ oprr [ (.t K) - exp(—ph) - cosh (u(C + h)) - cosh (u(z + b))
Cire = 2P /o - sinh(uh) — K - cosh(uh) Jo(uR)du
(3.18)

(k + K) exp(—kh) sinh(kh) - cosh(k(C + h)) - cosh(k(z + h)) - Jo(kR)
Kh + sinh?(kh)

G” =127 -
(3.19)

Non-dimensionalized Integral Form of Green’s Function in Finite Depth

of Water

Because of the depth h involved in the Green’s function in finite depth of water,
we made the Green function dimensionless by multiplying the depth hA. Then, the
product G - h is regarded as a function of non-dimensional parameters. We introduce

the non-dimensional parameters as follows:

=R -h. vo=k-h, v=uypu-h
Lo R_YE-9 -
l—h— h r 2_h7 3_h
Then.,
=2 =% =Y
K=po k=3 w=g



R=r,-h, c=r1y-h, z=r13-h

Substituting K, k. u, R, c, and z into Equation( 3.18) and Equation( 3.19), we obtain:

) (v + ) cosh(v(ra + 1)) cosh(v(r; + 1))

oc
Gipoh = 2PV/ exp(—v -
0 vsinhv — o cosh v

-Jo(vr)dr (3.20)

There is a singularity at v = vy in the principal value of the integral in Equation( 3.20).

Upon defining in Equation( 3.15),

f(v) = (v + o) cosh(v(rz + 1)) cosh(v(rs + 1))Jo(vry) (3.21)
g(v) = vsinhv — gcosh v (3.22)
g (v) = sinhv + vcoshv — osinh v (3.23)

Then Equation( 3.20) becomes,

oc (v + o) cosh(v(ry + 1)) cosh(v(rs + 1))
= 2 xp(—
Grrh /t; exp(—v)( vsinh v — ¢ cosh v
(vo + o) cosh(vg(ra + 1)) cosh(vy(rz + 1))Jo(vory)
(v — 1) (sinh vy + 1o cosh vy — o sinh vg)
(I/o + 0) COSh(Uo(T2 + 1)) COSh(Vo(T3 + 1))-]0(1/07'1)
~up) E; -
(=#0) Ei(vo) sinh vy + v cosh 1y — o sinh v,

Jo(vry)

|dv

— 2exp

(3.24)

The integral in Equation( 3.24) will be solved by using Gauss-Laguerre quadrature.

According to Equation( 3.19).

Gih = i27r(u° + 0)e™" sinh v cosh(vy(r2 + 1)) cosh(vp(r3 + 1)) Jo(vor1)
! o + sinh? v

(3.25)



G can be computed directly from Equation( 3.25).

Analytical Expressions for the Derivatives of the Integral Form of Green’s

Function

According to Equation( 3.24) and Equation( 3.25), the derivatives of G, and G,

can be expressed as follows:

Gire _ 2 /°° e_u[(u + o) cosh(v(rz + 1)) cosh(v(rs +1))Ji(vr1)v  (z = §)
or - h3 Jo vsinh v — o cosh v T
+ (v0 + o) cosh(vo(r2 + 1)) cosh(ve(rs + 1)) Ji(ver)vy  (z — §)
- - . ldv
(v — vp)(sinh vy + vg cosh vy — o sinh 1) T
+ 36‘"°Ei(uo) (vo + o) COS‘h(Vo(Tz + 1)) COSh(Vo(T3.+ 1))Ji(vor1) 0
h3 sinh vy + 1 cosh vy — osinh 1y
x Z=%) (3.26)
Ty
Gire _ _ 2 /x e“"[(u + o) cosh(v(ry + 1)) cosh(v(rs + 1)) Ji(vri) - v (y — 1)
oy h3 Jo vsinh v — o cosh v T
. (1o + o) cosh(vp(ra2 + 1)) cosh(vo(rz + 1)) - Jy(vory) - v (y — 1)
- - . |dv
(v — vp)(sinh vy + vy cosh vy — o sinh 1) T
2 _, (vo + o) cosh(vg(ra + 1)) cosh(vp(rs + 1))Jy(vor) - 1o
—_— 0 )
* R3¢ Ei(vo) sinh vy + v cosh vy — o sinh v,
« W-m (3.27)
T
OGrr2 2 /xe_‘,[(u + o) cosh(v(ry + 1)) sinh(v(r3 + 1)) Jo(vry) - v
= h2Jo vsinhv — o coshv

_ (v + o) cosh(vy(ra + 1)) sinh(vo(rs + 1)) - Jo(vory) - Uo]du
(v — vg)(sinh vy + yg cosh vy — o sinh 1)
2 (v0 + o) cosh(vg(re + 1)) sinh(vy(r3 + 1)) Jo(ver1 )10

—vo
- —e "Ei() - -
h2 ! sinh vg + g cosh vy — o sinh v,

(3.28)



And,

oG,
or

G

oG
oz

3.1.4

2 (v0 + 0)e™ " sinh vy cosh(vp (12 + 1)) cosh(vp(rs + 1))J; (vor: )
h3 o + sinh? i,

ﬁ (3.29)

2r (v + o)e™" sinhyg cosh(vp(rz2 + 1)) cosh(vy(r3 + 1)) J1(vor1)ve

_Z-—— .

h3 o + sinh? i

y-m (3.30)

L

z_2_7r (v + o)e™™ sinh yg cosh(vg(r2 + 1)) sinh(vy(r3 + 1)) Jo(vo71) - Vo
h? o + sinh? vy
(3.31)

Verification and Comparison of the Integral Form of

Green’s Function

To verify this method. Green’s function G(z,y. —h:£.0.0) in Equation( 3.1) is cal-

culated under the condition k& - h = 5.000454 and A - h = 5.0, where k£ and A both

satisfy the equation A" = k - tanh(kh). At the field point p = p(z,y.—h) and the

source point ¢ = g(&,0,0):

G(z.y. —h;€,0,0) = 2((z—€)*+y?+h2":

. [* (¢ + K) - exp(—ph) - cosh(ph)

()

2P1 /0 1 ~sinh(uh) — K - cosh(uh) “o#f)dm

i27r(k + K) - exp(—kh) - sinh(kh) - cosh(kh))
K - h + sinh?(kh)

Jo(kR)



(3.32)
where
R=[(z - &+’ (3.33)
The Non-dimensionalized Form
Nondimensionlized Equation( 3.32) can be rewritten as:
_ 2 . [ (v + o) exp(—v) cosh(v)
G hiri..m) = oy + 2P [ s Ty dolriv)dy
+ion (vo + o) exp(—vyg) sinh (1) cosh(vy) Jo(voT1) (3.34)

o + sinh?(1y)

where ry = R/h = [(z — £)? +y2]%/h; c=K-h;vg=k-h;and v = u- h, which is
the positive real root of v - tanh(v) — 0 = 0. The imaginary part of Equation(3.34)

could be obtained directly. The real part of G - h in Equation(3.34):

2 =
_ < (v + o) exp(—v) cosh(v)

=2PV / v -sinhv — o cosh(v) Jo(riv)dv (3.36)

Upon defining
= I—(K)— 3.37
Fi) =22 (3:37)

where

f(v) = (v + o) cosh(v)Jo(vr1) (3.38)

g(v) = vsinh(v) — o cosh(v) (3.39)



g (v) = sinh(v) + v cosh(v) — o' sinh(v)

and using Equation(3.8), for v at vicinity of vy, F(v) becomes

F(v) ~ F(v)

f (o)
(v — v0)g (vo)
(v0 + o) cosh(vg) Jo(vory)

(v — vp){sinh(vp) + v cosh(vy) — o sinh(rp)}

Finally, Q becomes

< _, (v+0c)cosh(v)Jo(vry)
Q@ = /o e vsinh(v) — o cosh(v)
(vo + o) cosh(vg)Jo(vry)
(v — v)[sinh(vp) + vg cosh(¥y) — o sinh(14)]
— e ™E () (o + o) cosh(vg) Jo(vor))
7% sinh(v) + vo cosh(vg) — o sinh(1)

}dv

(3.40)

(3.41)

(3.42)

In this example. 1y = k-h = 5.000454, 0 = K-h = 5.0, The integral in Equation(3.42)

will be solved by using Gauss-Laguerre quadrature.

The Computed Results for Integral Form Green Function

A comparison is made in Figure 3.1 under the condition of k£ - A = 5.000454 and

R - h =5.0. k and K satisfving Equation( 3.2). The real part of the G - h obtained

by the present method with Gauss-Laguerre quadrature (n = 64) is compared with

that obtained by the method of Monacella(1966). The results are virtually identical

which shows that the Gauss-Laguerre quadrature method is very efficient for solving

the integral form of Green’s function.
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Figure 3.1: The real part of Gh with the integral form when Kh = 5.0, kh = 5.000454,
and O<R/h<7

3.2 The Series Form of Green’s Function in Finite

Depth of Water

John (1949:1950) has derived the following infinite-series expansion form for Green'’s

function in finite depth of water.

R? —k? ] )
G(p:q) = 2m- e : ho R -cosh(k(z + h)) - cosh(k(C + h)) - [Yo(kR) — iJo(kR)]
x k2 + R?

+41§1 h+ Kh— kK - cos(kn(z + h))cos(kn(¢ + h)) - K(knR) (3.43)
where. p = p(z,y, z) is the field point; ¢ = q(£,7,¢) is the source point; h is water
depth: J; is Bessel function of the first kind; Y} is Bessel function of the second kind;

and K is the modified Bessel function of the second kind; and R = [(z—¢€ )2+(y—17)2]%.



k is positive real root of the transcendental equation:

w2
K = 7 = k - tanh(kh) (3.44)

And k, denotes the set of corresponding positive real roots of equation:

ky - tan(kp,h) = - K (3.435)
From Equation( 3.43)
G(p;q) = Re{G} + Im{G} = Gsp + Gy (3.46)
where,
K2 _ k2 .
Gsg = 2rx- h - Kht K - cosh(k(z + h)) - cosh(k(¢ + h)) - Yo(kR)
14> K stka(z + b)) cos(k (C + h)) - Ko(knRY3.47)
~ Bh+K?h—K miE T ) COStEn otFn A9
I\-'2 _ k2
Gs; = —-2m - cosh(k(z + h)) - cosh(k(¢ + h)) - Jo(kR)

"k2h— K?h+ K
(3.48)

3.2.1 Non-dimensionalized Series Form of Green’s Function
Similar to the integral form, we choose non-dimensional parameters as follows:

oc=K"-h, vo=k-h, ap =kn-h
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Then.

And substituting K, k, k., R, ¢, z into Equation( 3.47), we obtain:
o? -y}
ug —0?+0

+4 Z aza+ :20 - €os(am (2 + 1)) cos(an(rs + 1)) Ko(anr) (3.49)

Gsgh = 2m- - cosh(vp(ry + 1)) cosh(vy(r3 + 1)) Yo(vor)

The rate of convergence of Equation( 3.49) depends primarily on the ratio of R/h,
and the number of terms required for a given accuracy is proportional to h/R. Equa-
tion( 3.49) is not applicable for small values of R/h, since each term of series contains
a logarithmic singularity when R/h = 0. Numerical results confirm these estimates,
and 6h/R is found to be an appropriate number of terms in the series to achieve
enough accuracy in the domain for R/h > 1/2. Wehausen and Laitone(1960) gave

the following equations:

exp(—kh) sinh(kh) _ 2exp(—kh) cosh(kh) _ k- K (3.50)
Kh +sinh®(kh) — 2kh +sinh2(kh) =~ k2h— K2?h+ K )
Then. from Equation( 3.48)
R? — k? , k- K exp(—kh) sinh(kh),
k2 —K?h+ K —(k+ k) k2—K2h+K_—(k+K) Kh + sinh®(kh) (3:51)
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So.

(k + K) exp(—kh) sinh(kh) - cosh(k(z + h)) - cosh(k(c + h)) - Jo(kR)
' K h + sinh?(kh)

Gs[ = 2%
(3.52)

Equation( 3.52) is as same as Equation( 3.19), i.e. the imaginary parts of integral form
and series form of Green function in finite depth of water have the same expression,

i.e. Gs; = Gy;. Therefore, they have the same non-dimensional form G srth = Gyh.

3.2.2 Analytical Expressions for Derivatives of the Series

Form of Green’s Function

Based on the above derivations. it is possible to find the derivatives of G sr and Gg;

as follows:

ang 2T o? — 1/02 . (1' - £)
% = Tm mcosh(uo(rg + 1)) cosh(vy(r3 + 1))}, (vor; )i m
1 & al+o? ] (z — &)
A3 nz=:1 a2 +o0%—o¢ cos(an(r2 + 1)) cos(an(rs + 1)) Ky (an Ry )an m
(3.53)
OGSR 2T o? — l/g ’ (y — 77)
oy = B R-—o’+o cosh(v(r2 + 1)) cosh(vo(r3 + 1))Y1 (vor1 )1 -
4~ _on+d’ (y —n)
TR ngl CY;";‘*T‘_ cos(an(ra + 1)) cos(an(r3 + 1)) K (ap R )y, -

(3.54)
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oG 2T 2 _ 2 . ]
3ZSR = Ez" . uz—————a 02'/_‘:_ - cosh(vy(r2 + 1)) sinh(vo(r3 + 1)) Yo(vory) - 1o
(d
a2 + o? ] ]

Z o + 2 +ol—0o - €os(ay(r2 + 1)) sin(an(rs + 1)) Ko(anR,) - an

(3.55)
and.

0Gsi _ 3G 9Gs1 _ 9Gn 0Gsr _ 9Gn (3.56)

d0r 9z oy oy’ 9z Oz .

3.2.3 Verification of the Series Form of Green’s Function

We again choose the Green's function G(z,y, —h;&,0,0) to verify the real part of
series form under the condition of kh = 5.000454, and vh = 5.0, by comparing its

results with the integral form results. From Equation( 3.47),

1\2 2 ,
GSR(Iv y. _h~ 5* 0? 0) = 27~ k2h - K 2h K COSh(kh’) : O(kR)
oC k? + K2

- cos(knh) - Ko(k,R) (3.57)

Y TR TR

where

oc=HRR-h=35.0. vo=k-h=2>5.000454, a, =k, -h
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_R_\/(l‘—f)2+y2 rmeS_0o R
7‘1—7{— h ) 2_h_" 3—h_
kr are the set of corresponding positive real roots of equation k, - tank,h = — K.
anp -tana, = —0 (3.59)
and o, are the positive real roots of the transcendental equation
an tan o, + 5.000454 = 0 (3.60)

Newman (1985) mentioned that 6./R is an appropriate number of terms in the series
to achieve 6 decimal place accuracy in the domain for R/h > 1 /2. So, the number of

series term in Equation( 3.57) is determined by the following equation:

6h

Mimaz = = = -g- << =12 (3.61)
h

I—=| N

This is the maximum number of terms = 12 when R/h = 1/2. By solving the
transcendental Equation( 3.60), the following 12 positive real roots can be found.

From Equation( 3.49)
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Table 3.1: a values
a; = 0.1941111326F + 01 | a, = 0.5549864292F + 01

a3z = 0.8913572311F + 01 | a4 = 0.1217675018F + 02
as = 0.1539391041F + 02 | a¢ = 0.1858676529F + 02
a; = 0.2176534653E + 02 | ag = 0.2493483925E + 02
a9 = 0.2809822464F + 02 | a;p = 0.3125730133E + 02
aq; = 0.3441323853E + 02 | a2 = 0.3756680298FE + 02

2 _,2

Yy,
27 - ———2— . cosh(vp) Yo (o))

Gsgr - h(ry, o,y
sr - h(r,,0,1p) V3_0+

a + o2
+4 - cos(ay ) Ko(ay,T
nz_:lag +0’2 o ( n) 0( n 1)

5.02 — 5.0004542
= e : 5.000454)Y(5.000454
2T 50004542 + 5.07 — 5.0 OSh(5.000454)¥5(5.000454r+)
Int(6/r,) 2 = 2
a; + 5.0
> a2 + 5.0 —50 cos(an)Kolanry) (3.62)

n=1

Gsp is only the function of ry, i.e.

GSR(I, Y. —h;, a0, O)h. = GSR(TI) (363)

3.2.4 The Computed Results and Discussions on the Series

Form of Green’s function

Figure 3.2 gives the comparison between the integral form and the series form. Very
good agreement is observed except for the region 0 < R/h < 0.5 and 6.5 < R/h <
7.0. There is no convergent solution for series form of Green's function when R/h
approaches to zero. Figure 3.3 gives the comparison of two forms when 0 < R/h < 20.
As we can see, the series form has the stable solution for whole region except for

0 < R/h < 0.5, but for this region solutions can be offered by the integral form.
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Figure 3.2: Comparison between real part of the integral and series forms of Gh when
Kh =5.0, kh =5.000454, and 0 < R/h < 7

The integral form does not have a stable solution when R/h > 7.0. Therefore,
an algorithm has been proposed to solve the free-surface Green's function which
is taking the integral form when 0 < R/h < 0.5. taking the series form when
R/h > 0.5. Figure 3.1 gives the results which are taken from the integral form when
0 < R/h < 0.5 and from the series form of Green’s function for R/h > 0.5. Figure 3.5
to Figure 3.12 give the results when K'h = 0.2,1.0,2.0, 4.0, individually. Figure 3.13
to Figure 3.15 give the Green's function distribution in 3-dimensions for the integral

form . the series form and the combined form.
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Figure 3.3: Comparison between real part of the integral and series forms of Gk when
Rh =50, kh = 5.000454, and 0 < R/h < 20
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Figure 3.4: The real part of Gh combining the integral form with the series form
when R'h = 5.0,kh = 5.000454, and 0 < R/h < 20
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The Comparsion of Re{Gh} Between Integral Form and Series Form when Khe0.2, kh=0.46268, 0<Rh<20

3 T
integral F re———

. Series Fom ——

2.5 - - -

Re(Gh)
o
(4,
T

i L 1
0 5 10 15 20
Rh

Figure 3.5: Comparison between real part of the integral and series forms of Gk when
Kh =0.2,kh =0.46268, and 0 < R//h < 20

The Real Part of Gh Kha0.2, kha(.46268, 0<R/h<20
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Figure 3.6: The real part of Gh combining the integral form with the series form
when Kh = 0.2, kh = 0.46268. and 0 < R/h < 20



The Comparsion of Re{Gh} Between imegral Form and Series Form when Kh=1.0, kh=1.19968, 0<RM<20
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Figure 3.7: Comparison between real part of the integral and series forms of Gh When
Kh =1.0.kh =1.19968. and 0 < R/h < 20
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Figure 3.8: The real part of Gh combining the integral form with the series form
when Kh =1.0,kh =1.19968, and 0 < R/h < 20
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The Comparsion of Re{Gh} Between integral Form and Series Form when Kh=2.0, khe2.06534, 0<R/M<20
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Figure 3.9: Comparison between real part of the integral and series forms of Gh when

Kh = 2.0,kh = 2.065345, and 0 < R/h < 20

The Real Part of Gh Kh=2.0, kh=2.06534, 0<R/h<20
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Figure 3.10: The real part of Gh combining the integral form with the series form
when Kh = 2.0,kh = 2.06534, and 0 < R/h < 20
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The Comparsion of Re{Gh} Between integral Form and Series Form when Khe4.0, khes.00267, 0<R/h<20
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Figure 3.11: Comparison between real part of the integral and series forms of Gh
when K'h = 4.0, kh = 4.00267. and 0 < R/h < 20
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Figure 3.12: The real part of Gh combining the integral form with the series form
when Kh = 4.0, kh = 4.00267, and 0 < R/h < 20
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Integral Form Real Part of Green Function Re{G.h)

“fi31.dat” using 1:2:3

Re{G.h}

0.5

Figure 3.13: The 3-D distribution of the real part of Gh with the integral form when
Kh =5.0.kh = 5.000454, and 0 < R/h < 20

Series Form Real Part of Green Function Re{(G.h}
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Figure 3.14: The 3-D distribution of the real part of Gh with the series form when
Rh =5.0,kh = 5.000454, and 0 < R/h < 20
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3.3 Double Body Flow Disturbance Green’s Func-
tion in Finite Depth of Water

The double-body velocity potential &5 of steady flow for zero frequency can be ex-

pressed as :

Cs5(z,y,2) = Uz + 0,(z,y, 2) (3.64)

the disturbance potential ¢; in finite depth of water for a ship can be defined by

Vi, =0
d¢s o
0z 0 (==0)
9 _o  (:=-h)
Do, ] -
on |5: U - mn . (360)

where U is steady forward speed of ship. A is finite depth of water, (z, y. z) are coor-
dinates of the field point, and n, is the unit normal vector pointing towards a ship

surface in the r—direction.

In the double body flow in finite water depth, satisfying the boundary condition-
s on both sea bottom and rigid free surface simultaneously requires the use of an
infinite row of images, at z = 0, : = +2h, +4h, +6h, +8h, - - -, as illustrated in

Figure( 3.16). Therefore, the double body Green function G(z,y,z;€,1,() or G(p; q)
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Figure 3.16: Double body images

can be expressed as:

Cpg) = ¥ —+-
| i=1 Tu T2
1 1 1 1 1 1
= — 4 —F —F —F —F+— - (3.66)

1 T21 12 T22 T3 T23

where p = p(z,y. 2) is the field point; ¢ = ¢(z.y, 2) is the source point, and

ru=[(z -6+ (y—n)?+ (2 - Q)¢
ra = [(z - €)%+ (y -0+ (z +O)*
re = [(z = €)*+ (y — n)? + (2 — ¢ + 2h)|:
re = [(z —€)*+ (y — n)? + (2 + C + 20)?3
ra=[( - €2+ (y - n)?+ (2 — (- 2n)?}

ros = [(x — €2+ (y — ) + (2 + ( — 2h))2



Chapter 4

Numerical Implementations

4.1 Velocity Potentials

We have described and formulated the steady flow problem, the radiated wave prob-
lem and the diffracted wave problem separately in Chapter 2. We can treat them as

a generalized boundary value problem described by Laplace’s equation:
Vo =0 (4.1)

which will be solved with the following boundary conditions:

Free Surface Condition at z=0: B/ (4.2)
Body Surface Condition on Ship-a: gj—: |s,= B* (4.3)
Body Surface Condition on Ship-b: g—: |s,= B® (4.4)
Bottom Condition : g—:i l:2—a=0 (4.5)
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Radiation Condition: QOutgoing Waves (4.6)

where ¢ is a time independent velocity potential. For steady flow, ¢ can be replaced
by ¢,: for the radiated wave problem. ¢ can be replaced by ¢ or ¢8: and for the
diffracted wave problem, ¢ can be replaced by ¢p. B and B® are the body sur-
face conditions on ship_a and ship_b, respectively. For steady flow, B® = U - n$ and
B® = U -n®. For the radiated wave problem, B® = ng — ;‘l, B® =0;0r B® =nf - g%

B® = 0. For the diffracted wave problem, B® = —%‘—:{- |s, and B® = —a—a‘t;{- ls,- B is

the free surface condition, for the wave radiation and diffraction problems

For double-body flow. B/ becomes

00
0z

1]
I
o

=0,

and it should also be noted that there is no wave radiation condition for the steady
flow problem. According to Green's Theorem, the velocity potential can be expressed
as:

o) = 1 [ [, 0al@Gw.01aS(@) + L [, @Gw.ads@ @7

where o, is the surface source density distribution on ship_a and o, is the surface
source density distribution on ship_b. Corresponding to different problems, o, and
oy will have different values. For example, in a wave radiation problem, o, could
be repiaced by o7?, of® and o, could be replaced by obe, of. In a wave diffraction

problem, o0, becomes ¢, and 0, becomes ¢%. In a steady flow problem, o, becomes
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0% and o, becomes 0%. G(p,q) is the generalized Green’s function. The velocity

potential ¢ can also be discretized as:

f / G(pi. 4;)dS(g;))oi(q;) / / G(pi. 4;)dS(g)]od(a;)
(4.8)

o(p;i) = 47r

where p; is a field point, i = 1,2, 3, .... If p; falls on ship_a and ship_b, we have the

following coupled equations:

o*(pi) = f/ (Pi. 4)Is7dS(g;) ]OJ(QJ)+—Z[// G(p:. 4;)1s,dS(g;)]o3(g;)
(4.9)

npa
() =i 1 [, G g)IstdS@iot(a) + 5= 3 / [, 6 a)lsias(@,)led(q,)
(4.10)

In the first equation, i = 1,2,..., npa, where npa is the total number of panels on
ship_a. In the second equation, i = 1,2,...,npb, where npb is the total number of

panels on ship_b.

By defining:
of = &*(p:) & = ¢'(p;) (4.11)
i = [ [, Giq)lsids(ay) (4.12)
¢ = [ [ Gw.g;)Is1dS(ay) (413)
=//Sé G(p:.4;)|s3dS(q;) (4.14)

6% = [ [, 6u0)isids(,) (4.15)



Equations(4.9) and (4.10) become:
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1 npe 1 npb )
o = — ZG;’]‘.‘U I 4 — ZG?}’J,,J . 1=12,..,npa (4.16)
am = am i3
npa
° ZG ZG oy, i=1,2,...,npb (4.17)
If we further define:
\
(G Gu .. @) (G2 GB ... G,
G — 25 99 ceeee S mpa co — G® G% ... Ggf’np,,
\ ana 1 G;zlpa 2 ceveee G?:;a npa J k ana 1 Graz’;m 2 oo G:l;;a,npb }
(4-18)
(6% Gig ... g, (% G% ..., )
om_ | OB CB o G%n oo_ | CB CB . G,
\ anbl anb? ...... Gf:;)b,npa \ Ge:;)b‘l anb2 ...... Gelbpb,npb )
(4.19)
( o ) e
@8 ¢b
o= ° ot=] "7 (4.20)
\ @ ) <y
Equations(4.16) and (4.17) can then be expressed in a matrix form as:
¢a 1 Gaa Gab Oa
éb T Gba be Tp
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Equation(4.21) is the discretized linear algebra equations for velocity potentials. G2,

G, G* and G® are influence submatrices and can be obtained from the surface

integration of Green'’s function on each panel.

4.2 Green’s Function — Influence Matrices

The generalized Green’s function G(p,q) can be replaced by the specified Green'’s
function to represent different problems. For the steady flow problem, the generalized

Green’s function becomes:

= 1

Cp,g) =G =3 ~+ 1 (4.22)

i=1 Ty T2

For the wave radiation and diffraction problems, the generalized Green's function

becomes:
G(p.q) = G(p.q) (4.23)
where
Gpia) = -+
- apr [ KA ) 0)

2.27r(lc + K)ezp(—kh) sinh(kh) cosh(k(¢ + k)) cosh(k(z + h))

. k
K - h + sinh?(kh) Jo(kR)

(4.24)
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The surface integrations of Green’s function G(p, q) and its normal derivative G,, (p.9)
are treated with the Hess and Smith method(1964). Once the hull is discretized, the
potential influence matrix [G] and the normal velocity influence matrix [G.] can be
computed. The surface integrations of the wave term of Green'’s function G(p. q¢) and
Gn(p.q) are computed by Gaussian quadratures for each p and q. They form the
potential influence matrix and the normal velocity influence matrix of the wave term
contribution, [G] and [G,]. For wave radiation and diffraction problems, the potential

influence matrix is [G]=[G], and the normal velocity influence matrix is [G,]=[G,].

Here we should note that each influence matrix contains four submatrices :

Gas Gab Gnaa Gnab
G Gt G G,.*®

(4.25)

The submatrices represent interaction between the two ships. This will be defined in

detail in the following sections.

4.3 Source Densities

Applying the body surface conditions of ¢ to Equation(4.7), we have the following

integral equations:

270a(p) + [ s, 0a(q) (2L 5,dS(q) + [ [s, 00(q) 2582 [5,dS(q) = 2225 = B3(p)

2704(p) + [ Js, 0a(a) 522 5,dS(q) + J [, ov(q) 2580 5,dS(q) = 2|g, = BY(p)
(4.26)

The source densities g,(q), 04(g) can be obtained by solving the linear equation system



formed by producing a discretized on the from of Equation(4.26):

2””& (px)

2mop(p;i)

By defining:

+ 2 [, Zaethasta o w)

3 G (p:, ¢;) ]
+ XU [, T sias o) = B(p)

+ YU [, Feetisasaie @)

""’ aG(p,,q
+ 3/, %P 41 a5 (g5)l0v (a5) = BO(w)

v [ [ 0C00g) ;e
Gnij —//s,- —an 15a45(4))
3G(puq ;
ab ] 7 )
Gt = [ [, = 5e21s1ds(ay)
a BG iy
Gty = [ [, et asta,

BG (p:. QJ
Gty = [ [, = 5t 153dS(ay)
Bf = B%(p;) &:9@)

o) = ol(g;) ol = ai(q;)

Equations(4.27) and (4.28) can be reduced to:

npa

ZG"‘Jo’a +ZG"lJab =B:’lv 1=1,2,

npa

Y Go +3 Guloy =B,  i=12,..,
j=1 ij=1

npb

npb

ey TIPQ

npb
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(4.27)

(4.28)

(4.29)
(4.30)
(4.31)

(4.32)
(4.33)

(4.34)

(4.35)

(4.36)



If we further define:

aa
n11 Gni2
aa ac
G aa _ Gn2l Gn22 ------
2% =
aa aa
\ Gnnpa,l Gﬂnpa2
ba ba
( Gnl] Gnl2 e
ba ba
G ba Gny Gnyy -
s =
ba
\ G“npbl Gnnpbz .

Ba

:

o
7 )
(B )

B
\ Brpa )

Gab_
n =

Op

[ G,o

ab
Gﬂ?l

K G’l;‘l:a,

( Gn'ﬁ

bb
Gn?l

| Gty

B® =

\ %" )

(5 )
B;

\ Br
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Gﬂ?g ...... Gn ‘ll,bﬂpb
G ... Gn3oups
1 Gns s Groanpb
(4.37)
G"?g ...... Gng?npb
G2 ... Griaonps
Gnllys oo Grobnpb
(4.38)
(4.39)
(4.40)

we obtain the linear equation system for the source densities in matrix form as:

G
G

aa ab
n Gn

ba bb
n’ Gn

Oq

Op

Be
Bb

(4.41)
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This is the linear algebra equation system for numerical determination of the source
densities. This represents the basis of the numerical implementation. G,*, G,®,
Gn", G, are influence submatrices and their elements can be obtained from Green's
function computation for each ship hull panel. B® and B® are the body surface condi-
tions on ship_a and ship_b which depend on the problem considered. By substituting
the known body surface conditions into Equation(4.41), we can obtain the source
densities for the steady flow, as well as radiated and diffracted wave problems. In
the numerical implementation, we solve the wave radiation and diffraction problems
together by assuming diffraction source densities as the seventh component of the
radiation source strength ox. Therefore, we can solve just one set of linear equations

foreach oy, k=1,2,...,7.

Once the source strength o, and o, are known, Equation(4.21) can be solved for veloc-
ity potentials, and then the hydrodynamic coefficients and forces can be determined.

The latter are required for solving the equations of motion.

4.4 Ship Motions

As discussed in Section 2.7, the coupled motion equations for two-ship interaction are

given as follows:

6 6
D_[—wiml + ulp) — dwe X% + C& 132 + Y [—wluR —iw )zt = fV, j=1,2,..,6
= k=1

k=1
(4.42)
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3 [—wiul — iwe o) zh Z my + pip) — iw Al + Chlzh = fM, j=1,2,..,6
k=1
(4.43)
If we define:
M2 = —w2(my + plf) — iwe\ip + (4.44)
M = —w2plp — iw A% (4.45)
M} = —w2uly — iw A (4.46)
MR = Wi (ml + pl) — iwe A + CY (4.47)
we have:
6 -
> MRz + Z MRz = f*2, j=1,..6 (4.48)
k=1
6
S Mz + Z MRz = f¥% j=1,..,6 (4.49)
k=1
Further more, if we define:
( Mes Argg Afga ) ( MY M ... Mg
Mg Afge RV MZE Mg Mg
1[0 = 21 22 26 ALt — 21 22 26 (4.50)
| Mae Mg ... Mg ) \ Mg M ... M
( Mb AP Mbe ) ( M ME .. M
ME OALEE L. M2 M M® . M
At = 21 22 26 MY = 21 22 26 (4.51)
| M& Ml MY | M& MY ... M
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(4.53)

the discretized equations of motion in the matrix form can be written as follows:

Afea \fob I°

AMbe e b

]

f Wa
f Wb

(4.54)

This is a complex linear algebraic equation system with 12 unknown complex variables

for the motion displacements. Finally, the motions resulting from ship interaction can

be numerically determined from this system.

4.5 m-terms

The integral equations in Equation(2.34) can be discretized as follows:

a¢s(pi) _ 1
or IpcS.1 = Z;qusaf(Qj)//;%

8G(p, q)
dn(q;)

[pes.dS

(4.55)



- FEmiw) [ [, 600l
JG(p,
* m o) |, 00, as:

_ E;ml(qj)//si G(p.9),.s,dS

9s(p:)  _ 1 3G (p, q) -
or s = g 20w [ [ G esds (4.56)
- F X i) [ [, 60l ds
dG(p,
+ —Z¢35(QJ)// an((z; ()I)IP!Sb

- E‘;}:ml(qj) [ [, 6®.a)ls,s
Equations( 4.56) and ( 4.57) can be rewritten as :

Z(//s, G'(p,q)lp.sads)m‘f(qj)+2(//sj G(p.q)l s, dS)mb(g;) =

oG oG 09 (p;
//SJ 6n(p ) lpes.dS)0s¢(q5) +Z(//, 6n((1’3‘)1)Ipesads;?)@{(qj)—47r%ip—)|msa
(4.57)

S(f [, 6 0)usd @)+ [, 6.0, dS)mi(a;) =

aG oG (p, 00, (pi
S [, Tt wsdoctais D [, G, a5t -an 22
(4.58)

If we define:

g =[[,60aluds, C=[[ Coal.ds (45
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ab __ A Abb -
63 =[[,60alsds %= [[ 6waleds (4.60)
9G(p,q) q) ; ba 3G(p,q)
n!] -/‘/S“J an( IP(SndS, G"ij = f,[gJ an(qJ lpedeS (461)
9G(p. q) 8G(p,q)
vu] .//.;‘1 an(q] IPcSadS "U ././;J an(q |pcS,,dS (4.62)
a a(bs i a¢s i
¢sz(pi) = aip )lPGSav ¢s2(Pz) = 8:(z:p )lpcS(, (4.63)
we obtain:
it npbd .
z Gl]aml] + Z Gl]bmljb Z anJa¢3€J + Z G"!Jb(b-"fb 41r¢u,, =1,..,npa
a=1 = =
] - ] (4.64)
npa
Z Gk]“mlJ + Z Gk]bml]b Z G""Jaqssfj + Z G""Jb¢"f 47r¢b1'k’ =1,.., npb
a=1 = =t —
J " ’ " (4.65)

This is a linear equation system with unknowns my;, and my, . If we define:

“aa Saa ~aa / “ab ~ab ~ab \
( Gll Gl:-) ------ Gl'npa Gll Gl2 ------ Gl'npb
“~aa Saa “aa ~ab “vab “~ab
Gaa _ 21 22 ------ G2'n?a Gab _ Gzl G22 ------ G2'npb
G G Gaa Gab Gab Gab
\ npa,l npa,2 -0 npa.npa \ npa,l npa,2 *°°° npa,npb



~ba “vba “ba ~bb “bb ~bb \
Gll Glz ...... Gl‘npa \ ( Gll G12 ------ Gl'npb
“ba “ba “vba ~bb “vbb al )
. G G G e - G G ... G2,
G” = G% =
ba -
\ anbl anb2 """ anb npa J \ anbl anb2 """ anb npb
(4.67)
s aa ~ aa -~ aa \ =~ ab =~ ab ~ ab \
( Gnll Gnlz ------ G"I'npa ( Gnll Gnl? ------ Gnlvnpb
5 aa s aa -~ aa =~ ab =~ ab -~ ab
~ aa Gn21 Gﬂ22 ...... Gn2'npa ~ ab Gn21 Gn22 ...... Gn2 npb
Gn = Gn =
s aa s aa s aa =~ ab = ab ~ ab
K Gﬂnpa,l Gﬂnpa,2 """ Gnnpa.npa } \ Gnnpa.l G"npa2 """ Gnnpa.npb
(4.68)
( - ba 5 ba - ba \ ( < bb 5 bb < bb
Gnll Gn 12 ------ Gnl‘npa Gnll Gn 12 ------ Gnl'npb
- ba < ba ~ ba ~ bb -~ bb ~ bb
-~ ba Gﬂ?l Gn22 ...... Gn2'npa ~ bb anl G"22 ...... Gn2.npb
Gn = Gn =
~ ba - ba 5 ba -~ bb -~ bb -~ bb
\ Gnnpb.l Gnnpb.? """ Gnnpb.npa / \ Gﬂnpb,l G"npb,2 """ Gnnpb,npb )
(4.69)

M = M} = (4.70)
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( 251 \ ( ¢g£1 \ ( ¢g:tl \ ( ¢21’l \
a d)b a d)b
P = 2 B = 2 @2, =| e, =| (4.71)
a b a b
\ d”fnpa } \ ¢3€npb } \ ¢stnpa ) \ Psznps )
Equation(4.64) and (4.65) can be rewritten in the matrix form as:
Gaa (rab M3 G* G." | [ @2 @9,
o = - ba - b - (4.72)
Gbe Gt M? Gn Gn ®,¢ @3,
Similarly, we can derive the linear algebraic equations for m, and m;
Goa G\ [ Mg Ga* G." ) [ @0 &2,
o = - ba - b - (4.73)
Gta Gbb M Gn G ®,) ®:,
Gaa Gab -"[g Gnaa énab @sg q)g:
. - = -~ ba ~ bb - (4'74)
Gba be ;‘Ié’ Gn Gn (bsl(, (I)g:
where:
( m3, \ ( m3, \
ms m}
Mg=| % ME=] T2 (4.75)
b
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(o5, (6% ) (¢, ) (&, )
a b \a b
9 = | O o, =| P | g | % gt = | P
\ ¢g”npa } \ ¢g"npb } \ ¢:ynpa \ ¢gynpb }
(4.76)
( m3, ) ( m3, )
a b
Me=| T2 m=| ™ (4.77)
\ M3npa ) Sy

' gC[ \ ( ¢2C1 \ ( ¢azl \ ( ¢gzl \
38 #® 8°, b,
o1 = o = | 2 oo = [ 2 #.=| " | (s
\ og(npa ) ¢gCnpb J \ ¢a2npa ) \ ¢22npb }

Equations(4.72). (4.73) and (4.74) are the linear algebraic equation systems used
for numerically solving the m;-terms, j = 1.2.3, of two-ship interaction. m;-terms,

J = 4.5.6. can be obtained from Equations(2.39) to (2.44).



Chapter 5

Results and Discussions

In order to demonstrate the proposed Green's function algorithm, interaction theory
and shallow water theory. numerical computations were carried out by performing
two test cases, and then numerical results of two ship interactions in 11 cases are

presented and discussed in this chapter.

5.1 Code Validation:

Due to the scarcity of experimental data and published numerical results in the open
literature for seakeeping of two ship interactions in close proximity in the shallow
water region, two identical simple geometric structures (i.e. circular cylinders) for
which data are available were chosen to verify the computer code. In Section 5.1.1,
two circular cylinder interactions in finite depth of water were considered and results
obtained with our code were compared with published results by Matsui & Tamak-

i(1981). In Section 5.1.2, two circular cylinder interactions in a shallow water region
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were considered and results were compared with published results by Williams(1988,

1989).

5.1.1 Two Identical Circular Cylinder Interactions in Finite

Depth of Water

In this test case, the radius of each cylinder r = q; the draft of each cylinder 7 = 0.5q;
each cylinder has been discretized by 98 panels which are shown in Figure 5.1, for
water depth /2 = 10a: the ratio of water depth to cylinder draft § = h/T = 10; the
longitudinal separation distance dr = 0.0; the lateral separation distance dy = 3a;
lateral gap Gy = 3a; wave heading B8 = 90°. The details are shown in Figure 5.2 and

Figure 5.3. The mass of body is 0.5pma®, mass moment of inertia is 0.75pma5.

In Figure 5.4, results are presented for non-dimensional vertical and lateral hydrody-
namic interaction wave exciting forces and non-dimensional lateral dynamic responses
with varving frequency parameter ka for cylinder_a and cylinder_b, where k is the
wave number. The wave exciting forces are non-dimensionalized by the factor pg(,a3;
p 1s the water density: g is the acceleration of gravity; and (, is the wave amplitude.
For cylinder.a, the vertical wave exciting force and the lateral motion provide very
good agreement with Matsui & Tamaki’s results; but the lateral wave exciting forces
around ka = 0.8 and ka = 1.2 are slightly larger than Matsui & Tamaki’s results. For
cvlinder_b, the lateral wave exciting forces and the vertical motion are in reasonable
agreement with those obtained by Matsui & Tamaki. However, the present result of
lateral motion is smaller at ka = 1.0. Figure 5.4 demonstrates that the present algo-

rithm and theories can provide accurate prediction of the interaction wave exciting
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Figure 5.1: Panelized cylinder_a and cylinder.b for test case 1

forces and motions.

In Figure 5.5, the comparisons of wave radiation forces are presented in terms of
dimensionless added mass and damping coefficients which are non-dimensionalized
by dividing 0.3pma® and 0.5pwma?, respectively. Where w is the wave frequency, good
agreements were found. However, for added mass, a3y, and damping coefficient, b3y,
of interaction terms. a little discrepancy can be seen when ka > 1.0. For the surge
added mass and damping coefficients a? and 4%, a small deviation can be found
when ka > 0.8. The heave added mass and damping coefficients a3y and b3y, agree
well. This test case can show that the numerical method and algorithm for finite

depth water interaction problem are encouraging.
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Figure 5.2: Relative position of two cylinders: dr = 0.0, dy = 5a for test case 1
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5.1.2 Two Identical Circular Cylinder Interactions in Shal-

low Water

A further validation is made for two cylinder interactions in waves in shallow water,
and the results were compared with those of Williams (1988, 1989). In this case, the
radius of each cylinder r = a; the draft of each cylinder T = 3a; and, each cvlinder
has been discretized by 168 panels as shown in F igure 5.6. Water depth h = 10a: the
ratio of water depth of each cylinder to draft: § = h/T = 3.33 < 4.0 which identified
in the shallow water region by Van Qortmerssen(1976); the longitudinal separation
distance dz = 0.0; the lateral separation distance dy = 5a; the lateral gap Gy = 3aq;

the wave heading 8 = 90°. The details are shown in F igure 5.7 and Figure 5.8.

In Figure 5.9, the wave exciting force results are presented in the dimensionless form
with forces normalized by the corresponding force component on an isolated cylinder
(denoted by F? and F? for the isolated cylinder.a; and F? and F? for the-isolated
cvlinder_b). The lateral interaction wave exciting forces for cyvlinder_a and cylinder_b.
are found to be in good agreement with Williams' results. The vertical interaction
wave exciting forces on cylinder.a are slightly smaller around ka = 0.8 and slightly
greater at ka = 1.2. On cylinder_b. the vertical wave exciting forces are in acceptable
agreement. In the longitudinal direction. the interaction forces are zero because of
the heading angle of 3 = 90.0°. This figure has shown that the numerical method
and algorithm are acceptable for computing the interaction wave exciting forces in

the shallow water region.

In Figure 5.10, the added mass is non-dimensionalized by dividing 0.5pma3 and the
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Figure 5.6: Panelized cylinder.a and cylinder_b for test case 2
damping coefficient is non-dimensionalized by 0.5pwma3. The added mass, a?ib, and
damping coefficients % and b3y, of interaction terms are in good agreement with
results of Williams. The surge added mass on cylinder.a, a%}, is found to be a
slightly larger around ka = 0.5. The added mass. a3y, and damping coefficient, b33,
for sway motion on cylinder_a are found to be in reasonable agreement. Through two
testing cases. the computer code has demonstrated that it is very effective for solving

the shallow water interaction problems as well.
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5.1.3 The Effect of Panel Resolution

In order to investigate the panel resolution effect, computations were carried out
for the two cylinders (given in Section 5.1.1) with 30 panels. 56 panels, 98 panels,
respectively. The numerical results for cylinder_a sway motion and cylinder_b sway
motion on different panels in water of finite depth are shown in Figure 5.11 and
Figure 5.12. As we can see, with 98 panels on cylinder_a and cylinder_b surface, the
converged numerical results have been obtained. Therefore, cylinders with 98 panels
were chosen to perform as two cylinders interacting in water of finite depth in Section

5.1.1.
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5.2 Results for Interactions of Two Ships in Shal-
low Water, Finite Depth of Water and Deep

Water

The ships denoted as ship_a (a supply ship) and ship.b (a frigate), as given by Mc-

Taggart et al (2001), were chosen to perform interactions in waves.

5.2.1 Panelization of Two Ships

According to Hsiung & Huang (1991), the hull surface at one side of the ship with 21
stations is suggested to be discretized into a minimum of 5 panels between every two
stations. Further increasing the panel resolution would not improve the numerical
results for a mono-hull ship. Normally, with 200 panels on a ship hull surface, the
converged numerical results can be obtained. The personal computer memory also
presented the limitation for the ship panel number which should not exceed 300 panels

for each ship. Therefore, ship_a and ship_b were panelized as follows:

Ship_a:

The ship_a hull was panelized directly from the given regular 21 station offset table
by using the computer program PANELGEN (Hsiung et al, 1996). The 210 panels
were produced by using 21 stations, 6 waterlines and 264 nodes. The principal di-
mensions are as shown in Table 5.1. The panelized ship_a and body plan are shown

in Figure 5.13 and Figure 5.16, respectively.



Table 5.1: The principal dimensions for ship.a and ship_b

ship_a I ship_b ]
L, = 180.0m Ly, =122.0m

B, = 30.633m B, = 14.78m

T, = 8.5m T, = 4.5m

V. = 28223.3tonnes Vi = 4023.7tonnes

C¢ = 0.588 Cl =0.484

Xy = —1.688m X, = 3.284m

(aft midships) (forward midships)

Zg = 3.925m Z,; = 2.049m

(relative to the calm waterline) | (relative to the calm waterline)
RS, = 8.047Tm R’ =4.921m

R = 45.0m R = 30.5m

R2, = 45.0m R>. =30.5m

Ship_b:
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The ship_b hull was panelized directly from the given 26 station offset table (from the

software fastship output) by using the computer program PANELGEN. 240 panels

were produced by using 26 stations, 6 waterlines and 300 nodes. The principal di-

mensions are also shown in Table 5.1. The panelized ship_b and body plan are shown

in Figure 5.15 and Figure 5.16, respectively. And the table 5.1 shows that ship_a is

larger than ship_b. Then. the interaction problem would focus on the large-small ship

interactions in shallow water. finite depth of water and deep water.
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Figure 5.13: Panelized ship_a hull (supply ship)
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Figure 5.15: Panelized ship_b hull (frigate)
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5.2.2 The Validation of Two Ship Interactions in Deep Water

The computational results for two ship interactions in deep water case have been val-
idated by McTaggart et al(2001) with a wealth of experimental data by conducting
semi-captive model tests in the towing tank at the Institute for Marine Dvnamic-
s(IMD) in St.John’s. Newfoundland. With the control of speed and heading of ship_a
(a supply ship) and ship.b (a frigate) model tests were performed by restraining the
models in surge, sway and yaw. In order to make comparisons with semi-captive
model tests, in the computer program an input restraint flag was set to indicate that
a restraining force or moment was applied at the centre of gravity of ship_a or ship_b.
Two typical cases were chosen here: head seas for a forward speed of 6.18m/s, with
the ship_b alongside the ship_a (Figure 5.17) and 45m ahead of ship_a (Figure 5.18).
The figures also show the walls of the towing tank. The lateral gap Gy = 30.0m was
set to present the close proximity interactions and Gy = 2000.0m was set to present
that two ships perform individually and no interaction effect is involved. These cases
are presented here because they are the most representative of operational conditions

and likely free of water interference effect.

Figure 5.19 and Figure 5.20 show that the numerical predictions give generally good
agreement with the experiments. The existence of the smaller ship_b has very little
influence on the motions of the larger ship_b. But the larger ship_a has a prominent
influence on the motion of the smaller ship_b, particularly for heave and roll at longer
wavelengths. For the ship_b ahead of the ship_a (Figure 5.20) the experiments could
not be completed for the highest two wavelengths due to excessive motions of the

ship.b (roll amplitude exceeding 30°). The discrepancies between experiments and
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predictions in Figure 5.19 and Figure 5.20 occur for motions of the ship_b in longer
wavelengths due to the limitation of linear assumptions for the large amplitude mo-
tions of ship_b. For zero speed test, the interference effect induced from the existence
of the towing tank wall on both head seas and oblique seas were significant during the
experiments. The interference presence might be solved numerically by distributing

the sources on the tank walls as stationary panels in the future.
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Figure 5.19: Ship motions with ship_b alongside ship_a, 6.18m/s, head seas, (McTag-
gart, Cumming, Hsiung & Li, 2001)
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5.2.3 The Comparisons of Two Ship Interactions in Shallow

Water, Water of Finite Depth and Deep Water

Different from Section 5.2.2, ship.a and ship.b were regards as the unrestrained
rigid bodies for present computations. Four typical water depths were chosen to
present the shallow water, water of finite depth and deep water which are h = 10.2m,
h = 16.0m, h=90.0m and h = oc. Usually, the ratio of water depth to the ship draft,
4, was used to judge the water depth condition according to Van Oortmerssen(1976).
When 1.0 < § = h/T < 4.0, it was regarded as in the shallow water region; when
4.0 < § = h/T < 10.0 it was regarded as in the finite depth of water region; when
6 = h/T > 10.0, it would be considered as in the deep water condition. The § value

details for ship_a and ship_b are shown in Tab 5.2.

In order to observe the effect of wave heading 3 = 180°,150°, 120°, longitudinal sepa-
ration distance dr = 0.0m. 45.0m. lateral separation distance dy = 52.705m, 2022.705m
or gap Gy = 30.0m. 2000.0m and forward speed U = 0.0m/s,6.18m/s on the inter-
actions in the shallow water, finite depth of water and deep water regions, eleven
cases were designed as shown in Table 5.3. For each case, four different water depths
were computed and studied. For ship_a . the ratio of wave length to ship_a length,
A/L,, was chosen between 0.495 and 2.03. For ship_b, the ratio of wave length to
ship_b length .A/L,, was chosen between 0.75 and 3.0. The viscous roll damping was
computed for each case, the details of hull parameters for computing the viscous roll

damping for ship_a and ship_b were reported by Li et al (2000).

The results of wave exciting force and motion are all presented in non-dimensional
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Table 5.2: 6 values for ship_a and ship_b

d=h/T ship_a (8, = h/T,) | ship_.b (0p = h/T})
h =10.2m 1.2 2.27

h = 16.0m 1.88 3.56

h = 90.0m 10.59 20.0
h=oc oo oc

forms. The details are as follows:

For ship_a:
o F;/pg(sLoB,: non-dimensional wave exciting force amplitude in the ith mode,
t=1,23.

e M;/pgC.L2B,: non-dimensional wave exciting moment amplitude in the jth

mode, j = 4,5.6.
® (;/C.: non-dimensional motion amplitude in the ith mode, i = 1,2, 3.

® (;/Cqok: non-dimensional motion amplitude in the jth mode, j = 4, 5, 6.

For ship_b:
e F,/pglsLyB,: non-dimensional wave exciting force amplitude in the ith mode,
i=1.2.3.

e M,;/pgl.LZB,: non-dimensional wave exciting moment amplitude in the jth

mode, j = 4,5, 6.
® (;/C.: non-dimensional motion amplitude in the ith mode, i = 1,2, 3.

® (;/Cak: non-dimensional motion amplitude in the jth mode, j = 4, 5, 6.
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Table 5.3: Cases for study

Case dy Gy dr wave heading 3 | speed U | water depth
No. (m) (m) (m) (m/s) (m)

Case 1 52.705 30.0 0.0 180° 0.0 10.2.16.90.0c
Case 2 92.705 30.0 45.0 180° 0.0 10.2.16.90.0¢c
Case 3 2022.705 | 2000.0 | 0.0 180° 0.0 10.2,16,90.0c
Case 4 92.705 30.0 0.0 150° 0.0 10.2,16,90.0c
Case 3 52.705 30.0 45.0 150° 0.0 10.2,16,90,0c
Case 6 | 2022.705 | 2000.0 | 0.0 150° 0.0 10.2,16,90,0c
Case 7 | 52.705 30.0 0.0 120° 0.0 10.2,16.90,0c
Case 8 | 52.705 30.0 45.0 120° 0.0 10.2,16,90.0c
Case 9 | 2022.705 | 2000.0 | 0.0 120° 0.0 10.2,16,90.0c
Case 10 | 52.705 30.0 45.0 180° 6.18 10.2,16,90,00
Case 11 | 2022.705 | 2000.0 | 0.0 180° 6.18 10.2,16,90,0¢

5.24 Casel

In this case, the arrangement of the panelized ship_a and ship_b is shown in Fig-
ure 5.21. Wave heading 3 = 180°: lateral separation dy = 52.705m and gap Gy =
30.0m: longitudinal separation dr=0.0m; and forward speed U = 0.0m/s are all
shown in Figure 5.22. Figure 5.23 and Figure 5.24 show the positions of ship_a and
ship_b relative to the sea bottom for water depths of h = 10.2m and A = 16.0m.

respectively.

Discussions on Case 1

In Figure 5.25, the non-dimensional wave exciting forces versus A/L, are given for
ship_a. For head sea, the surge and heave forces and pitch moment are very sensitive
to the water depth and increasing with A/L,. The sway force and roll moment were

affected slightly. The water depth does not seem to affect the yaw moment for head
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sea. When the water depth & = 90.0m, the effect of water depth on wave exciting
forces approaches zero. This phenomenon was found by Kim(1969) as well. When
h = oc, the results were obtained by solving the deep water Green'’s function. When
h = 90.0m, the results were based on the Green function of the finite depth of water.
Very good agreement was found between these two methods and proved that the
algorithm we used for solving the Green function in the finite depth of water was
very successful.

In Figure 5.26, the non-dimensional wave exciting forces versus A/L, are given for
ship_b. The surge and heave forces and the pitch moment were found more sensitive
to the water depth than the sway force and the roll vaw moments. However, when
A/Ly > 1.0, a decreasing trend is found with increasing A\/L;, and less effect is found
than with ship_a. Since §, < &,, ship_a forces could have more the shallow water
effect than on ship_b.

In Figure 5.27, the non-dimensional motions of ship_a are presented. Only the surge
motion is increasing with A/L,. The surge motion of the larger ship is also affected
by shallow water for head sea. In Figure 5.28, the non-dimensional motions of ship_b
are presented. Comparing with ship_a, the water depth effect on motions of ship_b
is more significant. The prominent water depth effect on the surge motion for higher
A/Ly values. The shallower water depth made the roll resonance peak to move to a
lower A/L, value area. The sway motion is affected for A/L, > 1.50 and the effect on
the vaw motion starts from \/L, > 1.25. This is because the presence of a larger ship
(ship_a) can significantly influence on the motions of a smaller ship (ship_b) in waves.
Therefore, the motions of the smaller ship (ship_b) in the shallow water region will
be affected not only by the water depth but also by the interaction influence from the

larger ship (ship_a).
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Figure 5.21: Panelized ship_a and ship_b for Case 1
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Figure 5.22: Relative position of two ships: dz = 0.0m, Gy = 30.0m for Case 1
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Figure 5.23: Water depth h=10.2m for Case 1
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Figure 5.24: Water depth h=16.0m for Case 1
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Figure 5.25: Non-dimensional wave exciting force amplitudes on ship_a in Case 1
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Figure 5.26: Non-dimensional wave exciting force amplitudes on ship_b in Case 1
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Figure 5.27: Non-dimensional motion displacement amplitudes on ship_a in Case 1
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Figure 5.28: Non-dimensional motion displacement amplitudes on ship_b in Case 1
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5.2.5 Case 2

The arrangement of the panelized ship_a and ship_b is shown in F igure 5.29. Wave
heading 3 = 180°; lateral separation dy = 52.705m and gap Gy = 30.0m: longitudinal
separation dr=45.0m; and forward speed U = 0.0m/s are all shown in Figure 3.30.
Figure 5.31 and Figure 5.32 show the positions of ship_a and ship_b relative to the

sea bottom for water depths of h = 10.2m and h = 16.0m, respectively.

Discussions on Case 2

In Case 2, the effect of longitudinal separation distance, dr = 45.0m, on the ship
interactions in head seas has been observed. In Figure 5.33, the non-dimensional
wave exciting interaction forces are given for ship_.a. Compariug with Case 1, the
roll and yaw moments of ship.a were affected slightly by dz. In Figure 5.34, the
non-dimensional wave exciting interaction forces on ship_b are given. Comparing
with Case 1. only the peak force value of surge becomes less, and the yaw moment
gets smaller. This means that when the smaller ship moves toward the bow of the
larger ship. the interaction forces is getting less. In Figure 5.35, the non-dimensional
motions are given for ship_a. Comparing with Case 1. there is no effect of dz on ship_a
motion. This means that the effect from dr is not enough to change the motion of
ship_a. In Figure 5.36. the non-dimensional motions are given for ship_b. Comparing
with Case 1. the motions of sway, roll and vaw become less. This means that dz can

affect only the smaller ship’s behavior.
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Figure 5.29: Panelized ship_a and ship_b for case 2
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Figure 5.30: Relative position of two ships: dz = 45.0m, Gy
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Figure 5.33: Non-dimensional wave exciting force amplitudes on ship-a in Case 2
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Figure 5.34: Non-dimensional wave exciting force amplitudes on ship_b in Case 2
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Figure 5.35: Non-dimensional motion displacement amplitudes on ship_a in Case 2
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Figure 5.36: Non-dimensional motion displacement amplitudes on ship_b in Case 2
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5.2.6 Case 3

The arrangement of the panelized ship.a and ship_b is shown in Figure 5.37. Wave
heading 3 = 180°; lateral separation dy = 2022.705m and gap Gy = 2000.0m: lon-
gitudinal separation dr=0.0m; and forward speed U = 0.0m/s are all shown in Fig-
ure 5.38. Figure 5.39 and Figure 5.40 show the positions of ship_a and ship_b relative

to the sea bottom for water depths of h = 10.2m and h = 16.0m, respectively.

Discussions on Case 3

The lateral separation was set far enough to consider ship.a and ship_b performing
individually. The wave exciting forces and ship motions solely come from the water
depth effect. There is no interaction effect involved in this case. In Figure 5.41,
wave exciting forces are given for ship_a. Based on the results of this case, we may
say that the surge. heave and pitch forces in shallow water as in Case 1 was found
mainly coming from the water depth effect. and the moments for sway, roll and yaw
mainly coming from the interaction effect. Very similar phenomena have been shown
in Figure 5.42 for ship_b. In Figure 5.43, comparing with Case 1, the ship_a motions
were not changed by the interaction forces. only the surge motion is sensitive to both
the water depth and A/L,. In Figure 5.44. only the surge motion of ship_b itself
affected by the water depth. Also. comparing with Case 1. we may say that, for
head sea. the smaller ship motion would be affected by the larger ship’s existence and

would take more risk in shallow water than in deep water.
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Figure 5.37: Panelized ship_a and ship_b for Case 3
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131

ship_a ship_b
zz, dy=2022.705m :'
o " vy == v
S=h/T 1.2 Sea Bottom 5,=T =2.267

Figure 5.39: Water depth A=10.2m for Case 3

ship_a ship_b
2z, %
P dy=2022.705m - ’
Qo -~ ~
Y Y,
.=8.5m ' ¥e T =4.5m .
h=16.0m h=16.0m
5 =h/T =1.882 5,=2N/T =3.556
Sea Bottom
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Figure 5.41: Non-dimensional wave exciting force amplitudes on ship_a in case 3
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Figure 5.42: Non-dimensional wave exciting force amplitudes on ship_b in Case 3
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Figure 5.43: Non-dimensional motion displacement amplitudes on ship_a in Case 3
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Figure 5.44: Non-dimensional motion displacement amplitudes on ship_b in Case 3
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5.2.7 Case 4

The arrangement of the panelized ship_a and ship.b is shown in Figure 5.45. Wave
heading 3 = 150°; lateral separation dy = 52.705m and gap Gy = 30.0m: longitudinal
separation dr=0.0m: and forward speed U = 0.0m/s are all shown in Figure 5.46.
Figure 5.47 and Figure 5.48 give the positions of ship_a and ship_b relative to the sea

bottom for water depths of h = 10.2m and h = 16.0m, respectively.

Discussions on Case 4

In this case, the effects of oblique wave, 3 = 150°, on the interaction wave exciting
forces and motions were examined. In Figure 5.49, the wave exciting forces are given
for ship.a. Comparing with the head sea case (Case 1), there is a prominent water
depth effect on forces for sway. roll and vaw. But forces for surge, heave and pitch are
less affected. In Figure 5.50, the wave exciting forces of ship_b are given. Comparing
with Case 1, the water depth has more effects on sway, heave, roll and yvaw. Howev-
er. the wave exciting forces for ship_b are less affected by oblique wave than that of
ship_a. This is because 8, < &, ship_a is more sensitive to the shallower water effect
than ship_b. In Figure 5.51, the motions of ship_a are shown. Comparing with head
sea case (Case 1). the sway. roll and yaw motions are affected by the water depth.
The motion amplitudes of sway and yaw are proportional to the ratio of A/L,. The
motion resonance peak starts to appear for the roll motion in the shallow water re-
gion. The surge motion is close to the head sea case (Case 1). Therefore, the oblique

wave has a considerable effect on the motion behavior of the larger ship motion.
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The motions of ship_b are given in Figure 5.52. Comparing with corresponding case
in Case 1, the surge motion is almost 12 times greater than that of Case 1 when
A/Ly = 3.0 and water depth h = 10.2m. This effect is remarkable. In the roll mo-
tion, the resonance peak shifts toward the lower value of A/L, when the water depth
gets shallower. The yaw motion is about 17 times greater than that of Case 1. The
surge motion is not changed much compared with Case 1. Based on above observa-
tion. it has been found that the oblique wave affects the smaller ship’s seakeeping

and manoeuvring characteristics, particularly when it couples with the larger ship’s

motion.
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Figure 5.45: Panelized ship.a and ship_b for Case 4
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Figure 5.46: Relative position of two ships: dr = 0.0m, Gy = 30.0m for Case 4



139

g.
dy=52.705m 4
v '.
7
} T.asm  T.-esm [} :
) S=NTE12 5 anT 2267 enip b h=10.2m

Figure 5.47: Water depth h=10.2m for Case 4

Zz,
)
z-
dy=52.705m )
Y Ye O,
T, =8.5m
- S ship_b
ship_a 5 anT a1.882 5,=NT, «3.588 h=16.0m
~ Ses Bottom

Figure 5.48: Water depth h=16.0m for Case 4



140

o Two S 50° 0008 Two Sh 150°
- wo Ships, =1 - wo Ships, B=
ps. B 0.005 L ps, B
0.08 - L
o[ @' 0.004 |-
§w0.06 = “a i //-\\\
J s ::190.003 ~ / \\\
5_’_0.04 B %0.00Z [ TN~
0 — :
0.5 05 1 1.5
ML,
Surge force on ship_a at a separation Roll moment on ship_a at a separation
Gy=30.0m, dx=0.0m, U=0.0nmvs Gy=30.0m, dx=0.0m, U=0.0m/s
0.2 0.15
L Two Ships, B=150° Two Ships, B=150°
0.16
o
%0.12
a
20.08
&
0.04
0
0.5
Sway force on ship_a at a separation Pitch moment on ship_a at a separation
Gy=30.0m, dx=0.0m, U=0.0m/s Gy=30.0m, dx=0.0m, U=0.0m/s
0.8 0.05
! Two Ships, p=150° Two Ships, B=150°
0.04 -
06 — ~~
oy > AR
® i T »003F ~<
-~
=04 N -
g go0.02
[ ©
w02 =001
0 0 " d . I " 1
0.5 0.5 1 1.5 2
ML,
Heave force on ship_a at a separation Yaw moment on ship_a at a separation
Gy=30.0m, dx=0.0m, U=0.0m/s Gy=30.0m, dx=0.0m, U=0.0m/s
- ——-h=10.2m(8=1.20), ............ h=16.0m(3=1.88), ———h=90m(5=10.59), °° ° *h=oco(S=o)

Figure 5.49: Non-dimensional wave exciting force amplitudes on ship_a in Case 4
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Figure 5.50: Non-dimensional wave exciting force amplitudes on ship_b in Case 4
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Figure 5.51: Non-dimensional motion displacement amplitudes on ship_a in Case 4
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Figure 5.52: Non-dimensional motion displacement amplitudes on ship_b in Case 4
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5.2.8 Case 5

Figure 5.53 shows the panelized ship.a and ship.b. Wave heading 3 = 150°: lateral
separation dy = 52.705m and gap Gy = 30.0m; longitudinal separation dr=45.0m:
and forward speed ' = 0.0m/s are all shown in Figure 5.54. Figure 5.55 and Fig-
ure 5.56 give the positions of ship_a and ship_b relative to the sea bottom for water

depths of h = 10.2m and h = 16.0m, respectively.

Discussions on Case 5

This case was set to observe the effect of longitudinal separation distance dz in a
oblique wave with heading 3 = 150°. From Figure 5.57, comparing with Case 4, dr
only affects slightly on the sway wave exciting force for ship.a. From Figure 5.58,
comparing with Case 4, the effect of dz is only shown on the surge and pitch wave
exciting forces for ship_b. In Figure 5.59, the roll motion resonance peak is increased
and shifted toward the higher A/L, value. In Figure 5.60, we have observed that only

the ship_b’s roll motion is affected by dz.
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Figure 5.53: Panelized ship_a and ship_b for Case 5
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Figure 5.56: Water depth h=16.0m for Case 5
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Figure 5.57: Non-dimensional wave exciting force amplitudes on ship_a in Case 5
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Figure 5.58: Non-dimensional wave exciting force amplitudes on ship_b in Case 5
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Figure 5.59: Non-dimensional motion displacement amplitudes on ship_a in Case 5
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Figure 5.60: Non-dimensional motion displacement amplitudes on ship_b in Case 5
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5.2.9 Case 6

The panelized ship_a and ship_b are shown in Figure 5.61. Wave heading 3 = 150°;
lateral separation dy = 2022.705m and gap Gy = 2000.0m; longitudinal separation
dz=0.0m; and forward speed U” = 0.0m/s are all shown in Figure 5.62. Figure 5.63
and Figure 5.64 give the positions of ship_a and ship_b relative to the sea bottom for

water depths of A = 10.2m and h = 16.0m, respectively.

Discussions on Case 6

In order to investigate the effect of water depth on a single ship, the the distance
between two ships is set very far with dy = 2022.705m. In this case, ship.a and
ship_b perform under wave heading 3 = 150°, individually. The wave exciting forces
and motions do not include the interaction effect between two ships for this case. In
Figure 5.65, comparing this case with case 4, the surge force of ship.a mainly comes
from the effect of water depth. and the wave exciting forces in the other modes of
motion all have the interaction effect. In Figure 5.66, comparing with this case, the
wave exciting forces of ship_b in Case 4 involve a considerable interaction forces in
all modes of motion. Therefore, the interaction forces cannot be neglected in the
shallow water region. In Figure 5.67, the ship.a motions are not affected much by
the interaction forces. In Figure 5.68, the ship_b’s roll motion resonance peak value

is decreased and shifted in shallow water compared with that in deep water.
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Figure 5.61: Panelized ship.a and ship_b for Case 6
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Figure 5.62: Relative position of two ships: dz = 0.0m, Gy = 2000.0m for Case 6
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Figure 5.65: Non-dimensional wave exciting force amplitudes on ship_a in Case 6



0.08 0.002
L Ship_b Only, B=150° Ship_b Only, B=150°
QO.OG —~
Q L
5004 = /{’1:-:_—??“‘%-\,*”__“
w 0.02 o
0.141.l.l.l.l.lll. o.lxl.lll.lll.lxll
075 1 12515175 2 22525275 3 075 1 12515175 2 22525275 3
NL, ML,
Surge force on ship_b at a separation Roll moment on ship_b at a separation
Gy=2000.0m, dx=0.0m, U=0.0m/s Gy=2000.0m, dx=0.0m, U=0.0m/s
0.12 0.2
0.1 Ship_b Only, B=150° Ship_b Only, =150°
o$0.08 o
3 f 3
g«;o.oe — :‘g .
y [«
£.0.04 - 3
u =
0.02
oh.IlJll,l.l.l.l.l o.l.l.l.l.l‘l.l.IJ
075 1 12515175 2 22525275 3 075 1 12515175 2 22525275 3
ML, ML,
Sway force on ship_b at a separation Pitch moment on ship_b at a separation
Gy=2000.0m, dx=0.0m, U=0.0m/s Gy=2000.0m, dx=0.0m, U=0.0m/s
1.2 0.036
Ship_b Only, B=150° - Ship_b Only, B=150°
1+ 0.03 |-
08 - &5°0.024
| > r
,806 =0.018 -
(= - o l—\‘\
<04 $0.012 75y
uw - S o
02 0.006
0#1,1.1;111.1.1.1. 0>L141.l.l.141ll.1‘
075 1 125151.75 2 22525275 3 075 1 12515175 2 225625275 3
ML, ML,
Heave force on ship_b at a separation Yaw moment on ship_b at a separation
Gy=2000.0m, dx=0.0m, U=0.0m/s Gy=2000.0m, dx=0.0m, U=0.0m/s
-—-=-h=10.2m(8=2.27), ............ h=16.0m(8=3.56), ——h=90m(5=20.0), ° ° ° h=oo(Sxoo)

Figure 5.66: Non-dimensional wave exciting force amplitudes on ship_b in Case 6
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Figure 5.67: Non-dimensional motion displacement amplitudes cn ship_a in Case 6
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Figure 5.68: Non-dimensional motion displacement amplitudes on ship_b in Case 6
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5.2.10 Case 7

Figure 5.69 shows the panelized ship_a and ship_-b. Wave heading 8 = 120°; lateral
separation dy = 52.705m and gap Gy = 30.0m; longitudinal separation dr=0.0m: and
forward speed U = 0.0m/s are all shown in Figure 5.70. Figure 5.71 and Figure 5.72
give the positions of ship_a and ship_b relative to the sea bottom for water depths of

h = 10.2m and h = 16.0m, respectively.

Discussions on Case 7

This is another oblique wave case for wave heading 3 = 120°. In Figure 5.73, the wave
exciting forces are given for ship_a. By comparing with Case 1 (8 = 180°) and Case 4
(3 = 150°), we have found that the surge wave exciting force has a decreasing trend
which is different from Case 1 and Case 4; the peak value for the sway force is about
2 times greater than that of Case 4 and 5 times than Case 1, and the heave force
is greater in the lower A\/L, value. The decreasing trend is also found in the pitch
motion. Roll and yaw forces are similar to the Case 1 and Case 4. In F igure 5.74,
for ship_b. the forces in surge and pitch are generally reduced comparing with Case
1 and Case 4. and the forces in sway, roll, heave and vaw are generally increased. In
Figure 5.75. for ship.a , the sway and roll motions are generally increased, the surge
motion is reduced, and there is no change in the vaw motion in comparison with Case
1 and Case 4. In Figure 5.76, for ship_b. the motion trends are very similar to ship_a.
They are getting greater in sway and roll, less in surge, and no changes in the yaw

motion.
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Figure 5.69: Panelized ship_a and ship_b for Case 7
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Figure 5.70: Relative position of two ships: dz = 0.0m, Gy = 30.0m for Case 7
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Figure 5.73: Non-dimensional wave exciting force amplitudes on ship_a in Case 7
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Figure 5.74: Non-dimensional wave exciting force amplitudes on ship_b in Case 7
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Figure 5.75: Non-dimensional motion displacement amplitudes on ship_a in Case 7
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Figure 5.76: Non-dimensional motion displacement amplitudes on ship_b in Case 7



5.2.11 Case 8

Figure 5.77 shows the panelized ship_a and ship_b. Wave heading 3 = 120°; lateral
separation dy = 52.705m and gap Gy = 30.0m: longitudinal separation dr=45.0m:;
and forward speed U = 0.0m/s are all shown in Figure 5.78. Figure 5.79 and Fig-
ure 5.80 give the positions of ship_a and ship_b relative to the sea bottom for water

depths of h = 10.2m and h = 16.0m, respectively.

Discussions on Case 8

This case is very similar to Case 2 (8 = 180°) and Case 5 (3 = 150°). dz = 45.0m is
set to study the effect of the longitudinal separation distance under the wave heading
8 = 120°. The trends of force and motion are very similar to that of the Case 2 and
Case 5. Here, the computed results for ship_a and ship_.b wave exciting forces and

motions would be a great help for the experimental verification in the future.
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Figure 5.77: Panelized ship_a and ship_b for Case 8

Figure 5.78: Relative position of two ships: dr = 45.0m, Gy = 30.0m for Case 8
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Figure 5.81: Non-dimensional wave exciting force amplitudes on ship_a in Case 8
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Figure 5.82: Non-dimensional wave exciting force amplitudes on ship_b in Case 8
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Figure 5.83: Non-dimensional motion displacement amplitudes on ship_a in Case 8
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Figure 5.84: Non-dimensional motion displacement amplitudes on ship_b in Case 8
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5.2.12 Case 9

The panelized ship_a and ship_b are shown in Figure 5.85. Wave heading 3 = 120°;
lateral separation dy = 2022.705m and gap Gy = 2000.0m; longitudinal separation
dz=0.0m; and forward speed U’ = 0.0m/s are all shown in Figure 5.86. Figure 5.87
and Figure 5.88 give the positions of ship.a and ship_b relative to the sea bottom for

water depths of h = 10.2m and h = 16.0m, respectively.

Discussions on Case 9

In this case, ship_a and ship_b were isolated to perform individually at 8 = 120°. The
effect of wave heading on the wave exciting forces and motions of ship_a and ship_b
1s very similar to those of Case 6. This case gives the further proof of the existence of
interaction effect in shallow water, finite depth of water and deep water. The oblique

wave will affect not only the single ship but also the two ship interactions.



Figure 5.85

Gy=2000.0m

dy=2022.706m

: Panelized ship_a and ship_b for Case 9
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Figure 5.86: Relative position of two ships: dr = 0.0m, Gy = 2000.0m for Case 9
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Figure 5.88: Water depth h=16.0m for Case 9
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Figure 5.89: Non-dimensional wave exciting force amplitudes on ship_a in Case 9
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Figure 5.90: Non-dimensional wave exciting force amplitudes on ship_b in Case 9



Ship_a Only, B=120°

Surge motion of ship_a at a separation

Gy=2000.0m, dx=0.0m, U=0.0m/s

Colla

N W A 00O

-
-
—
-

Ship_a Only, B=120°

1
0
0.

Sway motion of ship_a at a separation

ML,

Gy=2000.0m, dx=0.0m, U=0.0m/s

Ship_a Only, B=120°

Heave motion of ship_a at a separation

ML,

Gy=2000.0m, dx=0.0m, U=0.0m/s

1 1.5
ML,

Roll motion of ship_a at a separation

Gy=2000.0m, dx=0.0m, U=0.0m/s

Ship_a Only, B=120°

v/

Pitch motion of ship_a at a separation

Gy=2000.0m, dx=0.0m, U=0.0m/s

2.5

Ship_a Only, B=120°

ML,

Yaw motion of ship_a at a separation

Gy=2000.0m, dx=0.0m, U=0.0m/s

- —-~=-h=10.2m(5=1.20), ............ h=16.0m(8=1.88), ——h=90m(8=10.59), °°° °h=c0(8=oo)

Figure 5.91: Non-dimensional motion displacement amplitudes on ship_a in Case 9
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Figure 5.92: Non-dimensioral motion displacement amplitudes on ship_b in Case 9
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5.2.13 Case 10

The panelized ship.a and ship_b are shown in Figure 5.93. Wave heading 3 = 180°;
lateral separation dy = 52.705m and gap Gy = 30.0m; longitudinal separation
dz=45.0m; and forward speed U = 6.18m/s are all shown in Figure 5.94. Figure 5.95
and Figure 5.96 give the positions of ship_a and ship_b relative to the sea bottom for

water depths of h = 10.2m and k = 16.0m, respectively.

Discussions on Case 10

A forward speed U = 6.18m/s and a longitudinal separation distance dz = 45.0m are
considered at the same time. In Figure 5.97, for ship_a, the surge motion is reduced
by the forward speed in head seas compared with Case 2 where the speed is zero.
In Figure 5.98, the surge motion of ship_b is also reduced and the vaw motion is
increased around A/L, > 1.75 by the forward speed in comparison with the surge

motion and vaw motion of ship_b in Case 2.
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Figure 5.93: Panelized Ship_a and Ship_b for Case 10

U, =6.18nmv/s

Figure 5.94: Relative position of two ships: dr = 45.0m, Gy = 30.0m for Case 10
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Figure 5.96: Water depth h=16.0m for Case 10
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Figure 5.97: Non-dimensional motion displacement amplitudes on Ship_a in Case 10
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Figure 5.98: Non-dimensional motion displacement amplitudes on Ship_b in Case 10
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5.2.14 Case 11

The panelized ship-a and ship_b are shown in Figure 5.99. Wave heading 3 = 180°;
lateral separation dy = 2022.705m and gap Gy = 2000.0m; longitudinal separation
dr=0.0m; and forward speed U = 6.18m/s are all shown in Figure 5.100. Figure 5.101
and Figure 5.102 give the positions of ship_a and ship_b relative to the sea bottom

for water depths of h = 10.2m and h = 16.0m, respectively.

Discussions on Case 11

Both ship.a and ship_b are with a forward speed in four water depths in head seas.
In Figure 5.103, the surge motion is reduced about 2.5 times for A/L, = 2.03 and
water depth A = 10.2m, compared with Case 3, the motions in other modes are not
changed too much. In Figure 5.104, for ship_b, the surge motion is drastically reduced

by forward speed compared with Case 3 where the speed is zero.



Figure 5.99: Panelized Ship_a and Ship.b for Case 11
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Figure 5.100: Relative position of two ships: dr = 0.0m, Gy = 2000.0m for Case 11
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Figure 5.103: Non-dimensional motion displacement amplitudes on Ship.a in Case 11
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Figure 5.104: Non-dimensional motion displacement amplitudes on Ship_b in Case 11
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5.2.15 Discussions on the Implication of Irregular Frequen-

cies

The integral equations which are used to analyse wave-body interaction suffer from
the presence of irregular frequencies. The irregular frequencies are caused by numeri-
cal solutions which satisfy prescribed boundary conditions but initiate sloshing within
the body. The detrimental effects on the numerical solution are manifested over the
high frequency range owing to the high density of the irregular frequency. At the
irregular frequencies the integral equations either posses no solutions, or if solutions
exist they are not unique. The discrete approximation of these equations generates
ill-conditioned linear systems for the unknown function on the body boundary and
leads to appreciable errors which can present significant practical problems for nu-
merical hydrodynamic prediction. Irregular frequencies are common among source
distribution methods at the higher frequency range. and will directly affect the pre-
diction hydrodynamics forces. moments and coupled motions for two ship interactions
in shallow water. water of finite depth and deep water. In this study, the irregular
frequencies were not encountered. The current computations did not get into the high
frequency region, but irregular frequencies might occur in the higher frequency range.
Therefore. the occurrence and removal of irregular frequencies in the high frequency
region should be studied in the future work. Irregular frequency effects have been
investigated extensively for the two-dimensional strip theory method by McTaggart

(1996) and for the three-dimensional panel method by Lee, Newman & Zhu (1996).
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5.2.16 Discussions on Asymptotic Behavior of Ship Motions

at High and Low Frequencies

The analysis of asymptotic behavior of ship motions at high and low wave frequencies
is useful to check the numerical prediction results (Newman, 1977). At high frequency
as w — oo, the boundary condition on the free surface is the potential function ¢ =0,
and the horizontal motions: surge, sway or yaw approach zero. At low frequency as
w — 0, the boundary condition on the free surface is gyg = 0, and the horizontal
motions become predominant. For a water particle near the free surface in waves,
the trajectory is circular in deep water, and elliptical in finite depth and shallow
water. The degree of elongation increases as water depth decreases. Therefore, at
low frequency and in water of finite depth, the ship’s motion will be strongly affected
by the wave particle motion which may cause large horizontal motions such as surge,

sway and yaw.



Chapter 6

Conclusions and Recommendations

6.1 Concluding Remarks

The main objective of this thesis is to numerically predict the shallow water effect
on the seakeeping of two ship interactions in waves. A computer program has been
devised to solve the free-surface Green’s function in finite depth and shallow water,
and it involves combining both the integral form and the series form of free-surface
Green's function. The application of the three-dimensional panel method has been
proven very reliable and effective. The zero speed free-surface Green function with
the forward speed correction has been adopted. The numerical investigation of the
shallow water effect on interactions has shown good agreement with published liter-
ature. The shallow water effect on double body flow or m-terms has been proven to
be very important. The 1/r term was treated by the Hess and Smith method. It
has been found that the water depth has a strong influence on the incident wave,

diffracted wave, added mass and damping coefficients, double body flow, and coupled

191
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motions.

The following conclusions have been drawn based on the studies of eleven cases in

Chapter 5:

e In general, the influence of the shallow-water effect on the coupled motions and
interaction hydrodynamic forces is prominent. Through analysis of eleven cases,
the surge wave exciting force and motion were sensitive to both the water depth
and the ratio of wave length to ship length. Particularly in the oblique wave,
the wave exciting forces would be much higher than the deep water case in all
modes of motion; the motions of surge, sway, roll and yaw were significantly

affected by the water depth.

e Through Case 4 to Case 9, the oblique wave would induce more interaction
hydrodynamic forces and coupled motions than those in head seas in the shallow
water region as shown in Case 1 through Case 3. and would make the seakeeping
and manoeuvring behaviour of both ships more different, particularly for the

smaller ship.

e The presence of a larger ship in the vicinity of a smaller ship can significantly
influence the motion of a smaller ship, particularly in the shallow water region.
This phenomenon could be observed through all eleven cases. Therefore, the
smaller ship would take more risks of collision and even capsizing in shallow

water than in deep water.

e Through discussions and analyses in Cases 2,5,8 and 10, we have found that

the effect of the horizonal separation distance, dz, on the motion of the smaller
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ship would be more than that of larger ship.

e Comparing Cases 3,6,9 and 11 with Cases 1,4,7 and 10, the interaction forces
and coupled motions could be reduced with increasing the lateral separation
distance dy. The two ships would act as a single ship’s behaviour at a far

lateral separation, individually.

e Based on the computed results of eleven cases, the shallow water effect on the

heave and pitch motions was not significant.

e From Case 10 and Case 11, the effect of forward speed could be prominent, and
in head seas, the surge motion would be less than that of cases without forward

speed.

e When two ships interact in shallow water, the hydrodynamic forces and dy-
namic responses would be affected by not only the water depth but also by the

interactions.

e Opverall. the coupling motions of two advancing ships in the shallow water region

mainly depend on the wave heading, separation distance, speed and water depth.

6.2 Contributions

The contributions of this thesis are summarized as follows:

e The algorithms for solving the free-surface Green’s function in water of finite
depth were developed, which combined both the integral form and the series

form.
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e The three-dimensional panel method has been employed in numerical computa-
tions and has overcome the strip theory limitation on ship geometries and wave
frequencies. It has been observed that the shallow water effect is very sensitive
to the ship forms, particularly around the areas of stern and bow. Therefore. the
method to describe the ship geometry is very important. The three-dimensional

panel method has been proven to be very effective in this respect.

® The free-surface Green’s function in water of finite depth has been applied to
solve the seakeeping problem of two ship interactions in shallow water or water
of finite depth. Two ship interactions have rarely been studied by the three-
dimensional free-surface Green'’s function method. Most of them were based on
strip theory and slender body theory or using the rigid free-surface assumption

with a two-dimensional problem or even no incident wave.

e The water depth effect on m-terms has been computed. The double-body Green
function has been modified for the application of water of finite depth and

shallow water.

® As a by-product. the shallow water effect on a single ship’s seakeeping charac-

teristics has also been covered in this study.

6.3 Recommendations for the Future Research

The following research work can be achievable in the near future and is recommended

to be carried out:

e Studies can be extended to two ship interactions in a restricted waterway, in



which the wall effect is considered.

Two ship interactions in nonlinear shallow water waves should be considered
in the future. The incident wave could be extended to the nonlinear wave in
shallow water. such as solitary wave, cnoidal wave and even Stokes wave in

water of finite depth.
The changeable bottom topography could be considered in the future.

The boundary layer effect on the bow or stern of two ships should be considered.
In the shallow water region, the flow around the bow and stern is verv sensitive
to the hull shape. The accurate description of the shape of stern and bow
would give more accurate prediction of the shallow water effect. Even the three-
dimensional panel method made it possible; but, at the same time. viscous effect

should not be ignored.

If a ship is moving in a very shallow region, the thickness of the boundary laver
could be of the same order as the clearance between the bottom of the -ship and
the bottom of the sea. The effect of the bottom could be complicated. Studies
for this aspect should be carried out in the future. Particularly, the viscous roll

damping should be also modified by considering the clearance effect.

The second-order wave force. such as the drift force should be considered in the
future. Particularly. when a large vessel is mooring in the shallow water region,

the effect of drift force should not be neglected.

The two ship interaction research should be extended to cover studies of hy-
drodvnamic forces and motions in irregular waves in the shallow water region.
Spectral analysis should be carried out to obtain statistical characteristics on

ship’s interaction behaviour in a shallow random sea.
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