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SUMMARY

This thesis is in two volumes and the second one contains the Figures.

Dynamic motion responses of twin hulled offshore structures, such as semi-
submersible drilling rigs, are of more concern to designers of offshore structures
than those of ships, since it is not easy for such offshore structures to move away
from stormy weather. These structures should operate stably around their fixed
positions and, from the viewpoint of practical design and construction, they should

be well designed to withstand severe wave excitation forces in general.

A lot of the twin hulled offshore structures designed for developing the ocean
resources are of two submerged long body configuration. Their behaviour in
waves with crests parallel to the long body axis are studied by considering the
motion dynamics of two rigidly connected submerged cylinders in waves and the
two dimensional radiation and diffraction problems are investigated with the
forward speed effect (equivalent current effect). Under a linear assumption of the
boundary value problem, the numerical solution is obtained exactly by solving the
integral equation for the velocity potential on the body surface.

Chapter One surveys the history of this research work on moﬁon dynamics of
floating offshore structures in waves. The new developing theories for predicting
radiation forces and wave excitation forces to improve numerical accuracy and
computational efficiency are reviewed and a preliminary study on the
hydrodynamic behaviour of floating offshore structures in waves is performed.
The practical prediction of the Froude Krylov forces acting on floating buoys-and
twin hulled vehicles in waves is also carried out. The engineering application of the
hydrodynamic behaviour of the floating buoys with the mooring systems in waves

is reviewed and extended to twin hulled offshore vehicles.



In Chapter Two the complete boundary value problem is theoretically
formulated for the velocity potential , which describes the unsteady flow around a
submerged long cylinder advancing with a constant forward speed and with wave
crests parallel to the long body axis. The theoretical terms due to the forward speed
effect are included in the body boundary conditions. The effect of non-uniformity
of the steady flow induced by the forward speed in the neighbourhood of the
submerged structure is especially considered.

In Chapter Three the mathematical formulation of the Green function for this
hydrodynamic problem is described theoretically and its derivatives are worked out
for the solutions of the velocity potential over the body boundary contours in the
integral equations. The mathematical manipulation of the Green function which

makes the numerical computations more convenient is achieved.

In Chapter Four comprehensive derivation of analytical expressions for the
radiation and wave excitation forces acting on the submerged structure is described
in detail. These forces are of first order with respect to the motion responses and
wave amplitudes. Due to forward speed effect there is a contribution from the
hydrodynamic restoring force terms proportion to the body displacement. The
theoretical relation between the work done by the damping force and the energy
transportation of the generated waves by the body motions is mathematically
derived and is applied to confirm the accuracy of numerical computations. Based
on such radiation forces and wave excitation forces, the motion equations of the
dynamic responses of the submerged structure translating at a constant forward
speed (equivalent current speed) in waves, but left to oscillate freely, are

systematically formulated.

In Chapter Five the theoretical formulation of the m-vector contribution due to
the effects of the forward speed and the interaction between two submerged hulls is
derived by the image method. The mathematical expression of the m-vector
contribution for the single submerged circular or elliptical cylinder is also

described. The predicted results in the hydrodynamic aspects with the m-vector



contribution are compared with and without taking the m-vector contributions into
consideration. The parametric studies are performed on the hydrodynamic
characteristics such as the added mass and damping coefficients and the real and
imaginary part of the Kochin functions, with and without the m-vector
contributions for different submerged depths, Froude number, separation distance

and inclinations.

In Chapter Six the mathematical formulation of the restoring forces due to the
forward speed effect for the submerged single and twin circular cylinder cases is
derived in detail and the numerical results of the submerged two circular cylinder
case is confirmed by the analytical solution of the submerged single circular
cylinder case. The dynamic motion responses of an inclined offshore twin hulled
structure with and without restoring forces due to the forward speed effect in head
and following waves are extensively investigated. The results of a parametric study
of the dynamic motion responses of a twin hulled offshore structure for different
submerged depths, Froude numbers (equivaleht current effect), separation
distances and inclinations in head and following waves are studied and discussed.
Moreover, the dynamic motion behaviour of twin hulled marine vehicles in the low

frequency region at resonance is also investigated.

In Chapter Seven the second order horizontal forces, based on the far field
approach, in head and following waves are theoretically formulated and the second
order horizontal and vertical forces, based on the near field approach, are also
mathematically derived to take into account the effects of the forward speed and
interactions between the two hulls. The steady tilt moments due to the effects of the
second order forces on an inclined twin hulled structure are prcdicted‘ to investigate
the steady tilt behaviour in head and following waves. The analysis is based on the
near field approach and takes into consideration the second order forces in both the
horizontal and vertical directions. The numerical result of the near field approach is
compared with that of the far field approach and good agreement is confirmed in
both second order horizontal and vertical forces. A parametric study of the steady
tilt moment acting on the twin hulled vehicle for different submerged depths,

current speeds, separation distances and inclinations in head and following waves



is completely investigated. The predicted results of the steady tilt moments due to

second order forces are compared with experimental results.

In Chapter Eight both numerical methods, i.e. the discrete source distribution
method and the direct Green function method, are reviewed and modified to predict
the hydrodynamic interaction of submerged two rigidly connected cylinders
advancing in waves. The velocity potential in both methods is calculated by the
discrete source distribution technique and the direct solution by the classical integral
equation method. The numerical results based on both approaches are
comprehensively investigated and it is confirmed that the direct Green function
method can deal effectively with such kinds of hydrodynamic problems as far as
computational efficiency and numerical accuracy are concerned. It is obvious that
as the number of discrete elements on the body surface increases, the numerical
accuracy improves. However, a major concern of researchers in marine
hydrodynamics is computational efficiency. The direct Green function method with

the optimum numbers of discrete elements and images of dipoles are proposed for

numerical computations.

In Chapter Nine a mathematical approach using the linear optimal control
concept to study the dynarhic positioning behaviour of twin hulled marine vehicles
is briefly introduced. Experimental work on dynamic positioning aspects of a twin
hulled structure is described. A series of experiments were carried out in the
Hydrodynamics Laboratory for different submerged depths and trim and drift
angles and the sway force and yaw moment acting were measured. Mathematical
equations are then fitted so that researchers can make use of these results in
simulation analyses for the manoeuvring performance and dynamic positioning of

twin hulled marine vehicles.

In Chapter Ten calculated results of the hydrodynamic coefficients between
both Tasai's practical and present fundamental approaches are compared and
discussed. The results of the steady tilt moments by direct pressure integration are

compared with those of experimental work performed in Japan and a parametric

viil



study for different inclinations in varying current speeds is carried out. The
predictions of steady tilt moments acting on twin hulled vehicles from previous
theoretical approaches are compared and discussed. The calculated results from the
present approach is then compared with those from this previous theoretical and
experimental work. In particular the work performed by Martin et al (1978) is
reviewed and the concept of Martin's model is discussed. The results of both
approaches are investigated. The effects due to forward speed and interactions
between two hulls using the Martin-type model are extensively investigated and the
numerical results are discussed in detail. The effects of the viscous and waterline
forces acting on the vertical surface piercing columns on steady tilt behaviour of an
inclined offshore structure are studied and discussed. The predicted results for a
typical offshore twin hulled structure model, based on the present theoretical
approach, are presented to demonstrate the overall value of this research work for
engineering applicaﬁons to twin hulled marine vehicles under the combined actions

of wave and current.

Chapter Eleven reviews the original achievements of the work, it draws some

conclusions and discusses recommendations for future work.
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NOMENCLATURE

Notations commonly used in the thesis are described here. However in certain

cases where certain notations are not frequently used, they are described as and

where they appear in respective chapters.

2pma’®

[By(P) - By (E)

Amplitude of incident waves
Amplitude of the waves at infinity
Added mass coefficient in the k-th direction due to the j-th mode of

motion
Added mass coefficient of the left cylinder associated with the force
in the i-th direction due to the j-th mode of motion.

Non-dimensionalized added mass coefficients for single cylinder
system
Non-dimensionalized added mass coefficients for two cylinder

system

Damping coefficient in the k-th direction due to the j-th mode of
motion _
Damping coefficient of the left cylinder associated with the force in

the i-the direction due to the j-th mode of motion.
Non-dimensionalized damping coefficients for single cylinder
system

Non-dimensionalized damping coefficients for two cylinder system

|B;(P)+B,(E)|

C

x100% - Relative error of damping coefficients

Phase speed of the waves



F,(F.K),
E,(F.K.)

F(fla),

lel

le2

zl

G(P,Q)

Restoring coefficient in the k-th direction due to the j-th mode of
motion

Exponential integral

Wave exciting force in the j-th direction

Non-dimensionalized wave excitation forces for single cylinder
system

Non-dimensionalized wave excitation forces for two cylinder

system

Second order steady force in the j-th direction

Non-dimensionalized second order forces for two cylinder system

Froude number (= U/ JEE )

Froude Krylov force per wave amplitude acting on vertical columns
in sway motion (FYFK1)

Froude Krylov force per wave amplitude acting on submerged
pontoon in sway motion (FYFK2)

Total Froude Krylov force per wave amplitude acting on twin
hulled model in sway motion (TFYFK)

Wave excitation force per wave amplitude acting on vertical
columns in sway motion (FYYAW1)

Wave excitation force per wave amplitude acting on submerged
pontoon in sway motion (FYYAW2)

Total wave excitation force per wave amplitude acting on twin

‘hulled model in sway motion (TFYYAW)

Total sway force per wave amplitude acting on twin hulled model
(TSWAY)

Froude Krylov force per wave amplitude on twin hulled model in
heave motion (FZ11)

Wave excitation force per wave amplitude on twin hulled model in
heave motion (FZ12)

Total heave force per wave amplitude on twin hulled model (TFZ)

Green function



H*(k),H (k) Kochin functions of upstream and downstream waves

Hp (k),Hp (k) Kochin functions of diffraction waves

Hg (k),Hz(k) Kochin functions of waves due to free oscillation of the body
H7(k),H; (k) Kochin functions of the j-th mode radiation waves

fi}’(k),f-'lj'(k) Kochin functions of the reverse flow radiation waves

I Average momentum flux at x
o’a
Ka Encounter wave number (= ——)
K, Wave number of the steady waves (= g/U?)
M . . . .
> Non-dimensionalized steady tilt moments for two cylinder system
0.5pgA’l
M Mass of the cylinder of unit length

My (F.K.)),, Pitch moment due to Froude Krylov force per wave amplitude
acting on submerged pontoons (PMFK11)

-M,(F.K.),, Pitch moment due to Froude Krylov force per wave amplitude
acting on submerged pontoons with column correction (PMFK1M)

M, (gw) Wave excitation moment per wave amplitude acting on submerged

pontoons in pitch motion (PMZAW)

+M,(§,) (TPMFK2)

M,(F.K.), Pitch moment due to Froude Krylov force per wave amplitude
acting on vertical columns (PMFK2)

Ma(ém) Pitch moment due to wave excitation force per wave amplitude
acting on vertical columns (PMXAW)

M, Total pitch moment acting on twin hulled model (TPM)
M,(F.K.),  Roll moment due to to horizontal Froude Krylov force per wave
amplitude acting on vertical columns (AMRFK1)

M,(F.K.), Roll moment due to to horizontal Froude Krylov force per wave
amplitude acting on submerged pontoons (AMRFK2)

M,(F.K.);  Roll moment due to to vertical Froude Krylov force per wave
amplitude acting on submerged pontoons (AMRFK?3)

M,(F.K.)  Total roll moment due to Froude Krylov forces per wave amplitude
acting on twin hulled model (TAMRFK)



M, (fla),
M,(fla),
M, (fla)

M, (C)

<

o <

o

~

oz 7 2 2 Z

(x.y.t)

ST B R R

X]
pgmIT, G
Y]
pEmIT,G

k1.2.3,4

Roll moment due to wave excitation force per wave amplitude
acting on vertical columns (AMRYW1)

Roll moment due to wave excitation force per wave amplitude
acting on submerged pontoons (AMRYW2)

Total roll moment due to wave excitation force per wave amplitude
acting on twin hulled model (TAMRYW)

Roll moment due to wave excitation force per wave amplitude

acting on submerged pontoons (AMRZW)
Total roll moment acting on twin hulled model (TMROLL)

Element number of the cylinder's contour

Number of discretized elements

Number of selected images

Number of discretized elements on the left cylinder
Number of discretized elements on the right cylinder
Dynamic pressure acting on the surface of the body
Water bottom |

Free surface

Body surface of the cylinder

Vertical surfaces at x =+co and x = —eo

Wave pen'o& (seconds)

Transfer function

Forward speed of the body

Steady flow vector

Non-dimensionalized Froude Krylov forces in surge direction

Non-dimensionalized Froude Krylov forces in heave direction

Radius of a circular cylinder, length of semi major axis of ellipse
Radius of a circular cylinder, length of semi minor axis of ellipse
Separation distance between two cylinders (= 21)

Depth of the cylinder's center

Wave numbers

B 2
Non-dimensionalized wave number (= 9_?}_)
g



1]

kg,

9.

ke,
D(x,y,t)
¢(x,y)e"™
?s(x.y)
o(x,y)e™
Pp(xy)e™
M

Vector m describing the forward speed effect of the body boundary
condition

The mass (fori = 1,2) or the moment of inertia (for i = 3) of the
two rigidly held apart cylinders

Unit vector normal to the body surface

The x and y components of n

=xn, =(y-d)n,

Coordinate of a point in the reference frame fixed in space
Coordinate of a point in the body fixed reference frame

Heaviside's unit function

Non-dimensionalized sway amplitude

Non-dimensionalized heave amplitude

Inclining angle which the line joining the centres of two cylinders
makes with the x-axis

Motion response of two cylinder model with inclinations

thinness ratio of ellipse

Sway phase angle (in degree)

Heave phase angle (in degree)

Roll phase angle (in degree)

Pitch phase angle (in degree)
Inclining angle

Non-dimensionalized pitch amplitude

Non-dimensionalized roll amplitude

Velocity potential of total flow
Velocity potential of unsteady flow
Velocity potential of steady flow
Velocity potential of incident waves

Velocity potential of diffraction waves
Rayleigh's fictitious friction coefficient



v;(x,y)e  Velocity potential of radiation waves with the j-th mode of unit
velocity potential

¥;(x,y)e'’*  Reverse flow radiation potential

T =Uw/g

W, Circular frequency of incident waves in the reference frame fixed in
space

0] Circular frequency of encounter with incident waves or circular

frequency of oscillation

Kroenecker delta function

3 Complex amplitudes of oscillatory motions (j=1 : surge,
j=2 : heave, j=3 : pitch, clockwise rotation about the centre

of cross section of the body)

o Motion displacement of wave particle in x direction

I—id Non-dimensionalized surge amplitude for two cylinder system
|—%l Non-dimensionalized heave amplitude for two cylinder system

1

]-EI—;—I Non-dimensionalized pitch amplitude for two cylinder system
Mo Motion displacement of wave particle in y direction

Co Motion displacement of wave particle in z direction

L, (xt) Wave depression
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CHAPTER 1
INTRODUCTION AND PRELIMINARY STUDIES

1.1 Historical review on hydrodynamic problems due to forward

speed effects

With the linear assumption of the fluid flow, the hydrodynamic forces acting
on a structure advancing in waves are categorized into radiation forces and wave
excitation forces. The former term is the added mass and damping forces due to the
body oscillatory motions in a calm water. The latter one is the hydrodynamic
pressure forces acting on the structure in the incident wave train and the body is
restrained at its mean position with its motions suppressed. In compliance with the
linear approximation of the fluid flow which is valid when the amplitudes of body
motions are relatively small in terms of the other length scales, for instance, wave
length and body dimensions, the total hydrodynamic forces acting on the
translating structure in incident waves can be directly superposed by the terms

mentioned above.

In principal, the history of researches on the motion dynamics of floating
ships and offshore structures in waves is that of adventure to discover new
developing theories for calculating radiation forces and wave exciting forces with
improving engineering accuracy. The historical review of previous research work

is briefly surveyed as follows.

The strip theory is often used to predict the hydrodynamic forces acting on
ships in waves. Several basic assumptions are emphasized to make the numerical
solution effective. Ship hull form is considered as a slender geometry and the
frequency of the body motion must be high, in other words the length of the waves

generated by the ship motions is relatively shorter than the principal dimensions of
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the ships. The fundamental concept of the strip theory is to calculate hydrodynamic
forces acting on the hull surface of ships as the sum of the hydrodynamic forces
acting on each cross section of the ship in the longitudinal direction without
considering ship lengthwise fluid flow, in other words, assuming two dimensional
flow around each cross section. The two dimensional flow can be simulated to
study the hydrodynamic problem of a long cylinder in the direction of the cross

section.

A reasonable solution of two dimensional flow around a circular cylinder
oscillating on the free surface of the water was given by Ursell (1949) for the first
time in the history of marine hydrodynamics. A solution for the more ship-like
sectional form was followed by Tasai (1959). However those results gave the
radiation and wave excitation forces on a limited family of ship hull forms. More
numerical methods were developed to predict hydrodynamic forces on the arbitrary
sectional hull form on the free water surface (Frank 1967, Maeda 1969). Perhaps
the improvement of the numérical computations in theoretical approaches was due
to the effective development of high speed computer systems. The first and second

order forces acting on a circular cylinder was analysed by Ogilvie (1963).

All solutions stated above were based on a single cylinder. However the
solution of two dimensional flow around two circular cylinders oscillating on the
surface of the water was developed by Ohkusu (1969,1970) and several interesting
phenomena due to the effects of interactions between two hulls, for instance the
negative added mass and zero damping forces at certain particular frequencies were

observed.

Obviously the ship has a forward speed, so the effect of the forward speed on
the ship motions should be taken into account. But, to account for the forward
speed effect together with the existence of the free surface, the hydrodynamic
behaviour of the ship motion becomes more complicated. Hence, the forward
speed effect is not considered in the fundamental formulation of the strip theory, so

it cannot predict accurate solution for the ship motions at high speed.
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Frequencies of ship motions are high in head waves and lower in following
waves. On account of the effects of the ship forward speed, low encounter
frequencies with the following waves lead to low frequencies of the ship motions.
In fact the strip theory is not reliable for the low frequency motions (Ogilvie and
Tuck 1969) and gives less accurate predictions (Takezawa et al. 1981, 1982).

New reasonable approaches for ship motion theories which do not depend on
two dimensional treatment of the fluid flow and does consider the forward speed
effect correctly in the theoretical formulation are required for more accurate
predictions of the hydrodynamics in various wave conditions especially in
following waves. Hence the three dimensional integral equation method was
proposed and developed by several researchers (Inglis and Price 1981, Ohkusu and
Iwashita 1986). This theoretical approach is to solve numerically the distribution of
singularities around the ship hull such that the flow field must satisfy the free
surface and ship surface boundary conditions properly. For zero forward speed,
this method predicts reasonable solutions (Michelsen and Faltinsen 1974, Standing
and Hogben 1974). For finite forward speed, some analytical ambiguity in the
theoretical formulation has not yet been overcome so far and the available predicted
results are few and not reliable within acceptable engineering accufacy. Therefore
further research work needs to be done in this field but with a simpler geometry

and more tractable conditions.

The forward speed effect is also recognized in the other aspects of ship
motion theories. One is the added resistance of a ship, similar to second order
horizontal forces on an offshore structure, in waves (Ohkusu 1984, Naito et al.
1985). The other is the damping moment with rolling motion caused by the
viscosity of the fluid (Himeno 1977).

So far the ship motion theory keeping the motions in the frequency domain in
mind has been overviewed briefly. The time domain analysis of the ship motions is
not described because it might not be directly related to the contents of this research
work. The calculated results in the frequency domain analysis are applied to predict

the dynamic motion responses of the surface vessels and offshore structures in
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irregular waves with the introduction of the superposition principle (St. Denis and
Pierson 1953).

The floating offshore structures for developing petroleum under the deep sea
bottom are often called mobile drilling units. This kind of offshore structures must
be a stable platform which is able to keep station. Their seakeeping performance to
withstand the severe environment is quite crucial. Hence the dynamic motion
responses in waves is one major concern of designers and engineers in the offshore
industries. The interesting characteristics in the geometry of the offshore structures
are a small water plane area compared with their displacement which originates
from the form of large buoyancy bodies submerged under the water surface and the
slender columns piercing the free surface to support the upper platform. This
obviously leads to lower nafural frequencies of heaving, pitching and rolling;
generally speaking the oscillatory motions of the offshore structures in waves are
limited within the small magnitude (Tasai 1983) due to their geometries.

The other characteristics of the hydrodynamic forces due to the geometries of
the offshore structures are that of drag forces induced from the fluid viscosity
which are dominant on the slender parts of the structure, if the wave height is larger
than the cross sectional dimensions of the offshore structures (Sarpkaya and

Isaacson 1981).

In general offshore structures are moored with several mooring lines.
Mooring lines are principally soft springs to resist the steady forces from various
sources, for example current and waves, such that the offshore structures do not
displace so much from their mean positions. In this aspect the accurate prediction
of the steady wave forces which are usually of second order is required exactly.
The steady wave forces in the vertical direction induce the steady tilt moments
which affect the stability of the offshore structures in waves is presented by
Numata et al (1976).

One reason for this rather large inclination by the second order forces is due
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to the relatively small water plane area of the offshore structure. Moreover the
reaction of mooring lines in this situation might increase their inclination. Thus the
steady forces due to waves as well as current and winds are certainly important
factors which affect the safety of the offshore structures with mooring lines
(Takarada et al. 1984a, 1984b, 1985).

Combined effects of current and waves or wind and waves on the stability of
the offshore structures have been investigated experimentally (Takarada et al.
1984a, 1984b, 1985) ; the theoretical methods to predict environmental forces

under the influence of combined effects have not yet been proposed.

The reaction of the mooring lines to restore the displacement of the offshore
structures to their mean positions is generally very small in terms of the mass of the
structure; natural periods of the dynamic motions in the horizontal plane, such as
surging, swaying and yawing, are basically longer than 100 seconds. In fact there
are no waves of such long periods at sea; no wave excitation forces of the first
order of magnitude act on the offshore structure at such a long period. However the
second order forces due to sea waves, which are composed of various frequency
components, include wave excitation forces with the different frequency of two
component waves. In principal the sea wave always has a continuous power
spectrum and the difference frequency of two components can be small enough to
generate wave excitation forces of such long periods. Although this wave excitation
force is of second order, it may cause low frequency motions of large magnitude at
resonance because of the low damping force at such a specifically low frequency
(the first order motions with the same frequency as waves are hereafter referred to
as fast frequency motions as contrasted with low frequency motions). The strength
of mooring lines has to be determined such that they can withstand this large
displacement of the low frequency motion in the resonant condition (Hsu and
Blenkarn 1970, Arai et al. 1976).

The combined motion of low and fast frequencies was analysed by

Triantafyllow (1980, 1982). The velocities of the low and fast frequency motions
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were assumed to be of identical order of magnitude. Nevertheless the effect of the
velocity of the low frequency motion on the fast frequency motion was not
considered at that moment. Hence the amplitude of the low frequency motion is
supposed to be very large compared with that of the fast frequency motion, the
former could be appropriately considered as a quasi-steady motion. With such an
approximation the interaction between both motions can be treated as the constant

speed effect on the fast frequency motion.

The low frequency motion occurs at resonance ; so its amplitude is certainly
determined only by the value of the damping force. Recently it was found that
damping forces of the body moving with long stroke in short waves is larger than
that of the body moving in calm water (Wichers 1979). Discussions on the origin
of the increase of damping forces in waves have not been concluded. To attribute
this damping force to added resistance, a second order horizontal force acting on
the structure translating in waves was proposed by Saito (1984). The dependence
of the velocity on the added resistance (the second order forces) is quite
complicated but the tendency is of linear dependence, i.e. the damping force
proportional to velocity, can be obtained by assuming moderate variation of the
velocity from the mean value.

As mentioned above, theoretical analysis and practical prediction of the
hydrodynamic loadings acting on ocean going ships and offshore vehicles which
account for forward speed effect in waves is rather important for the solutions of
major research topics in ship motion marine hydrodynamics. Here the topics of

present work is summarized as follows.

(1) To formulate theoretically and solve numerically a boundary value problem
for the velocity potential describing the flow field around a twin hulled offshore
structure oscillating in waves and simultaneously translating at a constant forward

speed.

(2) For correct evaluation of the hydrodynamic loadings acting on offshore

structures, it is necessary to understand the forward speed effect in the case of a
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single cylinder as most lower hull structures are circular cylinders.

(3) To predict the hydrodynamic forces acting on a two cylinders rigidly held
apart with no further modelling. This represents a simplified model of an offshore

structure in the beam sea condition.

(4) To discuss several interesting topics in the offshore engineering field
associated with the interaction of wave and current and that of the low and fast
frequency motions with the forward speed effect on the hydrodynamic forces

acting on such twin hulled marine structure configurations.

(5) To investigate the steady tilt moment due to the steady second order forces
and dynamic motion responses with the hydrodynamic restoring forces due to the
effects of forward speed and interactions between two hulls of the inclined twin

hulled offshore structures in head and following waves.

1.2 Preliminary studies in the ocean engineering field

Preliminary studies of the hydrodynamic behaviour of floating buoys and
twin hulled vehicles in waves were performed. The practical engineering
applications to the dynamic motion responses of floating buoys with mooring
systems in waves and their extension to twin hulled offshore structures is also
performed. The spectral analysis of the motion dynamics; of floating buoys and
twin hulled marine structures in waves is carried out for ocean engineers and

designers from the point of view of practical engineering applications.

In fact, these theoretical approaches to predict the hydrodynamic loadings and
motion responses of floating buoys and twin hulled structures in the incident wave
condition are simplified so that practical computations are easily performed on
desktop computer systems and it is also confirmed that the computer programs

developed here are rather convenient and effective from the practical point of view
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of engineering design considerations of offshore structures in general. From an
analysis of the computation time taken for these calculations, it is found that the
CPU tme is only a few seconds on the VAX 3600 micro computer system. Hence

this is an efficient and economical tool for engineers and designers.

The predicted results are also compared with those from previous theoretical
and experimental research work and they show reasonable accuracy for practical

engineering applications.

1.2.1 Practical approach to Froude Krylov forces on floating

buoys and semi-submersibles in heeled conditions

In the offshore engineering field, one of the most attractive and important
technical themes is the prediction of hydrodynamic loadings acting on floating
buoys and twin hulled marine structures in waves. In general, the conventional
offshore structures consist of several structural members, such as bracings,
brackets, columns and caissons (lower hulls). The simplest representation of wave .
excitation forces and moments is based on the assumption that the pressure field is
not affected by the presence of the structure and can be approximately determined
from the incident wave potential itself. This approach was utilized in the earliest
theories for ship motions in waves and is also known as the Froude Krylov

hypothesis.

The hydrodynamic forces acting on floating buoys are obtained by direct
pressure integration over the body boundary contours. The theoretical approach
adopted here is worked out for the case of hydrodynamic forces acting on the left
body of the twin hulled structure. The forces acting on the right body of the twin
hulled offshore structure can also be written by a slight manipulation of the
mathematical equations. Summing up hydrodynamic forces described above, the
hydrodynamic forces on the twin hulled offshore structure are obtained, for

instance the caisson (hereinafter referred to as " D - buoy ") is considered. A
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system can then be composed to be considered as a twin hulled marine structure in

general.

The exact solution obtained here is in the framework of the linear theory and
interaction effects between the two bodies is neglected. These computed results are
compared very well with those from previous approximate research work (Tasai
1983) and are sufficiently accurate for engineering practice, i.e. for large values of
the ratio of the wave length to the column diameter, the exact and approximate

solutions match very well.

The theoretical calculations are performed on the DEC VAX 3600 micro
computer system to obtain hydrodynamic forces on the cylindrical buoy
(hereinafter referred to as " C - buoy "), D - buoy and the modified box shape base
buoy, which is referred to as " P - buoy " and the details of the coordinate system
and of the three different buoy configurations are also indicated in Figs. 1.1, 1.2
‘and 1.3 respectively. A comparison study of the hydrodynamic forces for three
different configurations of twin hulled structures is performed and a parametric
study of the floating buoys and twin hulled structures for different separation
distances and inclinations is also investigated. Series of experiments to measure the
Froude Krylov forces acting on three such different kinds of floating buoys in
restricted conditions were performed at the Hydrodynamics Laboratory of Glasgow
University, which is 77 m long x 4.6 m wide x 2.7 m deep (maximum water depth
2.4 m).

The wave signals detected by three wave probes are picked up by the Wave
Monitoring System (including amplifiers and filters) and the hydrodynamic loads in
both horizontal and vertical directions are measured by a straight strain gauge bar
and are passed to the FYLDE amplifier and filter system. All the signals are then
collected by the Data Collecting System (32 channel analogue to digital converter)
and recorded in the Macintosh-2CLA micro computer system as shown in Fig. 1.4.
The experimental data are sampled at a rate of one hundred (100) samples per

second per channel for twenty (20) seconds.
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In the experiments, each buoy model is mounted below the straight bar,
which can measure both horizontal and vertical strains simultaneously, and tested
in regular incident waves with several different frequencies. The calibration of the
straight bar facility, as shown in Fig. 1.5, is individually performed before each
experiment is started. All relations of these calibratiori data, which are converted

from induced voltages to actual loads, are linear in general.

All experimental data acquired by the Macintosh-2CLA computer is analysed
in the frequency domain with the Fast Fourier Transform technique on the VAX-
3100 workstation computer system and in time domain on the VAX/VMS computer
system. A comparison study of the predictions between direct pressure integration
and experiments is carried out on the Macintosh Plus micro computer system
systematically. Bésically the experimental data acquisition and analysis system at

the Hydrodynamics Laboratory is well set up to deal with hydrodynamic research.

Figs. 1.6 and 1.7 show that the predicted results are in excellent agreement
with that of previous researchers (Tasai 1983). The theoretical predictions are also
compared with experimental results. In general the theoretical results show
reasonable agreement with the experimental ones as Figs. 1.8 to 1.13.
Nevertheless some discrepancies induced by several effects, for instance wave
diffraction, fluid viscosity and experimental error etc do occur from these
experiments and these buoy models in experiments are as in Figs. 1.14 (see
pp312), 1.15 and 1.16.

Through a validity test of the computer program, the effectiveness is
confirmed for the prediction of the Froude Krylov forces on floating buoys and
twin hulled offshore structures in regular waves. Based on specific parameters,
such as inclinations and separation distances between two bodies of the twin hulled
structure, the force prediction of twin hulled offshore structures is calculated in
order to have an extensive knowledge in the field of Froude Krylov forces on
floating buoys and offshore structures in regular progressive waves. As for the

inclination effect of floating buoys shown in Figs. 1.17 and 1.18, no significant
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changes in force prediction is shown in the heave direction. But in the surge mode,
the results with no inclination are always larger than that with inclination (5 or 10
degrees) in the range of wave periods. Moreover calculated results with these

inclinations show not much variation in general.

In order to extend this study further, the forces acting on the left and right
bodies of a twin hulled offshore structure are calculated. The results of both surge
and heave forces on each body are as Figs. 1.19 and 1.21 and the phase angles are
also presented in Figs. 1.20 and 1.22. The investigation of Froude Krylov forces
on three twin hulled structures with different configurations is performed for
comparison with previous researches (Tasai 1982 and Wu 1991) and all basic
configurations of three different twin hulled models (hereinafter referred to as
SSCH models) are shown in Figs. 1.23 to 1.25. In general the calculated results of
the SSCH-1 model, shown as Figs. 1.26 and 1.27, show very good agreement
with approximate results of other researchers. Similar results for the SSCH-2 and
SSCH-3 models are shown in Figs. 1.28 to 1.31. In spite of the range of rather
short wave periods, the trends of the calculated results also show reasonable
agreement with approximate results (Tasai 1970 and Wu 1991). The pressure
integration predicted values of surge forces are generally a little smaller than that of
the approximate approach and the calculated results of heave forces are slightly
larger. These discrepancies could be mainly due to the form approximations of twin

hulled structures.

In practical computations, the exact solution can be reduced to the
approximate one when the wave length tends to infinity (i.e. k = 0). It can be
shown that at least for the range of A/2r, more than 20, the approximate formula of
Tasai is in fairly good agreement with the exact solution. For large value of A/2r,,
there is hardly any variation in heave force for different inclinations. However it is
also noticed that there is an appreciable variation in the surge force and this is

confirmed by experimental results.
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1.2.2 Dynamic motion responses of floating buoys in waves

A wide variety of storage buoys and their anchoring arrangements in waves
have been proposed and constructed in recent decades. A majority of these offshore
structures are composed of combinations of circular cylinders with a common

longitudinal axis in general.

The approach to predict the highest expected wave excitation forces on
offshore structures in waves is based on single regular wave concept. For a
particular wave theory, with a certain wave height and wave period chosen to the
location of the structure, the corresponding pressure field and horizontal
components of the wave particle velocity and acceleration are then determined. The
wave kinematics can be written as an appropriate form of the Morrison equation to
calculate hydrodynamic loadings acting on structural components of floating

offshore buoys in regular waves.

Here a strip approach is applied in conjunction with linear wave theory and
the drag effect is reasonably designed for structural components of floating
offshore structures. In general, this simplified approach cannot predict well when
the wave length is five (5) times less than the maximum diameter of the cylinder.
The approximate approach is derived to predict dynamic motion behaviours of
floating buoys in regular progressive waves and the computer program is also
developed in order to investigate effects for different geometrical combinations of

floating buoy structures in waves.

In principal the wave induced forces on offshore structures in waves are due
to Froude Krylov effect (dynamic pressure forces), inertial effect (acceleration
forces) and drag effect. The summation of these forces in both horizontal and
vertical directions obtains non-zero resultant and it induces surge, heave and pitch
motions of offshore structures in waves. The forces due to Froude Krylov and
inertial effects can be calculated by linear wave theory as long as the cylinder
diameter is less than one fifth (1/5) of the wave length. Otherwise the diffraction

effect should be properly considered. The drag forces due to the velocity effect are
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not linear, since they depend on the square of the velocity. Compared with the
pressure and inertial forces acting on large diameter cylinders, such forces are
insignificant but they are important when either the resultant of the former two
drops to zero values or at extreme wave lengths. Here based on the Morrison
approach, an approximate approach to predict dynamic motion behaviours of
floating buoys and offshore structures in regular waves is derived and the computer

program is also developed for engineering design applications.

The coordinate system of the floating buoy structures in regular waves is as
in Fig. 1.32 and the buoy models are the same as shown in Figs. 1.2 and 1.3. The
approximate predictions based on the theory of body motions in regular waves
show good agreement with that of previous researches (Tasai 1983). The forces
due to inertial and drag effects on both upper and lower portions of the floating
buoy structure in regular waves are calculated and the predicted results for the " P -
buoy " model in surge, heave and pitch modes are presented in Figs. 1.33 to 1.38
respectively. As noticed in these figures, the force due to inertial effect is dominant

and that due to drag effect is not significant for the chosen wave periods.

A series of experiments on dynamic motion responses of floating buoys in
regular incident waves were carried out for three different kinds of buoy
configurations at the Hydrodynamics Laboratory. A regular wave signal is
generated by a plunger type wave maker driven by an electrically controlled
hydraulic pump handled by a DELL-200 micro computer system as in Fig. 1.39
and the wave amplitude is measured by three resistance type wave probes. The
model is equipped with two inclinometers to measure roll and pitch angles. The
surge and heave motions are also measured by the SELSPOT system. This system
enables rigid body measurements to be carried out by a pair of light emitting diodes
mounted on the model which transmits signals as the model oscillates in waves.
The signals generated by the diodes are picked up by a set of cameras located
beside tank bank around the model. The data acquisition by the computer system is
started when the model behaviour in waves reaches the most steady and consistent

pattern.
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Here a complete description of hydrodynamic experiments for data
acquisition is described systematically and the detail of such system is also shown
in Fig. 1.40. The wave signals detected by three wave probes are picked up into
the Wave Monitoring System (including amplifiers and filters). Then these signals
are passed through the Data Collecting System (32 channels analogue to digital
converter) and recorded into the Macintosh-2CLA computer system. The horizontal
and vertical displacements of floating model in waves are detected by the
SELSPOT system. The displacement signals of the model in motions are picked up
by opto-coupled cameras. Then these signals through the Movement Monitoring
Instrument System (SELSPOT processing unit) and Data Collecting System are
recorded into the micro computer system. The horizontal and vertical forces of
floating models in motions are measured by two pairs of load cells and the rotating
angles are also picked up by two inclinometers. Then through both EYLDE
Amplifier and Filter System and Data Collecting System, such signals are recorded
into the micro computer system. The experimental data analysis procedure is
similar to the previous one mentioned above. In fact a comprehensive procedure of
specific experimental data acquisition and analysis system at Hydrodynamics
Laboratory is described and the flowing diagram of such a experimental system is

also presented as shown in Fig. 1.41.

The results of experimental work for such three different kinds of buoy
models are compared with that of theoretical predictions (Wu 1991) with
reasonable accuracy. The surge, heave and pitch motion responses of the " C -
buoy " model in regular progressive waves are presented in Figs. 1.42 to 1.44
respectively. in surge motion as shown in Fig. 1.42, the discrepancies between
experimental and theoretical results could be due to difficult predictions of damping
and restoring coefficients and mooring system etc. The motion response in heave
mode, as presented in Fig. 1.43, show good agreement. As for pitch motion, as
shown in Fig. 1.44, the large differences may be due to the buoy model rotating in

the motion experiment.

Surge, heave and pitch motion responses of the " D - buoy " model in regular
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progressive waves are shown in Figs. 1.45 to 1.47 respectively. In surge motion
as shown in Fig. 1.45, large discrepancies are due to difficult predictions of
damping, restoring coefficients and mooring system etc. As for the heave motion,
as presented in Fig. 1.46, large differences also appear. In fact from the inclining
and natural frequency experiments, certain information of the buoy model
characteristics such as damping coefficients and metacentric GM heights can be
used for more accurate predictions of dynamic motions for practical design
applications. The pitch motion response, as presented in Fig. 1.47, matches fairly

well for the range of wave periods.

Surge, heave and pitch motion responses of the " P - buoy " model in regular
progressive waves are presented in Figs. 1.48 to 1.50 respectively. In heave and
pitch motions as shown in Figs. 1.49 and 1.50, the agreement between theories

and experiments for the range of wave periods is fair.

A comparison study on motion dynamics for the three different kinds of buoy
model configurations is as shown in Figs. 1.51 to 1.59. The motion experiments
of three different kinds of floating buoy models are also presented as shown in
Figs. 1.60, 1.61 and 1.62 respectively.

This preliminary study indicates that a fairly reliable prediction can be made

of the motion responses of buoy models, with very little CPU time.

1.2.3 Motion response prediction of a twin hulled offshore structure

in waves

Various offshore drilling structures are constructed for the exploration and
mining of oil, gas and all kinds of mineral resources in the sea bed and substratum.
These marine structures should be stably operated around their fixed position. As
these offshore drilling structures are often exposed to severe environmental
conditions and forced to keep their operation in good condition, from the point of

view of design and construction, they should be well designed to withstand severe
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wave excitation forces in general.

Dynamic motions of such offshore structures in waves are of more concern to
designers of offshore structures than that of ships, since it is not easy for offshore
structures to move away from the stormy weather. Hence the operation safety of
these marine structures is a principal factor which should be taken into

consideration at the preliminary design stage.

The deep water wave theory with small wave height assumption is applied
and submerged parts of twin hulled offshore structures are assumed to be
reasonably slender. Moreover it is assumed that the free surface effect is assumed
to be negligible and interference effects between columns and caissons are
neglected in practical computations. It is also found that damping forces, as
obtained from experiments of the offshore structure model, for the conditions of
small motion amplitudes in heave, pitch and roll modes can be sufficiently
described in linear terms. The computer program has been developed to predict
dynamic motion responses of semi-submersible catamaran hull structures in beam

and longitudinal waves for practical design applications.

Based on the theory of body motions in waves, approximate predictions of
twin hulled marine structures in regular progressive waves show good agreement
with that of previous researches (Tasai 1970). Several experimental results in
dynamic motion responses of such twin hulled marine vehicles in waves are
analysed here for two different kinds of twin hulled models, which have eight
cylindrical columns and two caissons with different configurations, in other words,
one twin hulled model with nearly rectangular cross sections and sharp end
sections (Model-1) and the other one, as shown in Fig. 1.25, with circular cross
sections and flat end sections (Model-3). Analysis results of the experimental work
are compared with that of preliminary theoretical predictions (Wu 1991) with

reasonable accuracy.

In order to confirm the effectiveness of this theoretical approach, validity tests

62



are performed for two different kinds of twin hulled marine vehicles mentioned
above. The basic configuration of the structure model (SSCH-1) has two caissons,
eight columns and an operation deck surmounted on the upper part of these
columns and the principal particulars are also indicated as shown in Fig. 1.23. The
motion experiments of this SSCH-1 model were carried out at Tsuyazaki Sea
Safety Research Laboratory, Japan and experimental results are compared to

confirm theoretical predictions.

In heave motion, the non-dimensionalized motion amplitudes of experimental
and theoretical results match well as shown in Fig. 1.65 and the phase angle by
theoretical prediction is also presented in Fig. 1.66. The calculated results of
Froude Krylov, wave diffraction and total wave excitation forces per unit wave

amplitude are compared and presented in Fig. 1.67.

In pitch motion, the non-dimensionalized motion amplitudes of experimental
and theoretical results are in good agreement as shown in Fig. 1.68 and the phase
angle by theoretical prediction is also presented in Fig. 1.69. The predicted results
of Froude Krylov, wave diffraction and total wave excitation moments per unit

wave amplitude are compared and presented in Figs. 1.70 and 1.71 respectively.

In roll motion, the non-dimensionalized motion amplitudes of experimental
and theoretical results match well as shown in Fig. 1.72 and the phase angle by
theoretical prediction is also presented in Fig. 1.73. The calculated results of
Froude Krylov, wave diffraction and total wave excitation moments per unit wave

amplitude are compared and presented in Figs. 1.74 to 1.76.

In sway motion, the non-dimensionalized motion amplitudes of experimental
and theoretical results have good agreement as shown in Fig. 1.77 and the phase
angle by theoretical prediction is also presented in Fig. 1.78. The predicted resulits
of Froude Krylov, wave diffraction and total wave excitation forces per unit wave

amplitude are compared and presented in Figs. 1.79 to 1.81.

63



The basic configuration of SSCH-3 model has two circular cylindrical
caissons, eight circular columns and principal particulars are as shown in Figs.
1.25 and 1.82. The motion experiments of this SSCH-3 model were carried out at
the Hydrodynamics Laboratory of Glasgow University (Atlar 1986) and the
comparison of experimental and theoretical results is also performed. The non-
dimensionalized amplitudes in heave and pitch motions match well in short wave
period range as in Figs. 1.83 and 1.84 respectively and the SSCH-3 model in
motion experiments is also presented in Fig. 1.85 (see pp343). The large
discrepancies between experimental and theoretical results at several specific wave
periods could be due to several factors, such as linear damping terms, modelling

effects of structure models and inevitable experimental errors etc.

In brief, this approximate approach, to predict dynamic motion characteristics
on a preliminary basis, is rather convenient and easily performed on desktop

calculators.

1.3 The principal objectives of present research work

The main objective of this study is to investigate the effect of second order
steady tilt behaviour and to achieve the goal the following sub-objectives have to be
carried out.

(1) A preliminary study in ocean engineering field should be extensively
performed at the early stage as a learning process. The prediction of the Froude
Krylov forces acting on floating buoys and twin hulled marine vehicles in waves
is to be studied. The hydrodynamic behaviours of floating buoys with mooring
systems in waves are to be reviewed and extended to offshore twin hulled
vehicles. A spectral analysis on the motion responses of the floating buoys and

twin hulled structures in waves is also carried out(Wu 1992),

(2) Both numerical techniques, discrete source distribution and direct Green
function methods (hereinafter referred to as D.S. Method and Direct Method
respectively), are to be investigated to solve the boundary value problem, taking

into account effects of forward speed and interactions between two hulls, for the
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solutions of velocity potentials on the surface of body boundaries directly. The
logarithmic part of the Green function will be analytically derived to improve the
accuracy of the computation when checking the results of the damping forces by
pressure integration and by energy flux consideration and the horizontal second

order forces by pressure integration and momentum flux consideration.

(3) In the field of the computational fluid dynamics, the computational efficiency
and numerical accuracy are two major concerns of researchers, so both numerical
methods will be modified to predict the hydrodynamic loadings acting on offshore
structures advancing in waves. The velocity potentials in these methods are
calculated by the discrete source distribution technique and the direct solution by
the classical integral equation method. These modifications, accomplished by
analytically solving the logarithmic part of the Green's function, will help to
improve the computational efficiency, in other words, it will cut down the CPU
time considerably, for the prediction of the hydrodynamic forces acting on the

offshore structures.

(4) The numerical accuracy checked by these newly modified approaches is to
be extensively investigated. The numerical results based on both approaches are to
be compared as regards computational efficiency and numerical accuracy. The
numerical accuracy check is to be performed by varying the number of the
elements and for different depths of immersion. It is obvious that as the number of
the discrete source elements on the body boundary surface is increased, the
numerical accuracy is improved. However a major concern is the computational
efficiency. Hence there is a need to carry out the numerical computations which
can help researchers to select the optimum numbers of discrete elements and
images of dipoles. For the case of twin cylinders the accuracy is to be checked by

varying the number of dipole images.
(5) The theoretical formulation of restoring forces acting on two submerged

circular cylinders in waves due to forward speed effect is to be derived and the

results of numerical computations areto be compared with analytical solutions of a
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single submerged cylinder. The dynamic motion responses of an inclined offshore
structure in waves taking into consideration the restoring forces due to forward
speed effects are to be investigated. The results of motion responses including
restoring forces due to specific forward speed effect are to be compared with

previous researches (Kashiwagi and Varyani 1987).

(6) The predictions of second order forces due to the effects of forward speed
(equivalent current effcct) and interactions between two submerged hulls are to be
taken into consideration. The theoretical approaches, based on the wave
momentum flux consideration in the fluid domain (the far-field concept) and the
direct pressure integration over the body boundary contours (the near-field
concept), are to be developed and checked for predicting the second order
horizontal and vertical forces and steady tilt moments due to thé effects of second

order forces of twin hulled marine vehicles in head and following waves.

(7) The numerical results of the second order forces on twin hulled marine
vehicles will be compared with that of previous work. It may be concluded that
the outer solution of the near field approach and the inner solution of the far field
approach in the present computations of the second order forces match well. The
steady tilt moments on an inclined offshore structure in waves due to the second
order horizontal and vertical forces with forward speed effect are to be calculated
and numerical results will be compared with that of the three dimensional
experimental work (Maeda 1984 et al).

(8) A valuable procedure for the theoretical confirmation of numerical
computations is to be newly developed and comprehensively described. The
numerical accuracy check of the damping coefficients is calculated by
consideration of the energy flux in the fluid domain and by direct pressure
integration over the body boundary contours. The results of the wave excitation
forces in terms of the Kochin function form is checked by the Haskind-Newman
relation. The accuracy check of the second order horizontal forces with forward

speed effect on twin hulled structure is investigated by direct pressure integration
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(the near field concept) and by momentum flux consideration (the far field
concept). The numerical accuracy of the second order vertical forces with forward
speed effects is also checked by the Lee-Newman far field approach (1971) for the
single submerged body without forward speed effects.

(9) Comparison studies of the steady tilt moments due to second order vertical
forces on twin hulled marine vehicles in waves with those previous research work
on both theoretical, such as Ogilvie (1963), Lee-Newman (1971), Morrall (1978),
Numata (1978), Martin (1978) and Atlar (1986), and experimental, for instance,
Japan SR-192 model (1988), sides will be investigated for technical confirmation

of engineering applications.

(10) The effects of forward speed and interactions between two submerged hulls
of an inclined offshore structure in head and following waves are to be extensively
investigated and calculated results in all aspects of added mass and damping
coefficients, wave excitation forces, motion responses, second order forces and

steady tilt moments will be discussed.

(11) The effects of viscous and waterline forces on vertical surface piercing
columns of twin hulled marine vehicles to investigate the steady tilt behaviour of
an inclined offshore structure are to be studied and discussed. A comparison study
on the steady tilt moments due to the effects of different GM heights of twin
hulled vehicles will be also investigated.

(12) The computed results of a twin hulled structure model, based on the present
theoretical approach, are to be presented to show the overall functions of present

research work for practical applications on offshore twin hulled vehicles in waves.

(13) A mathematical approach with linear optimal control theory to study the
dynamic positioning behaviour of twin hulled marine structures will be briefly
introduced. In fact a detail description of the data acquisition and analysis system
here is to be described systematically. A series of experiments are to be carried out

at the Hydrodynamics Laboratory for different submergence depths and trim and
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drift angles in the manoeuvring aspects of twin hulled marine vehicles. The
experimental results will be based on the technique of curve fitting to obtain
several newly developed formulae for predicting the manoeuvring (dynamic
positioning) performance of twin hulled marine vehicles under the combined

action of wave and current.
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CHAPTER 2
BOUNDARY VALUE PROBLEM

2.1 General description

In this section, the formulation of the fluid flow which forms the basis for
practical computation of a boundary value problem for a rigid body translating at a
constant velocity in incident waves under a free surf?gfe.sg,ltl:dvelocity field of such
an irrotational flow is always expressed in terms of the gradient of some scalar
function ®(x,y,t) (i.e. velocity potential) which must satisfy not only the equation
of continuity (i.e. Laplace's equation) but also the prescribed boundai'y conditions

of the given problem.

A submerged body advancing at finite forward speed U into the direction
perpendicular to its axis and in incident waves is described as shown in Fig. 2.1.
The structure is performing sinusoidal oscillations of small amplitude in surge,
heave and pitch modes at a specific frequency ® about its mean \position. The
centre of the cylinder with its radius a is submerged at a depth d under the free
surface. The Cartesian coordinate system Oxy moving at the same speed as that is

defined to be fixed relative to the mean position of the structure.

The Laplace's equation which describes the flow field is applied to describe a
boundary value problem. The degree of complexity of these equations depends on
the mathematical description of fluid properties and flow field. Such differential
equations are almost difficult to solve as the exact mathematical description of the
fluid properties and the flow field is involved, so it is necessary to introduce certain
simplifying assumptions in order to make the formulation of the problem easier.
The submerged body of a twin hulled offshore structure is assumed to be long

enough and the flow field around it is considered to be two dimensional. In order
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to formulate the potential flow, the velocity potential has to satisfy the equation of
continuity at every point in the field. If such a velocity potential of this boundary
value problem exists, then several following basic assumptions must be satisfied,

i.e.

(1) The fluid is homogeneous.

(2) The fluid is incompressible and the flow field is irrotational so that the
velocity potential can be introduced to deal with such hydrodynamic
problems.

(3) The viscous effect is small enough to be reasonably negligible.

Based on the above assumptions, the velocity potential of the flow field

®(x,y,t) which must satisfy the Laplace equation in the fluid domain is written as
V2®(x,y,t)=0 (2.1)

In general, the velocity potential @(x,y,t) can be decomposed into two parts.
One is the time independent steady contribution due to forward motion of the
structure in a calm water and the other is the time dependent term associated with
incident waves and unsteady body motions. The total velocity potential can then be

written as

D(x,y,t) = U{-x +@4(x, y)} + Re{¢(x, y)e“‘"} (2.2)

where :

U{-x+ @s(x,y)} is the steady state potential.

¢(x,y) is the complex amplitude of the unsteady potential with time dependénce
factored out.

'Re’ denotes the real part of the complex variable.

"itis V-1.

"' is the circular frequency of encounter with incident waves or the frequency of
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oscillatory motions of the structure.

This boundary value problem has to be further simplified by linearizing as

follows :

(1) The amplitude of incident waves is small compared with the wave length and
the dimensions of the body's cross sections.

(2) The amplitude of oscillatory motions is also small.

In compliance with the above assumptions mentioned, the second order terms
associated with the amplitudes of incident waves and oscillatory motions can be

disregarded. The unsteady term of velocity potential ¢(x,y) is then written as

o(x.3) = Efo(x.9)+ o)} + 3 ik v, (x.y) @.3)

=1

where :

A . . . . .
(:‘g—-)(pl is the velocity potential of incident waves and the mathematical
iw,

expression is given as

gA gA ~kyztikx

o X, =—¢ 2.4
o, ¢:(xy) o, (2.4)
where :

®, is the circular frequency in the reference frame fixed in the fluid domain far
ahead of the structure.

A is the amplitude of incident waves.
2
. O . o .
The wave number k is —- and g is the gravitational acceleration.
g

+k corresponds to the incident waves propagating into the negative x (head waves)
and the positive x directions (following waves).

71



(Tg(f—}p” is the velocity potential (diffraction potential) of the disturbed flow field
100,
generated when the body is advancing in incident waves with its oscillatory

motions suppressed.

The second term of Eq. (2.3) is the velocity potential (radiation potential) of
the flow induced by oscillatory motions ijei‘“ in the j-th mode of the body

advancing at a finite forward velocity under calm water.

where :

€, denotes the complex amplitude of the j-th mode motion.
Mode indices j = 1, 2 and 3 correspond to the surge, heave and pitch motions of

the body respectively.

2.2 Body boundary conditions

All the velocity potentials ¢5 and ¢ in Eq. (2.2) have to satisfy body
boundary conditions on the structure. The theoretical formulation of the body

boundary condition for the steady term @ is straightforward and it is described by

99s _ n, on the body at mean position (2.5)

n
where :

n is the direction of outward normal to the body surface.

n, denotes its x-component.

The theoretical derivation of the body boundary condition for the unsteady
potential of ¢, as described in Eq. (2.2) has been worked out by Timman and
Newman (1962). In order to formulate such a body boundary condition, an

oscillatory coordinate system O'x'y' fixed on the body is defined. Based on the
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coordinate system Oxy moving with a finite forward speed U in the positive x
direction, the coordinate T(x,y) of a point on the body surface is described. If the
term 0(&.%) is neglected, with its coordinate 7'(x’,y’) in the oscillatory system fixed

to the body, the following relation is obtained as

T'=T-0e“ (2.6)

where :

@ is expressed in terms of surge, heave and pitch motions of the structure as
& =[(& - &(y—d))(E, +&x)] @.7)

The surface of body contours can be theoretically described in terms of the
body fixed coordinate as

F(x’,y’)=0 (2.8)

In principal, the body boundary condition implies that the normal component
of the fluid velocity on the‘b'ody surface is equal to the normal velocity of the body
itself. In other words, no particles of the fluid can penetrate the body boundary

surface. Theoretically the substantial derivative of the body surface, Eq. (2.8), is

set equal to zero. The mathematical expression can be given as

r 7 aF ¥, o r
0=—F(x",y )=E+(V+V¢e )-VF on F(x’,y’)=0 (2.9)
where :

V is the steady velocity field equal to U- V{-x + ¢}

The detail manipulation of each term of the condition, as in Eq.(2.9), are

given as follows.
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¥=g‘—,“a‘;+gy‘,§ (2.10)
OF 0x” OF dy’| | oF ox” OF dy’
VF=|{ st et = :
[ErryiEx.aa)] o

By substituting Eq. (2.10) and Eq. (2.11) into Eq. (2.9), the following expression
can be obtained

0=—i(oe“‘“éi-V'F+(V+V¢c““)- VF-e* a—aL~V’F,a—a»V7'F
ox oy

on F(x’,y’)=0 2.12)

where :

, 0 0
V’ denotes ( ol ay')

This relation, Eq. (2.12), must be satisfied on the instantaneous position of
the body surface which is always displaced from the mean position. A Taylor's
expansion of the steady flow field about the mean position of the body is described
as
V(@) =[V()] _ +e*{@ - V)V(F)]

mean mean

+0(c?) (2.13)
where :
Subscript " mean " denotes particular values at the mean position of the body.

Considering the body condition for the steady flow, the following expression
is valid as

V() -VF=0 on F(x’,y")=0 (2.14)
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Substituting Eq. (2.13) into Eq. (2.12) and neglecting 0(c”), the following

equation for the terms with e factor is derived as

Vo-VF =iwa-VE-[@& V)V(F)] -V

+[v(@)] - { V’F =(—-V F)}

on F(x,y") (2.15)

All the terms of the condition, Eq. (2.15), are of first order of magnitude
associated with the oscillatory motions of the structure. Meanwhile as the
difference between T(x,y) and T'(x’,y’) in Eq. (2.15) induces the error of second
or higher order only, the manipulation of mathematical differentiation is not

necessary.

In compliance with the vector identities, the following expression is described

as
Vx(AxV)=(V-V)A+A(V-V)-V(V-A)-(A-V)V  (2.16)

V)| VE-(V- V)& VF+(V-&)V - VF
V)] vE 2.17)

From Egq. (2.15), the body boundary condition at its mean position is derived

as

Vo-VF=[ioG+Vx(@x V)] VE on F(xy)=0  (218)
Since the outward normal fi of the body surface is written as

n= (VFV—sF)% (2.19)

Hence the body boundary condition, Eq. (2.18), can be written as
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g_i’ = [i0G + Vx(&x V))& on F(xy)=0  (220)

With the mathematical proof described in Appendix A, Eq. (2.20) can be

rewritten as

0 <. U

g:EI@j(nﬁgmj) @221)
where

'n'is the unit normal vector of the body surface into the fluid.

"m' is a vector in order to consider the effect of the perturbation velocity on the
body surface induced by the oscillatory motions of the body in the steady flow
field.

T,(x,y —d) is the coordinate with its origin at the centre of the body.

Suffixes 1,2 and 3 denote the x, y and z components of the vectors respectively
(the z axis is perpendicular to the x-y plane and directed into Fig. 2.1).

The normalized steady flow V is written as

V = V[-x+ ¢5(x.y)] | (2.23)

Basically the theoretical prediction of the m vector contribution is quite
complicated especially when the free surface condition for the steady potential ¢ is
to be satisfied properly. However the steady potential ¢g can be appropriately
assumed by the velocity potential of the steady flow in the unbound fluid domain
and the mathematical derivation of such m vector contribution is worked out easily.

According to the assumption mentioned above, the detail mathematics of the m

76



vector contribution for the case of a submerged single cylinder and a set of two

rigidly connected circular cylinders will be described later in Chapter Five.

The body boundary conditions of the radiation and diffraction potentials

which have to satisfy are summarized as

oy, _ U _
=5 n,+ o m; on F(x,y)=0 (2.24)
99 _ _99; -

2o = - oD on F(xy)=0 (2.25)

2.3 Free surface and bottom conditions

In general, the radiation potentials y; and the diffraction potential ¢, must
satisfy the free surface condition. A dynamic free surface condition is expressed by
setting the substantial derivative of the hydrodynamic pressure on the free surface
equal to zero (Newman 1977). It implies that water particles on the free surface
always stay on the free surface and the hydrodynamic pressure at the location of
these particles is kept constant and equal to the atmospheric pressure, i.e. it is really

a combination of both dynamic and kinematic conditions.

The free surface condition for the unsteady part ¢, = Re(¢e“‘") in Eq. (2.2) is

written as

ot  ox ot ox
on y=E,(x,t) (2.26)

(2-v2+v09) 2 v lvgve, -gysun, |0

where :

€, (x,t) is the unsteady wave depression.
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In this theoretical formulation, the interaction of the steady and unsteady flow
is assumed to be of higher order of magnitude. By neglecting the second or higher

order terms in ¢, the above equation can be appropriately linearized as

(ia)—UiJz—g—a—+u(im—U1) o(x,y)=0 on y=0(2.27)
ox ay ox ’ '

Here u is Rayleigh's fictitious coefficient which is introduced so that the radiation

condition of outgoing waves at infinity can be satisfied properly.
In compliance with one more boundary condition for a constant pressure on

the free surface, required on y =0, the theoretical expression of the wave

depression from the velocity potential ¢ is derived as

£, (x,t)= -l-(ico - U—a—)tb(x, y)e' on y=0 (2.28)
g ox

Since the infinite depth of the water is assumed, the velocity potential ¢ must

satisfy the following bottom boundary condition as

Vo(x,y) =0 as y—oo (2.29)

2.4 Solution of unsteady potential

Here a general image of solutions of the unsteady potential ¢ in Eq. (2.2) is
described systematically.

The velocity potential ¢ indicates the unsteady velocity potential excluding the
potential of incident waves (%)(p,. In order to obtain the solutions of such
10,
velocity potentials, a classical integral equation method is applied.
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Making use of the Green's theorem in the fluid domain bounded by the

control surfaces Sg, S__, S5, S,. and Syas shown in Fig. 2.1, the mathematical

—e ?

formulation can be defined as

o(P)=-[ | 252 - ()2 Jo(p.Q)s @30
_ n on

where :

The total control surface Sis S__ +Sz +Sy +S,_ +S;.

P(x,y) and Q(&,n) represent a field point and a source point respectively.

G(P,Q) denotes the Green function which must satisfy the Laplace condition, Eq.
(2.1), the free surface condition, Eq. (2.27), the bottom condition, Eq. (2.29) and
the body boundary conditions of radiation and diffraction problems.

On account of the radiation, the free surface and the bottom conditions, the
contribution from the control surfaces S,., S and Sy are zero, the direct

integration in Eq. (2.30) over the body boundary contour S can be reduced to Sy.

In case the field point P(x,y) is located on the body surface, Eq. (2.30) can
be written (Newman 1977) as

Lo0)- [, 0Q =GP, Qs =, Mge.ous @3

.

The theoretical derivation of the Green function G(P,Q) for this problem is

discussed in detail in Chapter Three and the final expression is described as

G(x,y;&,m) = -—E%E[logri + G(x -, y+ 11)] (2.32)
1

where :
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R - -|k|y-ikx
G(x,y) =-lim —dk
20 K| --(kU +o—ip)’
g

K
"X _°k2 {8.03) =S+ [S3(%,y) - S.(x.¥)}
(2.33)
and
K tim[ ke for =, 2.34
(XY)_J_I_B k-k. +l“' or J= 2 ( )
- -ky+ikx
S Y)_m k-k; +1udk for j=34 (2.35)
where :
g Uow
Ko=y7 » "% (2.362)

P=(x) . Q=) . f={G-TTHOFT s

1

Constants k; (j =1, 2, 3, 4) are defined as

k| _Korp -
kz}- > [1-2t+4T-47] (2.37a)
ks }=.K?[1+2t+m] (2.37b)

The integrals S; are described in terms of exponential integrals as

S,(x,y) = c'k"{El(—k 2) % 2min(F1,, (k 2))u(1 - 21)}

(1
j= ( 2) (2.38)
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8,(x.y)=e¢™{E,(-kz) - 2miu(-x)] j=34 (2.39)

where :

z
_} =yzix and 'l 'denotes the imaginary part of the complex variable.
Z

u(x) is Heaviside's unit function.

E1(2) is the exponential integral of complex argument and can be defined as

E(z)=[=dt for |arg(z)<n (2.40)

2.5 Radiation and diffraction waves at infinity

Because the amplitude and phase angle of the wave induced by total velocity
potential ¢ at a distance far upstream and far downstream, hereafter the ambient
flow -U is assumed instead of the body translating at a forward velocity U, are
obtained, the asymptotical expression of the Green function at x =+e can be

written by substituting into Eq. (2.30) as

Glx.yi6.m) = Aot u(g - x) e Fu(x - )

+4h1»—4¢[° "“(ﬁ-X)-e"‘“u(é-x)] - @

where :
E=(y+m)+i(x-§) (2.412)
C=(y+n)-i(x-§) (2.41b)

Moreover velocity potentials ¢ at far upstream and far downstream can be
described as
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ofxy) = =2 e voe

as X —>+oo (2.42a)

o(x,y) = =k i Joer e

i - —kyy+iksx - —koy+ik x
+m[-H (ks )e™ " + H (k, e ™+

as Xx—>—oo (2.42b)

It should be noted that in case T is larger than 0.25, k, and k, are complex; it
means that the velocity potential #(x,y) approaches zero for the far upstream case
and the first term of Eq. (2.42b) disappears for the far downstream case. Here
H*(kj), associated with the amplitudes of the far upstream and far downstream
waves in general, are referred to as the Kochin function (Takagi and Ohkusu 1977)

and can be expressed as

+ - -a¢ ad —kn+ik ;g .
B (k)= s, _j;;“l’g]e NS for  j=(1,2)  (243a)

_ (90 9 | -ipnes .
H(k;)=]s, _'a%— g]e Efds  for  j=(3.4) (2.43b)

-

According as the velocity potential ¢ can be decomposed into the radiation

and diffraction potentials, the Kochin function can be expressed as

H*(k)- H*(k)+21m§ *(k) (2.44a)
™y EA b ) (2.44b)

where :

HE (k) = H:(k) - 23,"’“’0 2LH} (k) (2.45)

j=l

Here H} (k) and Hg (k) are of the same form as H*(kj) of Eq. (2.43) by
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substituting the radiation potential y; or the diffraction potential @, into the
velocity potential ¢. Moreover the potentials of y; and @y, at far upstream and far
downstream are described by substituting H (k) and Hg (k) into H*(kj) in Eq.
(2.42).

If the parameter T is less than or equal to 0.25, all the k; values in Eq. (2.37)
are real. This means that the waves induced by radiation and diffraction potentials
generate one wave system of the wave number k, at far upstream propagating into
positive x direction and three wave systems of wave numbers k;, k, and k, at far
downstream. Meanwhile the k,-wave propagates into positive x direction but the

other two wave systems propagate into negative x direction.

If 7 is larger than 0.25, the k; and k, wave systems remain, but the other

two vanish.

These multiple wave systems associated with translating and oscillating

(equivalently in incident waves or current) body are illustrated in Fig. 2.2. Parabola
indicates the dispersion relation C* =§ between phase speed C and wave number

k at infinitely deep water. Ahead of the body, the phase speed, relative to the fluid

flowing at a velocity -U, of the wave system propagating into the positive x

direction must be -(E+ U which describes a straight line as shown in Fig. 2.2. The

phase speeds ¢(%—U) relative to the flowing fluid of any wave system

propagating in the negative or positive x direction behind the body represent
straight lines. In general four wave numbers are indicated as intersections of the
parabola and the straight lines. Obviously the condition that the first straight line
tangent to the parabola is T =0.25.

By substituting Eq. (2.42) into Eq. (2.28), the expression of the wave

depression ,(x,t) at far upstream and far downstream can be described as

Co(xt)=A,e™ ™ as  x—3+eo (2.46a)
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Calxit) = (A e  + Aje™™ + A %)™ as x— - (2.46b)

where :

A =% H'(k,) (1-4t) for j= : | 2.47
i= g‘\/mu or j= 5 (2.47a)

A =% H (k) for j= 3 (2.47b)
T Vg Vi+dr =4 :

Similarly in case of T greater than 0.25, the k,-wave system for x — +o0 and

the k,-wave system for x — —eo vanish in Eq. (2.46).

2.6 Conclusions

The theoretical formulation of the steady and unsteady hydrodynamic
problem with the forward speed effect is detailedly described in the context of the
potential theory. It is noted that not only the non-linear effect on body boundary
and free surface conditions make such problems mathematically intractable but also
the instantaneous surface of such boundaries are difficult to determine exactly.
These boundary conditions have to be linearized to a certain extent that practical

solutions can be obtained by numerical computations.

The mathematical formulation of the boundary value problem to deal with this
hydrodynamic problem with the forward speed effect is derived in detail. Under the
linear assumption, the numerical solutions can be exactly obtained by solving the
integral equation for the velocity potential on the body surface. Moreover the
mathematical expression of radiation and diffraction wave depression at the far
upstream and far downstream is also described by velocity potentials at infinity in

terms of the Kochin functions.
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CHAPTER 3
MATHEMATICAL FORMULATION OF THE GREEN FUNCTIONS

3.1 General description

A fundamental formulation of the most generalized form of the Green
function to predict hydrodynamic forces is well derived for the two dimensional
problem of a single submerged cylinder moving with a constant forward speed and

oscillating in incident waves (Kashiwagi and Varyani 1987).

In principal, the cylinder may be simulated as a simplified model of the lower
hull of a twin hulled marine vehicle. A practical advantage of this Green function is
that it can efficiently predict hydrodynamic forces on twin hulled marine vehicles

under combined actions of wave and current in numerical computations.

3.2 Theoretical formulation of the Green functions

Here the theoretical expression of the generalized Green function for a two
dimensional hydrodynamic problem taking into consideration the forward speed
effect in incident waves is derived. Several fundamental assumptions should be
carefully specified before this problem is reasonably studied. The coordinate
system of the fluid flow is assumed to be in the negative x-direction and the y-axis
is taken positive vertically downwards. The singularity is located at a point (0,7)
below the free surface as shown in Fig. 3.1. The Green function which satisfies
the linear free surface condition, the radiation condition and the bottom boundary

condition is derived as

V2G = -5(x)3(y =) (3.1)
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. oY . 3 oG _ _
(1(0-Uax) G+u(1co U-a—x)G—gg—O as y=0 3.2)

29-=0 as y > oo (3.3)
ay

Here U is Rayleigh's fictitious friction coefficient and it has been introduced in the
free surface condition so that the radiation condition at infinity is completely

satisfied. The Fourier transforms of the above equations with respect to x are

5w 0°G 5
kG +——=-08(y- 4
t 5 (y-m) (3.4)
(—kU+co—iu)2G‘+g%%—=O as y=0 (3.5)
_a_G__=0 as y—oo (36)
dy

where G* denotes the Fourier transform of the Green function G, with the

definition as
G'(k,y)= [G(x,y)l ™ dx (3.7)

In order to obtain the solution of G, the fluid domain is divided into two
regions, i.e. y<n rcpresen.ts the region between free surface and the singularity
(hereafter referred to as Region-I) and y >m for the region between the water
bottom and the singularity (hereafter referred to as Region-II). The general solution
~of Eq. (3.4) is obtained by setting the right hand side equal to zero and thus it is

written as
G'(k,y)=c,e™ +c,e™ (3.8)

The solution in the Region-I which is denoted by G,  must satisfy the free
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surface condition as expressed in Eq. (3.5) and in the same manner the solution in
the Region-II which is denoted by G, must satisfy the bottom condition as
described in Eq. (3.6). After imposing these two conditions, the solution of the

respective region with the indetermined coefficients C and D can be described as

G = C*[e"" +e ™+ g)?f]m e'yljl (3.9)
G, =D*e™? (3.10)
where :

A =|k| (3.10a)
m = (kU + 0 - i)’ (3.10b)

The coefficients C and D can be determined by the continuity condition of the
Green function and by the condition of discontinuity in its derivatives into the y

direction at the y =T location which are as follows.

G, =Gy (3.11a)
9 _9Cr __j 4 y=n (3.11b)
dy  dy

In compliance with these conditions introduced above, such coefficients can

be determined as

1
C= T n (3.12a)
D= ?1}:[(1 + g:f‘m )e'"" + e"*] (3.12b)
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By substituting Eqs. (3.12a) and (3.12b) into Egs. (3.9) and (3.10), the
expression of the Green function, which is valid not only in the Region-I but also

in the Region-II, can be written in the following form
G’(k,y) = EI_.[C‘IY"“’* + (_1 +Lg)\'__)e‘()'+ﬂ)7~] (3.13)

In order to obtain the expression in the physical plane, the inverse Fourier
transform with respect to k should be performed. The expression of the Green

function can then be written as follows.
—_ 1 T lkx
G(x,y) _2—[ (k,y)e™ dk (3.14)

Regarding the inverse Fourier transform, the relation is used as

1ot Lpodrnik _ o= gins LRV

— | —e —-e " e“*dk =—-—1log— 3.15
41t_J;k{ } 2n grl (3-13)
where :

r} =x? +(yFn) (3.152)

n

With this relation, the expression of the Green function can be rewritten as

L c—(y+q)|k|+ikx

—dk (3.16)

- {|k|—é(—kU+co - iu)z}

L, 2mu-0°

By transforming the variable from k to -k, another expression for the Green

function can be written as
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- =(y+n)lk|-ikx
G=—2ilogi+2i1ingj f
TRy
L "'{Ik]——(kU+m—iu)2}
g

dk 3.17)

As for mathematical simplification of the above integral, they are detailedly

described in the following sections.

3.3 Mathematical simplification of the Green functions

For practical computations, the expression of the Green function should be
simplified further as

- —ikx ikx
G =-—logX - Kojim fertrem € (3.18)
2 Trn  2me-o f(k) g(k)
where :
f(k) = (k + @, —in’)’ — Kok (3.192)
g(k) = (k -, +in’)’ K,k (3.19b)
g
K= (3.19¢)
(0]
W, =— 3.19d
=7 ( )

In order to find the poles, the mathematical expressions of equations f(k) =0
and g(k) =0 must be satisfied. The detail manipulation then is carried out as

follows.

At first the poles at f(k) =0 should be investigated as
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(k + 0, —ip’)’ = kKo =k + 0,2 + 2ka, — i24(k + @0, ) = KK,

=k +w,’ - Zk(% -, + iu’) -i2p'm, (3.20)

Therefore

KO TS KO T ’ 2,0 ,
k=7—mo+1u t -2——m0+1u -, +i2p'w, 3.21)

-
K, 2p K
=—0(]1-2T+i=—++1-41| 1+ —2 3.22
2 K, -4t (322)
K,[ . 1 1
=—2]1-21++1-4T+ipdl+
2L 1-41
(for ts-‘li) (3.23)
where :
t=Hg9 (3.23a)

Here Eq. (3.23) is satisfied only for ts%, but for 12% there will be an

imaginary term coming out and which is also clear from Eq. (3.21) as
K, . 1
k =7[1—2ti iVa4T-1]  (for T2 ) (3.24)

and by using Eq. (3.23), the expression of f(k) can be written as

f(k)=(k -k, —ip, )(k -k, ~iy,) (3.25)
k] K
kz} =H[1-2t£+1- 4] (3.262)
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Ly - 1+ .
2} =— 1t T (3.26b)

Next the poles in the case of g(k) =0 are also found out. Just as in the case
of f(k)=0 and from Eq. (3.19) if the signs of w, and p’ are reversed, the
equation, substituting from Egs. (3.25) and (3.26), can be described as

g(k) = (k—k; = ip, (k- k, —ip,) (3.27)
k] _K

ki} =M1+ 2041+ 41] (3.282)
Hs| _ & 1

m} = u{l + m} (3.28b)

The position of the poles for the various domain of the T values can then be shown
in Fig. 3.2.

For the integration in the complex plane for Eq. (3.18), the following contour

of integration will be taken into account.

-

(y+n)k ikx - (y+n)k ~ikx

9, =lim [ j dk
p—)Oo f(k) k k —'l[,l.l k k —lIJ.Z)
(3.29)
o -(y+r|)k+ikx e-(y+n)k+ikx
9, = lim ————dk lim , —dk
g(k) w09 (k—k, —ip, )(k -k, —ip,)
(3.30)

1) Forthecaseof x20:

The path of integration for ¥, is C, and for 9, is C,. The detail is shown in Fig.
3.3.
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2) Forthecaseof x<0:

The path of integration for ¢, is C, and for ¥, is C,.

Hence if the above path of integration taken at infinity is proven, then the

following equations can be obtained as

1) Forthecaseof x20:

0 —ik(y+n)+kx

e . .1 kg (y+1)-ikyx
9, + [ S————idk = —2mi———— ik 3.31
o+ Sy de=m e G50
¢ e k(y+n)-ks
B, + J——_—idk =0 (3.32)
. g(ik)

Thus from Eq. (3.19), these expressions can be derived as
f(ik) = (ik + ,)” - ikK, = ~{k? 0} +ik(K, -20,)}  (3.33)

g(ik) = (ik - 0, )’ ~ kK, = ~{k? -0 +ik(K, +200,)}  (3.34)

.-' e-ik(y+n)-kxdk ) 0 e-ik(y+n)+kxdk
0+ 9, =_l-[kz - ) + ik(K, + 20 )+1J k? -0} +ik(K, - 20,)
0 0 0 0 —e0 0 0 0
+ﬂ1_e'kz(?"|)'ikzx (3.35)
kx - kz
L ]: Sgn(k)e-ik(y“‘)_lklxdk N 2t e_kz(y+n)_ikzx
2 K- +i(kK, +2)klo,)  k, -k,
(3.36)
- ] sgn(k)e™ i F 2T k(yen)-iesx
2k —op —i(kK, - 2)klo,)  k, -k,
3.37)

2) Forthecaseof x<0:
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0 o-ik(y+n+ix 1 |
ﬁl + J‘—ldk = 21[,’i—.e‘k|(y+'ﬂ)-lk,x (3.38)
- f(lk) k1 - kz
0 —ik(y+n)-kx |
62 + J- _-—idk = _zni——l——c—kl(y+n)+lkgx
. 8lik) k, -k,
_21ci—1-c—k4()'+f\)+ik,x (3.39)
k, -k,
Therefore
849, = —i:f e klyenpris g iy J e ik(y+n)-ia gp
C R -og k(K -20,) oK -0 +ik(K, +20,)
+271— 1 c-k,(y+'l)-ilc,x _ 27t1 {c‘kg()""ﬂ)-'-ik,x _ c'ka(y+n)+ik.x}
k-, k, -k,
| (3.40)
Y.+ =-i I Sgn(k)c-ik(y+n)+lklxdk
P K - @ +i(kK, - 2)kjw,)
+27ti e‘k](Y*‘l)-iklx - zni _1__{e-k,(y+t|)+ik’x _ e_kn(y*ﬂ)ﬂk‘x}
k, -k, e

(3.41)
As shown above, Both Eq. (3.37) for x 20 and Eq. (3.41) for x <0 are derived.
By more mathematical manipulation, the expression is written as

5+ 0 I (KK, = 2|kl ) - isgn(x)(k? - 022 )c”'(‘){ik("”i)'lk'x}sgn(k)dk
1 2 7 (kKo —2Ik|0)°)2 + (kz _mg )2

+H(x)|:k2Li c-h(v+n)-ikzxr|

1 2

+H(_x)[£e-k|(yﬂl)'ik|x - _ﬂi_{e’ks()'“‘ﬂ)"iksl - c'ka(Y"'Tl)"'ik‘X }]
k, - kz k, -k,

(3.42)

where :
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IA

)
)

E—k = K,V1-41 (‘
ik VAT -1 (1

v

k3-k4=K0V1+4t

(3.43a)

(3.43b)

For the case of T < %, Eq.(3.18) and Eq. (3.42) can then be rewritten as

1 r K
G=-—log———2(9,+9
21t g 1'1 27t ( 1 2)
_ _ilogi_& o esyn(x){ik(y+‘l'|)—ie—|k|x}sgn(k)dk
2t g 2me \/(kK0 — 2k, ) + (K - @3’
i ~kz (y+n)-ikx
-H(x e
( )Vl —-47
~H(- —ky(y+n)-ik,x - 1 —ky(y+n)+iksx
( x{ T—at. \/1+4r{e
1
for t<—
( 4)
where :
€=tan™ _K-op
kK, —2[k|e,
1 1
For the case of 3 €1< 5, from Eq. (3.24) as
k=k+iv
where :
~ K
k=—(1-21
2 (1-29)
v= %«] 4t-1
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_ e-k‘(y+n)+ik‘x }]

(3.44b)

(3.45)

(3.46a)

(3.46b)

(3.46¢)



Using the above equations, the Green function is similarly described as

r KOI g kbe-ebitlson () dk
2, 2w, \/(kKo _ 2|k|(oo)2 + (k2 _mg)z

1 —(k—iv)(y+n)=(v+ik)x
—H(x)——me (k=iv)yn)={v+ik)
1 —(k+iv)(y+n)—(-v+ik)x i —ky(y+1)+ikyx —k (y+n)+ik,x
-H(- —_—— — 3 X 4 4
( x)|:\/41:—1 Vat+1 fe © |

(for % <t< %) (3.47)

Forthe case of T2 % kl and k2 do not exist. the Green function can then be

obtained as

sgn(x){ik(y+n)-is-|k|x}
G = __l_log._ J Sgn(k)dk -
2r g 2m: \/ 2k, )’ +(k* - @?)
{e-k:(ym)ﬂk;x _ e—k.(y+n)+ik.x }]

(for rzé) (3.48)

Next the Green function, Eq. (3.44), is simplified further for the critical cases

of U—0 and ®w — 0 and the conventional Green function can be introduced as

follows.
1) Forthecaseof U—0:

From Eqs.(3.26) and (3.28), the formula of k1, k9, k3 and k4 can be written

as

ki 2K 1 (3.492)
k, 1-2tF+1-41 )

k1 2K 1 (3.49b)
k, 1+2tFV1+41 '
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Therefore for the case of U — 0, the conditions for these wave numbers indicated

below are satisfied.

k =0, k, =K, ky =w and k, =K (3.50)
where :
2
K=2 (3.50a)
g
2 2 2
Here 20 =2 U _g (3.50b)
o U™ g

£= tan'l(i)=—£+ tan"(—li) (3.51a)

or

COS€=_\/——P£+—F (351b)

-K

sine = (3.51¢)
Qk’ +K?

then

KO L4 esﬂi(‘){ik(Y"'ﬂ)'ii'lkl"-}Sgn(k)dk

2 -, =20, + (7~
_1_I 2{kcosk(y+n)—Ksink(y + Tl)}

) e-klxldk
273 k? +K?

_1 ]: {kcosk(y +n)-Ksink(y + T‘)}{-*'*'dk (3.52)
= kK2 +K?
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From Eqgs. (3.50) and (3.52), the mathematical expression of this Green
function, Eq. (3.44), is derived as

= _Llogi +1 j {kcosk(y + “2) - Kfi" k(y + ")}e-xmdk — je-K(r+n)-iKix
2t °r m K +K’
(for U—0) (3.53)

0

2) Forthecasceof @ >0 :

From Eq. (3.26) and Eq. (3.28), the conditions of the specific wave numbers
k, =K,, k, =0, k; =K, and k, =0 are satisfied. Then from Eq. (3.45), the

mathematical expression can be obtained as

g=tan™ Ki (3.54a)
0

or

COSE = X, (3.54b)

;]kz +K3

k
sing = (3.54¢)
;]kz +K?

Hence

EQ_ hod CSF‘(X){‘ik()"""l)“i"|k|1}sgn(k)dk
2 2. (KK, ~ 2k, )’ + (k7 - )’

_K, I 2{K, cosk(y +n)+ksink(y + n)}e
21y k(k* +K,?)

N &I {K, cosk(y +m)+ksink(y +n)}
R k(k? +K,?)

—klxldk

e gk (3.55)

Thus the above relations and Eq. (3.55) are substituted into Eq. (3.44) to
obtain
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G = —Llog-£+ &_]‘» {K, cosk(y + 721)+ kszin k(y + n)}c"‘"'dk
2t TR my k(k? +K,?)
+{sgn(x) -1} 0"V sinK x
(for > 0) (3.56)

In conclusions, the above convergent type of integral equation can be

presented, i.e.

1). For the case of T< :‘1— Eq. (3.44) is represented.

2). For the case of :11- <t< -;—, Eq. (3.47) is described.

3). For the case of T2 % Eq. (3.48) is also indicated.

However the integral which contains the Rayleigh's fictitious friction
coefficient is described as shown in Eq. (3.44). Hence from now on it should be
taken out from the convergent form, but it can be reduced in the form of principal

value integral. -

Corresponding to Eq. (3.29) and Eq. (3.30), these integrals can be described

as

- ]: e K(y+n)-iks

Y = dk (3.57a)
l o(k'kl)(k'kz)

- L e-k(y+n)+ikx

Y, = dk (3.57b)
o [y ey

Here
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1 1 1 1

_ 1 (1 1 }
(k-k)k-k,) f(k) (k+o,) -kK, (k-k)|(k-k) (k-k,)
(3.58)

1 _ 1 1 1 { 11 }
(k‘ka)(k’k4) g(k) (k‘mo)z‘kKo—(ks_kJ (k"ks) (k‘k4)
(3.59)

By taking precautions of the poles of Eq. (3.57) for the various range of the t

value, the path of integration over the complex plane, as shown in Fig. 3.4, is

conducted as

1) Forthecaseof x20 (‘cs%):

. 0 - +kx
13 + Y [e-kl(y-b-n)-iklx _ e'kz(}""‘l)'ikzx] + j E_lk(y_.‘j‘)—kldk =0 .
'k -k - f(ik)
(3.60)
132 _ i [c-k,(y+n)+ik,x _ e-k.(y+n)+ik.X]+ jflw__kx_idk =(
k, -k, .~ &(ik)
3.61)
Hence
61 +"§ _ ]: sgn(k)eik(y“‘)_lm dk
P LK - —i(kK, - 2/klo,)
_m [c-k,(y-m)-ikll _ e-kz(m)-ikzx]
kl - kz
+ i [e—k,(y+n)+ikgx _ c—k.(y+n)+ik.x] (3.62)

k, -k,

By comparing Eq. (3.37) and Eq. (3.62), the expression can then be written as
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0, +0,=09,+9,

+ pt [e‘kl(Y""ﬂ)‘iklx - e‘kz()’“‘ﬂ)'ikzx]
kl - kz
L[ —ky(ysn)ikgx _ =y y+n)+ikex
-_—le —-e 363
= | e

From Eq. (3.57), Eq. (3.58) and Eq. (3.59), the following expression can be

derived as

e kl(y+n)-tkx

[— dk
Lk+ (o,, - kK,
1

- ] S S S
k -k,9|k-k k-k,

+ 1 ]: 1 _ 1 -k(y+n)+ikxdk (365)
k,-k,1|k-k, k-k,

2) Forthecaseof x<0:

- -~

8,+8,= (3.64)

In a similar way, the reverse contour of integration is taken. Thus the

following equation can be written as

54y i | SR
T ) K -l +i(kK, - 2K, )
+ 91 [e-k,(y-)-n)—ik,x — -kz(y+ﬂ)-ikz"]
k1 = kz
_ T —ky(y+n)+ikyx _e-k.(y+ﬂ)+ikax 3.66
T [e ] (3.66)

If the above equation is compared with Eq. (3.41), then the following

expression can be written as

s I T - ik, x - -ik,x
O, +0, =0+, + [e ky(yam)=ikix _ o —ka(y+n)-ik, ]
T ki-k,

1 [e—k,(y+q)+ik,x

_ _ a—ka(y+n)+ikex 3.67
- e ] (3.67)

The 9, +®, for the above equation is the same as Eq. (3.65). Then Eq.
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(3.63) and Eq. (3.67) are also identical, i.e. irrespective whether it is positive or
negative, the Green function can be described as

1 r K
G=——Ilog——=2(9, + 0
2n ogrl zn( 1 2)

1 r K, - e‘lkl(yﬂl)-ikx

dk
2% or, 2n 2 (k+w,) — KK,

i =k, (y+n)-ik;x —k,(y+n)=-ik,x
ey +e
241-41 [ ]
i ~ks(y+n)+ik;x =k (y+n)+ikex
e ™™ —e
241+41 [ ]

(for T s-}) (3.68)

or replacing 9, + 8, by Eq. (3.65), the expression can be written as

1 1 o e—k(y+n)-ikx -k()'ﬂl)-lkll
G=-Lliogt A
2n[°g 1= 41{-[ K-k, J k-k,

1 -k(y+n)+lkx -k(y+1\)+lkx
+ J -J
ﬂ4x k -k, k-k,

[C =k, (y+n)-ik;x + e'kz()"”\)“kz"]

\/l 4
_ i =k (y+n)+ikyx _ ko (y+n)+ikex
V1+41 [e © ]]
(for ©<) (3.69)
For the range of %Sts-;- and 1:2-;-, the expression of §, +9, should be

performed and then compared with that of &, +93,. The Green function can be
described in the following form

B+, =0+, -

[e-ks(y+n)+ikax _ e-k.(wﬂ)-ﬂm]

1
o (3.70)
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For the case of T2 %, the Green function corresponding to Eq. (3.68) and

Eq. (3.69) can be written as

1 1 K, etm-in
og— 3 dk
2r " 2n: (k+w,) -|k[K,

i [e‘kJ(Y'”l)"'ika - c-k.(y+n)+ik.x]

N —
2+/1+ 41

(for ‘czi) 3.71)

The expression can be also written as

. e —k(y+n)-ikx = —k(y+n)-ikx
G=—~1— logi— = je dk—J-e dk
| 5 +dt-1 k-k, . k-k,

—k(y+1])+lkx Lo —l(y+1\)+1.kx
+ I k=[S ——
\/l+4‘t - d

[ —ks(y+n)+ikyx _ c—k‘(y+n)+|k‘x]:|

\/1+4
(for 12%) (3.72)

3.4 Mathematical manipulation for numerical computations

For the purpose of numerical computations, the Green function should be
simplified further in the form of the exponential integral. If the calculation is
performed in the form on Eq. (3.44), the accuracy is easily realised not to be good
enough. Thus the Eq. (3.69) should be simplified further, i.e. the principal value
integral term of Eq. (3.69) is described as

oo e-k(y+n)—ikx

I =[*—dk (3.73a)
0 k- kx
- c-k(y'rn)-ikx

I,= j s 4k (3.73b)
) k-k,

102



e-k(y+1‘|)+ikx

Al

—k(y+n)+1kx

O‘——.Z

4

(3.73¢)

(3.73d)

Here the effort is concentrated on the local wave term and the expressions of Lj

(j=1,2,3,4) corresponding to that of Ij (j=1,2,3,4) are represented as follows.

1) Forthecaseof x=0:

0 —l.k(y+ﬂ)+kx « eik(Y"'Tl)"k"
=- j idk = [ ~——dk
) k-ik,

Here setting

(k=K ){x-i(y+n)}=
and
Z=(y+mn)+ix

then

where :
-

E(2Z)=[=—dm , |agZ<n
Zm

Therefore
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(3.752)

(3.75b)

(3.76)
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L, =e™?E,(-k,2) (3.78)

where :

Z=(y+m)+ix (3.78a)
The calculation for L, is also similar as Eq. (3.78), thus

L, =e™?E,(-k,Z) (3.79)

Next the calculations of L3 and L4 are performed as

__ i)[ —1k(y+‘r1) kx J_ -1k(y+11) kx (3.80)
y k+ik,

By setting

= (k+ ik, {x +i(y +n)} (3.80a)
then
L, =e™?E,(-k,Z) (3.81)
where :
Z=(y+m)-ix (3.812)
Similarly
L, =e™’E,(-k,Z) (3.82)

2) Forthecaseof x<0:
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Nevertheless the mathematical procedure is similar to the above, thus

- e'k{l"'*i()’*ﬂ)}

- k¥ (L T
L,—!de-c E,(-k,Y) (3.83)
where :
Y=(y+n)-ix=(y+n)-ix=2 (3.84)

In other words, it is exactly the same as Eq. (3.78) and similarly
L, =e™"E,(-k,Y) (3.85)

Moreover the expressions of L3 and L qareexpressed as

L, = e™E,(-k,Y) (3.86)
L, =e™"E,(-k,Y) (3.87)
where : -

Y =(y+n)+ijx|=(y+n)-ix=Z (3.88)

From the above mathematical simplification, despite the value of x is positive
or negative, the expressions of Lj (j=1,2,3,4) can be represented as Egs. (3.78),
(3.79), (3.81) and (3.82) respectively. Practically, to calculate the exponential
integral for x <0 is inconvenient. Hence these expression can be written as

follows.
F(k.Z)=e™E,(-kZ) (3.89)

where :
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Z=(y+n)+ijx (3.90)

By using the above definitions, the following equations can be described as

1) Forthecaseof x20:

L, -L, = F(k,Z)- F(k,Z) (3.91)
L,-L, =F(k,Z)-F(k,Z) (3.92)
where :

Z=(y+m)+ix| (3.93)

Here F is the complex conjugate of F, subject to the condition that kj is real,

the relation can be described as
F(k;Z)=-F(kZ) (3.94)

2) Forthecaseof x<0:

L, -L, =F(k,Z)-F(k,Z) (3.95)
L, -L, = F(k,Z)-F(k,Z) (3.96)
where :

Z=(y+n)+ijx| (3.97)

By substituting the above relations into Eq. (3.69) and rearranging it, the final

expression of the Green function can then be described as
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-2nG = logi + %{F(klx) - F(k,X)}+ ——= \[_ {F(k,X)-F(k,X)}
H =k (y+n)-ik,x
HO) e
2T _—k(yen)-ik
+H(—x)| 17
2mi {c—k,(y+n)+ik,x _ e—k.(y+n)+ik.x}
\/1 +4
(for T< -}4—) (3.98)
where :
F(k X)=e™"E,(-k,X) (3.99)
X=(y+n)+ix . (3.100)

and E,(Z) is the exponential integral with the complex variable.

Similarly for the different ranges of the T values, the Green functions are

respectively described as follows.

-21G = log;—l-—‘[_i__———-{F(kIX)—F(k2X)}+ J_{F F(kX)}

+H X c‘kz()"’"l)'ikzx
T

2T ~k(yen)-ikx
Va4t -1

+H(-x)
2w {e'ks()"'"'l)“iksx — e-k,(y+n)+ik,x}

«]1+4

(for :1‘-51:5%) (3.101)

and
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—2nG=logr£—ﬁ{F(k,X) F(k,X) }+ﬁ{r~ (k;X) - F(k,X)}

_H(_x) 27 {e'ks(Y"‘ﬂ)ﬂksl - e‘h(Y*n)ﬂk,x}

1+41
(for 12:1‘-) (3.102)
where :
kl Ko .
==0[1-27+ -
kz} 2[1 2t+ivaT—]] (3.103)
K,
}=-—;’-[1+21:+\/41:+ ] (3.104)
4
Ko=% , 1.-=—Ug—°’ (3.105)
r
{ W=
1

3.5 Conclusion .

The fundamental formulation of the most generalized form of Green function
to predict hydrodynamic forces is theoretically derived for the two dimensional
boundary value problem of a single submerged body advancing at constant forward
speed and oscillating in incident waves and its derivatives can be derived for the
solution of velocity potential over body boundary contours in the integral

equations.
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CHAPTER 4
FIRST ORDER HYDRODYNAMIC FORCES

4.1 General description

Here the theoretical formulation of the first order hydrodynamic forces acting
on a submerged structure oscillating and translating in waves under a free surface is
derived in detail. Hydrodynamic forces are described in terms of radiation and
diffraction potentials as mentioned in the solutions of the boundary value problems
discussed in Chapter Two (Kashiwagi and Varyani 1987).

By neglecting the second and higher order terms associated with the unsteady
part ¢ of velocity potentials in the Bernoulli's equation, hydrodynamic pressure

forces P(x,y,t) can be written as

- — . U? -

P(x,y,t) = -p{(ia) +UV- V)q)e"’" +—2—V2} 4.1)
where :

Vis the velocity of the steady flow equal to V(—x + ¢s)

On calculating hydrodynamic pressure forces on the oscillating and
translating body, the hydrodynamic pressure should be integrated over the
instantaneous body boundary contour directly. In the same way, the second and
higher order terms associated with the oscillatory motion of the body are neglected,
so hydrodynamic pressure forces can be obtained by direct integration of the
hydrodynamic pressure P(x,y)e'™ on the body surface at the mean position. The

mathematical expression of the hydrodynamic pressure P(x,y)e is expressed as

109



P(x,y)e” = p{(1m+UV V)¢c""+—(a V)Vie “} (4.2)
where :

@ is the dynamic amplitude of the body oscillatory motion defined in Eq. (2.7)
previously. The last term describes a linear approximation of this additional
pressure due to the oscillatory displacement of the body in the steady but non-
uniform flow field V and the mathematical derivation of these terms will be

discussed in Chapter Six in detail.

4.2 Formulation of added mass and damping coefficients

By substituting the velocity potential ¢ in Eq. (4.2) from the radiation
potentials ; indicated in the last terms on the right hand side of Eq. (2.3) and
integrating the hydrodynamic pressure P(x,y)e'* on the surface S, at the mean
position of the body, hydrodynamic forces on a structure translating and oscillating

in surge, heave and pitch modes under calm water are then expressed as

*=—[; P(x,y)n ds_Z(ij-ckj)ajei“ (k=1,2,3)

j=1

(4.3)
where :
Subscript 1 denotes the surge mode in the x direction, 2 the heave mode in the y
direction and 3 the pitch mode with the clockwise moment around a point in the
cross section. n, is the x component of unit outward normal to the surface Sy, n,

is for the y component and n, is xn, —(y —d)n, for the z component.

The mathematical terms of F, and C, in Eq. (4.3) represent the

contributions of the first and second terms in the right hand side of Eq. (4.2)
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respectively and all the expressions are expressed as

F, = PI s, {(ico+ U\‘/-V)ionyj}nk ds (4.42)

=w'A, -i0B, (4.4b)
and

-— U2 a v?
C,=-p> [s. 5 Vin.ds (4.52)
2
c, =-pL [, 292n ds (4.5b)
? 2 /7" 9y
U? ) d | ¢

C, = ’PTJsH {‘(Y —d)=—+ Xg} Vin, ds (4.5¢)
where :

Coefficients A,, are added mass coefficients which represent the forces
proportional to the acceleration of body oscillatory motions and induce the same
contribution as increase the mass of the body in motions.

Coefficients Bkj are damping coefficients which denote the forces proportional to
the velocity of the body motions and have the effect to attenuate the motions if the
wave excitation does not exist.

Coefficients Ck, are restoring coefficients which represent the forces proportional
to the body displacement due to the oscillatory motions in the steady but non-

uniform flow.

The numerical computation is rather complicated for such terms associated
with the steady flow field V in Eq. (4.4), because it includes the spatial derivatives
of radiation potentials ;. This term can be transformed by Tuck's theorem
(Ogilvie and Tuck 1969) as
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[ 5. (V-V)wnds==[ ymds (4.6)

This transformation makes direct pressure integration over the body boundary
contour much more easier. As for the m, vector contribution, introduced in Eq.

(2.22), it will be detailedly discussed in Chapter Five.

Compared with those terms on the right hand side of the body boundary

condition in Eq. (2.24), the radiation potential ¥; can be divided into two parts as

U .
Vi(x3)= 0,(x,y)+=8,(x.y) 4.7)
where :

The radiation potentials ¢; and (o) ; must satisfy following conditions on the body

surface as
99, 00,
a_n’ =n; , a_nj =m, 4.8)

By substituting Eqs. (4.6) and (4.7) into Eq. (4.4), the detail expressions for

added mass and damping coefficients are systematically written as follows.

Ay= "pj sy Pl ds = P%I Sy [(T)jsnk - (pj,mk]ds

UV -
‘P(g) [ s, &, m, ds 4.9)

and

B, = P(')I sy Pis M dS‘Pm%IsH [&’jcnk -(chmk]ds

Uy, .
+pm($) [ s, ®pm,ds (4.10)

where :
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Subscript 'c' and 's' denote the real and imaginary parts and
Q=0 +ip, , ¢,=0, +ip, (4.11)

Although there is no explicit forward speed effect in the first term of both
Egs. (4.9) and (4.10), they satisfy the free surface condition in Eq. (2.27) which
includes the forward speed effect. On the other hand the forward speed effect
associated with the m vector contribution is taken into consideration in the second

and third terms.

Moreover damping coefficients Bkj can also be calculated from the energy
transported by the generated waves due to oscillatory motions of the body, because
damping forces are relevant to the work done by the body motions to the fluid. The
numerical check of damping coefficients can be performed by direct pressure
integration on the body boundary contour and by consideration of the energy flux
in the fluid domain to confirm the computational accuracy. The theoretical
formulation of damping coefficients from the viewpoint of the energy
transportation with propagating waves at far distance from the body will be

detailedly derived in the following section.

4.3 Formulation of wave excitation forces

In the same way as hydrodynamic forces acting on the body moving into
incident waves with its oscillatory motions suppressed, wave excitation forces are
derived from the hydrodynamic pressure due to incident and diffraction wave
potentials. The hydrodynamic pressure in Eq. (4.2) with the velocity potential ¢
replaced by incident and diffraction wave potentials ¢, + ¢, is integrated over the
body boundary contour directly. In this case the oscillatory motions of the body are
suppressed and the second term in Eq. (4.2) due to the body displacement in the
steady and non-uniform flow is not to be taken into account. These wave excitation

forces acting on the body surface in j-direction are then written as
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iat A it : \
E¢ =%—c ,[sn (10)+UV~V){<p,(x,y)+(pD(x,y)}njds
0

R

(4.12)
where :
Based on Tuck's theorem (1969), the second line of Eq. (4.12) is written.

The diffraction problem can be obtained from the radiation problem once the
Kochin function of the radiation problem can be obtained. This is poésible with the

well known Haskind-Newman relation.

The reverse flow radiation problem is considered when the body is translating
into the negative x direction with identical magnitude of forward speed U and
oscillating in a calm water simultaneously. The velocity potentials ; in the reverse

flow radiation problem must satisfy the following body boundary condition as

oy, U
a—ﬂ’:nj—gmj - (413)
where :

Subscript j denotes the mode of motions in the same way as in original radiation

potentials.

In compliance with the relation which is valid on the body surface, the

following expression can be written by modified Eq. (4.12) as

[0) V.
E;= PgA(;):)f 5. (@1 +%)a—n’ds (4.14)

According to the Green's theorem for the diffraction potential ¢, and the
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reverse flow radiation potential ; in the fluid domain bounded by S, S,.., Sy
and Sg, and for the unique contribution from body control surface Sy, the
mathematical relation is obtained as

oy, . d d
j's"%-én—’dujsﬂwj—n-ds: ~[ 5,9, a“" P gs (4.15)

The last expression of Eq. (4.15) is derived from the body boundary condition of
Eq. (2.25).

By substituting Eq. (4.15) into Eq. (4.14), an alternative expression for wave

excitation forces can be described as

oy, - 3
E pgA( )I ( anj "IIJ an)(pl ds

-pgA[ ]H*(k) (4.16)
where :

I:Ij*(k) denotes the Kochin function for reverse flow radiation waves mentioned in
Eq. (2.43) before. It should be noted that wave excitation forces are only in terms
of the solutions of the reverse flow radiation problem and the incident waves as
written above. This is a theoretical extension of the Haskind-Newman relation
(Newman 1965) for the non-zero forward speed case. The check of such wave
excitation forces by direct pressure integration over the body boundary contour and
by Haskind-Newman relation is certainly another way to investigate the accuracy of

numerical computations.
If the body form is symmetrical with respect to the y axis, the Kochin

function of the reverse flow radiation problem can be derived from that of the

original radiation problem by the relation
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H; (k) = (-1)' Hf (k) (4.17)

4.4 Formulation of free oscillatory motion of the body in waves

In general when the body is translating under the free surface in incident
waves with a constant forward speed or is constrained so that it keeps the mean
position in waves and current, it should oscillate freely under the effects of wave
excitation forces and other hydrodynamic forces associated with its motions. Based
on such basic assumptions of small magnitude of body motions and incident

waves, all these effects can be superposed linearly.

Assuming that the density is the same as that of the fluid, the following
simultaneous linear equations are applied to describe the coupled motions of surge,
heave and pitch modes with restoring forces induced by the forward speed effect.

Here the dynamic equation of motions for the k modes is briefly indicated as

3
2[—032 (Mskj +A, ) +iwB, + ij] £,=E,
j=1

k=1,2,3) (4.18)
where :
A, =2mpa’Aj . (4.19a) -
B,; = 2npa’wB; (4.19b)
C,; =pU’Cy; = 2mpa’w’ [(L)(E-)o ]C;j (4.19¢)
2r \wa

E, =2pgAaE; = 2npa2m2[(é)(-—g—)]E;

w A w’a

A
=2 zmz(—)E’ 4.19d
Tpa = JEx ( )
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where :

M denotes the mass per unit length of the body.
5‘(j is Kronecker's delta.

The dynamic equation of motions is then written as

(om0 ) Jome)(3)

Here the problem is considered for the case when the body is submerged

E;
(E] (4.20)

completely. This means that the hydrostatic restoring force induced by buoyancy
variations of the submerged body does not exist. However the coefficients ij
generated from the oscillatory motion of the body in the non-uniform flow induce
the same effect as restoring forces in general. This effect induces natural
frequencies of the motions even for the submerged body when the sum of these
terms associated with mass, added mass and restoring forces of motion equations
becomes zero and it might be classified as the eigen value problem. Therefore in
case the frequency of the wave excitation force approaches the natural frequency of

the body motion, it will induce the large magnitude of the motion due to resonance.

4.5 Formulation of damping forces in term of the radiation potential

at infinity

The waves are generated by oscillatory motions of the body and transport
energy outward. The damping coefficient for each mode of body motion predicted
by direct pressure integration over body boundary contours can be also evaluated

from the energy flux consideration.
If the flow field is described by the velocity potential @ associated with the

steady flow as mentioned in Eq. (2.2), the average energy flux over a period across

a vertical plane at x location can then be described as
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R, =-p[ =24 (4.21)
where :

The overbar notation implies the integral to be averaged over a period.

1, is the wave depression associated with the steady as well as the unsteady parts.

If the effect of the steady flow @ in Eq. (2.2) is assumed to be of the same
order of magnitude as the unsteady part ¢ and the second order terms including ¢

in Eq. (4.21) are also retained, the mean value of the energy flux R, is written as

0 9 =9
R, =pU, Reay-p[r % gy

0 gt oJx
= _p U090, (90, _;90, ) 99, 9¢,
Y ( V%) Pl ey (4-22)

where :
¢, denotes the unsteady part of the velocity potential Rc(q>ei°") in Eq. (2.2).

The following expression for the unsteady part of the wave depression {,, is

applied to transform the first line of Eq. (4.22) as

_1(2¢, _ _3_¢_)
Co = g( = U 3 )., (4.23)

If A and B are two complex quantities, the following relation can be written

Re[Ae™ |Re[Be™ | =%Re(AB') (4.24)

where :
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The asterisk *' denotes the complex conjugate.

With the contribution of this mathematical relation, the energy flux of Eq.

(4.22) can be written in terms of ¢ as

R, = %(ﬁl +9,) (4.25)
where :
O, = Uge {032 00 - imU¢ai} (4.26)
g 0X J o0
9, = Re{imj%i‘ﬂd } ‘ (4.27)
2 0 ax y .

Since damping coefficients will be discussed further, the velocity potential ¢
is restricted to the radiation potential y; of the j-mode motion. The four wave
systems of the radiation potential y; corresponding to wave numbers k,, k,, k;

and k, described in Chapter Two are expressed as

“V' = Re :_g_aﬂc—kzy—ikzx ci‘m as X = oo (4.28)
! (@ +k,U)

-id -id
—-0a. e 10, - . . a.e 3 _ . .
\l’j = Re{__gl_e kyy-ikyx e"“}_{. Re{(g 3 e kyy+ikyx exax}

(@+KU) w-k;U)
84 . .
+Re{-—-(;gaf o) g ke e“"‘} as X ——oo (4.29)
R4

where :

Coefficients a; and §; (j = 1, 2, 3, 4) are the amplitude and the phase angle

difference.
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All the equations for instance Eqgs. (4.28) and (4.29) are for T smaller than
0.25. Nevertheless by setting a, and a, equal to zero, the results can be obtained

even when 7 is larger than 0.25 and the k,- and k,- wave systems do not exist.

For the far upstream case, the k,-wave described in Eq. (4.28) is substituted
into the velocity potential ¢ of Eqgs. (4.26) and (4.27) and the energy flux is

expressed as

R = pgalw w-k,U (4.30)
= 4k, 0+k,U '

where :

(@ +k,U)=1/gk, (4.30a)

For the far downstream case, the velocity potential ¢ of Eqs. (4.26) and
(4.27) can be also replaced with the summation of the k,, k; and k, wave
systems. By mathematical manipulation, the expression of ¢, and ¥, for the

energy flux in Eq. (4.25) can be derived as follows.

8, =Y [ ga _, g% g
g |[(w+kU) (0-k,U) (0-kU)
-2 g2z, cos{(k, +k;)x+8, +8,}
(0 +k,U)(o-k,U) SRR
+2 g'aa,

@70 oK) cos{(k, +k,)x+8,+38,}

2
£ 2,2, cos{(k, —k,)x+8; - 84}}

2 (@ -k,U)(0-k,U)

+—nU - -

Ul —&20 ga; __, _ g
g "o+kU) (o-kU)P *(o0-kU)

2
(e _ g'a,a,
(k, - k) ) cos{(k, + k;)x +8, +3,}

g'aa,
o +k,U)(w-k,U)

cos{(k, +k,)x+8, +8,}

+(k, - k,) (
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g'az, _ _
+(k; +k,) o-k.U)0-K.0) cos{(k, —k,)x+8,-8,}

(4.31)

and

o =g lga 1 gay 1 g
2 2 2 2
2(w+kU) 2(w-k,U) 2(0-kU)
_k -k, g'aa,
k, +k; (0+k,U)0-k;U)
k, -k, gza,a4
<+
k, +k, (@+kU)o-k,U)
g'aza,
@-KU)f@-KU)

cos{(kl +k;)x+8, + 83}

cos{(k, +k,)x+8, +5,}

cos{(k; —k,)x+8,-8,} (4.32)

Although these expressions look rather complicated, the mathematical
simplification can be achieved in compliance with such relations that the summation
of cross terms of two different wave systems in Egs. (4.31) and (4.32) should be

zero. The detail expressions are as follows.

Firstly some coefficients A, B and C are defined systematically as

k -k

A=—{-2(o U(k, -k,) }+k k: (4.33)
U k, -k

B =E{+2m+U(k‘ ~k,)}+ k: " k: (4.34)
U

C=={-20+U(k, +k,)} -1 (4.35)
g

For example the coefficient A in Eq. (4.33) can be extended further into

1

- _ _ 2y _ _ )
—g(k1+k3){kl(g 2Uw k]U) k;(g+2U0) k-_;U )}(4,36)
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According to the definition described in Eq. (2.37), following relations can

be obtained as
2ko  k o’

K+ = U—% =-57 for (kuk;) (4.37)
2ko  k w?

K? _T"U_%=_F for (k.k,) (4.38)

Therefore the wave number-frequency relations can be easily obtained as

follows.
k{g-2Un-kU*}=0’ (4.39)
kg +2U0 - k,U%} = 0? | (4.40)

Based on the relations described above, the coefficient A becomes zero and

the coefficient B is also zero in the same manner.

For the case of the coefficient C, the relations can be derived by using the

definitions of k, and k, as

k,+k, =K,(1+21) = ——+2F°° (4.41)

Thus coefficient C becomes zero too.

Finally the energy flux in Eq. (4.25) for the far downstream case can be
much simplified as

_pgalo o-kU pgajo o+k,U pgaio o+k,U
- 4k, w+kU 4k, o-k,U 4k, o-k,U

= Pi‘: =41 +"g3 T+t - pg" 41+4 (4.42)
1

R
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where :

The second line is derived according to the following relations

O kU _+i=a for j=|. (4.43)
= - or = .
co+ij ] 2
o+kU _ (3
—=Fl+4t for j= | (4.44)
o-kU 4

In fact, the components, associated with its acceleration and displacement, of
hydrodynamic forces acting on the body oscillating and translating with a constant
forward speed under a calm water do not work against the fluid if averaged values
are taken over a period. The work done by the damping force over a period in the j-
mode motion associated with the unit velocity potential corresponding to radiation

potentials ; is indicated as

W==2B. (4.45)

i

N

where :
B is the damping coefficient defined in Eq. (4.4) before.

The work done is equal to the outward energy flux and is expressed as
W=R, . -R_. (4.46)

Combining both Egs. (4.45) and (4.46), the relationship between damping

coefficients B;; and amplitudes a,, a,, a, and a,of the wave systems travelling

away from the submerged body is described as

2 2 2 2
B, = E%ﬂ[(i_w:;i }\/1 —4t +(-il+%i]41 T 4:] (4.47)
1 2 3 4
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In terms of the Kochin functions of radiation potentials v, the equation for

the damping coefficient described above can be derived in an alternative form as

1 () HE )] )+ (k)
Bi=3P — Vim& T Viear

(4.48)

4.6 Investigation of numerical computations

Here the numerical accuracy of the first order hydrodynamic forces by newly
modified approaches (the discrete source distribution method and the direct Green
function method) is achieved by analytically solving  the logarithmic part of the
Green function. For the case of two rigidly held apart cylinders as in Fig. 4.1, the
detail numerical scheme to solve the integral equation and the analytical solution of
the logarithmic part of the Green function will be described in Chapter Eight.

By obtaining numerical solutions for the velocity potential ¢, the damping
coefficient of the j-mode motion is calculated by direct pressure integration over the
wetted surface of the body and from the energy flux consideration in the fluid
domain. The damping coefficient by direct pressure integration is written as B;(P)
and the one by energy flux consideration is written as B;(E). If the discrepancy
between B;(P) and B;(E) is smaller, the body boundary condition is satisfied.
The accuracy check of wave excitation forces is investigated by direct pressure
integration over body boundary contours and by Haskind-Newman relation in

terms of the Kochin function of the radiation problem.

Based on direct Green function approach, these computations are performed
on the VAXstation 4000 VLC computer system. The numerical calculations on two
rigidly held apart cylinder system with submergence depth ratio d/a = 2.0,
separation distance ratio c/a = 4.0, Froude number Fn = 0.20 and no inclination in
following waves is carried out by taking the dipole images as ten (N; =10) and the
discretized elements of the left and right cylinders as fifty (N =N, =N, =50).
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The numerical accuracy of surge, heave and pitch damping coefficients by direct
pressure integration and by energy flux consideration is investigated and the

computed results are in excellent agreement as shown in Figs. 4.2 to 4.4.

Numerical investigations of wave excitation forces in terms of the Kochin
functions with real and imaginary parts on twin hulled structure model under the
combined actions of wave and current in surge, heave and pitch modes by the
pressure integration and the Haskind-Newman relation are performed and all

calculated results are in excellent agreement as shown in Figs. 4.5 to 4.10.

4.7 Parametric studies and discussions

Here parametric studies for different Froude numbers, submerged depths,
separation distances and inclinations to predict radiation forces such as added mass
and damping coefficients, wave excitation forces and dynamic motion responses of
the twin hulled offshore structure in incident waves are carried out. The detail

calculated results are categorized into four parts as follows.
(A) For different Froude numbers :

The effect of Froude number (equivalent current speed) on the predicted
results of added mass and damping coefficients, wave excitation forces and motion

responses of the structure are as presented in Figs. 4.11 to 4.22.

For non-dimensionalized added mass coefficients as in Figs. 4.11, 4.12 and
4.13 respectively, the discrepancy of the predicted results between Fn = 0.0 and
0.4 is larger in the very low frequency range (within Ka = 0.2 range). As noticed,
the effect of forward speed is greater for the low frequency range of wave
numbers. Just as in the single cylinder case, the added mass coefficient with
forward speed effect (m-vector contribution) becomes infinitely large as the
frequency approaches zero which is due to the second and third terms of Eq. (4.9).

Negative added mass coefficients do occur at certain frequencies for the case of
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surface piercing and oscillating cylinders (Ohkusu 1969).

For non-dimensionalized damping coefficients, the numerical results in
surge, heave and pitch motions are presented in Figs. 4.14, 4.15 and 4.16

respectively. Effect of forward speed is clearly noticed at high Froude numbers.

For non-dimensionalized wave excitation forces as in Figs. 4.17 to 4.19,
computed surge, heave and pitch results in following waves show considerable
variation for the higher frequency range. The non-dimensionalized dynamic
response amplitudes in surge, heave and pitch motions are presented in Figs. 4.20
to 4.22 and large discrepancies for surge and heave motions are noticed in the very
low frequency range and this could be due to large added mass contribution from
higher speed.

(B) For different submergence depths :

on
The effect of submergence depths theoretical predictions of added mass and
damping coefficients, wave excitation forces and dynamic motion responses of the

twin hulled structure model are as in Figs. 4.23 to 4.34.

For non-dimensionalized added mass coefficients as in Figs. 4.23 to 4.25,
predicted results show not much variation over the frequency range and it may be
concluded that the submergence depth has no significant effect on added mass

coefficients.

For non-dimensionalized damping coefficients, numerical results in surge,
heave and pitch motions are presented in Figs. 4.26, 4.27 and 4.28. This indicates

that submergence depth has considerable influence.
For non-dimensionalized wave excitation forces as in Figs. 4.29, 4.30 and

4.31, computed results of surge, heave and pitch modes in following waves have

clear difference. The non-dimensionalized response amplitudes in surge, heave and
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pitch motions are as in Figs. 4.32 to 4.34 and the discrepancies are due to large

contribution from the wave excitation forces.

(C) For different separation distances :

The effect of separation distances on the theoretical calculations of added
mass, damping coefficients, wave excitation forces and dynamic motion responses

of twin hulled structure model are as in Figs. 4.35 to 4.46.

For non-dimensionalized added mass coefficients as in Figs. 4.35 to 4.37,
predicted results show not much variation over the selected range of frequencies. In
the case of non-dimensionalized damping coefficients, calculated results in surge,
heave and pitch modes are in Figs. 4.38 to 4.40. The peak values appear in the
lower range of frequencies and it may be concluded that separation effect is

considerable.

For non-dimensionalized wave excitation forces as in Figs. 4.41 to 4.43,
computed results for surge, heave and pitch modes in following waves show same
tendencies as the damping coefficients. The non-dimensionalized response
amplitudes in surge, heave and pitch motions are shown in Figs. 4.44 to 4.46 and
the characteristics for surge, heave and pitch motions are similar to those of wave
excitation forces and it can be concluded that the contribution from wave excitation

forces is clearly effective.
(D) For different inclinations :

For the inclination effect, the numerical predictions of added mass, damping
coefficients, wave excitation forces and dynamic motion responses of twin hulled

structure model are as in Figs. 4.47 to. 4.58.

For non-dimensionalized added mass coefficients as in Figs. 4.47 to 4.49,

predicted results make not much variation over the frequency range and it may be
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concluded that small inclination effect is not of importance on the hydrodynamic

characteristics of submerged geometries.

For non-dimensionalized damping coefficients, numerical results in surge,
heave and pitch motions are as in Figs. 4.50 to 4.52. Thc-predicted results show
that large inclination always contribute a certain amount but not significant. Hence
it can be concluded that the inclination effect is not dominant on damping

coefficients.

For non-dimensionalized wave excitation forces as in Figs. 4.53 to 4.55,
numerical predictions for surge, heave and pitch modes in following waves have
clear discrepancies. In fact, wave excitation forces are slightly increased as the
body is inclined. Non-dimensionalized response amplitudes in surge, heave and
pitch motions are also presented in Figs. 4.56 to 4.58 and the tendencies in surge,

heave and pitch motions are similar to those of wave excitation forces.

4.8 Conclusion

Here a valuable procedure for theoretical confirmation of numerical
computations is developed and completely described. The numerical accuracy
check of the damping coefficients is calculated by the consideration of the energy
flux in the fluid domain and by the direct pressure integration over body boundary
contours. The numerical results of wave excitation forces in terms of the Kochin
functions in radiation problem with real and imaginary parts is checked out by the

Haskind-Newman relation and by the direct pressure integration.
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CHAPTER $§
THEORETICAL DERIVATION OF M-VECTOR CONTRIBUTIONS

5.1 Solutions of unsteady potentials for the single cylinder case

In order to solve the boundary value problem for the velocity potential ¢ over

body boundary contours, the integral equation of Eq. (2.31) is made use of.

1

1o =-f, [ 2L 2 |or.us 6.0

where S,; denotes the boundary contour of the cylinder as shown in Fig. 2.1 and
“G(P,Q) is the Green function as shown in Eq. (2.32), which should satisfy the

free surface condition, the bottom condition and the radiation condition. Since the

normal derivative of the velocity potential g—¢ on the right hand side of Eq. (5.1) is
n

already described on the body surface as in Egs. (2.24) and (2.25), Eq. (5.1) is an
integral equation for the unknown velocity potential ¢ on the body surface of the

cylinder.

For the case of the non-zero forward speed radiation potential, the evaluation

of the m-vector contribution defined in Eq. (2.22) is required to obtain the normal

99

derivative of the velocity potential 3 on the body surface.
n

5.2 Analytical derivation of m-vector contributions for the single

elliptical cylinder case

Since the principal interest is concentrated on the submerged body case at this

moment, it is natural to assume that the steady velocity potential @ in the vicinity
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of the body is approximated by the velocity potential without the free surface. It is
certainly possible to apply the steady velocity potential which already satisfies the
linearized free surface condition even if it is rather complicated to calculate the m-
vector contribution. However it is known that the steady velocity potential
satisfying the linearized free surface condition does not necessarily have accurate
solutions for the steady flow around the moving body. The mathematical derivation
of the m-vector contribution based on this assumption for the case of an elliptical

submerged cylinder is described as follows.
The elliptical coordinate (., V) is introduced as shown in Fig. 5.1, which is

related to another coordinate (6,&), and rectilinear coordinate (x,y) with the origin

at the centre of the ellipse as

x =KcosOcosh& = xuv (5.2)

y=lcsin9sinh§=m/1—u2\/v2—l (5.3)

where :
k=ayi-e , e=2 (5.4)

and '2a ' is the major axis length and ' 2b ' the minor axis length of the ellipse.

The velocity potential for the steady translation of an elliptical cylinder in an

unbounded fluid domain is already expressed in Lamb (1879) as

@y =—Ae b cosf = —Ku(v V- 1) (5.5)

where :

— 1+¢

=g | LTE ‘ (5.6)
1-¢
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With these formulae on the coordinate transformation in terms of the
generalized orthogonal coordinate, the derivatives of the velocity potential with

respect to both x and y coordinates is derived as

99s _ 1 xps 1 9xdps Al ; vivi-1
dx  h2op o +h22 v ov  « v —p? (57

d0; _ 1 3yde,, 1 dyde, _A[p1-1” (5.8)
dy hopou htovaov x| vi-u’ |
where :

Vi — p‘2 V2 — uz
h1 =K l_uz ’ h2=K V2_1 (5.9)

By substituting these results in the definition of the m-vector contribution, as

Eq. (2.22), the theoretical expressions of m, and m, vector are written as

m =_i(?&)=__1_i(a&)
' an\ ox h, ov\ ox

A 2 l-uz }
=12V (5.10)
K2 (V2 _ lJ«z )3/2 { v:— uz ity
0 ( 99 1 9 (dgg
m,=-—| = |=-——
on\ dy h, av\ dy
A
—W{zmh-pz V2 —1}onbody (5.11)
Here the expressions are all in terms of the coordinates (1, v).
By using the body surface equation of
v= 1 (5.12)
1-¢*
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By substituting Eqgs. (5.7) and (5.8), final results are written as

€’cos’0 —sin’ 0

1
m, =—g(1+¢€) (5.13)
' a (sin29+t»:2cosze)5/2
1, 5in20
m, = —€2(1 +€) (5.14)
’ a (sin29+tazcosze)5/2

With these results, the derivatives of the steady velocity potential ¢g on the

body surface of the cylinder is written as

%% = g(ecos’ 6 ~sin” 0) /A" (5.15)
%q;TS=t-:(1+é:)sin6cose/A2 (5.16)
where:

A = (sin? 8 + € cos 6)1/2 (5.17)

The components of the n-vector contribution are written in terms of the

elliptical coordinates as
1 Jx
n, =h—za—=ecos(-)/A (5.18)
10 .
n, =h—28—i=sm9/A (5.19)
n, =xn, - yn, =a(1-¢€’)sinBcos6/A (5.20)

When n, and n,, m, and m, are substituted into the definition of the m,

vector contribution, as Eq. (2.22), the expression of m, vector is written as
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d d
m, =xm, —ym, +(—1+%)m2 ——a%s-nl

cos’® €’cos’O-sin’@
A * A

=(1-¢£)(1+¢)sin e{ (5.21)

By setting € =1 in Eqgs. (5.10) and (5.14), the mathematical expressions of

the m-vector contribution for a circular cylinder of radius a can be rcadily obtained

as
2

m, =—cos26 (5.22)
a
2 .

m, = —sin20 (5.23)
a

m, =0 (5.24)

It is natural that there is no contribution to the m-vector when the circular
cylinder undergoes pitching motions. Even after rotation (pitching motions) around
the centre of the cross sectional circle, the normal velocity induced at a location on

the cylinder surface by the steady flow is not different from that before the rotation.

5.3 Solutions of unsteady potentials for the twin cylinders case

The submerged two rigidly held apart cylinders without further modelling,
advancing with a constant speed U in incident waves and performing sinusoidal
oscillations of small amplitudes in surge, heave and pitch at a particular frequency
 about its mean position, is as in Fig. 4.1. This configuration can be realized as a
simplified model of the typical form of offshore structures like twin hulled drilling
rigs. The predictions of hydrodynamic loadings acting on twin hulled offshore
structures under combined actions of wave and current, or moving in two
combined modes of slow and fast frequency are always important from the point of

view of operational safety in severe environmental conditions.
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The midpoint of the line connecting the centres of the two cylinders is at
submergence depth " d " under the free surface, " 1 " is half the distance between
the centres of the two cylinders, " a " and " b " are the radii of downstream and
upstream cylinders respectively. Symbols S; and S; denote the surface of
downstream and upstream cylinders. Hereafter the downstream cylinder is called as

" cylinder L " and the upstream cylinder as " cylinder R " for convenience.

The formulation of the boundary value problem for the unsteady potential ¢
is not different from what is described in Chapter Two. The integral equation for
velocity potential ¢ over body boundary contours of the two cylinder case is

written as

%¢(P)—U 5[",[ sk]¢(Q)%G(P,Q)d5

d
=~[Js ] 2P, qpas (525)

Here G(P,Q) is the Green function described in Eq. (2.32) and ¢ is the unsteady
velocity potential to be obtained. The point P will vary over the body boundary
contours of the two cylinder structure. As in the single cylinder case, the estimation

of the m-vector contribution is required to describe the normal derivative of the

99

velocity potential of S on the body surface, with taking into account effects of
n

forward speed and interactions between the two hulls.

5.4 Theoretical formulation of m-vector contributions for the twin

cylinders case

The theoretical derivation of the m-vector contribution is detailedly formulated
to take into account the interaction effect between the two circular cylinders
submerged under a free surface. The mathematical approach can be extended to
predict the interaction effect of twin hulled marine vehicles in head and following

waves for different diameter ratios, submerged depths, Froude number, separation
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distance and inclinations.

5.4.1 Description of the Milne-Thomson's circle theorem

As shown in Fig. 5.2, a doublet at (x,y ) position is assumed and an

inclining angle B with the x-axis is made. The velocity potential can then be

formulated as
f@)=-—trp . p=|ue® (5.26)
Z—-C¢

and the expression can be rewritten as

£ a’)_ _ﬁ__l___ g ; R —
z . a? —zce™

——=Ce
¥4
2 2
a a
1 Z _—_—ela +'—’Cla - 2 1
1T C C —_ M 1+_ela
- ce @ a2 ] - Ce—ia. a2
z—-—e* z-2 v
c c
a2 i(2 B 1
= |y =e'®* P ————+const. (5.27)
C i
Zz——¢C
C

. . - N . a
This means that the image is in o direction and at a distance —. The strength
c

2
i) times and the direction is (2c ~ 7 — ). In fact, this concept

c
of dipole image method to formulate the complex velocity potential can be applied

of the doublet is (

to derive analytical expression of m-vector contributions for two rigidly connected

cylinder case.

5.4.2 Analytical derivation of m-vector contributions for the twin

cylinders case
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The prediction of the m-vector contribution requires a solution for the steady
potential @. In order to avoid numerical difficulties, the infinite-fluid solution

which is valid for the deeply submerged body is applied.

The two cylinders, composed of the left circular cylinder of radius a (referred
to as cylinder L) and the right circular cylinder of radius b (cylinder R), with a
separation distance between both cylinder centres c andanangle of inclination a.
The two cylinders are assumed to move with a forward speed U in the x-direction

as shown in Fig. 4.1. The steady velocity potential is then described as

¢s = U(p* +9) (5.28)

Then the body boundary conditions to be satisfied by ¢" and ¢® are derived

as follows.
L R
99 _cosd , 22 =0 oncylinderL (5.29)
or or
R L
a(p’ =cos®’ , al, =0 oncylinderR (5.30)
or or

Physically ¢" describes the velocity potential, in which only cylinder L moves with
cylinder R at rest. Similarly @® is also for the velocity potential where only

cylinder R moves with cylinder L at rest.

At first the velocity potential ¢ for cylinder L is considered. If cylinder R is
not present, the flow past cylinder L is represented by a point doublet located at the

origin and if the strength is assumed as ,. Then

cos0
Qo= L =0, po=at , By=0 (5.31)
The change caused by the existence of restrained cylinder R is represented by
image doublet at the ' mirror-image ' point inside cylinder R. Milne-Thomson's

circle theorem is then applied as follows.
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f(2)=-i——m= -32)
z—-ce
2 2
f(%) = _ﬁ(g) ei2e-m) —bz—l—(——) + const. (5.32a)
- _el -
‘ C

If the image of the doublet with cylinder R, as observed from cylinder L, the

mathematical expression is written as

) 2
c,=c— b , EL:[—E—] , B=2a-=n (5.33)
€=C Ho \€—6

and in turn the effect of the image doublet on cylinder L is taken into account by
introducing the image doublet inside cylinder L. Now this image will form another

image inside cylinder R and that is described as

2 2
c, == ,EA=(_*‘.J . B,=0 (5.34)

5 2
c,=c-—2 | &=( b ) . B,=2a-n (5.35)
€=G H, \€—C
2 2
co=2 | Pi=(3-] , B.=0 (5.36)
Cs Ms Cs
b? b Y
c=c— : ﬁ:( ) . Bs=2a-7 (5.37)
c—=¢C, Ha c=C,

Likewise a velocity potential @® for cylinder R is considered. If cylinder L is
not present, the flow past cylinder R is represented by a image doublet located at

the centre of cylinder R. From its coordinate system, the following formulation can
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then be described as

, cos®’ , , ’
(PoR="pocr' , Mg=b>, Bg=0 , cg=c (5.38)

If the image of the doublet with cylinder L as observed from cylinder R is

observed, the expression is written as

’ 2
=2 i}:(i) . B/=2a-= (5.39)
c He \C

and in turn the effect of the image doublet on cylinder R is taken into account by
introducing the image doublet inside cylinder R. Now this image will form another

image inside cylinder L and thus it is described as

’

5 2
¢ =c-—— ,#:(—b—) . B;=0 (5.40)
=G Hi \¢—¢

Similarly following expressions are systematically written as

2 ’ 2
=L -*‘i:(-‘-‘-) . Bj=2a-m (5.41)
C, K, C,
b? . b Y
¢, =c- R = NP LT B ) (5.42)
c—c; M3 \c—¢3
2 'f 2
=2 ,-”-f:(%) , Bi=2a-= (5.43)
C, Ky Cs

In compliance with above relations, following expressions are arranged as

Yo=0 , Ho=1, B, =0 (5.44a)
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2
g? £
‘Yl=‘y- 'u_l=[ ) ’ B1=2a—7t
Y=Y Ho Y=Y
1 Tl 1 ’
Y2 = ’—2=[—j » B, =0 (5.44c)
vy T n ?
g’ n e Y
Y;=Y- , —3--( ) , By=20-mn (5.44d)
R R TS e 2 ’
1 1Y
’Y4=_ ’ -Ll-“:(_) ’ B4=0 (5.44@)
Y3 M Y,
e’ s ( € )2
Ys=7— , == , Bs=20-= (5.44f)
’ Y=Y W \Y—7a g
Likewise
Yo=Y , np=¢, Py=0 (5.45a)
(5.45b)

2
l —p;'—=(—l-) , Bi=20-m

Yo Ko \ Yo

2
Yz=7‘yizy; %—[ny;) . By=0 (5.450)
Y;=i, . ”§=(—1,-)2 , Bi=2a-=x (5.45d)
Y2 K2 \ Y2
Ya=Y- 82, , ﬁ=(—£—)2 , Bi=0 (5.45€)
Y- Mj ) Bt £
(5.45f)

139



In the same way, the velocity potential @® for cylinder R is also represented by an
infinite series of image doublets, with the leading term being a point doublet located

at the origin of cylinder R.

As a result of repeating such procedures, the velocity potential ¢“ for
cylinder L is described by an infinite series of image doublets within cylinder L and

cylinder R. In terms of the complex velocity potential, it is described as follows.

o iB;
fL(z)=-ay o — | z=re® (5.46)

o
=0Z=Ye
where :

2

€ 1
Yo=0 , Yy =¥Y—-——— , Y5, = (5.47a)
° 2! Y=Y : Y2n-1
2 1 2
Ko =1 , u'2n-l =( 3 ) , Nzn =( ) (547b)
Hana \Y Y202 Haopoy Y 2n-1

B,=0 , B, =20a-7 , B, =0 (5.47¢)
where :

v=2 . e=2 @=12w) (5.48)

a a

Similarly, the velocity potential @* for cylinder R is also represented by an
infinite series of image doublets, with the leading term being a point doublet located
at the origin of cylinder R. In the coordinate system with the origin at the centre of

cylinder R, @ is described as the real part of the complex potential of the form

- R
He
f*(z)=-a — (5.49)
g;z-yje
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where :

2

’ ’ 1 ’ 8
Y ='Y * Y n— =_7_ ’ Y n ='Y_ ’
° -t Y2n-2 : Y= Y201

’ 2 ’ 2
=g , Lo =( 1 ) , B =( £ ) (5.50b)
“’2n-2 ‘Y2n—2 I’I'Zn—l Y- an-l

(5.50a)

B;=0 , B, =20-% , P, =0 (n=L2) (5.50c)

In order to calculate the m-vector contribution, a typical complex potential is

written as
ip iB

f(z)=—a—to_=_HE _ (5.51)

z—7Ye z—ce
Then

pe® .
£'(z) = u - iv = ———— = ne®g(r,0) (5.52)
(z - ce'“)

where :
z=re"* (5.52a)

Substituting this expression into the definition of m-vector contribution, m-vector

contribution can be readily obtained as

. 0 . d _,
m, —im, = —a—n(u —iv)=——f (z)lr=l (5.53)
) =—pue®l
- arf (z)|r=] =-ue ar g(r,e) (5'54)
where :
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g(r,8)=—— (5.54a)
(re® - ce)
Then
' 2ePe® ) e-i(29-ﬂ)
m, - im, = —==— ={%}———7 (5.55)
a
Here
1 _ 1 - Wi(e-a)
1- ,}ei(a-e) {1 _ ,Yei(a—e)}{l _ ,Ye-a(a-e)}
— agai(8-a)
- 1 i (5.56)
1-2ycos(6 —a)+v*
where
y==< (5.56a)
a
Thus
-i(20- i(e-a)13
. 2(p) € (20 ﬁ){l_.ye(ﬂ )}
m, —1m, =—| = TE
a\a {1—2‘ycos(9—-a)+y }
 apai(8-a) I
—op| 1% _{ gmi@o-f) (5.57)
1-2ycos(@—-a)+7Y :
Here

{1 _ ,Yei(e-a)}3 =1- 3,Yei(0-a) + BYzeiz(o-a) _ ,Y:ciS(O-u)
=R+iS (5.58)

where :
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R =1-3ycos(6 — )+ 3y cos2(6— ) -y’ cos3(®-a)  (5.59%)

S =-3ysin(0 - a)+ 3y*sin2(6 - a) — y’sin3(6 — ) (5.59b)
Thus
e (R 4§
m, —im, = 3(1*-) (R:+i5) (5.60)
{1 2ycos(6-a)+7° }
m, = __(_p_z) R cos(20 - B) + Ssin(26 - B) (5.61)
{1 2ycos(0-a)+7y? }
m, = g(i) Rsin(26 - B) - Scos(26 —3[3) (5.62)
{1-2ycos(6 - o) +7*}

In accordance with above relations, the strength of the doublet is normalised
by a2 and the image point can then be considered as an infinite series in the

following form

) 8
(z) = —azz{ e _ 4B } (5.63)
Slz-ce® z-cle
Therefore
R, cos(26 - Bj) +8§,sin(26 - Bj)
i 3
- 1-2y,cos(60-a)+7>
mb =2 -2, ! (5.64)

S cos(26 — ;) + 5/sin(26 - B;)
{1-2y;cos(0 - ) + ¥}

ﬁjsin(ZO—ﬁj)—gjcos(Ze-Bj) -
L 2% & {1-2v,cos(0-a)+ 3} (5.65)
m, =-— .
: T 4o Rjsin(20-B;) - §jcos(26- B;)

{1 —2y]cos(6 - o)+ 732}3 ]
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where :

R; =1-3y,cos(6 - o)+ 3y} cos2(6 - a) - y]cos3(6-) (5.66a)
S, =-3y,sin(6— ) +3y}sin2(8 — &) - v} sin3(6 — ) (5.66b)
Ri=1- 3y]cos(6 — &)+ 3y} cos2(6 - ) -y} cos3(B — o) (5.66¢)

S; =-3y/sin(@-a)+3y’sin2(0-a)-y’sin3(6-a)  (5.66d)

Since the m-vector contribution for cylinder L is calculated from the sum of Eq.
(5.46) and Eq. (5.49), Eq. (5.53) can be deduced as

L =2i uj{chos(26—Bj)+Sjsin(26—Bj)} ] 567)

j=0 +u;{R; cos(29 -B; ) +§] sin(29 -B; )}_
Lo, - uj{stin(Ze-—Bj)—Sjcos(26-[3j)} | (5.68)

0| +1i{R}sin(20 - B;) - jcos(20 - B7)}

where :

R;=F(y;) . S;=6(v,) (5.69)

R;=F(y]) . $;=G(}) - (5.69b)

. cosk(e—a)]
[F(y)]z éaﬂ [sink(e—a) (5.70)
G() {1 -2ycos(8-a)+ 72}3 .
a,=1, a,=-3 , a,=3 , a,=-1 (5.71)

Next the formulation of the m-vector contribution for cylinder R is
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performed. The only necessary task is to rewrite Eq. (5.46) and Eq. (5.49) in the
coordinate system with the origin at the centre of the circle R. The positions to the
doublet are ¢ —¢; and ¢ —c] and it is sufficient if o is replaced by (o —x). The

axis of the doublet is the same as 3, and B.

-i(26-P)
mlR - imZR = 2(%) - 3
b\b {1_ Eei(a-o)}

3 -i(20-P) [] _ geite-a)1’
ey

b a/{1-25cos(0 - a)+8’}

where :

1 1 1
d; =*g(°‘°j)=‘g(7‘7j)=g(%-Y) (.73)
In the same way, the m-vector contribution for cylinder R can be described as

P. cos(29 B. )+Q sm(26 B. )

j

o2 Hs {l —28;cos(0 - a)+5} (5.74)
™ —333 =0 N ’chos(29—B,-)+Q,-Sin(29‘l3;) .

" {1-28cos(0 - )+ 57}

[ l~>J.sin(29—[3j)--(-2j cos(29 -Bj) |

P e
2’ 5| Bsin(20 - B;) - @ cos(20-B)) |

+
© 1-28cos(0-0) + 87}

—.

where :
P, =1-35,cos(0 - o) + 38 cos2(6 — ) — & cos3(B-a)  (5.76a)

Q; =-33;sin(0 - o) + 35 sin2(6 — &) - 8 sin 3(6 — @) (5.76b)
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P/ =1-38]cos(6 — o) + 38/ cos2(6 ~ )~ 8 cos3(0 — )  (5.76¢c)

Q; =-38]sin(6—a)+35"sin2(0 - ) - 8sin3(6-)  (5.76d)

Denoting the complex variable in this new coordinate system by z’ and z is
z=2'+1e" (5.77)
On the surface of the circle R, z’ = ge® should be carefully specified. With these
relations taken into account, the m-vector contribution for cylinder R is easily

derived in the same manner as for cylinder L obtained above. Final expressions are

expressed as

R T B
e’ 1= -+p; {Pj’cos(ZO - B:) +Qj sin(29 - ﬁ:)}_

—uj{Pj sin(26 —Bj)—QJ. cos(29 —Bj)} |

& 35| +pi{prsin(20 - B;) - Q) cos(20 - B7)} 7
where :
P,=F(,) ., Q=G(3) (5.80a)
P/=F(8) ., Q=G(&) | (5.80b)
where :
5,=1(r,-7) . &==(i-) (5.81)

The rotation of two cylinder system around a point is considered to be the

summation of each vertical and horizontal displacements of the cylinders, in which
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cylinder L and R displacements occur in the reverse directions, and the rotation
around each cylinder centre. The rotation of each circular cylinder around its centre
does not contribute to the m-vector. Then expressions of the m, vector on each

cylinder L and R are written as

m," = —(mzl‘ cosa —m," sin a) (5.82)
m,* = (m," cosa - m,* sina) (5.83)
and the expression of n, vector is also written as

n," = -Isin(0 - a) (5.84)
n," = +lsin(6 - o) (5.85)

The distance between the centres of cylinder L and R is considerably large
compared with the cylinder cross section of twin hulled marine structures. In this
configuration, the series for the m-vector contribution can be truncated after several
terms to obtain sufficient accuracy. In practical numerical computations, the infinite
series can be reasonably truncated to ten (10) mirror images to converge the series
for different submerged depths, Froude number, separation distance and

inclinations.

5.5 Investigations of numerical computations

Under the linear assumption of the boundary value problem taking into
consideration the m-vector contribution, the velocity potential can be obtained by
numerical solutions of the integral equation over body boundary contours exactly.
The numerical check of the first order hydrodynamic problems for such twin hulled
marine vehicles under combined actions of wave and current, achieved by

analytically solving the logarithmic part of the Green function, is well confirmed as

147



investigated by both numerical methods in Chapter Four.

By taking the image number as ten (10) and discretized element number as
fifty (50) for individual left and right cylinders, the predicted results with and
without the m-vector contribution can be compared. Both results of added mass
coefficients in surge, heave and pitch motions with and without m-vector
contribution match well and are as in Figs. 5.3, 5.4 and 5.5. For the damping
coefficients, calculations in surge, heave and pitch modes also show excellent

agreement as in Figs. 5.6, 5.7 and 5.8.

As regards the predicted results of the real and imaginary parts of the Kochin
functions, these can be obtained by direct solution of the radiation problem and by
the Haskind~Newfnan relation from wave excitation forces. Principally all
numerical results of surge, heave and pitch Kochin functions for both real and
imaginary parts are satisfied with good agreement and systematically shown in
Figs. 5.9 to 5.14 respectively. In fact this theoretical formulation with the m-vector
contribution is quite satisfactory to investigate such hydrodynamic problems with

forward speed effect in waves.
5.6 Parametric studies and discussions

As the numerical investigation is satisfied, parametric studies on the
hydrodynamic characteristics of twin hulled offshore structures in head waves with
and without the m-vector contribution are extensively performed for different
Froude number, submerged depths, separation distance and inclinations. The detail
results are categorized into four major groups and discussed as follows.

(A) For forward speed effect :

Numerical results of non-dimensionalized surge, heave added mass

coefficients and pitch added moment of inertia are as in Figs. 5.15 to 5.17. In the
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very low frequency range (within Ka = 0.10), the significant variation is due to m-
vector contribution and not much difference is seen for the remaining frequency
range. As for the damping coefficients, the m-vector effect is not considerable for
the selected range of frequencies as in Figs. 5.18 to 5.20. For the real and
imaginary part of surge, heave and pitch Kochin functions, not much variation is

due to the m-vector contribution as in Figs. 5.21 to 5.26.

Numerical results of non-dimensionalized surge and heave added mass
coefficients and pitch added moment of inertia are presented in Figs. 5.27 to 5.29.
The m-vector contribution shows very significant effect in the low frequency range
(within Ka = 0.30), and a slight difference is shown for the remaining frequency
range. As for the damping coefficients as in Figs. 5.30 to 5.32, the m-vector effect
is quite dominant in the low frequency range (within Ka = 0.20) and not much
contribution for the remaining range of frequencies. For the real and imaginary part
of surge, heave and pitch Kochin functions, the amplitudes are mostly smaller than
those without m-vector effect over the range of frequencies as in Figs. 5.33 to 5.38
respectively and it noticed that higher forward speed always contribute much to the

m-vector effect.
(B) For deeper submergence depth :

Numerical computations of non-dimensionalized surge, heave added mass
coefficients and pitch added moment of inertia are as in Figs. 5.39 to 5.41. In the
very low frequency range (within Ka = 0.10), large discrepancy is shown due to
the m-vector effect and not much difference for the remaining frequency range. As
for damping coefficients as in Figs. 5.42 to 5.44, the m-vector effect shows no
much contribution due to deeper submergence. For the real and imaginary part of
surge, heave and pitch Kochin functions, a similar tendency is shown and as in
Figs. 5.45 to0 5.50.

(C) For larger separation distance :
Predicted results of non-dimensionalized surge, heave added mass
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coefficients and pitch added moment of inertia are as in Figs. 5.51 to 5.53. The m-
vector effect is considerable in the very low frequency range (within Ka = 0.10)
and no significant difference is shown for the remaining frequency range. As for
the non-dimensionalized damping coefficients as in Figs. 5.54 and 5.55, the m-
vector effects in surge and heave modes have much contribution at certain
frequency range (within Ka = 0.30 and 0.60). For pitch motion case, larger
discrepancy occurs within Ka = 0.20 and 0.40 and as in Fig. 5.56. The results of
the real and imaginary part of surge, heave and pitch Kochin functions are as in
Figs. 5.57 to 5.62.

(D) For inclination effect :

Numerical results of the non-dimensionalized surge, heave added mass
coefficients and pitch added moment of inertia are as in Figs. 5.63 to 5.65. Again
large discrepancy is shown due to the m-vector effect in the very low frequency
range (within Ka = 0.20) and not much difference for the remaining frequency
range. As for non-dimensionalized damping coefficients as in Figs. 5.66 to 5.68,
the m-vector effect shows not much contribution except for certain frequency
ranges. For the real and imaginary part of surge, heave and pitch Kochin functions,

a similar tendency is shown as in Figs. 5.69 to 5.74.

Numerical computations of non-dimensionalized surge, heave added mass
coefficients and pitch added moment of inertia are as in Figs. 5.75 to 5.77. The m-
vector contribution shows very significant effect in the low frequency range (within
Ka = 0.20) and not much difference is shown for the remaining frequency range.
As for the damping coefficients as in Figs. 5.78 to 5.80, the m-vector effect is
considerable for certain frequencies. For the real and imaginary part of surge,
heave and pitch Kochin functions, the amplitudes are almost smaller than those
without m-vector effect over all the range of frequencies as in Figs. 5.81 to 5.86
and it is confirmed that inclination is not effective enough to affect hydrodynamic

characteristics on submerged structures due to the m-vector effect.
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5.7 Conclusion

Predicted results of the hydrodynamic loadings with the m-vector
contribution are compared with those without taking the m-vector contribution into
consideration. For non-forward speed case which the m-vector contribution is not
considered, numerical computations are investigated and both results match very
well. It is confirmed that this theoretical approach with the m-vector contribution is

effective and reliable enough for practical engineering applications.
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CHAPTER 6
THEORETICAL DERIVATION OF RESTORING FORCES
DUE TO THE FORWARD SPEED EFFECT
FOR TWO RIGIDLY HELD APART CYLINDERS

6.1 General description

The theoretical derivation of the hydrodynamic restoring forces due to
forward speed effect (equivalent current effect) which is proportional to the
unsteady displacement of the twin hulled marine structure is formulated, taking into
consideration interaction effects between two hulls submerged under a free surface.
The theoretical formulation of the restoring forces due to forward speed effect is
analytically derived for the case of a single submerged cylinder and analytical
solutions of hydrodynamic restoring coefficients due to forward speed effect for
the single circular cylinder case, as shown in Appendix B, are applied to confirm

numerical computations for the two rigidly connected cylinder system.

Under a linear assumption of the boundary value problem, numerical results
are exactly obtained by solving the integral equation for the velocity potential over
the body boundary contours and the numerical technique of the direct Green
function method is applied. Numerical results of the damping coefficients are
checked out by previous researches such as Varyani (1988) with satisfactory
accuracy and motion responses of an inclined twin hulled offshore structure with
and without hydrodynamic restoring forces due to the forward speed effect in head

and following waves are investigated.
This mathematical approach is extensively applied to investigate dynamic

motion responses of twin hulled marine vehicles, taking into account effects of

forward speed and interactions between two hulls for different submerged depths,
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Froude number, separation distance and inclinations in head and following waves.
The dynamic motion behaviour of twin hulled marine vehicles in the low frequency

region at resonance is also investigated.

6.2 Mathematical formulation of the coefficients of restoring forces

due to forward speed effect for two rigidly held apart cylinders

Since the interest is concentrated on the submerged body case, it is natural to
assume that the steady velocity potential ¢ around submerged bodies is
approximated by velocity potential without taking the free surface effect into

consideration.

It is certainly possible to apply the velocity potential which satisfies the
linearized free surface condition even if it is rather intricate to calculate
hydrodynamic restoring forces (referred to as the m-vector contribution). However
it is known that the steady velocity potential satisfying the linearized free surface
condition does not necessarily provide an accurate solution of the steady flow
around the moving body. Using Eq. (4.2) and neglecting the second and higher

order terms, the linearized expression of the hydrodynamic pressure is described as
- U? -
p(x,y)= —p{(im +UV-V)o+ —Z-(a- V)V’} (6.1)

The theoretical expression for hydrodynamic pressure forces acting on an

offshore structure advancing under combined actions of wave and current can be

presented as

F=-[sp(xy)nd (=123) (6.2)
where :

n=n,i+n,j (6.3)
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The last term in Eq. (6.1)introduces a hydrodynamic force proportional to the
unsteady displacement of the body, hence this additional buoyancy force due to the
forward speed effect corresponds to the hydrodynamic restoring force. This
hydrodynamic restoring force due to the unsteady displacement of the moving body

can be denived as

2
F = %-Js., (&-V)Vndl (6.4)

where :

a). Description of motion responses of cylinder L with inclination effects
I{Ej,{‘ +E&5(Isina—y)} + 3{&; - &5 (1coso - x)} (6.5a)

b). Description of motion responses of cylinder R with inclination effects

i{eR — 2 (Isina+y)}+ 3{&; +EF (Icosa +x)} (6.5b)

The hydrodynamic restoring force on cylinder L is then described as

L, gL{1e d
gt =PV {§l+§3(181na—)’)}5; {('Haws)z*'(%)z}nm

i S a
2 +{ek ~Gilteosa-x)}5- ox oy
(6.62)
09, \o*ps = 9¢g 9%
_ 12l _ s s s S |n.
=PY él‘[sl[( t ox ) x| dy oxdy nidl
99 9’95  dps 9’
2¢L -1 s s s S |n.
U &’ISL[( T )ay8x+ ay oy "¢
2 2
+puzgg{(1sina)j sL[(—“. aats)aa ;st + aaq;s gx(g;]“idl

- _1,995)9%0s _ 99 O°ps
j SL(Y)[( =+ ox ) ox’ * dy dxdy nidl
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995 \ 9’95 , 99 9’
—(1 -1 s s s S [ndl
( cosa)J S [( * ox )8y8x * dy dy’

_ a(Ps)azq’s g5 9°Q;
+ sL(x)[( 1+ Syox 9y 3y ndl (6.6b)

Thus such coefficients of the hydrodynamic restoring forces due to forward speed

effect for cylinder L of the twin hulled marine structure are respectively written as

2 2
L_ Ps 19 9s 995 9°¢s
C.t=[s [( ) P axay]n d (6.7a)
L_ acps)a Qs , 995 9°0;
) —J'SL[( vl (0 (6.7b)

a‘Ps)a Ps a‘Ps 3’gs
_l{ J’ (sma)[( 3y axdy ndl
_ _ a(Ps)az(Ps 99 3’9,
J SL( )[( axt " 3y axay N0

0Qs ) az(Ps 09 az(Ps
- - dl
j SL(cosoz)[( 1+ 3% Jayax + 3y 3y n,

3%)8’% 99s 95 | &
+f SL( )[( Sor 3y 5y e (6.7¢)

where :

n"=cos® , n,"=sin® , n,*=1{-sin(6-a)}=al{-sin(6 )}
(for an inclining angle o) (6.8)

Similarly the coefficients of the hydrodynamic restoring forces due to
forward speed effect for cylinder R of the twin hulled marine vehicle in waves can

also be presented as

- a(Ps)a Qs , 9Qs az(Ps
R=] [( " 3 o n,dl (6.9a)
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395 \ 9’05 . 995 9%
C.R= -1 s s s s 1o dl |
i2 ISR |:( + ax )ayax + ay ay2 nld (6 9b)

R _ ) 99, Yo'p, 0@ 3’9
C, —l{—jsk(51na)[(-l+ axs) axzs + ays axa; n.dl

y o az(Ps 09 az(Ps
- 2| =1 .
JS“(I)[( * ox ) ox? * dy oxdy ndl

09 ) 0*9s  99g 0%
+an(cosa)[(-—1+ Bxs) aya; + ays ayzs n,dl

X 99, ) 9%Qs 99, 3%¢
2 __1 S S S S . )
+Js“(l)[( + ax )ayax+ 3y 3y’ n,dl (6.9¢)

where :

n®=cos® , n,"=sin® , n=I+sin(6-a)}= bl{+§sin(9 - a)}

(for an inclining angle a) (6.10)

6.3.1 Theoretical formulation of the derivatives of restoring
coefficients for two rigidly held apart cylinders submerged

under a free surface

In order to calculate the hydrodynamic restoring coefficients, a reliable
solution for the steady velocity potential ¢ is required. In order to avoid several
numerical and theoretical problems which are still difficult to overcome at
moments, the infinite fluid solution, which is valid for a deeply submerged body,
is applied. The theoretical concept to derive mathematical expression of m-vector
contribution due to forward speed effect has been discussed in Chapter Five. In the
same way, it can be conveniently applied to develop theoretical formulation of
restoring forces due to forward speed effect of twin hulled marine vehicles in

incident waves.

The two rigidly held apart cylinders are composed of the left circular cylinder
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of radius " a " (referred to as cylinder L) and the right circular cylinder of radius " b
" (cylinder R), with a separation distance between both cylinder centres " ¢ " and an
angle of inclination " a ". These two cylinders of twin hulled marine vehicles are
assumed to move with forward speed U in the x direction as shown in Fig. 4.1.
The velocity potential of the two rigidly connected cylinder system is then

formulated as

05 = U(p" +9) (6.11)

The body boundary conditions, to be satisfied by velocity potentials ¢ and

R for both cylinders, are derived in the following form
¢

L R
%(%. =cos® , %L =0 oncylinderL (6.12a)
" _
R L
__aa(';’ =cos®’ , %‘E—; =0 oncylinderR (6.12b)

Physically ¢ describes the velocity potential, in which only cylinder L moves with
cylinder R at rest. Similarly @® is also for the velocity potential where only

cylinder R moves with cylinder L at rest.

In order to investigate in detail the hydrodynamic restoring forces due to the
forward speed effect of twin hulled marine vehicles in incident waves, a typical

complex potential is introduced as

i B

f(z)=- B w i:"e ia (6.13)
z—ce (re® —ce®)

where :

z=re® (6.13a)

Based on the polar coordinate system, the derivative expressions are written as
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0 d sin6 0
a—coseé;——;—-a—a (6.14a)
2 o ging 2 40500 (6.14b)

The first order derivatives of the complex velocity potential with respect to both x

and y coordinates can be obtained respectively as

3 e e cosp ] he® | sin0 [ —pe?
ax{f(z)}_cosear{(reie—cciu)} r ae{(re“’-ce‘“)

pePe® sinf| pePire®
= cos6 _
cos {(mie _ ceia)z} r {(reie _ cciu)z }

= —,“eLle_z-{cose - isin6}
(re® —ce™)
pe®
(reie _ ceia)2
c'i(ze-ﬂ)

(6.15)

and

B peem ol | —he® |, cos0 3 [ —pe?
% {f(z)} =sin® o {(rc‘e _Ceia)} T 3% {(re“’ -ce)

. pe®e® cos®| pePire®
=sin0
sin {(rcie _ ccia)z } + r {(rcie —ce®® )2 }

= F’:}c—igi—a—)y{sine +icos6}
re” —ce
ipe®
(reio —ce® )2
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ic-i(ze—ﬂ)

()

I

s a—i(26-B)
e
= (%)_1—7 (6.16)
a {l -yei@ ’}
where :
l 1 - wi(e—a)
1- ,Yei(u-e) - {1 _ ,Yei(u-e)}{l _ ,Ye-i(u-o)}
1 _ Yei(e-(l)
- 6.17
1-2ycos(6 —a)+7y? (617)
and
y= < (6.18)
a

Similar mathematical expressions mentioned above can be derived further by

[1-4 ) = {1-20'® 442} = C+iD (6.19)
where :

C=1-2ycos(6—a)+y2cos2(6 — ) (6.20a)
D = -2ysin(6 — ) +y2sin2(6 — 1) (6.20b)

The first order derivatives of this complex velocity potential is then described as

follows.

3f(z) _ ( n ) e ®P(C+iD)
*J{1-2ycos(0-a)+ 'yz}z
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=(_].1_)@*005(29—B)+I3*sin(29—[3) 621)

a’ {1 —2ycos(6—a)+ 72}2

() _ ( n ) ie”**P(C+iD)
dy a’ J{1-2ycos(8 - o) + 7 }2
' =(E_)—l'j"‘cos(29-[3)+(~3*sin(29-[3)
2 {1-2ycos(6-a)+ 72}2

(6.22)
a

For the two rigidly held apart cylinders, the strength of the doublet is

normalised by a2 and the image point can be considered as an infinite series in the

following form
s ) iy ’ iy

f(z)=—a22{ he B ia} (6.23)
Slz-ce® z-cle

The Eq. (6.19) can be written as

Ai(z) _< -uj{Cjcos(Ze-Bj)+ Djsin(ZG—Bj)} 628
9 =] +u;{C;cos(20 - B;) + Djsin(20 - B;)}

df(z) =2—},Lj{—Dj cos(20—[3j)+Cj sin(29—[3j)} 625)
9y i L+|.1; {—D; cos(26 -B; ) + Cg sin(29 -B; )}

where :

C;=F(r,) . D;=G(v) (6.262)

C;=F(r}) . Dj=Glr) (6.26)

2 k[cos k(6 - oc)]

r(r,)]__ &Y sink(o-a) o
G(v;)| {1-2y,cos(0-a)+v3}
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a, =1 ,a==2, a,=1 (6.27b)

Similarly the second order derivatives of the complex velocity potential with

both x and y coordinates are derived as

9 [9f(z)] _ 9*(2)
a_{ }_ (6.282)

ox ox?

d e sin® 9 pe
= cosf— - Z
ar{<>} r ae{(re*—cemf}

—2uePe® sin@ | —2pe®ire’®
= 4] - : -
cos {(rcie ccia)3} r [(rcne _ccua)3}

+{cos0 —isinB}

(I'C - CC )
_ —2pe®
(reie —ce'® )3

_(r e i(30-8)
- 2(r3 ) {l _Eei(a-O)}J
r
2 -i(30-B) {1 ye“°'“’}3
- T(a_z) {1 - ye"“"”} {1 yc‘“"“’}3

ei30-B) i(0-a)
- 2(m) fowe} 6285
a \a*/{1-2ycos(6-a)+ ‘yz}

and

Kl af(z)}_azf(z)
ay{ ox | dydx (6:292)

2 e’ cos® 9 pe®
_smear{( ceia)2}+ r ae[(rcie _ceia)Z
=sin® —2p.c‘”ei° , o0 -2pe®ire®

( 0 _ el )3 r (reio —ce® )3

{sin® +icos6}

(re® - ce™ )
_ 2uePe® [ i3
= —_(re“’ - )3 {e Ze e}
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—2ipe®
(reie _ Ceia)3
; ,—i(36-B)
= —2(%)i—
r

3
1_ i((l-O)}
-i i -a)]3
a
N
a

=E

Y

n |(3e p){l ,Ye,(e-a)} (6.29b)
> .
{l 2ycos(8 - o)+ y? }
and
0 [of(z)| _ o*f(z)
ay{ dy }- dy* (6302

0 ine® - cos® 9 ipe®
'S‘“ear{( )} r ae{(re“-cef“r
= sin® -2ipe®e® . gos8 —2.iue“’ir.e“’3

(re® —ce’ ) r|(re®-ce®)

nB i
= (zue—e);{cose —isin 6}

re®® —ce
2ue"5

ce®)’
JETE)
- ( ) 3
{1 .(u-e)}
_ ) M —1(30 B) Ye](O-q)}S
- ;(_2) .(a-e) {1 _ ,Yci(e-o.)}3

a

2nY e -i(30-B) 1 ,Ye.(e-m)}3
=== (6.30b)
a\a®/{1- Zycos(e a)+y}
Similarly the expressions mentioned above is rewritten as
{1 _ ,Yci(e-u)}3 =1- 3,Yei(9-a) + 3,Yzei2(e-a) _ Y3ei3(e-m)
=R+iS (6.31)
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where :
R=1-3ycos(0-a)+3y*cos2(0—a)-y cos3(8-a)  (6.32a)
§ = -3ysin(0 - ) + 3y’ sin2(6 — o) - ¥ sin 3(6 — ) (6.32b)

The mathematical expression for the second order derivatives of the complex

velocity potential is written as

Pi(z) _ ( u ) PR +i8)
Tox? a’ {1 2ycos(6-0)+ 'Yz}
=_(£)R*c08(39 B)+ S *sin(36 - B) (6.33)
a \a’ {1 -2ycos(6 - )+ 7’ }3 |
and
@) _ (l‘-) e iR +iS)
ayax a \a? {1 —2ycos(6-a)+ Yz}3
=__2(_}1_)—3*cos(39-B)+ﬁ*Sin(39'B) (6.34)
a \a {1-2ycos(6 - o) +7 }3 |
and
9f(z) _ 3(£\ PR +i5)
dy> al\a’ ){1—2~ycos(9—0t)+72}3 '
=E(£)ﬁ*cos(39-l3)+§*5in(3e'ﬁ) (6.35)
ala’)  {1-2ycos(0-a)+y’} |

For the two rigidly held apart cylinder system, the strength of the doublet is
normalised by a2 and the image point can be also presented as an infinite series in

the following form

B
f(z)——aZZ{ we | Wi } (6.36)

= z- ce z—- c'e"’l
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The mathematical description for the second order derivatives of the complex

velocity potential of twin hulled marine vehicles in waves is obtained as

f(z) 2%
aX2 - a j=0

and

*(z) -2
dyox a ,Zo'

and

I’f(z) 2
ay2 j=0

where :

lij =1-3y,cos(6 —a)+3Y; cos2(6 — ) - y; cos3(6 — )

R, cos(30 - Bj) +§; sin(39 -B,) ]
{1 -27y;cos(0-a)+7; }j

: ﬁ;cos(BG - Bj)+ §J'.sin(36 - B:)

: {1 -27]cos(6 —a)+ 7} }3

H;

~§,cos(30 - B;)+ R ;sin(30 - B;) ]
{1 —2y,cos(8-a)+ yj?}s
,—S;cos(30 - B7) + R;sin(36 - B)

i

" f1-2icos(@- o)+ v}

lijcos(39-Bj)+§jsin(30-Bj) ]
{1-2\(1.cos(e—oz)+yjf}3

, R;cos(36 - ij)+ §stin(39 - Bj)

. {1—27}cos(6—a)+y;2}3

i

S, =-3y,sin(6 - &) + 3y} sin2(6 - &) - v} sin3(6 - )

(6.37)

(6.38)

(6.39)

(6.40a)

(6.40Db)

R} =1-3y/cos(6 — o)+ 377 cos2(6 — o) - y}*cos3(B — ) (6.40c)

S} =-3y;sin(0 - o)+ 3y{*sin2(0 — &) - ¥}’ sin 3(0 — )
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Based on the above formulations, as shown in Egs. (6.37), (6.38) and
(6.39), the theoretical expression of the second order derivatives of the velocity
potential for cylinder L of the twin hulled marine vehicle due to forward speed

effect in incident waves is deduced as

5f(z) 2. |MilR;cos(30-B;)+S;sin(30-B;)]

o a i) 4yu:fR7cos(30 - B) + S;sin(30 - B;)} G4
and
'(z) _ 2 b;{ =8, cos(30 ~B;)+ R,sin(30 - B;)} (6.42)
9yox 2 5] +p;{-5;cos(30 - B;) + R;sin(30 - B;)}
and
Fe(z) _2< u;{R;cos(36-B;)+$;sin(30 - B, )} 645
9" 23| +u:fR;cos(30 - B;) + S;sin(36 - B;)}
where :
R;=M(y,) , S;=N(v)) (6.44a)
Rj=M(r) . §;=N(y) )
[M(yj)]_ ch[?:.i‘éi ] Z;] a0
N(v;)| {1-2y,cos(0-a)+7?} '
=1, ¢==3 , ¢,=3 , ¢,=-1 (6.45b)

Next the mathematical formulation of the second order derivatives of the
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velocity potential for cylinder R of twin hulled marine vehicles under combined
actions of wave and current is also derived. The necessary task to rewrite Egs.
(6.13) and (6.34) in the coordinate system with the origin at the centre of cylinder
R only. The positions to the doublet are ¢ —c; and ¢ —c] and it is sufficient if o is
replaced by (o — 1t). The axis of the doublet is the same as B, and B;, in other

words, the expression of ¥; and ] are replaced by §; and &.

Here all the relations are written as

c 1 1 1
8=5=ple=a)=—glr-m)=5(-) (6.462)
,_1y,
5=1(v-1) (6.46b)
E..—.l..&.—.(i)l(}i) 47
b* b b> \ea/e*\a (6472

1

For the € =1 case, it means that both left and right cylinders of the twin hulled

marine structure have identical diameters.

6.3.2 Summary of mathematical approach for numerical

computations

Here the detail of the mathematical expression of all the derivatives of
complex velocity potentials for both cylinder L and cylinder R of twin hulled
marine vehicle in incident waves are summarised. At first, the first order
derivatives of velocity potential for cylinder L of twin hulled offshore structure in

waves are expressed as
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1) _ 5 1,{V;cos(20- ;) + W;sin(20 - B, )} 618
% | +p;{Vicos(20 - ;) + Wisin(20 - )} '
3f(2)- ) i -u j{—Wj cos(29 -B j) +V, sin(26 -B ])} 6.49)
9 5| +ui{-W/cos(20 - By) + V;sin(20 - B}
where :
V,=F(y,) . W,=G(y)) (6.502)
V/=E(y]) . W/=G(Y)) (6.50b)
2 [cos k(8- a)]
| F(yj) ) gam sink(6 - at) 6.512)
G(Yj) {1-27jcos(6-a)+yf}2 '
a,=1 ,a=-2, a,=1 (6.51b)

Second order derivatives of the velocity potential for cylinder L of twin hulled

offshore structures in waves are also deduced as

o

j=

) 2% ,{R;cos(30 - 8,)+5;sin(30 - )} (6.52)
ox* a _+pjf {R; cos(39 - Bj) +8§; sin(39 - B;)}

990K a 123 1ur{-scos(30 - B))+ R;sin(30 - )}

<o

j=!

26t = | 1{-S,cos(30 - B,)+R sin(30 - B,
It -2 1-S;cos(30-B;)+ Rysin )}} (6.53)

aZf(z)L _ 28 uj{Rj COS(3e - BJ) + Sj sm(39 B Bj )} (6.54)
ayz a’y 'HI;{R; 005(39 - B:) + S; sin(39 - B;)} .
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R;=M(v;) , S;=N(v)) (6.55)

R{=M(y]) . S;=N(¥) (6.55b)

(6.56a)

I:M(yj)} {2 ) [:oft(g Z))]

N(‘Y,) 1-2y,cos(6 - a)+‘yj}
=1, ¢=-3, ¢,=3, ¢c;=-1 (6.56b)

Similarly the first order derivatives of the velocity potential for cylinder R of

twin hulled offshore structures in waves are also described as

af(z) 1 i p,.{chos(ZO—Bj)+Ujsin(29—[3j)} 6.5
€" 50| +u;{Tycos(20 - B;) + Ujsin(26 - B;)} '

af(z) _ iz $ 1,{~U; cos(20 ~B,) + Tysin(20- B, )} ] 6.5
i=0| +147{~ U} cos(20 - B;) + T/sin(20 - B;)}

where

T,=F5) . U,=G(3) (6.592)

T,=F(8) . U;=G(3)) (6.59b)

5,-=%=-%(c-cj)=-%(v-v,-)=%(Y,--Y) (6.602)

&= %('y]f -v) (6.60b)
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2 .| cosk(@-a)
[F(aj)]_ éaksi [sink(e—a)]

G(5,)| {1-28, cos(6—oa)+8j2}2 (©o1a)

]
3, =1 ,a=-2, a,=1 (6.61b)

Second order derivatives of the velocity potential for cylinder R of the twin

hulled offshore structure in waves are also deduced as

(2)} _ _1_(:2-) - |.LJ.{Pj cos(39 - |3,-) +Q; sin(39 - Bj)}
ox* &' \ae J3) 4ifpreos(30 - ;) + Q}sin(30 - B;)}
(6.62)

e _ 1 ( :2_)- [uj{-Q,.cos(w-Bj)+1>,.sin(3e—ﬁj)} }

oydx '\ ae /i) 4urf- Q7 cos(30 - B;) + P/sin(30 - ;)]
(6.63)
*(z)" 1 ( 2 )i ”j{P jcos(30 - B;) + Q;sin(36 - B,-)}
oy*  e*\ae)iq) vl preos(30 - B;) + Qjsin(30 - B;)}
(6.64)
where :
P, =M(3)) Q,;=N(3) (6.65a)
P/=M(5]) , Q=N(3) (6.65b)
3 cosk(6-a)
ehp
M(3,)] gf J[smk(e—a)] (6.660
N(Sj) {1 -28,cos(6 - o) + 8?}3
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=1, ¢,==3 , ¢,=3 , c,=-1 (6.66b)

6.4 Investigation of numerical computations

The theoretical formulation of hydrodynamic restoring forces acting on twin
hulled offshore structures in head and following waves by taking into consideration
effects of forward speed and interactions between two hulls is derived in detail.
The numerical accuracy of the damping coefficients is checked by direct pressure
integration over the body boundary contours and by energy flux consideration in
the infinite fluid. Nevertheless the accuracy of numerical solutions of the integral
equation is improved by increasing the numbers of discrete elements and images of

the dipoles.

Based on the direct Green function method, practical computations are carried
out by taking the dipole image as ten (N; =10) and the discrete element of left and
right cylinders as fifty (N; =N, =N, =50) on a twin hulled offshore structure
for submergence depth ratio d/a = 2.0, separation distance ratio c/a = 4.0, Froude
number Fn = 0.20 and no inclination in waves. The mathematical formulations of
the coupled and uncoupled restoring coefficients due to the forward speed effect for
the single cylinder and two cylinders cases in incident waves are derived
theoretically. The predicted results of these hydrodynamic restoring coefficients
due to forward speed effect (equivalent current effect) for the twin cylinder case by
numerical computations are compared with those for the single cylinder case by
analytical solutions and it is confirmed that both results for different separation

distance, inclination, depths of submergence match well as in Table 6.1.

It can be found that if the separation distance between two cylinders is kept
far away enough, computational discrepancies of hydrodynamic restoring
coefficients between the single and two cylinder cases are insignificant. It means
that the downstream cylinder is not influenced much by the flow field induced by
the upstream cylinder. For the effect of submerged depth, no difference for

different submerged depths can be easily realised for deeply submerged concept.
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For numerical investigation of practical computations, both theoretical
approaches are formulated to study motion responses of twin hulled ocean
structures with and without hydrodynamic restoring terms due to forward speed
effect under combined actions of wave and current and the detail of mathematical
model is introduced in Chapter Four. In head wave condition, relative errors of
damping coefficients for surge, heave and pitch modes show good agreement with
those from previous researches such as Varyani (1988) and Wu (1992) et al and
computed results lie within errors less than 0.1 % over the wave number range as
shown in Figs. 6.1 to 6.3. The comparison of the CPU time between both
approaches makes no much difference and is as in Fig. 6.4. The non-
dimensionalized motion amplitudes for surge, heave and pitch motions with and
without such restoring effects are as in Figs. 6.5 to 6.7. In particular slight
discrepancy of motion responses in the low frequency region may be due to

resonance.

' In following wave condition, the relative errors of damping coefficients for
surge, heave and pitch modes show good accuracy again and predicted results
show errors less than 0.1 % over the wave number range as in Figs. 6.8 to 6.10.
The CPU time calculated by the present approach shows a little bit more which is
due to numerical computations of such hydrodynamic restoring forces due to
forward speed effect and compared results are presented as in Fig. 6.11. The non-
dimensionalized motion amplitudes for surge, heave and pitch motions with and
without such restoring effects are as in Figs. 6.12 to 6.14. The restoring forces
together with inertial forces due to mass and acceleration produce natural
frequencies of those modes of motions. If the frequency of the wave excitation
force is close to the natural frequency, the resonance occurs and it leads to
significant influence of motions. Thus the slight discrepancy of motion responses
at the low frequency region is similarly happened and it is confirmed that it is due

to resonance.

6.5 Parametric studies and discussions
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A parametric study is performed to investigate low frequency motion
responses due to forward speed effect on twin hulled offshore vehicles for different
submerged depths, Froude number, separation distance and inclinations in head

and following waves. The detail results are categorised into two groups as follows.
(A) Inhead wave condition :
(a) For different Froude numbers :

The predicted results of motion responses for surge, heave and pitch
amplitudes on twin hulled marine vehicles are as in Figs. 6.15 to 6.17 for different
Froude numbers. Apparently if forward speed is getting higher, the peaks of
dynamic motion rcSponses in surge and heave modes after ka = 0.60 decrease

dramatically and critical peaks also decrease and shift slightly.
(b) For different submergence depths :

Calculations of motion responses on twin hulled marine vehicles for surge,
heave and pitch amplitudes are as in Figs. 6.18 to 6.20 for different submergence
depths. Calculated results of dynamic motion amplitudes in surge, heave and pitch
modes for deeper submergence ratio d/a = 4.0 show decreasing tendencies over the
wave frequency range. Particularly the significant discrepancy of the critical peak in
pitch motion may be due to hydrodynamic contributions from damping and

restoring coefficients as discussed in Chapter Four.
(c) For different separation distances :

Predicted results of motion responses on twin hulled marine vehicles for.
Surge, heave and pitch motion amplitudes are as in Figs. 6.21 to 6.23 for different
separation distances. The discrepancies of the dynamic motion behaviour in surge,
heave and pitch modes are clearly affected by the separation distance and when

dynamic motion responses approach to zero point, it is clear that the wave
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excitation forces acting on twin hulled offshore structures are compensated

altogether.

(d) For different inclinations :

Calculated results of motion responses on twin hulled marine vehicles for
surge, heave and pitch modes are as in Figs. 6.24 to 6.26 for different inclinations
and numerical results show slight discrepancies. It is clear that the inclination is not
significant enough to affect the hydrodynamic performance on submerged

geometries of twin hulled offshore structures in waves.

(B) Infollowing wave condition :

(a) For different Froude numbers :

The predicted results of motion responses on twin hulled marine vehicles for
surge, heave and pitch modes are as in Figs. 6.27 to 6.29. If forward speed
increases, the peaks of the dynamic motion responses in surge and heave modes
when ka value is greater than 0.60 decrease dramatically and critical peaks also
decrease and shift slightly. Particularly as Fn = 0.2 or 0.4, larger dynamic
amplitude in pitch motion is noticed. In fact, it is noticed that the motion behaviour

in following waves is rather different from that of head waves

(b) For different submergence depths :

Dynamic motion responses of twin hulled marine vehicles for surge, heave
and pitch modes are as in Figs. 6.30 to 6.32 for different submergence depths.
Calculations of motion amplitudes in surge, heave and pitch modes have significant
peak at very low frequency point within ka = 0.40 and for deeper submergence of
d/a = 4.0, they show decreasing tendencies with smaller amplitude over the wave
frequency range. For deeper submergence depth, motion responses in surge and
heave modes approach zero when wave number ka value is greater than 0.7 and

pitch response has similar tendency at ka = 1.5. Particularly the discrepancy of the
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critical peak in pitch motion may be affected by damping and restoring

contributions and it is clear that the submergence depth effect is important.

(c) For different separation distances :

The predicted results of motion responses on twin hulled marine vehicles for
surge, heave and pitch modes are as in Figs. 6.33 to 6.35 for different separation
distances. The discrepancies of dynamic motion responses in surge, heave and
pitch modes are due to the separation distance effect. When dynamic motion
responses approach zero, the wave excitation forces acting on twin hulled offshore
structures are compensated altogether and the detailed description of this
hydrodynamic behaviour is discussed in Chapter Four. Calculated results for
deeper submergence are presented for technical reference as in Figs. 6.36 to 6.38.
For larger separation distance of c/a = 6.0, pitch motion responses in following
waves show more significant magnitude than those in head waves at low frequency

range within wave number ka = 0.4.

(d) For different inclinations :

Calculated results of motion responses on twin hulled marine vehicles for
surge, heave and pitch modes are as in Figs. 6.39 to 6.41 for different inclinations.
The predicted results show slight discrepancies for different inclinations.
Calculated results for deeper submergence of d/a = 4.0, show the cross effect
between submergence and separation distance as in Figs. 6.42 to 6.44. Similarly it
is noticed that the inclination is not effective enough to dominate the hydrodynamic

behaviour on submerged geometries of twin hulled marine structures in waves.

6.6 Conclusions

In principal, the mathematical formulation of the hydrodynamic restoring

forces due to forward speed effect is theoretically derived for the two rigidly held
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apart cylinders. The analytical solutions of such restoring coefficients due to
forward speed effect for the single submerged cylinder are also worked out to

confirm numerical computations of the two cylinder case.

Dynamic motion responses of twin hulled offshore structures in head and
following waves are investigated by taking into consideration hydrodynamic
restoring forces due to the effects of forward speed and interactions between two
hulls and calculated results are compared. The non-dimensionalized motion
amplitudes in surge, heave and pitch motions with and without such restoring
forces due to effects of forward speed and interactions between two hulls are
compared and discussed. In particular a slight discrepancy of motion responses by
both theoretical approaches in the low frequency range may be due to resonance.
The numerical accuracy of the damping coefficients checked by direct pressure
integration and energy conservation relation is well satisfied and with errors less

than 0.1 % in general.

A theoretical approach to predict dynamic motion responses of an inclined
offshore structure in head waves with the hydrodynamic restoring terms due to
forward speed effect has been proposed and is extended to calculate the dynamic
motion responses in following waves. It is found that the hydrodynamic behaviour
in following waves is more significant than in head waves. Such hydrodynamic
restoring forces together with inertial forces due to mass and acceleration effects
produce natural frequencies of those modes of dynamic motions. If the frequency
of the wave excitation force is close to the natural frequency, the resonance occurs
and it leads to large magnitude of motion. It is noted that the large amplitude of
dynamic motions experienced by twin hulled offshore structures in low frequency

range is due to the resonance.
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CHAPTER 7
SECOND ORDER HYDRODYNAMIC FORCES

7.1 General description

When the body is moving into incident waves at a constant forward speed but
not restrained in its oscillatory motions, the flow field surrounding the body may
be described by the velocity potential in Eq. (2.2). §¢'* is the j mode motion of
the body which can be obtained by solving the equations of motions in Eq. (4.18).
In this situation the excess steady horizontal force acts on the body over the steady
force which would act if it should move under a calm water. This excess force is of
the second order with respect to the magnitude of the unsteady flow and is called as
the added resistance of ships and the second order horizontal force for offshore

structures.

In fact the second order velocity potentials satisfying the second order free
surface condition and the second order body boundary condition have to be
involved in numerical computations of second order hydrodynamic forces in
general. However second order velocity potentials contain no steady part and in
this case, only the square terms of the first order velocity potential presented in

previous chapters contribute to second order steady forces (Ogilvie 1963).

The second order steady force acting in the horizontal direction can be
calculated by the momentum flux concept, particularly evaluated far away, of the
waves generated by the body. The average over a period of the momentum flux in
the x direction through a vertical plane at the x position is expressed by the integral

as
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od
I = no[P+p(a ) ]dy (7.1)

where 1, is the wave depression including the steady as well as unsteady parts. By

Bernoulli's equation, the mathematical expression of hydrodynamic pressure P is

written as
P= —p[%‘-’l + ;VQVQ— gy}+%pU2 (7.2)

After substituting the expression in Eq. (2.2) for velocity potential ® into Eq.
(7.1), the terms associated only with respect to the steady velocity potential @ are
excluded, as the excess steady force over the steady force due to the steady velocity

potential ¢4 are concerned here. Then the momentum flux can be written as

L= [P +pa—¢£(a%“ - U)]dy ~pUm, (1.3)

where the unsteady velocity potential including the time factor is denoted by

¢, =Re (q) ei‘") as in Chapter Four. { is the unsteady part of the wave depression
which is given as in Eq. (4.23).

The hydrodynamic pressure of Eq. (7.3) must be the contribution associated

with ¢, and written as

= | (9 _ 9% -
P= p[( U )+ Vo, Vo, gy:| (7.4)

m, in the last term of Eq. (7.3) is the average of the mass flux through the vertical
plane at x position. Since this term does not contribute to second order forces as
mentioned later, the term of pUm, is suppressed hereafter from the expression for

the momentum flux I,.
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Now the mean value of the above integral of the momentum flux with the
expression for ¢, and {,, is evaluated. It should be noted that ¢, and {, and all its
derivatives have zero mean values. In all the following computations, the second

order terms with respect to ¢, are the only quantities required. I, is then written as

-[(90,F 1,0, v T
L =p[; (3; -5(v9.) }dy+pjca[—3t—+gy]dy

- (30, Y _(30.) L(aq»u am) (aq»u a¢)
Pfo[ ax) [ay)]dY+2g ot Vax) Lo TV

(1.5)

The formula in Eq. (4.24) is used for transforming Eq. (7.5) into the

expression in term of the velocity potential ¢, then the final expression is written as

_D(r|030" 2030 22030
_4'[0 {ax ox dy dy }d e { w9~ ox ox }y=o

(7.6)

7.2 Description of second order horizontal forces in head waves

When incident waves are coming from ahead of the body (in head waves)
with the encounter frequency ®, the velocity potential ¢ far upstream x = +oco is
the sum of the velocity potential (gA/ i, )p, of the incident waves of the amplitude
A and the velocity potential ¢, of the k,- wave of the amplitude A, where T is
smaller than 0.25 (referred to Eq. 2.42).

¢ A ’ -k‘yﬂk,x _ ‘ -k,y—lk,x—nﬁz

-k4y+|k‘x-|- e'kz)“ ,x-i8; (7.7)

(o—k4U (o+kU

It should be noted that the wave number of the incident waves coincides with

the wave number k, described by (2.37) at the encounter frequency ® in the head
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wave conditions. As described in Chapter Two, the body moving at constant speed
U in incident waves with encounter frequency ® have one of the wave numbers
k,, k,, k, and k, necessarily. Only the k,- wave is in the head wave. The second
order line of Eq. (7.7) is obtained from the definition (2.37) of the wave numbers
k,(1=1,2,3,4).

By substituting Eq. (7.7) into Eq. (7.6), the momentum flux I_ at far ahead
of the body can be described as

I =_1_pg A2m+k“U+A22 w-k,U
4 o-k,U w+k,U

pgAA, [ kk, 1

——{(? 2 =
(0+kU)0-kU) |k, -k, 2(co +U k2k4)}cos{(k2+k4)x+52 2}

(7.8)

The cross terms of the incident waves and the k,- wave in Eq. (7.8) are
proved to be zero as follows and the reciprocals of k, are easily obtained from their
definitions in Eq. (2.37) as

1 _ g - . 1
k_j-zo)’ {1—21+Vl—4t} _]—(2) (7.9)
i=—§-{1+21-T-«,/1+41} 1= 3 (7.10)
k, 20’ 4

Such mathematical relations can be combined to obtain

kk; 2
g| — —U—klk. —lm2=——-l—{2g—U2(k1+kj)}-lm2=
k+k, 2g ') 2 (1 1) 2
2 —+—
1 j

and the cross terms of Eq. (7.8) are zero.
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Finally the momentum flux I_ in far upstream can be written as

- lpg A2 0)+k4U+A22 w—sz
4 o-k,U 0+k,U
1
4

= L og{ APNTH AT + A,IVT= 1) (7.12)

The velocity potential ¢ far downstream x = —co is the sum of the velocity

potentials ¢,, ¢, and ¢, of the k,-, k,- and k,- waves as presented in Eq. (2.42).
Their amplitudes are defined to be A;, A, and A, respectively. The k,-

wave includes the incident waves as well as the waves generated by the body ; A,

includes A as its component.

=-A, _g_e-k,y-ik,x-is, - A, _ge-k,yﬁk,ma, ~A, _g_e-k‘ym.ma.
\J k
1

k, k,
= __&e-k;y-ik.x-is, +g_‘A3e"k3Y"‘ik3“i83 _&e-k,yﬂk.ni&,
o+kU o-k,U o-k,U
(7.13)

With this expression substituted into Eq. (7.6), the momentum flux I__ far

downstream is written as

A42 )2 (w‘.’ _ U2k42)

(0-k,U

= lpg __A,z_z(mz -Uzklz) +L’2—,(m2 - U’k,’) +
47" (m+k,U) (w-k,U)

A A, I kky, 12 2 *

(0 +k,U)(w - k,U) Ig k, -k, 2( +U klks)} COS{(kl +ky)x+8, + 83}
AA, I kki 1., -0 .

PE (@+KU) 0-KU)|°k -k, 2( +U k1k4)} cos{(k, +k,)x + 8, +8,}

1 AA,
2 (0-k,U)f0-k,U)

(0 - Uk k,)* cos{(k, — k,)x +8, -3, }

(7.14)

The cross terms associated with A /A; and A A, are once again zero and

using the relation of Eq. (7.11). Another cross term in Eq.(7.14) is also zero since
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the following relation is valid from the definition of k, and k,.

2

UK.k, = 4gU ~47% = @’ (7.15)

The momentum flux over a period going outward through the surfaces at
X =+o0 and x =—eo, the body surface and the free surface enclosing a fluid
domain must be zero. Accordingly as the momentum flux across the free surface is
zero, the second order force F, acting upon the body into the x direction can be

expressed as

E=I_-1I,. (7.16)

In deriving this expression, the mass flux term pUm, does not contribute to
the solutions, because the mass flux appears in both I__ and I,_ are equal in

magnitude to satisfy the continuity equation in the fluid domain.
For further simplification of Eq. (7.16), the principle of energy conservation
is applied. By substituting Eq. (7.7) into Eq. (4.25), the mean of the energy flux

R,. across the vertical plane at x = +oo, in almost identical manner to obtain Eq.

(7.12), can be written as
2 2
R,. =—lpg —A—Vl+4t +—1-pg(o Ay 1-41 (7.17)
4 k, 4 k,

The energy flux R__ through the vertical plane at x = —o0 is derived in the

same way as

2 2 2
R_=—PBA® g77  PBA® gomm PBAJO goTm
4K, 4k, 4k,

(7.18)

In the case of freely oscillating body in waves, no work is done by the body
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against the fluid because no external force acts on the body except for the force,
which does no work, keeping its mean position steadily in the fluid flow. It means

that R,_ —R__ is zero and then the following relation is written

2 2 Alz AZ2 A32
(A7 - A*W1+4t =k, T J1-4z+k4T 1+41
3

1 2

(7.19)

Based on this relation, the expression of Eq. (7.16) for the second order horizontal

force F, can be simplified as

= 1 k k k
=—= 1+ =4 A2+ 1+ A2 b1-41+|1-—2 |A 241+ 41
1 40{{( kl )Al ( k2 )A- } ( ks] 3

(7.20)

This expression clearly shows that the second order horizontal force F, acts
necessarily in the negative direction, in other words, the steady second order
horizontal force in head waves is always resistance. If the k;- and k,- waves do
not exist for T larger than 0.25, the expression for this steady force F, by setting

A, and A, equal to zero.

Non-dimensionalized second order horizontal force (similar to the added
resistance for ships) in head waves is written in terms of the Kochin functions of

velocity potentials ¢ except incident waves as

Ro __-F
T o Lo
SPBA”  —pgA 2
e A2 . 2 -
:.1. .IH_(kll 1+£L +M 1+ﬁ +w ﬁ_l
2| V1-41 k, 1-41 k, ] 1+4t(k,

(7.21)
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7.3 Description of second order horizontal forces in following

waves

The wave number of the following waves at encounter frequency ® should
be identical to one of these wave numbers k;, k, and k,. When it coincides with a
wave number k, or k,, the following waves pass the structure ahead. This is the
case that the phase speed C of the waves is higher than the body translating speed
U. The phase speed of the following wave with the wave number k, is lower than
the forward speed U and the waves in this case appear to propagate to the negative

x direction from an observer fixed to the structure.

The mathematical expressions for the second order horizontal forces in

following waves with each wave number are systematically described as follows.

(1) For wave number k =k (%3%51) :

The velocity potential ¢ at x = +eo, far ahead of the structure, is expressed as

¢ = gA e—k,y—ik,x—i-;z _ gAz e—k:y-ikzx—iﬁz
w+k,U w+k,U

(7.22)

where the first term represents the following incident wave and the second one the
disturbance. Apparently t is smaller than 0.25 when the wave number of the

following wave happens to agree with the wave number k;.

In almost the same way, as Eq. (7.14) was derived, the momentum flux at

X = 400 can be written as

I =—l-pg A? w-kU +A2 w-k,U
o+kU w+k,U

4
- %pg(A; - AI=41 | (7.23)
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For far downstream case, the velocity potential has the same form as Eq.
(7.13) excepting that A, instead of A, includes the incident waves of amplitude A.

Therefore the momentum flux at x = —oo is written by the same expression as Eq.
(7.14).

Then the mean second order horizontal force acting on the body can be

written as

F=1_-1I

-0 +oe

=—%pg[(A12+A22—A2) =41 +(A} — A WI+4T] (7.24)

By the principal of energy conservation, the following relation similar to Eq.
(7.19) can be obtained as

-A2 2 2
(A2~ A W1-41 = -k{—"‘—3-+A—4)«/1+4x -k, A ioaw

3 4 kz

(7.25)

When this relation is substituted into Eq. (7.24), a little more simplified

expression for this second order force F, can be expressed as
F = 1 kl 2 _ _ 51_ 2 kl 2
F ==pgl| —L-1[A2V1-41+{~ 1+ A2 +]|1+L |A W1+41
4 k2 k3 k4
(7.26)

Then the normalized second order horizontal force can be described in terms

of the Kochin functions as

184



<

(2). For wave numberk =kj (0 < ):

nlc

1
2

The final expressions of this second order horizontal force F, for the
following cases are systematically expressed here to avoid the mathematical
repetition since the derivation of the second order horizontal force is principally

similar to that for the case of (1).

E:—-l-pg 1-X AlN1-41+ 1+X Al- 1+% Al WT+41
4 k, : ks k,

(7.28)
and
_ + 2 _ 2 _ 2
1 (k) (ﬁ _ )+|H (ks) [1+k3] [H (k) (1+k_4J
%pgAz 2| V1-41 (k, 1+41 k, 1+41 k,

(3). For wave numberk = k3 (% 21):

The theoretical expressions of the second order horizontal force in following

waves for this case are also written as follows.

F= -%pg{{(l+%’-)Alz +(1 +%)A22 }/\/1 - 41 +(%— l)A42\/l+4t:|
1 2 4

(7.30)
and
- . 2 . 2 - 2
F‘ =l IH_(k‘l 1+£ +w 1+E2_ +|EM_ 1-&
_l_pgAz 2| V1-41 k, 1-41 k, ] 1+41 k,
2
(7.31)
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It should be noted that in this case T can be either larger or smaller than 0.25.
When 1 is larger than 0.25, both A, and A, in Eq. (7.30), the first and second
terms of Eq. (7.31) should be ignored.

7.4 Theoretical formulation of second order hydrodynamic forces

In principal, the theoretical prediction of such second order forces acting on
twin hulled offshore structures in both horizontal and vertical directions by direct
pressure integration over the body boundary contours is rather difficult to calculate
from mathematical expressions. Referring to the far field approach proposed by
Lee and Newman (1971) for the zero speed problem, the momentum flux across
the bottom part of the fluid domain must be calculated to obtain the second order
vertical force acting on the structure, but this is not easier than the direct evaluation
of the hydrodynamic pressure over the body surface. Moreover several practical
formulae to predict second order vertical forces on the single submerged body in a
calm wave proposed by Ogilvie (1963), Goodman (1965), Lee-Newman (1971),
Numata (1978), Morrall (1978) and Atlar (1986) are also summarized in Appendix
C. Here based on the near field concept, steady second order forces are computed
by direct pressure integration over body boundary contours and the numerical
algorithm for the prediction of second order horizontal and vertical forces on the
structure, moving with a specific forward speed in incident waves but with its

oscillatory motions suppressed, is completely formulated.

Here there is no radiation wave and the unsteady velocity potential
%, = Rc(¢ci“") are described as the summation of velocity potentials of incident
waves and diffraction waves. The major efforts are concentrated on the excess
forces over those due to steady velocity potential ¢ and the second order pressure
with respect to velocity potential ¢ contributing to second order forces. Then the
theoretical formulation of second order horizontal and vertical forces and clockwise
pitch moments around the origin of the coordinate system Oxy by direct pressure

integration over body boundary contours are derived in detail as follows.
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where j = 1 signifies the force into the x direction, j = 2 for the force into the y

direction and j = 3 the moment.

The sum of incident wave potential (gA/iw,)p, of amplitude A and
diffraction wave potential (gA/iw, )(pD is substituted into velocity potential ¢ of
Eq. (7.32), then the mathematical expression for the steady second order forces on

the structure under the combined action of wave and current can be written as

= _ pgAz a . a . . a a . *
F = o jsﬂ[a—x((Pr"'(PD)&(‘Pl +¢p )‘*“a;((Px"'(PD)a_y((Pl +¢o )]nids

(7.33)

The expression of Eq. (7.33) looks simple, but in order to evaluate this
integral, detail mathematical orthogonal properties are required to be used for

numerical computation purposes.

7.5 Description of steady tilt moments due to steady second order

forces

Here the detail formulation of steady tilt moments due to second order
horizontal and vertical forces on twin hulled offshore structures under the
combined action of wave and current will be completely derived by direct pressure
integration over body boundary contours. At first as an example, the theoretical
formulation of the second order horizontal forces acting on the structure is written

as
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=-Is"[ B2y, )+PnXJdl (.34

and the hydrodynamic pressure acting on the surface of the structure is written as

P=- pli92 - Ua—(I> +—= VQVQ] (7.35)
ox ax

The mathematical expression of this second order horizontal force can then be

derived as

= od od a(b ad’ od 1
——[ |p222_ -2 92 . —ioveven, la
E j [ dx on PUS ax P ox i, +pU ox s 2p ‘:|d

(7.36)

By neglecting all the first order terms, the final expression of the second
order steady forces is detailedly derived as follows.

= dbID 1
F=-[, [ = E-l--EpV(bV(bnx]dl (7.37)

-—J- -E-)ga;on +_82n -2 (a¢)+ 822 n, (dl
= s,,pax ax 2Ty x) oy ) [™

. W I p (arb) NE AN
— s pax ox pax ay ox oy *

pa<1>aq> p(a¢a¢ 2" a¢] ]
T——n, += y

29x ox 9x dy ox dy

p{E)(b od" 9D oD }
-= + n

="Js.,

| 4|ox ox a—y ay
[ [sR3, o020 aw0), pieaw, }n
s"_48x ox ox dy ox dy /' 49y dy ©
__pEA [9‘1’3‘1’ L A L ]m
4 o, ox ox ox dy ' ox dy ' dy 9y

(7.38)

and the non-dimensionalized form of the second order horizontal force acting on
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the structure is described as
F, 1

- 0P 0P’
%F’gA2 2y 7 "

ad>8<b'n +§?8¢'n +8<I>'a(bn
ox ox *© ox dy ' ox oy '’

nJo

dy dy

(7.39)

In the same way, the generalized expression of the second order horizontal

and vertical forces acting on the structure is expressed as follows.

F=—[Pngd (7.40)

p —

== [s v¢v¢n dl

_pq [(2eY ()

—2'[5"':(87() +(ay) .idl
p 99 39" 99 d¢’

==R — 4 —L——In. .
4 e-[S“(ax ox +ay oy nydl (7.41)

The sum of the incident wave potential (gA/imo)(p, and diffraction wave
potential (gA/i(:L)0 )(pD is substituted into the velocity potential ¢ of Eq. (7.41). The
mathematical expression for the steady second order forces acting on the structure

at a constant forward speed in incident waves is rewritten as

(a(PD +a(P1) 00, +a(P[’) ]
p ox Jdx A\ oJx ox
F=LERefs, o ha (7.42)
4 {99 90 (905", 99,
| \dy ooy A\ oy oy /]
-(a‘PD +a¢[)(aq>n. +a¢l‘) ]
2p2 ) ) ) 0
F=lREA [ VK ASC T a4
4 + a(PD+a(pl 99y +a(P1
| \dy dy A\ dy dy )

and the non-dimensionalized form of the second order forces is written as
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(8% L9, )(3%' N 8%')

F, 1 ox dx A ox ox
—— =512_Js" ) nd (7.49)
EPgA 0 + 99y + 99, | 99 + 29,
dy dy A\ dy 9y
where :
o = Bl - B i) _BA (7.45)
10 10 10
o =-ER et = A it _ER o (7.46)
10 10 10
A
0o =S-0p (7.47)
. gA . '
=_82 7.48
¢D i(o (pD ( )

All the derivatives of incident wave potential is then expressed as follows.

901 _ 4oy omklri) (7.49)
X
90 _ _yek®i) (7.50)
dy
LTS " (7.51)
X
0P _ _peklrn) (7.52)
dy

Here the formulation of second order horizontal and vertical forces acting on
the left body of the twin hulled marine vehicle taking into consideration the effects

of forward speed and interactions between two hulls are presented as
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r(aq’o +a‘Px a(PD..'_a(PI.
F" 1 J. ox Jdx A dx  dx
5L Js . .
Zpga’ 2ko* | (3, 39, Y39y do,
2 | \dy dy A\ dy oy
where :
G =0+
¢p = (PDL +‘PDR

!

)

ndl (for j=1,2)

(7.53)

(7.54)

(7.55)

Here the derivatives of the incident velocity potential with respect to both

horizontal and vertical directions for left and right bodies of twin hulled marine

vehicles are written as follows.

99, _ 99"  99,°
ox  ox ox

09, _ o, + o,

dy dy 9y
a(pl. = a(PI.L + a‘Pl.R
ox ox ox
99, - a(PI.L + dp,
oy dy - 9y

(7.56)

(7.57)

(7.58)

(7.59)

and similarly the diffraction velocity potential is obtained as

99p _ oy + 9"

ox ox ox

9Py = oy + opp"

dy 9y dy
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39, _ g, 3,

o2, 20 .60
L4 'L 'R

a§; =a‘g*; +a‘g; (7.63)

In principal, the theoretical formulation of the diffracted wave potential for the

body is derived as follows.

¢=-2Is,,( = aan)Td (7.64)
2j Tds+2j ¢-——Tds
=-2[, g—des+2I sﬂq>é-sUds

=2/, a—¢Tds+2¢j du

=-2fs, ¢Tds+2q>U|’“ (1.65)
where :
9T _du
=4 7.66
on  ds .

In compliance with the relations between both velocity potential and stream

function in the fluid flow, the equations are written as follows.

dx _ dy _dx __dy

=2 L 7.67

dn ds dG dy (7.67)
and

96 4o = W g5 = ay (7.68)
dn ds

The relation can then be obtained as
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4G _dv

T = .CH (7.69)
and
d(g dn=dy (7.70)

All the derivatives in the equation of the diffracted wave potential are
completely worked out and detailedly described as follows. The derivative of the
diffracted wave potential in terms of the Green function with respect to the x

direction is written as

(x=8)  (x=§)
729G __1|(x=8)+(y-n)" (x-§ +(y+ny
oox 2m| K (-i) K, (i)
zk—_—{ks kSz}+(—3——5{ks kS}d

(7.71)

The derivative of the diffracted wave potential in terms of the Green function

with respect to the y direction is also written as

(y=m)  (y-m)
3G 1|(x-&) +(-n) (x-& +(y+n)
’ ay 2K+Ko('l)

L (kl "kz)

— 1k, S, —k sz}+(——l)){ks -k.S,}

(7.72)

In the same way, the second order derivative of the wave diffraction potential

with respect to the x direction is also derived as
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[x-8)'+y-n)  ox-gp
(=7 + =] [x-&f + -]
ar, 1| (==& o+ x-gy
ax “2n [(x - §)2 + (y + 1])2]2 [(X - §)2 (y + n)z]z

L Ko(=i)(=ik) Ko (i)(ik)
(k, - k;) U ks}+(3 ){ks TS
1 L 2Ax-¥)
(=& +(=1)" [(x-E}+(y-n)]
__1| 1 _x-¢)
2 | (- B + ) [(x=2) + (yn)]
+(Ilf(;<) ks, k32}+(K3( k)){ks -k,S,}

(7.73)

Finally these expression are detailedly presented as follows.

g (53 g’{ s s e e = ")]
Y% '[(xi )‘M"(ﬁig)-z(x-a)’[ [(fj_*"’ T ‘x-g)m-n(i_g)”

(kK"k)g :;{ks S e LS )E B{ks kS.)
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-
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. (7.74)

+_____
| (k -k,)

k,)

By the mathematical technique of the coordinate transformation, the

expression is rewritten as

[ (y n) (y+m)
dT, 4oL [( +y=] [x-8f+(+n)]
dg 2
(k k ){k S, -k Sz} %}{ksss_kazsa}
(y n) (Y"'Tl)
IR | ROz M SOy
2 f(kik—-{k S, —k,S, }+m{k383-—k454}— |
(7.75)
Similarly the following equation is also obtained as
i (x—é) .\ (x—a) 2
g g | CEERITELTS I CER A
dg 2w x)K
+(k—k—{k S, —k, Sz}+(3———){k 1S3 — k.S, }
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(-8 ,  (x=f
L {x-8 +-n)] [(x-&) +(y+n)]

2n K,
+i| =———{k,S, = k,S, { —
| gtk

(k—ali"k—“){kgs3 - k484}]

| (7.76)

In order to make such theoretical derivations possible, certain mathematical

formulae for function derivatives and integrations are also summarized here as

follows.

d(%) - vdu\; udv 777
J xzd:az = %tan" 2 - (7.78)
'[ (x? ixaz )2 - 2a2(x§ +a’) * 2:13 ta“-lg (7!79)

Finally total second order horizontal and vertical forces and steady tilt
moments due to second order horizontal and vertical forces, taking into
consideration the effects of forward speed (equivalent current speed) and

interactions between two hulls, are written as follows.
R;=R'+Rf (for j=1,2) (7.80)

R; ={R,"(Icosat) - R,"(Isina) - R,*(Icosar) + R * (Isin )}
(for j=3) (7.81)

and the non-dimensionalized expression of the steady tilt moments due to both

second order horizontal and vertical forces acting on the left and right bodies of the

twin hulled offshore structure is written as
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R3
lp A%l
P8

{(R," -R;*)coso - (R," —R,*)sina} (7.82)

where :

o is the inclining angle of the two rigidly held apart bodies system. The non-

dimensionalized second order horizontal and vertical forces are respectively written

as

R, =7 d . (7.83)
—pgA
ng

R, =1 3! | (1.84)
-2-pgA2

7.6 Investigation of numerical computations

The numerical accuracy of the second order hydrodynamic problems for twin
hulled offshore structures is achieved by analytically solving the logarithmic part of
the Green function. For the twin cylinders case as shown in Fig. 4.1, the detail of
both numerical techniques, the discrete source distribution method and direct Green
function approach, to solve the classical integral equation and analytical solution of

the logarithmic part of the Green function will be discussed in Chapter Eight.

By solving the diffraction velocity potential, the second order horizontal and
vertical forces acting on twin hulled offshore structures are predicted by direct
pressure integration over the body boundary contours exactly. For the second order
force in horizontal direction, theoretical formulations of both direct pressure
integration (near field approach) and momentum flux consideration in terms of the
Kochin functions (far field approach) are derived in detail and calculated results are

also compared to confirm numerical accuracy. For the second order vertical force in
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the vertical direction, comparison studies of both theoretical methods such as the
direct pressure integration and Lee-Newman (1971) approach for the non-forward

speed case are carried out to check numerical computations.

Numerical computations in Table 7.1 and 7.2 are for a twin hulled offshore
structure model with submergence depth ratio d/a = 2.0, separation distance ratio
c¢/a = 4.0, no tilt in head waves and for different Froude numbers. The
computations were performed by taking the image number as ten (10) and
discretized element number of both left and right cylinders as fifty (50). Numerical
results of second order horizontal forces by both theoretical near field and far field
approaches are compared and good agreement are also obtained as indicated in
Table 7.1. The second order horizontal forces are of very small magnitude and are
found not to make much difference, so the accuracy of numerical solutions is quite

satisfactory.

As for the second order vertical forces, the numerical results of second order
vertical forces, proposed by Lee-Newman (1971), on twin hulled marine structures
with submergence depth ratio d/a = 2.0, separation distance ratio c/a = 4.0 and no
tilt in a calm water are detailedly presented in Fig. 7.1 and the detail mathematical
model to calculate such second order vertical forces is also described in Appendix
C. The numerical accuracy check of the second order vertical forces by both
theoretical approaches is performed for two different submergence depth ratio, i.e.
d/a = 2.0 and 4.0 respectively. Here the CPU time for both computations is
compared as in Fig. 7.2 and calculated results for accuracy check confirm
reasonable agreement as in Figs. 7.3 and 7.4. Slight discrepancies as in Table 7.2
are due to the fact that Lee-Newman (1971) approach does not take into
consideration the effects of forward speed and interactions between two submerged
hulls.

7.7 Parametric studies and discussions
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The parametric studies are performed for different Froude numbers
(equivalent current speed), submerged depths, separation distances and inclinations
to predict second order horizontal and vertical forces and steady tilt moment due to
second order forces on twin hulled marine structures in head and following waves.

The detail results are classified into two main categories as follows.
(A) Inhead wave condition :
(a) For different Froude numbers :

The calculated results of the non-dimensionalized second order horizontal and
vertical forces and steady tilt moments due to these steady forces are detailedly
presented in Tables 7.1 to 7.3 and those of second order vertical forces are
presented in Fig. 7.5. In numerical computations, predicted results show no much
difference over the frequency range and results of second order horizontal and

vertical forces by both theoretical approaches are also compared.
(b) For different submergence depths :

The predictions of second order vertical forces are as in Fig. 7.6 and large
discrepancies confirm the significant effect of the submergence depth. The
calculated results of non-dimensionalized second order horizontal and vertical
forces and steady tilt moments are detailedly indicated in Tables 7.4 to 7.6. In
computaiions, all calculated results show that the magnitude of the second order

force is clearly decreased for deeper immersions.

(c) For different separation distances :

Numerical results of non-dimensionalized second order horizontal and
vertical forces and steady tilt moments due to these steady forces are detailedly

presented in Tables 7.7 to 7.9 and the second order vertical forces are as in Fig.

7.7. In numerical computations, second order horizontal and vertical forces are of
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small magnitude and the predicted results show no much difference over the
frequency range. It may be concluded that the separation distance between two

hulls has no significant contribution to the second order forces.
(d) For different inclinations :

The numerical calculations of non-dimensionalized second order horizontal
and vertical forces and steady tilt moments are as in Figs. 7.8 to 7.10 and more
detail in Tables 7.10 to 7.12. In the computations, calculated results of second
order horizontal forces are of small amplitude and have no much difference as
shown in Fig. 7.8. For the second order vertical forces and steady tilt moments as
shown in Figs. 7.9 and 7.10, the inclination effect is significantly dominant over

the range of frequencies.
(B) Infollowing wave condition :
(a) For different Froude numbers :

The calculated results of the non-dimensionalized second order horizontal and
vertical forces and steady-tilt moménts due to these steady forces are detailedly
indicated in Tables 7.13 to 7.15 and the second order vertical forces are as in Fig.
7.11. In the numerical computations, predicted results show no much difference
over the frequency range and results of the second order horizontal and vertical
forces by both theoretical approaches are also compared. For higher current speed
(Fn = 0.40) in following waves, the significant effect is due to the second order
vertical forces and steady tilt moments. It may be concluded that forward speed
effect is clearly dominant in the steady tilt behaviour of twin hulled marine vehicles

under combined actions of wave and current.
(b) For different submergence depths :

The predictions of second order vertical forces are as in Fig. 7.12 and large

discrepancies show the significant contribution due to the submergence depth. The
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calculated results of non-dimensionalized second order horizontal and vertical
forces and steady tilt moments are detailedly indicated in Tables 7.16 to 7.18. In
the computations, all calculated results show that the magnitude of the second order
vertical force is clearly decreased by deeper immersion, for example 50 % decrease
of magnitude at certain frequency points of ka = 0.30 or 0.50 and much more in the

remaining frequency range.
(c) For different separation distances :

Numerical results of non-dimensionalized second order horizontal and
vertical forces and steady tilt moments due to these steady forces are detailedly
presented in Tables 7.19 to 7.21 and the second order vertical forces are as in Fig.
7.13. In the numerical computations, second order horizontal and vertical forces
are of small magnitude and predicted results show less than 1.0 % difference over
the range of all frequencies. It may be concluded that the second order forces have

no significant effect due to separation distance between two hulls.
(d) For different inclinations :

The numerical calculations of the non-dimensionalized second order
horizontal and vertical forces and steady tilt moments are as in Figs. 7.14 to 7.16
and the detail results are as in Tables 7.22 to 7.24. In the computations, calculated
results of second order horizontal forces are of small amplitude and have no much
difference as shown in Fig. 7.14. For the second order vertical forces and steady
tilt moments as shown in Figs. 7.15 and 7.16, the inclination effect at high current
speed (Fn = 0.40) shows dominant behaviour of more than 35 % increase in
magnitude in second order vertical forces and 2.5 times in steady tilt moments. The
increase in magnitude of the second order vertical force and steady tilt moment is
due to the tilt of the structure. The amplitudes of the second order vertical force and
steady tilt moment are greater in following waves than in head waves. These

variations sometimes are of the order of 30 % increase.
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7.8 Conclusions

The second order horizontal forces acting on twin hulled marine vehicles in
head and following waves by both direct pressure integration (near field approach)
and momentum flux consideration in terms of the Kochin functions (far field
approach) are theoretically formulated. In accordance with the near field concept,
the second order horizontal and vertical forces are mathematically derived to take
into consideration the effects of forward speed and interactions between two
submerged hulls. The steady tilt moments due to the effects of second order forces,
based on near field approach, on an inclined twin hulled offshore structure can be
predicted to investigate its steady tilt behaviours in head and following waves
taking into consideration the second order forces in both horizontal and vertical

directions.

In the numerical investigations, calculated results of second order horizontal
forces on twin hulled structures by both theoretical approaches match well and both
predicted results have errors less than 0.1 % in general. As for the second order
vertical forces, there is about 10 % variation between the pressure integration
method and Lee-Newman approach for the selected range of wave frequencies. The
reason for this variation is that the Lee-Newman (1971) approach does not take into
consideration the effects of forward speed and interactions between two submerged
hulls.
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CHAPTER 8
NUMERICAL COMPUTATION OF HYDRODYNAMIC
INTERACTION OF THE TWO RIGIDLY HELD APART
CYLINDERS SUBMERGED UNDER THE FREE SURFACE

8.1 General description

Two numerical methods have been modified to predict hydrodynamic
loadings acting on twin hulled offshore structures advancing in incident waves. The
velocity potentials in these methods are calculated by the discrete source distribution
technique and by the direct solution of the classical integral equation method. These
new theoretical modifications, accomplished by analytically solving the logarithmic
part of the Green function, have helped to improve the numerical accuracy and
computational efficiency for the prediction of hydrodynamic forces acting on the

twin hulled offshore structures in waves.

In the field of computational fluid dynamics, computational efficiency and
numerical accuracy are two principal concerns of researchers in marine
hydrodynamics. Here the logarithmic part of the Green function is newly derived to
improve the computational efficiency, in other words, it can cut down the CPU

time considerably.
It is obvious that as the number of the discrete elements on the body surface is
increased, the numerical accuracy is improved. Hence there is a need to carry out

the numerical computations which could help researchers to choose the optimum

numbers of discrete elements and the images of the dipoles.

8.2 General introduction of both numerical approaches
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Under the linear assumption of the boundary value problems, described in
Chapter Two., the solutions of the velocity potential on the body surface of twin
hulled marine vehicles can be exactly obtained by solving the integral equations
numerically. The computational algorithm of both numerical approaches are

described as follows.

8.2.1 Discrete source distribution approach

If the discrete source distribution method is applied to the Green function and
the strength of velocity potential is solved, the following expression of the velocity
potential can be derived and when the field point P = (x,y) situated on the body
surface.

P = —J s, Y.Gds (8.1)
¢x =[5, TaGds (8.2)
and

0 =0 +¢g =—[5, 1,Gdi- [ 7,Gdl (8.3)

Then if the field point is on cylinder L, the boundary equation is to be

satisfied as

Yo G aG e 0]

JL —dl - —dl=— 8.4
) _[sL Yo an, _[s, Tr an, an, (8.4)

Similarly if the field point is on cylinder R, the boundary equation is as

Ye _ 9G 4. 9G ;=99 8.5
2 ISLYLaanl J-Sn YRaanl anR ( . )
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where :

S;_and Sy denote the body surfaces of the left and right cylinders respectively. The
normal derivatives of nj and ng on the right hand side are given by the body
condition, so that Eq. (8.4) and Eq. (8.5) are the boundary equations for the
velocity potential on the body surface.

The boundary equations mentioned above can be rewritten as

Yo _ 0G(xy,y; ;&M )
J'SL L

aG(xL’yL;gR’nR)dl = a(p
2

on; d- J- s Ve on on,
(8.6)

Yr _ 0G(xg,Yr3E1oML) _ 0G(Xg.Yr:Er> k) _ 09
2 Js" t ong d J.s‘ Ve ong dl ong
8.7

8.2.2 Direct Green function approach
If Green's theorem is applied to this Green function and the velocity potential

is solved, the following expression can be derived and when the field point P =

(x,y) situated on the body surface.

20®)=[[ 5.+ o, JUQ = G(e.Qa =] . +], [226(P. Qa1
(8.8)

where :

S1_ and SR denote the body surfaces of left and right cylinders respectively. The
99

normal derivative 30 on the right hand side is given by the body condition, so that
n X

Eq. (8.8) is the integral equation for the velocity potential on the body surface.
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8.3 Numerical solutions of the integral equations

The numerical scheme to solve the integral equation is described. The wetted
boundary contours of both right and left cylinders in the integral equation can be
discretized with the N and Np elements as shown in Fig. 8.1 respectively and the
velocity potential is assumed to be constant over each element over the body
boundary surface of the twin hulled marine vehicles as shown in Fig. 8.2. The

approximation of the integral equation is then written as

(N +Ng) (NL+Ng)
Z, {55;;' - Dij}¢j == Z ('a;l G

=1 =

(=1,2,3,....N) (8.9)
where :
C, = [j st sm] G(P.,Q)ds(Q) (8.10a)
D, =([s, +[s,] é%-G(Pi,Q)ds(Q) (8.10b)
Q
where :

¢; denotes the value of the velocity potential on the j-th element.

an :
J .

n,, is outward normal at the point Q and the integral equation, Eq. (8.9), is required
to be satisfied at the point P,(x,y) on each element over the body boundary
contours and the integration of Egs. (8.10a) and (8.10b) is to be performed over
the j-th element with respect to Q(€,m) in which § and 1 are the x and y

coordinates of the point Q. §; is Kronecker's delta.

As the velocity potential is a complex quantity, the integral equation,

separated into the real and imaginary parts, can be reduced to a linear system of
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simultaneous equations with the 2(NL + NR) unknowns and it can be solved by

direct matrix inversion method.

When the point Q coincides with the field point P, where the body boundary
condition is to be satisfied, the logarithmic part of the Green function, the first term
of Eq. (2.32), becomes singular. Thus numerical computations of integrals in Egs.
(8.10a) and (8.10b) must be dealt with care in this case. The integration of the
logarithmic part of the Green function over each element of the body boundary

surface of twin hulled marine structures is analytically derived as

(5;..»'1;..)
8= [ Iny(x=&)+(y-n) ds (8.11a)
(&m)
=D+ {{(x ~&)cosB+ (y, —n,)sin8} ¥In{(x, &) + (v, -n,)'}
~{(x; =& )o058+ (v, =M )sin8} < 1nf(x, -8, + (3 =)}

PR 2 ) R
| ’(x, )sind - (y; -;) 0055’

j

o (5= B JoosB+ mﬂmw] Gitb)
[(x; - &;)sin&—(y, -m;)cos3]
where :
D=(&-&) ~(nu-n,)’ (8.12)
cosa=£§L'D"ﬁl (8.132)
ﬁn8=£mﬂé:ml (8.13b)

and (§ M j) and («‘; oo j”) are the coordinates of two ends of the j-th element.

Under the linear assumption of the boundary value problem, the numerical
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|

jsolutions can be exactly obtained by solving the integral equation of the velocity
potential on the body boundary surface of twin hulled offshore structures in head
and following waves. In fact the numerical solutions of the velocity potentials are
calculated for the radiation potential y; and the diffraction potential ¢, on each
segment of twin hulled offshore structures in waves. Then the added mass and
damping coefficients are obtained by Eqs. (4.9) and (4.10) integrated over body
boundary contours, the wave excitation forces by Eq. (4.12) with the effects of
incident and diffraction wave potentials together and the steady second order
horizontal forces by Eq. (4.14) too. In these numerical computations, the numerical
integration is just replaced by the summation of the contributions from each element

of the body boundary surface of the twin hulled offshore structures in waves.

The numerical accuracy check is of major concern to researchers in
computational fluid dynamics. The accuracy of the numerical solutions of the
integral equation, Egs. (8.6), (8.7) and (8.8), is improved by increasing the

numbers of the discrete elements and the images of the dipoles.

8.4 Description of numerical computations on hydrodynamic forces

of twin hulled structures

The theoretical approach for the numerical solutions of the integral equation,
Eq. (8.1), for the two cylinders case is almost the same as that for the single
cylinder case. The unique difference is that the integral equation should be satisfied
over the both body boundary contours of the twin hulled offshore structures. Once
the predicted solutions of the unsteady velocity potential, ¢, is obtained on each
element of the two cylinder surfaces, S; and S, at their equilibrium positions, the
added mass and damping coefficients of the two rigidly connected cylinders of the
twin hulled marine vehicles can be calculated. The total added mass coefficients,
evaluated by Eq. (4.9), of twin hulled structures can be summarized by that of the
left and right cylinders respectively and then described as
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Ay = AkjL + Aij (8.14)

where AkjL and Aij denote the added mass coefficients of the respective cylinder
L and R of the twin hulled structures which are evaluated by the direct pressure
integration on each cylinder surface of S; and S; instead of over the two cylinders.
Subscripts k and j represent the added mass coefficient associated with the

hydrodynamic force in the k-th direction due to the j-th mode of the motion.
Similarly the damping coefficients, evaluated by Eq. (4.10), is expressed as
B, = BkjL + Bij (8.15)

in which B,;* and B, are the damping coefficients of each cylinder of the twin
hulled structure which the effect of the forward speed and interactions between two
hulls is already taken into consideration.

The wave excitation forces are also computed by Eq. (4.12) over the body
boundary surface of the twin hulled marine vehicles S; +S; instead of Sy. The
wave excitation forces on each cylinder L and R are also defined by integrating Eq.
(4.12) over the body boundary surface of twin hulled structure S, and S;. Hence
in the same manner, the total wave excitation forces acting on the twin hulled

structure are summarized as
E;=E;"+E (8.16)

The wave excitation forces acting on twin hulled structure can also be
evaluated by the Haskind - Newman relation in terms of the Kochin functions of
the radiation waves as mentioned previously. However this relation is an

appropriate approach to confirm numerical computations on the theoretical side.
The second order horizontal forces such as the added resistance for ships and

steady second order vertical forces are also predicted by the theoretical procedures
described in Chapter Seven.

209



The restoring forces due to the forward speed effect evaluated by Eq. (6.4)
for the single cylinder case can be extended and briefly described for the two

cylinders case as

—pU? 9 [

C, = "2 JSL+sRa—x(V)2nkds (8.17)
— 2 —

C,, -LZU_ [seasn %(v)znk ds (8.18)

[sina j 5,45 %—(V)Z —cosa, j 5,45, %(V)z]nk ds
(8.19)

where V is the steady velocity field around the two cylinders and can be evaluated
by taking the interaction effect between two hulls into consideration. In fact, the
mathematical expression for the velocity V in the vicinity of the two cylinders case
is not as simple as that for the single cylinder case and the integrals of Eq. (6.21),
described in Chapter Six detailedly, have to be performed by the numerical

computations.

8.5 Description of motion equations of twin hulled marine vehicles

The dynamic motion responses of the two rigidly connected cylinders of twin
hulled offshore structures in head and following waves responding to the first order
hydrodynamic forces can be obtained above. With the assumption ihat the density
of both cylinders is the same as that of the fluid, the following simultaneous linear
equations are applied to describe the coupled motions which are in surge, heave and

pitch modes.

{~w(m3;+A;)+ioB e, =E (=123 (8.20)

=l
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If the hydrodynamic restoring forces due to forward speed effect are
considered, the dynamic motion equations of the twin hulled marine vehicles in the

head and following waves is written as

j};{[—mz(miaij + Aij)+Cij]+ imBij}éj =E; (=1,2,3)

(8.21)
where :
A;; =2mpa’Aj (8.22a)
Bj; = 2npa’wB}; (8.22b)
U1
— 2 T 2 2 ’
E; = 2pgAaE! = 2mpa’e? ( g )(—f“i) E!
' ! oaln/|
A
=2 20)2(—)Ef 8.22d
Tpa & JFi ( )

Then the dynamic motion equation of twin hulled marine vehicles in head and

following waves is written as

g{[‘(&s +AG)+ CJ(%)(%)Z] * m;}(%) . (%) (8.23)

In numerical computations, the absolute value of the " complex " motion
amplitude can be presented for the two rigidly connected cylinders in head and
following waves. It is found that the forward speed affects the body motion to
reduce its amplitude in the head waves, whereas, in following waves, the motion

amplitude increases with the increasing Froude numbers.
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8.6 Computational investigations and discussions of numerical

approaches

All numerical computations by both discrete source distribution method
(D.S. method) and direct Green function method (Direct method), are carried out
on the VAXstation 4000 VLC computer system. The results of CPU time versus
numbers of elements and images for different submergence depth are as in Figs.
8.3 and 8.4. The numerical values are indicated in Tables 8.1 and 8.2. It is found
that the effect of submergence depths has no much influence on computational

efficiency.

The predicted results of the percentage error in damping coefficients for
surge, heave and pitch modes for different submergence dcpths and for varying
discrete element numbers and ten (10) dipole images are as in Figs. 8.5 to 8.10.
The numerical values are as in Tables 8.3 to 8.5. Relative errors of all damping
coefficients are less than 1.0 % as discrete element numbers are larger than thirty
(30) and it is clear that if the discrete element number is taken as fifty (50), it is

accurate and efficient.

The numerical accuracy of the damping coefficients in surge, heave and
pitch motions for different submergence depths and for varying diploe image
numbers and fifty (50) discrete elements is as in Figs. 8.11 to 8.16. Numerical
results are as in Tables 8.6 to 8.8. The calculated results show very stable
tendency for all computations as the dipole image numbers increase. It may be

concluded that the selection of dipole image number as ten (10) is appropriate.

On the accuracy check of the numerical computations, numerical results of
surge, heave and pitch damping coefficients by both direct pressure integration
and energy flux consideration match well and are detailedly presented in Tables
8.9 to 8.11. The numerical check of surge, heave and pitch Kochin functions has
good agreement as in Tables 8.12 to 8.14. The discrepancies in the damping

coefficients and Kochin functions are signiﬁéant when submerged bodies (d/a =
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1.0) approach the free surface. This may be due to the fluctuations of the sinks

and sources on body boundary surfaces.

The comparison of both methods against CPU time is as in Fig. 8.17 for
different wave frequencies. The numerate values are as in Table 8.15. These
results indicate that the direct Green function method is about three (3) times more

efficient than the discrete source distribution method.

A comparison of relative errors in surge, heave and pitch damping
coefficients is shown in Figs. 8.18 to 8.20 and numerical values are as in Tables
8.16 to 8.18. From the calculated results it is clear that the direct Green function
method can predict hydrodynamic loadings much more accurately than the discrete

source distribution method over frequency range in calculations.

With respect to accuracy check of both numerical approaches, predicted
results of damping coefficients in surge, heave and pitch motions by direct
pressure integration and energy flux consideration are in good agreement and
detailedly presented in Tables 8.19 to 8.21 respectively. The numerical check of

surge, heave and pitch Kochin functions are as in Tables 8.22 to 8.24.

As for the second order horizontal forces shown in Table 8.25, the
percentage errors of second order horizontal forces, in comparison with damping
forces, seem to be a little bit more because these forces are of higher order and
much smaller than damping forces. In fact such steady second order horizontal
forces by direct pressure integration (near field concept) and momentum flux

consideration (far field concept) are found not to make much difference.

Dynamic surge, heave and pitch responses, predicted by both numerical
approaches, in head waves are as in Figs. 8.21 to 8.23. The numerical values are
as in Tables 8.26 to 8.28. Principally the calculated results of motion amplitudes
in surge and heave modes match well as shown in Figs. 8.21 and 8.22. A slight
discrepancy of pitch amplitudes at certain specific frequencies, shown in Fig.

8.23, could be due to more accurate prediction of hydrodynamic loadings such as
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added mass and damping coefficients and wave excitation forces by the direct
Green function method. From these calculated results, it is clear that the direct
Green function method is much more accurate and efficient than the discrete

source distribution method in numerical computations.

8.7 Conclusions

Here a valuable procedure for theoretical confirmation of numerical
computations is newly developed. The numerical accuracy of the damping
coefficients is calculated by the energy flux consideration in the fluid domain and
by the direct pressure integration over body boundary contours. The results of the
wave excitation forces in terms of the Kochin functions is checked out by the
Haskind-Newman relation. The accuracy check of second order horizontal forces
on twin hulled structures under combined actions of wave and current is
investigated by direct pressure integration (near field approach) and by momentum
flux consideration (far field approach). The numerical accuracy of second order
vertical forces with forward speed effects is also confirmed by the Lee-Newman

(1971) approach for single submerged body in non-forward speed condition.

The numerical accuracy of the damping coefficients, wave excitation forces
and steady second order horizontal force is extensively investigated by energy
conservation principle, Haskind Newman relation and momentum conservation
principle respectively. In general, the errors in all numerical accuracy check are
confirmed to be less than 0.1 % and the computation time has also decreased
dramatically.

In fact it is concluded that the direct Green function method is a more
effective and efficient approach than the discrete source distribution method to deal
with different kinds of hydrodynamic problems in a better way as far as the

numerical accuracy and computational efficiency are concerned.
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CHAPTER 9
EXPERIMENTAL WORK IN DYNAMIC POSITIONING ASPECTS
OF TWIN HULLED MARINE VEHICLES

9.1 General description

The mathematical approach using the linear optimal control theory to
investigate the dynamic positioning behaviour of twin hulled marine structures
under combined actions of wind, wave and current is briefly introduced. A series
of experiments on twin hulled structure for different submerged depths, drift and
trim angles at a constant forward speed, simulating the ocean current effect, are
carried out to measure the sway forces and yaw moment acting on the twin hulled

marine structure advancing under the free surface.

The setup of the two aluminium strain gauged bars for the manoeuvring
experiment is briefly described. The recorded data can be well presented on the
screen of the VAXstation 3100-M38 micro computer and the comparison of

analysed results are performed on the Macintosh Plus computer system.

The sway force and yaw moment are measured with the aid of two aluminium
strain gauged bars. The experimental results are based on first and second order
curve fitting technique to obtain several newly developed formulae for predicting
the dynamic positioning behaviour of twin hulled marine vehicles. These
mathematical formulae can be utilized to simulate the dynamic positioning
performance of newly designed twin hulled offshore structures at the preliminary

design stage.

9.2 Mathematical model of dynamic positioning system
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The fundamental concept and algorithm of the linear optimal regulator control
approach to study the dynamic positioning performance of twin hulled marine

vehicles is briefly described as follows.

A) Offshore structures are usually required to keep their positions under the
unsteady external forces such as ocean current, wind and wave etc. In general, PID
(Proportional, Integral and Differential system) control theory is applied to design
the control system of offshore structures for surge, sway and yaw motions

respectively.

B) The type and arrangement of thrusters have much influence on the
performance of the control system. The performance of the control system for two
types of thruster system such as tunnel-type thrusters or rotatable thrusters under
unsteady external forces is introduced.

C) The external forces such as ocean current and wind have much influence on
the horizontal motion of twin hulled offshore structures. The Dynamic Positioning
System (DPS) by the optimal regulator control theory for twin hulled offshore
structures under unsteady external forces is briefly described.

The coordinate system to study the dynamic positioning behaviour of twin
hulled marine vehicles under combined actions of wind, wave and current is shown
in Fig. 9.1 and the mathematical model is briefly described as follows.
(m+m,)u- (m+ my)vr - (mx - my)VCrsin(w —a)=Xc+Xy + 7T,

(m+m, }v+(m+m,)ur— (m, —m, )Vercos(y - @) = Yo + Yy +1,

(I +i,)F =N + Ny, +1, 9.1)

where :
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u is the velocity of the twin hulled offshore structure in the x direction.
v is the velocity of the twin hulled offshore structure in the y direction.
r is the angular velocity of the twin hulled offshore structure in the z direction.
m is the mass of the twin hulled offshore structure.
I, is the moment of inertia with respect to the z axis.
m, is the added mass in the x direction.
m, is the added mass in the y direction.
i, is the added moment of inertia in the z direction.
X is the current force in the x direction.
Y, is the current force in the y direction.
N, is the current-induced moment in the z direction.
Xy is the wind force in the x direction.
Yy, is the wind force in the y direction.
Ny is the wind-induced moment in the z direction.
T, is the thrust driving force in the x direction.
T, is the thrust driving force in the y direction.
T, is the thrust driving moment in the z direction.
V. is the current speed.
The mathematical expression of the total relative velocity of the twin hulled

offshore structure due to current effect is written as

V2 =4ful +ve 9.2)

uc = u+ Ve cos(y - a) (9.3a)

ve =v—Vsin(y -a) (9.3b)

B =tan™ (EJ (9.3¢)
Ve

and the external hydrodynamic surge and sway forces and yaw moment due to

current effect acting on twin hulled offshore vehicle are written as
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1

X, = EpAvc'zcc, (9.4a)
Y, = %pAvc‘zccy (9.4b)
N = %pALOAVC?CCz (9.4¢)
where :

p is the density of the sea water.

A 1is the transversal projected area of the twin hulled offshore structure under the
water surface.

Lo, is the overall length of the twin hulled offshore structure.

C, is the coefficient of the current force in the x direction.

C,, is the coefficient of the current force in the y direction.

C,, is the coefficient of the current induced moment in the z direction

Similarly the mathematical expression of the total relative velocity of twin

hulled offshore structure due to wind effect is described as

Vi =+fuy + vy (9.5)

uy =u+ Vy cos(y-7) (9.6a)

vy =V = Vysin(y -7y) (9.6b)

Y =tan™ (-"l) (9.6¢)
Vw

and the external surge, sway forces and yaw moment due to wind effect acting on

twin hulled offshore vehicle are also written as
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xW = %paAav\;/zCWx (9'7a)

1 -
Y, = EpaAanzcwy (9.7b)
1 .2
NW = EpnAaLOAVW CWz (97C)
where :

p, is the air density.

A, is the transverse-projected area of the twin hulled offshore structure above the
water surface.

Lo, is the overall length of the twin hulled offshore structure.

Cw, is the coefficient of the wind force in the x dircétion.

Cy, is the coefficient of the wind force in the y direction.

Cy, is the coefficient of the wind induced moment in the z direction.

In conclusion, the mathematical model to predict the dynamic positioning
behaviour of twin hulled marine vehicles under combined action of wind, wave and
current is described. Also to investigate this dynamic positioning work further,

optimal control theory is applied and briefly introduced in the next section.

9.3 Introduction of optimal control approach in dynamic positioning

aspects of twin hulled marine vehicles

The optimal control concept to study the dynamic positioning behaviour of
twin hulled marine vehicles under external unsteady forces such as wind, wave and
current is briefly reviewed and practical prediction of dynamic positioning
behaviour of twin hulled marine vehicles under external forces can be carried out
by the 4th order Runge Kutta integration method for real time simulation in time

domain.
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The analytical solutions of such dynamic motion equations of twin hulled

offshore vehicles under combined action of wind, wave and current are detailedly

derived as

a =(—m:1m—x){(m’ —m, )Versin(y - @)+ (m+m, v+ Xc + Xy +7, }
v =(m+—1m,j{(m’ —m, )Vcreos(y —a) - (m+m, Jur+ Y + Y, +1,}
i= @ ii,){NC +Ny +1,}

X =ucosy —vsiny
y=vcosy +usiny
V=r (9.8)
The mathematical formulation of the optimal control approach with state space

notation is briefly described and the governing equations of such state variables in

compliance with Euler type discretization concept are written as follows.

%(k +1) = Px(k) + Qu(k) . (9.92)
(k) =[u,v.r,x, 7, 9] (9.9b)
T
ﬁ(k)=[ AT t‘.} (9.10)
m+m, m+m, I +i,

The objective function of this control system for dynamic positioning

assessment of twin hulled marine vehicles is defined as
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J= i{iT(k)Rli(k) +1"(k)R,(k)} 9.11)

o 0 0 0 0 0

0 o 0 0 0 O o 0
R=|) 0 @ 0 00 R=0())3m 0| (9.12)
100 0 w, 0 0| ’ '

0 0 0 0 w 0 0 0 o

(0 0 0 0 0 o,
where :

, is the velocity associated term.
w, is the displacement associated term.

®, is the input associated term.

In accordance with minimum energy consideration, optimal values of input
variables in linear state equations can be obtained by minimizing the objective
function of the control system. The following mathematical expression proposed

by Riccati must be satisfied for solutions of the non-linear discrete equations in

terms of matrix expression as
H = PTHP - PTHQ(R, + Q"HQ) Q"HP+R, (9.13)

The solution of Equation above can be obtained as H = H’. The feedback gain

matrix G is expressed and calculated accordingly as follows.
G=(R,+Q'H'Q) Q'H'P (9.14)

The optimal values of input variables to estimate dynamic positioning

behaviour of twin hulled marine vehicles is written as

(k) = -Gx(k) | (9.15)
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and the optimal values of input forces and moments generated by thrusters in

surge, sway and yaw directions are derived as

0 0 o T°

- T T

(k) = | —2— —2— = 9.16)
m+m, m+m, I +i,

1) is the optimal value of the driving force in the x direction.
T, is the optimal value of the driving force in the y direction.
0

T, is the optimal value of the driving force in the z direction.

Also the power-sharing of optimal driving forces and moments by thrusters is

briefly described for two different kinds of arrangements as follows.

Type A arrangement ;

The thruster arrangement of type A where three pairs of thrusters are required
is shown in Fig. 9.2. The thrust driving force in surge direction is generated by
thruster no. 1 and 2 and the thrust driving force in sway direction is generated by
thruster no. 3 and 4. As regards the driving yaw moment, it is generated from the
thrust driving force by thruster no. 5 and 6 in sway direction. The optimal driving

forces by each pair of thrusters are determined as follows.

T,=1/2 (9.17a)
T, =1/2 (9.17b)
T, =10 /(2x,) (9.17c)
where :

T, is the thrust driving force generated by thruster no. 1 and 2 in x direction.
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T, is the thrust driving force generated by thruster no. 3 and 4 in y direction.
T; is the thrust driving force generated by thruster no. 5 and 6 in y direction.

X, is the distance between centre of gravity and location of thruster no. 5 (or 6) in x

direction.
Type B arrangement :

The thruster arrangement of type B where four individual thrusters are
applied is as in Fig. 9.3. Based on Lagrangian indeterminate coefficient method,

the optimal driving forces and acting directions by the four thrusters are described

in detail as
T = szi +Ty2i (9.18)
1 1 0
Ty =Ztg"2'h—4'—2—’——:— (9.19a)
(ij + yn)
j=1
1, 1 °
Tyi = Z‘[y +5xn-4—’ (9.19b)
Z(x%i + y%)
j=1
o, = tan"[&] for i=1.23,4 (9.19¢)
T,
where :

Xy; is the x coordinate of the location of the i-th thruster.
yr; is the y coordinate of the location of the i-th thruster.
T; is the driving force generated by the i-th thruster.

¢, is the direction of the driving force generated by the i-th thruster.
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9.4 Description of model experiment

A series of model experiments on twin hulled model for different
submergence depths, drift and trim angles at a constant forward speed, simulating
the current effect, are carried out to measure the sway forces and yaw moment
acting on twin hulled marine structure advancing under the free surface. The
principal objective of this manoeuvring experiment is to determine such
hydrodynamic loadings acting on the twin circular cylinder model under the ocean
current effect as described before. For the determination of wind loadings acting on
the upper structure of twin hulled models, the same concept of this experiment can
be applied to obtain several mathematical equations from experimental data for
practical prediction of the dynamic positioning behaviour of twin hulled marine

vehicles.

The simplified model consists of twin circular cylinder hulls, which were
made of PVC pipes with steel framework to connect the hulls as shown in Figs.
9.4 and 9.5 and the principal particulars are indicated in Fig. 9.6. The framework
has four rods supporting the cylinders at each end and two transverse and two
léngitudinal beams connecting these rods together at their top end. The whole
frame work is constructed of rectangular cross section steel rods (1 in x 1 in) with
different draft marks and this kind of material provides adequate rigidity to keep the
system stable. A small platform is designed on the framework for adjusting the

ballast to the required submergence depth for testing the model.

When the twin hulled model is put in the experimental tank, the buoyancy of
this model is generated. In order to get the correct position for attachment under the
two straight bar device as shown in Fig. 9.7, some ballasting work must be done
to compensate the buoyancy of the model. When the model is ballasted and
adjusted to the right position, the attachment of the two straight bar device and the

model is mounted by three pairs of steel bolts as arranged on each side.

In order to get the correct drift angle, a turnplate facility as in Fig. 9.8 fitted
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with several holes for specific drift angles such as 0,+2, +4, +6, +8, +10, -2, -4
and -10 degrees are designed and mounted on the top of the two straight bar
device. Two sets of wooden wedges are made in advance to obtain the specific trim
angles such as +2 (trim by stern), +4, -2 (trim by bow) and -4 degrees for this
experiment and they are attached between the two straight bar device and the model

as in Fig. 9.9.

A series of experiments for two submergence depths (d/a = 3.0 and 4.0),
drift and trim angles at a constant forward speed, simulating the current effect,
were carried out in the towing tank of the Hydrodynamics Laboratory at Glasgow

University.

9.5 Layout of manoeuvring experiment

The data measuring facility including the turnplate, two straight bars and
testing model is assembled together and fixed by several bolts on the framework of
the main carriage. The speed of the main carriage for the testing condition is

automatically controlled by MicroVitec 452 computer system.

The sway force and yaw moment acting on twin hulled model advancing
under the free surface are measured by two straight bar device (load cell
transducers) as shown in Fig. 9.7 and they are made up from the existing facility in
the laboratory by converting each straight bar into load cellé with the aid of foil type
electrical resistance strain gauges. By calibrating the load cell to read in load units
other than strain, wave load on each bar is measured directly. In order to measure
the sway force, two pairs of opposite strain gauges are fitted in the transverse
direction on face-2 and face-4 of each bar perpendicular to the carriage moving
direction. To measure the yaw moment, one torque strain gauge is fitted on each
bar. The detailed arrangement of load cell transducers on two straight bar device is
indicated in Fig. 9.10.
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As described above, the load cell is composed of strain gauges which are
passive resistors. Therefore there is a need for a power source in order to interpret
the changes in the resistance caused by mechanical strain (or loads) measured. This
can be achieved by a bridge circuit which produces an out of balance voltage. This
voltage must be amplified and displayed so as to indicate the required force units.
At this stage the Wheatstone Bridge, which is the most common bridge circuit,
is applied as a direct readout device where the output voltage is measured or related
to strain (or load). The four active strain gauges are placed in the bridge with one in
each of four arm - for the full bridge arrangement. Since the lead wires from the
measuring point to the instrumentation are outside the measuring circuit, this kind
of arrangement increases the sensitivity of the measuring system and provides
improved temperature compensation and minimal errors due to connection of the
system. Before the system is loaded to the Wheatstone Bridge, it should be
balanced as the output voltage is equal to zero. As the system is loaded a change in
resistance will unbalance the bridge and induce an output voltage across the output
terminal. By measuring this voltage and using the calibration curve, the voltage

readout can be converted into the corresponding load value.

The calibration of two straight bar device as shown in Fig. 9.7 is performed
before it is clamped onboard. After taking the zero readings from the load cells, the
testing weights simulating hydrodynamic loadings are step by step increased from
0.1 to 1.5 kg. During this procedure the change in the output voltage of the bridge
is recorded for each increment of the test weight. All relations of these calibration
data, which are converted from induced voltages to actual loads, show linear

behaviour.

The signals of hydrodynamic loadings picked up by two straight bar device
are recorded into ten (10) individual data channels and experimental data are
sampled at a rate of two hundred (200) samples per second per channel for ten (10)

or twenty (20) seconds.
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9.6 Description of data acquisition and analysis system

A comprehensive description of the experimental data acquisition and analysis

system for manoeuvring experiment is explained and the details are as follows.
A. The data acquisition system :

The experimental data can be collected by Macintosh-2CLA microcomputer
system when the speed of the main carriage reaches the most steady and consistent
level. The speed of the main carriage for the experimental condition is controlled by
MicroVitec 452 computer system and easily confirmed with the design speed

requirement of this experiment automatically as shown in Fig. 9.11 (see pp489).

The hydrodynamic sway force and yaw moment are recorded through the two
straight bar facility which is designed for hydrodynamic experiments on
manoeuvring. The experimental signals by two straight bar device are picked up
into the FLYDE amplifier and filter system. The signals are then processed and
passed through the Data Collecting System (32 channel analogue to digital
converter). Finally the experimental data are recorded in the DATASPAN 2000
system. Simultaneously the experimental signals after data processing can be
displayed from the monitor of the Macintosh-2CLA microcomputer system for

preliminary confirmation of the experimental validity test as in Fig. 9.12.
B. The data analysis system :

The experimental data are acquired by the two straight bar device, FLDYE
amplifier and filter system, Data Collecting system, DATASPAN 2000 system and
recorded in the Macintosh-2CLA microcomputer system. The experimental data
files are transferred through the recording tape from the DATASPAN 2000 system
and loaded in the digital VAXstation 3100-M38 microcomputer system. The detail

procedure of the data analysis and checking work is described as follows.
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a). Atthe experimental stage, a preliminary validity test of the experimental data
acquisition can be checked from the screen of the Macintosh-2CLA micro computer

system.

b). At the computation stage, experimental data files are analysed by the Fast
Fourier Transform technique on the VAXstation 3100 M38 micro computer

system.

c). At the data analysis stage, experimental data, analysed by the Fast Fourier
Transform technique, are computed on the Micro Vax 3600 computer system to

obtain the sway force and yaw moment acting on twin hulled structure model.

d). At the data presentation stage, such hydrodynamic forces acting on twin
hulled model advancing under the free surface for different drift and trim angles can
be transferred to the Macintosh Plus computer system and the experimental results
are based on the technique of curve fitting to obtain several newly developed
formulae for predicting the manoeuvring (dynamic positioning) performance of

twin hulled marine vehicles.
e). At the data checking stage, analysis results are compared with that of
previous research work to confirm the effectiveness of experimental work.
9.7 Presentation of experimental results and discussions

A series of experiments are performed for nine (9) drift, four (4) trim angles
and two (2) submergence depths (d/a = 3.0 and 4.0) to measure the sway force and
yaw moment acting on twin hulled model advancing under the free surface.

The signals of hydrodynamic loadings picked up by two straight bar device

are recorded in ten (10) individual data channels as in Fig. 9.13 and experimental

data are sampled at a rate of two hundred (200) samples per second per channel for
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ten (10) seconds. The contents of measuring signals recorded in each channel are

described as follows.

Channel 1 : Torque in Bar 1 (M1)

Channel 2 : Torque in Bar 2 (M2)

Channel 3 : Moment on face-1 and face-3 of Bar 1 bottom (M3)
Channel 4 : Moment on face-1 and face-3 of Bar 1 top (M4)
Channel 5 : Moment on face-1 and face-3 of Bar 2 bottom (M5)
Channel 6 : Moment on face-1 and face-3 of Bar 2 top (M6)
Channel 7 : Moment on face-2 and face-4 of Bar 1 bottom (M7)
Channel 8 : Moment on face-2 and face-4 of Bar 1 top (M8)
Channel 9 : Moment on face-2 and face-4 of Bar 2 bottom (M9)
Channel 10 : Moment on face-2 and face-4 of Bar 2 top (M10)

The mean amplitudes of moments from all experimental data channels are
calculated by the Fast Fourier Transform technique on the VAXstation 3100 M38
micro computer system. The non-dimensionalized amplitudes of the sway force
and yaw moment acting on twin hulled model under current action is predicted on
Micro Vax 3600 (VMS) computer system and the mathematical equations to
calculate surge, sway forces and yaw moment acting on the twin hulled model
under current action by beam theory is simplified for small magnitude signals as

follows.

5 < (M4=M3)+ (M6 - MS5)

9.20a
0.2 (©.202)

v < (M8—M7) +(M10 - M9) (9.20b)
0.2

N =Ml1+M2 (9.20¢)

Here the value of 0.2 (m) is the distance between the top and bottom positions of
each bar and non-dimensionalized amplitudes of forces and yaw moment is written

as
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X

X e (9212)
Lov
>P

Y= Y2 (9.21b)
Lova
P

N'=1_N.2__ 9.21¢)
1ovaaL
>p

where :

A denotes the transversal area of the submerged cylinder (= DL).

V is the moving speed of the main carriage in experiment.

The non-dimensionalized sway force and yaw moment acting on the twin
hulled model under current action are calculated from experimental data for
different drift and trim angles and submergence depths. In accordance with the
technique of curve fitting, several newly developed equations are obtained. The
experimental results and mathematical equations for different submergence depths

are categorized as follows.
A) For submerged depth ratio d/a =4.0:

The experiments of the twin hulled model advancing under the free surface
are performed to measure sway force and yaw moment acting on it for different
drift and trim angles. The results are analysed and mathematical equations are fitted
for different trim angle conditions. In general all experimental results show linear
tendencies and the details are as follows.

a) For 2 degree trim by stern condition :

The mathematical equations of non-dimensionalized sway force and yaw moment
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are obtained from experimental results with good accuracy as in Figs. 9.14 and
9.15.

Y’ =-2.9009x107 -4.1773x107*B (9.22a)
N’ =1.3167x107 +2.2528 x107°B (9.22b)
b)  For 2 degree trim by bow condition :

The mathematical equations of the sway force and yaw moment in terms of drift

angles from the experimental data in Figs. 9.16 and 9.17 are as follows.
Y’ =-1.2742 %1072 -2.8602 x 107*B _ (9.23a)
N’ =-1.5038 x107 +1.9532x 107 (9.23b)

¢) For 4 degree trim by bow condition :

The mathematical equations of the sway force and yaw moment in terms of drift

angles from the experimental data in Figs. 9.18 and 9.19 are as follows.
Y’ =-5.9479x107 -3.3513x107*B (9.24a)
N’ =1.0482x107 +1.1933x10™°B (9.24b)

d) For 4 degree trim by stern condition :

The mathematical equations of the sway force and yaw moment in terms of drift

angles from the experimental data in Figs. 9.20 and 9.21 are as follows.

Y’=1.3920x1072 -5.7884 x 107 (9.25a)
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N’=1.2017x107+2.3182x10™°B (9.25b)

where :

B denotes the drift angle in degree and the positive value for starboard side.

For larger (4 degree) trim by bow condition, the least square error of
mathematical equations by the curve fitting method is slight greater within 10 % for
sway force and 1.2 % for yaw moment. The results for the sway force and yaw
moment are for the deep submergence only. Comparison of the non-
dimensionalized sway force and yaw moment acting on twin hulled model under

current action is presented for different trim conditions as in Figs. 9.22 and 9.23.

Typical signals from experimental measurement for several specific
conditions are as in Figs. 9.24 to 9.33. Typical motion behaviour of twin hulled
model in experiments are also indicated in Figs. 9.34 (see pp491) to 9.40.

B) For submergence depth ratio d/a=3.0 :

Similarly the sway force and yaw moment acting on twin hulled model under
current action are measured for different drift and trim angles in submerged depth
(d/a =3.0) condition. The results show linear relationships and mathematical
equations are systematically presented for different trim conditions as follows.

a) For no trim condition :

The mathematical equations fitted with reasonable accuracy are obtained and

experimental results are as in Figs. 9.41 and 9.42.

Y’ =-3.6348x 107 -1.5076 x 1072 (9.26a)

N’ =-8.7511x10"° +4.3686 x10™°B (9.26b)
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b)  For 2 degree trim by stern condition :

Experimental results are shown in Figs. 9.43 and 9.44 and mathematical equations

with good accuracy of less than 0.1 % least square error are obtained as follows.
Y’ =-4.8445x107 -1.7342x107*B (9.27a)

N’ =-6.5561x10 +5.2147 x10™B (9.27b)

c) For4 degree.trim by stern condition :

Experimental results are presented in Figs. 9.45 and 9.46 and mathematical

equations are expressed as follows.

Y’ =-4.0246 X107 - 1.9692 x 107*B (9.28a)
N’=-5.6641x10" +5.5626 x 10~ (9.28b)

d) For 2 degree trim by bow condition :

Experimental results for the sway force and yaw moment as in Figs. 9.47 and 9.48
show discontinuity behaviour at certain drift angles and the least square errors of
the mathematical equations are 20 % and 5 % respectively as follows.

Y’ =-8.8996x107 - 4.5188x 107 (9.29a)
N’=1.4673x107 +1.3918 x107°B (9.29b)

e) For 4 degree trim by bow condition :

The experimental results show rather different tendencies as compared with

previous results. Hence more tests were repeated for the same condition for
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confirmation of the experimental measurement. The comparison of experimental
results for different tests still show scattering behaviour as illustrated in Figs. 9.49
and 9.50 respectively. For the trim by bow condition as scatter behaviour was
observed, experiments were once again repeated and these results show

fluctuations as the bodies approach the free surface.

For larger (4 degree) trim by bow condition, the tendency of testing results
show scatter behaviour. Comparison of non-dimensionalized sway force and yaw
moment acting on twin hulled model under current action is presented for different

trim conditions as in Figs. 9.51 and 9.52.

Comparison study of non-dimensionalized sway force and yaw moment
acting on twin hulled model under current action is performed for different
submerged depths and trim angles and experimental results are detailedly presented
in Figs. 9.53 to 9.60. For trim by stern conditions, analysed results show rather
linear relationships for different submergence depth conditions and the difference
between the slopes is significant as shown in Figs. 9.53, 9.54, 9.57 and 9.58. For
the non-dimensionalized sway force, the slope for submergence depth ratio d/a =
4.0 case is about two (2) times greater than that for submergence depth ratio d/a =
3.0 case and about three (3) times smaller for non-dimensionalized yaw moment.
For trim by bow conditions, linear tendencies are roughly indicated, but not much
discrepancy is shown for two different submergence depth conditions as in Figs.
9.55, 9.56, 9.59 and 9.60. In particulér the results of non-dimensionalized sway
force for submerged depth ratio d/a = 3.0 and 4 degree trim by bow condition
show rather flat behaviour over the range of drift angles as in Fig. 9.59 and it is
clear that this is due to the complicated behaviour of flow field around submerged
bodies when they approach free surface. Finally one set of typical measuring

signals for this draught condition are also presented as in Figs. 9.61 to 9.70.

9.8 Conclusions
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The mathematical approach using the linear optimal control concept to study
the dynamic positioning behaviour of twin hulled marine vehicles is briefly
introduced. Experimental work on the dynamic positioning aspects of a twin hulled
structure is described. Detailed description of the data acquisition and analysis

system for the experimental work is also described.

The setup of the manoeuvring experiment is described and the design for data
measurement facility such as the two straight bar device and data acquisition system
is introduced. The standard procedure of the data analysis system for the

experimental investigation is discussed in detail.

A series of experiments were carried out in the Hydrodynamics Laboratory
for different submergence depths, trim and drift angles for measuring the sway
force and yaw moment. The experimental results are based on the technique of
curve fitting to obtain several newly developed formulae which can be used by
researchers for simulation analyses on manoeuvring performance and dynamic

positioning of twin hulled marine vehicles.
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CHAPTER 10
PRACTICAL ENGINEERING APPLICATIONS
AND TECHNICAL DISCUSSIONS

10.1 General description

Much research work has been contributed for accurate prediction of dynamic
motions of offshore structures in waves. In spite of such efforts, several problems
still remain to be solved or to be contributed further for correct evaluation of their

motion characteristics and safety at sea as follows.

A) There are certain forces acting on marine structures to restore their motions in
waves and buoyancy variation is the origin of such restoring forces for heave, roll
and pitch motions. The restoring forces together with inertia forces associated with
mass and acceleration create natural frequencies of those modes of motions. If the
frequency of the wave excitation force is close to the natural frequency, resonance

occurs to lead to significant magnitude of motions.

Offshore structures have the restoring force even for the motions in horizontal
plane, where no buoyancy variation contributes, because of the reaction of mooring
lines. Magnitude of such restoring forces due to the mooring system is very small
compared with the mass of offshore structures, so the natural periods of surge,

sway and yaw motions are so long as 100 to 200 seconds.

In principal, sea waves can be assumed to be composed of many components
of waves with different frequency. Linear wave excitation forces are superposition
of components with frequencies corresponding to the component waves which
means that they do not contain a long period component as 100 seconds. However

second order forces due to these multi-frequency waves can have components with
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the difference frequency of every two wave components. If the waves have
components whose frequencies are very close to each other, the second order force
will have very long period as 100 seconds and may induce resonance of motions in
the horizontal plane. This will affect safer design of the mooring system as
discussed by Hsu and Blenkern (1970), Arai et al (1976).

In such situations, the motions must be combined modes, one of which is
fast frequency and small amplitude motion corresponding to the linear wave force
and another is low frequency and large amplitude due to the second order force.
Effect of the low frequency motion on the fast frequency motion has by no means
been studied and this effect might be considered to be forward spe‘cd effect (or

backward speed effect) on the oscillatory motions.

B) Accurate prediction of damping forces is important to calculate the motion
responses of the low frequency oscillations, since the low frequency motions are
considerably large only at resonance and magnitude of such damping forces
determines magnitude of motion responses. Several researches have been done on
which wave making or viscous effect is dominant in the damping forces in such a
slow motion as published by Wichers and van Sluijs (1979), Saito et al (1984).
Saito proposed an approach to determine the damping forces proportional to the
velocity of the low frequency oscillation from the second order horizontal forces in
waves. If such second order horizontal forces are plotted against the body velocity,
the slope of the curve at zero velocity is supposed to obtain a coefficient of the

damping force proportional to the velocity.

C) Stability of offshore structures is always of concern to designers and
operators. Nevertheless they do not have a long history of research and practical
experience. In fact regulations on stability are still at primitive level (ABS 1968). In
United Kingdom, Japan as well as other countries, a lot of project studies have
been concentrated on the stability of offshore structures in waves to find rational
foundation for reasonable stability regulations such as Morrall (1978), Martin
(1978), Numata (1978),Takarada et al (1984), Arai and Takaishi (1986), Atlar
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(1986) and Takezawa (1987) et al. Two principal points emphasized in those
studies are related to this research work, i.e. the second order forces acting on
single or twin hulled marine vehicles lead to further inclination and steady tilt
moments acting on offshore structures under combined actions of wave and current

are to be predicted.

The configuration of the twin hulled marine vehicle is very complicated but
the most are typically of two submerged long bodies (cylinders) with slender
vertical surface piercing columns. So the hydrodynamic characteristics in beam
seas are supposed to be realized even with very simple configuration of two
circular cylinders with the wave crests parallel to their axis. The low frequency
motion of very large amplitude is approximated as quasi-steady movement in

numerical computations of hydrodynamic loadings.

The calculated results of the hydrodynamic coefficients between both Tasai's
practical and present fundamental approaches are compared and discussed. The
results of the steady tilt moments by direct pressure integration are compared with
those of experimental work performed in Japan (Maeda 1984 and Ikeda 1985 et al)
and a parametric study for different inclinations in varying current speeds is carried
out. The predictions of steady tilt moments acting on twin hulled vehicles from
previous theoretical approaches are compared and discussed. The calculated results
from the present approach is compared with those from previous theoretical and
experimental work. In particular the work performed by Martin et al (1978) is
reviewed and the concept of Martin's model is discussed. The results of both
approaches are investigated. The effects due to forward speed and interactions
between two hulls using the Martin-type twin hulled model are extensively
investigated and numerical results are discussed in detail. The effects of the viscous
and waterline forces acting on the vertical surface piercing columns on steady tilt
behaviour of an inclined offshore structure are studied and discussed. Finally the
predicted results for a typical offshore twin hulled structure model, based on the
present theoretical approach, are presented to demonstrate the overall value of this
research work for engineering applications to twin hulled marine vehicles under the

combined actions of wave and current.
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10.2 Results comparison between Tasai's approximate approach and

present fundamental approach

The practical approach to predict hydrodynamic loadings and motion
responses of twin hulled marine structures in waves was proposed by Tasai (1970)
and calculated results meet with engineering accuracy as discussed in Chapter One.
The fundamental approach by direct pressure integration over body boundary
contours is described in detail and completely investigated in earlier chapters.
Comparison of computed results such as added mass and damping coefficients

between practical and fundamental approaches are discussed as follows.

Calculations of hydrodynamic loadings on a twin hulled marine structure are
performed for submergence depth ratio d/a = 4.18, separation distance ratio c/a =
7.73 and no inclination in waves. The predicted results of non-dimensionalized
surge added mass coefficient show similar tendency and the prediction by Tasai
approximate method is constant as in Fig. 10.1. In heave and pitch motions, both
results match well as in Figs. 10.2 and 10.3. Added mass coefficients are assumed
to be constant over the wave period range and show reasonable accuracy of less

than 5 % discrepancy with the fundamental approach.

As for non-dimensionalized damping coefficients, predicted results in surge,
heave and pitch motions by direct pressure integration method show fluctuating
behaviour for all wave periods and the discrepancies of both predictions are not
significant as in Figs. 10.4 to 10.6. In fact it is confirmed that the Tasai
approximate approach is an economical and efficient tool for practicé.l predictions

on motion dynamics of twin hulled marine structures in waves.

10.3 Practical applications on Japan SR-1988 twin hulled model

In order to confirm theoretical predictions of steady tilt moments due to

second order effects on twin hulled marine vehicle under combined actions of wave
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and current, calculated results of present theoretical approach by direct pressure
integration over body boundary contours are compared with three dimensional

experimental work from Japan and the details are discussed here.

Based on the SR-192 twin hulled model of Japanese Ship Research Institute
as shown in Fig. 10.7, parametric studies of steady tilt moments due to second
order forces taking into consideration effects of forward speed (equivalent current
effect) and interactions between two hulls are systematically investigated for
different inclinations of £5, £10 and +15 degrees in varying +2 and +4 knots
current speeds. The present theoretical work on steady tilt moment is compared
with experimental results and the theoretical prediction compares with full scale
results from experiments (Takerada et al 1984),

Parametric studies of non-dimensionalized steady tilt moments acting on twin
hulled marine vehicle with submergence depth ratio d/a = 2.59 and separation
distance ratio c/a = 9.71 are performed for different current speeds and inclinations
in waves. The predictions of steady tilt moments are carried out for different
current speeds of +2 (referred to as following waves), -2 (referred to as head
waves), +4 and -4 knots iq positive 10 degree tilt (into incident wave) condition as
shown in Fig. 10.8. Calculated results in following waves are larger for higher
current speed, but those in head waves show adverse tendencies except for short
wave period (within T = 0.60) range. For negative 10 degree tilt (following
incident wave) condition, calculations of steady tilt moments are shown for
different current speeds of +2, -2, +4 and -4 knots as in Fig. 10.9. The calculated
results in negative tilt condition show similar magnitude and tendency as those of
positive tilt condition, but in the reverse direction. In general as the current speed is
higher, the peak value shifts to higher wave period. The peak value of the non-
dimensionalized steady tilt moment for period of 1.0 second and for current

velocity of 4 knots in positive 10 degree tilt condition is 1.0.

As for the positive and negative 15 degree tilt conditions, predicted results of

non-dimensionalized steady tilt moments for different current speeds are presented
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as shown in Figs. 10.10 and 10.11. From such results, significant contribution
due to large inclination for higher current speed in following waves occurs and it
can be concluded that such severe environmental conditions such as higher current
speed (Fn = 0.40) and larger inclination (15 degree) in following waves should be
more carefully studied to investigate the steady tilt behaviour of sea-going ships

and marine vehicles.

Calculated results of non-dimensionalized steady tilt moments for different
current speeds in positive and negative 5 degree tilt conditions are presented in
Figs. 10.12 and 10.13. All results show similar tendency with smaller magnitude
(less than 0.40 at peak value) and no much discrepancy for different current
speeds. It means that the steady tilt behaviour of twin hulled marine vehicles in
head and following waves is rather safe in small tilt (for example less than 5

degree) conditions.

Theoretical predictions of steady tilt moments due to second order effects on
twin hulled marine vehicle in head and following waves are compared with three
dimensional experimental work (Maeda and Ikeda 1985 et al) and both theoretical
and experimental results match well as shown in Figs. 10.14 to 10.25 for different
inclinations of 10, 15 and 5 degree and current speeds respectively. For positive 10
degree tilt condition, the compared results for different -2 and +2 knot current
speeds have good agreement as presented in Fig. 10.14 and same conclusions are
for different -4 and +4 knot current speeds as in Fig. 10.15. For negative 10
degree tilt condition, compared results are also shown in Figs. 10.16 and 10.17.
From such comparison study between theoretical and experimental work, it is
found that the second order forces acting on the submerged hulls are dominant,
compared with that of the vertical surface piercing columns (Martin 1978 and Atlar
1986 et al), and the motion amplitude of the twin hulled marine structure in the
beam sea condition can be assumed to be small from the viewpoint of physical and
practical engineering applications. It is clear that the present pressure integration
approach can be applied as an effective and useful tool for designers and engineers
to predict the steady tilt behaviour of twin hulled marine vehicles under combined

actions of wave and current.
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As theoretical predictions have been confirmed with experimental results, the
full scale predictions, based on SR-192 twin hulled model, by experimental results
from model tests are carried out for different £2 and +4 knot current speeds in
+15 degree tilt conditions and all calculated results are as in Figs. 10.26 to 10.29.
Both full scale and theoretical results are compared and the full scale predictions are
almost three (3) times smaller than those from theoretical results for such severe
conditions. In fact it is clear that the scale effect always exists and more research
efforts concentrated on reasonable correlation between model and full scale results

are still required.

10.4 Practical applications and comparison studies on U.K.
Glasgow HL-1986 work

A technical review of past research work, such as Ogilvie (1963), Numata
(1978), Morrall (1978), Martin (1978) and Atlar (1986), on steady tilt moments
due to second order forces acting on submerged structures in waves is extensively
surveyed. The practical approaches in these researches are simplified and the twin
hulled vehicle is assumed as two rigidly held apart cylinders submerged under a
free surface for zero speed case. The prediction of steady tilt moments acting on
twin hulled marine vehicles is based on the empirical formula of the second order
force in vertical direction only which takes no effect of forward speed and

interaction between two submerged hulls into consideration.

In present theoretical approach, the steady tilt moments acting on twin hulled
vehicles due to the effect of second order forces in both horizontal and vertical
directions are considered. A comparison study on steady tilt moments on twin
hulled marine vehicles between several previous practical approaches and present
theoretical approach is investigated in detail and predicted results of second order
vertical forces acting on the submerged left and right hulls and steady tilt moments
on the twin hulled marine vehicle under a free surface for non-forward speed case

are extensively investigated. A parametric study on steady tilt moments due to
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second order forces is performed for different submerged depths, separation

distance and inclinations in zero current speed condition.

Parametric studies based on several different kinds of empirical formula, such
as Morrall (1978), Numata (1978), Lee-Newman modified by Atlar (1986), Lee-
Newman modified by Wu (1993) and present fundamental approach (1993) by
direct pressure integration over body boundary contours is performed to predict
second order vertical forces acting on the submerged left and right hulls and steady
tilt moments on the twin hulled marine vehicle under a free surface for non-forward
speed case are extensively investigated. The calculated resuits of the twin hulled
model for different submergence depths, separation distance and inclinations for

zero speed case are classified into three major categories and are as follows.

A) For submergence depth ratio d/a = 2.0, separation distance ratio c¢/a = 4.0

condition :

For the non-dimensionalized second order vertical forces acting on the left
hull of twin hulled structure in 10 degree tilt condition, all predicted results have
similar tendencies and a peak value predicted by pressure integration occurs at low
frequency ka = 0.40 point as shown in Fig. 10.30. In general all calculations match
well in low frequency (within ka = 0.60) range but significant discrepancy for the
remaining range of frequencies. Moreover the results predicted by Atlar (1986) and
Wu (1993), modified from Lee-Newman (1971) approach, are about three (3)
times smaller than that of Morrall (1978) and two (2) times for Numata (1978). It is
found that the predictions by Lee-Newman modified approaches are rather small
but those by Morrall and Numata approaches are almost larger. The predictions by
direct pressure integration just lie between these four results and have a critical
value in the low frequency region and it may be noted that this present theoretical
approach can predict more accurate hydrodynamic loadings in the low frequency

range.

For the non-dimensionalized second order vertical forces acting on the right
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hull of twin hulled structure in 10 degree tilt condition, all results meet with good
agreement and reasonable accuracy over the range of frequencies as in Fig. 10.31.
It is clear that the numerical results predicted by all five different approaches are

reliable for practical design applications.

For non-dimensionalized steady tilt moments acting on twin hulled structure
in 10 degree tilt condition, all results have similar behaviour as presented in Fig.
10.32. In general all calculations match well for the low frequency (within ka =
0.65) range but significant discrepancy is seen for the remaining range of
frequencies. Similarly calculated results by Atlar (1986) and Wu (1993), modified
from Lee-Newman (1971) approach, are about three (3) times smaller than those
from Morrall (1978) and two (2) times for Numata (1978). Predictions by Lee-
Newman modified approaches are rather small but those by Morrall and Numata
approaches are larger. The predictions by direct pressure integration just lie

between these four results and have a critical value in the low frequency region.

For the non-dimensionalized second order vertical forces and steady tilt
moments acting on the twin hulled structure in 5 degree tilt condition, all predicted
results show reasonable agreement as in Figs. 10.33 to 10.35 and have similar
tendencies as those of 10 degree tilt condition. In 15 degree tilt condition,
calculated results of forces and steady tilt moments are also presented as in Figs.
10.36 to 10.38. On comparison of the results, good agreement is found for forces
acting on the right hulls and significant discrepancies in forces acting on the left
hull and steady tilt moments on twin hulled marine vehicles predicted by five
different approaches. It is clear that these four different kinds of practical
approaches take no interaction effect between two submerged hulls into

consideration exactly.

In conclusions, predicted results of second order vertical forces acting on the
left hull are always larger than that on the right hull. For greater inclination
condition, second order vertical forces on left hull and steady tilt moments on twin
hulled structures show greater magnitude but forces on right hull have adverse

tendencies.
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B) For submergence depth ratio d/a = 4.0, separation distance ratio c/a = 4.0

condition :

For deeper submergence, all predictions of non-dimensionalized second order
vertical forces and steady tilt moments on twin hulled structure in 10 degree tilt
condition match very well as illustrated in Figs. 10.39 to 10.41 and calculated
results are smaller than those of shallower submergence (d/a = 2.0) condition. As
for numerical results in 5 and 15 degree inclinations, these are systematically
presented as in Figs. 10.42 to 10.47. The only discrepancy in low frequency
(within ka = 0.50) range is predicted by Wu (1993) and this approach is modified
from Lee-Newman (1971). It is clear that the five different approaches are
convenient and effective to predict the steady tilt behaviour of twin hulled marine

vehicles in waves.

. C) For submergence depth ratio d/a = 2.0, separation distance ratio c/a = 6.0

condition :

Calculations of non-dimensionalized second order vertical forces acting on
left hull of twin hulled structure in 10 degree tilt condition show similar behaviour
as those of category (A) and peak values predicted by both pressure integration and
Wu (1993) approaches occur at low frequency ka = 0.50 point as in Fig. 10.48.
All calculations show clear discrepancies over all frequency range and numerical
results predicted by Atlar (1986) and Wu (1993) are about three (3) times smaller
than that of Morrall (1978) and two (2) times for Numaté (1978). It is found that
the predictions by Lee-Newman modified approaches are rather small but those
from Morrall and Numata approaches are larger. Predicted results by pressure
integration lie between these four results and have a critical value in the low

frequency region.
For non-dimensionalized second order vertical forces acting on the right hull

of twin hulled structure in 10 degree tilt condition, all results have good agreement

over all frequency range except for results predicted by Wu (1993) as in Fig.
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10.49. For non-dimensionalized steady tilt moments acting on twin hulled structure
in 10 degree tilt condition, all results show similar behaviour as in Fig. 10.50. In
general all calculations have significant discrepancy for the range of frequencies.
Similarly predicted results by Atlar (1986) and Wu (1993) are about three (3) times
smaller than that of Morrall (1978) and two (2) times for Numata (1978). Indeed
numerical predictions from Lee-Newman modified approaches are almost small but

those by Morrall and Numata approaches are larger.

For non-dimensionalized second order vertical forces and steady tilt moments
acting on the twin hulled structure in 5 degree tilt condition, all results have rather
reasonable agreement as in Figs. 10.51 to 10.53 and have same tendencies as those
of 10 degree tilt condition. In 15 degree tilt condition, calculated results of such
forces and steady tilt moments are also presented as in Figs. 10.54 to 10.56. For
second order vertical forces acting on the left hull and steady tilt moments on twin
hulled marine vehicles predicted by five different approaches, significant
discrepancy in calculated results are as in Figs. 10.54 and 10.56. Results calculated
by Morrall and Numata approaches show divergent behaviour in the higher
frequency range and those from Lee-Newman modified approaches are always
under-estimated. In principal it can be realized that these four different kinds of
practical approaches which take no interaction effect between two submerged hulls
into consideration cannot be effectively applied to investigate the steady tilt

behaviour of twin hulled marine vehicles in such severe conditions.

10.5 Practical applications on U.K. Martin-1978 twin hulled model

The work performed by Martin et al (1978) is reviewed and the concept of the
Martin-type model is discussed. The calculated results of steady tilt moments on
twin hulled marine vehicle, based on the Martin (1978) twin hulled vehicle model
as in Fig. 10.57, are investigated and compared with those from present and
previous work. A comparison study with all previous work, based on the Martin

(1978) twin hulled vehicle model, for second order vertical forces acting on
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individual left and right hulls and steady tilt moments of the inclined twin hulled
marine vehicle in waves for non-forward speed case is carried out. Calculated
results by pressure integration and Wu (1993) approaches are compared for
different Froude numbers of Fn = 0.0, 0.2 and 0.4 in 10 degree tilt condition and a

parametric study is also carried out for different Froude number and inclinations.

In Martin (1978) approach, it is assumed that the submerged pontoons are
sufficiently long enough and a two dimensional formulation is satisfactory. All
columns and bracings are ignored in calculating wave forces and are assumed to
contribute only in the hydrostatics. The ocean is assumed to be inviscid,
incompressible, of infinite depth, and the irrotational solution can be presented in
terms of a velocity potential by using the second order wave theory. The
mathematical problem is formulated and solved by the multipole expansion method
to predict second order forces and steady tilt moments acting on twin hulled marine

vehicles.

The outline of this approach is briefly described as follows. It is supposed
that a particular displaced mean position is artificially imposed by applying a
suitable steady force and moment. The coupled rigid body and hydrodynamic
problems are expanded in powers of wave steepness €, supposing that motions
about the mean position are also of order €. The first order problem admits the
required oscillatory solution and the second order problem indicates how the steady
force and tilt moment are calculated in the presence of the first order oscillation.
Results are presented at this stage for various mean displaced motions artificially
imposed. Finally the mean position may be adjusted until the resulting steady wave
upthrust and moment are exactly balanced by hydrostatic restoring forces. No
artificially imposed upthrust or moment is then required. In general this procedure
will lead to a mean elevation as well as a mean tilt. Solutions of the first order
problem for various aspects have been studied by Wang (1970) for the case of
forces heaving with the cylinders at equal depth by Schnute (1971) for the
scattering problem on cylinders of arbitrary radii fixed at arbitrary depths. In fact
this approach does not solve the boundary value problem exactly and only steady

tilt moments acting on twin hulled structures in waves for non-forward speed case
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is discussed.

Based on the Martin (1978) twin hulled vehicle model, a comparison study
with all previous work including Martin's approach for second order vertical forces
acting on individual left and right hulls and steady tilt moments of the inclined twin
hulled marine vehicle in waves for non-forward speed case is extensively carried

out as follows.

The calculations are performed for second order vertical forces acting on left
and right hulls and steady tilt moments on this twin hulled structure with
submergence depth ratio d/a = 3.17, separation distance ratio c¢/a = 10.0 in no tilt
and zero current speed condition and predicted results are as in Figs. 10.58 to
10.60. All calculated results show reasonable agreement over the range of
frequencies. The predicted result of non-dimensionalized second order vertical
forces on left hull by Wu (1993) have infinite peak value in low frequency (at ka =
0.05) range and show significant discrepancy with other four different approaches
as indicated in Fig. 10.58. It may be noted that the Wu (1993) approach is not
suitable enough for practical design applications. From Fig. 10.60, it is clear that
approaches such as Morrall (1978),' Numata (1978) and Atlar (1986) take into
consideration no effect of interactions between the two submerged hulls and can
provide no information about hull interaction effect of twin hulled marine vehicles
in no tilt condition. It may be noticed that the present theoretical approach by

pressure integration is the most effective tool for practical engineering applications.

Predicted results of second order vertical forces acting on left and right hulls
and steady tilt moments on twin hulled structure for submergence depth ratio d/a =
3.17, separation distance ratio c¢/a = 10.0 in 5 and 10 degree tilt conditions are
presented as in Figs. 10.61 to 10.66 respectively. Basically all calculated results
show reasonable agreement over the range of frequencies except for predicted
results by Wu (1993) which have infinite peak value in the low frequency (at ka =
0.05) range as in Figs. 10.61 and 10.64 and show significant discrepancy with

other four different approaches as in Figs. 10.62 and 10.65. For non-
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dimensionalized steady tilt moments, predicted results by Martin (1978) approach
show large difference with five other theoretical approaches and are always
underestimated as in Figs. 10.63 and 10.66. It is found that the Martin approach is

not suitable enough to provide useful information on steady tilt aspects.

Calculated results by pressure integration and Wu (1993) approaches are
compared on the Martin twin hulled model with submergence depth ratio d/a = 3.17
and separation distance ratio c¢/a = 10.0 for different Froude humbers, i.e. Fn =
0.0,0.2and 0.4 in 10 degree tilt condition to investigate the discrepancy of forces
and steady tilt moments due to current effect. The non-dimensionalized second
order vertical forces and steady tilt moments acting on this twin hulled model are in
Figs. 10.67 to 10.75. In general the predictions of such forces and tilt moments by
Wu (1993) have a more significant peak than those of pressure integration in the
low frequency range and less contribution from the remaining range of frequencies.

Hence it is concluded that the Wu (1993) approach modified from Lee-Newman

work is not reliable.

A parametric study for different Froude number and inclinations is performed
to investigate the steady tilt behaviour of twin hulled marine vehicles under
combined actions of wave and current further. The theoretical predictions of second
order vertical forces and steady tilt moments of twin hulled marine vehicles in
waves for different Froude numbers, i.e. Fn = 0.0, 0.2 and 0.4 in 10 degree tilt
condition are carried out and numerical results are shown as presented in Figs.
10.76 to 10.78. There is not much variation between the results due to current
effect. For the inclination effect, the significant discrepancy is clearly presented as
in Figs. 10.79 to 10.81. Hence it may be concluded that larger inclination always
induces severe steady tilt behaviour on twin hulled marine vehicles under combined
actions of wave and current, particularly in following waves as discussed in

Chapter Seven.

249



10.6 Investigation of effects due to forward speed and hull

interactions on Martin-type twin hulled model

Here theoretical investigations are extensively performed for the effects due to
forward speed and hull interactions on the Martin-type twin hulled (two rigidly held
apart cylinder) model and numerical results such as added mass and damping
coefficients, wave excitation forces, motion responses, second order horizontal and
vertical forces, steady tilt moments and computation time etc, are systematically
presented for submergence depth ratio d/a = 2.0, separation distance ratio c¢/a = 4.0
and no tilt in head and following waves. Numerical predictions of the
hydrodynamic characteristics of twin hulled marine vehicles in head and following

waves are categorized into five (5) major groups as follows.

A) For second order horizontal and vertical forces :

Application is performed on twin hulled structure model. The two caissons
are simulated by circular cylinders to investigate the damping coefficient of the low
frequency motion. Several researches concluded by Wicher and van Sluijs (1979),
Saito (1984) et al have shown that the wave making or viscous effect is dominant
in the damping forces in a slow motion. Saito (1984) et al presented an approach to
determine damping forces proportional to the velocity of the low frequency
oscillation forces from second order forces in waves. If the second order force is
plotted against the velocity of the body, the slope of the curve at zero velocity is
supposed to give a coefficient of the damping force proportional to the velocity.
These results are for a surface piercing body. It can be concluded that it is also
valid for submerged body. Similarly the second order forces for different positive
and negative Froude numbers are calculated. The results clearly indicate that the
curve is flat at zero when the cross section of the submerged caisson is almost
circular. It may be concluded that viscous effect is dominant on the damping forces

of low frequency motion with the caisson part of the offshore structures.

Theoretical calculations of second order horizontal and vertical forces acting

on twin hulled marine vehicles in head and following waves are performed for
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Froude number Fn = +1.5 to -1.5. For wave number ka = 0.10, predicted results
of second order horizontal forces by both approaches, i.e. direct pressure
integration and momentum flux consideration match well and the effects of forward
speed and interactions between two hulls are clearly indicated as shown in Fig.
10.82. The results clearly indicate that the curve is flat at zero. Moreover the
predictions of second order vertical forces by both theoretical approaches are
presented and large discrepancy between both results, particularly an infinite value
at Fn = -1.0 (in following waves), may be due to Lee-Newman (1971) work which
does not consider the effects of forward speed and interactions between two hulls
as shown in Fig. 10.83. Again the results show that the curve is flat at zero. In fact
this conclusion is originally valid for a surface piercing body and it is also

confirmed to be valid for submerged body.

For wave numbers ka = 0.20, 0.30, 0.40, 0.50 and 0.60, calculated results
of second order horizontal and vertical forces against Fn = +1.5 to -1.5 are
systematically presented as in Figs. 10.84 to 10.93. As to the result comparison for
different wave numbers ka = 0.10 to 0.60, both results of second order horizontal
and vertical forces by present theoretical approach are indicated to give certain
information about the effects of forward speed and interactions between two hulls
as shown in Figs. 10.94 and 10.95. In general such results clearly indicate that
significant magnitude is experienced in following waves within Fn = -0.5 to -1.0

range.
B) For added mass coefficients and computation time :

Calculations of surge and heave added mass coefficients and pitch added
moment of inertia of twin hulled marine vehicles in head and following waves are
carried out for Froude number Fn = +1.5 to -1.5. For wave number ka = 0.10,
numerical results of surge and heave added mass coefficients are as in Figs. 10.96
and 10.97 respectively and the non-dimensionalized amplitudes are greater in
following waves as current speed increases. For non-dimensionalized pitch added

moment of inertia coefficient, predicted results clearly show two knuckle points in
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head and following waves, i.e. one at Fn = +0.5 (in head waves) and the other at
Fn = -0.7 (in following waves) and it may be due to the effect of interactions
between two hulls as shown in Fig. 10.98. The computation time for this
numerical calculation is as in Fig. 10.99 and two significant peaks within the range

of Fn = -0.5 to +0.5 are due to the hull interaction effect.

For wave number ka = 0.50, predicted results of surge and heave added mass
coefficients, pitch added moment of inertia and the computation time against Fn =
+1.5 to -1.5 are systematically indicated for technical reference as in Figs. 10.100
to 10.103. As to result comparison for different wave numbers ka = 0.10 to 0.60,
all results of surge and heave added mass coefficients, pitch added moment of
inertia and computation time by present theoretical approach are shown to give
certain information about the effects of forward speed and interactions between two
hulls as in Figs. 10.104 and 10.107. In general these results clearly indicate that

the significant effect is indicated within Fn = -0.5 to +0.5 range.

C) For damping coefficients and steady tilt moments :

Numerical computations of non-dimensionalized surge, heave and pitch
damping coefficients of twin hulled marine vehicles in head and following waves
are carried out for Froude number Fn = +1.5 to -1.5. For wave number ka = 0.10,
numerical results of surge, heave and pitch damping coefficients are as in Figs.
10.108 to 10.110 and the predicted is flat at Fn = 0.0 point and negative occurs for
Fn =-1.5 and Fn = +1.2. Two knuckle points of all results are seen in head and
following waves, one at Fn = +0.5 (in head waves) and the other at Fn = -0.7 (in
following waves) and for pitch mode significant negative value at Fn = -1.5
(following waves) as in Fig. 10.110. Non-dimensionalized steady tilt moments in
head and following waves are as in Fig. 10.111 and the peak value at Fn = -0.7

confirms the hull interaction effect.

For wave number ka = 0.50, predictions of surge, heave and pitch damping

coefficients and steady tilt moments in head and following waves are as in Figs.
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10.112 to 10.115. On comparison of surge, heave and pitch damping coefficients
and steady tilt moments for different wave numbers, i.e. ka = 0.10 to 0.60, by
present theoretical approach shown certain information about the effects of forWard
speed and interactions between two hulls as in Figs. 10.116 and 10.119. In general
such results clearly indicate that the significant effect is indicated beyond Fn = -0.5

range.
D) For dynamic motion responses :

Theoretical calculations of non-dimensionalized motion responses in surge,
heave and pitch modes in head and following waves are performed for Froude
number Fn = +1.5 to -1.5. For wave number ka = 0.10, numerical results of surge
and heave motion responses are as in Figs. 10.120 and 121 respectively and
predicted results show only one peak value at Fn = 0.0 point. For pitch mode
significant peak value at Fn = -0.7 (following waves) indicate the importance of the

steady tilt behaviour in following waves as in Fig. 10.122.

For wave number ka = 0.30 and 0.50, numerical results of dynamic motion
responses in surge, heave and pitch modes of twin hulled marine structures in head
and following waves are as in Figs. 10.123 to 10.128. On comparison for different
wave numbers ka = 0.10 to 0.60, the predictions of surge, heave and pitch motion
responses by present theoretical approach provide certain information about the
effects of forward speed and interactions between two hulls as in Figs. 10.129 and
10.131.

E) For wave excitation forces :

Numerical predictions of non-dimensionalized surge, heave excitation forces
and pitch moments of twin hulled marine vehicles in head and following waves are
investigated for Froude number Fn = +1.5 to -1.5. For wave number ka = 0.10,
calculated results of surge and heave wave excitation forces are as in Figs. 10.132
and 133 respectively and predicted results show two peak values at Fn =-0.5 and -

0.7 points. For pitch moment significant peak value at Fn = -0.7 (following waves)
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indicate the effect to the steady tilt behaviour in following waves as in Fig. 10.134.

For wave number ka = 0.30 and 0.50, numerical results of wave excitation
forces and moments in surge, heave and pitch modes in head and following waves
are as in Figs. 10.135 to 10.140. On comparison for different wave numbers ka =
0.10 to 0.60, calculated results of forces and moments by present theoretical

approach are useful for design applications as shown in Figs. 10.141 and 10.143.

10.7 Investigation of effects due to viscous and waterline forces on

vertical surface piercing columns of twin hulled vehicles

The effects of viscous forces acting on vertical surface piercing columns of a
twin hulled marine vehicle are studied to investigate the steady tilt behaviour of an
inclined twin hulled offshore structure in waves. The mathematical formulation,
based on Morrison approach, of viscous horizontal forces acting on single vertical
surface piercing column are described as shown in Appendix D. The steady tilt
moments due to such viscous horizontal forces acting on vertical surface piercing
columns and the second order effect on submerged hulls are discussed. A
comparison study of steady tilt moments acting on twin hulled offshore structures

for different GM values is performed.

The comparison study of steady tilt moments due to such viscous horizontal
forces acting on vertical surface piercing columns, predicted by Morrison(Wu)
1993 approach, and the second order effect on submerged two hulls, calculated by
Morrall (1978), Numata (1978) and L-N(Atlar) 1986 approaches, are performéd on
a twin hulled marine vehicle with submergence depth ratio d/a = 2.0, separation
distance ratio c¢/a = 4.0 and 5 degree tilt condition. All calculated results, predicted
by these four different kinds of practical approaches such as Morrall (1978),
Numata (1978), L-N(Atlar) 1986 and Morrison(Wu) 1993, are performed for

different GM values and discussed as follows.
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A) For the ratio of GM/a =0.30:

The predictions of non-dimensionalized steady tilt moments acting on two
submerged hulls of twin hulled structures by Morrall (1978), Numata (1978) and
L-N(Atlar) 1986 are compared with those including viscous horizontal forces on
four vertical surface piercing columns by Morrison(Wu) 1993. A slight
discrepancy between both results are as in Figs. 10.144 to 10.146. Calculated
results of steady tilt moments on two submerged hulls are compared with viscous
forces on columns and it is found that the contribution due to viscous horizontal

forces on vertical columns is rather insignificant as in Fig. 10.147.
B) For the ratio of GM/a =0.40 :

Similarly computed results of non-dimensionalized steady tilt moments acting
on two submerged hulls of twin hulled structures by Morrall (1978), Numata
(1978) and L-N(Atlar) 1986 are compared with those cases including viscous
horizontal forces on four vertical surface piercing columns by Morrison(Wu) 1993.
All calculations show not much difference as in Figs. 10.148 to 10.150. Calculated
results of steady tilt moments acﬁng on two submerged hulls are compared with
viscous forces on vertical columns and it is clear that viscous horizontal forces
acting on vertical columns show small effect on total steady tilt moments acting on

twin hulled marine vehicles in waves as in Fig. 10.151.
C) For the ratio of GM/a =0.50 :

Calculated results of non-dimensionalized steady tilt moments acting on two
submerged hulls of twin hulled structures by Morrall (1978), Numata (1978) and
L-N(Atlar) 1986 are compared with those cases including viscous horizontal forces
on four vertical surface piercing columns by Morrison(Wu) 1993 as in Figs.
10.152 to 10.154. Predicted results of steady tilt moments on two submerged hulls
are compared with viscous horizontal forces on vertical columns and it is noticed

that the viscous effect on vertical columns is insignificant on steady tilt behaviour
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as indicated in Fig. 10.155. Conclusion by pervious researches confirms that the
second order forces acting on submerged hulls are clearly dominant as compared
with forces acting on vertical surface piercing columns (Martin 1978 and Atlar
1986 et al). If the value of GM increases, the contribution due to viscous forces
becomes greater and it may be concluded that the viscous effect in the horizontal
direction acting on vertical surface piercing columns help to reduce steady tilt

behaviour.

A comparison study of steady tilt moments is performed for submergence
depth ratio d/a = 2.0, separation distance ratio c/a = 4.0 and 5 degree inclination for
different GM values. Based on Morrall (1978), Numata (1978) and L-N(Atlar)
1986 approaches, calculations are carried out on steady tilt moments with viscous
contribution for different GM values, i.e. GM/a = 0.3, 0.4 and 0.5 and all results
are as in Figs. 10.156 to 10.158. Predictions of steady tilt moments due to viscous
effect on vertical columns are cémpared and the contribution due to greater GM
value is as in Fig. 10.159.

Finally the prcdictions, by Morrall (1978), Numata (1978) and L-N(Atlar) .
1986, of non-dimensionalized steady tilt moments including viscous effect on
vertical columns are compared with that of viscous effect on columns only and the
calculated results for different GM values are presented as in Figs. 10.160, 10.161
and 10.162.

As for theoretical predictions of waterline forces acting on surface piercing
body without forward speed effect in waves, previous research work performed by
Pinkster (1980) and Wichers (1988) et al are reviewed. The five main components
of such mean wave steady forces as proposed by Pinkster (1980) are briefly

described as follows.

A) Contribution I (wave elevation) is due to the relative wave elevation which
can be referred as the contribution to the waterline force. The first order
hydrodynamic forces are predicted by direct pressure integration over the mean

wetted surface of the body. When the hydrostatic decay of this pressure including
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diffraction effect is taken into consideration from the mean waterline to the
instantaneous free surface, this produces an additional steady force over one wave

period and the general equation is written as

1 oy =
E_=-] SeG) adl,, (10.1)

WL

where the integrand in this case always represents a pressure increase acting

inwardly at the waterline.

B) Contribution II (velocity head) is due to the square of the velocity potential.
The Bernoulli equation describes a dynamic pressure in terms of the quadratic first
order wave particle velocity including the diffraction effect. The direct integration
of this pressure over the mean wetted surface represents the steady force and the

general formulation is described as

1l =02
F, =-||-=p[Vo" fidS 10.2
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Here the integrand denotes a pressure decrease acting outwardly on the mean
wetted surface of the body. In general the fluid velocity tends to be largest on the
coming wave side and such results in a mean force component is directed into the

waves.

C) Contribution III (body translation) is due to the translational displacement of
the body. The first order hydrodynamic force can be realized that the pressure
always acts on the mean position of the body. In fact the pressure field may slightly
change due to the translational surge, sway and heave motions. Thus such steady
forces can be predicted from direct integration of the product of this pressure
gradient by the translational body displacement and the general equation is indicated

as
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Since this is a mixed product of the first order motion and pressure gradient, it is
not possible to predict the sign of this quantity and the sign depends on the phase
angles of both quantities.

D) Contribution IV (body rotation) is due to the product of the angular motion
and acceleration. As the body rotates in roll, pitch and yaw modes, the pressure
field also change slightly. For example a roll angle will incline the bottom of a
rectangular caisson so that the pressure in the vertical direction will induce a
horizontal force component which is the product of the heave pressure and the roll

angle. The general formulation of this force is written as
Ry, =3"(M-£?) (10.4)

Hence the wave pressure integrated over the body surface is expressed in terms of
the body acceleration and is the product of the first order rotational motion and

body mass and acceleration.

E) Contribution V (second order effect) is due to the second order effect of
velocity potential. This force is induced by the pressure gradient in second order

waves and the detailed expression is formulated as proposed by Pinkster (1980).

In general the potential accuracy of this numerical approach is sufficient for
the prediction of the first order hydrodynamic problem and second order horizontal
forces of marine vehicles with non-forward speed effect in waves. As to forward
speed case, certain difficulties of numerical approaches for theoretical computations
still remain. More research efforts concentrated on this subject are possible to
accurately predict the first and second order hydrodynamic problems of single or

twin hulled marine vehicles in waves.
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10.8 Example presentation of a twin hulled marine vehicle

The predicted results of a typical offshore twin hulled structure model, based
on the present pressure integration approach, are presented to show the overall
value of this theoretical work. Calculated results are divided into three major

categories as follows.
A)  First order hydrodynamic forces :

(a) The added mass coefficients for individual left and right ones of two
rigidly held apart cylinders are predicted for different current speeds, submergence
depths, separation distances and inclinations in head and following waves as in

Figs. 10.163 to 10.165 and for the total system, they are as in Chapter Four.

(b) The damping coefficients for individual left and right ones of two rigidly
held apart cylinders are calculated for different current speeds, submergence
depths, separation distances and inclinations in head and following waves as in

Figs. 10.166 to 10.168 and for the total system, they are as in Chapter Four.

(c) The wave excitation forces for individual left and right ones of two rigidly
held apart cylinders are predicted for different current speeds, submergence depths,
separation distances and inclinations in head and following waves as in Figs.

10.169 to 10.174 and for the total system, they are as in Chapter Four.

(d) The numerical results of the real and imaginary parts of Kochin functions

in head and following waves are as in Chapter Five.

(e) The numerical results of the m-vector contribution due to forward speed

effect are as in Chapter Five.

(f) The numerical results of motion responses in head and following waves

with and without hydrodynanﬁc restoring forces due to forward speed effect as in
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Chapter Six.

B) Second order hydrodynamic forces :

(a) The second order horizontal forces acting on individual left and right ones
and two rigidly held apart cylinders are calculated for different current speeds,
submergence depths, separation distances and inclinations in head and following

waves as in Chapter Seven.

(b) The second order vertical forces acting on individual left and right ones
and two rigidly held apart cylinders are predicted for different current speeds,
submergence depths, separation distances and inclinations in head and following

waves as in Chapter Seven.

(c) The steady tilt moments due to second order horizontal and vertical forces
are computed for different current speeds, submergence depths, separation

distances and inclinations in head and following waves as in Chapter Seven.
C) Accuracy check of numerical computations :

(a) The numerical accuracy check of damping coefficients is checked out by
the consideration of energy flux in the fluid domain and by direct pressure
integration over the body boundary contours as in Chapters Four and Eight.

(b) The numerical results of wave excitation forces in terms of the Kochin
functions is investigated by the Haskind and Newman relation as in Chapters Four

and Eight.

(c) The numerical results of the m-vector contribution due to forward speed

effect are compared with zero forward speed effect as in Chapter Five.

(d) The numerical results of the hydrodynamic restoring coefficients due to

forward speed effect of two cylinder case are confirmed by analytical solutions of
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single cylinder case as in Chapter Six.

(e) The numerical accuracy of second order horizontal forces is checked by
direct pressure integration over the body boundary contours (near field approach)
and by momentum flux consideration in the fluid domain (far field approach) as in

Chapters Seven and Eight.

(f) The numerical accuracy of second order vertical forces is investigated by
direct pressure integration over body boundary contours (near field approach) and
momentum flux consideration in the fluid domain (far field approach proposed by

Lee-Newman 1971) as in Chapter Seven.

(g) The numerical accuracy of the steady tilt moments is confirmed by three

dimensional experimental work (Maeda 1984 and lkeda 1985 et al) as in Chapter

Ten.

10.9 Discussions and conclusions

All predicted results are systematically presented and the main conclusions are

as follows.

A) The calculated results of the hydrbdynamic coefficients between both Tasai's
practical and present fundamental approaches are compared and discussed. In
practical approach, added mass coefficients are assumed to be constant over all
wave frequency range and show reasonable accuracy with the fundamental
approach. As for non-dimensionalized damping coefficients, predicted results in
surge, heave and pitch motions by direct pressure integration method show
fluctuating behaviour over all wave periods and the discrepancies in both
predictions are not significant. In fact it is confirmed that the Tasai (1970)
approximate approach (Wu 1991) is an efficient and useful tool for practical

predictions on motion dynamics of twin hulled marine structures in waves.
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B) The results of the steady tilt moments by direct pressure integration are
compared with three dimensional experimental work (Maeda 1984 and Ikeda 1985
et al) and a parametric study for different inclinations and varying current speeds is
carried out. It is noticed that in the case of severe condition like current speed (Fn =
0.40) and large inclination (15 degree) in following waves, great care should be
taken.

C) The predictions of steady tilt moments acting on twin hulled vehicles from
previous theoretical approaches (Morrall 1978, Numata 1978, Atar 1986 et al) are
compared and discussed. The above five theoretical approaches are a useful tool to
designers. It may be concluded that the empirical approaches mentioned above do
not take into consideration the effect of forward speed and hull interactions. Hence
they are not preferred, especially when it comes to predicting the steady tilt
behaviour in severe conditions. It is clear that the pressure integration approach can
be comfortably applied to predict more accurate hydrodynamic loadings and steady

tilt behaviour of twin hulled marine structures in waves.

D) Work performed by Martin et al (1978) is reviewed and the concept of
Martin's model is discussed. Predicted results by Martin (1978) approach show
large difference with five other theoretical approaches are underestimated. It is
found that the Martin approach is not suitable enough to provide useful information

on steady tilt aspects.

Calculated results by both pressure integration and Wu (1993) approaches are
compared with the Martin twin hulled model for submergence depth ratio d/a =
3.17, separation distance ratio c/a = 10.0, different Froude numbers, i.e. Fn = 0.0,
0.2 and 0.4 and 10 degree tilt condition to investigate the discrepancy in forces and
steady tilt moments due to current speed effect. In general the predictions of such
forces and tilt moments by Wu (1993) almost have more significant peak than those
from pressure integration in the low frequency range and less contribution for the
remaining range of frequencies. Hence it may conclude that the Wu (1993)

approach modified from Lee-Newman work is not reliable.

262



E) The results of second order forces show that the curve is flat at zero. In fact
this conclusion is originally valid for a surface piercing body and it is also
confirmed to be valid for submerged body and viscous effect is dominant on the

damping forces of low frequency motion on the caisson part of offshore structures.

For non-dimensionalized pitch added moment of inertia coefficient, predicted
results clearly show two knuckle points in head and following waves and it may be
due to the effect of interactions between two hulls. The computation time for this
numerical calculation indicates that two significant peaks within the range of Fn = -

0.5 to +0.5 are shown to demonstrate the hull interaction effect.

Two knuckle points in damping coefficients are shown in head and following
waves, one at Fn = +0.5 (in head waves) and the other at Fn = -0.7 (in following
waves) and for pitch mode significant negative value at Fn = -1.5 (following
waves). For non-dimensionalized steady tilt moments in head and following waves

the peak value at Fn = -0.7 point confirms the hull interaction effect.

In general a significant effect on pitch motion and pitch excitation moment is
indicated in following waves and this gives some hints regarding the prediction of

steady tilt behaviour in following waves.

F) Calculated results of steady tilt moments on two submerged hulls are
compared with that of steady tilt moments due to viscous effect on vertical columns
and it is clear that the contribution due to viscous horizontal forces on vertical
columns is rather insignificant and provides certain positive benefit to steady tilt

behaviour.

Conclusion by pervious researches (Martin 1978 and Atlar 1986 et al)
confirms that the second order forces acting on submerged hulls are more dominant
as compared with that of the vertical surface piercing columns. If the value of GM
increases, the contribution due to viscous forces acting on twin hulled structures
becomes greater and it may be concluded that the viscous effect in the horizontal

direction acting on such vertical surface piercing columns has effective contribution
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to the steady tilt behaviour.
As GM value increases, the effect of the column contribution in the steady tilt

behaviour is significant. However in most cases the column effect helps to reduce

the steady tilt behaviour.
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CHAPTER 11
ACHIEVEMENTS, CONCLUSIONS AND RECOMMENDATIONS

11.1 Achievements and conclusions

A systematical review on the main findings of this research work is presented
here with emphasis on the overall conclusions and several recommendations for

future work as follows.

(1) A preliminary study of practical applications in the ocean engineering field
was performed at the earlier stage. Practical engineering predictions of the Froude
Krylov forces acting on floating buoys and twin hulled vehicles in waves were
| studied. The mathematical equations to predict hydrodynamic forces acting on
floating buoys and twin hulled structures in the heeled condition were formulated
by direct pressure integration over the body boundary contours. The predicted
results are in good agreement with previous more approximate theoretical

researches (Tasai 1983) and experimental work (Wu 1991).

The mathematical approach to predict the hydrodynamic behaviour of floating
buoys with the mooring systems in waves were extended to twin hulled offshore
structures. Approximate predictions based on the Froude Krylov approach show
good agreement with that of previous researches (Tasai 1970, 1983). Results of
experimental work (Wu 1991) performed for three different kinds of buoy models
are compared with such calculations and generally fall within 10 % accuracy which
is reasonable in engineering. In fact this practical approach has revealed that it can
provide reliable predictions in CPU times less than 2 or 3 seconds and it can also
be conveniently computed on desktop calculators for practical design and offshore

engineering work.
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For approximate calculations of twin hulled offshore structures in regular
waves, there is good agreement with previous research work (Tasai 1970). Both
theoretical and experimental results show good agreement with less than 5 %

discrepancies in general.

All predicted results are compared with previous theoretical and experimental
research work with reasonable engineering accuracy. On an analysis of the
computation time taken for these calculations, it is found that the CPU time is only

less than 5 seconds on the VAX 3600 micro computer system.

(2) The theoretical formulation of the boundary value problem with forward
speed effect is described in detail. Under these linear assumptions, numerical
solutions can be obtained by solving the integral equation of the velocity potential
on the body surface. It is noted that not only non-linear effect on body boundary
and free surface conditions make such problems mathematically intractable but also
the instantaneous surfaces of such boundaries are difficult to be determined. These
boundary conditions have to be linearized to a certain extent so that practical
solutions can be obtained by numerical computations. Mathematical expressions of
the radiation and diffraction wave depressions far upstream and far downstream are

also described in terms of Kochin functions.

(3) The fundamental formulation of the most generalized form of Green function
to predict hydrodynamic forces is theoretically derived for the boundary value
problem of a single submerged body advancing at a constant forward speed and
oscillating in incident waves and its derivatives are also described for the solution
of velocity potential over body boundary contours in the integral equations. The
theoretical formulation of this Green function which can be applied to arbitrary
cross sections of submerged structures is fully derived and mathematical
manipulation of the Green function which makes numerical computations more

convenient is also achieved.

(4) The comprehensive derivation of analYtical expressions for radiation and
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wave excitation forces acting on the submerged structure in incident waves is
described in detail. These are of first order with respect to motion responses and
wave amplitudes. Due to forward speed effects, there is a contribution from the
hydrodynamic restoring force terms proportional to body displacement. Based on
such radiation and wave excitation forces, motion equations of dynamic responses
of submerged structure translating at constant forward speed (equivalent current

speed) in incident waves, but left to oscillate, are systematically formulated.

A valuable procedure for theoretical confirmation of numerical computations
is developed and completely described. The numerical accuracy check of the
damping coefficients is calculated by consideration of the energy flux in the fluid
domain and by the direct pressure integration over body boundary contours. The
numerical results of wave excitation forces in terms of the Kochin functions in the
radiation problem with real and imaginary parts is checked out by the Haskind-
Newman relation and by direct pressure integration as well. The numerical
accuracy of this newly modified approach, achieved by analytically solving the
logarithmic part of the Green function, is extensively investigated and all predicted

results are well satisfied with errors less than 0.5 % in general.

(5) The formulation of the m-vector contribution due to forward speed and
interactions between two submerged hulls is theoretically derived by the dipole
image method and the mathematical expression of the m-vector contribution for
single submerged circular or elliptical cylinder case is also described for possible
applications. The predicted results of hydrodynamic loadings with m-vector
contribution are compared with those without taking into consideration the m-
vector contribution and for non-forward speed case both results of numerical
computations match very well with no discrepancy. It is confirmed that this
theoretical approach with the m-vector contribution is effective and reliable enough

for practical engineering applications.
(6) The mathematical formulations of hydrodynamic restoring forces associated

with the forward speed effect for the submerged single and two circular cylinder

cases are derived in detail and numerical results of the submerged two circular
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cylinder case show much less than 5 % errors when compared with the analytical
solution derived mathematically for the submerged single circular cylinder case.
The dynamic motion responses of an inclined offshore structure with and without
restoring forces due to forward speed effects in head and following waves are
extensively investigated and a parametric study for different submerged depths,
Froude numbers, separation distances and inclinations in head and following
waves are also performed to provide information on motion responses. In fact it is
found that the hydrodynamic behaviour of the single or twin hulled marine vehicles

in following waves is more significant than that of head waves.

(7) The second order horizontal forces including the effects of forward speed and
interactions between two submerged hulls in head and following waves by the
momentum flux consideration in fluid domain are theoretically formulated. The
theoretical formulation of the second order forces due to forward speed and hull
interaction effects acting on thelsubmerged two circular cylinders in waves by the
direct pressure integration over the body boundary contours is derived in detail and
predicted results are also compared with that of previous work (Kashiwagi 1987
and Varyani 1988) and are found to meet with a good level of engineering
accuracy. It is concluded that the outer solution of the near field approach and the
inner solution of the far field approach in present numerical calculations of second
order horizontal forces match well within errors less than 1 %. For second order
forces in the vertical direction, calculated results are compared with those predicted
by Lee-Newman (1971) approach and discrepancies less than 10 % for zero speed
case in the far field and near field approaches are due to the Lee-Newman (1971)
approach which does not take into consideration effects of forward speed and

interaction between two submerged hulls.

The steady tilt moments due to second order forces with the forward speed
effect are calculated and numerical results have good agreement of less than 1 %
discrepancy with the three dimensional experimental work (Maeda 1984 and Ikeda
1985 et al). Predicted results of parametric studies on steady tilt moment for

different submergence depths, current velocities, separation distances and
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inclinations in head and following waves are extensively investigated to improve

knowledge which is necessary for practical design consideration.

(8) In the field of computational fluid dynamics, the computational efficiency and
numerical accuracy are two major concerns of researchers. In the present study,
both numerical approaches such as the discrete source distribution method and the
direct Green function method are newly modified and formulated in detail. The
logarithmic part of the Green function is analytically derived to improve the

computational efficiency, in other words, it considerably cuts down the CPU time.

The numerical results based on both numerical approaches are extensively
investigated. From a consideration of CPU time against incident wave numbers,
the results show that the direct Green function method is almost three (3) times
more efficient than the discrete source distribution method for practical
computations. The errors in damping coefficients confirms that the direct Green
function method is about ten (10) times more accurate than the discrete source

distribution method in computation accuracy.

It is obvious that as the number of discrete elements on the body surface
increases, the numerical accuracy is improved. Nevertheless a major concern is the
computational efficiency. Hence it is very important to carry out numerical
computations which will help researchers to choose the optimum numbers of

discrete elements and images of the dipoles.

(9) A mathematical approach with linear optimal control theory to study the
dynamic positioning behaviour of twin hulled marine structures under combined
action of wind, wave and current is briefly introduced. A detail description of the
experimental data acquisition and analysis system at the Hydrodynamics
Laboratory of Glasgow University is described. Series of experiments were carried
out to measure the sway force and yaw moment acting on twin hulled structure

model for different submergence depth, trim and drift angle conditions.
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The experimental results show linear relationships and they are based on the
technique of curve fitting to obtain several newly developed formulae of
hydrodynamic forces and moments. These mathematical equations are proposed so
that designers and researchers can make use of these results in simulation analyses
to predict the manoeuvring performance and dynamic positioning behaviour of twin

hulled marine vehicles for practical engineering applications.

(10) The practical approach, based on the approximation method proposed by
Tasai (1970), for predicting the hydrodynamic behaviour of twin hulled marine
vehicles in waves is well developed within adequate engineering accuracy. The
calculated results of the added mass and damping coefficients of a twin hulled
marine structure in waves are compared between Tasai's approximate (1970) and
pressure integration approaches with errors less than 5 %. It may be concluded that
the Tasai's approximate approach is economical and efficient to designers and
engineers and the pressure integration approach is useful to researchers for more

fundamental grasp of the ocean engineering field.

The predicted results of steady tilt moments, due to the effect of second order
forces, are compared with that of the three dimensional experimental work (Maeda
1984 and Ikeda 1985 et al) and they show good agreement within errors less than
1.0 % for different current velocities and inclinations. A parametric study is
performed to investigate to predict steady tilt moments acting on SR-192 twin
hulled offshore structure model for different current velocities and inclinations in

head and following waves.

A review of the past research work on steady tilt moment due to second order
forces is extensively studied. Approaches proposed by Ogilvie (1963), Lee-
Newman (1971), Morrall (1978), Numata (1978), Atlar (1986) and Wu (1993)
modified from Lee-Newman approach etc are simplified and the twin hulled vehicle
is taken as two rigidly held apart cylinders submerged under a free surface. For the
zero speed case, the results of steady tilt moments do not incorporate the interaction
effect between two hulls. In the present research work, the theory is developed to

solve the boundary value problem of a typical twin hulled vehicle model including
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the effects of forward speed and interactions between two submerged hulls
fundamentally. The prediction of steady tilt moments due to second order forces in
both horizontal and vertical directions is taken into consideration. The discrepancies
in previous approaches on the theoretical side are discussed and new major
contributions of the present research by direct pressure integration (1993) are also
described in detail. Several calculated results, based on typical twin hulled structure
model, are compared with that of previous research work. From the calculated
results, it is found that these theoretical approaches provide reasonable predictions
for certain ordinary conditions such as deep submergence and small inclinations.
But for the most severe conditions such as 15 degree inclination condition,
predicted results by Morrall (1978) and Numata (1978) approaches show divergent
behaviour and those from both Atlar (1986) and Wu (1993) approaches, modified
from Lee-Newman (1971), are in the conservative side. In fact, it is concluded that
all five approaches can be conveniently applied to predict steady tilt moments acting
on twin hulled marine vehicles in calm water for ordinary conditions. However for
more complicate and severe conditions, the present pressure integration approach is

the only effective and reliable tool for practical engineering applications.

A simplified versiorl of a twin hulled offshore structure as submerged two
circular cylinders model is generally proposed to study the steady tilt moments due
to second order vertical forces for zero speed and incident wave condition. Martin's
theoretical approach (1978) is briefly described and predicted results, based on
Martin's twin hulled structure model, are compared with all previous research
work, Wu (1993), modified from Lee-Newman (1971) approach, and present
pressure integration approach. On comparison of results, it is noticed that the
Martin approach shows underestimated behaviour of 2 or 3 times smaller than
others over the frequency range. Hence it is clear that this approach is applied in

more conservative manner for practical applications.
The mathematical formulation of the viscous horizontal forces acting on

vertical surface piercing columns to investigate the steady tilt behaviour of an

inclined offshore twin hulled structure is derived. On comparison of the steady tilt
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moment due to viscous horizontal forces on vertical columns and second order
forces on two submerged hulls are performed for different theoretical approaches
such as Morrall (1978), Numata (1978), Atlar (1986), Wu(1993) and Morrison
(Wu) 1993 etc. It is clear that the contribution of the second order forces on steady
tilt moment due to the lower hulls is more than that of vertical columns. A
comparison study on the steady tilt moments for different GM values of twin hulled
structures in waves is performed. It is concluded that as the GM value increases,
the viscous effect in the horizontal direction of vertical surface piercing column
shows certain contribution to steady tilt moment. The theoretical formulation of the
first and second order hydrodynamic problems with respect to waterline forces on
surface piercing columns of twin hulled offshore structures are briefly described
and certain research work to improve numerical algorithm for computational fluid

dynamics is suggested.

11.2 Recommendations

The present research work is concentrated on the steady tilt moments due to
the second order effect of typical twin hulled marine structure in beam sea condition
and the boundary value problem takes into consideration the effects of forward
speed and the interaction between two submerged hulls. Although the present

theoretical work is already dealt well, further work needs to be done as follows.

Further experimental work can be performed on twin hulled marine vehicles
under current action for different loading conditions in manoeuvring and dynamic
positioning éspects. More mathematical equations can be fitted from experimental
measurement to check the effectiveness of recent theoretical approaches and
improve the accuracy of mathematical modelling for practical predictions of the
dynamic positioning behaviour of twin hulled marine vehicles under the combined

action of wind, wave and current.

In compliance with the theories of the optimal control system such as the
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Extended Kalman Filter technique, Applied Parameter Estimation and Uncertain
Dynamic System etc, the mathematical approach of real time simulation can be
exactly formulated and effectively applied to predict the dynamic positioning
behaviour of twin hulled marine vehicles under the combined action of wind, wave
and current. Indeed this work is an economical and efficient tool for designers to
assess the preliminary manoeuvring performance of ships and twin hulled marine
vehicles in waves and also a useful one for engineers to operate the dynamic

positioning behaviour of marine vehicles in severe environmental conditions.
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APPENDIX

A. Mathematical derivation of the velocity identity

The mathematical manipulation of the quantity described before is considered

as follows.
9 =[iwd +V x(ax V)] 4 (A1)
where :

The i-th components of these vectors &, V and f are presented as o;, v, and n,

respectively.

At first, mathematical conventions of the indicial notation relevant to the

vector calculation are summarized and a dot product of the vectors is written as

3
A-B=) AB,=AB, (A2)

i=l

In fact, if the same subscript, for example " i ", appears'in a term of the above

I|i"

equation, the summation with respect to is supposed to be performed.

The i-th component of the divergence of a scalar quantity is written as
NP (A3)

The i-th component of a vector cross product is indicated as
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(AxB) =e;AB, (Ad)
where :

The mathematical convention of the summation, as shown in Eq. (A2), applies for j
and k and the alternating tensor €, is used, which is equal to +1 for the indices in
cyclic order (123, 231, 312) ; equal to -1 for the indices in acyclic order (132, 213,
321) ; equal to O if any pair of the indices are identical.

In relation to the alternating tensor, the following mathematical property is
applied as

€i3Eipg = 05,0, =8,,0 (AS)

ibq = kpQiq
Here §; is the Kronecker's delta which is equal to 1 for i = j and equal to 0 for the

others.
A. For the translatonal motions

With the mathematical conventions introduced above and the assumptions of
a, =§,, a, =, and a, =0, the quantity ¥ described in Eq. (A1) can be rewritten

as

) s[im&+Vx(&xV)]-ﬁ =iona; +n
= imnjai +4ni(8ipajq - aiqajp )ajapvq

0V, +v0,0, —00V —V-B-OL) (A6)

L | 1717

€50 €ipa®pVg
=ion e, +n,(o
Here the mathematical relations are written as follows.

oo, =0, da; =0 (AT

d,v; =0 ; that is the equation of the fluid continuity. (A8)
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o,v; =0,v;;

ivj?

that is the irrotational flow property. (A9)

By substituting the Eqs. (A7), (A8) and (A9) into the Eq. (A6), the following

equation can be derived as
® =ion,o; —ndve, = {m)ﬁ - (ﬁ-V)V}(’i (A10)

B. For the rotational motions

Here several mathematical expressions are assumed as follows.

a, =g, 0.x, (Alla)
6,=6,=0, 6,=¢, (Al1b)
X, =X , X;=y—-d , x;=0 (Allc)

By substituting the above relations, Eq. (A11), into the Eq. (A1) with several

reduction, the following equation can be derived as

V= m)nleuke X + 0,850, (eph,,e X )
=iwde —-0,&,0,V; + €y (quk - kaq)a.v (A12)

)ﬂﬂ i'q

Here the third term of the Eq. (A12) can be rewritten as

ne, (ex 0,x )av NELE (Oxro) v,
( 'r;,)nav = =0, & X0,V (Al13)

mtidi Y

where :

8 and T, are newly defined vectors and their components are (0,0,&,) and

(x,y —d,0) respectively. The mathematical expression is then obtained as follows.
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¥ =iwd e, x,n; -0¢€

€V, —0€,x,n, 0 v,

m-m 1

= {io( x7)- (Ax ¥)-% x[(3-V) V] ] (A14)
The second and third terms of the Eq. (A14) can be rewritten as
~(AxV)-% x[(5-V)V]=-7-V)(% x V) (A15)

By substituting the Eq. (A15) into the Eq. (A14), the final mathematical expression
is obtained as

8 ={io(§ x7)- (3 V)(% x V)] (A16)

B. Analytical formulation of restofing coefficients due to forward

speed effect for the submerged circular cylinder. case

Since the interest is stressed on the case of submerged single circular

cylinder, it is natural to assume that the steady velocity potential ¢4 as

2

ol =-2 cos6 (B1)
r
where :
x=rcos@ , y=rsin0 (B2)
o _osg , 98 _sin® (B3a)
X ox r
o sin@ 99 _cos® (B3b)
oy dy r
0 d (sin®)d
—_—= — | — |= B4
ax = o893 ( » )ae (Bda)
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cose) 0 (B4b)

d _,. O
E‘(S“‘e)aﬁ( r /odo

The derivatives of the steady velocity potential are systematically described as

follows.
0, 0@ sin6 0@
~Ys — e S S
x o 09
a2 2 .2 a2
=={cos’6 - sin’ 8} = —-cos26 (B5)
r’ r

00, —<in® o0Qs N cos0 dQg

dy or r 06
=:—2sin26 (B6)
3 %)_ _Q_(a(ps)_(sine)i(a(ps)
ax(ax '(°°Se)ar ox r /oo\ ox
2
= -2-%—{3cosesin2 0 - cos? 9} (B7)
r
E D R C
ay(ax =Gin®)= 5% )T\ J3e\ ax
2
= 2i:,{—3sin6cos2 0+ sin® 9} (B8)
r
0(99, )\ _,. 9 (99 (cose)_a_ 0@,
ay(ay) (S’"e)ar(ay)+ r Jaeldy
2
= 2%{—3 sin® Ocos O + cos’ 9} (B9)
r
3 (30, 3 (30, (sine)a 30,
2 9%s |- (cose)= _ o
ax(ay) (cos )ar(ay r /o0\ dy
_28 g cos 0+ sin® _i@&)
=5 { 3sin6cos® 6 + sin 9}—ay ax (B10)

For the case of r = a, the equations of these derivatives can be expressed as
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2 -2
%—x%s— = %{6cosesin2 6 —2cos’ 9} = —a:cos30

2
99s = l{—6sin6cos2 0 + 2sin’ 6} = ——2-sin 30

dyox a a
2
8_(p25 = l{—6sin2 fcosd+2cos’0} = 2 cos30
dy’ a a
2 —_
_.gx(g; = ;11-{~6 sinBcos’ 0+ 2sin’0} = Tzsin 36

(B11a)

(B11b)

(B1lc)

(B11d)

(Blle)

(B11f)

Mathematical expressions of hydrodynamic restoring coefficients due to the

forward speed effect for the submerged single circular cylinder case are written and

analytical solutions are detailedly worked out as follows.

21!:- a a2 a 82
Cy=pU’], (‘“ ;;S) Tt aq)ys ax(g; s (B122)
2 2] a‘Ps)az‘Ps a9, az(Ps-
= -1 .d B12b
C, =pU Jo L( * ox ay8x+ dy oy’ _n' y ( )
where :

n,=cos®@ , n,=sin6

and

299

(B13)



Ju 1+cos 0 —sin 9)(6cosesm 0 —2cos’ 9)

=pU

Cu 2sm9cosB)(—6sm9cos 0 +2sin’ 6)
=pU2jo [-8cos6 +8cos*6]cos0d6 = pU*[27] (B14)

}cosede

= pUZJ:K[-—ScosB +8cos’8]sind® = 0 (B15)
2x| (—1+cos? 6 — sin” 0)(~6sinBcos’ 6 + 25in’6)
C, =pU I cos6do
251necose)(—6sm 8cosO +2cos’ 9)
=pU? . "[4sin@ - 8sin* 8]cosBd6 = 0 (B16)
Cpy =pU? [ [45in6 - 8sin* 0]sin0d6 = pU?[~2] (B17)

C. Formula of second order vertical forces for deeply submerged

single body case

The previous research work on steady tilt moments due to the effect of
sécond order forces of the twin hulled marine vehicles is reviewed extensively.
Here theoretical approaches of second order vertical forces acting on both
submerged hulls of the twin hulled marine structure in a calm water are summarized

as follows.
A. Morrall 1978 approach :

By using the simple linear wave theory, mathematical equations for steady
wave forces acting on the submerged pontoons of the twin hulled structure in calm
water can be derived by taking the pressure difference, due to the velocities of the
wave particles between the top and bottom surfaces of the submerged footings or

pontoons, in the fluid flow field.

The mathematical equation for steady vertical wave forces acting on a
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restrained vertical cylinder which represents a submerged footing type is expressed

as

°R?’A? =2 4ma
F=-p T2 e * sth (C1)
where :

R is the radius of the submerged footing, A is the wave height and h is the
submerged depth of the footing centroid under the free surface ; T and A are the

wave period and length respectively and a is half the depth of the submerged hull.

The corresponding equation for steady vertical wave forces acting on the
restrained horizontal prism which represents the hull of the submerged pontoon is

as follows.

gL A2 =
F=—pf’%c 2 sinhf%i (C2)

where :
B is the beam and L is the length of the submerged pontoon.

B. Numata 1978 approach :

The phenomenon of the wave induced steady tilt moment of twin hulled
offshore structure in beam sea condition is related to the tendency of the submarine,
hovering at the shallow submergence, to lift toward the sea surface. The steady
vertical forces acting on the submerged body have been analyzed by a number of
previous researchers who refer to it as a second order force, that is, varying as the

square of the wave amplitude.

Ogilvie (1963) has given the solution of .the second order vertical force acting
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on a submerged circular cylinder under the waves whose crests are parallel to the
cylinder axis. Complete numerical results were obtained for the two dimensional

problem of a restrained cylinder and a free neutrally buoyant cylinder.

Goodman (1965) performed the direct pressure integration over the hull
surface of a slender body of revolution hovering under the head and beam waves.
The predicted solutions for the beam wave condition is rather equivalent to the

Ogilvie's results in general.

Lee and Newman (1971) proposed a slender body approach which can carry
out these calculations for the simple cylinders other than circular. The final
expression for the steady vertical force is dependent in part on the longitudinal
distribution of the sectional area and added mass coefficient in the sway and heave

modes.

The solutions of all three theoretical approaches mentioned above are of the

following general form in the deep water waves :
F 2 A2, -2kh
— o< k*A’e™[f] (C3)
L
where :
The function [f] in the Goodman solution and in a simplification of the Ogilvie
exact solution is a Bessel function of the wave number and body radius. In the Lee
and Newman approach, [f] involves the effects of the body sectional area and
added mass.

By the mathematical manipulation, the theoretical equation, proposed by

Ogilvie (1963) and Goodman (1965), for the steady vertical wave forces acting on

the restrained circular cylinder in the beam sea condition is obtained as follows

F 21,242 II(Zka)] —2kh
=2 KZAZ L=/ C4
L pgra [ ka © €4
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where :

a is the radius of the submerged cylinder and approximated as

1)  For the lower hulls of a barge form structure

where S, is the midship sectional area of the lower hull

2)  For the lower hulls of the footing type structure

1
(5=
a=|—
2w
where V is the footing volume

C. Takarada and Nakajima 1985 approach :

When the submergence of the lower hull is relatively deep, the approximate
prediction of the steady vertical wave forces acting on the single submerged

structure in a calm water is proposed by Ogilvie (1963) for the circular cylinder

case as

F= 41ta211c2f0[I‘—(zk—a)]e'z"h
ka

and the practical equation proposed by Lee and Newman (1971) for the single

submerged cylinder of an arbitrary section is

F=k?S,f,(2+m, +m,)e?
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£, = %pgAzL (C9)
where :

I, is the modified first order Bessel function

k is the wave number

A is the wave amplitude

h is the submerged depth of the lower hull

a is the radius of the submerged circular cylinder and L is the length of the lower
hull

S, is the sectional area of the lower hull

m,,,m,, are the added mass coefficients of the sway and heave motion in the
unbound fluid

D. Atlar 1986 approach :
Here the theoretical far field approach to predict the steady second order
vertical forces acting on the submerged hull of the twin hulled structure in a calm

water ( equivalent non-forward speed effect ), proposed by the Lee and Newman

(1971), is applied and the mathematical expression is written as

F= -;-pgAzkze’z"hSA(Z +m,, +my,) (C10)

Here the determination of the added mass coefficients in the sway and heave
modes, suggested by Numata (1976) et al., are reasonably applied to take the effect
of the cross sectional shape into consideration and the predicted values can be
interpolated by the aspect ratio about one (1).

E. Wu 1993 approach :

Here the far field approach to calculate the steady second order vertical forces
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acting on the submerged hull of the twin hulled structure, proposed by the Lee and

Newman (1971), is used and written as
F= %pgAzkze'MSA@ +my, +my) (C11)

Here the values of the added mass coefficients in the sway and heave modes is
predicted by solving the boundary value problem taking the effects of the forward
speed (equivalent current effect) and interactions between two submerged hulls into

consideration directly.

Here the heeling moment is described by the difference of the steady vertical
forces acting on the individual left and right hulls of the twin hulled structure. The
mathematical equation of the steady tilt moments due to the steady vertical wave
forces acting on the twin hulled marine vehicles in calm water is categorized into

two separate parts and is expressed as follows.

For the pontoon type of the twin hulled offshore structure, the steady vertical
wave forces acting on both submerged pontoon of the twin hulled structure in calm
water can be written, as Egs. (C2), (C4), (C8) and (C10) respectively, by
substituting the submerged depths due to the inclination effect on the twin hulled
structure. Thus for the pontoon type of twin hulled structure setting b, = b,, both
mathematical expressions associated with the submerged depth for the left and right

pontoon due to the inclination effect are written as
h, = (h, — b, tan¢)cos ¢ (C12)
h, =(h, + b, tan¢)cos ¢ (C13)
In the same manner for the footing type of twin hulled structure and setting

b, # b,, both mathematical expressions of the submerged depths for the left and

right pontoon due to the inclination effect are written as
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h, =(h, — b, tan ¢)cos® (C14)
h, =(h, + b, tan¢)cos ¢ (C15)
where :

h, denotes the submerged depth between the centre of gravity and the centroid.of
the pontoon in the upright condition and ¢ presents the heeling angle of the twin
hulled structure. b, is the separation distance between the centre of gravity and the
centroid of the left pontoon and h, is the submerged depth of the left pontoon due
to the inclination. b, is the separation distance between the centre of gravity and the
centroid of the right pontoon and h, is the submerged depth of the right pontoon

due to the inclination.

Finally for the pontoon type of twin hulled offshore structure, the steady tilt

moment about the centre of gravity can be presented in the following form
M =b,cos¢(F, - F,)+dsin¢(F, +F,) (C16)
and for the footing type of the twin hulled structure, it can be also written as
M =2FDb, cos¢ — F,b, cos¢+dsin¢(2F, + F,) (C17)
The mathematical equations of the steady tilt moments due to the steady
vertical wave forces acting on the twin hulled marine vehicle in a calm water are

introduced here and applied to predict for different heeling angles up to fifteen (15)

degrees practically.

D. Formulation of viscous forces on the single vertical surface

piercing column case

Although the Morrison approach cannot describe the hydrodynamic loadings
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in the theoretical aspects, it can take the viscous effect into consideration
practically. In this approach, the flow velocity in the viscous drag term may include
a constant part and a harmonic part. The constant part is induced by the mass
transport of the waves (Stokes drift) and a possible current, whereas the harmonic

part is induced by the wave particle motions.

The constant velocity components induce a steady " wave-current drag " force
at a submerged location in terms of the form and friction factor and the latter is a
very small part of the form drag. Since the wave particle velocity is harmonic, the
drag force induced by this velocity at a submerged location has a zero mean over a
wave period. Because of the variation of surface elevation along the splash zone of
a vertical column, a mean " wave drag " force due to the horizontal wave particle

velocities in the horizontal direction can be calculated.

Thus the viscous force acting on the vertical surface piercing column can be

derived by the Morrison approach and written as

F, = 5PCouAp ul ©1)

where :

Subscript ¢ indicates the quantities with respect to the column and

A, =2R_dy | (D2)

and the horizontal wave particle velocity at a depth of y is

u=-Awe™ cos(kx — t) (D3)

Based on the assumption of the small diameter member, the variation of the

velocity across the diameter of the element dy is neglected. Moreover the variation

of Cp. along the submerged depth of the column and the hydrodynamic
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interference between members are also ignored. Then the heeling moment due to
the viscous forces in the horizontal direction about the centroid of the twin hulled
offshore structure can be integrated from the bottom of the column up to the wave

crest and formulated as

M,_= %pcnc(z )(kgA?) j[ye'z"y 0Ge ™ |cos(kx — wt)cos(kx — wt)/dy |

Acos(Lx-ux)

(D4)
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d1 + d2
= 100.0 cm
Y <ol —~
\_—.'—/
2ro = 24.5 cm
C - Buoy
A —
le-my 2rc = 16.9 cm
dl = 84.5 ¢m
V= = 3
d2 = 14.5 cm | ,
v D
2r1 = 31.5 cm
D - Bucy
— ‘ | ~—
2ro = 16.9 cm -
dl =770 cm
L =50.0cm | = T
i 1
d2 =300 cm| | bmmmmeae a :_ _______ L
' / -/
-
P =50.0cm P - Buoy

Fig.1.2 Basic configuration of C - buoy, D - buoy, P - buoy and simplified
semni-submersible models
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Fig. I 3 Three different kinds of buoy models for experiments

Fig. 1.4 Layout of a data acquisition system for experiments
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Fig. 1.5 Layout of the straight bar devices in experiments

Fig. 1.14 C - buoy model in experiments
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Surge Force Amplitude (Kg/M**3)

Heave Force Amplitude (Kg/M**3)

5.0
4.0 -
3.0 4
2.0 4
1.0 4 —f— Pressure integ.
] ® Tasai's approx.
0.0 v T d T T T
0.0 1.0 2.0 3.0 4.0
T (Seconds)
Fig.1.6 Comparison of surge forces for the
P-buoy model
40
J ==} Pressure integ.
L Tasai's approx.
30- PP
2.0 4
1.0 4
0.0 T T T T T T
0.0 1.0 2.0 3.0 4.0

T (Seconds)
Fig.1.7 Comparison of heave forces for the
P-buoy model
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Surge Force Amplitude (Kg/M)

Heave Force Amplitude (Kg/M)

50.0

40.0 -

30.0 -

20.0

10.0

0.0

50.0

40.0

= Pressure integ.
L 4 Exp. fixed buoy

0.0

v i

1.0

Fig.1.8 Comparison of surge forces for the
C-buoy model

2.0 3.0
T (Seconds)

4.0

= Pressure integ.

® Exp. fixed buoy

Fig.1.9 Comparison of heave forces for the

C-buoy model

 § v i
2.0 3.0
T (Seconds)
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Surge Force Amplitude (Kg/M)

Heave Force Amplitude (Kg/M)

30.0

25.0 -
20.0 "
15.0
10.0 4

5.0+

0.0

—f— Pressure integ.

L4 Exp. fixed buoy

0.0

30.0

1.0 2.0 3.0
T (Seconds)

Fig.1.10 Comparison of surge forces for the
D-buoy model

4.0

25.0 1
20.0 1
15.0
10.0 -

5.0 1

0.0

—f— Pressure integ.

* Exp. fixed buoy

0.0

1.0 2.0 3.0
T (Seconds)
Fig.1.11 Comparison of heave forces for
the D-buoy model
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Surge Force Amplitude (Kg/M)

Heave Force Amplitude (Kg/M)

70.0
60.0
50.0 -
40.0 -

30.0 -

200 4 — T Pressureinteg. ® e

L Exp. fixed buoy

10.0 v T T T Y T T
0.0 1.0 2.0 3.0
T (Seconds)
Fig.1.12 Comparison of surge forces for the
P-buoy model

4.0

40.0 .
==& Pressure integ.

L4 Exp. fixed buoy

350 i
30.0 '
25.0
20.0 '
15.0
10.0

5.0

o.o A '

0.0 1.0 2.0 3.0
T (Seconds)

Fig.1.13 Comparison of heave forces for
the P-buoy model
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Fig.1.15 D - buoy model in experiments

Fig. 1 16 P - buoy model in experiments
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Surge Force Amplitude (Kg/M)

Heave Force Amplitude (Kg/M)

200.0

175.0 -
150.0
125.0

100.0 =

75.0 4
50.0 .. =1 Theta = 0 degree
= Theta =5 degree
= Theta = 10 degree
0.0 v T v T v T v
0.0 1.0 2.0 3.0 4.0
T (Seconds)

Fig.1.17 Surge forces due to inclination for
the semi-submersible model (P-buoy)

25.0 1

150.0
]
L
125.0 9
100.0 4
75.0 3
50.0
q — & Theta=0degree
2504 —®— Theta=>5degree
] —®— Theta =10 degree
0.0 —— r
0.0 1.0 2.0 3.0 4.0

T (Seconds)
Fig.1.18 Heave forces due to inclination for
the semi-submersible model (P-buoy)
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Surge Force Amplitude (Kg/M)

Surge Phase Angle (Degree)

40.0

1 =1 Left body

30.0 - Ps ® Right bOdy

20.0
10.0 4
0.0 ' T - T . . v
0.0 1.0 2.0 3.0 4.0
T (Seconds)
Fig.1.19 Comparison of surge forces for the
sem-submersible model in 10 degree tilt
condition
100.0
50.0
0.0 -
°
°
-50.0 ® .
J—8—  Left body ¢
4 Right bod,
-100.0 — . : . .
0.0 1.0 2.0 3.0 4.0

T (Seconds)
Fig.1.20 Comparison of surge phase angle
for the semi-submersible model in 10 deg.
tilt condition
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Heave Force Amplitude (Kg/M)

Heave Phase Angle (Degree)

50.0
40.0 -
30.0 -
20.0
10.0 -
] ¢ ° Right body
.
0.0 . Y . r ; :
0.0 1.0 2.0 3.0 4.0
T (Seconds)
Fig.1.21 Comparison of heave forces for
the semi-submersible model in 10 degree
tilt condition
100.0
- —8— Left body
0.0 4
-50.0 4
'l(x).o T T v l v ' LE
0.0 1.0 2.0 3.0 4.0

T (Seconds)
Fig.1.22 Comparison of heave phase angle
for the semi-submersible model in 10 deg.
tilt condition
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Table

Main Particulars
L =226m d=0.16m
x,=0.93m Sa=0.4765m
x3=0.31m W'=169.48kg
ha=0. 40m K3=0.11l4m
k.=0.28m KG=0.1835m
{,=0.12m BAI=0Q. 1514m
Ji==0.2165m GM:=Q.0793m
6=0.37Tm BM,=0.4560m
b6,=0.2m  GM,=0.3839m
S.S.C.H. MODEL
2070
6§20 520 620
] 1
i i
- ! |
H ' H
| 2020
Ty | i b
[ 6d” Ll &
¢ [=Column i ﬁ'
: ¢ | ¢
l\ j ' Caisson | mf)]
l 2260
950
re0
o H
IS I
[, o
9 sof” ] [~ 2
- v 601" o
2 Unit: mm
B ]
240

Fig.1.23 Basic configuration of twin hulled SSCH-1 model
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TabY¥e of principal particulars

displacement
draft
GM ( transverse )
1). catamaran hull :
length
breadth
depth
separation distance
2). colum :
diameter

depth ( under water )

85.60 kg
0.328 m
0.066 m

1.803 m
0.183 m
0.112 m
0.940 m

0.132 m
0.097 m
0.260 m

 —]

—-

YN
7

N

940

Unit:mm

Fig.1.24 Basic configuration of twin hulled SSCH-2 model
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Surge Force Amplitude (Kg/M)

Heave Force Amplitude (Kg/M)

300.0
250.0 —f— Pressure integ.
1 g Tasai's approx.
200.0 1
150.0 1
100.0 -
] [ ]
50.0 -
0.0 M 1 M T y— T
0.0 1.0 2.0 3.0

T (Seconds)

Fig.1.26 Comparison of surge forces for the

SSCH-1 model

4.0

120.0
==~ Pressure integ.
100.04 ® Tasai's approx.
80.0 +
60.0 4
40.0 1
20.0 -
0.0 r T Y T Y T
0.0 1.0 2.0 3.0

Wave Period (Seconds)
Fig.1.27 Comparison of heave forces for
the SSCH-1 model
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Surge Force Amplitude (Kg/M)

Heave Force Amplitude (Kg/M)

T (Seconds)
Fig.1.29 Comparison of heave forces for
the SSCH-2 model

325

100.0
J ° —&— Pressure integ.
80.0 4 L4 Tasai's approx.
60.0
40.0
20.0
]
0.0 v  p— T . T T
0.0 1.0 2.0 3.0 4.0
T (Seconds)
Fig.1.28 Comparison of surge forces for the
SSCH-2 model
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Surge Force Amplitude (Kg/M)

Heave Force Amplitude (Kg/M)

300.0

] =—fF— Pressure integ.
250.0 1 )

| L4 Tasai's approx.
200.0 4
150.0 i
100.0 +
50.0 1

0.0 v e v T Y T
0.0 1.0 2.0 3.0 4.0
T (Seconds)
Fig.1.30 Comparison of surge forces for
the SSCH-3 model

1200

1 —— Pressure integ.
100.0 7 L Tasai's approx.

] ®
80.0 A
60.0 =
40.0 -
20.0 -+

- . .

0.0 +——— r r . - .
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T (Seconds)

Fig.1.31 Comparison of heave forces for
the SSCH-3 model
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Wave

D2

Sea Bed
\ 4
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Surge force amplitude (Kg/M)
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Fig.1.33 Surge force amplitude on the upper
column of the P-buoy model
30.0
- e===fr— Inertia force
25.0 - Drag force(-)
20.0 -
15.0
10.0 4
) ® ® %o o0 o9
5.0 - .V. ®e ® 9
] °
0.0 — r r .
0.0 1.0 2.0 3.0 4.0

T (Seconds)

Fig.1.34 Surge force amplitude on the lower
hull of the P-buoy model
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Heave force amplitude (Kg/M)

Heave force amplitude (Kg/M)
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Fig.1.35 Heave force amplitude on upper
column of the P-buoy model
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Fig.1.36 Heave force amplitude on lower
hull of the P-buoy model
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Pitch moment amplitude (Kg)

Pitch moment amplitude (Kg)
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Fig.1.37 Pitch moment amplitude on upper
column of the P-buoy model
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Fig.1.38 Pitch moment amplitude on lower
hull of the P-buoy model
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Fig. 1.39 Layout of numerical-controlled wave making system

Fig.1.40 Layout of experimental data acquisition system
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Surge amplitude (M/M)
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Fig.1.42 Comparison of surge amplitudes
for the C-buoy model
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Fig.1.43 Comparison of heave amplitudes
for the C-buoy model
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Pitch amplitude (Rad/M)

Surge amplitude (M/M)
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Fig.1.44 Comparison of pitch amplitudes
for the C-buoy model
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Fig.1.45 Comparison of surge amplitudes
for the D-buoy model
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Heave amplitude (M/M)
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Fig.1.46 Comparison of heave amplitudes
for the D-buoy model
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Fig.1.47 Comparison of pitch amplitudes
for the D-buoy model
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Surge amplitude (M/M)

Heave amplitude (M/M)
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Fig.1.48 Comparison of surge amplitudes
for the P-buoy model
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Fig.1.49 Comparison of heave amplitudes
for the P-buoy model
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Pitch amplitude (Rad/ M)

Surge Force Amplitude (Kg/M)
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Fig.1.50 Comparison of pitch amplitudes
for the P-buoy model
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Fig.1.51 Comparison of surge force amp.
for different buoy configurations

337

4.0



Surge Amplitude (M/M)
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Fig.1.52 Comparison of surge amp. for
different buoy configurations
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Fig.1.53 Comparison of surge phase angles
for different buoy configurations
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Heave Force Amplitude (Kg/M)
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Fig.1.54 Comparison of heave force amp.
for different buoy configurations
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Fig.1.55 Comparison of heave amplitudes
for different buoy configurations
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Heave phase angle (Degree)

Pitch moment amplitude (Kg)
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Fig.1.56 Comparison of heave phase angles
for different buoy configurations
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Fig.1.57 Comparison of pitch moment amp.
for different buoy configurations
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Fig.1.58 Comparison of pitch amplitudes
for different buoy configurations
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Fig.1.59 Comparison of pitch phase angles
for different buoy configurations
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Fig. 1.60 The " C - buoy '"model in dynamic motion experiments

Fig.1.61 The "D - buoy "model in dynamic motion experiments
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Fig.1.62 The "P - buoy "model in dynamic motion experiments

Fig.1.85 The twin hulled offshore structure in dynamic motion experiments
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Fig.1.63 The coordinate system of a twin hulled structure
in beam sea condition
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Fig.1.64 The coordinate system of a twin hulled structure
in longitudinal wave condition
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Non-dim. heave amplitude

Heave phase angle (Degree)
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Fig.1.65 Comparison of non-dim. heave
motion amplitude (SSCH-1)
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Fig.1.66 Phase angle for heave motion of
the semi-submersible model (SSCH-1)
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Heave exciting force (Kg/M)

Non-dim. pitch amplitude
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Fig.1.67 Wave exciting force per wave
amplitude of heave motion (SSCH-1)
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Fig.1.68 Comparison of non-dim. pitch
amplitude (SSCH-1)

346



Phase angle for pitch (Degree)
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wave amplitude (Kg)
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Fig.1.69 Phase angle for pitch motion of
the semi-submersible model (SSCH-1)
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Fig.1.70 Froude-Krylov's moment per wave
amplitude for pitching motion (SSCH-1)
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wave amplitude (Kg)
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Fig.1.71 Wave exciting moment per wave
amplitude for pitch motion (SSCH-1)
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Fig.1.72 Comparison of non-dim. roll

amplitude (SSCH-1)
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Fig.1.73 Phase angle for roll motion of
the semi-submersible model (SSCH-1)
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Fig.1.74 Froude-Krylov's moment per wave
amplitude for roll motion (SSCH-1)
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Roll exciting moment per
wave amplitude (Kg)

Roll exciting moment per
wave amplitude (Kg)
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Fig.1.75 Wave diffraction moment per

wave amplitude for roll motion (SSCH-1)

7.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0
T (Seconds)

Fig.1.76 Wave exciting moment per wave
amplitude for roll motion (SSCH-1)
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sway amplitude
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Fig.1.78 Phase angle for sway motion of
the semi-submersible model (SSCH-1)
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wave amplitude (Kg/M)
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amplitude for sway motion (SSCH-1)
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Fig.1.80 Wave diffraction force per wave
amplitude for sway motion (SSCH-1)
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Fig.1.82 The twin hulled structure model for dynamic motion experiments
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Fig.1.84 Comparison of non-dim. roll
amplitude (SSCH-3)

354



k4 k3 k1 k2
— -~ = lo — —
N ~ N N o' 7 SF e
d
iy ,
S >u x
H
r
S_w Sw
y'
e Sa . ]

A i ki-wave

C>U>Cq
Bikz-wave C>Cg>U
Ciky-wave U>C>Cgqg
Di ks-wave C>Cg>0>U

{ Cq; group veiocity=C/2)

Fig.2.2 Relation between body speed, phase velocity and group velocity of waves

355



L L L A .
Y

Fig.3.1 Coordinate system for problem formulation

A
k
L 0 - 1
-
] ° ° . . k
K ky k3 k, 3
A .
k)
t<1/4 l/4<1t<1/2
A
kl *
0]
-
. K )
kz 4 k3
T>1/2

Fig.3.2 Pole locations in various T ranges
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Fig.3.3 Path for numerical integration in the complex plane
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Fig.3.4 Pole locations for numerical computations in various T ranges
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Fig.4.1 The coordinate system of an inclined offshore structure model
and schematic representation of radiated waves
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Fig.4.2 Comparison of numerical accuracy
of non-dimen. surge damping coefficients
(d/a=2, c/a=4, Fn=0.2 in following waves)
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Fig.4.3 Comparison of numerical accuracy
of non-dimen. heave damping coefficients
(d/a=2, c/a=4, Fn=0.2 in following waves)
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Non-dim. pitch damping coef.
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Fig.4.4 Comparsion of numerical accuracy

of non-dimen. pitch damping coefficients

(d/a=2, c/a=4, Fn=0.2 in following waves)
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Fig.4.5 Comparison of numerical accuracy
of the real part of surge Kochin function
(d/a=2, c/a=4, Fn=0.2 in following waves)
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Fig.4.6 Comparison of numerical accuracy
of imaginary part of surge Kochin function
(d/a=2, c/a=4, Fn=0.2 in following waves)
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Fig.4.7 Comparison of numerical accuracy
of the real part of heave Kochin function
(d/a=2, c/a=4, Fn=0.2 in following waves)
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Kochin function for heave

Kochin function for pitch
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Fig.4.8 Comparison of numerical accuracy

of imaginary part of heave Kochin function
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Fig.4.9 Comparison of numerical accuracy
of the real part of pitch Kochin function
(d/a=2, c/a=4, Fn=0.2 in following waves)
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Kochin function for pitch
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Fig.4.10 Comparison of numerical accuracy
of imaginary part of pitch Kochin function
(d/a=2, c/a=4, Fn=0.2 in following waves)
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Fig.4.11 Non-dimensionalized surge added
mass for different Froude numbers(d/a=2,
c/a=4, no tilt in following waves)
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heave added mass

Non-dim.

Non-dim. pitch added moment
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Fig.4.12 Non-dimensionalized heave added
mass for diiferent Froude numbers(d/a=2,
c/a=4, no tilt in following waves)

Fig.4.13 Non-dimensionalized pitch added
moment for different Froude numbers
(d/a=2, c/a=4, no tilt in following waves)
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surge damping coef.
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Non-dim. heave damping coef.
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Fig.4.14 Non-dimensionalized surge damp.
coefficients for different Froude numbers
(d/a=2, c/a=4, no tilt in following waves)
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Fig.4.15 Non-dimensionalized heave damp.
coefficients for different Froude numbers
(d/a=2, c/a=4, no tilt in following waves)
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Non-dim. pitch damping coef.

surge forces

Non-dim.

Fig.4.16 Non-dimensionalized pitch damp.
coefficients for different Froude numbers
(d/a=2, c/a=4, no tilt in following waves)

Fig.4.17 Non-dimensionalized surge forces
for different Froude numbers(d/a=2,c/a=4,
no tilt in following waves)

366



heave forces
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Non-dim. pitch moment

Fig.4.18 Non-dimensionalized heave forces
for different Froude numbers(d/a=2,c/a=4,
no tilt in following waves)
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Fig.4.19 Non-dimensionalized pitch moment
for different Froude numbers(d/a=2,c/a=4,
no tilt in following Waves)
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Fig.4.20 Non-dimensionalized surge amp.
for different Froude numbers(d/a=2,c/a=4,
no tilt in following waves)
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Fig.4.21 Non-dimensionalized heave amp.
for different Froude numbers(d/a=2,c/a=4,
no tilt in following waves)
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Non-dim. pitch amplitude
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Fig.4.22 Non-dimensionalized pitch amp.
for different Froude numbers(d/a=2,c/a=4,
no tilt in following waves)
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Fig.4.23 Non-dimensionalized surge added
mass for different depths (c/a=4, Fn=0.2,
no tilt in following waves)
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heave added mass

Non-dim.

Non-dim. pitch added moment

Ka
Fig.4.24 Non-dimensionalized heave added
mass for different depths (c/a=4, Fn=0.2,
no tilt in following waves)

Fig.4.25 Non-dimensionalized pitch added
moment for different depths (c/a=4,Fn=0.2,
no tilt in following waves)
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Fig.4.26 Non-dimensionalized surge damp.
coefficients for different depths (c/a=4,
Fn=0.2, no tilt in following waves)
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Fig.4.27 Non-dimensionalized heave damp.
coefficients for different depths (c/a=4,
Fn=0.2, no tilt in following waves)
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Fig.4.28 Non-dimensionalized pitch damp.
coefficients for different depths (c/a=4,
Fn=0.2, no tilt in following waves)

Fig.4.29 Non-dimensionalized surge forces
for different depths (c/a=4.0, Fn=0.20, no
tilt in following waves)
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Non-dim. heave forces

Non-dim. pitch moments

Fig.4.30 Non-dimensionalized heave forces
for different depths (c/a=4.0, Fn=0.20, no
tilt in following waves)
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Fig.4.31 Non-dimensionalized pitch moment
for different depths (c/a=4.0, Fn=0.20, no
tilt in following waves)
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Fig.4.32 Non-dimensionalized surge amp.

for different depths (c/a=4.0, Fn=0.20, no

tilt in following waves)

Fig.4.33 Non-dimensionalized heave amp.
for different depths (c/a=4.0, Fn=0.20, no
tilt in following waves)
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Non-dim. pitch amplitude

Non-dim. surge added mass

Fig.4.34 Non-dimensionalized pitch amp.
for different depths (c/a=4.0, Fn=0.20, no
tilt in following waves)

Fig.4.35 Non-dimensionalized surge added
mass for different separation diastances
(d/a=2, Fn=0.2, no tilt in following waves)
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Non-dim. heave added mass

5.0
1 —_—— c/a=40
4.0 —— c/a=60

Fig.4.36 Non-dimensionalized heave added
mass for different separation distances
(d/a=2, Fn=0.2, no tilt in following waves)

Non-dim. pitch added mass

—— c/a=4.0
—— c/a=6.0

Fig.4.37 Non-dimensionalized pitch added
moment for different separation distances
(d/a=2,Fn=0.2, no tilt in following waves)
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Non-dim. heave damping coef.

J 10— c/a=40
0.5 - —— c/a=60

Fig.4.38 Non-dimensionalized surge damp.
coefficients for different separations
(d/a=2, Fn=0.2, no tilt in following waves)

0.7

1 - cla=40

Fig.4.39 Non-dimensionalized heave damp.
coefficients for different separations
(d/a=2, Fn=0.2, no tilt in following waves)
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Fig.4.40 Non-dimensionalized pitch damp.

coefficients for different separations
(d/a=2, Fn=0.2, no tilt in following waves)
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J —3— c/a=40
c/a=6.0

Fig.4.41 Non-dimensionalized surge forces
for different separation distances(d/a=2,
Fn=0.20, no tilt in following waves)
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- —f— c¢/a=40

Fig.4.42 Non-dimensionalized heave forces
for different separation distances(d/a=2,
Fn=0.2, no tilt in following waves)
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Fig.4.43 Non-dimensionalized pitch moment
for different separation distances( d/a=2,
Fn=0.2, no tilt in following waves )
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Fig.4.44 Non-dimensionalized surge amp.
for different separation distances(d/a=2,
Fn=0.2, no tilt in following waves)
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Fig.4.45 Non-dimensionalized heave amp.
for different separation distances(d/a=2,
Fn=0.2, no tilt in following waves)
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Fig.4.46 Non-dimensionalized pitch amp.
for different separation distances (d/a=2,
§ Fn=0.2, no tilt in following waves)
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Fig.4.47 Non-dimensionalized surge added
mass for different inclinations (d/a=2,
c/a=4, Fn=0.2 in following waves)

381



Non-dim. heave added mass

Non-dim. pitch added moment
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Fig.4.48 Non-dimensionalized heave added
mass for different inclinations (d/a=2,
c/a=4, Fn=0.2 in following waves)
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—— Odegreetilt
4.0 - = 5 degree tilt
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Fig.4.49 Non-dimensionalized pitch added
moments for different inclinations(d/a=2,
c/a=4, Fn=0.2 in following waves)
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Fig.4.50 Non-dimensionalized surge damp.
coeffcients for different inclinations
(d/a=2, c/a=4, Fn=0.2 in following waves)
0.8
=fr— 0degree tilt
0.6 - = Sdegreetilt
’ —@— 10 degree tilt
04 4
0.2 1
0.0 - 1 T T T 1 ¥ v
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Ka

Fig.4.51 Non-dimensionalized heave damp.
coefficients for different inclinations
(d/a=2, c/a=4, Fn=0.2 in following waves)
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Fig.4.52 Non-dimensionalized pitch damp.
coefficients for different inclinations
(d/a=2, c/a=4, Fn=0.2 in following waves)
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Fig.4.53 Non-dimensionalized surge forces
for different inclinations (d/a=2, c/a=4,
Fn=0.2 in following waves)

384



Non-dim. heave forces

pitch moments

Non-dim.

—f— Odegreettilt

10 - —— Sdegreetilt
0.8 - —— 10 degree tilt
0.6
0.4
0.2+
0.0 v T v T A T T T y
0.0 0.2 0.4 0.6 0.8 1.0
ka

Fig.4.54 Non-dimensionalized heave forces
for different inclinations (d/a=2, c/a=4,
Fn=0.2 in following waves)
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Fig.4.55 Non-dimensionalized pitch moment
for different inclinations (d/a=2, c/a=4,
Fn=0.2 in following waves)
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Fig.4.56 Non-dimensionalized surge amp.
for different inclinations (d/a=2, c/a=4,
Fn=0.2 in following waves)
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Fig.4.57 Non-dimensionalized heave amp.
for different inclinations (d/a=2, c/a=4,
Fn=0.2 in following waves)
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Fig.4.58 Non-dimensionalized pitch amp.
for different inclinations (d/a=2, c/a=4,
Fn=0.2 in following waves)

387



Fig.5.1 The coordinate system of an oscillating and translating elliptical cylinder

(x,y)

Y

y

Fig.5.2 The coordinate system for the m-vector formulation by image method
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surge added mass
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Fig.5.3 Comparison of non-dimensionalized
surge added mass coefficients with m-
vector(d/a=2,c/a=4,Fn=0.0 in head waves)
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Fig.5.4 Comparison of non-dimensionalized
heave added mass coefficients with m-
vector(d/a=2,c/a=4,Fn=0.0 in head waves)
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Non-dim. pitch added moment
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Fig.5.5 Comparison of non-dimensionalized
pitch added moment of inertia with m-
vector(d/a=2,c/a=4,Fn=0.0 in head waves)

= W/O m-vector
—&— With m-vector

0.0 0.2 0.4 0.6 0.8 1.0
Ka
Fig.5.6 Comparison of non-dimensionalized
surge damping coefficients with m-vector
(d/a=2, c/a=4, Fn=0.0 in head waves)

390



Non-dim. heave damping coef.

Non-dim. pitch damping coef.
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Fig.5.7 Comparison of non-dimensionalized
heave damping coefficients with m-vector
(d/a=2, c/a=4, Fn=0.0 in head waves)
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Fig.5.8 Comparison of non-dimensionalized
pitch damping coefficients with m-vector
(d/a=2, c/a=4, Fn=0.0 in head waves)
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Kochin function for surge

Kochin function for surge
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Fig.5.9 Comparison of the real part of surge
Kochin function with m-vector contribution
(d/a=2, c/a=4, Fn=0.0 in head waves)
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Fig.5.10 Comparison of imaginary part
of surge Kochin function with m-vector
(d/a=2, c¢/a=4, Fn=0.0 in head waves)
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Kochin function for heave
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Fig.5.11 Comparison of real part of heave

Kochin function with m-vector contribution
(d/a=2, c/a=4, Fn=0.0 in head wa