
INFORMATION TO USERS

This manuscript.has been reproduced from the microfilm master. UMI

films the text directly from the original or copy submitted. Thus, some

thesis and dissertation copies are in typewriter face, while others may

be from any type of computer printer.

The quality or this reproduction is dependent upon the quality or the

copy submitted. Broken or indistinct print, colored or poor quality

illustrations and photographs, print bleedthrough, substandard margins,

and improper alignment can adversely affect reproduction.

In the unlikely. event that the author did not send UMI a complete

manuscript and there are missing pages, these will be noted. Also, if

unauthorized copyright material had to be removed, a note wiD. indicate

the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by

sectioning the original, beginning at the upper left-hand comer and

continujng from left to right in equal sections with small overlaps. Each

original is also photographed in one exposure and is included in

reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced

xerog.'"RFhi:ally in this copy. Higher quality 6" x 9" black and white

photographic prints are available for any photographs or illustrations

appearing in this copy for an additional charge. Contact UMI directly

to order.

A Bell & Howell Information Company
300 North Zeeb Road. Ann Arbor. MI 48106·1346 USA

313.'761-4700 800:521-0600





EVALUATION OF FLEXIBLE HULL TYPES FOR VERY

LARGE FLOATING STRUCTURES

A DISSERTATION SUBMITTED TO THE GRADUATE DIVISION OF
THE UNIVERSITY OF HAWAII IN PARTIAL FULFILLMENT

OF THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

IN

OCEAN ENGINEERING

DECEMBER 1995

By

Suqin Wang

Dissertation Committee:

R. Cengiz Ertekin, Chairman
Kwok F. Cheung
H. Ronald Riggs
Manley St. Denis

Patrick K. Takahashi



UMI Number: 9615562

UMI Microfonn 9615562
Copyright 1996, by UMI Company. All rights reserved.

This microfonn edition is protected against unauthorized
copying under Title 17, United States Code.

UMI
300 North Zeeb Road
Ann Arbor, MI 48103



ACKNOWLEDGEMENTS

I would like to express my deepest appreciation to those who have supported and

helped me develop the skill to perform this research.

I would like to thank Professor R. Cengiz Ertekin, my advisor and committee

chairman, for his guidance and help whenever I needed it. His support will never

be forgotten.

I am grateful to Professor H. Ronald Riggs for his constructive suggestions and

kind help. I had learnt a lot through the many fruitful discussions with him.

I would like to thank the other members of my committee: Professor Manley St.

Denis, for his encouragement during the study and his precious help in shaping my

dissertation. The time he spent on the manuscript is highly appreciated. Professor

Patrick K. Takahashi, for his kind help in providing me an opportunity of doing

research in the area of utilization of ocean resources. Professor Kwork F. Cheung,

for his comments and suggestions on this manuscript.

I wish to acknowledge Professor Ludwig H. Seidl, who introduced me to the field

of hydrodynamics. I also wish to acknowledge Professors YingzlJong Liu and

Yousheng Wu for their advice, suggestions and kind help during their visit of the

department of Ocean Engineering.

I would also like to acknowledge my indebtness to Dr. C. J. Reddy, NASA-Langley

Research Center, for his providing me with the iterative solver for the full matrix

case.

iii



I also appreciate the assistance I have received from my fellow students, Arvind

Tangirala, Qiao Jin, Pascal Ferier, Sander van Stiphout, Balakrishna Padmanabhan and

Hari Sundararaghavan, and from Dr. Xiling Che.

Thanks are also due to Edith Katada, Secretary of the Department of Ocean

Engineering, for her thoughtful help during my studentship at the University.

Special thanks are given to my husband Feng Guo and my daughter Xinmiao for their

support and encouragement, understanding and patience.

The financial support, in the form of research assistantship, from the U.S. National

Science Foundation under Grant Nos. BES-9200655 and BCS-8958346, is gratefully

acknowledged, as is the financial support received form the Hawaii Natural Energy

Institute.

IV



ABSTRACT

In this study, Very Large Floating Structures (VLFS) of different huH forms (semi­

submersible and mat-like) are evaluated on the basis of their hull motions and

structural responses. Some suggestions and recommendations are provided for

selecting a configuration. The theory of linear hydroelasticity is applied to the

analysis. The success of such an analysis of VLFS by means of available computers

rests on the development of three efficient hydroelastic analysis methods that

significantly reduce the CPU time and the required computational storage.

The first method employs the modified Morison's equation and linear structural

dynamic theory. The hydrodynamic coefficients in the modified Morison's equation,

are obtained using the extended MacCamy & Fuchs' method for the columns and the

strip theory for the pontoons, respectively. The method predicts better results at

higher wave frequencies than does the Morison's equation method.

In the second method, the simplified zero-draft Green function is employed in the

hydrodynamic analysis and in the structural analysis a mat-like floating body is

modeled as an equivalent floating plate. These two efforts result in significant CPU

savings.

The mathematical model of the last method employs a three-dimensional

hydroelasticity theory. Two techniques are introduced to increase the computational

efficiency of this method. One is related to the convergency of the Green function

and the other involves the use of an iterative sparse solver for the linear system of

v



equations. This method is especially efficient for the analysis of a VLFS in terms of

CPU and storage. Hence, it has been possible to analyze the hydroelastic response

of a VLFS with the available computer resources.
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CHAPTER 1

INTRODUCflON

1.1 Background

Very Large Floating Structures (VLFS) have been proposed for many applications.

Among them are the floating city concepts (Goo & Yoshida, 1990), floating airports

and runways (Lemke, 1987; Takarada, 1984; Webster, 1991; Ertekin et al., 1994),

military bases (Bretz, 1988; Brahtz, 1989) and ocean mining platforms (Winkler et

al., 1990). A floating runway, which might be 3000m x 300m in plan, represents one

of the largest scale VLFS. Because a floating structure of such a scale has never

been constructed, some fundamental questions exist regarding its design and

construction. A summary of VLFS research and development can be found in

Wilkins et al. (1992).

A central aspect of VLFS design is that of hull type. Most proposed designs for

VLFS are either of the semi-submersible type (Brahtz, 1989, Winkler et al., 1990,

Yoshida and Goo, 1990) or are mat-like (Bretz, 1988; Okamoto et al., 1985). The

former is said to be of the deep-draft type (DDT) and the latter, of the shallow-draft

type (SDT).

Both types of hulls have advantages and disadvantages. Since as yet little

experience is in hand to provide dependable guidance for judgment, it is somewhat

difficult to determine the most efficient hull type of VLFS intended to support some

1



specific activities. The goal of the present research is to provide efficient analytical

tools to investigate the applicability of these two types of hulls to specific missions.

To be sure, the type of hull to be employed depends on many factors. However,

apart from the economics of its construction, the hull type related to a given mission

depends in large part on its qualities of seakindliness and seaworthiness. The last

quality is an obvious as well as legal requirement, while seakindliness relates to the

system's tolerable motions in anticipated seas states. This research deals with the

seaworthiness of the two types of hulls.

To this end, efficient analytical tools are developed to analyze the response of

VLFS of shallow-draft and of deep draft in moderate sea states. Hydroelasticity

theory is employed for two reasons: the first is that the flexible modes of motion are

so important to a VLFS that the interaction between the motion of flexible modes

and the waves must be necessarily included in the dynamic response analysis; the

other is that difficulties arise in specifying the boundary conditions of the dynamic

force if the approach of traditional rigid body hydrodynamics is employed. Hence,

it is necessary to introduce simplified static boundary conditions to obtain a static or

quasi-static prediction of the structural responses (Reilly et aI., 1988). Unlike the

approach employed in traditional rigid body hydrodynamics, a unified hydroelasticity

theory can be used to predict the behavior as well as the structural response of a

VLFS in waves without introducing the approximations discussed above.

2



1.2 Hydroelasticity Concept

''Hydroelasticity is concerned with thephenomena involving

mutual interaction among inertial, hydrodynamic and

elastic forces. "

Heller and Abramson

The response of a floating system is a problem in fluid-structure interaction. No

matter what the action on the structure is, the motion or deformation of the latter

will disturb the fluid and, in return, the disturbed fluid will react on the structure to

move and deform it. This problem embodies the complexity of the dynamics of fluid

and structure considered separately and, also difficulties associated with compatibility

at the common boundaries. This mutual compatibility or interaction can be

described by the forces, velocities or displacements of the fluid and structure.

In most engineering problems, structures can be treated as linear systems, which

implies that the stiffness matrix and the load vector are independent of the

displacements and that these latter are small; hence, conventional methods of

structural dynamics are employed. It is also assumed that linear potential theory is

applicable to the calculation of the fluid action, with the result that the total

potential can be decomposed into incident, radiation and diffraction components.

Of these, only the radiation potential is coupled with the motions of the structure.

3



Two methods can be used to solve for the hydroelastic responses: in the first

(mode superposition method) a normal coordinate system is employed, whereas in

the second (direct method) the coordinate system is a physical one. In the former

method, the normal modes of vibration of the structure in air ("dry modes") are

employed as the normal coordinates because of their efficiency in reducing the

dimensions of the problem. It is assumed that, for an n degrees-of-freedom system,

the first q modes, q<n, which correspond to the lower natural frequencies of the

structure, are sufficient to represent the structural response. The total radiation

potential is obtained as a linear combination of the radiation potentials for each

mode.

The hydroelastic analysis of a floating structure requires much more computational

resources than does traditional rigid body hydrodynamic analysis, especially when the

structure is a VLFS. Therefore, numerically efficient techniques need to be

developed.

1.3 Review of the previous work on hydroelasticity

The concept of hydroelasticity was introduced in the late 50's. Since then a

considerable amount of work has been published in this field. During the 60's and

70's, most of the work was concerned with the acoustic radiation and scattering, the

underwater free vibration and the underwater shock responses of submerged bodies

(Chen and Pierucci, 1977). A significant contribution to the application of

hydroelasticity in marine hydrodynamics was made by the research group of Bishop
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and Price in the late 70's (Betts et aI., 1977, Bishop et aI., 1977, Bishop and Price,

1979). It was thus that the well known hydroelasticity theory of ships was established.

It is a two-dimensional theory, which embodies strip theory for the fluid

hydrodynamics and "beamlike" structural dynamics. Normal coordinates are used in

solving for the ship response to the waves. The foundation of this idea was laid by

Bishop (1971), Bishop and Taylor (1973) and Bishop and Price (1974). Although

"wet modes" were employed before 1974 as normal coordinates in the response

analysis, the analysis is simplified by using the ship modes in vacuo i.e., "dry modes",

as the normal coordinates because they can be more easily obtained. Hence the "dry

modes" are usually employed in hydroelasticity theory.

Two-dimensional hydroelasticity has been used to determine ship responses,

distortions in the vertical plane, bending moments and shearing forces at any section

of a "beam-like" hull (Bishop et aI., 1977). It has also been applied to bridges

(Langen and Sigbjornsson, 1980; Georgiadis, 1981; Hartz and Georgiadis, 1982), and

to other slender structures (Okamoto et aI. 1985; Ertekin et aI., 1990; Riggs et aI.,

1991; Che et aI., 1992). However, the assumption of "beam-like" hull shape in two­

dimensional hydroelasticity imposes some limitations on the application of the theory.

Two-dimensional hydroelasticity was later modified to include the end plane forces

in surge (Riggs and Ertekin, 1993), and to relax the restrictions of the "beam-like"

motions or deformations of floating bodies (Wang, 1991; Che et aI., 1994).

Wu (1984) developed a general linear hydroelasticity theory in which three­

dimensional hydrodynamics are employed for the analysis of the fluid motion and of
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the three-dimensional structural dynamics of the responses of a floating body. The

source distribution method and the finite element method are used to obtain the

potentials and structural responses, respectively. The equations of motion are solved

using the normal coordinates represented by the "dry modes".

The three-dimensional hydroelasticity theory is applicable to any arbitrary-shaped

structure and is perhaps the most accurate theory to date. However, an analysis by

three-dimensional hydroelasticity requires considerable computer resources and its

implementation is time consuming. Limited computer resources make the

application ofthree-dimensional hydroelasticity to a floating body, especially a VLFS,

very difficult.

To overcome this difficulty, Wu (1984) introduced the composite source

distribution method, in which the wetted body port-starboard symmetry is exploited.

The method was later extended to a doubly-symmetric body (Wu et aI., 1993). The

requirements of computational storage and time are reduced by applying these

methods. To the same end, Newman (1985) developed an efficient numerical

algorithm required for reducing the computational time for calculating the source

potential and its derivatives. For a multi-module VLFS, if the fluid coupling, i.e. the

effect of the presence of one module on the hydrodynamics of another module, is

weak, then the problem may further be simplified by calculating the hydrodynamic

coefficients and loads for a single module and then solving the equations of motion

in which there is only mechanical coupling due to the presence of connectors (Wang
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et aI., 1991a; Ertekin et aI., 1993). A list of references on efficient methods of

hydroelasticity may be found in Ertekin (1994).

Thus it appears that linear three-dimensional hydroelasticity theory has been well

developed. The numerically efficient techniques and the developments in computer

hardware are the key points in the application of the theory to a VLFS.

1.4 Objective of the present study

The objective of the present study is to evaluate two flexible hull types of VLFS

of which one is semi-submersible (or deep-draft), and the other is mat-like (or

shallow-draft). The evaluation is based on their structural displacement and stress

responses when acted upon by small amplitude (linear) of waves.

To this end, efficient methods of hydroelastic analysis are developed. Obviously,

the underwater configuration of the floating body is one of the most important

factors for selecting which method is appropriate to the analysis. The common and

main feature of VLFS is that of huge size. For a semi-submersible platform, another

important feature is the cylindrical components, while for a mat-like platform the

important feature is the small ratio of draft to width and length. Three efficient

methods of hydroelastic analysis are developed based on the forgoing important

distinguishing aspects.

In the first method, the wetted structure is represented by frame elements and the

fluid forces are obtained using the modified Morison's equation. The main reason

for this choice is the higher efficiency of Morison's equation when compared with a
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three-dimensional potential theory (Ertekin et aI., 1993; Ertekin et ai. 1994). On the

other hand, it is well known that the use of constant coefficients in Morison's

equation leads to less accurate results especially at the high frequencies at which

wave scattering is important. To improve the results, the added mass, damping

coefficients and exciting forces/moments entering in the modified Morison's equation

are calculated by use of the extended method of MacCamy and Fuchs (1954) (see

Garrison, 1984). This method is applicable to a VLFS if the geometry of its wetted

body is cylindrical, such as occurs with a semi-submersible.

The second method is developed for the hydroelastic analysis of a mat-like VLFS

of shallow draft. The fluid motion is obtained by using a source distribution method

in which the zero-draft Green function (Kim, 1963; Maeda and Eguchi, 1976) is

employed. Since for such a structure the bending motion is more important than

other motions, the structure is modeled as a plate having both a bending stiffness and

a total mass equal to those of the mat-like floating body. The use of the zero-draft

Green function and of the equivalent plate model results in a highly efficient

hydroelastic analysis.

The third method of hydroelastic analysis is efficient for a VLFS of arbitrary

shape. Two techniques are introduced to increase the computational efficiency. The

first is related to the convergence of the Green function and its derivatives, namely,

the introduction of a criterion used to truncate the influence of the Green function

and its derivatives. The other involves the use of an iterative sparse solver for the

linear system of equations. The principle motivation behind the application of these
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two techniques stems from the fact that a source makes a very small contribution to

the potential at a point "far away". In this method, the general three-dimensional

source distribution is employed for the potentials and three-dimensional finite

element method for the structural responses. MITs FINGREEN subroutine is used

in the calculation of the Green function and its derivatives (Newman, 1985).

The three methods are all based on linear structural dynamics and on linear

potential theory. It is assumed that the fluid is incompressible and inviscid, the flow

is irrotational and the wave amplitude and disturbance are relatively small. The

fundamental formulations of structural dynamics and fluid dynamics as well as the

interaction between the structure and the fluid at the boundaries are reviewed.

The three methods are first verified by comparison with available experimental

data and theoretical predictions and then applied to the analysis of VLFS of semi­

submersible and mat-like types. The evaluation of flexible hull types for VLFS is

based on the results obtained from the analyses. Some suggestions and

recommendations are offered for making a choice of configuration for a VLFS,

namely, whether semi-submersible or mat-like.
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CHAPTER 2

STRUCfURAL DYNAMICS OF A FLOATING BODY

2.1 Overview

The objective of hydroelastic analysis is to obtain the structural displacements and

stresses to provide the nece~sary information for design purpose. Consider a body

floating on free surface: the forces acting on it are gravity, buoyancy and the possible

action of waves, current, wind, etc. If all the forces are known, the motion analysis

of a floating body is a problem of forced responses. Well developed techniques in

structural dynamics dealing with this problem can be applied to obtain the solutions.

In this chapter, the linear theory of structural dynamics, finite element method, and

modal superposition method are discussed.

2.2 Formulation of structural dynamics

Structural dynamic analysis is based on three relationships: compatibility

conditions, i.e. strain-displacement relations; constitutive equations, i.e. strain-stress

relations; and equilibrium equations.

When a body is a single, slender hull, the beam theories based on these three

relationships may be used to analyze its dynamic vibration characteristics (Bishop and

Price, 1979). Such a simple model has been used repeatedly over the years to

demonstrate certain fundamental aspects of ship vibration. It is clear continuous

models are of little use in vibration analysis of complex structures such as a floating
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platform because of the intractability of the solutions. Only discrete models are

practical for the analysis of such structures.

The finite element method is widely used in discrete analysis. The basic

assumption in the finite element method is that the displacements of the structure

at any point can be obtained from the displacements at the nodes of the elements

by using an interpolation function, i.e.,

(2.1)

where {d} is the displacement vector at any point, [N] is the matrix of interpolation

functions and {u} is the nodal displacement vector.

The interpolation function is a function of coordinates, not time. Hence,

{<iJ = [N]hil and {ei} = [N]{ii} (2.2)

In accord with the basic assumption, the three relationships in structural analysis are

expressed as the functions of the nodal values of the element. The strain­

displacement relationship is

{e} = [B]{u}

where [B] is the strain-displacement matrix. The constitutive relation is

(2.3)

(2.4)

where {a} is the element stress vector, and [E] is the matrix of material stiffness.

The equilibrium equation is obtained by the principle of virtual displacements,

which states that the equilibrium of a body requires that for any compatible, small,

11



virtual displacements {au}, imposed onto the body, the total internal virtual work is

equal to the total external virtual work (see for example, Bathe and Wilson, 1976).

The forces on a moving body include the general excitation, the inertial and the

damping forces. The latter two are related to the mass and to the damping

mechanism of the structure. There are six degrees of freedom at each node. The

mass distribution matrix is

rnn 0 0 0 0 0

0 ~z 0 0 0 0

0 0 ~3 0 0 0
(2.5)[iii] = -0 0 0 rn44 0 0

0 0 0 0 - 0IUss
0 0 0 0 0 m66

where mn , IDzz, and ~3 are the mass densities (per unit element) subject to

translation along the X, y, and z axes respectively, while m44, mss' and m66 are the

corresponding the moments of inertia about the same axes. The structural damping

mechanism is usually approximated by viscouse damping.

From D'Alembert's principle, the inertial force is given by

(2.6)

If [~] is used as a material-damping parameter matrix analogous to viscosity, the

structural linear damping forces can be written as
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(2.7)

The principle of virtual displacements, for a single element, can be expressed as,

nJU>u}T{Fb}dV +JUSu}T{F)dS +L H~Ui}T{Pi} +{l>d}T{Finl }

v. s. i=1

-J({ou}T[iii]{d} +{ou}T[~]{dJ)dV = J{oe}T{o }dv

v. v.

(2.8)

where (ow, {e} and {ad} are small, arbitrary and compatible, virtual displacement,

strain and nodal displacement vectors, respectively; {Fb } is the body force, {F) is the

surface traction, {Pi} is a concentrated load, {OUi} is a displacement vector, {Fint } is

the internal nodal force vector, T stands for transpose, Ve is the volume of the

element, and Se is the surface of the element.

The substitution of the strain-displacement and constitutive relationships and

shape function into Eq.(2.8) yields:

(2.9)

where [m], [c], and [k] are the consistent element mass, damping and stiffness

matrices, respectively, and

[m] = J[N]T[iii][N]dV

v.

[C] = J[N]T[~][N]dV
v.

[k] = J[B]T[E][B]dV

v.

The external load vector is written as
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n

{F ext} = J[NlT{Fb}dV + J[NlT{Fc}dS +~ [njlT{pj} (2.13)
v. s. 1=1

The internal force vector {Fint } will be canceled when the elements are assembled.

Eq.(2.1O) is formed based on one element and in its local coordinate system. The

equilibrium equation of the body in the global coordinate system can be obtained by

assembling the element matrices; i.e.,

where

(2.14)

nelm

[Msl = L [mel
e=l

nelm

[Csl = L [cel
e=1

nelm

[Ksl = L [kel
e=l

nelm

{F} = L {F:xt}
e=1

(2.15)

where "nelm" is the number of elements, [Msl, [Csl and [Ksl are the structural

mass, damping coefficient and stiffness matrices, respectively. The transformation

from the local to the global coordinates is included in forming these matrices, i.e.

(2.16)

where [Tl is a transformation matrix.

2.3 Direct and modal superposition methods

The motions of the structure are derived from Eq. (2.16) by an analysis in which

the structure is discretized via the employment of the finite element method. It can

be solved either directly or by using the modal superposition method.

Direct method. In discrete analysis, a continuous structure is represented by a

disposition of finite elements connected at their nodal points. In this analysis, all
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forces and displacements are referred to such nodal points. In general, there are six

degrees of freedom at each node. Therefore, if there are N nodes in the discretized

model, the total degrees of freedom of the model is ndof = 6N. The equilibrium

condition hold simultaneously for all of the degrees of freedom. In the direct

method, such a system of the ndof coupled equations is solved for the nodal

displacements. The displacements at other points are obtained by Eqs. (2.1) and

(2.4), in which an interpolation function is employed. The form of an interpolation

function depends on the element type and on the number of nodes of the element.

Appendix A gives the interpolation functions for a two-node beam element and a 4­

node quadrilateral thin shell element.

Modal superposition method. In this method, the displacements are represented

by the free-vibration modal shapes. For a ndof -degree-of-freedom system, these

shapes constitute ndof independent displacement patterns, the amplitudes of which

may serve as normal coordinates to express any possible displacement (Clough and

Penzien, 1975).

Lower modes, which correspond to smaller natural frequencies, contribute to the

responses much more than higher modes. Hence, there comes a point at which

higher modes can be neglected in the analysis. If the responses of the structure can

be approximately represented by the first q, mode shapes q<ndof, the dimensions

of the system will be reduced significantly. This reduction of the dimensions is

especially useful in a hydroelastic analysis in which each degree of freedom
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corresponds to a radiation potential. Therefore, a lesser number of radiation

potentials needs to be solved if the equations of motion are stated in normal

coordinates.

The modal shapes are obtained by solving the characteristic equation

corresponding to equation (2.14) without damping, Le.

[M
s
]{8h[K

s
]{8} = 0 (2.17)

where {:5} is the eigenvector that is the function of time and space and can be

expressed as

Substitution of Eq. (2.18) to Eq. (2.17) results in

([K] - (;)2[M] {lid) = 0

(2.18)

(2.19)

From Eq. (2.19), the natural frequencies (;)i and corresponding normal vector hJri }

can be obtained.

If the normal vectors are normalized by mass, then (Clough and Penzien, 1975)

hJrJT[M]hJlj } = 0ij (i,j = 1,2, ... q)

hJri}T[K] {lJrj} = (;)25 iJ (i,j = 1,2, ... q)

where 0ij is the Kronecker delta.
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The nodal displacements {u} can be obtained by modal superposition, i.e.,

{u} = [1f]{p} (2.22)

where [1f] is the ndofxq mode shape matrix with i equal to {"I), {p} is theqx 1

vector of normal coordinates.

Based on the information of the modal shapes, the modal internal force and

moment matrix [F'P] and modal stress matrix [L'P] can be obtained by stress

analysis. By using modal superposition again, the internal forces and stresses within

the element can be calculated, respectively, by

{p} = [F'P]{p}

and

(2.23)

(2.24)

where {F} is the vector of internal forces and moments and {a} is the vector of

stresses at any point within the element.

Eqs. (2.20) and (2.21) indicate the orthogonality relationships for the flexible

structural dry modes. Multiplication by the transpose of the corresponding modal

shapes and substitution of Eg. (2.22) transform Eq. (2.14) into

(- c..>2[Ms*] +ic..> [Cs*] + [K;]){p} = {P*}

where
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[Ms] = [If]T[MsH'P] = [I]

[Cs] = [If]T[CsHlf]

[Ks] = [If]T[KsHlf] = [A]

{P*} = ['P]T{p}

(2.26)

(2.27)

(2.28)

(2.29)

where [I] is an identity matrix. Eqs. (2.26) through (2.28) define the generalized

structural mass, damping and stiffness matrices, respectively, and Eq. (2.29) defines

the generalized force.

The first six vibration modes correspond to the six degrees of freedom of the rigid

body motion. In ship motion analysis, these six rigid body modes, namely, surge,

sway, heave, roll, pitch and yaw, are usually described by three displacements and

three rotations of the center of gravity about the body fixed axes. The rigid body

modes have the form of

1 o 0 0 (z -zo) -(y -Yo)

0 1 0 -(z -zo) 0 (x-xo)

['Pr]
o 0 1 (y -Yo) -(x-xo) 0 (2.30)

000 1 0 0

000 0 1 0

000 0 0 1

where (xo,yo,zo) are the coordinates of the center of gravity.

Note that although the three translational rigid modes satisfy the orthogonality

condition, the three rotational rigid modes do not. Therefore, the modal mass matrix

corresponding to the rigid body motion, in general, is not diagonal.
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CHAPTER 3

THREE-DIMENSIONAL POTENTIAL THEORY

3.1 Overview

The research work on the motions of a floating body has been carried out for

more than a century since Froude (1861) studied the rolling motions of stearn ships.

The early work also includes Krylov's (1896) study on the pitch motion and the

stresses due to this motion. In the early studies (Froude, 1861, and Krylov, 1896),

the fluid forces and moments are calculated without considering the interaction

between the body and fluid. The fluid forces and moments obtained from the

incident waves are now called Froude-Krylov forces. These early works provide the

foundation for the later researches.

In the 40's, people began to study the diffraction and radiation problems using the

potential theory and try to include these in the motion analysis. One of the great

achievements in this field is the strip theory approach (Korvin-Kroukovsky and

Jacobs, 1957; Frank, 1967; Smith, 1967; Ogilvie and Tuck, 1969; Salvesen et al.,

1970). Its computational simplicity and the generally satisfactory agreement with

experiments result in the fast development and widely applications of strip theory.

However, that does not mean that people did not know three-dimensional potential

theory for a floating body at that period. In fact, the Green function method for the

solution of the radiation potential has been known since the early 40's (Havelock,

1942). But, because of the limitations of the then existing computational resources,
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the attempt to apply the three-dimensional potential theory was altogether

unrewarding.

The development of methods of three-dimensional hydrodynamic analysis date

from the 70's (Faltinsen and Michelsen, 1974; Chang, 1977; Eatock-Taylor and Waite,

1977; Garrison, 1978; Inglis and Price, 1982). Of these, Chang (1977) and Inglis and

Price (1982) included the body's forward speed in their analyses.

Methods of three-dimensional hydrodynamic analysis are applicable to arbitrarily

shaped bodies. Also the solution of the diffraction problem leads to more accurate

predictions of the pressure distribution and of the estimate of wave excitation. The

advantages of three-dimensional methods over the strip theory approach are quite

attractive and the application of these methods has received more attention since

then.

In this chapter, the mathematical formulation of the hydrodynamic analysis of a

body floating in wave is described. The analysis is based on the assumption that the

fluid is incompressible and inviscid, the flow is irrotational and the wave amplitude

is relatively small; hence, the problem can be described by a linear potential theory.

It is also assumed that waves are regular and long-crested. The extension to irregular

and short-crested waves is straight forward.
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3.2 Governing equation and boundary conditions

Two sets of coordinate systems are employed to describe the motions of a floating

body, see Fig. 3.1.

In the fluid domain, the conservation of mass and momentum are expressed by

Euler's equations, i.e.,

ovx + ovy + ovz = 0
ox oy OZ

and

(3.1)

(3.2)

where vx' vy' Vz are the three components of fluid velocity, {V} is the fluid velocity

vector, p is the fluid pressure, g is the gravitational acceleration, p is the water

density and {V} = {o/Ox,o/CJy,o/azL

Based on the assumptions stated earlier, the fluid velocity {V} can be described

as the gradient of the velocity potential iPT ' i.e,

(3.3)

Hence Eqs. (3.1) and (3.2) can be rewritten as the Laplace equation and Euler's

integral, respectively, Le.,
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(3.5)

(3.4)&«l>T cflcllT &«l>T
--+--+-- =0

aX2 ay2 aZ2

acllT P
-- +gz+- = C(t)at p

where C(t) can be absorbed in cIlT thus reducing to zero the right-hand side of Eq.

(3.5).

The main task in hydrodynamic analysis is that of solving the boundary value

problem that yields the velocity potential.

Consider a three-dimensional floating body partially or wholly immersed in the

fluid (see Fig. 3.1) and rewrite the velocity potential as

(3.6)

where <l»T depends on x, y, z only, and decompose it into its three components

usual, i.e.,

(3.7)

where <1»1' <l»D' and <l»R are the incident, diffraction and radiation potentials,

respectively.

The kinematic and dynamic conditions at the free surface are approximated by

reduction to the still water surface, i.e.

a<l» -k<l» = 0
az on z=O (3.8)

where k=CA)2j g is the wave number in deep water and <I» denotes either <1»1' <l»D or

<l»R' At the wetted body surface, the no-flux condition is
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(3.9)

where {n} is a body normal vector directed into the body.

For an infinite water depth,

limV'<t> = 0
z--co

(3.10)

If the water depth h is finite and it is assumed the bottom is flat, the sea bottom

condition is

a<t> = 0
az at z =-h (3.11)

The radiation condition, which describes the boundary condition at the infinite

horizontal distance, ensures that the energy propagates outward. While this

condition is not applicable to the incident potential, for the diffraction and radiation

potentials, it is

(3.12)

3.3 Incident wave potential

The incident wave potential satisfies the Laplace equation and the linearized free

surface and sea-floor boundary conditions, and can be solved by the technique of the

separation of variables. The solution for the incident wave potential may be found

in many textbooks (Lamb, 1932; Kinsman, 1965; Newman, 1977). The velocity
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potential of the plane-progressive wave of constant amplitude and sinusoidal profile

is

«I> I = igA tanh[k(z+h)] exp( -i[k(xcosP +ysinp) -c..>t))
c..> tanh(kh)

(3.13)

where A is the wave amplitude, p the wave heading, positive counter-clockwise, c..>

the wave frequency, h the water depth and k the wave number.

If the water depth h-+ oo , the potential has the form of

«I> I = igA exp( -i[k(xcos p +ysinP) -c..>t]) exp(kz)
U>

3.4 Body boundary conditions of the radiation and diffraction potentials

(3.14)

Although the incident potential is easy to obtain, the solution for the radiation and

diffraction potentials is much more complicated because of the presence of the body.

In this section, the body boundary conditions of diffraction and radiation potentials

are discussed.

3.4.1 Body boundary condition for the diffraction potential

When a fixed body is acted upon by waves, its effect upon them is describable by

a diffraction potential and the body boundary condition is expressed by
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3.4.2 Body boundary condition for the radiation potential

The radiation potential <l>R' which is the sum of all the potentials arising from the

forced oscillations and vibrations of a floating body in an otherwise calm fluid, can

be written as

odof

<l>R = E Aj<l>Rj (3.16)
j=l

where ndof is the displacement degrees-of-freedom of the body, <l>Rj represents the

spatial part of the radiation potential corresponding to the motion associated with

the j -th degree-of-freedom, and Aj denotes the amplitude of the motion.

The boundary condition for the radiation potential <l>Rj is

O.....R· .
_'+'_J = i <a>~
an

(3.17)

where d~ is the normal displacement at any point of the mean wetted body surface

when the displacement in the j -th degree-of-freedom is a unit.

As discussed in Chapter 2, the motions of the structure can be solved either

directly or by using the modal superposition method. If the direct method is used

to obtain the structural response, there will be ndof corresponding radiation

potentials to be solved. The boundary condition for the j -th radiation potential is
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(3.18)

where Nj is the shape function corresponding to the j -th degree-of-freedom, and T

denotes the transpose.

If the structural response is solved by using the mode superposition method, one

of the advantages is that the dimensions of the problem can be reduced. Truncation

of the normal modes is possible because the normal coordinates are more efficient

than the 'physical' coordinate in representing the structural motion. It is usual to

describe the motions of a body by a limited number of normal modes rather than by

their totality; thus q<ndof. The structural damping is assumed to be Rayleighan

with the result that each dry normal mode can be solved independently.

However, when the structure floats in water, the hydrodynamic coefficients, namely

added mass and fluid damping, are frequency dependent because of the free surface

effect. One consequence of frequency dependent coefficients is that the

orthogonality of the normal modes is no longer guaranteed. Also the derivation of

the normal modes of the structure in water is complicated and requires an iterative

approach. To avoid this complication, in the present work, the normal modes of the

dry structure are employed to represent the displacement. The boundary condition

for the j -th radiation potential is expressed as

(3.19)

where lJrj is the j -th dry normal mode.
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Body boundary condition for rigid body motions. Six degrees-of-freedom of a rigid

body are surge, sway, heave, roll, pitch and yaw. The normal modes corresponding

to these six motions are given in Eq. (2.31). From Eqs. (3.17) or (3.18), the

boundary conditions of the radiation potentials corresponding to the rigid body

motions are

a<l>R 1
= iw~ surgean

(3.20)

a<I>
~ = iw~ swayan

(3.21)

(3.22)

(3.23)

heave= iwnz
a<l>R3
an

a<l>R4----a;- = iw[(y-yo)nz-(z-zo)~] roll

a<l>R4
an = iw [(z -zo)nx -(x-xo)nz ] pitch

a<l>R4----a;- = iw[(x-xG)~-(y-YG)nx] yaw

(3.24)

(3.25)

3.5 The Green function method

The diffraction and radiation potentials can be solved by several methods. The

Green function method being a most convenient one has been widely used (Frank,

1967; Yeung, 1973; Faltinsen and Michelsen, 1974; Garrison, 1977). The Green

function satisfies the governing equation and the boundary conditions defined above,

but not the body boundary condition. Therefore, once the Green function is known,

the velocity potential can be obtained from the distribution of singularities on the
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(3.26)

body's surface. This distribution guarantees the fulfillment of the body boundary

condition.

3.5.1 Fredholm integral equation

The theoretical foundation of the Green function method is Green's second

identity, i.e.,

ff(<p aG -G a<P)dS = fff(<PV2G-GV2<P)dV
s an an v

where V is a three-dimensional fluid domain bounded by a closed surface S; and

where <P and G are two scalar functions which are twice differentiable in V and

singly differentiable on S; also a/an. is the normal derivative, and the normal vector

of the surface S points into the body.

Let <P be the velocity potential that satisfies the Laplace equation. If a function G

can be found that

f f f <P(Q)V2G(P,Q)dV = <P(P)
v

(3.27)

where P = P(x,y,z) is any point in the fluid domain, Q = Q(~,TJ,') is the variable

point, then the potential <P at any point P in the fluid domain can be obtained from

f f(<p(Q) aG(p,Q) -G(p,Q) a<p(Q»)dS = <P(P)
s an an

To this end, the function G must satisfy the condition that
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V2G(P,Q) = O(P -Q)

where O(P -Q) is the Dirac delta function.

(3.29)

Eq. (3.29) is a Poisson equation. The Green function is a solution of Eq. (3.29),

which also satisfies the free-surface boundary condition, radiation condition and sea-

bottom boundary condition. Functions of such a kind have been found for two- and

three-dimensional problems (Weihausen and Laitone, 1960).

Since the Green function satisfies all the boundary conditions except that on the

body, the integration in Eq. (3.28) can be applied only to the body's surface Sb only.

To demonstrate this, rewrite Eq. (3.28) as

<f>(P) = 11(<f>(Q) aO(p,Q) -G(p,Q) a<f>(Q) )dS
s an an

=[I +1+J+1](<f>(Q) aO(p,Q) -G(p,Q) a<l>(Q»)dS
s s s s an an

b f • •

From Eq. (3.8), the integral term on the free-surface can be written as

JJ(<I>(Q) aG(p,Q) -G(p,Q) a<l>(Q) )dS
s an an

f

= JJ<I>(Q)[aG(p,Q) -kG(P,Q)]dS = 0
s az

f

(3.30)

(3.31)

At the sea-bottom, since the both the velocity potential <I> and the Green function 0

satisfy the sea-bottom boundary condition, i.e.,

aO(p,Q) = 0
an '

a<f>(Q) = 0
an

(3.32)

the integral term on the sea-bottom disappears.
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The integration term on the control boundary at infinity can be written as

(3.33)

From Eq. (3.12), the integration on the control boundary is zero.

If only the potential on the body surface needs to be solved, which is the case in

the present study, Eq. (3.28) becomes

4>(P) = _1f!(4)(q) BG(p,q) -G(p,q) B4>(q) )dS
21t s an an

b

where p and q denote that the points are on the body surface.

3.5.2 Source distribution method

(3.34)

From Eq. (3.34), it can be observed that the Green function G(p,Q) is akin to a

source and its strength is proportional to a4>/an. The double integral

1/(41t)f!<B4>/ Bn)G(p,Q)dS defines the potential generated by the sources
Sb

distributed on the body surface. Similarly, the normal derivative of the Green

function BG/Bn is like a dipole with the strength of 4>, and 1/(41t)fJ4>(BO)/(Bn)dS
Sb

is the potential generated by the dipole on the body surface. It is known that the

solution that satisfies the Laplace equation and the boundary conditions defined

30



above should be unique. Therefore, once the value of <I> is given, aeplan can be

determined, and vice-versa. Therefore, the potential can be obtained using the

source or dipole distribution method. In the present study, the source distribution

method is used.

In the source distribution method, Eq. (3.34) can be written as

<I>(P) = _1 JJO(p,q) o(q)dS
41t s

b

(3.35)

(3.36)

where 0 is a source strength that can be obtained using the body boundary

condition. To do this, it is necessary to obtain the normal derivative of Eq. (3.35),

i.e.,

1. o(P) + _1 JJO(p,q) o(q)dS = aep(p)
2 41t ~-e an

where the first term results from the integration at the singularity point and E is a

small area that includes the singularity point.

3.6 The constant panel method

Eq. (3.36) is usually solved numerically. To this end, the mean wetted body

surface needs to be discretized into panels. As in the finite element method, one can

choose an interpolation function to describe the variation of the source strength

within a panel. The constant panel method implies that the interpolation function

is a constant, which means that the source as well as the potential are uniformly

distributed within a panel. If a higher order interpolation function is employed (Liu
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et aI., 1991), the associated method is usually called the higher-order panel method.

The higher-order panel method allows a linear or higher-order variation in the

source strength and in the potential within a panel. In the present study, the constant

panel method is employed.

If the wetted body surface is divided into N panels, N source strengths must be

determined. The geometric center of each panel is chosen as a control point at

which to satisfy the body boundary condition (Hess and Smith, 1962). Therefore, Eq.

(3.36) is an N simultaneous equations, i.e.,

(3.37)

and the velocity potential is expressed as

(3.38)

The wetted surface is usually represented by a number of quadrilateral panels (see

Fig. 3.2). The four nodes of a space quadrilateral may not be located on the same

plane of a generally shaped body. It is convenient to use a plane quadrilateral to

simplify the calculation of the integration on the surface. Therefore, a middle plane

quadrilateral is employed. This may result in a small gap between adjacent middle

plane quadrilaterals and the normal may not be the normal of the body surface but

the normal of the middle plane quadrilateral. Also, as mentioned above, the source

strength is constant within a panel; hence, it is not continuous at the boundary of
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panels. However, it has been shown that when N is large enough, the constant panel

method can predict satisfactory results.

Appendix B describes the method for calculating the normal and the center of the

geometry of the panel for a generally shaped body surface.

3.7 Generalized hydrodynamic forces

Once the velocity potential is obtained, the hydrodynamic pressure p is given by

the linearized Euler's integral, i.e.,

a<llT
p = -P-­at

(3.39)

By decomposing the total velocity potential (liT into incident, diffraction and

radiation potentials and taking out the factor of ei<.>t, Eq. (3.39) is rewritten as

p = -i<'>P4>R -i<.>p(4)I +4>ol

Then the hydrodynamic force is

{p} = fJp{n}dS
Sb

and the generalized hydrodynamic force is

{p-} = ff['P]Tp{n}dS = ffp{n-}dS
Sb Sb

(3.40)

(3.41)

(3.42)

where ['1'] is the mode shape matrix and {n -} = ['P]T{n} is called the generalized

normal vector.

The generalized hydrodynamic force due to the incident and diffraction potentials

along is called the generalized wave exciting force and is calculated by
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{F~} = -ic..>pJJ(<t>I+<I>~{n·}dS
Sb

(3.43)

While the generalized hydrodynamic force due to the radiation potential is obtain

from

q

{Fi} = -~ic..>pJJ<t>RjPj{n·}dS (3.44)
J=l Sb

where Pj is the normal coordinate of the j -th modal shape that corresponds to Aj

in Eq. (3.16) and needs to be obtained from the equations of motion.

The radiation potential is related to the motion of the body; therefore, the

generalized hydrodynamic force due to the radiation potential is expressed by the

added mass, which is related to the acceleration of the body, and by the damping,

which is related to the velocity of the body, Le.,

q

{Fi} = -~ic..>pJJ<I>RjPj{n·}dS = (c..>2[M;]-ic..>[C;]){p} (3.45)
J=l Sb

where [M;l and [Cn are added mass and damping matrices, respectively. The

element ~jk of the added mass matrix is

M~k = :'Re{ic.>'([cl>ak"!· dS}
and the element CfJk of the hydrodynamic damping matrix is
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erik = : im{i<.>~[eJ>.unt dS} (3.47)

where the subscripts j and k represent the j -th normal coordinate and the k-th

radiation potential, and where Re and 1m denote the real and imaginary parts of the

complex functions, respectively.

3.8 Generalized hydrostatic force

The generalized hydrostatic force arises from the static component of the pressure

described by the Euler's integral in Eq. (3.5), i.e.,

p=-pgz (3.48)

where z is the vertical coordinate of a point on the wetted surface. The origin of the

coordinate system is at the still-water level. In a linear problem, the vertical

coordinate of any point can be expressed as the sum of the original vertical

coordinate and the displacement due to the modes of motion, i.e,

q

Z = Zo +E "'wjPj (3.49)
j=l

where Zo is the vertical coordinate at any point when the body is in original

equilibrium position, Wwj is the vertical displacement corresponding to the motion

of the j -th mode, Pj is the normal coordinates of the j -th mode, j = 1.2•... ,6 stands

for the rigid body modes of surge, sway, heave, roll, pitch and yaw, respectively, and

j > 7 for the flexible modes.
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Eq. (3.48) can be rewritten as

q

P= -p g(zo +L WwjPj) (3.50)
j=1

The second term of this equation is proportional to the normal coordinates, Le. to

the motion of the body, while the first term is motion independent, which contributes

to balance the weight of the body. It is the second term that results in the

hydrostatic restoring force FH , which can be written as

q

{FH } = -p gJJ~ WwjPj {n}dS (3.51)
Sb J=1

where {n} is the normal vector of the wetted surface. The generalized hydrostatic

restoring force is

{F~} = -p g JJ{Ww }T{p}['I']T{n}dS - pgJJzo['P]T{n}dS
Sb Sb

(3.52)

The integration of Eq. (3.52) is proportional to the vertical coordinate z = Zo +W,

therefore the contribution from the thin strip O<z<', where , is the chang of still

water level, will be of order (2. In the linearized analysis, this second-order quantity

is neglected, and the wetted surface in the integral can be redefined as the mean

body surface below the still-water plane.

It can be seen from Eq. (3.52) that the generalized hydrostatic restoring force is

proportional to the displacement of the body, therefore it can be written in the form

of hydrostatic restoring coefficients, Le.,
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{F~} = -pgffh;w}T{p}['P]T{n}dS = -[K;]{p}
Sb

(3.53)

where [K;] is the matrix of the generalized hydrostatic restoring coefficient. The

elements of [Kf'] are

KcJk = pgfflJrwk{lJrj}T{n}dS = pgffnj'lJrwkdS
Sb Sb

(3.54)

Note that in deriving the formulation for the calculation of the hydrostatic

restoring coefficient, the weight of the body is not included. Although at the original

equilibrium position the forces and moments due to the weight of the body are

canceled by the forces and moments due to buoyancy, once the body is moved or

deformed, the moments will not cancel each other. Therefore Eq. (3.54) is valid for

the case in which the modal shapes are expressed with reference to the center of

gravity. A derivation of the hydrostatic restoring coefficients of the rigid body

modes for any arbitrary case is given by Newman (1977). In the case of the flexible

modes, it is generally assumed that the deformation is so small that the

displacements with reference to the original equilibrium system are the same as with

reference to the center of gravity. Appendix C gives the hydrostatic restoring

coefficiepts of the rigid body modes.

3.9 Utilization of geometric symmetry of the wetted body surface

If the geometry of the wetted body possesses single symmetry, Le. port-starboard

symmetry, or double sYmmetry, Le. port-starboard and fore-aft sYmmetry, the amount
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of work can be reduced in solving for the velocity potentials (Wu, 1984; Seidl, 1990;

Wu et aI., 1993).

The solution of the potential is a boundary-value problem. If the geometry of the

body possesses single or double symmetry, the body boundary condition for the

velocity potential, Le. aep/an, can always be decomposed into symmetric and anti-

symmetric conditions.

Take for example the case of single symmetry. The velocity potential can be

written as

<I>(x,y,z) =JJa(~,11,')G(X,y,z,~,11,OdS +JJa(~,-11,')G(x,y,z,~,-11,')dS
~ ~

(3.55)

where Sp is the wetted body surface of port side and S9 of starboard side. For the

port-starboard symmetric body boundary condition, a(~,,,,,) = a(~,-TJ,(), while for

the corresponding anti-symmetric condition a(~,11,') = - a(~,-TJ,'). Hence Eq.

(3.39) can be expressed as

<I>(x,y,z)± = JJa(~,11,')[G(X,y,z,~,11,O ± G(x,y,z,~,-TJ,')]dS
sp

(3.56)

where <I> + and <I> - denote respectively the potential corresponding to the symmetric

and anti-symmetric conditions. Since the Green function G has the property of

symmetrization, Le.,

G(+,+) = G(-,-)

G(+,-) = G(-,+)

<I>± can be written as
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~± = ~(x,y,z) ± <f>(x,-y,z) (3.59)

Therefore, if the geometry of the wetted body possesses symmetry, the potentials~±

are solved first by using only one half of the body boundary condition, Le., one half

of the wetted body surface is discretized and entered in the calculation. When the

potentials ~± are obtained, the potential at any point can be easily solved by Eq.

(3.43).

The boundary conditions for the radiation potentials of a symmetric body are

expressed as

a<f> +

~ = 2i<a>hJrk}T{n}
an

Similarly, the boundary conditions of an anti-symmetric body are

(3.60)

(3.61)a'"­
~ = 2i<a>hJrk}T{n}

an
The body boundary conditions for the diffraction potentials corresponding to the

symmetric and anti-symmetric conditions are

a~~ = _[ a~I(x,y,z) + a4>I(X,-y,Z)]
an an an

a4>i> = _[ a4>I(x,y,z) _ a4>l(x,-y,Z)]
an an an

(3.62)

(3.63)

Similarly, if the geometry of the wetted body is port-starboard and fore-aft

symmetric, then
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4>: = JJa(e,'l,{)G:(x,y,z,e,'l,OdS
Spf

(3.64)

where Spf is one quarter of the wetted body surface and the superscript indices +

and - correspond to port-starboard symmetry and anti-symmetry, respectively; and

also the subscript indices + and - correspond to fore-aft symmetry and anti-

symmetry, respectively, and

G:(x,y,z,~,,,,O = G(x,y,z,e,'l,{) +G(x,y,z,e,-'l,{)
+ G(x,y,z, -e, -'l,{) +G(x,y,z,-e,'l,{)

G~(x,y,z,e,,,,o = G(x,y,z,e,'l,{) +G(x,y,z,e,-'l,{)
- G(x,y,z,-e,-'l,{) -G(x,y,z,-e,'l,{)

G;(x,y,z,e,,,,o = G(x,y,z,e,'l,{) -G(x,y,z,e,-'l,~")

- G(x,y,z,-e,-'l,{) +G(x,y,z,-e,'l,{)

G~(x,y,z,e,'l,') = G(x,y,z,e,'l,{) -G(x,y,z,e,-'l,{)
+ G(x,y,z,-e,-'l,{) -G(x,y,z,-e,'l,{)

and

4>: = 4>(x,y,z) +4>(x,-y,z) +4>(x,-y,-z) +4>( -x,y,z)

4>: = 4>(x,y,z) +4>(x,-y,z) -4>( -x,-y,z) -4>(-x,y,z)

4>: = 4>(x,y,z) -4>(x,-y,z) -4>( -x,-y,z) +4>(-x,y,z)

4>= = 4>(x,y,z) -4>(x,-y,z) +4>( -x,-y,z) -4>( -x,y,z)

The body boundary conditions for the radiation potentials are

a4>;± = 4i (,.){ 1Jr }T{n}

and the body boundary conditions for the diffraction potentials are

where PD = -a4>I I an and
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(3.68)

(3.69)

(3.70)

(3.71)

(3.72)
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a<l>~± = P
o
±

an ±

P~+ = Po(x,y,z) +Po(x,-y,z) +Pn(x,-y,-z) +Pn(-x,y,z)

P~- = Po(x,y,z) +Po(x,-y,z) -Pn(-x,-y,z) -Pn(-x,y,z)

P~+ = Po(x,y,z) - Po(x,-y,z) -Pn(-x,-y,z) +Po(-x,y,z)

P~_ = Po(x,y,z) - Po(x,-y,z) +Pn(-x,-y,z) -Pn(-x,y,z)

3.9.1 Generalized wave exciting forces and hydrodynamic coefficients

(3.74)

(3.75)

(3.76)

(3.77)

(3.78)

The generalized wave exciting forces and the hydrodynamic coefficients can be

obtained from the potentials corresponding to the symmetric and anti-symmetric body

boundary conditions.

For the single symmetry case, the generalized wave exciting forces are expressed

by

Fj = -iwpf1(<1>: +<I>;)nj$dS
Sp

(3.79)

where nj $ is defined as before and j corresponds to the mode whose shape is port-

starboard symmetric and

Fi = -iwp !1(ep; +ct>~)ntdS
sp

(3.80)

where j corresponds to the mode whose shape is port-starboard anti-symmetric.

The generalized radiation forces are expressed by means of hydrodynamic

coefficients defined by Eq. (4.45) and can be calculated by
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FRjk = -2iwpJJ4>;ntdS
sp

where k, j correspond to port-starboard symmetric modes, and

FRjk = -2iwpJf 4>knj" dS
sp

where k, j correspond to a port-starboard anti-symmetric modes.

(3.81)

(3.82)

Similarly, for the doubly symmetric case, Le. of port-starboard and fore-aft

symmetry, the generalized wave exciting forces are

Fj = -iwp fJ(ep;.+4>~.)ntdS
sp

(3.83)

where j corresponds to a port-starboard symmetric and fore-aft symmetric modal

shape,

Fj = -iwp fJ(ep;_+4>~Jnj·dS
sp

(3.84)

where j corresponds to a port-starboard symmetric and fore-aft anti-symmetric

modal shape,

Fj = -iwp f f( <Pr.-. +4>~.)nj· dS
sp

(3.85)

where j corresponds to a port-starboard anti-symmetric and fore-aft symmetric

modal shape,

Fj = -iwp f f($;- +4>~_)nj· dS
sp

(3.86)

where j corresponds to a port-starboard anti-symmetric and fore-aft anti-symmetric

modal shape.
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The generalized radiation forces are

FRjK = -4iw Pff~.nj*dS
spe

(3.87)

where k, j correspond to port-starboard symmetric and fore-aft symmetric modes,

FRjK = -4iwp!!~_nj*dS
spe

(3.88)

where k, j correspond to port-starboard symmetric and fore-aft anti-symmetric

modes,

FRjK = -4iwpf!cf\.nj*dS
spe

(3.89)

where k, j correspond to port-starboard anti-symmetric and fore-aft symmetric

modes,

FRjK = -4iwP!!cf\_nj*dS
spe

(3.90)

where k, j correspond to port-starboard anti-symmetric and fore-aft anti-symmetric

modes.

3.9.2 Restoring coefficients

For the singly symmetric case, the elements of the restoring coefficient matrix are

calculated from

Cjlt = -2pg!!wltnj*dS
sp

(3.91)

where wit is the vertical displacement at any point due to the motion in the k-th

mode and k, j correspond to two symmetric modes or anti-symmetric modes.
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Similarly, for the doubly symmetric case, the elements of the restoring coefficient

matrix are

Cjk = -4pgffwknj"dS
Spe

(3.92)

where k, j correspond to the two modal shapes that are of the same symmetric and

anti-symmetric characteristics.
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CHAPTER 4

HYDROELASTIC RESPONSE OF A FLOATINO BODY

As discussed in Chapter 2, once the forces acting on a floating body are known,

the motions of the body can be obtained without difficulty. Although there are

several kinds of external forces acting on a floating body, only the fluid forces are

considered in this study. According to Chapter 3, the generalized fluid force F' can

be written as

(4.1)

where F~, F; and F';' are the generalized hydrostatic force, radiation force and wave

exciting force, respectively. By using Eqs. (3.45), (3.53), the modal equations of

motion (2.25) can be written as

[- w2 ([M;] + [M;]) +ic..> ([Cs'] + [C;]) +( [Ks'] + (K;]) ]{p} = {F';'} (4.2)

where [Ms'], [C;] and [Ks'] are the generalized structural mass, damping coefficient

and stiffness matrices, respectively; [M;], [C;] and [Kf'] are the generalized added

mass, fluid damping coefficient and hydrostatic stiffness matrices, respectively; and {F';'}

is the generalized wave exciting force.

Note that matrices with subscript f in Eq. (4.2) are not diagonal. The present

method of solution is not a standard mode superposition method that relies on the

uncoupling of the equations of motion in normal coordinates. Rather, in
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hydroelasticity, a truncated set of normal coordinates is used to reduce the

dimensions of the system of equations of motion. The truncation is possible because

the normal coordinates are more efficient in representing the structural motion than

are the 'physical' coordinates.

Eq. (4.2) represents q modal equations that are coupled with each other. The

solution of Eq. (4.2) for the normal coordinates {p} permits the calculation of the

structural responses such as displacements and stresses required by engineering

design. The nodal displacement can be obtained from Eq. (2.22) and the structural

internal forces and stresses from Eqs. (2.23) and (2.24).

46



CHAPTERS

THE MODIFIED MORISON'S EQUAnON METHOD

5.1 Overview

Chapters 2 and 3 present an overview of the theories involved in three­

dimensional hydroelastic analysis of a floating body. Although the linear three­

dimensional hydroelasticity theory has been well developed, its application to a VLFS

at the present time is difficult because of the limitations of computer resources.

Consequently, various more efficient approaches have been developed (see Ertekin,

1994 for a review). The Morison's equation method is one of them.

Morison's equation (Morison et al., 1950) has been successfully used in the

offshore industry to determine, especially during the preliminary design stage, the

motion response of floating structures. This equation includes the effects of fluid

acceleration and viscous form drag in terms of empirically determined coefficients.

The equation was developed as an ad hoc approach to a limited set of experimental

data and was introduced originally to calculate the wave exciting forces and moments

on fixed vertical piles of circular cross section. This approach has been later

extended to fixed tubular structures and semi-submersibles (Burke, 1969; Paulling,

1970; Paulling and Tyagi, 1991; Chitrapu et al., 1993; Chitrapu and Ertekin, 1995).

Recently Morison's equation has been applied in the hydroelastic analysis of very

large floating structures (Ertekin et al., 1993; Hirayama et al., 1994).
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The main reason for introducing the Morison's equation method to the

hydroelastic analysis of a VLFS is due to its high efficiency and the considerable

computational cost of using three-dimensional hydroelasticity. To be sure, Morison's

equation is applicable only to the structures that have tubular components below the

still-water surface, such as semi-submersibles.

However, it is well known that use of constant coefficients in Morison's equation

leads to less accurate results, especially at the high frequencies at which wave

scattering is important. In the attempt to improve the prediction of the fluid loading

at high frequencies, the added mass, damping coefficient and excitation in this study

are calculated by potential theories. The extended MacCamy & Fuchs' method is

used to solve for the fluid action on vertical cylinders and strip theory is employed

for horizontal pontoons. The total fluid force is expressed in the form of Morison's

equation by introducing the equivalent hydrodynamic coefficients based on the results

obtained from potential theories.

In this chapter, the formulation used in the modified Morison's equation method

is introduced and then applied to a semi-submersible system. The derived numerical

results are presented.

5.2 Structural model in Morison's equation method

The structure is discretized by the finite element method. Since the submerged

members of a VLFS of semi-submersible type are columns and pontoons, it is

convenient to employ frame elements to model the structure.
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The formulation of the finite element method has been described in Chapter 2.

A frame element is defined by two end nodes (see Fig. 5.1), each of which has three

translational and three rotational degrees-of-freedom. The displacements of an

element at any point can be obtained from the displacements of the nodes by the use

of interpolation functions:

(5.1)

where {d} is a 6x 1 vector of translational and rotational displacements at a point

of an element defined in the local coordinate, {u} is the 12x 1 vector of nodal

displacements at the two end nodes of the element, [N] is a 6x 12 matrix of

interpolation functions that are given in Appendix A.

The forces distributed along an element obtained from Morison's equation are

replaced by equivalent nodal forces given by

{Fn
} = J[N]T{f}cJL

L.
(5.2)

where {F n} is the vector of the equivalent nodal forces in the element's local

coordinate system, {f} is the vector of distributed force calculated from Morison's

equation, and Le is the length of the element.

The consistent structural mass [Msl and stiffness matrices [Ks] for an element

in the local coordinate system are given in Appendix A. To obtain the global

matrices for the equations of motion (2.15), the quantities need to be transformed

from local to global coordinate systems and assembled at the common nodes.
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5.3 Hydrostatic forces

The hydrostatic forces require special attention within the framework of the three-

dimensional structural frame model, since the sectional restoring forces must be

considered rather than the restoring forces for the whole structure, as is the case in

rigid-body motion analysis (Che, 1993). The major difference between the

hydrostatic restoring force of a unit section and that of the whole body is that the

displacement of a unit section beam may not be equal to its weight.

It is convenient to write the restoring forces {FH } in terms of the hydrostatic

stiffness matrix, i.e.

(5.3)

This stiffness matrix has both a stabilizing component, due to the water plane area

of the surface-piercing structural members, and a destabilizing component, due to the

shift of the application point of the net buoyancy forces of columns and pontoons.

The stabilizing component of the hydrostatic stiffness is modeled by locating a

node at each intersection of the still-water plane and column, and attaching discrete

vertical and rotational springs to theses nodes. The only non-zero components of the

hydrostatic stiffness are given by

k-- = pgA, k-- = pgL_ k-- = pgL_zz c xx .LJ:x' yy ~y
(5.4)

where Ac is the water-plane area of a column, !xi and Iyy are the second moments

of water plane area of the column about the axes of i and y, respectively, also in

the local coordinate system (see Fig. 5.1), .
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A shift in the center of buoyancy such that it is no longer vertically aligned with

the center of gravity causes an overturning moment on the deck. This destabilizing

effect of buoyancy is caused by the pitching/rolling motion. This overturning

moment is transmitted to the deck by the columns. To incorporate this into the

structural model, the geometric stiffness of the column frame elements is used. This

is equivalent to subjecting the column to an axial force. This additional term in the

hydrostatic stiffness matrix in the local coordinates can be written as

[kg] = Jfa[N/]T[N/]di
L e

(5.5)

where fa is the axial force and primes indicate differentiation of interpolation

functions.

The consistent hydrostatic stiffness matrix of an element is then assembled by

adding the stabilizing and destabilizing components and then transforming them into

the global coordinates.

5.4 Hydrodynamic forces

Since Morison's equation is used in the hydrodynamic analysis, the structural

components below the still-water plane are modeled as circular cylinders. The

displaced volumes of the circular cylinders are the same as the original structural

components.

The hydrodynamic force due to waves includes the structural displacement force,

namely the inertial force that is proportional to the acceleration and the damping
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force that is proportional to the velocity, as well as the exciting force due to the

incident and scattered waves. In terms of Morison's equation, the sectional

hydrodynamic force {Fcp } can be written as

{Fcp} = ~ pCoDlhifn}-hin}l(hifn}-hin})

+ .!.p1tD2(C
M

Hifn } -(C
M

-l){un })
4

(5.6)

where Co is the form-drag coefficient; CM the inertia coefficient; {Urn} the water

particle displacement vector normal to the element; {un} the displacement vector of

a point on the element in the normal direction; D the diameter of the tubular

member of the structure. The nonlinear drag force can be written in terms of the

equivalent linear drag coefficient (Blagoveshchensky, 1962)

(5.7)

where COL is the equivalent linear drag coefficient and can be obtained by

(5.8)

where ufnO is the amplitude of the water particle velocity and unO is the amplitude

of velocity of a point on the element in the normal direction. Note that COL is a

dimensional coefficient.
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5.5 The equivalent hydrodynamic coefficients

As mentioned before, the use of the constant form-drag coefficient CD and inertia

coefficient CM in Morison's equation may lead to less accurate results. Hence,

potential theory is used in this study to calculate the hydrodynamic forces of radiation

and wave excitation. The hydrodynamic force so obtained is expressed in the form

of Morison's equation. By doing so, the equivalent linear drag coefficient CDL and

the inertia coefficient CM can be obtained. To obtain the hydrodynamic force for

columns, the extended MacCamy & Fuchs' (1954) method proposed by Garrison

(1984) is used, and for pontoons Frank's (1967) close-fit method based on the strip

theory is employed. Obviously, the use of such methods imply that any hydrodynamic

interference effects between members are negligible. Moreover, such approximations

cannot predict the three-dimensional flow structure at the end of a column or

pontoon.

5.5.1 Columns

It is assumed that columns of a module are hydrodynamically isolated. If this

assumption proves to lead to great inaccuracies in certain cases, it is possible to

consider the mutual interaction between neighboring columns by using the interaction

theory for a matrix of columns (see for example, Kagemoto and Yue 1993).

In the extended MacCamy-Fuchs approach, the total potential is decomposed into

incident 4>1' diffraction 4>D and radiation <l>R potentials, i.e.
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(5.9)

If the vertical column is circular, it is convenient to solve the velocity potentials

in cylindrical coordinates. A right-handed cylindrical coordinate system is used (see

Fig. 5.2). The governing equation and boundary conditions in the cylindrical system

are

at z = 0

(5.10)

(5.11)

at z = -h (5.12)

where h is the water depth.

The incoming wave potential is written as

igA cosh[k(z +h)] -ikrc0s6 !wt4>1 = e e
<a> cosh(kh)

(5.13)

where A is wave amplitude, <a> the angular wave frequency, g the gravitational

acceleration and k the wave number.

According to the theory of Bessel functions (Abramowitz and Stegun, 1964), the

exponential term can be written as

(5.14)
m=-ClO

The diffraction potential should have a form similar to the incident wave potential.

Given the body boundary condition, the radiation condition that must be satisfied by
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the diffraction potential, and the properties of the Bessel function, the diffraction

potential may be expressed as

4>D = t Am cosh[k(z+h)]Hm(kr)eimllei<.>t (5.15)
m=-co cosh(kh)

where Am is a coefficient that can be determined by the body boundary condition.

In (Garrison, 1982), this coefficient is expressed as

Am = iAg i m J~(ka)
w ~(ka)

(5.16)

where a is the cylinder radius, Ji is the derivative of the Bessel function of the first

kind and of order one, and Yi is the derivative of the Bessel function of the second

kind and of order one.

Hence the diffraction potential is written as

. co J' (ka)'" _ iAg ~ ·mcosh[k(z+h)] m H (kr) imO i<.>t
't'D--LJ 1 me e

w m=-'" cosh(kh) H~(ka)
(5.17)

The pressure due to the incident and scattered waves can then be calculated by

Euler's integral, and the sectional force can be obtained by integration of the

pressure. The sectional force is obtained as

of(z,t)

where

= 4p gA coshk(z +h) R(ka)cos(wt +a)
k cosh(kh)
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R(ka) = [I:(ka)2 + Y:(ka)2rJ2 , a(ka) = tan-t(Y:/I1) (5.19)

If this force is made equal to the force obtained by the linearized Morison's

equation, the following coefficients are obtained

CM = CeaseS, C DL = 1twaCsineS

where

(5.20)

(5.21)

in which L is the wave length. These coefficients provide approximations to the

exciting forces that could have been obtained by potential theory when used in

Morison's equation. Note that these coefficients are depth independent. Once the

sectional forces are calculated, they are used only from the still-water plane down to

the bottom of a column. This is equivalent to using a shape function for the exciting

forces, for which 1J1(z)=O if z<-d (d=draft of the column).

The radiation potential must satisfy the same conditions as that of the diffraction

potential except the body boundary condition. At the body's boundary, the normal

velocity of the fluid particles is equal to the normal velocity of the body. That is

o<l>R
-- = i<a>1J1(z)eoseor
where *(z) is the displacement of the cylinder in the x direction.
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The radiation potential can be written as

<PR = Aocosh[k(h+z)]H1(kr)cos6 + L Aicos[J.LI(h+z)]K1(lJ.ir)cos6
1=1

(5.23)

where Ao and Ai can be determined by applying the kinematic boundary conditions

on the body surface and IJ. is the root of <..>2 = -gJ.Ltan(J.Lh).

Since the radiation potential <PR is proportional to the motion of the structure, it

is expressed by

~=E~~ ~~
j

where Aj is the displacement amplitude of j -th mode. The displacement d at any

point can be expressed as d = L ljIj(z)Aj , where V(z) denotes the shape function.
j

The shape functions for surge are

v(Z) = 1 O<z<-d, 1J1(z) = 0 z<-d

and for pitch they are

v(z) = z/d 0< z <-d, ljI(z) = 0 z <-d

(5.25)

(5.26)

By imposing the body boundary condition, the radiation potential can be obtained

explicitly (see Garrison, 1984), and the pressure and the force can be calculated.

The hydrodynamic coefficients related to the sectional radiation forces are:

(5.27)
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where primes indicate differentiation with respect to r. If needed, the overall

hydrodynamic inertia and damping coefficients can be obtained by integration over

the length of the column to determine Ajj and Bij' i,j=l (surge), =5 (pitch), as the

hydrodynamic inertia and damping coefficients, respectively.

5.5.2 Pontoons

The pontoons of a semi-submersible are relatively slender and, therefore, it

appears suitable to use Frank's close-fit method to calculate the hydrodynamic

coefficients. To do this, the two-dimensional problem of a submerged cylinder is

solved to obtain the radiation potentials for surge and heave (see also Ogilvie, 1963).

The wave exciting forces are calculated using the Haskind-Hanaoka relationship.

Frank's close-fit method is based on strip theory. In this theory, the velocity

potential is solved for each section. Each section has three rigid body modes: sway,

heave and roll. The radiation potential 4>j for the j -th mode, satisfies the following

boundary conditions,

&4>. &4>.__J + __J = 0
ay2 az2

a4>. w2
_J +-4>. = 0az g J

a4>j = iwn.an J

inC

on z=O

on body
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a<l>.
_J = 0
az on the sea bottom (5.31)

(5.32)

where 0 is the two-dimensional fluid domain and k is the wave number.

Frank's "Close-Fit" method considers not only the interior and exterior problems

but also the upper imaginary part that is mirrored from the strip contour line above

the still water line. The Green function that is used in this method is given by

Wehausen and Laitone (1960) as

...
G(p,Q) = In(r) -In(r

1
) +2P.V.Jez+'l cos[m(y-~)] dm

m-ko
-ek(z+'l)cosk(y -~)

(5.33)

denotes the Cauchy principal value integral.

The velocity potential at any point P in the two-dimensional domain can be

written as

<I>(P) = _1JG(p,Q) o(Q)dC
21t c

"
(5.34)

where Cb is the wetted contour of the cross section and 0 is the source strength.

By taking the derivative of Eq. (5.34), it obtains that
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(5.37)

1. a(p) + _1_ f a(Q) a(p,Q) dC = &l>j (P) (5.35)
2 21t Cb-e an an

where € is a small segment of line that includes the singularity point. Eq. (5.35) can

be solved numerically by applying the body boundary condition to obtain the source

strength. Then the potential can be determined from Eq. (5.34).

The hydrodynamic forces due to the radiation potential is expressed as

f ij = i c..> p f ct>jnjdC = i c..> pf 4>j a4>j de (5.36)
C c an

b b

where D j is the component in the i -th direction of the unit normal vector of the

body surface, the index j denotes the mode of motion, f ij is the radiation force in

the i -th direction due to a unit displacement in the j -th direction. f ij includes two

terms: one is proportional to the unit acceleration of the body while the other is

proportional to the unit velocity of the body. The inertial and damping coefficients

are expressed by

i f a4>j
J.Lio +- '''OJ = P 4>j-dC

J Col) 1 an
Cb

where J.Lij and Aij are the sectional inertial and damping coefficients, respectively.

By using the Haskind-Hanaoka relationship (Ertekin et al.,1995), the force related

to wave diffraction can be obtained from the incident and radiation potentials, Le.,
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J a~
fDj = P <l>j-dC (5.38)

c an
b

where fDj denotes the scattering force or moment in the j -th direction, <1>1 is the

incident wave potential and <l>j is the radiation potential due to the motion in the j -

th direction.

5.6 Applications of the modified Morison's equation method to the analysis of

semi-submersible systems

The modified Morison's equation method is applied to the analysis of the

hydroelastic response of a single module and a 16-module semi-submersible floating

systems. The single module floating structure used here was designed by Winkler et

al. (1990) and the 16-module floating structure is assembled from 16 identical single

modules connected at the deck level or at both the deck and pontoon levels. The

overall geometry of a single module is shown in Fig. 5.3 and a schematic layout of

multi-modules appears in Fig. 5.4. The main particulars of a single module are given

in Table 5.1. and the section structural properties are given in Table 5.2. More

details of the module design can be found in Winkler et al. (1990).

The obtained results by the present method are compared with those predicted by

Morison's equation method. Also, in order to determine the accuracy of the

approximate theory based on the extended MacCamy & Fuchs' approach, the

hydrodynamic coefficients of and the wave excitation on a single column are

computed and compared with the results obtained from a three-dimensional panel
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method. To this end, a vertical cylinder of 15.8m diameter and 14.7m draft is

employed. This cylinder is of the draft and volume equivalent to the draft and

volume of a column (which has a rectangular cross section) of the semi-submersible

used.

Table 5.1 Main particulars of a single module

Length x width x height, m
Column (width x depth x height), m
Pontoon (width x height x length), m
Operating draft, m

Displacement (mass) ,kg

lxI' kg-m 2

1x2• kg-m2

Ix3• kg-m 2

KG,KB,m
GMv GMT,m

Table 5.2 Section structural properties

Modulus of Elasticity: 2.07* 1011 (NLm2)
Shear Modulus: 8.0*1010 (N/m )

lOOx100x59
12x17x35
18xlOx96
25

4644Ox103

7.91x 1010

6.49x 1010

9.35x 1010

30.67, 8.25
5.01,4.13

Member Steel area I yy (m4) Izz (m4) J (m4) m(kgjm)
(m2)

Pontoon 2.8 40 90 60 57290
Column 2.21 70 40 70 39230
Deck
Longitudinal 0.80 25 25 50 23400
Transverse 0.25 20 40 50 23400
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5.6.1 Single column results

Fig. 5.5 through Fig. 5.10 present the added inertial and damping coefficients and

wave excitations of a truncated vertical cylinder. These results are obtained by

Morison's equation method (labeled as Morison), the modified Morison's equation

method (labeled as M-Morison) and the three-dimensional panel method (labeled

as GFM). In Morison's equation method, the constant coefficients CM = 2.0 and

CD = 0.0 are used.

Fig. 5.5 shows the normalized wave exciting force in surge. As expected, Morison's

equation predicts inaccurate results at high frequencies. The calculations using the

Modified Morison's equation are quite satisfactory with results obtained in

comparison with the three-dimensional panel method. The normalized wave exciting

moment in pitch shown in Fig. 5.6 also follows the same trend.

The normalized added mass and damping coefficient in surge are shown in Figs.

5.7 and 5.9, and the added moment and damping coefficient in pitch are shown in

Figs. 5.8 and 5.10. Note that the added mass in surge An in the Morison's equation

method is given by An =p1TD2(C m -1)d/4 and the damping coefficient Bn is given

by Bn =pCDLDd/2 where d is the submerged length (or draft) of the column. In

Figs. 5.9 and 5.10, two constant damping lines are shown since the damping

coefficient in Morison's equation depends on the amplitude of motion. Morison-l
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refers to displacement over cylinder radius ratio of 0.033 and Morison-2 refers to

0.05.

Of all the results presented, those obtained from the modified Morison's equation

method are very close to the results predicted by the three-dimensional panel

method, while those obtained from Morison's equation are unsatisfactory.

5.6.2 The results of semi-submersible systems

The modified Morison's equation method is applied to a single module and a

VLFS that is composed of 16 modules connected at the deck level or both at the

deck and pontoon levels. For simplicity, in the hydrodynamic analysis, only four

columns and two pontoons are used to model the semi-submersible. Some results

for head, quartering and beam seas are shown in Figs. 5.11 through 5.26. In the

Morison's equation results, constant inertia and drag coefficients (CM = 2.0 and

CD = 1.0) are employed.

The entire structure is modeled by frame elements; a total of 171 elements per

module is used. There are 2464 nodes for the entire VLFS. Module 1 is at the bow,

Module 16 is at the stern and Module 8 is near the origin at the center. The results

presented in the figures. are the motions of the center of gravity of the modules.

Figs. 5.11 through 5.13 show the motions of a single module, in the absence of all

others, to check the accuracy of the predictions based on the modified Morison's

equation. It is seen from these figures, which are for head seas, that there is some
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improvement of the results in the high frequency range over those obtained from the

Morison's equation.

Figs. 5.14 through 5.16 show the single rigid module results for beam seas. It is

clear that in the results where Morison's equation method does not predict results

close to the three-dimensional panel method results, the three-dimensional flow

structure must be important.

As to the 16 module system, the motion responses of the center of gravity of

Modules 1 and 8 are presented, predicted by the Morison's equation method and the

modified Morison equation's method, respectively. Figs. 5.17 through 5.22 show the

surge, heave and pitch motion comparisons for the head-sea case. Note that Figs.

5.17 through 5.25 correspond to the deck connector (at ~ = 26.5 m above SWL)

only case. These results consistently indicate that when wave scattering and radiation

are included, the motions become less at most frequencies. A similar conclusion was

reached in Ertekin et al. (1993) when Morison's equation results are compared with

the Green function results.

Figs. 5.23 through 5.25 show the quartering sea cases for Module 1, again for

connectors located at the deck level only. Except at low frequencies, Morison's

equation with constant coefficients predicts large motion amplitudes as before.

Figs. 5.26 through 5.28 show the motion responses for the case when there are

connectors at the pontoon level in addition to those at the deck connectors. The

connectors' structural properties were assumed to be the same as the deck
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connectors'. Comparison of this case with earlier ones for deck-connector only shows

that the motions are damped significantly.

5.7 Final remarks

The extended MacCamy-Fuchs approach is used to determine the frequency

dependent hydrodynamic inertia, damping coefficients and wave excitation to be used

in Morison's equation to supply the fluid loading in the Morison's equation's method.

This is done for the columns, and Frank's close-fit method is used to do the same for

the pontoons.

When these frequency-dependent hydrodynamic coefficients are used in the

Morison's method, the predicted motions are significantly suppressed at most wave

frequencies. This comparison leads to the same conclusion reached in earlier works,

namely that the Morison's equation with constant coefficients over- predicts the

hydroelastic response.

On the other hand, the assumption that there is negligible interaction between

neighboring members may prove to lead to rather inaccurate results that are seen

when motions of a module of VLFS obtained by the modified Morison's equation

method and by the Green function method are compared. This then suggests that

in a hydroelasticity problem where there are many modules, it is necessary to further

extend the present approach to: (i) multiple vertical cylinders, and (ii) endplane

forces.
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CHAPTER 6

AN EFFICIENT HYDROELASTIC ANALYSIS METHOD FOR A MAT-LIKE

PLATFORM OF SHALLOW DRAFT

6.1 Overview

A mat-like platform is characterized by a small ratio of depth to length and beam;

hence it is more flexible when compared with a three-dimensional floating structure

of normal dimensions and these elastic deformations are important and cannot be

neglected in the dynamic response analysis. A mat-like platform can be

approximated by a two-dimensional plate with the consequence that it is possible to

employ plate theory in the structural analysis (Webster, 1991; Mamidipudi and

Webster,1994). Because the draft is small, it should also be possible to use the zero­

draft Green-function method to solve the hydrodynamic problem (Kim, 1963; Maeda

and Eguchi, 1976; Wu and Price, 1986). The computational advantage of using plate

theory and the zero-draft Green function should be significant in the hydroelastic

response analysis of such a structure. Masuda et al. (1987) employed the zero-draft

Green function and combined it with simple beam theory to analyze the hydroelastic

response of a ship. The computational time is considerably reduced compared with

that of using the three-dimensional Green function. However, the simple beam

theory is suitable only for slender bodies, and the structure is limited to have only

beam motions and deformations.
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In this chapter, the mat-like platform is modeled as a plate for the purpose of

structural analysis and the zero-draft Green function is employed in the

hydrodynamic analysis. Since bending motion is more important than other motions

for a mat-like structure, the plate model is proportioned so that its bending stiffness

and mass are the same as those of the mat-like floating body. The finite element

method is used to obtain the structural deformations and the equations of motion are

solved in normal coordinates. The velocity potentials are obtained numerically using

the source-distribution method. The predicted results are compared with the

available data to verify the accuracy of the present method (Wang et aI., 1995a).

6.2 Structural and hydrodynamic models

By introducing the zero-draft assumption, the governing equations and boundary

conditions discussed in Chapters 2 and 3 for a general three-dimensional

hydroelasticity problem are modified accordingly.

In the structural domain, the governing equation is the same as Eq. (2.16)

employed in the finite-element model. It is written as

(- w2 [M;l +iw [C;l +[K;]){p} = {po} (6.1)

where [M;l. [C;l and [K;l are the generalized structural mass, damping and

stiffness matrices, respectively, and {po} is the generalized fluid force vector.

In the fluid domain, the governing equation and boundary conditions of the

velocity potential are expressed as
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&<1> + &<1> + &4> = 0 in Q
aX2 ay2 aZ2

(,)2<1> -g a4> = 0 at z = 0 , $ Sa
az

a<l> = V at z = 0 , E Saaz D

a<l> = 0 at sea bottoman

lim {R1/2(~ :fik)4>} = 0
R~:tao aR

(6.2)

(6.3)

(6.4)

(6.5)

(6.6)

where <I> is the velocity potential, a is the fluid domain, Sa is the wetted surface, VD

is the normal velocity of the body boundary, (,) is the wave frequency, k is the wave

The Green function method is used to solve for the diffraction and radiation

potentials and Eq. (3.35) is repeated here again for convenience,

<I>(p) = _1 !G(P,q)o(q)ds (6.7)
41t s

b

Note that the Green function satisfies the free-surface boundary condition given by

aG(p,q) = aG(p,q) = kG(p )
an az ,q

(6.8)

in which k = Ci)2/ g is the deep water wave number, and a4>/an = a<l>/az; hence

a<l>(P) = "'£!G(P,q)o(q)ds (6.9)
az 41t s

B

The source strength is obtained by solving Eq. (6.9). By substituting Eq. (6.9) into

Eq. (6.7), the potential is obtained as
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cP(p) = 1.( a<l>(p) - 0 (p»)
k an

(6.10)

As usual, the hydrodynamic pressure p is calculated using Euler's integral, i.e.

p = -pgw - ip<UcP

where w is the vertical displacement.

(6.11)

The generalized fluid force is decomposed into the generalized restoring, wave

exciting and radiation forces, i.e.

(6.12)

The generalized restoring force is due to the hydrostatic pressure and is calculated

as

(6.13)

where j denotes the j -th mode, nj • is the generalized normal defined in Chapter 3

and wj is the vertical displacement due to the motion of the j -th mode.

The generalized wave exciting force, which is due to the incident and diffraction

potentials, is expressed as

F~j = L J-i <U p( 4>1 + <l>D)n/ds
N <1S

(6.14)

The generalized radiation forces are due to the radiation potentials and related

to the motion of the structure. Hence, they are represented in terms of the added

mass and damping coefficients as
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P • 2· . C·
Rjk = e.> MfjkPk -1 e.> CjkPk

(6.15)

(6.16)

where FRjk is the generalized j -th modal force due to the motion in the k-the mode,

Pk: is the amplitude of the k-th nonnal coordinate, and the generalized added massMt1k:

and damping coefficient CCik are calculated by

• i C· 1 ~ J' ·dsMfjk - - fjk = -2 L Ie.> P<!>&kD..i
e.> e.> N 48

Substitution of the generalized fluid forces, Eqs. (6.13), (6.14) and (6.15) into Eg.

(6.1) results in

(6.17)

where P is the normal coordinate, [Mtl and [Ctl are the generalized added mass

and damping coefficient matrices with the elements of Mtik and CCik' respectively;

and {F~} is written as -[Kc
O1{p}, in which [Kc

o1 is the generalized hydrostatic

restoring matrix.

The normal coordinates can be obtained by solving Eq. (6.17) and the structural

displacements and stresses are calculated by using Eqs. (2.22) and (2.24), respectively.

6.3 The zero-draft Green function

As discussed in Chapter 3, the Green function must satisfy the Laplace equation,

the free-surface boundary condition, radiation condition and sea-bottom condition.

The Green function for a three dimensional problem is given by
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(6.18)

k2 _v 2 (1)
G = i21t cosh[k(z+h)]cosh[k(( +h)]HQ (kR)

k2h-v2h+v
~+V2

+ 4L cos[kn(z+h)]cos[~«( +h)]Ka~R)
. nzl h~ +v2)-v

where h is water depth, k is the wave number, ~ is the positive root of equation

of ~tan~h)+v = 0, R = JX2+y2, HJl) is the Hankel function of the first kind and

order zero and Ko is the modified Bessel function of the second kind of order zero.

If the draft is assumed to be zero, the vertical coordinates of the source and field

points vanish, i.e. z = 0 and ( = O. By rewriting k2- v2 as

k2-V2 = k2(l-tanh2(kh)) = k
2

cosh2(kh)

the Green function (Eq. 6.1) becomes

6.4 Solution procedure

(6.19)

(6.20)

The solution precess can be divided into three stages. The first is the solution of

the structural dry mode shapes to provide the body boundary conditions for the

radiation potentials. The second is the solution of the hydrodynamic problem to

obtain the generalized wave exciting forces and the generalized added mass and

damping coefficients. The last is the solution to the coupled equations of motion to
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obtain the normal coordinates. The structural displacements and stresses can then

be easily calculated using Eqs. (2.22) and (2.24), respectively, once the normal

coordinates and the mode shapes are in hand.

The finite element code COSMOS/M is employed to obtain for the structural dry

mode shapes. The floating mat-like platform is modeled as an equivalent plate that

has the same cross sectional bending stiffness and the same mass as those of the

platform, i.e.,

(6.21)

where E is the modulus of elasticity, I is the moment of inertia of the cross section, M

is the total mass of the body and the sub-index M and P stand for the mat-like and

the equivalent plate platforms, respectively. The equivalent floating plate is

represented by a number of plate elements in the analysis.

The hydrodynamic problem is solved numerically by using the constant panel

method. The main task is to obtain the source strengths by solving Eq. (6.9). To this

end, the wetted body surface is discretized into N panels with the consequence that

Eq. (6.9) is converted into N linear equations, i.e.,

where

Pjj = .;: fG(Pj,qj) dsj
~s

in which .!ls is the panel area.
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When the size of the body is very large, the solving of the linear system of

equation, Eq. (6.23) could be time consuming. However, if the under-water geometry

of the body is symmetric, the number of equations can be reduced by using the

composite source distribution method (Wu et al., 1993). In the case of single

symmetry, the linear system of N equations is replaced by two linear systems ofN/2

equations, and by four linear systems of N/4 equations in the case of double

symmetry. The replacement of a large linear system of equations by two or four

smaller linear system of equations results in computational savings in CPU time and

required storage. The details of the composite source distribution method can be

found in Wu et al. (1993) and Chapter 3 presents the key formulations of this

technique.

Once the generalized wave exciting force, added mass and damping coefficients

are obtained, the final step is the solution of the coupled equations of motion, Eq.

(6.17) for the normal coordinates and hence to calculate the structural displacements

and stresses.

6.5 Verification of the method

First, as usual, the results predicted by the method developed in this Chapter are

compared with the available data to verify the applicability or correctness of the

method. Two floating bodies are chosen for the comparisons. One is the

experimental model of a barge whose dimensions are 3.006m in length, O.75m in

width and O.0150m in draft. The details of the barge can be found in Wu and Price
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(1986), and the other is a floating box (Tangirala, 1995) with the particulars listed in

Table 6.1.

Table 6.1 Main particulars of the box

Length, width, depth (m) 500 * 60 * 20

Draft (m) 10

Displacement (kg) 3.075 * 108

Mass moment of inertia Ixx (kg_m2) 1.025*1011

I vv (kg-m2) 6.416 * 1012

I zz (kg-m2) 6.498 * 1012

Modulus of elasticity E (N/m2) 2.11 * 1011

Cross sectional rigidity EI (N-m2) 2.954 * 1014

Fig. 6.1 shows the transfer function of heave obtained by the present zero-draft

Green function method (S-draft), by the three-dimensional Green function method

(Nojiri, 1981) and from experimental data (Nojiri, 1981) for the 3-meter long barge

model. The present results agree with the three-dimensional predictions and they

reasonably reflect the trends and magnitudes of the experimental data.

For the box of Table 6.1, the displacement response of five modal shapes obtained

by the present and three-dimensional hydroelasticity methods (Wang et aI., 1995b)

are compared. The structural damping is neglected in the calculation. The first two

modes are heave and pitch, respectively, and the last three are the flexible bending

modes.

75



The present shallow-draft hydroelasticity method involves mainly two assumptions.

One is on the use of the zero-draft Green function and the other is the equivalent

plate mode. Figs. 6.2 and 6.3 show the first three flexible bending modal shapes of

the actual box and the equivalent plate model. The number of the structural

elements for the box is 1785 and for the plate is 375. The natural frequencies and

the modal shapes of the two structural models show good agreement. Fig. 6.4

presents the displacement amplitudes in the vertical (z) direction at the bow of the

box for the heave, pitch, first-bending, second-bending and third-bending modes,

respectively. The results are for a unit wave amplitude. The wave heading is zero

degrees. In Fig. 6.4, 3-D stands for three-dimensional hydroelasticity theory, and S­

G-P stands for the shallow-draft Green function combined with the plate theory, Le.

the present method. It can be seen that the results from the two methods are close

to each other. It seems that the displacements obtained by the equivalent plate

structural model are slightly over-estimated.

Fig. 6.5 shows the results for a box whose dimensions are 500m*200m*20m and

whose draft is 10m. It is the box of Table 6.1 but with a wider beam. It appears that

the larger the ratio of width to draft, the more the results agree with each other.

Matsuoka (1994) did a study on the validity of the simplified zero-draft Green

function method. His study concludes that, for a box shaped body, the zero-draft

Green function method can predict the wave action and body motions quite

accurately when the ratio of width to draft is larger then 10. However, it appears,
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as expected, that the wave period is also an important parameter in the evaluation

of the applicability of the zero-draft Green function method.

6.6 Application of the shallow-draft Green function method to a mat-like runway

6.6.1 Structural model of the floating runway

The box-like floating airport whose dimensions are 3000m in length, 300m in width

and 25m in depth and whose draft is 15m is studied next. The main particulars of

the airport are given in Table 6.2. The airport has continuous longitudinal and

transverse buckheads at intervals of 10m, of 2.5cm thick. The mass distribution is

assumed to be uniform. The equivalent plate whose bending stiffness and mass are

the same as those of the box-like airport of Table 6.2 is used for the structural

deformation analysis. The total number of panels used in the hydrodynamic analysis

is the same as that of the structural elements. Since the geometry of the airport is

of double symmetry, the double-composite source distribution method is employed

in the hydrodynamic analysis. The number of panels is 525 per quarter of the

structure.

The equations of motion are solved in normal coordinates. The first 22 modal

shapes are chosen to represent the motion of the airport. The first six modes are

those of the rigid body. The natural periods of the first 12 flexible modes are listed

in Table 6.3. The rigid body modes of surge, sway and yaw are lacking in the

calculations because of the use of zero-draft Green function.
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Table. 6.2 Main particulars of the floating airport

Dimensions (m) 3000*300*25

Draft (m) 15

Mass moment of inertia ~ (kg-m4) 1.04 * 1014

~ (kg-m4) 1.035 * 1016

Izz (kg_m4) 1.045 * 1016

Displacement (kg) 1.3810

Modulus of elasticity E (N/m2) 2.11*1011

Cross sectional rigidity per length EI/m (N-m) 7.368*1012

Table. 6.3 Natural periods of the flexible modes
of the floating airport (seconds)

mode 7 8 9 10 11 12

Tn 115.5 41.82 21.28 19.20 12.84 9.53

mode 13 14 15 16 17 18

Tn 8.58 6.28 6.12 4.63 4.59 3.63

6.6.2 Hydroelastic response of the runway

Fig. 6.6 shows the vertical displacements at the centerline and bow, midship and

stern, respectively. It can be seen, as expected, that small-period waves do not

generate large motions for a large floating body. Under the action of a zero-degree

heading wave, the displacements at the bow are the largest among those three points

and the responses at amidship are the smallest. Note that responses peak at three

points. These points correspond approximately to the natural periods of some of the

flexible dry-modes, i.e. Tn9 = 21.28 , TnlO = 19.2 and TnIl = 12.84 seconds. The
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displacements are mainly due to flexible modes of motion. The rigid body motions

are small. For example, the displacement amplitude at the bow due to pitch and

heave for a 22-second wave of 1m amplitude is about 2m and O.026m, respectively.

The displacements of the body are given in Fig. 6.7 which shows the real and

imaginary parts of the displacement response for 12, 16 and 22 second incoming

waves.

6.7 Final remarks

There are two simplifying assumptions introduced in the present hydroelasticity

method that are not used in the three-dimensional hydroelasticity theory. One is the

use of the simplified zero-draft Green function and the other is the equivalent plate

model used here in the structural analysis. By comparison with the results obtained

by other methods, it appears that these assumptions used in analyzing a VLFS are

acceptable for practical purposes. Therefore, the present approach is a convenient

and promising method for employment in preliminary design.

The two simplifications mentioned above result in a highly efficient hydroelasticity

method. By using the equivalent plate model, the number of the structural elements

is reduced significantly. The application of the zero-draft Green function to the

potential analysis produces a large reduction in the computational time in

hydrodynamic analysis for two reasons: the first is that the panels on the side walls

are eliminated; the second is that the zero-draft Green function has a much simpler

form and also there is no need to compute the derivatives of the Green function.
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Once the source strengths are obtained, the potentials can easily be calculated by using

Eq. (6.10).

Since, in the zero-draft Green function method, the sources are distributed on the still­

water surface where the body is located, the irregular-frequency problem disappears. In

the hydrodynamic analysis of a mat-like structure, this gives a big advantage over the use

of the three-dimensional Green function method because there may exist a number of

irregular frequencies at which points dynamic responses cannot be obtained.

The maximum vertical displacement responses of the floating airport occur at about

the 22 second wave period that corresponds to the natural period of the flexible dry

modes. The flexible motions are thus the main contributors to the displacement. The

maximum vertical displacement amplitude is about 8m, which is quite large. The reason

for this high response is likely related to panel size used in this study. The effect of

panel length to wave length ratio is being studied currently and will be reported

elsewhere (Wang et aL, 1995a, IJOPE).

The oblique sea case, which may be important in the study of sway and lateral

bending deflection of the floating body, is not included here because of lack of lateral

forces in the calculations, i.e. surge and sway forces and yaw moment. However, one

can use the Froude-Krylov part of the exciting forces to calculate these lateral forces as

it was down by Wu and Price (1986).
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CHAPTER 7

EFFICIENT HYDROELASTIC ANALYSIS METHOD FOR

AFLOATINGBODYOFARB~YSHAPE

7.1 Overview

Two efficient hydroelastic analysis methods are presented in Chapters 5 and 6,

respectively. They are the modified Morison's equation method and the shallow-draft

Green function method. The former is applicable to floating bodies whose

underwater structural components are cylindrical, and the latter to floating bodies of

shallow draft and relatively flat bottom. In this Chapter, an efficient hydroelastic

analysis method for floating bodies of arbitrary shape is presented.

As discussed above, limited computer resources make the application of three­

dimensional hydroelasticity theory to a VLFS very difficult, if not impossible. This

difficulty is mainly related to the hydrodynamic analysis. In such an analysis, the

wetted surface of the body is represented by a large number of discrete panel

elements. The velocity potentials at the panels are described by a corresponding

linear system of equations. This linear system of equations is characterized by a

square matrix of complex coefficients of dimensions equal to the number of panels.

The coefficients are related to the source potential and its derivatives. The difficulty

stems from two numerical problems: one is the evaluation of very large number of

complex coefficients and the other is the solution of also very large linear system of

equations.
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To overcome the difficulty, Newman (1985) has developed an efficient numerical

algorithm by which to calculate the source potential and its derivatives in reduced

computational time. Wu (1984) has introduced a composite source distribution

method that increases the computational efficiency in solving the linear system of

equations if the body is of single symmetry. The method has since been extended to

apply to a double symmetric body (Wu et aI., 1993). However, the hydroelastic

analysis of a VLFS still remains untractable if the structure size is on the order of

that of an airport. To this end, an efficient approach that is applicable to any size

and kind of structural geometry is developed. The approach includes not only the

very efficient double-composite source distribution technique mentioned above, but

also two new techniques introduced for the first time in a hydroelastic analysis by

Wang et al. (1995b).

The first technique is related to the computation of the potential coefficients,

which relate the velocity potential to source strengths, and to that of the influence

coefficients, which relate the normal derivatives of the velocity potential to source

strengths. Since the potential and the influence coefficients are very small when

source and the field points are far away from each other, it may be reasonable to

establish a criterion by which to determine under what conditions they can justifiably

be assumed to vanish altogether. This criterion is then used to calculate only the

large, significant, coefficients, thereby reducing the CPU time.

The second technique applies to the solution of the system of equations that

relates the known boundary conditions (normal derivatives of the potential) to the
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calculated influence coefficients and the unknown source strengths. Once the

influence (and the potential) coefficient matrix is calculated by using the criterion

mentioned above, many elements of this matrix will have zero entries, i.e. it will be

a sparse matrix which is diagonally dominant. Such a matrix can be solved efficiently

by an iterative sparse solver. An algorithm that is based on the diagonal­

preconditioned conjugate gradient method (Hackbusch, 1994) is developed to solve

these complex equations.

The new techniques developed here will be applied to the solution of a

hydroelasticity problem that involves a VLFS. The computational efficiency achieved

by using these techniques will be illustrated by examples, and special attention will

be given to the reduction in CPU time. Of course, the inaccuracies caused by the

implementation of the criterion for zero entries of the coefficient matrices will also

be discussed.

7.2 Equations of motion

The structural and hydrodynamic models for the hydroelastic response analysis of

a three-dimensional floating body of arbitrary shape are presented in Chapters 2 and

3, respectively. The equations of motion are repeated here for convenience. In this

Chapter, the motions of the body and the fluid are described with reference to a

Cartesian, right-handed coordInate system Oxyz, with Oz axis pointing upward. The

generalized linear equations of motion of a floating body in waves is then expressed

by (see Chapter 4)
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(7.1)

where {p} is the vector of the normal coordinates, [~"], [C;] and [Ks·] are the

diagonal matrices of modal mass, damping and stiffness of the structure, respectively; [M;]

and [C;] are the generalized added mass and damping coefficient matrices,

respectively; [K;] is the generalized hydrostatic restoring matrix; and {F~} is the

vector of the generalized wave exciting forces. The generalized added mass and

damping coefficient matrices and the wave exciting forces are obtained from the

hydrodynamic analysis.

7.3 The Green function method for hydrodynamic analysis

The velocity potentials are usually solved by the Green function method. The

velocity potential <f>(x,y,z) at any point is expressed by:

<f>(x,y,z) = JG(x,y,z,~, fl, 0 a (~, fl, Ods ,
Sb

(7.2)

where G(x,y,z,~,1'),O is the Green function, a(~,1'),O is the source strength,

(x,y,z) and (~,1'),0 are the coordinates of the field and source points, respectively,

and Sb is the wetted body surface. To determine the source strength a , it is

necessary to take the derivative of Eq. (7.2) in the direction normal to the body

surface and then apply the body boundary condition. This results in the following

integral equation from which a is to be determined, Le.
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a4> = JaG(x,y,z,~,fl,') o(~,fl,Ods.
an s an

b

(7.3)

Eqs. (7.2) and (7.3) are solved numerically. To this end, the wetted body surface is

discretized into N panels and the source strength on each panel is assumed to be

constant. These equations can be rewritten in matrix form as

{4>}Nxl = [a]NXN{o}NXl'

{Vn}Nxl = [l3]NxN{o}NXl'

where

a ij =JG(Xi'Yi,zi'~' fl, Ods,
ASj

Pij =J a~ G(Xi'Yi'Zi'~' fl, Ods.
ASj

(7.4)

(7.5)

(7.6)

(7.7)

It can be seen that two distinct numerical problems are involved in solving for the

source strengths and velocity potentials, i.e. Eqs. (7.4) and (7.5), for a very large

floating body. The first problem is the evaluation of the matrix of the source

potentials [ex], and of the derivatives of such source potentials [P]. These are

complicated mathematical functions and need to be evaluated for each combination

of panels. The second problem is that of solving the linear system of equations, i.e.

Eq. (7.5) for the source strengths. The solution of these two numerical problems is

the main computational difficulty in performing the three-dimensional hydroelastic

analysis of a VLFS. To overcome these difficulties, two techniques are introduced
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in this study. One is related to the evaluation of the matrices and the other to the

solution of the linear systems of equations.

7.4 Calculation of the three-dimensional Green function and its derivatives

The calculation of the Green function and its derivatives, i.e. the coefficient

matrices in Eqs. (7.6) and (7.7), is very demanding in computer time. However, it

is possible to find a way to reduce this time without losing the required accuracy.

For the case of infinite water depth, the conventional form (Wehausen and

Laitone, 1960) of the Green function is defined by the expression

...
G == 1. +Pv! m+kem(z+c)J (mR)dm-21tikek (z+C)J (kR) (7.8)

r m-k 0 0o

indicates the principal value of the integral, Jo denotes the Bessel function of the first

kind of order zero, and the contour of the integration passes above the pole to satisfy

the radiation condition of outgoing waves at infinity. Fig. 7.1 shows the Green

function and its normal derivatives.

When the field point is far away from the source point, then

(7.9)

and

(7.10)
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Note that

cos(mR-~) = cos(kR-~)cos[R(m-k)]-sin(kR-~)sin[R(m-k)] (7.11)
444

If f(x) is a differentiable function in [a,oo), if fll(xJ, Xo>a, exists, and if f(x)/x and

f'(x)/x are both absolutely integrable in [a,oo], then, as R - 00,

PVf'"f(x) cos [R(x -xJ] dx = 0(1.)
a x-Xo R

(7.12)

The asymptotic form (R ... 00) of the Green function can then be expressed (Wehausen

and Laitone, 1960) as

Note that

ek(Z+() < __1__ = 1__
l-k(z+O 1 +k( Iz+( I)'

Then

(z+O <0

(7.13)

(7.14)
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It can be seen that the asymptotic form of the Green function is an outgoing

sinusoidal wave, and the amplitude of the wave is proportional to l/.JR for a specific

wave number. For a specific R, the amplitude is proportional to .jk = J(21t )2/gT2,

in which T is the wave period. Therefore, at any field point the potential due to a

source will be very small if the distance between them is large, especially when the

wave period is also large. These properties of the Green function can be used in the

hydroelastic analysis of a VLFS to reduce the required computational time and

storage. There are two reasons for this: the first is that many source and field points

are far away when a floating body is large; the second is that the wave periods of

interest in the analysis are large because the short-period waves do not induce any

appreciable response in a VLFS.

Based on these properties of the Green function, many of the coefficients, a lj and

Plj , will be sufficiently small that they can be omitted. Therefore, a critical value,

say y, can be introduced and chosen to determine when the coefficients can be

assumed to be zero. Specifically, in this study, when kr > y, where r is the distance

between the source and field points and k is the wave number, the coefficients are

set to zero,. For a VLFS, many coefficients can be set to zero by using this

criterion, hence significant savings in CPU time spent on the calculation of the

coefficients can be achieved.
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7.5 Iterative sparse solver

CPU time spent on the calculation of the Green function is proportional toN2

and to N3 for the solution of the linear system of equations, in which N is the

number of panels. Hence when N is large, the solving for the source strength will

be the major time-consuming part in the hydroelastic response analysis. However,

if the matrices [a] and [13] are obtained by using the criterion mentioned above,

they will be large, sparse matrices. The use of a direct solver in such problems is

wasteful because of the unnecessary time spent on zero elements, and CPU and

storage savings can be achieved by using an iterative sparse solver. To this end, a

sparse solver based on the diagonal preconditioned conjugate gradient method

(Hackbusch, 1994) is developed. The algorithm includes two parts: one is the sparse

storage and the other is the iterative complex solver.

The matrices are stored in a row-indexed sparse storage mode (William et aI.,

1992). The row-indexed sparse storage method sets up two one-dimensional arrays.

The first of these stores the values of non-zero matrix elements and the second stores

the indices of the non-zero matrix elements. This method requires storage of about

twice the number of nonzero matrix elements. For the analysis of a VLFS, the

required storage will be reduced considerably by using the row-indexed sparse storage

mode.

The conjugate gradient method minimizes the residual {e} = {b}-[A]{x} by

searching for the direction of the steepest descent of the residual at each iteration.
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The diagonal preconditioner is a scaling matrix which improves the conditioning of

the original matrix [AJ so that the convergence of iterations for

[pr1 [A]{x} = [pr1{b} is faster than that of [AJ {x} = {b} , in which [PJ is the

preconditioner. The best preconditioner is, of course, [AJ. In this work, the

diagonal preconditioner is used since it is easy to construct and is a good

approximation to the matrix [AJ in our problem because it is diagonally dominant.

There are three advantages of this solver to obtain the solution of Eq. (7.3). The

first is that the operations related to the matrix [P J are only the multiplication of

the latter by a vector and the multiplication of its transpose by a vector. These

operations can be very efficient for a sparse matrix stored by row-index. The second

advantage is that the initial guess for the solution can be well predicted, because the

matrix [P J is diagonally dominant and the analysis is carried out for multiple wave

periods. The third advantage is the fast convergence to the solution because of the

use of the diagonal preconditioner.

Although the convergence of the conjugate gradient method for symmetric

matrices has been proved, the corresponding result for aSYmmetric complex matrices

has not been known yet. To this end, some numerical experiments have been carried

out to find the applicability of the iterative solver to the boundary value problems

in which the linear system of equations is characterized by an asymmetric complex

matrix. In this feasibility study, the iterative solver is applied to the problems that

correspond to three types of floating bodies: a semi-submersible system, a mat-like
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body and a SWATH ship. The geometric configuration of the semi-submersible and

mat-like floating systems can be found in Chapters Sand 6, respectively, and the

information about the SWATH ship is given in Che (1993). The numerical

experiments indicate that the linear systems involved in these three problems are

quite amendable to the iterative solver. The required number of iterations for a

tolerance of 10-5 is usually less than 20.

7.6 Verification of the present method

Before the discussion of the details of CPU savings by use of the present method,

the results predicted by such method are compared with published data to verify its

correctness. The results, obtained by Newman (1994), for a box with dimensions of

80m*lOm*10m floating at a draft of Sm are chosen for the comparison. In the

present analysis, the criterion of y = 15 is used and the results agree well with

Newman's predictions (see Fig.7.2). Note that Mode 7 in Fig. 7.2 refers to the first

flexible bending mode.

7.7 CPU savings by use of the Green function cut-ofT criterion and the iterative

sparse solver

Both techniques discussed above, namely, the use of a cut-off criterion for the

Green function and its derivatives, and the sparse solver, contribute to CPU savings,

and the sparse solver also contributes to the savings of storage space.
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7. 7.1 CPU savings by the use of the cut-off criterion

In this section, the Green function cut-off criterion is applied in the hydrodynamic

analysis of a box. The box is the one used in Chapter 6. The particulars of the box

are given in Table 6.2. The half of the wetted surface is discretized into 936 panels.

Table 7.1 lists the CPU time required for the calculation of the Green function

and its derivatives by using different criteria. As expected, Table 7.1 shows that the

smaller the influence distance determined from '1 =kR, the more CPU savings can

be achieved.

Table 7.1. CPU time in the calculation of the Green function
and its derivatives (seconds).

T '1 = kR
(sec)

15 12 10 8 6 4 2 1 0.6

8 146 126 111 98 78 58 36 28 24

12 193 191 183 166 138 103 62 37 29

16 202 192 190 185 176 143 91 55 40

Fig. 7.3 shows the results of the response to wave periods ranging from 8 to 26

seconds when different criteria are used. The responses are the heave and pitch and

the normal coordinates of the first and second bending modes. The

wave heading is zero degree. It appears that the predicted responses are close when

'1;<:4.

Fig. 7.4 shows the relative errors in the responses corresponding to each criterion

when the wave period is 8seconds. The "exact" responses are obtained when using '1 =35
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so that all the elements in the matrices [a] and [P] are included in the

calculations. The general trend of the relative errors decreases as y increases,

although the errors oscillate within a certain range. The oscillation of the errors may

be due to the oscillation of the Green function itself and error cancellation for a

specific y. Note that, in strip theory, the interference of the source and field points

are considered only within one cross section. In the present method, if y is chosen

so that the interference distance is larger than the maximum distance within any

cross section, the results obtained are at least better than those obtained by strip

theory.

If y =4 is chosen as critical criterion in the calculation of the Green function and

its derivatives, namely the responses obtained using that criterion are reasonable,

then for an 8-second wave, the CPU time used for the calculation of the Green

function and its derivatives is reduced from about 200 seconds to 58 seconds, that is

about 1/4 of the original CPU time. This CPU savings correspond to the case of the

given box, which has a number of 936 panels on the half wetted surface. For a larger

floating body, more panels will be required, and, therefore, the CPU time will be

reduced even more if the above criterion is applied. Thus, the larger the floating

body, the more CPU time savings will be achieved by using the criterion proposed

here.
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7. 7.2 CPU savings by use of the iterative sparse solver

Eq. (7.3) is usually solved by a direct method that terminates after many

operations with an exact solution (excluding the round-off errors). For a general

asymmetric matrix, for example, the coefficient matrix in Eq. (7.3), direct solution of

a system of N equations, [A] {x} = {b}, requires the following number of operations

when the Gaussian elimination method is used

NOP = 2N 3/3+0(N 2), (7.16)

where N is the total number of equations and NOP is the total number of

operations, in which each addition, subtraction, multiplication or division is counted

as one operation.

For the iterative solution of a system of equations, one starts with an arbitrary

initial vector {xo} and computes a sequence of iterates {xm} for m =1,2,.... Any

iteration requires at least the computation of [A]{xm}-{b}. For a general NxN-

matrix [A], the multiplication [A]<Xm } would require 2N2 operations.

The diagonal preconditioned conjugate gradient method for the solution of the

system of equations requires the following number of operations:

(7.17)

in which MT is the number of iterations required for convergence. If the matrix

[A] is sparse, the number of operations can be reduced by using an iterative sparse

94



solver. For example, if the number of nonzero elements of matrix [A] is NS, the

number of operations required to solve the equations is

NOP = MT*[2NS+O(N)]. (7.18)

If NS is much smaller than NxN, the CPU time in solving Eq. (7.3) can be reduced

considerably.

The box defined above is used again as a model to study the CPU savings when

solving Eq. (7.3). The single composite source distribution method (Wu, 1984) is

employed for the solution of the potentials. In the single composite source

distribution method, two source strengths are calculated. Therefore, Eq. (7.3) is

replaced by two linear systems of equations, each one involving Nt2 equations. In

other words, in the single source distribution method two linear systems ofNt2

equations are solved to obtain the composite source strengths. The CPU savings in

solving the linear system of equations is studied from the view point of the

convergence of the method and the sparsity of the matrix.

Three discretizations for the box are used. The number of panels (N) are 262,

549 and 936, respectively. The results of the motion responses obtained by use of

these three discretizations are found to be close to each other. Fig. 7.5 shows the

number of iterations required for various wave periods and the motion responses for

the case of 936 panels. The tolerance used is 10-5• It can be seen that the number

of iterations required to converge to the results is much smaller than the number of

panels. Comparison of Eqs. (7.16) and (7.17) shows, therefore, that the number of
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operations required reduces significantly if the iterative method is used. Fig. 7.5 also

shows that the number of iterations required decreases as the wave period lengthens.

This is because a better initial guess can be made based on the results for the

previous period.

Fig. 7.6 presents the number of iterations required to solve for the diffr<!.ction

source strengths for three discretizations. The same tolerance is used. It can be seen

that the number of iterations increases slightly for the larger panel case. According

to Eqs. (7.16) and (7.17), the iterative method can provide a big CPU savings

compared with the direct method, especially for the analysis of a VLFS.

An estimation is made of the CPU time required to solve Eq. (7.7) by use of the

Gaussian elimination and the iterative method for the case of 936 panels. The

dimension of the linear system is 936. IfEq. (7.7) is solved for the diffraction source

strengths of an 8-second wave, the approximate number of operations required is

about 5.47*108 when using the Gaussian elimination method, and 5.43*107 when

using the iterative method. Therefore, the CPU time required when using the

iterative method is about 1/10 of the CPU time when using the Gaussian elimination

method.

More CPU time can be saved by using the iterative sparse solver. If the criterion y =4

is used in the calculation of the matrix [~] , the influence distance determined from

the criterion is about 64m for an 8-second wave. For the box, about 78% of the

matrix elements are zero. It can be seen from Eqs. (7.17) and (7.18) that the CPU

time required to solve the equations is much less when using the iterative sparse
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solver than when using the iterative method. A comparison of the CPU time

required when using the iterative solver as against the iterative sparse solver is made

for the case when y =4 and the wave period is 8 seconds. From Eqs. (7.17) and

(7.18), the ratio of the number of operations when using the iterative solver to that

when using the iterative sparse solver is about N 2/NS. The CPU time in the latter

case is, therefore, about 22% of the CPU time required using the iterative solver.

7.8 Final remarks

Two techniques are proposed for increasing the computational efficiency of the

hydroelastic analysis of a VLFS. By using a cut-off criterion for the Green function

and its derivatives, the CPU time for the calculation of the potential and influence

coefficients is reduced, and sparse matrices instead of full matrices result. An

iterative sparse solver is developed that when applied to the linear system of

equations reduces the CPU time.

A comparison of the results obtained by the use of different cut-off criteria

suggests that an appropriate criterion can be found for any practical purposes. The

CPU time can be reduced significantly by applying a proper criterion and using the

iterative sparse solver. For the 500m long box used, a reasonable criterion would be

about 6, i.e y = 6. It is also shown that relative errors related to the use of the

criterion differ with wave period. That is because the amplitude of the Green

function oscillation.
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In this study, the same cut-off criterion is used in the calculation of the Green

function and its derivatives. Fig. 7.1 indicates that the derivatives of the Green

function decrease faster than the Green function itself. A greater error is caused by

the truncation of the Green function than by that of its derivatives when the same

criterion is used. It may be more reasonable to use separate criteria for the Green

function and its derivatives.

There is a disadvantage in using y = kR as a cut-off criterion, because, as

mentioned above, the potential amplitude is not proportional to kR. It may be

better to use y = R, in which case, for a given y, the error at the longer wave

periods should be smaller than that at the shorter wave periods because of the

asymptotic form of the Green function. But still an oscillatory error will be present

because of the term containing exp [i (kR -1t /4)] .

The use of an iterative sparse solver reduces the computational storage required,

since only non-zero elements need to be stored. Therefore, the analysis of the

problems associated with large number of panels can be carried out within present

available computational resources.

These two techniques should be especially useful in the hydroelastic analysis of a

VLFS, which is usually accompanied by computational difficulties.
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CHAPTER 8

COMPARATIVE ANALYSIS OF SEMI-SUBMERSIBLE AND MAT-LIKE

FLOATING STRUCTURES

8.1 Overview

A central aspect of a VLFS design is that of configuration. At the present state

of the art, it is difficult to determine either a priori or empirically the most efficient

configuration of a VLFS for a given mission, because little experience is in hand as

yet to provide dependable guidance for judgment.

The usually proposed hull types are semi-submersible and mat-like. The essential

difference between these types lies in the distribution of the buoyancy; hence, of the

action thereon of the surface waves. In the case of a mat-like hull, the resultant

action may diminish with increase in platform area because of wave force

cancellation effects; in the case of a semi-submersible, the wave action diminishes

with increase in the draft of the buoyant elements and with increase in the

narrowness of the surface-piercing columns.

Of the many qualities that a sea-going system must possess, the most important

one is that of seaworthiness. In this Chapter, this quality is studied for both types of

VLFS in terms of hull motion and stress responses. Two floating bodies, i.e. a five­

module and a 20-module system, of each hull type are studied. The displacement

and the deck area are the same for semi-submersible and mat-like systems in the

comparative analysis.
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8.2 Structural model of semi-submersible and mat-like systems

Both 5-module and 20-module semi-submersible systems are assembled from the

single VLFS module designed by Winkler et aI. (1990). The main particulars of the

single VLFS module are given in Chapter 5 and the details on the module design

may be found in Winkler et aI. (1990).

The mat-like single module floating structure is designed by the author for the

purpose of this comparative analysis. The dimensions of the mat-like floating body

are based on an equality of displacement and deck area when compared with those

of the semi-submersible single module. The same steel weight is used. The total

steel weight of a single module is about 27,100 tons (Winkler et aL, 1990). The main

particulars of the single mat-like floating body are given in Table 8.1. The body has

continuous longitudinal and transverse bulkheads at intervals of 10m, of thickness 2.5

cm. The main hull plating is 13.3 cm thick. The mass is assumed to be uniform.

Table 8.1 Main particulars of the single module mat-like structure

Length, width, depth (m) 100 * 100 * 10

Draft (m) 4.53

Displacement (kg) 46,440 * 103

Mass moment of inertia Ixx (kg-m2) 3.8 * 1010

Iw (kg-m2) 3.8 * 1010

Izz (kg-m2) 7.55 * lO lD

Modulus of elasticity E (N/m2) 2.11 * 1011

Cross sectional rigidity EI (N-m2) 1.446 * 1014
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In this study, the multi-module systems are constructed by connecting single

modules in the longitudinal direction. The structural strength of the cross section of

the connectors is assumed to be the same as that of any other cross sections in the

case of mat-like VLFS. For the semi-submersible module, one can identify at lease

two sections with different properties: a column-pontoon section and a pontoon-deck

section. The structural strength of the cross section of the latter is the same as that

of the connector section.

The finite element models of the 5-module and 20-module semi-submersible

systems are shown in Figs 8.1 and 8.2. Beam elements are used to represent the

structural models. The total number of elements are 1218 and 4878 respectively for

the 5-module and 20-module semi-submersible systems, and the total number of

nodes is 1015 for the 5-module system and 4045 for the 20-module system. There

are six- degrees-of-freedom at each node; three translational and three rotational

displacements.

The finite-element models of the 5-module and 20 module mat-like systems are

given in Figs. 8.3 and 8.4. The equivalent plate model discussed in Chapter 6 is

employed to represent the mat-like floating bodies. The plates are discretized into

4 node elements. The total number of elements for the 5-module and 20-module

systems are 500 and 2000, respectively, and the total number of nodes is 561 for the

5-module system and 2211 for the 20 module system.
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8.3 Mode shapes of the dry structure

The dry structural modal shapes are used as a set of space vectors to represent the

displacements of the body; hence, these shapes are used in the hydrodynamic analysis

for the body boundary conditions. The interaction between the structural

deformation and fluid motion is linked through these modal shapes.

The dry modal shapes of the four floating bodies discussed above are obtained by

using the finite element code COSMOS/M. The mass of all nonstructural

components has been incorporated in the mass densities of the elements.

The first 16 modes are considered in the calculation for the 5-module systems.

The first 6 modes are the rigid body motions, namely surge, sway, heave, roll, pitch

and yaw, and the remaining are the flexible modes. Fig. 8.5 presents selected flexible

modes of the 5-module semi-submersible system and Fig 8.6 shows selected modes

of the 5-module mat-like system. The natural periods of the dry structure of the 5-

module semi-submersible and mat-like systems are given in Table 8.2.

Table 8.2 Dry structural natural periods of 5-module semi-submersible
and mat-like systems (seconds)

Tn 7 8 9 10 11 12 13 14 15

Semi 2.10 1.97 1.57 0.93 0.86 0.70 0.60 0.58 0.56

Mat 3.97 1.44 1.34 0.73 0.65 0.44 0.42 0.30 0.29

Similarly, for the 20-module system, the first 20 modes are considered. The first

6 modes are the rigid body motions as above. Figs. 8.7 through 8.8 show some of the
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flexible modes of the 20-module semi-submersible and mat-like systems, respectively.

Table 8.3 gives the dry structural natural periods of the 20-module systems.

Table 8.3 Dry structural natural periods of 20-module semi-submersible
and mat-like systems (seconds)

Tn 7 8 9 10 11 12 13

Semi 42.3 25.8 15.7 9.9 8.8 8.3 5.36

Mat 63.6 23.08 11.76 7.11 5.39 4.76 3.4

Tn 14 15 16 17 18 19 20

Semi 5.25 4.38 3.69 3.50 3.47 2.89 2.78

Mat 2.69 2.64 2.55 1.98 1.79 1.59

It can be seen from the dry structural natural periods of the VLFS given above

that the mat-like VLFS are more flexible than the semi-submersible one. The modal

stresses are also calculated by using COSMOS/M. The structural stresses are

obtained by the superposition of the modal stresses as discussed in Chapter 2.

The natural period of the rigid body modes of the 'dry' structure are theoretically

infinite. However, for the 'wet' structure, they are not, and vary with the wave

period, because the hydrodynamic inertias vary with the wave period. Table. 8.4

gives the approximate natural periods of heave, roll and pitch of the 5-module and

20-module systems of both hull types.
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Table. 8.4 Natural periods of rigid body modes of 5- and 20-module systems
(seconds)

5-module systems

Tn Heave Roll Pitch

Semi 23.9 62 21.7

Mat 10.5 9.1 11.4

20-module systems

Tn Heave Roll Pitch

Semi 24.3 65.7 23.4

Mat 12.4 9.2 12.3

8.4 Numerical results of structural displacement and stress responses

The efficient hydroelastic analysis method presented in Chapter 7 is applied to the

response analysis of the VLFS given above. The Green function cut-off criterion is

chosen so that the maximum influence distance between the two points is 200m by

considering the factors of accuracy and the available computational resources. The

structural damping is assumed to be zero. The response is calculated for wave

periods ranging from 6 to 64 seconds (a wave period of 64 seconds may be an unreal,

but its purpose is to obtain the asymptotic trend of the response at very long wave

periods. The wave heading is zero degree, Le. the sea is following. This may be the

worse case for the longitudinal bending.

A comparison is made of the rigid body motions of heave and pitch of the two

types of VLFS. Figs. 8.9 and 8.10 are the heave and pitch responses of the 5-module

systems, and Figs. 8.11 and 8.12 are the same responses of the 20-module systems.
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It can be seen that the responses of the 5-module systems mat-like VLFS are larger

than those of the 5-module semi-submersible VLFS at most of the calculated wave

periods. However, the responses of the two types of the 20-module VLFS are quite

close, although the responses of the mat-like VLFS are still slightly larger than those

of semi-submersible VLFS.

The normal coordinates of the flexible modes of the 5-module and 20-module

systems are given in Figs. 8.13 and 8.14, respectively. The normal coordinates of the

5-module mat-like system are larger than those of the 5-module semi-submersible

system. There may be two reasons for this: one is that the mat-like VLFS is

subjected to more wave excitation than the semi-submersible is, the other is that the

mat-like VLFS is more flexible and has larger deformations.

In the case of the 20-module mat-like VLFS the normal coordinates are slightly

larger than those of semi-submersible VLFS at most wave periods. However, two

response peaks in the normal coordinate of the 20-module semi-submersible VLFS

are much larger than the corresponding ones for the 20-module mat-like VLFS.

These two peaks correspond to the natural periods of the 20-module semi­

submersible VLFS. In comparison to the mat-like VLFS, the damping force of the

semi-submersible VLFS is smaller. At the resonant periods, the damping force plays

an important role, although it is not important to the response at other periods.

Once the normal coordinates are obtained, the deflection and stresses can be

easily calculated using the superposition method. Figure 8.15 gives the total

deflections in the vertical direction at the bow, center and stern of the 5-module
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VLFS of two types ("Semi" stands for semi-submersible VLFS and "Mat" for mat-like

VLFS). As expected, the deflections in the vertical direction of semi-submersible

VLFS are much smaller than those of mat-like VLFS.

However, for the 20-module VLFS, the total deflections in the vertical direction

at the bow, center and stern of the two types of VLFS are of the same order. These

deflections are shown in Fig. 8.16. As discussed above, two peak responses of the

semi-submersible VLFS are much larger than those of the mat-like VLFS.

By comparing the normal coordinates and the total deflections of the two types

of VLFS, it can be seen that the contribution of the lower modes dominate.

In this study, the stresses are calculated and the maximum normal stress is used

for the comparison. For the 5-module VLFS, the maximum normal stresses occurs

at the center sections of both VLFS and they are plotted in Fig. 8.17. It can be seen

that the lower mode stresses also dominate the total stresses. The maximum normal

stress of the 5-module mat-like VLFS is larger than that of 5-module semi­

submersible VLFS.

Fig. 8.18 gives the maximum normal stresses of the 20-module semi-submersible

and mat-like VLFS. They also occur at the middle section of the VLFS. The

maximum stresses of the semi-submersible VLFS are larger than those of mat-like

VLFS.

The rigid body motions of 20-module VLFS are much smaller than those of the

5-module VLFS, while the flexible deformations are the opposite. It is necessary to

apply a hydroelasticity method to the analysis of the response.
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8.5 Final remarks

Two types of VLFS of 5-module and 20-module systems have been analyzed by

using the hydroelasticity theory. Based on the structural displacement and stress

responses to regular waves, the semi-submersible type is recommended for a

relatively small size of VLFS, because of its small response to waves. However, if

the size of a floating body should be very large, like a 20-module VLFS, the mat-like

hull type could be a better choice. Although the response of the mat-like system is

generally larger than that of the semi-submersible one, the difference is small and

the response at the resonant periods may not be very serious, since the damping of

the mat-like VLFS is relatively larger.

However, for a firm conclusion, one needs to study the response of the systems of

both hull-types to irregular seas to obtain the spectrum of the response. To this end,

one needs to employ a wave spectrum. The wave spectrum varies from place to

place. Therefore, at some locations, the peak responses, for example, of semi­

submersible may not be the serious because the wave energy at the corresponding

periods may be small.

There are many other factors that will affect the decision of choosing the hull type

for a VLFS, such as the difficulties related to their construction. Cost is obviously

a major factor in making such decision. Such factors are not studied in this work.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions

Three hydroelastic analysis methods have been developed and applied to the

response analysis of VLFS of two types, i.e. semi-submersible and mat-like. These

methods are: that of the modified Morison's equation, that of the zero-draft Green

function and that of the three-dimensional Green function.

The development of the first employs linear structural dynamics. The

hydrodynamic coefficients in Morison's equation are obtained from the extended

method of MacCamy & Fuchs and from strip theory. Frame elements are used to

represent the structural model. This method is applicable to a VLFS whose

underwater geometry is a system of cylindrical components and the mutual

interactions of which are assumed to be negligible. When compared with the method

employing Morison's equation with constant hydrodynamic coefficients, this method

predicts more accurate results at all wave periods.

The method that makes use of the zero-draft Green function is applicable to a

VLFS of shallow draft. Two simplifying techniques are introduced in this method

that are not used in three-dimensional hydroelasticity theory: the use of the zero­

draft Green function, and the equivalent plate model used in the structural analysis.

The results obtained have shown that such techniques are acceptable for all practical
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purposes. These two simplifications result in a highly efficient hydroelasticity method

for the analysis of a shallow draft floating body.

The general three-dimensional hydroelasticity method developed here is applicable

to the analysis of a floating body of arbitrary geometry. This method is especially

efficient in terms of CPU time and required computational storage when the size of

a floating body is large. In this method, two efficient techniques are introduced for

the first time. One is the Green function cut-off criterion and the other is the

iterative sparse solver. The selection of the Green function cut-off criterion is based

on the asymptotic property of the Green function. By using this criterion, the full

asymmetric influence and potential matrices are replaced by two sparse matrices. An

iterative sparse solver is developed to efficiently solve the large sparse linear system

of equations and this solver has been tested on three types of floating bodies, i.e. a

semi-submersible, a mat-like hull and a SWATH ship. In all three cases the iterative

solver proved useful. The results obtained using different criteria are compared

mutually and an appropriate criterion can be found for all practical purposes.

The development of these three methods is for the purpose of analyzing the two

types of VLFS with the computational resources available, and hence to make an

evaluation of the two types of hulls based on the obtained results and provide some

suggestions and recommendations for making a choice between the configurations.

The main features of each method are the computational efficiency. All three

methods have been verified by comparing the results with the available data.

109



In the comparative analysis of semi-submersible and mat-like VLFS, two structural

models of each type are selected: a 5-module system and a 20-module system. Both

have the same displacement, deck area and steel weight. The calculations are

carried out for wave periods from 6 to 64 seconds. The results show that the

structural displacements and the stress responses of the 5-module semi-submersible

VLFS are smaller than those of the 5-module mat-like VLFS, although the stress

differences are smaller than the differences in displacement. In the case of the 20­

module VLFS, the rigid body motions of both types are close; however, the

deflections of the 20-module semi-submersible VLFS are smaller than those of 20­

module mat-like VLFS. But at the resonant periods of 16 and 10 seconds the

vertical deflections of semi-submersible VLFS are larger than those of mat-like

VLFS. Also, the structural stress of 20-module semi-submersible VLFS at mid

section is larger than that of the mat-like VLFS. One reason for the large responses

of the 20-module semi-submersible VLFS at the resonant periods is that the damping

force is small when compared with that of the mat-like VLFS, and the damping force

plays an important role in the response at resonant periods.

Based on structural displacements and stress responses, a semi-submersible hull

type is preferable for VLFS of relatively small size, such as the 5-module type,

whereas mat-like hull type is a better choice for the large size VLFS, such as the 20­

module. In the case of the semi-submersible VLFS, one needs to pay special

attention to the response at the resonant periods because of its small damping force.
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The maximum stress interests of the both type VLFS are less than the allowable

(that is 2.05x108 N/m2).

9.2 Recommendations

In hydroelastic analysis, a high-order panel method is recommended. There are

two reasons for this: the first is that less panels are required and more accurate

results can be obtained by using a high-order rather than a constant panel method;

the second is that in a hydroelastic analysis, the high-order panel method is more

consistent with the finite-element method than is the constant panel method. In the

high-order panel method, the body boundary condition can be applied at the nodes

of the panels. In the finite-element analysis of the structural dynamics, the nodal

displacements are employed to represent the modal shapes. If these nodes are made

to correspond to those of the panels, the nodal displacements obtained from the

finite-element analysis can be directly used in the calculation of the body boundaries

in the hydrodynamic analysis. However, in the constant panel method, the nodal

displacement needs be transferred to the center of the panels by using an

interpolation function.

In the zero-draft Green function method, it may be necessary to include the

calculation of lateral wave excitation, i.e. surge and sway forces and yaw moment,

which are important in the study of sway and lateral bending deflection when the sea

is oblique.
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An efficient algorithm for the calculation of the zero-draft Green function needs

be developed.

Non-linearities may have to be considered in the analysis, since VLFS are so

flexible that the deformations may be very large.

More comparative studies of the two types of VLFS are needed. These may

include connectors of different design, different bases of comparison instead of

displacement, deck area and steel weight, as used here.

There is also a need for conducting systematic experimental studies on the

comparative behavior of the two types of VLFS herein discussed.
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Fig. 3.2 Discretization of the wetted body surface
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Fig. 5.4 Schematic of a five module VLFS
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Fig. 6.2 Normal modes of the test box. (A)-rigid mode, (B)-first bending mode,
(C)-second bending mode, (D)-third bending mode, T-natural period in seconds.
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(C)-second bending mode, (D)-third bending mode, T-natural period in seconds.
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Fig. 6.7 Vertical displacement transfer functions of the runway of 3000m*300m*25m
(d=15m). (a)-real and (b)-imaginary part for a 12 second wave, (c)-real and (d)­
imaginary part for a 16 second wave, (e)-real and (f)-imaginary part for a 22 second
wave.
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APPENDIX A

FRAME AND SHELL ELEMENT

A.I Two-node frame element

The shape function [N] for a frame element can be written as

(AI)

where [Nat] is a 6 x 12 matrix of interpolation functions for axial and torsional

degrees of freedom:

o 0 N7 o 0 0 o 0

o 0 0 0 0 0 o 0

o 0 0 0 0 0 o 0 (A2)
o 0 0 0 0 NIO o 0

o 0 0

o 0 0 0

o 0 0 0

o 0 0 N4

000000000000

000000000000

in which N4 = N1 and N10 = N7 • N1 and N7 are for axial effects, and are given by

xN = 1--·
1 L'

xN =­
7 L

(A3)

where L is the beam element length, and x is the local x-coordinate.
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Nb is a 6 x 12 matrix of interpolation functions for transverse displacements,

0 0 0 0 0 0 0 0 0 0 0 0

0 N2 0 0 0 N6 o Ns 0 0 0 N12

0 0 N3 0 Ns 0 0 0 N9 o Nll 0
(A4)[Nb ]

0 0 0 0 0 0 0 0 0 0 0 0

0 N2 0 0 0 N6 0 0 0 0 0 N12

0 0 N3 0 Ns 0 0 0 N9 o Nll 0

where the components N2, N3, Ns' N6, Ns' N9, Nll and N12 are for deflection effects.

They are given

N2 ; N3 = 1-3(~r +2(~r (AS)

(A6)

(A7)

(A8)

A.2 Four-node shell element

Many offshore structures. are of tubular construction having a large volume of

wetted surface to provide the required buoyancy. To model such structures, the use

of thin shell or plate elements is very useful, especially when a three-dimensional
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analysis is to be carried out. Such an element is shown in Fig. AI, where (x, y, z)

is the global coordinate system and the local coordinate system is denoted by

(x, y, ,z).

The quadrilateral thin shell element used here has the capability to resist both

membrane and bending loads. At each of the four nodes of the element, there are

six degree of freedom, three translational and three rotational (see Fig. A.2). The

24 x 1 vector of element nodal displacements, {d}, can be represented in the local

coordinate system by:

where up vj ' i = 1, 2, 3, 4 refer to the in-plane displacements, and Wj' exi, eyj i =

1, 2, 3, 4 refer to the transverse displacements. The displacement field within the

element, {u}, is interpolated from the nodal displacements by

{d} = [N] {u} , (A10)

where [N] is a 3 x 24 matrix of interpolation functions. The natural and Cartesian

coordinates are related through the interpolation functions as (Che, 1993):

where (x j ' Yj) are the local coordinates of the i-th node, i = 1, 2, 3, 4, and the

interpolation functions are defined as:

1N. = -(1+~~.)(1+,,1').),
I 4 I I

i = 1,2,3,4 . (AI2)

(~j' 1')), i = 1, 2, 3, 4 are the natural coordinates of the 4 nodes of the element

given by:
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Xl

YI

~

~] = ra'
0 0 N3 0 N4 :J

-N2 Y2 (All)
Nl 0 N2 0 N3 0

~

Y3

x4

Y4

(~l' "11) = (-1, -1) , (~2' "12) = (1, -1) , (A13)
(~3' "13) = (1, 1), (~4' "14) = (-1, 1) .

There are a number of formulations available for the bending displacements,

which can be interpolated from the nodal vertical displacements and rotations (Cook

et al., 1989; Rao, 1989). Hence, the total displacement field can now be written as

{d} =t} = [N]{ul • (A14)

where the 3 x 24 matrix of the interpolation functions is given by (Che, 1993):

N l 0 0 0 0 0 N2 0 0 0 0 0

[N] = 0 Nt 0 0 0 0 0 N2 0 0 0 0

o 0 N11 N12 N13 0 0 0 N21 N22 N23 0

N3 0 0 0 0 0 N4 0 0 0 0 0

o N3 0 0 0 0 0 N4 0 0 0 0

o 0 N31 N32 N33 0 0 0 N41 N42 N43 0
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where N1• N2• N3• N4 have been defined before and the other interpolation functions

are given as:

(A16)

(A17)

(A18)

.,.,.-o~
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APPENDIX B

CALCULATION OF PANEL NORMALS

Four-node quadrilateral panels are used to discretize the geometry of the

structural wetted surface. The nodes, on each panel, are described in a clockwise

fashion, as seen from the fluid domain, looking into the structure. This convention

is used so that the normal in the subsequent formulation is directed into the structure

and out of the fluid.

If (xi' Yi' Zi)' i = 1, 2, 3, 4 are the coordinates of the four corners of the fluid

panel, given in the global coordinate system, then a vector from node i to node j, {ri)

can be represented by:

(B.l)

The normal to the fluid panel, {n} ;: nxi +~j +nzk., assumed to be directed into the

body, can be written as:

{n} = {r13 }x{r24 }

II {r13 }x{r24 } II
The arithmetic mean position of the fluid panel is

(B.2)

(B.3)

In the above equation, {ri }, i = 1, 2, 3, 4, is the position vector· of the

corresponding corner of the fluid panel. The area of the panel can be calculated as
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the sum of the areas of the two triangles formed by a diagonal of the panel. The

area of the triangle formed from the corners 1, 2 and 4 is:

A I24 = /5(S-512 )(5 -524)(S -514 ) ,

where

(B.4)

512 = l{r2}-{r1} I •

524 = I{r4}-{rZ}I •
S14 = l{r4}-{r1}I > (B.5)

1
S = - (S12 +S24 +SI4) •

2
The centroidal location for the triangle is given as the arithmetic mean of the corner

points, namely:

(B.6)

The area and the centroidal location for the other triangle, formed from corners 2,

3 and 4 can be similarly evaluated. The total area for the panel, An' and its

centroidallocation, he} = (Xc' Ye• Ze)' is then given by:

(B.7)
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APPENDIX C

HYDROSTATIC RESTORING COEFFICIENTS OF

RIGID BODY MODES

By using the rigid body modes defined by Eq. (2.31), the restoring coefficients

have the following form:

o 0 0 0 0 0

o 0 0 0 0 0

o 0 pgSw pgS2 -pgSl 0

Kr1k = P g [S22 +V(z I B- Z10 )]
, (C.1)

0 0 pgS2 -p gS12 0

o 0 -pgSl -p gS12 pg[Su +V(Z/B-Z/O)] 0

o 0 0 0 0 0

where

Sj = JJx/jdx/dyl , Sjk = JJX/jX/kdx/ctyl ,

s. s. (C.2)
Xl = (Xl, y/, Z/) = (XII' X /

2, x /
3
), j, k = 1, 2, 3 ,

and (XlB' ylB' ZlB)' (X
/
O' y/O' Z/o) are the coordinates of the center of buoyancy

and the center of gravity respectively, in the body fixed coordinate system. It can be

seen that:

(C.3)

and

(CA)
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