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x-coordinate of the centre of the flotation of ship-b 

velocity of sh ipa ,  k= 1,2,3 translation; k=4,5,6 rotation 

velocity of ship-b, k=1,2,3 translation; k=4,5,6 rotation 

acceleration of s h i p a ,  k=1,2,3 translation; k=4,5,6 rotation 

acceleration of ship-b, k=1,2,3 translation; k=4,5,6 rotation 

z-coordinate of the centre of bouyancy of s h i p a  in oaxayaG 

z-coordinate of the centre of bouyancy of ship-b in obxbybzb 

angle between the  wave propagation direct ion and the x-axis 

8 = 180" for head seas 

volume displacement of a ship 

volume displacement of sh ipa  

volume displacement of ship-b 

weight displacement of a ship 

weight displacement of sh ipa  

weight displacement of a ship-b 

h / T .  the ratio of water depth to the draft of a ship 

h/T,. the ratio of water depth to the draft of sh ipa  

h/Tb, the ratio of water depth to the draft of ship-b 

incident wave amplitude 

surge motion amplitude 

sway motion amplitude 



heave motion amplitude 

roll motion amplitude 

pitch motion amplitude 

yaw motion amplitude 

incident wave length 

damping coefficient of s h i p a  due to the motion of shipa 

while ship-b is at rest 

damping coefficient of s h i p a  due to the motion of ship-b. 

while shipa is a t  rest 

damping coefficient of ship-b due to the motion of ship-b 

while shipa is at rest 

damping coefficient of ship-b due to the motion of sh ipa  

while ship-b is a t  rest 

added mass of s h i p a  due to the motion of ship-a 

while ship-b is a t  rest 

added mass of s h i p a  due to the motion of ship-b 

while ship-a is a t  rest 

added mass of ship-b due to the motion of ship-b 

while ship-a is at rest 

added m a s  of ship-b due to the motion of s h i p a  

while ship-b is a t  rest 

water density 

steady flow source density on shipa 

steady flow source density on ship-b 

diffraction source density on sh ipa  

xxi 



ak" 

diffraction source density on ship-b 

radiation source density on sh ipa  due to  the motion of s h i p a  

while ship-b is at rest 

radiation source density on shipa  due to the motion of ship-b 

while shipa is at rest 

radiation source density on ship-b due to the motion of sh ipa  

while stiip-b is at rest 

radiation source density on ship-b due to the motion of ship-b 

while ship-b is at rest 

t ime dependent unsteady velocity potential 

steady velocity potential,as = -UT + #, 
t ime dependent diffracted wave velocity potent ial 

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 kth direction? k = 1,2, ..., 6 

due to the oscillation of shipa  while ship-b is at rest 

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

due to the oscillation of ship-b while sh ipa  is at rest 

time dependent radiated wave velocity potential of shipa  

time dependent radiated wave velocity potential of shiph 

time independent radiated wave velocity potential 

time dependent radiated wave velocity potential 

time dependent total wave velocity potential 



steady disturbance velocity potential 

time dependent radiated wave velocity potential of shipa 

incident wave frequency 

frequency of wave encounter 
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Abstract 

The main objective of this study is to numerically predict the shaHow water effect 
on two ship interactions in waves. An algorithm has been deveioped 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 Convent ional 
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 h is the depth of water. 
Therefore, a numerical scheme which combined both the integral f o m  and the series 
form of the Green function was applied to compute the free-surface Green function 
with the water depth effect. The l / r  term in the potential function is treated by the 
Hess-Smi t h met hod. The interactions due to the coupled motions and hydrod_vnamic 
forces of two ships with forward speed in waves were then computed by the three- 
dimensional panel method based on the zero fornard speed free-surface Green function 
uith a forward speed correction. The eflect of water depth on double-body flow and 
rn-terms which have been used to compute the steady flow effect on the wave field 
were also considered. The m-terrns 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 Shipa and Ship-b 
separatelu. 

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". 1.50" and 180° for forward speeds of 12 
knots and O knots. Also a lateral separation distance of &y = 52.705m (gap distance 
Gy = 30.0rn) and a longitudinal separation distance dx = 45772 were considered in 
the computations. 



Chapter 1 

Introduction 

1.1 Two Ship Interactions in Shallow Water and 

Waves 

The subject of hydrodynarnic 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 piays 

a significant role in many practical situations, such as proximity manoeuvres of naval 

vessels, collision-course encounters of shi ps in shallow regions, congest ed vesse1 traffic 

in harbors and even the passing of two ships in canals. The interaction phenornenon 

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 phenornenon 

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 shipship 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 wit h 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 

coliisions 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 ai 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 equivaience principie, 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 bounda-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. 

Csually, in the past , most numerical computations for the t hree-dimensional two 

ship interactions were performed in deep water, such as Lin (1974), Fang (1986), 

Kashiwagi (1993), Li. He 6. 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. 

Hoivever. 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 

assurnption 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 niethod still needed to be improved. 

The influence of Iimited 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 iess 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 (Le. radiation forces) are changed by 

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

Ièry 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 

t hree-dimensional panel method wit h the free-surface Green function in finite dept h 

or shallow water has been chosen in the current study. 

The Fkee-Surface Green's Function Method 

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

study of hydrodynamics of floating bodies a t  the free surface. These numerical meth- 



ods fa11 into three groups. namele rnultipole expansion, finite element( variationai 

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 Thome (1967). Newman (1961,1992), Wu (1991). Williams 

& -4 bul-.4zm (1 988,1989) successfuHy applied it to  various siutat ions 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- 

dynarnic characteristics because of the complex body surface conditions. 

Some people have used the finite element method, boundary element method or 

hj-brid element method to  analyze the water nave diffraction and radiation problems 

associated with floating structures. including Kagemoto 8; Yue (1986). These meth- 

ods are iimited by expensive and time-consuming cornputer requirements for solving 

t lie t hree-dimensional problems. 

Among the previously ment ioned met hods, the surface source distribut ion method 

( the Green function method. also known as the boundary integral equation method 

(BIEhI)). 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- 

tiono 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 implernent 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 

comples 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 

mat hemat ical functions, which rnust 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 k 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. 



In the frequency domain, the t hree-dimensional panel met hods, such as the free- 

surface Green function method (Hsiung 6= Huang, 1991 and Papanikolaou 6. Schellin. 

1992) and the Rankine source metiiod (Bertram &L Soding. 1991). have been applied 

to sohe 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 sr,U/g > 0.25, Where w, is the frequency of encounter, U is foward speed and g 

is the acceleration of gravit .  -4lso the hull surface boundan condition was not sat- 

isfied in the steady flou-. 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 fomard speed correction in the current study. 

In t h e  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 (1950) 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 cornputation. There is a logarithrnic singularit~ which involves each term of the 

infini te-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 studj- 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 symrnetry. This singularity removal 

method has been ernployed by Faltinsen & Michelsen (1973) with additional refine- 

ment. This method consumes a large amount of computing time. Xewman (1984) has 

introduced new alternat ive 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 cornputation of the Green 

function in both infinite and finite water cases. He started from the premise that 

numerical integration should be avoided in al1 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 hlonacella. When O < R/h  < 1/2 where R is the horizontal 

distance between the source point and field point and h is the depth of water, this 

technique gives ve- 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  = O .  Numerical computation confirms 

these estimates. and 6 h / R  has been found to be an appropriate number of terms in 

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

Based on the above analpis: 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 O < R/h  < 1/2, the GaussLaguerre quadrature is adopted 



t o  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 ( l g i ï ) ,  and sub- 

sequently continued by many other people( i.e. Inglis & Price (1981). Wu & Eatock- 

Taylor (1988)). However. using the fornard speed Green function t o  calculate the 

body motions in waves has been less successful. It was found that  t he  accurate and 

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

speed. 

Hsiung 5: 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: 

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. 

a The potential function in terms of t he  forward-speed Green function includes 



an integral along the waterline. It takes much computing tirne to calculate the 

Green function G ( p ,  q, w,) as the source point p and the field point q are on the 

free surface. and G ( p .  q. converges very slowly 

Since the zero-speed free-surface Green funct ion is sirnpler t han the Green funct ion 

mith fomard 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 funct ion wit h 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- 

Ion. 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 corne 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 



hull may also be significant and any appendages ail1 generate forces which oppose 

the rolling motion. Eddy shedding, skin friction and appendage forces were al1 found 

to have greater influence on rolling damping a t  low fornard 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. UnIike 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, hydrodynamic 

ternis such as added m a s .  damping. and wave diffraction force must take into ac- 

coiint 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 

cornplicated 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 s h i p a  and ship-b will be affected directly. Particularly, the parameter h 

makes solving of the free-surface Green function much more difficult. 



First, the water depth effects on incident waves for sh ipa  and ship-b have been 

solved separately. The double-body flow Green function and m-tems have been tak- 

en into account for the finite depth and shallow water cases. .4n algorithm has been 

developed to solve the free-surface Green function aith 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 aTas solved by using GaussLaguerre quadra- 

ture. John's conventional expansion ( i.e. the series forrn of the Green function) was 

found more effective than the intergral form of the Greet 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 shipa and ship-b. 

The l / 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 shipa and ship-b. The interaction due to coupled motions 

and hydrodynamic forces of two ships in waves with forward speed was computed by 

the t hree-dimensional panel met hod based on zero forward speed free-surface Green's 

funct ion with a forward speed correction. The m-terms were performed by the integral 

equation met hod based on double-body flow of two ship interaction. Schmitke's 

method was adopted to calculate t h e  viscous rolling damping for shipa and ship-b 

separately 

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

Two identical cylinders interacting in water of finite depth. 



Two identical cylinders interacting in shallow water. 

Finallx 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. -4lso a lateral separation 

distance between the centerlines of two ships dy = 52.705rn (i.e. lateral separation 

gap Gy = 30.0m), and a longitudinal separation distance between the lateral axes of 

two ships dx = 45.Om were considered in computations. 



Chapter 2 

Formulation of the Problem 

Figure 2.1: Coordinate systems 

In order to predict coupled motions of two ships denoted as shipa and ship-b in 



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 (xy and xt ), sway in the lateral direction orthogonal to 

surge (x: and x i )  and heave in the vertical direction (23 and xi). Rotational mot ions 

about the respective axes are roll(xl and zq), pitch(xg and x!) and yaw (x6 and xk). 

Four coordinate systems are employed as follows: 

Space coordinate system 6?@; 

a Rloving coordinate system oxyz; 

S h i p a  coordinate system o,z, y,,; and 

Ship-b coordinate system o b x b y b z b -  

In Figure 2.1. 5ZgZ is the space-fixed coordinate system with 6Zy plane on the calm 

\vater surface and the 62 axis being positive upwards. The coordinate system o x y t  

is a nioving system which moves in the 3 direction with a steady forward speed U 

with respect to the system and the oxy plane coincides with the ijzy plane, 

and the ox asis is in the same direction as the 62 axis. The systems odayaZa and 

o b z b g b z b  are fixed on ship-a and ship-b. respectively. The oaxaya plane and the obxbyb 

plane coincide with the oxy plane wlien shipa  and ship-b at  their static equilibrium 

positions. The O,:, and o b z b  axes are positive upwards, and they move with s h i p a  

and ship-b with a steady forward speed C as well. The origins O, and 06 are located 

at the midship section of s h i p a  and ship-b. respectively. The regular incident wave 

is propagating in the direction with a heading angle P which is the angle between 

the positive ox direct ion and incident wave direction. dx is longitudinal separation 



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 sh ipa  and ship-b were converted to  

the local coordinate system in which the origin is at the centre of gravit' of each ship. 

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

the centre of gravity for each ship. 

2.1 Fundamental Equat ions 

2.1.1 Velocity Potent ials 

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 theoru. The 

resultant velocity potent ial in the flow field is in the following form: 

where. on the right hand side. the first term is the velocity potential of uniform flow 

and C is the steady forward speed of the ships: the second term, #,(x, 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: 



where < P I ,  bD and aR are velocity potentials of incident wave. diffracted wave and 

radiated wave, respect ively. 

2.1.2 Hydrodynarnic Forces 

The hydrodynamic force acting on s h i p a  and ship-b can be expressed as: 

where Sa and Sb are the rnean wetted hull surfaces of sh ipa  and ship-b, respectively. 

nl is the generalized unit normal of shipa? 

n,b is the generalized unit normal of ship-b. 

where Za and fib are unit normal pointing towards the hull surface of shipa  and ship-b 

hull. respectively. r', is the position vector from the centre of gravity of shipa to a 

point p(x., y,, 2.) on the ship. Fb is the position vector from the centre of gravity of 

ship-b to a point p(xb,  gb, zb)  on the ship. The hydrodynamic pressure of the fluid is 



where 

is the steady flovr- velocity vector. Substituting Equation(2.7) and Equation(2.8) into 

Equation(2.3) and Eq~at ion(2 .4)~  the hydrodynamic force on the two ships can be 

expressed as: 

Depending on the value of O (O could be 01, bo, Q R  or the combination of al1 com- 

ponents), one can compute any components of wave forces or the total hydrodynamic 

force t'rom Equations (2.9) and (2.10). The steady flou. 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: 



where xf , k = 1,2, . . ., 6.  are the generalized motion displacements of sh ipa .  

and xi. k = lo 2, .... 6, are the generalized motion displacements of ship-b. 

As shoum in Equations(2.13) and (2.14) 2; and 3: are the time independent complex 

amplitudes of motions corresponding to sh ipa  and ship-b. we is the frequency of 

encounter. For k = 1,2,3, and xi represent the translational displacements of 

s h i p a  and ship-b. respectively. For k = 1.5,6.  xg and xi represent the angular dis- 

placements of s h i p a  and ship-b. respectively. In Equation(2.11) and Equation(2. lZ), 

C,4i is the restoring force coefficient matrix of sh ipa :  



and C$ is the restoring force coefficient matrix of ship-b: 

where il: and .4: are the waterplane areas of shipa  and shipb. Z: and 5; are the x- 

coordinates of the centre of flotation of shipa  and shipb.  A* and ab are the volume 

displacements of shipa  and ship-b. da*, dbl, da3 and db3 are the radii of gyration of 

waterplanes about oy-and oz-axes. z$ and zb, are the z-coordinates of the centre of 

buoyancy of shipa and ship-b. 

2.1.4 Ship Motions 

As w e  assumed that the ships are rigid bodies. their motions must satisfy the Laws 

of 1Iomentum Conservation. Therefore, the equations of motion of two ships can be 

described by Xewton's Law as : 



where m;:, is the generalized m a s  matrix of sh ipa :  

and m,b, is the generalized mass matrix of ship-b: 

where .IIa is the mass of s h i p a  and Mb is the mass of ship-b; I$ are the moments of 

inertia of s h i p a  and 1% are the moments of inertia of ship-b. .4ccording to the defini- 

tioii of xt and z i  (see Equations(P.13) and (2.14)). when k = 1,2 or 3, 2; represents 

the translational acceleration of sh ipa  and xt represents the translational accelera- 

t ion of ship-b: when k = 4 . 5  or 6. xg represents the angular acceleration of s h i p a  and 

x: represents the angular acceleration of ship-b. In order to solve the ship motion 

problem. we need to know the hydrostatic forces YS and qw which have been given 

in the previous section in Equations (2.1 1) to (Z.l6), and the hydrodynamic forces 

F; and FF,b nhich will be discussed in the following sections. 



2.2 Steady Flow 

2.2.1 Double-Body Flow Velocity Potential 

A ship moving in the water with a steady forward speed E/' 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 ail1 treat the disturbance potential by using 

the double-body flow met hod. The double-body velocity potential for steady flow can 

be expressed as: 

the steady disturbance potential &, can be defined by 



V&s=O ( a t i n f i n i t y )  

Applying the Green's function method, t$s can be expressed as follows: 

nhere p = p(x, y, z) is the field point, q = q(<, q' C) is the source point, o$(q)  is the 

steady flow source density on s h i p a  and o;(q) is the steady flow source density on 

ship-b. G ( ~ ;  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 

rll = [(x - < ) 2  + ( y  - q)2  + ( z  - c)?]$ 

7-21 = [(x - o2 + (y - q)2  + (2 + ~ ) ~ ] i  

~ 1 2  = [(z - <)'+ (Y - q)2  + ( Z  - C + 2 h ) 2 ] i  

r22 = [(x - < ) 2  + ( y  - v)' + ( Z  + C + 2h)*]f 

~ 1 3  = [ ( x  - 5)2  + (y - i ) ) 2  + ( z  - C - 2h)2]i  

T23 = [(x - <)? + (Y - 7)'+ ( z  + C - 2h)*]i 



If the field point p falls on the surface of Sa, 

shipa from Equation (2.23) : 

If the field point p falls on the surface of Sb, 

ship-b from Equation(2.23): 

24 

we obtain the disturbance potential on 

we obtain the disturbance potential on 

Applying the body surface boundary conditions of the disturbance potential & in 

Equation(2.22) we have: 

Equations (2.27) and (2.28) can be solved simultaneously for the source densities a: 

and 0:. Then Equations (2.25) and (2.26) can be used to calculate the disturbance 

potentials (p) and &! (pj. 



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-terrns are defined by Sewman (1978): 

where rg = (xg? y,, zg)  is the position vector from the centre of gravity of the ship to  

a point (x, y. z )  on the hull surface. For a single ship. we know that the rn-terms can 

be solved from the following integral equations: 

where q.€(q)? &(q) and m s S ( q )  are the partial derivatives of steady disturbance poten- 

tial os with respective to  <. q and C. In the case of two ships, u7e assume S = Sa + Sb. 
and we have to consider two cases when the field point falls on s h i p a  and ship-b 

separately t hen the integral Equation (2.31) becomes two integral equations: 



1 
- 47r Lb h (q) IPES, 

' ( P ,  9 )  i m q  m: (q)ldS 

where mr and rn; are the ml terms of shipa and ship-b. respectively. Similarly. we 

can derive the integral equations of ma for shipa and ship-b as follows: 

and the integral equations of 7-12, for shipa  and ship-b as follonrs: 

Equations (2.31), (2.35) and (2.36) are coupled motion 

as linear equation systems. G ( ~ ,  q )  is the double-body 

r n z  terms of shipa and ship-b, 

equations which can be solved 

Green's function. For ml and 



for m3 terms of sh ipa  and ship-bb' 

ml. rn; and mg can be computed from the following equations: 

where E I .  w2 and u.3 are the components of the steady flow velocity; n;, j= 1,2,3, are 

the unit riormals of shipa.  nt. j= 1.2.3. are the unit norrnals of ship-b; (xz, y;, ri) and 

(19. Y:. -0) are the centres of gravity of sh ipa  and ship-b. 

2.3 Incident Wave 

According to the linear w e  theory? the regular incident wave potential function in 

the finite depth of water can be obtained by solving the first-order boundary value 



problern wit h the perturbation met hod as the following form: 

OI (z. y? z ,  t )  = (z, y, Z ) ~ - ~ C ' ]  

nhere 4r (x, y, z )  is called the spatial potential function of the incident wave nhich is 

independent of time t: h is the depth of the water; Ca is the incident wave amplitude: 

(.é = w - k Ucosû is wave encounter frequency; u 2 / g  = k tanh(kh): w is the wave 

frequency : k = 27r/X is the  wave number; g is the acceleration of gravity: ,B is the wave 

heading angle (the angle between the wave propagation direction and the positive ox 

axis direction as shown in Figure 2.1. 

cosh(k(' + . sin(k(z cos B + y sin 8)) Re[& (x, y. -)] = - - 
CL; cosh (kh) 

cas cosh(k(2 + h))  
Im[&(x.  y. z ) ]  = -; - cos(k(x cos B + y sin 8)) 

cosh(kh) 



aRe(61 (x, Y? 2)) =-. C d  sinh(k(2 + h ) )  
az Ll cosh(kh) 

sin(k(x cos B + y sin 8)) 

a I m ( d r ( x . ~ .  2)) = C& C O S ~ ( ~ ( Z  + h ) )  - cos sin(k(x cos B + y sin 0)) (2.52) 
a x  w cosh(kh) 

- C,gk sinh(k(z + h))  aRe(mI(x.y .4)-  cos(k(x cos 0 + y sin B ) )  
dz cc1 cosh(kh) 

2.3.1 Incident Wave Force (Froude-Krylov Force) 

If ive sirnply neglect the contribution of diffracted wave and radiated wave forces on 

the hull and only consider the contribution of 41 as if the hull does not exist, the 

i w e  force will be only the incident wave force. or Froude-Krylov force. Substituting 

the incident wave pot ent ial d, Equat ion ( 2.16) into Equation(2.9). the Froude-Krylov 

force acting on shipa  can be expressed as: 



with 

Similarl' the Froude-Krylov force acting on shipb can be obtained by substituting 

Equation( 2.46) into Equation (2.10). 

2.4 Diffracted Waves 

The esistence of a fixed ship hull in wwes 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 tha t  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 

00(x. y, z, t )  = Re[+~(z,  y, ~ ) e - ~ ' ~ ]  (2.59) 



The diffracted wave potential can be found by solving the follovring boundary value 

equat ions 

radiation condition : outgoing waue 

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

which is expressed as 

ahere oD(q) is the source density on sh ipa  and ab,(q) is the source density on ship-b. 

The Green function G(p; q) is given b?- Uéhausen k Laitone(l960). 

3C ( p  + K) exp(-ph) cosh (p(C + h ) )  cosh (p ( r  + h ) )  
p sinh(ph) - ii cosh(ph) J o ( P R ) ~ P  

27r(k + K )  esp(-kh) sinh(kh) cosh(k(C + h ) )  cosh(k(z + h ) )  + i 
A' h + sinh2(kh) J o W >  

where 



p = p ( z ,  y, z) is the field point; q = q(& 77, <) is the source point h is the water depth: 

- r - is the potential of the image source; k = 2n/A is the wave number; P1 indicates 

the Cauchy principal value of the integral which has a singularity at p = k; and JO 

denotes the Bessel function of the  first kind of zero order. 

By applying the body surface boundary conditions to Eq~ation(2.61)~ we have: 

The source densities 00, and a; can be solved numericallp from this set of equations. 

Then the diffracted wave potential cbD (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 

F?(X, Y, 2, t)  = ~ e [ f y ( x ~  yl ~ ) e - ~ ' ]  (2.68) 

wit h 

/ y =  f?+ f f ' b  



where fp is the diffracted wave force acting on s h i p a  and f,Db is the diffracted 

wave force acting on ship-b. Substituting the diffracted wave potential obtained h m  

Equation(2.61) into Equation(2.9) we have the diffracted wave force acting on shipa:  

Likeu-ise, the diffracted wave force acting on ship-b can be obtained by substituting 

diffracted wave potential into Equation(2.10): 

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. 



2.5.1 Radiated Wave Potential 

The radiated wave potential can be expressed as: 

For two ships freely Roating in calm water? the radiated wave potential can be de- 

termined by satisfying the body surface condition with two separation settings: l)  

s h i p a  is in motion and ship-b is a t  rest: and 2) ship-b is in motion and s h i p a  is at 

rest. Then we can express the radiated wave potential in the following form: 

where dO, = d:(x, y. z), k = 1.2. ...? 6. is the radiated wave potential per unit ve loc i t~  

of the kth mode of motion due to the oscillation of s h i p a  while ship-b is at rest? and 

4; = &x. y. z) .  k = 1.2. .... 6. is the radiated wave potential per unit velocïty of the 

kth mode of motion due to the oscillation of ship-b while s h i p a  is a t  rest. 

Shipa in Motion and Ship-b at Rest 

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

by solving t ne following boundary value equations: 



radiation condition : outgoing wave 

where ni is the generalized unit normal of sh ipa  (see Equation(2.5)) pointing to- 

wards the wetted hull surface of s h i p a ;  U is the ship steady forward speed: g the 

gravitational acceleration; and mg is  the m-term of s h i p a  of the kt" 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 kt" mode of motion can 

be found by solving the following boundary value equations: 

an. 

radiation condition : outgoing wave 

where ni is the generalized unit normal of ship-b pointing towards from the wetted 

h l 1  surface of ship-b (see Equation(2.6)): and mi is the m-term of sh ipb  of the kt" 

direction due to the influence of the forward speed. 

Bu applying Green's function method t o  Equations (2.74) and (2.76), and ifloring 



the waterline integral terrn, we can obtain the radiated wave potential of s h i p a  and 

ship-b (Liu & Miao(1986)): 

where oza is the source density on s h i p a  due to the motion of sh ipa  while ship-b 

is at rest, and a,"' is the source density on ship-b due to the motion of s h i p a  while 

ship-b is a t  rest. Also op is the source density on ship-b due t o  the motion of ship-b 

nhile s h i p a  is a t  rest, and op is the source density on s h i p a  due to the motion of 

ship-b while s h i p a  is at rest. G ( p ;  q) is Green's function of zero forward speed as 

Equation( 2.62). 

.Applying boundan  conditions of 4; and 4: to Equations(2.76) and (2.77), we have 

the following two sets of integral equations: 

The source densities ay(q), oib(q) can be obtained by solving the first set of equa- 



tions, and op(q) and of'(p) can be obtained by solving the second set of equations. 

Once the source densities and Green's function are known? the radiation potentials 

of s h i p 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 Shipa 

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

where f) = j"F(x' y. z )  is the time independent spatial radiated wave force on shipa.  

wliere fpa is the radiated wave force on s h i p a  due to the oscillation of ship-a itself 

while ship-b is at rest, and /yb! the interaction term. is the radiated wave force on 

s h i p a  due to the oscillation of ship-b rhile s h i p a  is a t  rest. By substituting the 

radiated wave potential of s h i p a  Equations(L.76) and (2.77) into Equations(2.7) and 

(2.3) ive can obtain the radiated wave force for s h i p a  as follows, 



nhere zf is the complex amplitude of the kth mode of motion of shipa. 

s: = Re[zte-wct] 

and r i  is the complex amplitude of the kth mode of motion of ship-b. 

Radiated Wave Forces on Shipb 

Similady, the radiated wave force of the jth mode of motion acting on ship-b is: 

F?(x, y: 2, t )  = ~ e [ f f e - ~ ~ ' ]  (2.86) 

Here f p  = f,Rb(x: y, z )  is the time independent spatial radiated wave force on ship-b. 



where f,fl is the  radiated wave force on ship-b due to the oscillation of ship-b while 

sh ipa  is at rest. f" is the radiated wave force on ship-b due to the oscillation of 

s h i p a  while ship-b is a t  rest. By substituting the radiated m e  potential of s h i p a  

Equations(2.76) and ( 2 7  into Equations (2.7) and (2.4). respectively. we can obtain: 

Added Mass and Damping Coefficients 

According to Equations (2.84) and (2.89)' the body motion of two ships can be 

espressed respect ively as: 



and 

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

wave force on s h i p a  can be written as: 

r h e r e  pyr is the added mass of s h i p a  due to the motion of shipa;  & is the added 

mass of sh ipa  due to  the motion of ship-b; A:: is the damping coefficient of s h i p a  

due to  the motion of sh ipa :  and A$ is the damping coefficient of s h i p a  due to  the 

motion of ship-b. 

where Im[. . .] 

sents the real 

represents the imaginary part 

part of a complex function. 

(2.96) 

of a complex function and Re[ ...] repre- 



Similarly, by subst ituting Equations(2.90) and (2.91) into Equations(2.88) and (2.89). 

the added m a s  and damping coefficients of ship-b can be expressed as: 

where & is the added mass of ship-b due to the motion of ship-b, & is the added 

mass of ship-b due to the motion of shipa, A% is the damping coefficient of ship-b 

due to the motion of ship-b. and A% is the damping coefficient of ship-b due to the 

motion of shipa. 

2.6 Wave Exciting Force 

The wave eexiting forces on shipa and ship-b for the jth mode of motion can be 

espressed by the sum of the Froude-Krylov force and diffracted wave force as: 



The wave exciting force on s h i p a  can be written as: 

F?' = ~ ~ [ f , ~ ~ ~ - ~ e ~  I 

where 

f I ra and fyO are t ime-independent and have already been given in Equat ions (2 .56) 

and (2.70) , respectively Similarly, the wave exciting force on ship-b can be shown as: 

where 

fl" = f;b + f? 

f j b  and fp are time-independent and have already been expressed in Equations 

(2.58) and ( 'NI),  respectively. 

2.7 Coupled Mot ion Equat ions 

Finally. we are ready t o  write the  equations of motion of two ships advancing in waves. 

Substituting Eq~ations(2.101)~ (2.102). ( T U ) ,  (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 sh ipa  and 

ship-b in the following forms: 



where j = 1? 2, ..., 6 and 

m:k = mass matrix of sh ipa  

rn;, = mass matrix of ship-b 

C;; = restoring force coefficient matrix of s h i p a  

C$ = restoring force coefficient matrix of ship-b 

%<; = complex motion amplitudes of s h i p a  

~f = complex motion amplitudes of ship-b 

IVe 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 

niore 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 s h i p a  and ship-b. To numerically implement 

this. Equation(2.101) and Equation(2.108) must be discretized and written in a ma- 

tris form. This  ud l  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 predict ion using the aforementioned potential theory cannot give sat isfactory roll 

motion results comparing with the experirnental results. For most ship hull forrns, 



the radiation darnping 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 ta 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 energi. 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 t heoretical computation. To correct t his 

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: 

where BBK,  BE and BH denote contributions frorn 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 

BsK = - p p Z 6 ~ ~ 3 ~ e 4 C o ~ ~ k ~  BF-O (2.110) 

where 1 is the bilge keel length, bk 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, 



774 the roll amplitude, and a the foi1 angle of attack. Co, Ca, Ck, Cn? B, and F are 

coefficients depending on the ship form and Reynolds number. They are given by 

Schrnitke (1978). 

Eddy-making 
4 

BE = - p ~ , ~ d r ~ S C  
37T 

(2.11 1) 

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

depending on the hull form. 

Hull fkiction 

where CDF is the skin friction drag coefficient, C, is the hull cross section. dl is the 

girthwise length element . 

Ot her appendages(rudders, fins, ...) 

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

the flou-. 

\-iscous roll darnping is a nonlinear function of roll amplitude. It is computed by 

ari iterative scheme. The cornputation of viscous roll damping is initialized from the 

computed motion responses based on the potential theory: and the Iinear roll damping 

coefficient is replaced a i t h  the riscous 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. 



In Our computation, the criterion for iteration is set to be 

where k is the iteration index nurnber. W7hen k = 1, b::) = bJ4 which is the same as 

the non-viscous roll darnping coefficient calcuiated from the radiated wave potent ial. 



C hapter 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 Ruid of constant finite depth h a i t h  vanishing normal velocity on the bottom. 

tlic Green function: rvhich is Equation( 2.62). can be expressed in terms of integral 

as follo\vs (Wehausen b: Laitone. 1960): 

Oc (p + A') e x p ( - p h )  cosh (p(C + h ) )  cosh ( p ( z  + h)) 
p sinh(ph) - K cosh(yh) J o ( P R ) ~ P  

2*(k + K )  exp(-kh) sinh(kh) cosh(k(Ç + h ) )  cosh(k(z + h ) )  + 2 
K h + sinh2(kh) J o ( W  



where 

R = [(x - < )2  + (y - t1)2]h (3.5) 

and p is an integral variable, p = p(xo y. z )  is the field point: q = q(E, q,C) is t he  

source point; h is the water depth: r' is the distance between field point and image 

source point and k = 27r/A is the wave number. PL- indicates the Cauchy principal 

value of the integral which has a singularity a t  p = kl whereas JO denotes the  Bessel 

function of the first kind of zero order. 

3.1.1 Method to Solve Cauchy Principal-Value Integral 

There is a principal-value integral with a pole at  p = 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. 

IV here 



When g(x) has a pole of one degree at x = a,  F ( x )  is no longer bounded. In the 

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

Shen. Equation( 3.6) can be rewritten in terms of the sum of I I  and I2 as follows: 

3.1.2 Basic Theory to Evaluate the Cauchy Principal-Value 

Integral by GaussLaguerre Quadrature 

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

where w, is a weight factor: x, is the ith zero of the nth Laguerre Polynorrial Ln(x);  

aiid the integrand f (x) is bounded. Substituting Equation( 3.8) into Equation( 3.9), 

we obtain 



Letting x - a = t 7  x = a + t ,  then 

Therefore. 

and. 

The integral in Equation(3.13) can be solved by GaussLaguerre quadrature which is 

shoan in Equation(3.10), where T = 0.  



3.1.3 'Ikeatment of the Integral Form of Green's Function 

From Equation( 3.1). 

G(p: q )  = GIRI  + G I R ~  + G I I  

GIR2 = 2P1' 
(p  + K )  exp(-ph) - cosh (p(C + h)) cosh ( p ( z  + h)) 

p - sinh(ph) - K .  cosh(ph) J O ( P ~ P  

(3.18) 
(k + K) exp(-kh) sinh(kh) cosh(k(< + h)) cosh(k(z + h)) . Jo(kR) 

G I 1  = i27ï 
K h  + sinh2(kh) 

Non-dimensionalized Integral Form of Green's hinction 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 h. Then, the 

product G - h is regarded as a function of non-dimensional parameters. We introduce 

the non-dimensional parameters as follo~vs: 



Substituting K, k? p, R. c' and r into Equation( 3.18) and Equation( 3.19): we obtain: 

( u  + 0) cosh(v(r2 + 1)) cosh(u(r3 + 1)) 
GImh = 2 ~ l ' L ~  e x p ( - v )  - Jo(vrl)du (3.20) 

u sinh u - o cosh u 

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

C'pon defining in Equation( 3-25), 

f (u) = (Y + o )  C O S ~ ( V ( T ~  + 1)) cosh(u(r3 + l ) ) Jo(vq)  (3.21) 

g ( v )  = Y sinh Y - O  COS^ Y (3.22) 

i ( v )  = sinhv + U C O S ~ U  - os inhv  (3.23) 

Then Equation( 3.20) becomes, 

(V + O) cosh(v(r2 + 1)) cosh(v(r3 + 1)) 
GImh = 2Lœexp(-v)[ 

vsinhv - acoshv Jo(vr1) 

- (uo + O )  c o s h ( ~ ~ ( ~ ~  + 1)) c o s h ( u ~ ( r ~  + 1 ) ) J o ( ~ o ~ l )  
(v  - uo) (sinh vo + uo cosh q, - a sinh 4) ]du 

- 2 exp(-vo) Ei(vo) (uo + 0) C O S ~ ( U O ( T ~  + 1)) C O S ~ ( V O ( T ~  + 1)) Jo(uorl) 
sinh vo + vo cosh vo - a sinh vo 

The integral in Equation( 3.24) ivill be solved by using GaussLaguerre quadrature. 

-4ccording to Equation( 3.19). 

(PO + o)e-"O sinh vo cosh(uo(r2 + 1)) cosh(vo(rJ + 1)) Jo(vorl) G I I h  = i2n 
a + sinh2 vo 

(3.25) 



Gr/ can be computed directly from Equation! 3.25). 

Analyticai Expressions for the Derivatives of the Integral Form of Green's 

Function 

According to Equation( 3.24) and Equation( 3-25), the derivatives of GIR2 and Grr 

can be expressed as follows: 

~ G I  ~2 - - - -$&"e-'[ ( V + O ) C O S ~ ( V ( ~ ~ +  1 ) ) c o s h ( v ( ~ 3 + 1 ) ) J ~ ( u r ~ ) v  (x - c )  
dx v sinh u - a cosh v Tl  

(VO + O) cosh(u0 ( r2  + 1)) COS~(UO (Q + +))J1 (VOTI)VO (x + 
(v - uo) (sinh uo + uo cosh uo - a sinh uo) 

- ]dv 
Tl 

2 + - e - u O  (VO + O )  cosh(uO(r2 + 1))  C O S ~ ( U ~ ( T ~  + 1)) J1(~071)u0 
h3 Ei ( vo ) sinh uo + vo cosh uo - a sinh vo 

aG/ ~2 - - 2 (u  + O) cosh(v(r2 + 1)) cosh(v(r3 + l ) ) J i (u r l )  v (y - I ) )  
- e-'I &I vsinhv - acoshu 7- Y 

2 + -e-"O (u0 + O )  C O S ~ ( U ~ ( Q  + 1)) C O S ~ ( V O ( ~ I  + 1)) J1(u0rl) . vo 
h3 Ei ( ~ 0 )  

sinh vo + vo cosh vo - a sinh vo 

X 
(9 - 77) (3.27) 

Tl 

~ G I  ~2 - - - (Y + O )  cosh(u(r2 + 1))  sinh(u(r3 + 1)) JO(ur1) u 
a: vs inhu - ocosbu 

- (uo + O )  cosh (vO (r2 + 1)) sinh(u0 (r3 + 1)) J o ( v o ~ ~ )  vo 
(u - y0) (sinh uo + vo cosh u~ - o sinh uo) ldu 

2 - -e-"O (UO + O) C O S ~ ( V ~ ( T ~  + 1)) sinh(yg(r3 + 1 ) ) & ( ~ 0 r l ) ~ o  
h* Ei (VO ) sinh vo + vo cosh uo - osinh vo 



And, 

~ G I I  - - - .27r (vo + o)e-"O sinh vo cosh(uo(r2 + 1)) cosh( ï (r3  t 1))  Ji (uori)uo 
-2- - 

ax h3 a + sinh2 vo 

61 2x  (PO + a)e-" sinh y cosh(u0(r2 + 1)) cosh(uo(rJ + 1))  Ji (vorl)vo - = -i-. 
a!4 h3 o + sinh2 vo 

~ G I I  - - - 2-. 2n (uO + u)ebU0 sinh uo cosh(vo(rz + 1)) sinh(uo(r3 + l))Jo(vori) vo 
ax h2 O + sinh2 y0 

3.1.4 Verification and Cornparison of the Integral Form of 

Green's Function 

To verify this method. Green's function G ( x .  y. -h: c.0.O) in Equation( 3.1) is cal- 

culated under the condition ka h = 5.000454 and K .  h = 5.0. where k and K both 

satisfy the equation I< = A- tanh(kh) .  At the field point p = p(x, y. -h)  and the 

source point q = q(<. O? 0): 



where 

R = [(r - <)2 + y2]i 

The Non-dimensionalized Form 

Nondimensionlized Equation( 3.32) can be rewritten as: 

2 (V + O )  exp(-Y) cosh(v) 
G -  h(rl ,a ,vo)  = 

(P: + l ) f  v - sinh v - o cosh(v) Job w v  

where r l  = R/h  = [(z - <)2 + y2] i /h r  a = K h: uo = k . h; and u = p h, which is 

the positive real root of v . tanh(v) - o = O. The imaginary part of Equation(3.34) 

could be obtained directly. The real part 

R e { G .  h }  = 

Upon defining 

where 

f (v) = (V  + o) cosh(u) JO ( u n )  



and using Equation(3.8), for u at  vicinity of uo, F(u) becomes 

Finallx Q becomes 

In this example. vo = A- h = 5.000454. a = 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 . h = 5.000454 and 

K - I I  = 3.0. k and K satisfying Equation( 3.2). The real part of the G h obtained 

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

t hat obtained by the met hod of Monacella(l966). The results are virtually identical 

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

the integral form of Green's function. 



Figure 3.1: The real part of Gh with the integral form when Kh = $O7 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. 

1 ~ ~ 2  - k2 
G ( p :  q )  = 27i coshfk(.i + h) )  . cosh(k(C + h ) )  - [ lb (kR)  - iJo(kR)]  

k*h - K'h + I l -  

+4 5 k; + K2 
k;h + h-2h - h- 

o cos(k, ( z  + h ) )  cos(k,(< + h))  o K(k,R) (3.43) 
n=l  

ahere. p = p(x, y, z )  is the field point; q = q(& v ,  c) is the source point; h is water 

depth; JO is Bessel function of the first kind; is Bessel function of the second kind; 

and is the rnodified Bessel function of the second kind; and R = [ ( z - ~ ) ~ + ( ~  -1))2] i. 



k is positive real root of the transcendental equation: 

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

From Equation( 3.43) 

K2 - k2 
GSR = 2 7 -  

k2h - K*h + II' - cosh(k(z + h ) )  cosh(k(C + h ) )  >a(kR) 
X: k; + K2 

+4C knh + W h  - K - cos(k,(~ + h ) )   COS(^,(< + h ) )  Ko(k,RX3.47) 
n=l 

p - jC2 
- - 2 2 ~ .  GI - k2h - h-*h + h' cosh(k(z + h ) )  cosh(k(( + h ) )  . Jo(kR)  

(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: 

O =  K * h ,  Uo = k - h ,  CY, = k,, h 



And substituting K. k, k,, R, c, z into Equation( 3-47}, we obtain: 

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  = O. NumericaI results confirm these estimates, 

and 6 h / 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(l960) gave 

t h e  following equations: 

e s p ( - k h )  sinh(kh) - 2 esp(-kh) cosh(kh) 
- - - k - K  

Kh + sinh2(kh) 2kh + sinh 2(kh) k2h - h'2h + h' 

Ttien. from Equation( 3.48) 



So. 

(k + K) exp(-kh) sinh(kh) cosh(k(z + h ) )  - cosh(k(c + h ) )  Jo(kR) 
Gsr = i 2 n .  

h-h + sinh2(kh) 

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. Gsr = GrI. Therefore, they have the same non-dimensional form Gsrh = Grl h. 

3.2.2 Analyt ical Expressions for Derivat ives of the Series 

Form of Green's Function 

Based on the above derivations. it is possible to find the derivatives of GSR and GsI 

as follows: 



and. 

3.2.3 Verification of the Series Form of Green's Function 

Mé again choose the Green's function G ( x ,  y ,  -h; <, O, O) to  verify the real part of 

series form under the condition of kh = 5.000454, and vh = 5.0, by comparing its 

results a i th the integral form results. From Equation( 3.47), 



R - & - cl2 +Y* c z 
T l = - -  ? T2 = - = o.. TJ = - = -1 

h h h h 

k, are the set of corresponding positive real roots of equation kn tan knh = -K. 

k,h - tan knh. = - K h  

a, tanû, = -a 

and an are the positive real roots of the transcendental equation 

a, tan an + 5.000454 = O (3.60) 

Sewman (1985) mentioned that 6 h / 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: 

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 foiind. 

From Equation( 3.49) 



GsR is only the function of r l ,  i.e. 

Table 3.1: a values 

3.2.4 The Computed Results and Discussions on the Series 

Forrn of Green's function 

a1 = 0.1941111326E + O1 
û 3  = 0.8913572311E + 01 
a5 =O.l539391041E+02 
a;. = 0.2176534653E + 02 
û 9  =0.2809822464E+02 

û 1 1  = 0.3441323853E + 02 

Figure 3.2 gives the comparison between the integral form and the series form. Very 

good agreement is observed escept for the region O < Rlh < 0.5 and 6.5 < R/h  < 

5.0. 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 O 5 R/h  5 20. 

As we can see, the series form has the stable solution for whole region except for 

O 5 R / h  5 0.5, but for this region solutions can be offered by the integal form. 

a;! = 0.5549864292E + 01 
= 0.1217675018E + 02 

û6=0.18586?6529E+02 
os = 0.2493483925E + 02 
0 1 0  =0.3125730133E+02 
a,, = 0.3756680298E + 02 



Figure 3.2: Cornparison between real part of the integral and series forms of Gh when 
K h  = 5.0, kh = 5.000454? and O < 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 O 5 R / h  5 0.5. taking the series form when 

R / h  > 0.5. Figure 3.4 gives the results which are taken from the integral form when 

O 5 R/h 5 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 Kh = 0.2.1.0.2.0,4.0, individually. Figure 3.13 

to Figure 3.13 give the Green's function distribution in bdimensions for the integral 

form . the series form and the combined form. 



Figure 3.3: Cornparison between real part of the integral and series forms of Gh when 
Kh = 5.0. kh = 5.000454, and O < R/h  < 20 

Figure 3.4: The real part of C h  combining the integral form with the series form 
when Kh = 5.01kh = 3.000454, and O < R/h < 20 



Figure 3.5: Cornparison between real part of the integral and series forms of Gh when 
Kh = 0.2. kh = 0.16268. and O < R / / h  c 20 

Figure 3.6: The real part of Gh combining the integral form with the series form 
rhen Kh = 0.2, kh = 0.46268. and O < Rlh < 20 



Figure 3.7: Cornparison between real part of the integral and series forms of Gh When 
K h  = 1.0. kh = 1.19968. and O < R/h  < 20 

Figure 3.8: The real part of Gh combining the integral form with the series form 
when Kh = 1.0, kh = 1.19968, and O < R / h  < 20 



Figure 3.9: Cornparison between real part of the integral and series forms of Gh when 
h'h = 2.0: kh = 2.063345, and O < R/h  < 20 

Figure 3.10: The real part of Gh combining the integral form with the series forrn 
when Kh = 2.0, kh = 2.06534. and O < R/h < 20 



Figure 3.11: Comparison between real part of the integral and series forms of Gh 
rvhen Kh = 4.0. kh = 4.00267. and O < R/h  < 20 

Figure 3.12: The real part of Gh combining the integral form with the series form 
when Kh = 4.0, kh = 4.00267, and O < R/h < 20 



Integral Form Real PaR of Green Function Re(G.h) 

'1131 dat' using 1 :2:3 - 

Figure 3.13: The 3-D distribution of the real part of Gh aith the integral form when 
Kh = 5-0. kh = 5.000454. and O < R / h  < 20 

Series Form Real Part of Green Function Re(G.h) 

"f12.datm using 1 :2:3 - 

Figure 3.14: The 3-D distribution of the real part of Gh with the series form when 
Kh = 5.0, kh = 5.000454, and O < R / h  < 20 



Real Part of Green Function Re(G.h) when zlh=-1,-0.95,-0.90,-0.85,-0.80,-0.75,-0.7,-0.65 

"fI67.datw using 1 :2:3 - 

Figure 3.15: The 3-D distribution of the real part of Ch with the combined form 
when Kh = 5.0, kli = 5.000454, and O < R/h < 18 



3.3 Double Body Flow Disturbance Green's Func- 

tion in Finite Depth of Water 

The double-body velocity potential as of steady flow for zero frequency can be es- 

pressed as : 

%(x, y, 2) = -UX + A(x, pl Z )  (3.64) 

the disturbance potential 4, in finite depth of water for a ship can be defined by 

where 6- is steady forivard speed of ship. h is finite depth of water, (x, y. r )  are coor- 

dinates of the  field point. and n ,  is the unit normal vector pointing towards a ship 

surface in the x-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 r = 0. t = f 2h, &4h, f 6 h ,  f 8h, O ,  as illustrated in 

Figure( 3.16). Therefore. the double body Green function G ( X ,  y, z; c, 7 ,  C) or G ( ~ ;  q )  



Figure 3-16: Double body images 

can be expressed as: 

where p = p ( x .  y. r )  is the field point: q = q ( x .  y, r )  is the source point, and 



Chapter 4 

Numerical Implement at ions 

i v e  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: 

which wiil be solved with the following boundary conditions: 

Free Surface Condition at z=0: Bf 

80 
Body Surface Condition on Shipa: - Isa = Ba an 

84) Body Surface Condition on Shipb: - I s b =  B' dn 

Bottom Condition : 



Radiation Condit ion: Outgoing M'aves (1.6) 

where & is a time independent velocity potential. For steady flow. o can be replaced 

by 4,: for the radiated wave problem. Q can be replaced by or 4:: and for the 

diffracted wave problem. tp can be replaced by @D. Ba and Bb are the body sur- 

face conditions on sh ipa  and ship-b, respective- For steady flow. Ba = L; - nr and 

Bb = U n:. For the radiated wave problern, Ba = né - 2, Bb = 0; or gb = n: - iw, ' 

Ba = O. For the diffracted wave problem, Ba = -&LX (sa and Bb = - $ 1%. ~f is an 

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

For double-bodu flow. Bf becomes 

and it should also be noted that there is no wave radiation condition for the steady 

Bow problem. According to Green's Theorem. the velocity potential can be expressed 

as: 

where a, is the surface source density distribution on s h i p a  and ub is the surface 

source density distribution on ship-b. Corresponding to different problems, a, and 

ab wiH have different values. For exarnple, in a wave radiation problem, a, could 

be repiaced by O;', ozb and ab could be replaced by op, op. In a wave diffraction 

problem, O, becomes oz and a b  becomes 06,. In a steady flow problem, ga becomes 



a: and ob becornes a:. G(po q) is the generalized Green's function. The velocity 

potential 4 can also be discretized as: 

where pi is a field point, i = 1,2,3.  .... If pi falls on sh ipa  and ship-b, we have the 

following coupled equations: 

(4.10) 

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

shipa. In the second equation, i = 1,S. ..., npb, where npb is the total numbet of 

panels on ship-b. 

By defining: 

($4 = da ( p i  ) dP = i b ( p i )  

cas 2 1  = / Li G ( P ~ .  q j )  s ' d s ( g j )  



Equations(4.9) and (4.10) become: 

1 1 44 = - G+~J + - G!! j 
t l Q  7 i = l , 2 ,  .... npb 4~ j=i 'a j = l  

If we further define: 

Eqiiations(4.16) and (4.17) can then be espressed in a matrix form as: 



Equation(4.21) is the discretized linear algebra equations for veiocity potentials. G": 

Gab, Gr and GM 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 difkrent problems. For ttie steady flow problem, the generalized 

Green 's func t ion becomes: 

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

becomes: 

where 

27r(k + K ) e x p ( - k h )  sinh(kh) cosh(k(C + h)) cosh(k(t + h)) + i 
h' h + sinh2(kh) J o ( W  



The surface integrations of Green's function G ( ~ ,  q )  and its normal derivative G, ( p y  q) 

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 [en] can be 

computed. The surface integrations of the wave term of Green's function  p. q) and 

Gn(p.q) are computed by Gaussian quadratures for each p and q. They form the 

potential influence m a t r ~ ~  and the normal velocity influence matrix of the wave term 

contribution, [G] and [G,J. For wave radiation and diffraction problems, the potent ial 

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 : 

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

detail in the following sections. 

4.3 Source Densities 

Appiying the body surface conditions of 4 to Equation(4.7), we have the following 

integral equat ions: 

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



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

By defining: 

Equat ions(4. 27) and (4.28) can be reduced to: 

nPa np' C G  "a,j 11 "83 abbb' = i = l , 2 ,  ..., npa 
j = l  j = l  



If Ive further define: 

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



This is the linear algebra equation system for numerical determination of the source 

densities. This represents the basis of the numerical implementation. Gnoa, G,'~. 

G,". G." are influence submatrices and their elements can be obtained from Green's 

function computation for each ship hull panel. Ba and Bb are the body surface condi- 

tions on sh ipa  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 0oW, 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 a k .  Therefore, we can solve just one set of linear equations 

for each ok? k = 1,2, .... 7. 

Once the source strength a. and a b  are knou-n. Equation(4.21) can be solved for veloc- 

ity potentials. and then the hydrodynarnic 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 follovr~s: 



If we define: 

ive have: 

k=l k=l 

Further more: if we define: 



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

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

for the motion displacernents. 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: 



Equations( 4.56) and ( 4.57) can be rewritten as : 

(4.58) 

If we define: 



we obtain: 

ripa - 
ripa a npb 

ab b X GzmYja + C Gfim:jb = C Gni ja4 , za  + C Gnijb4sOb - 41~4~,, i = 1, .... npa 
jo=l jb=1 j,=t j b = l  

This is a linear equation system with unknowns mTja and mYj, If we define: 





Equation(4.64) and (1.65) can be rewritten in the matrix forrn as: 

Similarl- we can derive the linear algebraic equations for rn* and r n ~  



4fc 

4 2  

S . .  

r b 
*SC npb 

Equations(-L.iZ). (1.73) and (4.74) are the linear algebraic equation systems used 

for nunierically solring the mj-terms, j = 1.2 .3 .  of tao-ship interaction. mj-terrns, 

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 ta the scarcity of experimental data and published numerical results in the open 

Iiterature for seakeeping of two ship interactions in close proximity in the shallow 

watcr region, two ident ical simple geomet ric structures (i.e. circular cylinders) for 

which data are available were chosen to verify the computer code. In Section 5.1 .l, 

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 



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 = a; the draft of each cylinder T = 0 . 5 ~ :  

each cylinder has been discretized by 98 panels which are shown in Figure 5.1, for 

water depth h = 10a: the ratio of water depth to cylinder draft 6 = h/T = 10; the 

longitudinal separation distance dx = 0.0; the lateral separation distance dy = sa; 

lateral gap Gy  = 3a: wave heading ,fi = 90". The details are shown in Figure 5.2 and 

Figure 5.3. The mass of body is 0.5pra3, m a s  moment of inertia is O.75pa5. 

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 i-arying frequency parameter ka for cylindera and cylinder-b, where k is the 

wave number. The wave exci t ing forces are non-dimensionalized by the factor pgCaa3; 

p is the water density: g is the acceleration of gravity; and 6 is the wave amplitude. 

For cylindera. the vertical wave exciting force and the Iateral motion provide very 

good agreement with Matsui k 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 

cylinder-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 a t  ka = 1.0. Figure 5.4 demonstrates that the present algo- 

rithm and theories can provide accurate prediction of the interaction wave exciting 



Figure 5.1: Panelized cylindera and cylinder-b for test case 1 

forces and motions. 

In Figure 5.5. the comparisons of uTave radiation forces are presented in terms of 

dimensionless added mass and damping coefficients which are non-dimensionalized 

by d i~ id ing  0.5p7ra3 and 0 . 5 p ~ ~ a ~ .  respectively. Where w is the wave frequency, good 

agreements were found. However. for added m a s .  a:$, and damping coefficient, b:f, 

of interaction terms. a little discrepancy can be seen ahen ka > 1.0. For the  surge 

added mass and damping coefficients a:? and b;f, a small deviation can be found 

when ka > 0.8. The heave added mass and damping coefficients a:: and b::, agree 

well. This test case can show that the numerical method and algorithm for finite 

depth water interaction problem are encouraging. 



Figure 5.2: Relative position of  two cylinders: dx = O.OO dy = sa for test case 1 

Figure 5.3: Water depth h=lOa for test case 1 



Sway wave exciting force of cylinder-a 

Heave wave exciting force of cylinder-a 

Sway wave exciting force of cylinder-b 

ka 

Heave wave exciting force of cylinder-b 

Sway motion amplitude of cylinder-a 

Sway motion amplitude of cyfiridei-b 

d r e s e n t  Resuits O O O O O O Matsui, Tamaki Resuits 

Figure 5.4: Non-dimensional wave exciting forces and motions in test case 1 
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Figure 5.5: Non-dimensional added mass and damping coefficients in test case 1 



5.1.2 Two Identical Circular Cylinder Interactions in Shal- 

low Water 

-4 further validation is made for tu70 cylinder interactions in waves in shaIlow water, 

and the results were compared with those of \Villiams (1988, 1989). In this case. the 

radius of each cylinder r = a; the draft of each cylinder T = 3a: and, each cylinder 

bas been discretized by 168 panels as shown in Figure 5.6. Water depth h = 10a: the 

ratio of water depth of each cylinder to draft: 6 = h/T = 3.33 < 4.0 which identified 

in the shallow water region by Van Oortmerssen(l976); the longitudinal separation 

distance dx = 0.0: the lateral separation distance dy = sa; the lateral gap Gy = 36; 

the wave heading .B = 90'. The details are shown in Figure 5.7 and Figure 5.8. 

In Figure 5.9, the wave excit ing force results are presented in the dimensionless form 

wit h forces normalized by the corresponding force component on an isolated cylinder 

(denoted by Ff and F: for the isolated cylindera: and FI and F,b for the isolated 

culinder-b) . The lateral interaction wave exciting forces for cylindera and cy linder-b. 

are found to be in good agreement with Uïlliams' results. The vertical interaction 

wave exciting forces on cylindera are slightly smaller around k a  = 0.8 and slightly 

greater at ka = 1.2. On culinder-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 ,û = 90.0". This figure has shoan 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 0.5pa3 and the 



Figure 3.6: Panelized cylindera and cylinder-b for test case 2 

darnping coefficient is non-dirnensionalized by 0 . 5 p ~ a a ~ .  The added m a s ,  a r t ,  and 

darnping coefficients b7f and b:!' of interaction terrns are in good agreement with 

results of Williams. The surge added mass on cylindera, a:?, is found to be a 

slightly larger around ka = 0.5. The added mass. and damping coefficient, bg- 
for sway motion on cylindera are found t o  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. 



Figure 5.7: Relative position of two cylinders: dx = 0.0, dy = 5a for test case 2 

Figure 5.8: Water depth h=lOa for test case 2 
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Figure 5.9: Non-dimensional wave exciting forces in test case 2 
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Figure 5.10: Non-dimensional added m a s  and damping coefficient in test case 2 



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 cylindera 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 cylindera and cylinder-b surface, the 

converged numerical resuits 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. 



Figure 3.1 1: Sway motion amplitude for cylindera 

Figure 5.12: Sway motion amplitude for cylinder-b 
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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 sh ipa  (a supply ship) and ship-b (a frigate), as given by Mc- 

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

5.2.1 Panelization of Two Ships 

liccording t o  Hsiung & Huang (1991), the hull surface a t  one side of the ship with 21 

stations is suggested to  be discretized into a minimum of 5 panels between every two 

stations. Furt her increasing the panel resolution would not improve the  numerical 

results for a mono-hull ship. Sormally. 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 nurnber which should not exceed 300 panels 

for each ship. Therefore, sh ipa  and ship-b were panelized as follows: 

Shipa: 

The s h i p a  hull \vas panelized directly from the given regular 21 station offset table 

by using the computer program p4NELGEN(Hsiung et al, 1996). The 210 panels 

were produced by using 21 stations. 6 raterlines and 264 nodes. The principal di- 

mensions are as shown in Table 5.1. The panelized shipa  and body plan are shown 

in Figure 5.13 and Figure 5.16, respectively. 



Table 5.1: The principal dimensions for sh ipa  and ship-b 
ship-a 1 ship-b 

The ship-b hull was panelized directly from the given 26 station offset table (from the 

software fastship output) by using the cornputer program P.4NELGEN. 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  sh ipa  is 

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

interactions in shallon. water. finite depth of water and deep water. 

- .. 
Ta = 8.5m 
Va = 28223.3tonnes 
Ci = 0.588 
X i  = -1.688m 
(aft midships) 
Z,O = 3.925m 
(relative to the calm waterline) 
@, = 8.047m 
RW = 45Om 
Ro, = 45.Orn 

Tb = 4.5m 
V b  = 4023.7tmnes 
q = 0.484 
X,b = 3.284m 
(fonvard midships) 
Z,b = 2.049m 
(relative to the calm waterline) 
pz, = 4.921m 

= 30.5m 
R!- = 30.5m 



Figure 5.13: Panelized shipa hull (supply ship) 

-20 -15 -10 -5 0 5 10 15 20 

Figure 5.14: Body plan of shipa hull (supply ship) 



Figure 5.15: Panelized ship-b hull (frigate) 

-6 -4 -2 O 2 4 6 

Figure 5.16: Body plan of the ship-b hull (frigate) 



5.2.2 The Validation of Two Ship Interactions in Deep Water 

The cornputational results for two ship interactions in deep water case have been val- 

idated by McTaggart et a1 (2001) with a wealth of experimental data by conducting 

semi-captive mode1 tests in the towing tank at the Institute for Marine Dynamic- 

s(1MD) in St .John's. Newfoundland. 145th the control of speed and heading of s h i p 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 cornparisons with semi-captive 

model tests. in the computer program a n  input restraint flag was set to indicate that 

a restraining force or moment  as applied a t  the centre of gravity of shipa or ship-b. 

Two typical cases were chosen here: head seas for a fomard speed of 6.18m/s, with 

the ship-b alongside the shipa (Figure 5.17) and 45m ahead of shipa  (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 

t hat 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 likeij. 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 s h i p 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 sh ipa  (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 



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 

esperiments. The interference presence might be solved numerically by distributing 

the sources on the tank walls as stations- panels in the future. 



Figure 5.17: Ship-b alongside shipa, head seas 

Figure 5.18: Ship-b ahead of shipa 45m, head seas 
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Figure 5.19: Ship motions rith ship-b alongside shipa, 6.18m/s, head seas, (McTag- 
gart, Cumming, Hsiung & Li, 2001) 
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Figure 5.20: Ship motions with ship-b 45m ahead of shipa, 6.18m/s, head seas, 
(McTaggart, Cumming, Hsiung & Li, 2001) 



5.2.3 The Cornparisons of Two Ship Interactions in Shallow 

Water, Water of Finite Depth and Deep Water 

Different from Section 5.2.2, sh ipa  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 = 10.2772, 

h = 16.0m, h=90.0m and h = oc. Usually, the ratio of water depth to the ship draft, 

6' was used to judge the water depth condition according to Van Oortmerssen(l976). 

When 1.0 < 6 = h/T < 4.0, it was regarded as in the shallow water region; when 

4.0 < d = h/T 5 10.0 it was regarded as in the finite depth of water region; when 

6 = h/T > 10.O1 it would be considered as in the deep water condition. The 6 value 

details for shipa 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 dx = 0-Om. 45.Om. lateral separation distance dy = 52.705rn, 2022.705m 

or gap Gy = 30.0m. 2000.0m and forward speed U = O.Om/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 

w r e  computed and studied. For sh ipa  . the ratio of wave length to shipa length, 

AIL,, \vas chosen between 0.495 and 2.03. For ship-b, the ratio of wave length to 

ship-b length .AILb, 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 sh ipa  and ship-b were reported by Li et al (2000). 

The resuIts of Rave exciting force and motion are al1 presented in non-dimensional 



forms. The details are as follours: 

Table 5.2: d values for sh ipa  and ship-b 

For shipa: 

Fi/pgCa La Ba: non-dimensional wave exciting force amplitude in the ith mode. 

i = 1: 2,3. 

ship-b (6s = h/Tb) 
2.27 
3.56 
20.0 
x 

6 = h/T 
h = 10.2m 
h = 16.0m 
h = 90.0m 
h=oc  

1 1  j / ~ g < a  L:B,: non-dimensional wave exciting moment amplitude in the j th  

mode, j = 4,s: 6. 

s h i p a  (6. = h/T,) 
1.2 
1.88 
10.59 

00 

('&: non-dimensional motion amplitude in the i th mode, i  = 1. 2,3. 

<,/Cak: non-dimensional motion amplitude in the jth mode. j  = 4,s. 6 .  

For ship-b: 

F i / p g ~ L t , B b :  non-dimensional wave exciting force amplitude in the ith mode, 

i = 1.2.3.  

SI, /pgca Lg Bb: non-dimensional wave exciting moment amplitude in the j th  

mode. j = 4 5,6. 

c /L :  non-dimensional motion amplitude in the i th mode, i = 1,2,3. 

G/Cak:  non-dimensional motion amplitude in the j th mode, j = 4,5,6.  



Table 5.3: Cases for study 

5.2.4 Case 1 

Case 10 
Case 11 

In this case, the arrangement of the panelized shipa  and ship-b is shown in Fig- 

ure 5-31. Mave heading 3 = 180": lateral separation dy = 52.705m and gap G y  = 

Case 9 1 2022.705 1 2000.0 1 0.0 1 120" 1 0.0 1 10.2.16,90.0~ 

speed U 
(m/s) 
0.0 
0.0 

30.0m: longitudinal separation dx=O.Om: and forward speed U = 0.0m/s are al1 

shown in Figure 5.22. Figure 5.23 and Figure 5.24 show the positions of s h i p a  and 

water depth 
(4 

10.2.16.90.x 
10.2.16.90.x 

dx 
(m) 
0.0 
45 .O 
0.0 
0.0 
45.0 
0.0 
0.0 
45.0 

GY 
(ml 
30.0 
30.0 
2000.0 
30.0 
30.0 
2000.0 
30.0 
30.0 

Case 
NO. 
Case 1 
Case 2 
Case 3 
Case 4 
Case5 
Case 6 
Case 7 
Case 8 

52.705 
2022.705 

ship-b relative to the sea bottom for water depths of h = 10.2m and h = 16.0rn, 

wave heading 

180" 
180° 
180" 
150" 
150° 
150° 
120" 
120" 

dy 
im) 
52.705 
52.705 
2022.705 
52.705 
52.705 
2022.705 
52.705 
52.705 

30.0 
2000.0 

45.0 
0.0 

respectively. 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

Discussions on Case 1 

10.2,16,90.~~ 
10.2~16.90.0~ 
10.2,16,9O,oc 
10.2,16,90.m 
1O.2,16.9Oloc 
10.2,16,90,0~ 

1 80" 
180" 

In Figure 5.25, the non-dimensional wave exciting forces versus AIL, are given for 

shipa. For head sea, the surge and heave forces and pitch moment are very sensitive 

6.18 
6.18 

to the water depth and increasing with A/L,. The sway force and roll moment were 

10.2,16,90,00 
10.2.16,90,m 

affected slightly The water depth does not seem to affect the yaw moment for head 



sea. When the water depth h = 90.0m, the effect of water depth on wave exciting 

forces approaches zero. This phenornenon was found by Kim(1969) as well. When 

h = cc, 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 AILb 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 yaw moments. However, when 

AILb > l.O1 a decreasing trend is found with increasing AILb and less effect is found 

than with sh ipa .  Since 6, < ab, s h i p a  forces could have more the shallow water 

effect than on ship-b. 

In Figure 5.27. the non-dimensional motions of s h i p a  are presented. Only the surge 

motion is increasing with AIL,. 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 sh ipa .  the water depth effect on motions of ship-b 

is more significant. The prominent water depth effect on  the surge motion for higher 

A / L b  values. The shallower water depth made the roll resonance peak to move to a 

lower AILb value area. The sway motion is affected for AILb > 1.50 and the effect on 

the yaw motion starts from AILb > 1.25. This is because the presence of a larger ship 

( sh ipa )  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 (shipa) .  



Figure 5.21: Panelized shipa and sh ipb  for Case 1 

Figure 5.22: Relative position of two ships: dx = 0.0772, G y  = 30.0m for Case 1 



Figure 5.23: Water depth h=10.2m for Case 1 

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 s h i p a  in Case 1 
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Figure 5.26: Non-dimensional wave exciting force amplitudes on ship-b in Case 1 



Surge motion of ship-a at a separation 
Gy=30.0m, dx=O.Om, U=O.Orn/s 

3.6 - 
Two Ships, $=180° 

3 - 

0.5 1 1.5 2 

%l 

Sway motion of ship-a at a separation 
Gy=30.0m, dx=O.Om, U=O.Om/s 

1.6 
Two Ships, P=1 80° 

o 1  I 1 
0.5 1 1.5 2 

% 
Heave motion of ship-a at a separation 
Gy=30.0m, dx=O.Om, U=O.Om/s 

Two Ships, $=180° 

0.5 1 1.5 2 
UL, 

Roll motion of ship-a at a separation 
Gy=30.0rn, dx=O.Om, U=O.Orn/s 

Pitch motion of ship-a at a separation 

" - - - - - - - - - - - - - - - - 
0.5 1 1.5 2 

4 3  

Yaw motion of ship-a at a separation 
Gy=30.0m, dx=O.Om, U=O.Om/s 

2.4 Two Ships, f3=180° 

Figure 5.27: Non-dimensional motion displacement amplitudes on shipa  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 s h i p a  and ship-b is shown in Figure 5.29. Wave 

heading d = 180'; lateral separation dy = 52.705m and gap G y  = 30.0m: longitudinal 

separat ion dx=45.0m: and fornard speed Li' = O.Om/s are al1 shown in Figure 5.30. 

Figure 5.31 and Figure 5.32 show the positions of s h i p a  and ship-b relative to the  

sea bottom for uvater depths of h = 10.27~2 and  h = 16.0m, respectively. 

Discussions on Case 2 

In Case 2, the effect of longitudinal separation distance, dx = 45.Om. on the ship 

interactions in head seas has been observed. In Figure 5.33, the non-dimensional 

wave exciting interaction forces are given for sh ipa .  Compariiig with Case 1. the 

roll and yaw moments of sh ipa  were affected slightly by dx. 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 

rriotions are given for s h i p a .  Comparing with Case 1. there is no  effect of dx on s h i p a  

rriotion. This means that  the effect from dx is not enough t o  change the motion of 

sti ipa.  III Figure 5.36. the non-dimensional motions are given for ship-b. Comparing 

u'ith Case 1, the motions of swas roll and 'au. become less. This means that  dx can 

affect only the smaller ship's behavior. 



Figure 5.29: Panelized ship-a and ship-b for case 2 

Figure 5.30: Relative position of two ships: dx = 4J.Om, Gy = 30.0m for Case 2 



Figure 5.31: Water depth h=10.2m for Case 2 

Figure 5.32: Water depth h=16.0m for Case 2 
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Figure S.33: Non-dimensional wave exciting force amplitudes on shipa 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 sh ipa  in Case 2 
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Figure 5.36: Non-dimensional motion displacement amplitudes on ship-b in Case 2 



5.2.6 Case 3 

The arrangement of the  panelized s h i p a  and ship-b is shown in Figure 3.37. Wave 

heading 9 = 180°: lateral separation dy = 2022.705m and gap Gy = 2000.0m: lon- 

gitudinal separation dx=O.Om: and forward speed C; = O.Om/s are  al1 shown in Fig- 

ure 5.38. Figure 5.39 and Figure 5.40 show the positions of s h i p a  and ship-b relative 

to  the sea bottom for rvater depths of h = 10.2m and h = 16.0~~2, respectively 

Discussions on Case 3 

The lateral separation was set far enough to  consider s h i p a  and ship-b performing 

individuaI1y. The wave exciting forces and ship motions solelÿ corne 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 swah roll and yaw 

mainly coming from the interaction effect. Very sirnilar phenornena have been shown 

in Figure 5.42 for ship-b. In Figure 5.13. 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. .%o. comparing with Case 1. we may say that. for 

head sea. the smaller ship motion wouid be affected by the larger ship's existence and 

would take more risk in shallow water than in deep water. 



Figure 5.37: Panelized shipa and ship-b for Case 3 

Figure 5.38: Relative position of two ships: dx = O.Om, Gy = 2000.0n for Case 3 



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

Figure 5.40: Water depth h=16.0m for Case 3 
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Figure 5.41: Non-dimensional wave exciting force amplitudes on shipa in case 3 

0.15 - 

mi 0.1 

Ship-a Only, @=180° 
-/------ .__-__..._... --...._...___ ---_ 

- , ' .+..... ..'. 
/ ,.:. 
,,..... 

O 0 0 0  

1 1 1 



0.06 . 0.001 
Ship-b Only, $ 4  80° 

Surge force on ship-b at a separation 
Gy=2000.0m, dx=O.Om, U=O.Orn/s 

0.12 
Ship-b Only, P=180° 

0.1 - 

Rd1 moment on ship-b at a separation 
Gy=20ûû.Om, dx=O.Om, U=O.Om/s 

0.2 . 
Ship-b Only, $=t 80° 

Sway force on ship-b at a separation Pitch moment on ship-b at a separation 
Gy=2000.0m, dx=O.Om, U=O.Om/s Gy=2000.0m, dx=O.Om. U=O.Om/s 

1 0.012 r 
Ship-b Only, B=180~ Ship-b Only, 8=180° 

0.8 - 

Lb ULb 
Heave force on ship-b at a separation Yaw moment on ship-b at a separation 
Gy=2000.0m, dx=O.Om, U=O.Om/s Gy=2000.0m, dx=O.Om, U=û.Om/s 

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 shipa in Case 3 
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Figure 5.44: Non-dimensional motion displacernent amplitudes on ship-b in Case 3 



5.2.7 Case 4 

The arrangement of the panelized s h i p 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 dx=O.Om: and forward speed U = O.Orn/s are al1 shown in Figure 5.46. 

Figure 5.47 and Figure 5.48 give the positions of s h i p a  and ship-b relative t o  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, 9 = 150°, on the interaction wave exciting 

forces and motions were examined. In Figure 5.49, the wave exciting forces are given 

for sh ipa .  Comparing with the head sea case (Case l ) ,  there is a prominent water 

depth effect on forces for sway: roll and yaw. But forces for surge, heave and pitch are 

less affected. In Figure 5.50, the wave exciting forces of ship-b are given. Comparing 

wit h Case 1. the water depth has more effects on sway, heave, roll and yaw. Howev- 

er. the wave exciting forces for ship-b are  less affected by oblique wave than that of 

ship-a. This is because da < db' ship-a is more sensitive to the shallower water effect 

thari sliip-b. In Figure 5.51, the motions of s h i p a  are shown. Comparing with head 

sea case (Case 1). the sway. roll and yaw motions are affected by the water depth. 

Tlic motion amplitudes of saay and yaw are proportional to the ratio of AIL,. 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. 



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 nhen 

AILb = 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 AILb 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 tha t  the oblique wave affects the smaller ship's seakeeping 

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

motion. 



Figure 5.45: Panelized shipa and ship-b for Case 4 

Figure 5.16: Relative position of two ships: dx = O.Om, Gy = 30.0m for Case 4 



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

Figure 5.48: Water depth h=16.0m for Case 4 
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Figure 5.49: Kon-dimensional wave exciting force amplitudes on shipa in Case 4 
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Figure 5.5 1: Non-dimensional mot ion displacement amplitudes on shipa in Case 4 
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5.2.8 Case 5 

Figure 5.53 shows the panelized shipa and ship-b. Mrave heading 3 = 150": lateral 

separation dy = 52.705m and gap  G y  = 30.0m: longitudinal separation dx=45.0m: 

and foraard speed L: = O.Om/s are al1 shown in Figure 5.34. Figure 5-55 and Fig- 

ure 5.56 give the positions of shipa and ship-b relative to the sea bottom for water 

depths of h = 10.2772 and h = 16.0rn, respectively. 

Discussions on Case 5 

This case was set to observe the effect of longitudinal separation distance dx in a 

oblique wave with heading = 150'. From Figure 5.57, comparing with Case 4, dx 

only affects slightly on the sway wave esciting force for shipa. From Figure 5.58. 

comparing with Case 4, the effect of dx is only shown on the surge and pitch wave 

esciting forces for ship-b. In Figure 5.59. the roll motion resonance peak is increased 

and shifted toward the higher AIL, value. In Figure 5.60. we have observed that only 

the ship-b's roll motion is affected by dx. 



Figure 5.53: Panelized shipa and ship-b for Case 5 

Figure 5.54: Relative position of two ships: dx = 45.0m, Gy = 30.0m for Case 5 



Figure 5.55: Water depth h=10.2m for Case 5 

Figure 5.56: Water depth h=16.0m for 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 5.60: Non-dimensional motion displacement amplitudes on ship-b in Case 5 



5.2.9 Case 6 

The panelized s h i p a  and ship-b are shown in Figure 5.61. Wave heading ,8 = 150°; 

lateral separation dg = 2022.705m and gap Gy = 2000.0m; longitudinal separation 

dx=O.Qm; and forward speed L' = O.Om/s are al1 shown in Figure 5.62. Figure 5.63 

and Figure 5.64 give the positions of shipa and ship-b relative to the sea bottom for 

water depths of h = 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 = 2022.703m. In this case. s h i p 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 s h i p ~  mainly cornes 

from the effect of water depth. and the wave exciting forces in the other modes of 

motion al1 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 

al1 modes of motion. Therefore. the interaction forces cannot be neglected in the 

shallow water region. In Figure 5-67, the sh ipa  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. 



Figure 5.61: Panelized shipa and ship-b for Case 6 

Figure 5.62: Relative position of two ships: dx = O.Om, G y  = 2000.0m for Case 6 



Figure 5.63: \Arater depth h=10.2m for Case 6 

Figure 5.64: Water depth h=16.0m for Case 6 
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5.2.10 Case 7 

Figure 5.69 shows the panelized shipa and ship-b. Wave heading B = 120": lateral 

separation dy = 52.703m and gap Gy = 30.0m; longitudinal separation dx=O.Om: and 

forward speed U = O.Om/s are al1 shown in Figure 5.70. Figure 5.71 and Figure 5.72 

give the positions of s h i p ~  and ship-b relative to the sea bottorn 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 /? = 120". In Figure 5.73. the wave 

exciting forces are given for sh ipa .  By comparing with Case 1 ( B  = 180") and Case 4 

( 3  = lôOO), 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 tirnes than Case 1, and the heave force 

is greater in the lower /\/La value. The decreasing trend is also found in the pitch 

mot ion. Roll and yaw forces are similar to the Case 1 and Case 4. In Figure 5.74, 

for ship-b. the forces in surge and pitch are generally reduced comparing with Case 

1 a n d  Case 4. a n d  the forces in sway. roll. heave and yaw are generally increased. In 

Figure 5.75. for sh ipa  . the sway and roll motions are generally increased, the surge 

motion is reduced. and there is no change in the yaw motion in cornparison with Case 

1 and Case 4. In Figure 5.76, for ship-b. the motion trends are very similar to shipa. 

They are getting greater in sway and roll, less in surge, and no changes in the yaw 

motion. 



Figure 5.69: Panelized shipa and ship-b for Case 7 

Figure 5.70: Relative position of two ships: dx = O.Om, Gy = 30.0m for Case 7 



Figure 5.71: Water depth h=10.2m for Case 7 

Figure 5.72: Water depth h=16.0 for Case 7 
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5.2.11 Case 8 

Figure 5.77 shows the panelized shipa and ship-b. Wave heading 3 = 120": Lateral 

separation dy = 52.705m and gap Gy = 30.0m: longitudinal separation dx=G.Om: 

and forward speed C = O.On/s are al1 shown in Figure 5.78. Figure 5.79 and Fig- 

ure 5.80 give the positions of shipa 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 (a = 180") and Case 5 ( B  = 150"). dx = 45.0m is 

set to study the effect of the longitudinal separation distance under the wave heading 

B = 120". The trends of force and motion are very similar to that of the Case 2 and 

Case 5. Here. the computed results for s h i p a  and ship-b aave exciting forces and 

motions would be a great help for the experimental verification in the future. 



Figure 5.77: Panelized shipa aiid ship-b for Case 8 

Figure 5.78: Relative position of two ships: dx = 45.Om, Gy = 30.0m for Case 8 



Figure 5.79: Water depth h=10.2m for Case 8 

Figure 5.80: Water depth h=16.0m Case 8 
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5.2.12 Case 9 

The panelized s h i p a  and ship-b are shown in Figure 5.85. Wave heading 3 = 120°: 

lateral separation dg = 2022.705m and gap G y  = 2000.0m; longitudinal separat ion 

dx=O.Orn; and forward speed I/' = O.Om/s are a11 shown in Figure 0.86. Figure 5.87 

and Figure 5.88 give the  positions of s h i p 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 t his case, sh ipa  and ship-b were isolated to perform individually a t  ,B = 120'. The 

effect of wave heading on the wave exciting forces and motions of s h i p a  and ship-b 

is 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 d l  affect not only the single ship but also the two ship interactions. 



Figure 5.85: Panelized shipa  and ship-b for Case 9 

Figure 5.86: Relative position of two ships: dx = O.Om, G y  = 2000.0m for Case 9 



Figure 5.84: Water depth h=10.2m for Case 9 

Figure 5.88: Water depth h=16.0m for Case 9 
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5.2.13 Case 10 

The panelized sh ipa  and ship-b are shown in Figure 5.93. CVave heading B = 180°: 

lateral separation dy = 52.705m and gap G y  = 30.0m; longitudinal separation 

dx=45.0m; and forward speed CI = 6.18rnls are al1 shown in Figure 5.94. Figure 5.95 

and Figure 5.96 give the positions of shipa and ship-b relative to the sea bottom for 

water depths of h = 10.2772 and h = 16.0m, respectively. 

Discussions on Case 10 

-4 forward speed U = 6.18mls and a longitudinal separation distance dx = 45.0m are 

considered at the same time. In Figure 5.97, for sh ipa ,  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  yaw motion is 

increased around AILb > 1-75 by the forward speed in cornparison with the surge 

motion and yaw motion of ship-b in Case 2. 



Figure 5.93: Panelized Shipa and Ship-b for Case 10 

Figure 5.94: Relative position of two ships: dx = 45.Om, G y  = 30.0m for Case 10 



Figure 5.95: Water depth h,=lO.Zm for Case 10 

Figure 5.96: Water depth h=16.0m for Case 10 
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Figure 5.97: Non-dimensional motion displacement amplitudes on Shipa in Case 10 
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Figure 5.98: Xon-dimensional motion displacement amplitudes on Ship-b in Case 10 



5.2.14 Case 11 

The panelized s h i p a  and ship-b are  shown in Figure 5.99. Wave heading B = 180": 

lateral separation d y  = 2022.705m and gap G y  = 2000.0m; longitudinal separation 

dx=O.Orn; and forward speed U = 6.18mls are al1 sliown in Figure 5.100. Figure 3.101 

and Figure 5.102 give the positions of s h i p 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 s h i p 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 AIL, = 2.03 and 

water depth h = 10.2m, compared with Case 3, the motions in other modes are not 

changed too much. In Figure 5.101. for ship-b, the surge motion is drastically reduced 

by forward speed compared ai th Case 3 where the speed is zero. 



Figure 5.99: Panelized Shipa and Ship-b for Case 11 

Figure 5.100: Relative position of two ships: dx = O.Om, Gy = 2000.0772 for Case 11 



Figure 5.101: Water depth h=10.2m for Case 11 

Figure 5.102: Water depth h=16.0m for Case 11 



2 .  
Ship-a Only, f3=180° 

U L a  
Surge motion of ship-a at a separation 
Gy=2000.0m, dx=û.Om, U=6.18rn/s 

Sway motion of ship-a at a separation 
Gy=2000.0m1 dx=O.Om, U=6.18m/s 

4 .  
Ship-a Only, p=180° 1 

Heave motion of ship-a at a separation 
Gy=2000.0m, dx=O.Om, U=6.18m/s 

Roll motion of ship-a a? a separation 
Gy=2000.0m, dx=O.Om, U=6. f8Ws 

4 
Ship-a Only, $=180° 

Pitch motion of ship-a at a separation 
Gy=2000.0m1 dx=O.Om, U=6.18m/s 

Ship-a Only. $ 4  80° 1 

0.5 1 1.5 2 

U L a  
Yaw motion of ship-a at a separation 
Gy=2000.0m, dx=O.Om, U d .  1 8m/s 

--- 4 = 1  0.2m(&l.20), ............ h=16.0m(&l.88). +=90m(&iO.59). O O O Oh+&-) 

Figure 5.103: Non-dimensional motion displacement amplitudes on Shipa 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 init iate sloshing wit hin 

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 urork. Irregular frequency effects have been 

investigated estensively for the t\wdimensional strip theory method by McTaggart 

(1996) and for the three-dimensional panel method by Lee, Newman &- Zhu (1996). 



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 b o u n d a ~  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 boundaq condition on the free surface is 2 = 0, and the horizontal 

motions become predominant. For a water particle near the free surface in waves, 

the t ra jec to l  is circular in deep water, and elliptical in finite depth and shallow 

water. The degree of eiongation increases as water depth decreases. Therefore, at 

Iow frequency and in water of finite depth, the ship's motion will be strongly affected 

by the wave particle motion which may cause large horizonta1 motions such as surge, 

sway and yaw. 



Chapter 6 

Conclusions and Recommendat ions 

6.1 Concluding Remarks 

The main objective of this thesis is to nurnerically predict the shallow water effect 

on the seakeeping of two ship interactions in waves. ,4 computer program has been 

devised to solve the free-surface Green's function in finite depth and shallow water. 

and it involves combining bot h the integral form and the series form of free-surface 

Green's function. The application of the three-dimensional panel met hod 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  rn-terms has been proven to  

be ver? important. The l / 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 



mot ions. 

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

Chapter 5: 

In general, the influence of the shallow-water effect on the coupled motions and 

interaction hydrodynarnic forces is prominent. Through analysis of eleven cases, 

the surge wave exciting force and motion were sensitive to both the water dept h 

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 al1 

modes of motion: the motions of surge, swa5 roll and yaw were significantly 

affected by the water depth. 

0 Through Case 4 t o  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 

smatler ship. 

0 The presence of a larger ship in the vicinit!. of a smaller ship can significantly 

influence the motion of a smaller ship, particularly in the shallow water region. 

This phenornenon could be observed through al1 eleven cases. Therefore, the 

smaIler ship would take more risks of collision and even capsizing in shallow 

water than in deep w-ater. 

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

the effect of the horizonal separation distance, dx, on the motion of the  smaller 



ship would be more than that of larger ship. 

0 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 dg. The two ships would act as a single ship's behaviour at a far 

lateral separation, individually. 

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

heave and pitch motions  as not significaat. 

a From Case 10 and Case 11, the effect of forward speed could be prominent, and 

in head seas, the surge motion would be l e s  than that of cases without forward 

speed. 

O 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. 

O Overall. 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 contribut ions of this thesis are summarized as follows: 

0 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. 



O The three-dimensional panel method has been ernployed 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 t hree-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 turo 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. 

The water depth effect on rn-terms has been computed. The double-body Green 

function has been rnodified for the application of water of finite depth and 

shallow water. 

As a bu-product. the shallow water effect on a single ship's seakeeping charac- 

teristics has also been covered in this study. 

6.3 Recommendat ions for the Future Research 

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

to be carried out: 

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



which the wall effect is considered. 

0 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. 

a The changeable bottom topography could be considered in the future. 

a The boundary layer effect on the bow or stern of two ships should be considered. 

In the shallow u7ater region, the flou- around the bow and stem is very sensitive 

to the hull shape. The accurate description of the shape of stern and bow 

u-ould 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. 

0 If a ship is moving in a very shallow region, the thickness of the boundary layer 

could be of the same order as the clearance between the bottorn 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. 

a The second-order wave force. such as the drift force should be considered in the 

future. Particularly. when a large vesse1 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- 

drodynarnic 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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