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ABSTRACT

The influence of non-linearities on wave-induced motions and loads has been the
focus of many investigations in the past few years and continues to be an important
issue. A number of two- and three-dimensional methodologies have been developed,
by and large, partly accounting for various non-linearities. Non-linear radiation, and
to an extent diffraction, is the main problem and its solution via a three-dimensional
method using Eulerian-Lagrangian schemes is likely to be complex and time
consuming for practical applications. On the other hand two-dimensional methods, in
spite of issues associated with accounting for forward speed, offer more possibilities

of making practical advances in dealing with non-linearities.

A two-dimensional hydroelasticity analysis for symmetric (i.e. vertical motions,
distortions and loads) dynamic behaviour in waves, including the influence of non-
linearities, is presented in this thesis using two methods. In the first method the total
response is decomposed into linear and non-linear parts. The linear part is evaluated
using the conventional two-dimensional linear hydroelasticity analysis. The non-
linear hydrodynamic forces are due to changes in added mass and damping
coefficients, as well as restoring and incident wave forces, all evaluated over the
instantaneous wetted surface. Non-linear forces due to slamming (bottom impact and
flare) and green water (treated in a quasi-static manner) are also added. One aim of
the thesis is to investigate the influence/importance of each of the non-linear
hydrodynamic forces. Furthermore, the effects of assumptions made when using
these hydrodynamic forces, e.g. frequency dependence of added mass, neglecting the
damping coefficients in some components and evaluation of derivatives, are
investigated. The solution in the time domain is obtained using direct integration and
convolution integration, the latter based on the impulse response functions of the hull

in its mean wetted surface. In the second method the response, including non-



linearities, is obtained from the solution of one system of equations of motion, where
the added mass and damping coefficients and the restoring, incident wave and
diffraction forces are evaluated at the instantaneous draft. Non-linear forces due to
slamming (bottom impact and flare) and green water (treated in a quasi-static

manner) are also added.

Both methods are applied to the S-175 containership, for which experimental
measurements of motions and loads in large amplitude regular head waves are
available. Comparisons made between predictions and measurements (heave and
pitch motions, vertical acceleration and vertical bending moment) indicate good
overall agreement. The comparisons also show that the influence of flare slamming is

important for the range of speeds and wave amplitudes investigated.
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Nomenclature
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Chapter 1 Introduction 1

Chapter 1

Introduction

1.1 General background

The dynamic responses of a ship advancing in a seaway are examined by evaluating
the interaction between the ship and the waves. Considering the interactive process
between the wave and the ship as a system, the input to the system is the irregular
and randomly varying sea surface and the output of the system is the ship response,
such as ship motion, hull pressure distribution, bending moment, etc. St. Denis and
Pierson (1953) opened a new era in the study of ship motions and wave loads by
hypothesizing that irregular sea waves can be represented as a linear superposition of
a large number of regular waves of varying amplitude and frequency. The validation
of the application of superposition to ship motions and wave loads is generally
accepted, especially for vertical motions and loads. Naval architects and researchers
calculate hull responses due to some regular (harmonic) waves and combine the
sequences later. In order to represent irregular and random sea waves, statistical

methods are applied (Price and Bishop 1974).

In the wave-ship system, the mechanics and dynamics of fluid flow, ship motions and
ship deformations can be described by equations governing the interaction between
the waves and the ship. In the equations of motion for a wave-ship system, assuming
that the water particles cannot penetrate the hull and there are no viscous effects (for
rolling motion, viscous effects are important and empirical corrections may be
introduced (Schmitke 1978)), the nonlinearities occur due to free surface conditions

as well as the instantaneous position of the ship relative to the waves. No general
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solutions exist and the fully three-dimensional problem in the time domain is, at
present, too complex to be of practical use in concept and preliminary design stages.
Thus, several partly nonlinear numerical methods are established, mainly using two-

dimensional methods.

The linear theory of ship motion may sometimes be inadequate for the estimation of
wave loads and ship structure design. However, the general theory regarding the
response of linear systems is of great value and also has application to the vibratory
response of the ship. In addition one should note that much of the terminology used
in seakeeping is based on linear theory and the concept of a frequency response
function or transfer function is widely used in design. In linear theory, some
assumptions have to be made. By and large two different kinds of approximation
have been introduced. The first assumes small waves and small motion of the ship,
by which one can use a linearised free surface condition. Assuming the wave-ship
system as a linear system, a three-dimensional linear problem is obtained and can be
solved. However, the influence of waves generated by the ship advancing at forward
speed, i.e. the steady flow case, makes the problem difficult. Another approximation
is based on the assumption that the three-dimensional effects of wave loads are so
small that the longitudinal components of velocity may be ignored. In this
assumption, the effect of the local steady flow around the ship is neglected.
Furthermore, the linear free surface condition with forward speed is simplified so
that the unsteady waves generated by the body propagate in directions perpendicular
to the longitudinal axis of the ship. Thus the problem is reduced to a two-dimensional
one; the so called strip theory (Korvin-Kroukovsky and Jacobs 1957, Salvesen et al.
1970).
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Although the strip theory has useful applications, a three-dimensional method can
account for interactions between strips, and the forward speed effect in the free
surface boundary condition; thus, capable of producing three-dimensional pressure
information for an arbitrary-shaped body for structural analysis. Three-dimensional
panel methods have been developed using Green function methods or Rankine
source methods in the frequency and in the time domain. Green function methods for
the seakeeping problem which satisfy the mean body boundary condition and linear
free surface boundary condition in the frequency domain were implemented by Inglis
and Price (1982), Ohkusu and Iwashita (1989) and Du et al. (1999). Time domain
linear solutions applying the Green function method are calculated from the
frequency domain (Ballard et al. 2003). The three-dimensional linear methods have
been developed using time domain Green function (Lin and Yue 1990) or Rankine
source (Nakos and Sclavounos 1990). Fully three-dimensional nonlinear approach in
potential flow problems was solved for mathematical hull forms using the Euler-
Lagrange method (Longuet-Higgins and Cokelet 1976, Beck et al. 1994). Driven by
the complexity of the fully nonlinear approach, the approximate nonlinear methods
were developed based on the time domain Green function method (Lin and Yue

1993) or the Rankine source method (Nakos et al. 1993).

Rigid body methods (two or three-dimensional) can provide, in addition to motions,
information that can be used for estimating wave-induced loads, such as bending
moments. However, they do not include the influence of the structure and structural
dynamics when solving the fluid-structure interaction problem. Two-dimensional
hydroelastic theory was originated by Bishop and Price (1979) using a strip-beam
model. Fluid-structure interaction problems can be analyzed by defining rigid-body
motions and elastic deflections of flexural bodies as motions in ‘generalized” modes,
introducing different sets of generalised modes. The generalised modes comprise the

‘dry’ modes of ship structure in vacuo and the ‘wet’ modes including the effects of
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fluid action. The evaluation of bending moment, shear force, torsional moment and
stresses is affected by the distortions due to excitation by waves, machinery, etc.
Two-dimensional hydroelasticity theories (the strip-beam model) were successfully
applied to symmetric (Bishop et al. 1977) and antisymmetric behaviour (Bishop et al.
1978a). Bishop et al. (1986) presented a general linear potential flow theory for
flexible marine structures, based on the three-dimensional Green function method.
This approach is unified, comprising rigid body motions and distortions, and is
applicable for any type of floating structure. Two- and three-dimensional
hydroelasticity theories were applied to structures such as frigates (Bishop et al.
1984), a dry dock (Lundgen et al. 1989), a fast patrol boat (Aksu et al. 1993),
SWATH (Price et al. 1994), and a trimaran (Miao et al. 2003). Bishop et al. (1978b)

devised a linear method to estimate slamming excitation and response.

It has been known that the sagging bending moment is considerably larger than the
hogging bending moment, because of hydrodynamic differences between the entry
and exit of a body through the free surface of a fluid and for non-sinusoidal waves.
Ships advancing in rough seas experience nonlinear effects due to non-vertical flare
and slamming loads and these nonlinear forces, associated with the continuous
change of the submerged hull surface, can only be included using a time domain
solution. The methods for treatment of nonlinear forces in seakeeping and wave
loads were widely discussed by ISSC (1997, 2000). Several partly nonlinear
computation methods, based on the strip theory, were established (Jensen and
Pedersen 1979, Gu et al. 1989). The hydrostatic and Froude-Krylov forces, which are
known to be the most dominant components when dealing with large motions, are
calculated considering the instantaneous wetted surface, while radiation and
diffraction forces are represented by frequency dependent coefficients, which are
sometimes included (Domnisoru and Domnisoru 1997, Wu and Hermunstad 2002,

Gu et al. 2003) or sometimes omitted (Xia and Wang 1997) in the formulation of the
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equation. Bottom slamming impact loads or green water effects can also be

additionally treated in a linear manner (Wang et al. 1998).

The dynamic responses of structure due to fluid impact are decomposed into two
parts: local and global hull behaviour. The local structure is rigid and its natural
frequency is higher than wave excitation frequencies. Therefore, the response of
local structure may be focussed on impact load prediction, the fluid-structure
interaction problem and the large deformation of local structure. This local behaviour
is not further examined as this research will only focus on examining the global
responses associated with hydroelastic behaviour of hull girder due to steady state
wave loads and impact loads (i.e. bottom slamming and green water). A ship is
flexible and this property has important consequences in two main cases: (1) when
the hull girder is relatively flexible such that the natural frequencies of hull girder
vibration fall within the excitation frequency of wave loads, referred to as a
springing; (2) when the ship undergoes impact loads and its behaviour is
significantly affected by impact, i.e. whipping. Springing is a continuous resonant
global vibration and may be induced by the high-frequency part of the wave
spectrum and a high order wave excitation (Jensen and Dogliani 1995, Vidic-
Perunovic et al. 2004). The effect of springing may increase in faster, larger, lighter
and wider ships, especially with low structural damping. Full-scale measurements for
various types of ships indicate that springing reduces fatigue life considerably and
high springing occurs even in low sea states and ballast condition (Storhaug et al.
2003, Stiansen et al. 1978). Whipping is a transient hull vibration which is induced
by bottom slamming, bow flare slamming and green water loads. It increases
cumulative fatigue damage to and extreme stresses on the hull. Whipping effects on
the bending moment are sensitive to ship speed and wave frequency. Full-scale
measurements show that the magnitude of whipping stress can be of the same order

as those of steady state wave loads (Aertssen and Sluys 1972, Meek et al. 1972).
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With respect to the prediction of extreme loads and fatigue assessment, both the
hydroelastic effect and nonlinear effects are important in hull response to waves. A
prediction method of long term extremes using nonlinear time-domain simulations
and relevant statistical approaches has been presented by Baarholm and Jensen
(2004), Wu and Hermundstad (2002). It was found, for an S175 container vessel, that
whipping increases the long term extreme values of vertical bending moment
(especially hogging) and the correlation effects between whipping and wave-induced

responses are significant (Baarholm and Jensen 2004).

1.2 Objectives and scope of the work

The objectives of the present thesis are the development of reliable and practical
calculation methods for predicting ship motions and loads in large amplitude waves,
considering hydroelastic effects. Time domain simulation of hydroelastic response

due to large amplitude motion was carried out in regular waves.

The theoretical background is presented in Chapter 2. The generalised hydroelastic
equation of motion is set up for a Timoshenko beam model. The generalised
hydrodynamic mass, damping and stiffness coefficients and fluid force are derived
using the classical strip theory of Salvesen et al. (1970). The nonlinear effects in
large amplitude waves are considered, by modifying the fluid forces according to the
instantaneous draught at each time step. A hydrodynamic formula for calculating the
green water load is used. Bottom slamming impact force is predicted, using an
existing empirical formula. The transient loads are included in the nonlinear equation

of motion.



Chapter 1 Introduction 7

Linear and nonlinear numerical calculations are presented in Chapters 3 and 4 for the
S175 container ship, respectively. The linear solutions in Chapter 3 are carried out
for both frequency and time domain in regular head waves. A sensitivity study on the
influence of higher modes and structural damping on the hydroelastic effects is
performed. Comparative studies of the numerical simulation methods are carried out,
using the convolution integral method and the direct numerical integration method,

in order to verify the time simulation scheme to be used in nonlinear analysis.

The nonlinear forces are decomposed into six components (Method 1) and the
influence of each component on the response is evaluated in Chapter 4. The
nonlinear modification of the Froude-Krylov force and the hydrostatic restoring force
as well as the modification of the hydrodynamic force are evaluated for response in
regular waves. The green water load effects are also compared. Bottom impact
induced loads and whipping responses are presented. The vertical bending moment
due to the impact is amplified at the wet resonance frequency of the lower mode of
the hull vibration. The nonlinear solutions are compared with the experiment results
for the S175 container ship given by O’Dea et al. (1992), Watanabe et al. (1989) and
Chen et al. (2001). The comparisons show that the nonlinear method provides
consistent simulation for rigid body motions, bow accelerations and sagging/hogging

bending moments.

In Chapter 5, the alternative method (Method 2) is introduced, based on the direct
numerical integral method (Newmark-beta method) to the nonlinear problem for
ships in large amplitude of motions and wave loads. In this method, all
hydrodynamic coefficients are varied with the instantaneous draught of hull sections.
The bottom impact and green water are estimated in the same manner as in Chapter 2

and included among the total hydrodynamic forces. The calculations were performed
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for the S175 container ship and the predicted results are compared with those

estimated by Method 1 in Chapter 4 and experiments.

1.3 Literature review

1.3.1 The strip method, including nonlinearities

Korvin-Kroukovsky and Jacobs (1957) published very important papers on ship
motion analysis, in which, based on the slender body hypothesis, the disturbance
potential in the vicinity of a slender hull is assumed locally to be two-dimensional
without interaction between the flow around each section along the body. Two forces,
one due to the hull motion and one due to the diffraction of the incident wave, can be
represented using relative motion descriptions. Gerritsma and Beukelman (1967)
extended the method for series sixty vessel, by using the close-fit method in
estimating two-dimensional hydrodynamic coefficients. The calculated results have a
good agreement with experiments and results according to close-fit method differed

slightly from those using the Lewis transformation.

More rational approaches appeared. Ogilvie and Tuck (1969) derived strip theory,
also based on slender body theory. Salvesen, Tuck and Faltinsen (1970; STF) derived
a strip method, starting with the exact expressions of forces and moments for an
irrotational, incompressible and inviscid fluid. Subsequently, introducing
assumptions, such as slender body and high frequency, the fluid forces acting on the
hull can be expressed as integrals along the ship length, expressed as a function of
two dimensional velocity potential. The effect of the outgoing waves has also been

included in the expression of momentum, with forward speed. The strip method
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gives excellent results in an engineering sense and the paper by Salvesen et al. (1970)
became one of the most cited works in seakeeping. The difference between the above
two methods [i.e. STF (1970) and Gerritsma and Beukelman (1967)] is mainly the
influence of the damping coefficients. The STF method may be preferred from a
theoretical point of view because the limitations of the method become clear in
derivations of the method. Flokstra (1974) presented an example for a container ship,
where the vertical bending moments calculated by the STF method are in closer
agreement with the experimental data than those of Gerritsma and Beukelman (1967).
The main assumptions used in the derivation of the equation motion by the STF strip
method are recalled here: Firstly, the viscous effects are disregarded, so that only the
potential flow damping is considered. Damping is due to the energy loss in creating
free-surface waves. Secondly, in order to linearise the potential flow problem, it is
assumed that the wave-resistance perturbation potential and its derivatives are small
enough to be ignored, which is reasonable for slender hull forms. Finally, in order to
reduce the three-dimensional problem to a summation of two-dimensional problems,
the frequency is assumed to be high. However, in the case of the STF method, the
hydrodynamic coefficients and the exciting force and moment were derived without
use of any strip theory approximations, so that the strip theory approximations were
introduced only in order to simplify the numerical computation. In the STF method,
the perturbation due to steady force is ignored; instead the Doppler effects

accounting for forward speed are included.

Conformal transformation and mapping techniques in calculations of added mass and
fluid damping for ship sections was derived by Lewis (1929) in fluid of infinite depth.
Ursell (1949) analytically introduced frequency dependent hydrodynamic
coefficients accounting for the effect of the free surface by the multipole expansion
technique. A full derivation and description of Ursell's expression was given by de

Jong (1973). By using the multi-parameter conformal mapping technique, Ursell's
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work was extended to a ship-shaped section by Tasai (1960). Bishop et al. (1978c)
calculated the hydrodynamic coefficients by using the multipole expansion and
conformal mapping techniques for various types of sections, and showed the method
can more effectively applied to arbitrary sections than Lewis form technique or

Frank's close fit method (Faltinsen 1969).

High speed strip theory was proposed by Faltinsen and Zhao (1991). The
perturbation due to forward speed affects the body boundary condition and free
surface boundary condition. The surface boundary condition includes high order
terms which account for the forward speed effects. The method has improved results
in comparison with experimental data. However, strip theory basically ignores the
interaction effect between each section, so the forward speed effect can be
considered better in the three-dimensional method, especially when using translating

pulsating source (Inglis and Price, 1981)

Jensen and Pedersen (1979) presented the second order strip theory hydroelastic code
(SOST) in the frequency domain based on a perturbation method, in which the
quadratic terms due to non-linearity of the exciting waves (Stokes waves), the non-
vertical sides of the ship, and the non-linear hydrodynamic forces are added to the
linear strip theory coefficients. The frequency domain method is convenient in terms
of computing and represents well the difference between sagging and hogging
moments and probability information. The quadratic theory extends to a hydroelastic
problem in order to predict springing response due to continuous excitation from
waves (Jensen and Dogliani 1995). The results for the fast container vessel are that
the non-linear contributions to the springing response are as important as the linear
contribution. However long-term extreme peak responses of the springing vibrations

become less important.
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Time domain analysis has many advantages in dealing with nonlinearities in ship
motions and wave loads. The fluid force can be estimated at the exact instantaneous
hull surface for large amplitude motions and the transient impact loads may be
obtained in the time domain. Nonlinear time domain strip methods have been
developed, extending directly from frequency domain theory formulations (Guedes
Soares 1989, Chui and Fujino 1991, Chan et al. 2003). Although such methods are
relatively simple and have advantages in terms of computation, the hydrodynamic
coefficients are simply derived for a specific frequency, so that the application of the
method for irregular waves causes a problem in the choice of frequency dependent

coefficients.

Domnisoru and Domnisoru (1997) presented unified linear and nonlinear analytical
models for ship dynamic response analysis, including springing and whipping, and
compared this result with model test data. They used the Longuet-Higgins model for
the waves and hydrodynamic force was calculated using the strip theory by
Gerritsma and Beukelman (1967). They divided the total response into linear and
nonlinear parts, the latter including the nonlinearities from the time variation in
hydrodynamic coefficients and the impact slamming force component. For the linear
part, the conventional linear modal analysis was adopted and the nonlinear system of
equations was solved using a numerical integration method. The hydrodynamic
coefficients were calculated such that: the hydrodynamic terms for rigid modes (r =
0,1) were calculated using ship oscillation frequency for heave mode and the terms
for flexural mode (r = 2,...,N) were calculated at the frequency of the first flexural
mode (r = 2). The results showed high stress levels in the hull girder induced by

springing and whipping phenomena.
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Cummins (1962) resolved the time domain velocity potential into the instantaneous
and memory parts of the impulse response function derived from the frequency
dependent transfer function. Many efforts have been focussed on this partly nonlinear
time domain method. Gu et al. (1989) presented a time domain formulation of
hydrodynamic loading that considered the nonlinear effect of the symmetric motion
of a ship as an elastic structure. The impulse response function calculation relies on
the frequency domain coefficients at mean draught. The momentum slamming force,
nonlinear hydrostatic force and bottom impact slamming force were included. The
Hamiltonian method was applied with a predictor-corrector method to solve the
equation of motion. The approach was extended to a three-dimensional time-domain
free surface potential flow method, which had been simplified to the slender body
theory for application to the vertical global response of ships in order to reduce
computational burden (Xia and Wang 1997). The program (THEAS) includes
nonlinearities of the instantaneous hydrostatic force and nonlinear hydrodynamic
force according to the momentum slamming theory. A rational expression of the
higher order ordinary differential equation for the hydrodynamic memory effect was
presented by Xia et al (SHIPSTAR, 1998), based on S8ding’s (1982) proposal. In this
method the nonlinear memory effect and the momentum slamming force are included
and the hydrodynamic inertial and restoring forces are estimated over the
instantaneous draught. They concluded, comparing numerical results for the S175
container ship with the results by the program THEAS and experiments, that
including only nonlinearities of the momentum slamming for and restoring force is

not enough for accurate prediction of vertical ship motions and wave loads.

Fonseca and Guedes Soares (1998) presented a non-linear time domain strip theory
code (IST) employing convolution integral formulation for radiation related actions,
related to the mean wetted surface. The diffraction excitation forces are assumed to

be linear at the mean draught and calculated using the STF strip theory approach.
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The non-linear hydrostatic restoring force and the Froude-Krylov force are calculated

over the instantaneous wetted hull surface.

Watanabe and Guedes Soares (1999) presented comparative calculations for the S175
container ship with six different simplified nonlinear codes. In general, most of the
results by each code agree with each other and with linear theory within 10% for low
wave heights. At large amplitude waves, however, a significant variation is observed.
They specified the main features of the methods, which make it easy to compare the
assumptions in various codes: (1) elastic hull, (2) nonlinear motion, (3) nonlinear
hydrostatic, (4) nonlinear Froude-Krylov force, (5) nonlinear added mass and
damping, (6) relative motion concept, (7) Smith correction, (8) linear and nonlinear
diffraction excitation forces, (10) free surface memory effect, (11) slamming loads by
bottom slamming, (12) slamming loads by momentum slamming and (13) green

water load.

The work was continued by the ISSC 2000 special task committee (ISSC 2000). The
conclusion of the comparative results between measured and calculated wave
bending moments is that the various nonlinear strip theory formulations in general
are able to predict the magnitude and trend (hogging and sagging ratios) with
reasonable accuracy in the engineering sense. However, the responses for higher
order harmonics have a large scatter. This is largely because of the different
approximations used to treat the non-linearities. It was, therefore, suggested to
estimate carefully the different hydrodynamic coefficients and integration procedure
as well as to check for possible input error. Some details of the various nonlinear

strip theory methods used shown in Table 1.1..
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Table 1.1 Nonlinear strip methods

SOST THEAS SHIPSTAR IST
Method Jensen and Xia and Xia et al. Fonseca and
Pedersen Wang 1997 1998 Guedes
1979 Soares 1998
Nonlinear restoring force
Y Yo Yo Y
and 