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Abstract

In moderate sea states, the predictions of the wave drift forces based on the potential
theory correlate well with measurements. However, in severe wave conditions model
tests have shown that there is an increase in wave drift forces as the sea states increases.
Such difference is explained by the viscous drift forces acting in the waterline zone of a

structure.

This thesis presents an experimental study of the low-frequency surge motion loading
on and response of a semisubmersible model in different sea states ranging between
moderate and extreme. In addition to the experimental study, the thesis includes

numerical simulations.

The experimental tests were conducted in MARINTEK ocean basin with a 1/50 scale
model which was moored using horizontal springs and catenary mooring lines. The
environmental conditions included waves, current and combined wave and current
fields. The waves used included both regular and irregular waves. In addition, decay

tests were conducted in still water and in current.

For irregular waves, statistical analysis of the values of mean value and standard
deviation of the motion responses was carried out to investigate the effect of wave-

current interaction and different sea states on these values.

As for the numerical simulations, a mathematical model that is based on Morison’s
approach was used to predict the dynamic surge motion loading on and responses of a
semisubmersible platform. In addition, the steady and slowly varying wave forces are

predicted using Pinkster’s procedure.

The second numerical simulation was carried out using three-dimensional diffraction
program that estimates the six degrees of freedom loading and responses in regular

waves with and without the viscous damping effects.

The damping of the system stems from both the hull and the mooring system. The
mooring system damping was studied using the energy dissipation method to estimate

the damping of the mooring line using the amplitude of the surge motion of the vessel.
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1.1 Background
The growing demand for oil-production has necessitated the exploration of new areas

for oil-production, such as in deep-water. The continued expansion of oil-production in
deep-water sea areas requires the improvement of offshore technology and the study of
different environmental factors affecting the marine structures in various sea states.
Consequently, oil-production in deeper water requires the improvement of available
design and analysis methods in order to reduce the cost of production and to keep the
production facilities as safe and as stable as possible.

One of the major challenges faced by the designers is in the study of severe sea
conditions where the wave pattern is irregular. Traditional fixed structures (bottom-
mounted structures) such as jacket structures are found to be suitable to be used in water
depths of up to 450 m. However, in greater water depths, the installation of fixed

structures is not a viable option and other solutions are needed.

Other solutions include Floating Production Systems (FPSs) and Floating Production
Storage and Offloading vessel (FPSOs) which are considered suitable options for
working in water depth ranging between 150 and 1500 m. Most FPSOs tend to be ship
shaped hulls, particularly owing to their crude oil storage capacity. Ship shaped FPSOs
usually have turret mooring systems about which they rotate in order to maintain their

headings into the seas.

Another solution is the semisubmersibles which are commonly used for several roles in
marine industry such as offshore oil drilling, oil production, and heavy lift cranes and
are useful as exploration platform. Semisubmersibles are considered to have better
motion characteristics than ship-shaped hulls due to their small waterplane area. In
addition, semisubmersibles do not require their heading to be changed as the

predominant direction of the weather changes.

A semisubmersible structure consists of large deck area connected to underwater
pontoons via number of columns which are usually of circular or rectangular cross
section. The number of columns and the shape of the pontoons depend on the selected
structural configuration. A semisubmersible is held in place using either mooring or
dynamic positioning systems. Mooring systems are the more common due to their

relatively lower cost than the dynamic positioning system.

Forces due to waves are classified as being first and second-order forces. The first-order

force oscillates at the wave frequency and induces motions known as high frequency, or
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wave frequency motion. The second-order force, also known as drift force, consists of a
steady component (also known as the mean wave drift force), and components whose
oscillations will be with a frequency below the wave frequency and induce low
frequency motions. These are of second-order with respect to the wave amplitude. The
second-order forces are smaller in magnitude than the first-order forces, but due to low
damping at low frequencies they may induce large overall rigid body motions around
the resonance frequency. Hence, the study of the low-frequency forces is essential for
the determination of the expected loads acting on both the structure and the mooring

system.

1.2 Review of Literature
The research described in the following chapters concerns the hydrodynamic loading

on, and responses of, semisubmersible structures in extreme environments. In this
section a review of the published literature on selected related work carried out by other
researchers is presented with a view to introducing the areas of interest, and the

knowledge gaps, in this topic.

The range of marine offshore structures can be classified as fixed and floating types
including moored structures. Floating structures, including semisubmersibles, Tension
Leg Platform (TLPs), Floating Production Storage and Offloading (FPSO), and spar
structures, are considered to be suitable solutions for oil drilling in water that is deeper
than 450 metres. In addition, semisubmersibles may be used as re-locatable structures
for resource exploration work. The concept of semisubmersibles for drilling operations
was discussed in (McClure, 1965) and it was concluded that the best design is achieved
by a large ship-type or a column stabilized platform and that the greatest loads are those

caused by waves acting on submerged hulls and columns.

Subsequently, many studies were made to investigate the loading on and responses of
the different configurations of semisubmersibles in both regular and irregular seas, and
in both shallow and deep waters. The water depth combined with the wave length
determines if the water depth is to be considered as deep, intermediate or shallow water
from a hydrodynamic point of view. The water depth is considered to be deep if it is
larger than half the maximum potential wavelength and considered shallow if smaller

than 0.05 of the wavelength (Sarpkaya and Isaacson, 1981).

Research in this field would typically make use of full scale trials, scale modelling, and

numerical simulations. Full scale trials, however, are too expensive and time consuming
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to undertake with any frequency and they would not provide as much data as that which
can be obtained from scale modelling and/or numerical simulations. In addition, the
environmental conditions could not be controlled in the full trial tests. Froude-scaled
model tests at the largest practical scale compatible with the available test facilities are
likely to offer the most reliable and accurate means of investigating the loading and
responses of a marine structure in different sea states including wave headings
particularly for a proposed new design. Hence, model tests are considered one of the
most reliable methods in studying the hydrodynamics of structures. However, this
approach has its own issues. For example, when the mechanically created waves meet
the tank boundary thus generating additional waves and this may increase or decrease

the low frequency forces (Standing, 1988).

Another problem of the experimental tests approach is in the modelling of mooring
systems in deep and ultra deep water with reasonable modelling scale due to equivalent
water depth limitations in available facilities. (Baarholm et al., 2006) presented a new
technique that is intended to improve the efficiency of the modelling of such mooring
systems using a truncated mooring system, which will have the same wave drift force
coefficient, and resulting model motions as the actual configuration. The new truncated
mooring systems are designed with elements with low axial stiffness inserted in the line
or, alternatively, the geometrical stiffness is reduced (by adding weight and/or buoyancy
components) in order to maintain same motion characteristics at the test tank controlled

reduced water depth.

In addition, the experimental tests cannot cover wide range of wave headings and sea
states without the associated cost and time needed to reorient the model for each
heading change. Hence, the usage of the numerical simulations is well established in the
hydrodynamics field in order to substitute for the limitations and shortages imposed by
the experimental data. On the other hand, experimental data are still needed to validate

any new numerical simulation method and to assess its accuracy.

The numerical simulations are to be based on the best available analytical theories.
There are several theories that can be used to study the motions and responses of marine
structures. Each theory has its advantages and disadvantages depending on the physical
/geometrical nature of the structure and the environmental conditions. The appropriate
choice of the applicability of each method depends on the criteria of both the structure
(such as shape and dimensions) and the environment (such as water depth and wave

length, and the nature of the sea state such as regular or irregular waves).
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For the study of the wave forces in regular waves, (Hogben, 1976) suggested that the
hydrodynamic problems of cylinders could be classified into three regions according to
cylinder diameter, wave length and wave height. The first region is where H/D > 1 and
where Morison’s equation is more suitable than the diffraction method. The second
region is where D/A > 0.2 and where the diffraction method is the more suitable. The
third region is where D/A < 0.2 and H/D < 1 and both methods can be equally suitable
and applied where H, A and D are the wave height, wave length and cylinder diameter,

respectively.

(Chakrabarti, 1985) gave a simpler suggestion which is that the Morison’s equation is to
be applied to structures those dimensions are small compared to the wave length. On the
other hand, if the structure is large compared to the wave length, the structure will alter
the wave field and hence the diffraction theory is the more accurate.

The wave forces acting on marine structures in irregular waves are by convention
classified as first-order oscillatory forces and second-order forces. The first-order
forces are proportional of the wave height and with a frequency that is the same
frequency as the waves. On the other hand, second-order slowly varying forces oscillate
at a frequency lower than the wave frequency. The steady component of the second-
order forces is proportional of the square of the wave height. Although the second-order
forces are small in magnitude however they can nevertheless cause low frequency large

amplitude horizontal motions (Remery and Hermans, 1971).

In addition, (Standing, 1988) agreed on the importance of the low frequency second-
order wave loads for the design of moorings when the level of damping is low and the
vessel presents a large area to the waves, thus causing considerable diffraction.
However, the semisubmersible configuration presents a small area at the wave surface,
which causes only a little wave diffraction and the resulting second-order wave drift
forces are small. Although the low frequency forces are relatively small in magnitude,
they excite large amplitude horizontal motions in moored vessels due to the very low
damping. This makes the study of the second-order forces acting on semisubmersibles
to be important since they affect the design of risers and mooring systems (Pinkster,
1980; Pinkster, 1979). In addition, Standing presented a discussion of the validity of the

quasi-static approach for a large moored structure.

Helvacioglu in (Helvacioglu, 1990) gave a description of the main methods of

evaluating the second-order forces which are the near field and the far field methods.
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The far field method was presented by (Newman, 1967) and (Maruo, 1960) in which the

hydrodynamic properties of the body were evaluated on a control surface far away from

the body in order to be estimating the forces acting on the structure.

On the other hand, the near field method was presented by (Pinkster, 1975) where the
hydrodynamic properties were evaluated on the wetted surface of the body. In this
method, it was assumed that the irregular waves were a group of regular waves with
only a small difference in their frequencies, and a method to calculate mean and low
frequency wave drifting forces in all the six degrees of freedom was presented.
Pinkster’s approach is based on direct integration of all contributions to second-order
forces over the instantaneous wetted surface. In the case of a regular wave group, the
total second-order force contains a component that corresponds to the sum of the mean
or constant forces exerted by each of the regular waves, making up the regular wave
group. An advantage of this method is that the components of second-order forces can

be examined separately.

Potential theory is widely used for the study of the hydrodynamics of offshore
structures. There are several different methods that can be used to apply the potential
theory approach to determine the drift forces. These methods were classified by Pinkster
in (Pinkster, 1980) into: potential theories, which calculate mean second-forces based
on momentum and energy considerations: potential theories, which deduce mean/low
frequency second-order forces and moments through direct integration of the fluid
pressures acting on the wetted surface; and potential theories which deduce second-
order forces damping by equating the energy radiated by an oscillating vessel to work
done by incoming waves. Other theories include descriptions such as: diffraction theory,
strip theory, 3D potential theory, and the integration of pressure and also approximate

theories based on Morison’s equation and relative motion concepts.

Pinkster in (Pinkster, 1979) stated that the procedure for the solution of the second-
order problem within the potential theory starts with obtaining the first-order solution.
Afterwards, the second-order forces, in the absence of motions by these forces and
corresponding hydrodynamic reaction forces (added mass and damping) are determined.
In other words, the second-order problem within the potential theory can be solved only

by first obtaining the first-order solution.

(Wichers, 1988) employed a 3D diffraction potential theory based method in order to

estimate the wave drift forces for small values of forward speed. This method was
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applied to a moored tanker and good agreement was found with the results obtained

from experiments.

(Hermans, 1999) using potential theory found that the main result was that for moderate
sea states the damping is dominated by viscous effects; however in survival sea states
the wave-drift damping due to the velocity dependency of the wave-drift force becomes

dominant. The existence of viscous forces was not included in the analyses.

In (Drake et al., 1984), the potential theory was applied to investigate the wave induced
harmonic responses and the mean drift of an articulated column in regular waves. The
mean drift horizontal force was evaluated using the Stokes expansion to second-order in
wave steepness. It was found that the second-order drift forces on a column could excite
pitch responses of first-order: this was explained by the fact that the articulated columns
are designed to have a low natural frequency in the tilt mode, relative to wave

frequencies.

In moderate sea states the predictions that are made based on potential theory give good
results compared with the results obtained from the experimental measurements.
However, in severe wave conditions, model tests have shown that there is an increase in
wave drift forces as the sea states increase (Dev and Pinkster, 1994). This effect was
explained by viscous drift forces acting in the waterline zone of a structure (Dev and
Pinkster, 1997; Stansberg, 1994).

(Stansberg et al., 1998) agreed with (Dev and Pinkster, 1994), that there is a difference
between the measurements and the results obtained from potential theory and presented
a study of the surge and pitch motions of a semisubmersible model in irregular waves.
In (Dev and Pinkster, 1997), it is showed that the explanation is partially due to viscous
drift forces in the splash zone (the oscillating free surface zone). In addition, this study
showed that the total damping for surge motion increases strongly with the increase in
sea state, and empirical compensation for drift force coefficients should be applied

when using the cross-bi-spectral analysis method.

Discrepancies between the measured and theoretical mean drift forces acting on moored
structures, such as semisubmersibles, in regular and irregular waves were also noted by
(Dev and Pinkster, 1994). Such discrepancies were to be dominant in the low frequency
range where diffraction effects are small and are thus considered to be caused by
viscous effects. Hence, a study of regular waves and waves plus current was carried out

for a single vertical cylinder. The study used a theory based on a relative horizontal
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velocity and a relative surface elevation. It was found that the splash zone of the vertical
columns was the major source of the viscous contributions in waves. Thus, the viscous
mean drift forces in irregular waves should not be treated as a quadratic transfer
function (the viscous mean drift force is a cubic transfer function) by subtracting the
steady forces due currents from those that are due to combined waves and currents. The
viscous mean drift force in a wave-current co-existing flow field was recommended to
be dealt with as being associated with two separate hydrodynamic zones (that is the
splash zone and the submerged zone, respectively).

(Dev and Pinkster, 1997) showed in their study of the effects of viscous contributions to
low frequency drift forces on semisubmersibles, that the slowly varying component of
the drift force is important for compliant structures, such as semisubmersibles, which
possess low restoring forces in horizontal motion modes. Computational techniques
with 3D potential theory were found to underestimate the mean drift forces. This was
explained by the observation that the viscous effects originate from the surface piercing
structures, which is important for structures with a small cross-sectional waterplane
areas such as semisubmersibles have. A theory based on a relative horizontal velocity
and a relative surface elevation concept was applied in order to improve the theoretical

predictions for the mean drift forces.

Other methods were used in the literature in order to estimate the slowly varying forces
and motions. (Graham and Neish, 1997) presented a combined computational method
(based on a wave panel and viscous code) to predict slow drift sway motion damping

and responses in both regular and random waves for a tanker hull.

(Sarkar and Taylor, 2001) developed a method that is used to estimate the low
frequency forces on moored structures. It was found that there is an increase in the first-
order low frequency forces which is due to nonlinear mooring stiffness interaction with

waves. This method was applied on a single floating column example.

(Drake, 2011) presented an analytical solution for the horizontal drift forces acting on a
uniform circular cylinder undergoing surge and pitch motions in regular waves. The
method is intended as an analytical approximation for the study of the horizontal drift

forces on a deep draft spar.

The estimation of the motion responses of a floating structure, such as a

semisubmersible, requires knowledge of the characteristics of the structure and those
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factors which control the responses, such as the system stiffness and damping (Clough
and Penzien, 1993).

The slowly varying oscillation amplitudes are affected by the amount of the system
slow drift damping. The main physical contributions to the slow drift damping are the
wave drift damping, the viscous hull damping, the wave radiation damping, the mooring
and riser line damping and the aerodynamic damping. (Stansberg, 1994) investigated
surge motion records from model tests that had been carried out with a moored
semisubmersible in irregular waves in order to give quantitative information on the
slow-drift hydrodynamic excitation forces and on the associated damping coefficients.
The motion responses were obtained by using the second-order wave force model and
assuming linearized slow-drift dynamics. An over-prediction of the extreme event in
one of the cases may be explained by the fact that the wave drift damping tends to
reduce the extreme responses that are predicted by the model. The estimated surge drift
force coefficients, as well as the relative damping, appear to increase with increase in
the sea states. The current effect was studied and it was concluded that a small amount
of current could cause large mean drift forces due to the non-linear wave-current

interaction effects, which depends on the values of current velocities and wave heights.

(Kinoshita and Takaiwa, 1990) presented a study of damping which showed an increase
in damping due to an increase in wave height. It was stated that for a semisubmersible
model, forced oscillation tests in regular waves was the best way to obtain the slow
motion damping values. An added mass change due to waves for the slow drift motion
of a moored vessel was experimentally determined and its effects on a power spectrum

of the simulated slow drift motions in irregular waves were given.

(Wichers and Huijsmans, 1984) explained the viscous damping to be due to the
interaction of the vessel and the surrounding fluid (still water), and that it found to be

linearly proportional to the low frequency velocity of the vessel.

A theoretical analysis was presented by (Bearman et al., 1985) to investigate the drag
and inertia coefficients of a viscous oscillatory flow at low Keulegan—Carpenter
numbers. Results were compared to experimental measurements and showed that the
analysis is valid at Keulegan—Carpenter numbers that are less 2. It was found that for
higher Keulegan—Carpenter numbers, the drag coefficient is directly proportional to the
Keulegan-Carpenter number if the viscous contribution is first subtracted, whilst the

inertia coefficient decreases rapidly with increasing Keulegan-Carpenter number.




Chapter 1: Introduction

(Standing et al., 1987) gave a method to estimate wave damping via differentiating the
mean wave drift forces transfer function. The obtained results were found to be sensitive

to the drift force interpolation curve points of the available data points.

In (Saito and Takagi, 1988) the viscous effect on the increased damping of a
semisubmersible was investigated via an approximation based on a method that was
used for ship-shaped hulls. This study showed that in short and high waves the damping
due to waves has an effect on the motions and which may be due to hydrodynamic

interaction between waves, but no definite conclusions were made.

(Soylemez and Incecik, 1997) investigated the nonlinear coupled modes of motions and
it was found that the coupled motions provide higher responses than those obtained
from linear uncoupled equations. The study focused on the heave and roll motions and it
was found that coupled heave and roll responses are 33% and 36% higher than the

uncoupled heave and roll responses, respectively.

Several methods have been used in the literature in order to evaluate non-linear second-
order forces. Molin’s method (Chen and Molin, 1990) evaluates non-linear second-
order forces without explicitly solving for the second-order potential. In this paper,
Trantafyllou’s theory on the horizontal surge, sway and yaw motions were extended to
the full six degrees low frequency motions. The damping is composed of a radiation
part and a viscous part. At low frequencies, the radiation part is found to be negligible.

The viscous part is presented by linear and quadratic models in the time simulation.

The linear diffraction/radiation theory provides an acceptably accurate estimation of the
damping of most degrees of freedom except for roll. (Chakrabarti, 2001) presented an
empirical study of the damping coefficients of ships and barges using the results from
both full scale and model scale experiments. The roll damping was divided into several
components and any interactions between them were neglected. These components are
hull skin friction, eddy making damping, free surface waves (wave damping), lift effect
damping, and bilge keel damping. The damping coefficients were estimated empirically

and the ship forward speed effect was taken in consideration.

Nonlinear roll damping was studied by (Jang et al., 2010) via a method that estimates
the nonlinear roll damping as an integral equation of the first kind of unknown function
which is classified as Volterra- type integral equation (Jang et al., 2009) . The obtained
solution was found to be unstable and the employed procedure was improved via a

regularization technique. Good agreement was then found when compared to measured

10
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data from experiments. This paper dealt with only a particular ship and thus needs to be
generalised in order to be applicable for other ship structures.

(Chan, 1990) presented a three-dimensional model that studied the loadings and
responses of a ship that is advancing in waves and using a translating pulsating source
modelling method. This method was subsequently improved by the including and the
effect of viscous forces via a cross-flow approach as shown in (Chan, 1992). This
method of analysis was applied on different types of marine structures such as RO-RO
ships and catamarans (Fang and Chan, 2007; Chan et al., 2002).

(Sunahara, 2004) investigated the forces acting on a 16-column platform model and
measured the hydrodynamics forces on each column simultaneously. Sunahara verified
if the measured large forces were viscous forces. It was confirmed that the significant
viscous drift forces act on circular cylinders for long wave periods. In addition, an
investigation of an applicable region of viscous and potential components of the wave

drift forces acting on vertical circular cylinders was presented.

(Xiao et al., 2009) investigated the low frequency heave, roll and pitch motions of a
semisubmersible both numerically and experimentally. They found that the viscous
forces are significant for the roll and pitch motions and negligible for the heave motion.
In addition, it was observed that the resonant roll and pitch induced due to the slowly

varying wind drift force are much larger than ones induced by the wave drift force.

The mooring lines systems affect the body motions of a platform in two ways (Yilmaz
and Incecik, 1996). The first effect is through line stiffness, which determines the
platform resonant periods. The second effect is due to the motion damping of the
mooring lines themselves. The effect of drag forces on mooring lines was studied.
Yilmaz and Incecik found that the mooring line contribution an important part of the
total surge and sway damping of semisubmersibles where the measured surge

amplitudes were observed to be reduced by 20 to 25%.

(Sarkar and Taylor, 2002) studied the nonlinear fluid-drag force acting on mooring
cables using the statistical linearization technique. Current velocity and sea bed effects
were included. The linearized drag, which is an unknown function of position along the
cable, was determined iteratively. In addition, the effect of the drag coefficient on the

surge responses at different drag coefficients was presented.

Before (Huse, 1986), it was normal to neglect mooring line drag based on the inference

that the drag area of a line is very small relative to the drag area of the vessel itself.

11
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However, (Huse and Matsumoto, 1988; Huse, 1986) presented a method that estimates
the energy dissipated due to the drag forces of the mooring lines motion. The method

takes into account the high frequency motions of the mooring lines.

From the above review, it was concluded that certain areas of the topic required further
investigation with a view to improving the prediction methodologies. The objectives

given in the next section reflect these knowledge gaps.

1.3 Objectives of the Study
In the design process of a semisubmersible structure and its mooring system

configuration, it is very important to evaluate the effect of different sea states induced
forces acting on and responses of the platform realistically to be able to predict the
mooring loads. The wave induced forces are to be convention classified as first and
second —order forces. In addition, the second-order induced motions or the slowly
varying motions of the structure are affected by the system damping. Thus, the correct
estimation of both the hull and mooring system damping is a necessity in order to
correctly evaluate the motion responses of the vessel. Therefore, the damping of the

catenary mooring lines is given a special attention in this thesis.

In addition, the damping of the mooring system and its effect on the motion response of
the semisubmersible may be investigated by conducting experiments with the Froude-
scale model moored by catenary mooring lines, followed by experiments under the
same environmental conditions but using horizontal mooring lines only. A horizontal
mooring system that is attached above water level does not represent a practical method
of mooring but is used to study the loading on and response of the semisubmersible in
the absence of the catenary mooring lines. This leads to a better understanding of the

effects of the catenary mooring lines on the damping and motion responses.

Thus, the main objectives of this research can be summarized as follows:

The first objective was to investigate the application of different hydrodynamic models
to predict the first- and second-order forces and resulting motions with emphasis on

improving the modelling of the viscous damping.

12
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The second objective was to plan and conduct experimental tests to measure wave and
low frequency motions of a semisubmersible moored in both regular and irregular

waves.

The third objective was to correlate the results of the second-order forces obtained from
the analytical predictions and the experimental measurements with a view to identifying

the areas that require enhancement.

It addition , it was planned to investigate the role of the mooring lines on the slowly
varying motions with reference to factors such as mooring stiffness and mooring line

damping.

Final objective was to evaluate the effect of the catenary mooring lines on the slowly
varying motion via experimental measurements of the semisubmersible model moored

alternatively with both horizontal and catenary mooring systems.

1.4 Outline of the Thesis
The thesis is organized as follows:

In Chapter Two, two mathematical approaches are presented that can be employed in
order to estimate the first and second-order forces acting on a semisubmersible
structure. The first mathematical approach is based on the three-dimensional linearized
potential theory. The second approach is based on Morison’s equation for the estimation
of the first-order forces and responses and using Pinkster‘s procedure for the calculation

of steady and slowly varying motion responses due to waves.

Chapter Three deals with the experimental tests performed and describes the structural
model used, the experimental set up, and the test programme which included decay
tests, static-pull out tests, regular waves, and irregular waves, both with and without a
current. In addition, calculations of the relative damping values estimated from the

decay tests are presented.
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In Chapter Four, the damping of mooring lines oscillations is calculated for several

study cases using the energy dissipation method.

Chapter Five presents the numerical results obtained using the mathematical methods
given in Chapter Two. Additionally, comparisons are made between the numerical
simulation results and the experimental data that was obtained.

Finally; Chapter Six is a summary of the conclusions that have been drawn from this

research and of recommendations for future work.

1.5 Summary

This chapter presented a review of the published literature on selected related work. In
addition, the objectives of this study and the outline of the thesis chapters were given.
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2.1 Introduction
The motion displacements and responses of a moored offshore structure are due to the

combined effects of the environmental forces, namely waves, winds and currents. These
environmental loading forces can be classified as steady and low frequency motions due
to waves, steady and low frequency motions due to wind, and steady motions due to

current.

In this chapter, two mathematical models are presented that can be employed to estimate
the first and second-order wave loading forces and responses on a semisubmersible
model in waves both with and without currents. The first model transforms the three-
dimensional problem of a floating structure in waves and currents into linearized
diffraction and radiation problems. Second mathematical model is based on Morison’s
equation. Each of the two models will be presented in details in the following sections
of this chapter. The results of the numerical calculations and correlations will be

presented in Chapter Five.

2.2 The three-dimensional model
This three-dimensional model presented in (Chan, 1990) solves the hydrodynamic

problem of a marine structure advancing in waves by transforming the problem into two
problems known as diffraction and radiation problems using translating pulsating source

modelling method.

The diffraction problem is where the object is prevented from any form of oscillating
motion and is subjected to waves. The forces caused by the waves acting on the object
in this case are known as the hydrodynamic exciting forces. On the other hand, the
radiation problem is where the object is oscillating in still water. The oscillations are
related to the effective hydrodynamic added mass and damping. The acting forces on
the object in this case, are known as hydrodynamic reactive forces and can be expressed

in terms of added mass and damping coefficients.

The mathematical solution of the oscillating object in waves is undertaken by
transforming the potential problem into simultaneous linearized radiation and
diffraction problems using the perturbation expansion technique. Both problems are
defined as being first-order hydrodynamic problems. The interactions between those
two first-order problems are of a second-order in terms of the oscillatory amplitude of

the responses of the object and therefore are normally neglected in the first-order theory.
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The solution is carried out by solving the three-dimensional Green function integral
equations over the mean wetted body surface. Hence, the first-order forces and object
responses are so estimated. Based on the first-order solution, the mean second-order
forces and moments are then obtained by direct integration of the second-order
pressures obtained from Bernoulli’s equation over the mean wetted body surface. The
double Fourier transformation technique is used to derive the current speed free surface
Green function that represents a translating pulsating source potential. To solve the
three-dimensional Green function integral equations, symmetry properties of the Green
functions and of the body wetted surface are applied in the numerical simulation.

Chan (1990) presented the theoretical formulations for this method that are summarized
in the following sections. The created software packages based on these formulations
and provided by Chan were so developed in order to predict the first-and second-order
hydrodynamic forces on marine vehicles advancing through waves. In this research, for
the study of the behaviour of moored semisubmersibles, the advancing velocity is
replaced by the current speed acting on a moored semisubmersible platform and the
mooring forces are taken into consideration. This technique was applied in (Chan, 1990)
on a series-60 ship and on a tanker where good agreement with experimental results

was found.

In addition, in order to estimate the viscous effects (Chan, 1992) presented the
formulation for a technique that uses the above three-dimensional technique in
association with a cross-flow approach. After conducting the three-dimensional
technique mentioned earlier using a three-dimensional oscillating source distribution
method, the hydrodynamic coefficients and wave excitation forces and moments
associated with the equations of motion are thus obtained. An empirical method based
on the cross-flow approach is applied for the determination of linear cross-flow drag
damping terms in the equations of motion. The linear coupled equations of motions are
then solved. Subsequently, the integration of the hydrodynamic pressures and cross-
flow drag forces are used to provide the wave loads applied, both forces and moments,

over the wetted surface including the viscous effects.

2.2.1 Definition of the coordinate system
A fixed right-handed orthogonal co-ordination system is defined with its origin at the

centre of the o-xy plane of the platform at the still water surface level. A sketch of the

coordination system is given in Figure 2-1.
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The definitions of the positive axes of the co-ordination system are as follows:

x-direction parallel to mean still water level with x = 0 at the water surface and at the
middle of platform width. Generally, the wave may approach the semisubmersible from
any heading angle. On the other hand, this study focused on the following sea states in

which the wave-heading angle is same as x- axis positive direction.

y-direction in the horizontal plane perpendicular to the axis of the wave propagation
with the origin y = 0 at the platform centre at water surface and positive direction is
according to right hand rule.

z-direction directed vertically upward (positive) with z = O located at the still water
surface. In the case of existence of current velocity, the above described coordination

system translates with the structure at the same velocity.

In addition, 7,7 and k are the unit vectors in X, y and z directions, respectively. The
rigid body six degrees of freedom in the directions of the axes are defined as ¢j where j
=1, 2,3,4,5, and 6 and correspond to surge, sway, heave, roll, pitch and yaw motions,

respectively.

Figure 2-1 Coordination system

2.3 The mathematical model based on the three-
dimensional technique
In this section, a brief description of the mathematical model of the three-dimensional

technique that was introduced in (Chan, 1992; Chan, 1990) is presented. In this
technique, the equations of motion of a free oscillating body in waves are derived by
equating the external forces to the inertial forces that are associated with the
accelerations of the body. The procedure for the estimation of the mean second-order
forces is presented in Section 2.3.6. In the current section, the viscous effects are

ignored. The study of the viscous effects is presented separately later in Section 2.3.7.
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In the study, in order to simplify the evaluation of the structure in regular waves and
current, the problem is divided into steady motion at constant forward speed U and rigid

body harmonic oscillations.

Thus, the external forces acting on the structure are the unsteady hydrodynamic loads
due to the regular waves, also known as the hydrostatic restoring forces, the
hydrodynamic exciting forces, and the hydrodynamic reactive forces. A description of

each of these forces is given in the following sections.

As mentioned earlier, the complex problem of the structure moving in waves is solved

linearly by dividing the problem into diffraction and radiation components.

Firstly, the hydrostatic restoring forces are the fluid forces that act to restore the body to
its original static equilibrium state when the body is displaced freely from the rest

position.

Secondly, the hydrodynamic excitation forces refer to the forces that are experienced by
the body in the diffraction condition due to the incident and scattered (diffracted) waves.
These forces are dependent on the incident wavelength, wave frequency, wave heading

angle, current speed, body geometry and are proportional to the wave amplitude.

Finally, the hydrodynamic reactive forces are the forces that are involved in the
radiation problem, are due to the oscillatory motions of the body in still water, and are
related to the hydrodynamic added mass and viscous damping coefficients. These
coefficients are functions of the forward speed of the object, the body geometry and the

frequency of motion, but not of the motion amplitude.

2.3.1 Hydrodynamic Forces
The fluid oscillatory motions surrounding the hull or the body are the cause of the

hydrodynamic pressure forces that are the main contributing forces that result in the hull
or body motions investigated in this study. These forces are calculated by integrating
the hydrodynamic pressures in terms of the appropriate velocity potential and its

derivatives over the mean wetted body surface.

The instantaneous fluid pressure p on the local wetted body surface area S, is given by

Bernoulli’s equation in terms of the total velocity potential ¢ as

pED = —p{p.+ 2VpeVp — U+ gz (2-1)

where
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g Gravitational constant,

P Fluid particle pressure,
U  Current velocity,
x  Co-ordinations of a field point,

p Water density,
o Velocity potential, and
r  Grad operator.

Since the exact wetted body surface S, is displaced and rotated with respect to the
mean wetted surface S,, then local fluid pressure p on S, is obtained by means of a

Taylor series expansion as follows
@)s, = +aeVp+ ..)sg, on Sy, So (2-2)

The vector @ is the local displacement of a point of the fluid on S, due to translational
and rotational motions with respect to S,. Under the usual assumptions of linearization,

the perturbation expansion of the total velocity potential ¢ is given by
PFE ) = BE) + BV + 23D 4 (2-3)

The velocity potential @ (¥) and @ (¥;t) are the steady and unsteady parts respectively.
Substituting equations (2-1) and (2-3) into (2-2) and retaining the expansion up to O (¢)

results in estimating the local pressure p as

P =—p[F(W e W -U2) + (gz+9d + )+ e{p” + W«
(2-4)
V(ﬁ“)+§d’-v(v7-v7)>}+ 0 (%) onSw,So

where W and W are the far-field function and the velocity field of the steady flow. The
previous equation shows that the three components of the local combined pressure are
the steady pressure due to the steady velocity field W, the hydrostatic pressure and its
fluctuation, and the first-order hydrodynamic pressure. The forces and moments acting
on the body can be then obtained by integrating the fluid pressure over the body surface

S in the form

F=—ff, pryds = —ff; pryds— [l pryds 1i=12..6  (25)
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where n; is the generalized direction cosine. The integration is conducted over the
wetted body surface area S, that is divided into the mean wetted body surface and the
oscillatory part Js,. Afterwards, the time dependant terms and the first-order relative
wave elevation over the steady flow field are both neglected. In addition, the buoyancy
force for the oscillatory motions in a steady velocity field is small and can be neglected.
The unsteady velocity potential is linearly decomposed into potentials due to incident
waves, to diffraction waves and to radiation waves. Thus, the first-order dynamic forces

can be written as

F=F +FY+ Ff  ;j712,..6 (2-6)
in which
The hydrostatic restoring forces F® = p g | s, (@ k)n; ds (2-7)

The wave excitation forces

B = p If, (0~ I + 1)@y + &) “0nds @)

The hydrodynamic reactive forces

FR = —p Tes G fs, (io — W « V) et nyds (2-9)
where
nj Normal vector outward the boundary surface in the j" direction,
07 Diffraction wave potential per unit amplitude,
®o Incident wave potential per unit amplitude, and
1) Frequency of oscillations.

The surface integral is reduced to a more simple formula as
[, W ev®)nds = —U [[, dmds (2-10)

where m; is current speed related coefficient in the j™ direction.

The amplitude of the profile of a regular wave of a wavelength 1 and frequency w, can

be expressed as

Zi — (0 e,i[v(x cos(B)+ ysin( B))-w t] (2_11)
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where {,, v, @ and g are the incident wave amplitude, wave number , wave encounter
frequency and angle of incidence with the x-axis, respectively. For a constant water

depth, and assuming regular waves, the dispersion relation relates the wave number to

[

the wave frequency and the water depth by % = v tanh (vh) . The wave encounter

frequency w, is related to the wave frequency and current velocity by the relationship

w = |w, — v Ucos(B) |

2.3.2 Hydrostatic restoring forces
These forces are evaluated by integrating the hydrostatic pressure at a point due to the

variation in vertical displacement of the body. By converting the surface integral into a
volume integral, the final form of the restoring force can be written as

FP= -8 Cu e ™ j=1,2,..6 (2-12)

Ci is called the hydrostatic restoring coefficient, which is a function of the body
geometry only and is independent of the motion (. Since the hydrostatic restoring
forces originate from the hydrostatic pressure variation due to vertical movement, they
only act vertically. Therefore, regardless of the body shape, the coefficients in the

directions related to the surge, sway and yaw motions are equal to zero.

Assuming that the structure has a longitudinal symmetry axis, the force coefficients will
vanish in the direction that is perpendicular to it and hence the remaining non-zero
coefficients are

C33= pg A

)
Cas = PgAsx+ Mg (z,—25) = pgV GMy }
Css = pg Ayy +Mg(z,—25) = pgVGM,

(35 = Cs3 = —pg Ay

(2-13)

A, Ay, Ay, Aand Ayy are the waterplane area, the first moment and the second moments
of the water-plane area at z = 0. M is the mass of the body. z, and zg are the vertical
coordinates of the centre of buoyancy and the centre of gravity of the body respectively.
GMr and GM_ are the transverse and longitudinal meta-centric heights and V is the

volume of displacement.

2.3.3 Hydrodynamic exciting forces
The hydrodynamic exciting forces F,-W are the result of the pressure associated with the

diffraction potential due to the incident waves per unit amplitude. It can be expressed
from (2-8) and (2-10) in the form
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F' = —p [f; (iwn; + Um;)(p, + @7)dse™* ;j=12,..6 (2-14)

Equation (2-14) requires the solution of the diffraction potential ¢7. However, instead of
solving the diffraction potential problem, the hydrodynamic exciting force can be
derived by using the body boundary condition of the reverse flow radiation problem
with negative forward speed. The reverse flow radiation potential is given by

Dz —ian; = Umy 5j=1,2,....6 (2-15)

where @; is the reverse flow radiation potential and determined via equation (2-15).

Substituting (2-15) into (2-14) vyields

a_ . .
FY = p [f;, 52 (po + p7)ds €™ (2-16)

The exciting force given by equation (2-14) can be decomposed into two components as

F' =K +D; ;j=12,.6 (2-17)
in which

Ki=-p ffso (iwn]- + U mj) @, ds ett (2-18)

D;=-p ffs (ia)nj + U mj) @, ds el®t (2-19)

K; is called the incident wave force and Dj is called the diffraction force coefficient.
Since the steady flow field interacts with the unsteady flow field, the incident wave

force is thus no longer independent of the forward speed. By neglecting the interaction

effect and making W= —UT,the only effect of the gradient operator Zin equation

(2-8) is on the incident wave potential ¢g, with the result that i w — WevV =1 w, and

the incident wave force becomes the Froude-Krylov force in the form
K; = — piw, ffso @on; ds et (2-20)

The Froude-Krylov force, given by equation (2-20) involves the incident wave potential
only and so it corresponds to the force experienced by the body when the incident wave
trains pass through it unaffected and un-reflected by the body. Therefore, the Froude-
Krylov force is significant in the long wave regime or for a thin body in head waves

where scattering wave effects are small. On the other hand, the diffraction force given
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by equation (2-19) becomes important in the short wave regime or for a large body with

a large frontal area that is exposed to the incident waves.

234 Hydrodynamic reactive forces
The hydrodynamic reactive forces in the j” direction resulting from the motion (y are

obtained by

FR=—-p ffso (i wn; + U mj)gok ds {pe @t jk=1,2,.6 (2-21)

The reactive forces take into account the phase difference between the fluid reaction
force and the current velocity. This is considered by using one component that is
proportional to the body velocity and another that is proportional to the body

instantaneous acceleration as follows
F}I;( = _(A]k€k + B]k(k) = (a)ZAjk + ia)B]-k){ke_i“’t (2-22)

The coefficients Ay and Bj are called the added mass coefficient and the damping
coefficient, respectively. Their values are estimated by using the real and imaginary
parts in equation (2-21) and (2-22). Thus, their values are

Ay = —% Re ffso (iwn; + U m;)ep,ds (2-23)

Bjx —% Im ffso (iwn; + U m;)e,ds (2-24)

2.3.5 Equations of motion
The six components of the inertia force that is due to the body's acceleration in six

degrees of freedom rigid body motions are as follows
Fj=Xaa MG 5i=1,2,...,6 (2-25)

where ¢, ¢ and ¢ are the amplitude, velocity and acceleration of the body responses and
M is the body-inertia coefficients in the j™ direction due to forces at the k™ direction.
The j index indicates the direction of the fluid force and the k index refers to the mode
of motion (i.e. surge, sway, heave, roll, pitch and yaw, respectively). The body-inertia
coefficient can be obtained by Newton's Second Law of Motion, which defines the force

vector as
F=21ff, pp(+& x Pdv (2-26)

From the conservation of angular momentum, the moment vector is defined as
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M=Sff, ppix G+a x F)dvV (2-27)

where M is the moment vector, and Mix is the body-inertia coefficient and as appropriate
element of the mass matrix. The quantity pg is the body density and is assumed
constant. The velocity vector in the previous equations can be expressed in the form

(ﬁ"‘ 5 X F) = 22=1 vkgk (2'28)

where éj vectors are the normal unit vectors and defined as

(51' 52' 53) = (z]_}! E)

(2-29)

(64, 85,86) = (L] k) x 7 (2-30)
Substituting equations (2-29) and (2-30) into equations (2-26) and (2-27) we have

EI‘ = 22=1 U] fffy pBé} ® gkdv ; J = 1’2’3 (2-31)

Fj= Xp=1v; Jff, peéj o7 X &dv ;j=456 (2-32)
Equation (2-32) is related to equation (2-31) such that

Fj = 22=1 U] fffy pBé} ° gkdv ’J = 1!2!"’6 (2-33)
Comparing equations (2-33) and (2-25) yields

Mj) = fffv Pé; * € dv (2-34)

As the structure is assumed to have longitudinal symmetry and with no trim, the centre
of the gravity of the structure can be assumed at (0, 0, zg). Hence, the mass matrix [M]

of the structure can be written as

M 0 0 0 Mz, —My;
0 M 0 —Mz,; 0 —Mxg
| O 0 M My, -Mx; O (2-35)
0 —Mz;  Myg Lyq Iys Lye
Mz 0 —Mx¢ Is, Iss Ise
__MyG MxG 0 164 165 166 .

in which the three moments of inertia of the body about the origin are defined by
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Iy = fffy PB [7}25jk - (1 - 5jk)xj—3xk—3]dv ; J k=456 (2-36)

where Jj is the Kronecker delta function such the o = 1 if j =k and oy = 0 if j #k. rjis
the distance of the mass element to the corresponding axis of rotation about the origin
and ( x1,X2,X3) is (x,y,z) . For a body with one longitudinal plane of symmetry, yc = 0 and

l45 = ls4 = lsg = les = 0.

In addition, when the vessel is assumed to have one longitudinal axis of symmetry then
the linearized problem is divided into two independent groups; the linear couple surge-
heave —pitch equation and the sway-roll-yaw equation. Equating the inertia force given
by equation (2-25) to the hydrodynamic forces as given by equation (2-6), we obtain the

equations of the six rigid body motions in the frequency domain as

FY = 3ol (Mpe + Aje) G + Birie + CinSic (2-37)
For a regular harmonic wave train the preceding equation can be written as

FV = Y8 {—w?(Mjx + Ajx) —iwBji + Cye }i (2-38)

These are six simultaneous linear equations, which can be solved for the body motion of
amplitude ¢ by the employment of standard numerical techniques. The presence of the
water free surface renders the amplitude {x a complex quantity that exhibits a phase
difference between the incidence wave and the rigid body motion. The complex
amplitude ¢ of the body motion is the k™ mode in response to the incident wave of unit
amplitude and is known as the transfer function or the response amplitude operator
(RAO). Once the added masses Aj, the damping coefficients Bj and the wave exciting
forces F;" are determined by direct integration of both the corresponding radiation
potential and the diffraction potential due to the incident wave, then the motion

response amplitudes in regular waves are easily obtained.

2.3.6 Second-order forces and moments
(Chan, 1990) presented a mathematical model of the calculations of the second-order

forces and moments acting on a marine structure advancing in regular waves. The same
method is applicable on a fixed or moored structure and with the forward speed being
replaced by the current velocity. The second-order forces and moments are estimated

based on a method that combines the three-dimensional source distribution technique
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with the near-field method. Current velocity computations are conducted using the
three-dimensional translating pulsating source modelling method.

The near-field method estimates the second-order forces and moments by the direct
integration of the fluid pressures over the mean wetted body surface, and that is
calculated from Bernoulli’s equation. The advantage of this method is that it allows for
the investigation of the components of the second-order forces and moments separately.
This results in a better understanding of phenomena such as the effects of wave
elevation, velocities and pressures. The near-field expressions for the second-order
forces and moments acting on a structure in regular waves and current are introduced

briefly herein.

The total velocity potential®(¥;t) due to the incident wave system and the current

velocity is expressed as

D(%;t) = D(X) + D(%;t) (2-39)
The potentials ®(x¥)and ®(¥;t) are the steady and unsteady parts respectively. The
steady potential @ (%) is due to the current speed modelled as uniform stream potential
(Ux) and a steady perturbation potential @ (x). On the other hand, the unsteady potential
@ (%; t) consists of the incoming wave potential ¢, and the body potential ¢g. The fluid
motion is assumed to be harmonic in time with the frequency of encounter w,. The

unsteady velocity potential @ (¥;t) and the free surface elevation ¢(¥; t) can be written

using the perturbation analysis as
PEt) = edD + 2@ + (2-40)
(@Et)=J(@) +e(®+e27® 4+ (2-41)

Here the steady perturbation potential @ (%) is assumed to be small and neglected in
both the linearized free surface condition and the linearized body boundary condition
for the unsteady forward motion/current velocity problem. Thus, the fluid pressure on
the instantaneous wetted body surface Sy, is given by Bernoulli's equation in terms of the

unsteady velocity potential @ (¥;t) as:
p(Et) = —p {cE +-VB VB + W e VE+-(WeW - U?)+ gz} (2-42)

on Sy,
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Hence, the forces and moments acting on the body can be obtained by the direct
integration of pressure over the instantaneous wetted body surface S, as follows:

F=-— fs, piids (2-43)

M= - fls, p G xn)ds (2-44)

The integral over the instantaneous wetted surface S, is then transformed into an
integral over S, the mean wetted surface of the body in its equilibrium position in calm
water and the pressure p is expanded using Taylor series expansion. Subsequently, the
integration on Sy is divided into two parts: the mean wetted surface S, and the
instantaneous time-dependent part AS,. Hence, the second-order forces and moments are
expressed as:

F=— (I, +fls, )@+a + .)ids (2-45)

_ (ffso +ffys, )(p +deVp + .)F X fids (2-46)

where the vector & is the local displacement of a point on S,, due to translational and
rotational motions with respect to S,. Gauss’s theorem is then applied on both equations
(2-45) and (2-46) in order to transform the surface integral into a volume integral V. The

final expressions of the mean second-order force and moment are

F@=-2pg ¢ ¢?adl+1pff, (&8« &) ds +

~ = > ~ 2-47
plf, (2+78)fids + 00 x FO = pu [f, (a® « v&® )i ds (2-47)

pg (P ¢V sk
M(Z) = — pg 93 (D27 % #dl+ pff (|7<D(1) e VOW)# x T ds
+off (d’ . V@'t(l))? X ds+ 60 x FD 4+ 0O x O
So
(2-48)

—pU [ (a(l) . cb(l))r X 7 ds
—pg (357(25 So0 = 47810) + 6940810 + €890 (Soz = S30)

(68500 = 410) + 45788 (Soa = 520)

where Sj;j is the property of the waterplane at z = 0 and defined as
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Sij = .UA xtyJ dx dy|,-o (2-49)

The first-order relative wave elevation (r(l) and the steady wave elevation { are defined

as

¢ =Wy Wy xcMWonz=0 (2-50)

1
2g

7= (WeW —-U?)onz=0 (2-51)

The second-order forces and moments, given in equations (2-47) and (2-48) are formed

from six components and which are:

I.  The relative wave elevation: this represents the first-order pressure field acting
between the mean waterline and the instantaneous free surface. Since the square
of the relative wave elevation is always a positive value, the pressure due to the

relative wave elevation is acting inward on the wetted surface.

ii.  The pressure drop due to the first-order velocity field: this is a quadratic term
in Bernoulli’s equation and is evaluated over the mean wetted surface. This

pressure is acting outward on the wetted surface.

iii.  The product of the first-order motion and the gradient of the first-order
pressure field: in response to wave excitation, the body oscillates about its
mean position. The oscillatory motions change the wetted surface of the first-
order pressure field. Thus this term corrects the first-order pressure on the mean

surface to that on the instantaneous surface.

iv.  The cross product of the first-order motion and the first-order force: this
term makes a correction to the direction of the first-order force during the
oscillatory motion. The first-order force is the direct integration of the first-order
pressure normal to the mean wetted surface, so that the force vector rotates as

the body oscillates.

v.  The contribution due to the forward speed or current speed: this is the
product of the forward speed or the current speed, first-order motion and the x-
component of the gradient of the unsteady velocity field. Thus this term corrects
the convective effect of the unsteady velocity field due to the forward speed on

the mean surface to that on the instantaneous surface.
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vi.  The contribution due to the second-order motions: this term represents
changes in the buoyancy force due to second-order motions. For the mean
second-order forces and moments, the second-order motions are the second-
order effects of the first-order motion responses.

2.3.7 Viscous damping effects
The solving of the equations of motions, using the potential theory involved neglecting

the viscous effects of the fluid on the wave forces by using the assumption that the fluid
is inviscid. Chan (1992) stated that this assumption is acceptable for motions of small
amplitudes and large inertia due to the neglect of the viscous effects on these motions.
However, this may be of importance for surge, sway and yaw motions, where restoring
forces do not exist for a moving, or relatively moving structure. Hence, to consider the
viscous damping effects on the wave forces, Chan (1992) presented an empirical
approach to take the viscous effect on the wave forces into account by combining the
three-dimensional linearized potential technique, as described previously, with a cross —
flow approach. The equation of motion using this approach, after taking into account the

viscous effect can be written as
FY+ F = Tooi{(Mje + Ape) S + B + Cnelie (2-52)
in which

FjW Wave exciting force in jth direction, and

FjV Viscous excitation force in jth direction.

The hydrodynamic coefficients in the equations of motion may be considered as having
a linear dependence on the fluid forces due to the potential flow and viscous effects
such as  Bj, = by, + Bjk where bj, and Bjk are the potential and the viscous
damping coefficients. This approach was applied via assuming the value of the viscous
damping and computing the corresponding forces and responses. The results of the

application of this method are presented later in Chapter Five.

2.4 Mathematical model based on Morison’s approach
In this section, a mathematical method that is based on Morison’s approach (Morison et

al., 1950) is used to predict the dynamic surge motion loading on and responses of a
semisubmersible platform. This approach is based on Morison’s equation and was

presented in (Incecik, 1993), where it was applied to a Tension Leg Platform (TLP).
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The approach takes into account large amplitude displacements of the platform in its
responses due to steady waves, winds and currents. In addition, the approach predicts

the responses due to first-and second-order forces for different approaching angles.

In the present study, the wind effect is neglected and only the head sea wave condition
is examined. This is due to the limitations that the main objective of this study is the
analysis of wave and current loadings and their effect on surge motion responses.

The first-order wave induced forces consist of dynamic pressure forces, acceleration
forces and drag forces. The dynamic pressures and accelerations may be combined
together and known as the inertia force term. In this mathematical model, the inertia and
drag forces terms are calculated using the linear wave theory equations (Faltinsen,
1993).

(Incecik, 1993) used a model that consists of circular columns and pontoons while the
basic model used in this study consists of a rectangular shaped deck, four square

columns with round corners connected by four rectangular under-water pontoons.

Hence, in the following sections, two case studies are presented for these two structural
models. The dimensions of the model with rectangular cross sections are chosen to be
similar to that of the scale model used in the ocean basin experiments conducted.
Additionally, the dimensions of the model with circular cross section are chosen to give
same water plane areas as the rectangular model. The model experiments and test

programme are presented in details in Chapter Three.

The formulas that are presented in this section are for the estimation of the surge
loading and corresponding body responses for the first case study model with circular
columns and pontoons. Moreover, modifications are needed in order to modify the

approach in order to estimate the loading and responses of the second case study model.

24.1 Definition of the coordination system
In this section, a different coordination system is used than that presented in Section

2.2.1. This coordination system (0-xyz) is the structure’s fixed reference system and its

axes are related to each other by the right hand rule and defined as follows:
x-direction in the horizontal plane with origin x = 0 at the centre of the structure.

y-direction directed vertically upward (positive) with the origin y= 0 at the still water

level
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z-direction in the horizontal plane with origin z = 0 at the centre of the structure.

2.4.2 First-order surge wave induced forces and responses
In this section, the total dynamic wave loading on a moored semisubmersible platform

with circular columns and pontoons is examined. The total wave forces are estimated as
being the summation of the forces acting on the columns and pontoons members
separately. The wave-induced forces consist of the dynamic pressure, acceleration
forces and the drag forces. The dynamic pressure and acceleration forces are combined
as one term and that is known as inertia force. In the following sub-sections, the
calculations for both surge wave induced loading on the columns and on the pontoons

are given.

2.4.3 First-order surge wave induced forces on circular
columns

The surge wave-induced forces acting on all of the four circular columns are the inertia

and the drag terms that are given in details as follows

0 0 1 1 2
e = SEu L oty + £, 5 oub (o) o

cos?(B)cos(vx — wt) |cos(vx — wt)|
nD¢ 1

Fije = Yy Cup™E 2 [1— e"PR]sin(vx; — wt) cos(B) (FH,w?)  (2-53)

+ Z?:l%pCDDC cos(v x; — wt) |cos (v x; — wt)| cos?(B) % *

[1 — e 2VPR] (%Hwa))z

where

As Cross sectional area of the column,
ax Acceleration of the fluid particle,
Co Wave drag coefficient,

Cnm Wave inertia coefficient ,

Dr Draft,

Huw Wave height ,

i Column number,

S Wave heading angle with x-axis,
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v Wave number ,
p Water density,
sp Spacing between pontoons,

Xo and z, Rigid body displacements due to current forces (and wind forces if taken
into consideration), and

X, = ( + xo) cos(B) + ( + ZO) sin(B) )

X, = (— + xo) cos (B) + (— -t ZO) sin(B)
(—— + xo) cos(PB) + ( Py ZO) sin(pB)
(—— + xo) cos(B) + (—— + zo) sin(B) )

(2-54)

Xo and z, are the total rigid body displacements in the surge and sway directions due to
both steady current and wind forces if existing. Thus, in the present study, as the wind
forces are neglected, and the sea states considered are for head seas only with no sway
motion, then z, vanishes and x, to be due to the current forces only. The estimation of
Xo IS presented later in Section 2.4.10. The expression in equation (2-53) neglects the
change in the flow around the columns due to the existence of other columns in the

wave field.

2.4.4 First-order surge wave induced forces on circular
pontoons

In this sub-section, the calculations for surge wave-induced forces acting on the circular
pontoons are presented. Only the two pontoons parallel to y —axis would contribute to
the surge forces. The first pontoon will be referred to as (LHS) and the second as

(RHS) in the following calculations.

2
Fi = % CupAsardx; + % 2pCoDy (3Hy ) €27 » .

LHS,RHS

cos?(B)cos(vx; — wt) |cos(v xSRI — wt)| Ax;

After conducting the integration, the previous equation can be re-written as follows
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Fipy = Xi1 CmP# e_V(DR_DTH) (sin(vxS — wt) +

sin(vxRHS — wt) cos (a) ) (%HW wz)

- _Py 2 2-56
+ Z?zlépCDDH cos?(a)e 2v(0r—) GHW w) * (2-56)

{cos(vxtHS — wt) * |cos(vattS — wt)| +
RHS

cos(vxRHS — wt) |cos(vxRHS — wt)| }

The summation in equation (2-56) is conducted by subdividing the length of each
pontoon into eight sections of equal length and by applying the Simpson’s integration

rule. Thus, the total surge force on the structure is calculated as follows

FS = FVSI‘/C + FVSI‘/H (2-57)

2.4.5 First-order surge wave responses
The surge response of the platform about a displaced position due to steady sinusoidal

wave can be obtained from the solution of the surge equation of motion as a single

degree of freedom system and that is written as follows
M+Myy)X+CX+KX=FS (2-58)

Hence, solving the previous equation results in the surge response is as follows

FS
Xwave = Kx *Q (2-59)
where
1

Q= -

(1-12)%+(2rsa)? 2-60)

w

s = Wn surge (2-61)

Xwave Therigid body displacements due to wave forces, and

d damping ratio (d = Ciand C.r = +J2K, M)

2.4.6 Surge response spectrum
The formulas given in the previous section are for the wave loading and body responses

for platforms in regular waves. As for structures in irregular waves, the corresponding

surge response is estimated by means of spectral analysis, which depends on the
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irregular wave spectrum S(w). Response Amplitude Spectrum Rg(w) is estimated as

follows

w

Re(w) = S(w) * RA0? = S(w) * (%) (2-62)

2.4.7 Steady and dynamic responses to second-order wave
forces

The second-order forces consist of two components; the steady and the slowly varying
components. In this sub-section, both of these components and the corresponding body
responses are presented. The importance of the second-order forces is that due to the
very low damping at the low frequency region near the surge natural frequency, these

forces would result in large motion amplitudes.

The peak of the low frequency force spectrum coincides with the surge natural
frequency and the hydrodynamic damping in the natural frequency region is very low.
Thus the oscillations due to the second-order waves contribute significantly to the total

lateral displacement of these platforms.

2.4.8 Steady drift forces and responses
The steady component of the second-order drift force of the surge motion mode Fy is

calculated via an approached that was presented in (Remery and Hermans, 1971). This
approach estimated the drift forces as a function of a reflection function, cylinder

diameter, and wave height as follows

I 2

Fe=1pgDo) (3H,) R () (2-63)
In addition, the corresponding steady surge response Xsp is estimated as

Xsp = & (2-64)

where the drifting force (reflection) coefficient is estimated by (Chakrabarti, 1984) as

2

_ 1 © 1 n(n+1)

Rz(w) = —n_z(ch)S ano AnAn+1 [1 - RE (2'65)
2 2

in which
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A, = J2 (k %) + Y2 (k %) (2-66)
2 (k%) = Jnot (K 28) = Jnss (%) (2-67)
24, (629 = ors (K29 Yo (k29 o0

where J, and Y, are Bessel functions of the First and Second kind respectively.

2.4.9 Slowly varying drift force spectrum and response
For irregular waves, the slowly varying drift force spectrum Sp(u) at a specific

frequency u is estimated based on the wave spectrum of the irregular wave environment

S(w) as follows
Sr(u) = 2 p2g? * 4Dc? [ S(w)S(w + R (u) + g) do (2-69)

Rs(w) = Sp(W(RAO)? (2-70)

As seen from the previous equations (2-69) and (2-70) , the slowly varying drift force
spectrum depends on the wave spectrum of the irregular wave environment. Different
irregular wave spectra were generated using the JONSWAP spectrum (Faltinsen, 1993).
The waves used in this study are (H6, T12), (H12, T12), (H7.5, T15) and (H15, T15).
The JONSWAP spectra for these waves are shown in Figure 2-2.

400 l\
300 I \
I \n
100 /—- \

0 0.2 0.4 0.6 0.8 1 1.2 14

S()

0

Frequency f (Hz)
—H6T12 —HI2TI2 H7.5T15 HI5ST15

Figure 2-2 Irregular wave JONSWAP spectra

Alternative way to estimate the slowly varying drift force spectrum Sz (u) is defined as

o @ 2
Se() = 8 [ Sy(@)Sg(w + ) [ do (2-71)

where the term in brackets represent the second-order forces per wave amplitude

squared in regular waves.
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2.4.10 Current surge forces and responses
The current may affect the marine structure from any direction. Hence, the current

forces may induce steady force components in both the surge and sway directions. In
this study, the current is assumed to approach the semisubmersible with angle of zero
degrees. For other values of approaching angles, the current forces can be simply

converted into surge and sway components.

The value of the surge force component depends on the current velocity, the dimensions

of the underwater pontoons and it can be estimated as follows:

Flurrent = 3PCp (4 D, d + 4 Dy L)U? (2-72)
Moreover, the steady surge displacement due to current force xJ,,,en: Which is the

only components of X, is calculated as:

s _ Fourrent (2-73)

X =
current Ky

2.4.11 Viscous drift forces on vertical columns
(Standing and Dacunha, 1982) and (Chakrabarti, 1984) gave a formula to be used in

order to estimate the steady wave induced component of the viscous drift forces acting

on vertical circular section cylinders of radius a , in the absence of a current as follows

Fp = 4?” Copgvadis (2-74)

The above expression shows that the steady component is proportional with the cube of
the wave particle amplitude and it may be used as an approximation for the calculation
of the viscous drift forces on the rectangular columns of the test example
semisubmersible by use of the rectangular breadth as the characteristics dimension of
the column instead of the diameter. Subsequently, the value of the drag coefficient

would change to match the shape of the column cross sectional area.

The same expression was also given in (Pinkster and Van Oortmerssen, 1977). This

expression was obtained via direct pressure integration from z = 0 to the instantaneous
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free surface elevation gives the mean value of the horizontal drag force on a vertical

column while the integration from z = - o to the mean water surface vanished.

2.5 Summary

This chapter presented the two mathematical methods that are to be employed in this
thesis order to estimate the first and second-order forces acting on a semisubmersible
structure. The results obtained from these methods are to be presented later in Chapter
Five. In addition, these results are to be compared as well with the results obtained from

experimental tests.
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3.1 Introduction
One of the main objectives of this study is to investigate the slowly varying forces and

the corresponding rigid body motion responses of a moored semisubmersible platform
in high sea states. To achieve this, a series of model scale experimental tests at different
sea states and using different model mooring set-up arrangements were conducted. A
description of the employed model, set-up of the experiments, analysis methods of

measurements and of the results are presented in this chapter.

The experiments were conducted in the ocean basin in MARINTEK, Trondheim,
Norway. The ocean basin dimensions are 80 m x 50 m and maximum depth is 10m. A
sketch of the ocean basin and location of the wave makers is shown in Figure 3-1.

Double-flap
wave maker

Multi-flap
wave maker\

e _ OCEANBASIN

B0 m

TOWING TANK

Cross-section of Ocean Basin

Figure 3-1 MARINTEK ocean basin (MARINTEK, 2011)

The ocean basin has two wave makers. The first wave maker is a multi-flap device, and
which is electronically driven. It consists of 144 individually controlled flaps and is
installed on the long side of the basin. The second device is a double-flap wave maker,
which is hydraulically driven and can generate regular waves of maximum height of 0.9
m, and having a wave period of 0.8 s and above, and also produce a maximum current
velocity of approximately 0.2 m/s at a water depth of 5 m. The second wave maker is

the one that was used in the experiments described here.
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3.2 Model description
The employed model is of a semisubmersible platform with four square columns with

rounded corners and rectangular four pontoons. The tests were thus conducted with a
1/50 scale model in the equivalent of 250 m water depth (full-scale). The main full-
scale geometrical characteristics of the actual semisubmersible are given below in
Table 3-1 and a photograph of the scale model is shown in Figure 3-2.

Table 3-1 Geometrical Characteristics of the
semisubmersible (full-scale values)

Length /breadth outside pontoons(m)  84.48
Height to upper deck(m) 54.8
Breadth of pontoons(m) 16.64
Height of pontoons(m) 8.4
Column length (m) 16.64
Column breadth(m) 16.64
Column corner radius (m) 4.8
Draught (m) 21
Displacement ( tonne) 55867
Water depth (m) 250

Figure 3-2 The semisubmersible scale model
3.3 Test programme

The main scope of the experiments was to study the model responses in several sea
states using two different mooring systems; namely alternatively horizontal and
catenary mooring lines. Horizontal mooring system is where the structure is moored
using horizontal springs that are attached to the structure above the water surface level.
Such a system does not have practical usage. However, the investigation of the
responses of the structure moored with horizontal springs can be studied as being
influenced by the damping of only the hull. Hence, differences between the responses of
the semisubmersible model when moored via horizontal springs to those when moored

using catenary mooring system are considered due to the mooring lines.

Thus, the first part of the calibration tests is to calibrate the characteristics of the
artificially generated waves and currents used in the experiments before installing the

model in water. The second part of the calibration tests was aimed to identify the main
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characteristics of the two behaviour of the mooring system. The first part was conducted
by calibration tests for regular and irregular waves and for the currents. The second part
was achieved by conducting static-pull out tests and decay tests. Afterwards, the test
programme focused on measuring the model responses in regular and irregular waves,

in both cases both with and without a current.

The test programme can be thus classified into the following groups: environmental
calibration tests (for current and both regular and irregular waves), decay tests, static
pullout tests, the effects of regular waves (with and without current), and the effects of

irregular waves (with and without current).

3.3.1 Location of wave and current gauges
Three wave gauges and one current gauge were installed in the ocean basin in order to

be able to measure the time variation of the waves and the current during the calibration
tests. Each test duration time was equivalent of three hours in the full scale. The
locations of these gauges are illustrated in Figure 3-3 . As for the model, four relative
wave height gauges were attached to the hull columns. The relative wave height gauges
measure the wave height with respect to the mean water surface level. Their locations in
the horizontal (X-Y) plane are illustrated in Figure 3-4. In addition to the measurements
from the four relative wave heights gauges, the restoring force, mooring line tensions,
and the six degrees of freedom motions at the model’s centre of gravity were recorded

as well.

3.3.2 Definition of the coordinate system
A fixed co-ordination system origin at the basin’s centre is used for the data collected.

The definitions of the positive axes of the co-ordination system are as follows:

X-direction orthogonal to the axis of the wave generators, with x=0 at the basin centre

and with the positive x-direction from the basin centre towards the generators.

Y-direction in the horizontal plane parallel to the axis of the generators with the origin
y=0 at the basin centre and with the positive y direction to the left when looking from

the basin centre along the x-axis opposite to the multi-flap wave generators.

Z-direction directed vertically downward (positive) with z=0 located at the still water

surface.
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Figure 3-3 Locations of wave and current gauges
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Figure 3-4 Location of relative wave height gauges

3.3.3 Mooring systems
The tests were conducted using two different mooring systems; a horizontal mooring

system (HOR MOR) and a catenary mooring system (CAT MOR). In both systems, the
model was held in position using four mooring lines, which were attached to the corner
of each column. The attachment points are at the still water surface level. The tests with
horizontal and catenary mooring lines aimed at identifying the effect of damping due to
the mooring lines on the motions of the semisubmersible in waves and in waves and
current. The horizontal mooring system was designed so that stiffness of the whole
system was k= 144.8 kN/m leading to a natural surge period of 146 s which is

determined via the surge decay test. The characteristics of each of the two mooring
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systems were determined by the static pullout tests, which will be presented in a
separate section later in this chapter. The vertical profile of the full scale catenary
mooring lines is shown in Figure 3-5. This figure shows the true shape in the plane of
each mooring line. For the catenary mooring system, each of the mooring lines
consisted of three segments of wires and chains. The characteristics of these segments
such as; diameter, length are given later in Chapter Four.

;-"'ﬂmy-__ @
[

=] -
/

N h\Na
n [~ vl
D

Figure 3-5 The vertical profile of the catenary mooring system

3.3.4 Environmental calibration
Environmental calibration tests were conducted to verify the repeatability of the basin’s

capability and to check the characteristics of the waves/current generated by the wave
maker (while the model is not in the basin yet and thus not affected by the physical
presence of the model). The calibration tests were for current only, for the regular wave
(REG), and for the irregular (IRR) wave.

3.3.4.1 Current calibration
Two current speeds U were created and used in the tests, which are 0.6 and 1.2 m/s. The

calibration tests numbers for these speeds are Test 8304 and Test 8313, respectively.
For each of these tests, the current speed was recorded by the current gauge shown in
Figure 3-3. The mean values and standard deviations of the recorded current velocity
for the tests 8304 and 8313 are 0.63, 0.07, 1.23, and 0.13 respectively.
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3.3.4.2 Regular waves calibration
Several regular waves were used either alone or combined with one of the current

velocities (0.6 and 1.2 m/s). These waves were calibrated before installing the model to
check their fundamental characteristics. Two wave heading angles were used; zero and
45 degrees. The 45 degrees case study was obtained by rotating the semisubmersible
model and the mooring system. A summary of the regular wave tests with zero wave
heading is given in Table 3-2. The following notation is used to describe the sea state
conditions: H for wave height for regular waves and significant wave height for

irregular waves, T for average mean zero crossing wave period and U for current

velocity.
Table 3-2 Regular waves calibration tests

Test H T U Test H T U Test H T U

(m) | (sec) | (m/sec) (m) | (sec) | (m/sec) (m) | (sec) | (m/sec)
8212 5 10 0 8251 5 10 0.6 8291 5 10 1.2
8220 10 10 0 8261 10 10 0.6 8300 10 10 1.2
8230 11 15 0 8271 11 15 0.6 8410 11 15 1.2
8241 22 15 0 8280 22 15 0.6 8421 22 15 1.2
8430 33 15 0

During each of the these tests, the wave gauges as specified and shown in Figure 3-3
and named wave 1, wave 2 and wave 3, recorded the time variation of the wave that was

generated by the wave maker at the three points in the ocean basin.

The recorded times series of the calibration tests were analyzed using Fourier analysis
and which gave the minimum value, the maximum value, the amplitude and period of
zero harmonic motion, the amplitude and period of first harmonic motion, and the
amplitude and period of second harmonic motion. From the Fourier analysis, it was
found that the second harmonic motions were small and almost zero while the
amplitude of the first harmonic motion equalled half the wave height and the period of

the first harmonic equals the period of the wave.

3.3.4.3 Irregular wave calibration
Four main irregular sea states were used in this study in combination with two different

current velocities. A summary of the fundamental characteristics of the irregular waves

is given in Table 3-3, where IRR stands for irregular waves.
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Table 3-3 Irregular waves calibration tests

Test H T 0] Test H T U Test H T U

(m) | (sec) | (m/sec) (m) | (sec) | (m/sec) (m) | (sec) | (m/sec)
8010 75 |15 0 8030 |75 |15 0.6 8050 |75 |15 1.2
8020 15 |15 0 8040 |15 |15 0.6 8060 |15 | 15 1.2
8071 6 12 0 8090 |6 12 0.6 8111 |6 12 1.2
8081 12 | 12 0 8101 |12 |12 0.6 8121 |12 |12 1.2

The calibration process of the irregular waves that was performed by the MARINTEK

team was conducted by converting the measured wave time series into spectra plots in

frequency domain. The obtained spectra plots are shown in Figures 3-6 to 3-17

inclusive.
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Figure 3-6 Test 8010 CAL IRR (H7.5, T15)

Figure 3-7 Test 8020 CAL IRR (H15, T15)
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Figure 3-O Test8040 CAL IRR (H15, T15, U 0.6)
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Figure 3-13 Test 8081 CAL IRR (H12, T12)
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Figure 3-14 Test 8090 CAL IRR (H6, T12,U 0.6)

Figure 3-15 Test8101 CAL IRR (H12,T12, U0.6)
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3.3.4.4  Static pull-out tests
Static pull-out tests were performed after the placement of the structure in the basin.

The purpose of these tests was to identify the characteristics of the two mooring systems
that were investigated (horizontal and catenary mooring lines) and undertaken by
moving the model a specific distance and measuring the corresponding restoring force
in the same direction. This test was carried out in three cases; a static pull-out test in the
surge direction using the catenary mooring system (Test 1010), a static pull-out test in
the surge direction using the horizontal mooring system (Test 1310), and due to the
symmetry of the semisubmersible structure, one static pull-out test in a diagonal 45-
degree direction using the horizontal mooring system (Test 1320). Figure 3-18 shows
the results of the measurements of the restoring force versus the surge displacement for

both the horizontal and catenary mooring systems.

The horizontal system was designed so that the stiffness of the horizontal mooring

system would match that of the catenary system as closely as possible. However, there
is a difference due to the non-linear nature of the stiffness of the catenary mooring

system. The effect of the different stiffnesses of the two systems is taken into

consideration in the calculations presented in Section 3.5.4.
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Figure 3-18 Restoring force versus surge displacement for horizontal and catenary mooring system
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3.3.45 Decay tests

Several decay tests were conducted in both still water and in current conditions in order
to determine the natural frequencies and relative damping coefficients for both mooring
systems and that will be experienced in different sea conditions and in several motion
directions. A list of the decay tests that were performed is given in Tables 3-4 and 3-5.
Decay tests of sway and roll motions were not needed due to the symmetry of the model
hull and the fact that only wave conditions were limited to only following seas.

Table 3-4 List of the decay tests with horizontal mooring system

Test number
1410
1420
1430
1440
1450
1510
1520
1530
1610

Test Description

Decay surge diagonal 45 degree

Decay surge

Decay heave

Decay pitch

Decay yaw

Decay surge in mean current velocity of 1.2 m/s
Decay pitch in mean current velocity of 1.2 m/s
Decay yaw in mean current velocity of 1.2 m/s
Decay surge in mean current velocity of 0.6 m/s

Table 3-5 List of the decay tests with catenary mooring system

Test number
1110
1120
1130
1140
1210
1220
1230

Test Description

Decay surge

Decay heave

Decay pitch

Decay yaw

Decay surge in mean current velocity of 1.2 m/s
Decay pitch in mean current velocity of 1.2 m/s
Decay yaw in mean current velocity of 1.2 m/s
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Figure 3-19 to Figure 3-33 inclusive show the recorded time series of the decay tests.

Some of the tests were repeated two times or more in order to ensure the accuracy of the

measurements. These time series measurements are used in Section 3.3.5 in order to

estimate the relative damping ratios
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Figure 3-19 Surge decay in still water with
horizontal mooring system
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Figure 3-20 Heave decay test in still water with
horizontal mooring system
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Figure 3-21 Pitch decay test in still water with
horizontal mooring system
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Figure 3-22 Yaw decay test in still water with
horizontal mooring system
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Figure 3-23 Surge decay test in current U = 0.6
m/s with horizontal mooring system
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Figure 3-24 Surge decay test in current U= 1.2 m/s
with horizontal mooring system
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Figure 3-25 Pitch decay test in current U= 1.2 m/s
with horizontal mooring system
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Figure 3-26 Yaw decay test in current U= 1.2 m/s
with horizontal mooring system
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Figure 3-27 Surge decay test in still water with
catenary mooring system
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Figure 3-28 Heave decay test in still water with
catenary mooring
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Figure 3-29 Pitch decay motion in still water with
catenary mooring system
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Figure 3-30 Yaw decay in still water with catenary
mooring system
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Figure 3-31 Surge decay test in current U= 1.2 m/s
with catenary mooring system
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Figure 3-32 Pitch decay test in current U= 1.2 m/s
with catenary mooring system
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Figure 3-33 Yaw decay test in current U= 1.2 m/s with catenary mooring system

3.35 Relative damping calculations
The relative damping is the ratio between the damping to the critical damping at which

the resonance phenomena occurs. In this section, two numerical methods that can be
employed to estimate the damping ratios are presented. The first method is based on the
logarithmic decrement method and is used to calculate the damping ratios as a function
of the motion amplitude. In the second method, a single value of the damping ratio is

calculated based on the peaks of the decay motion time series.

3.3.5.1 The logarithmic decrement method
The time series data obtained from the decay tests previously described was analyzed

using the logarithmic decrement method in order to obtain the damping ratio. This
method was presented in (Hearn and Tong, 1989) and was used to calculate the wave
drift damping of tankers, barges and semisubmersibles. However, only the results for

the tankers and barges were presented. This method defines the damping ratio as

Y.
o M .
where
K damping ratio,
P linear damping coefficient,
Per critical damping coefficient,
Yiand Yi;  two succeeding amplitudes at a time interval of T4/2 and
Td zero-crossing period of oscillations.
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Thus, the damping ratios can be estimated as a function of the motion amplitude (Y mean)
which is defined as the mean of amplitudes of two successive half cycles. A detailed
study of the results of this method and a discussion of the current speed effect on the
values of the damping rations is presented later in this chapter in Section 3.5.4.

3.3.5.2 Exponential approximation method
In this method, a single value of the damping ratio is calculated for each sea state. The

peaks of the decay motion are approximated as an exponential function. The constant
value of the exponential is # w. Thus, # can be calculated after estimating the damping
frequency. This exponential function is defined as follows

X(t) = ae $wat (3-2)
where

X(t) decay motion amplitude,

a motion amplitude,
n damping ratio, and
g damping natural frequency.

3.3.5.3 Natural Frequencies and damping ratios
From the time series of the decay tests, previously shown in Figure 3-19 to Figure 3-33

inclusive, the period of motion of each test is estimated. In addition, the damping ratios
are calculated based on the exponential method previously described in Part 3.3.5.2 of
the current section. Results for both horizontal and catenary mooring systems are

summarized in Table 3-6 and Table 3-7.

Table 3-6 Motion periods and damping ratios using horizontal mooring system

Test number Motion Motion period Damping ratio
1420 Surge HOR M 146 seconds 0.02

1610 Surge U 0.6 HOR M 145 seconds 0.138

1510 Surge U 1.2 HOR M 145 seconds 0.23

1430 Heave HOR M 23 seconds 0.029

1450 Yaw HOR M 72 seconds 0.023

1530 Yaw Ul1.2 HOR M 67 seconds 0.064

1440 Pitch HOR M 37 seconds 0.024

1520 Pitch U1.2 HOR M 36.5 seconds 0.068
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Table 3-7 Motion periods and damping ratios using catenary mooring system

Test number Motion Motion period Damping ratio
1110 Surge CAT M 220 seconds 0.07

1210 Surge U 1.2 CAT M not enough data points available

1130 Pitch CAT M 39 seconds 0.055

1220 PitchU 1.2 CAT M 36 seconds 0.149

3.4 Main Experiments

The main experiments in the test programme can be classified in different ways. Two
mooring systems were examined; namely horizontal and catenary mooring lines. Two
current speeds (0.6 and 1.2 m/s) were used in combined wave-current tests in addition
to tests with no current and current only tests. The waves used were both regular and
irregular. During all main experiments the following measurements are recorded:
relative wave height at four points on the model hull (the locations of relative wave
gauges are shown in Figure 3-4, tension force in each of the four mooring lines, and the
six degrees of freedom motions. Summaries of the set-ups in the main tests in currents,

regular waves and irregular waves are given in Table 3-8 to 3-10 inclusive, respectively.

Table 3-8 Current only tests

Test number | Current speed (m/s) | Mooring system

5110 1.2 CAT MOR

6110 0.6 HOR MOR

6210 1.2 HOR MOR

7120 1.2 HOR MOR at wave heading 45-degrees

Table 3-9 Regular wave tests in following seas
Catenary Mooring Horizontal Mooring

Test H T U Test H T U

2010 5 10 -- 3010 5 10 -

2022 10 10 -- 3020 10 10 -

2030 11 15 -- 3030 11 15 -

2040 22 15 -- 3040 22 15 -

2050 33 15 -- 3050 33 15 --

2110 5 10 1.2 3110 5 10 0.6

2120 10 10 1.2 3120 10 10 0.6

2130 11 15 1.2 3130 11 15 0.6

2140 22 15 1.2 3140 22 15 0.6
3210 5 10 12
3220 10 10 12
3230 11 15 12
3240 22 15 1.2
4010 10 10 --
4020 22 15 --
4110 10 10 1.2
4120 22 15 1.2
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Table 3-10 Irregular waves tests

Catenary Mooring Horizontal Mooring
Test H T U Test H T U
5010 6 12 6010 6 12 --
5020 12 12 6020 12 12 --
5021 12 11 6030 75 15 --
5030 7.5 15 6040 15 15 --
5040 15 15
5120 6 12 1.2 6120 6 12 0.6
5130 12 12 1.2 6130 12 12 0.6
5140 7.5 15 1.2 6140 75 15 0.6
5150 15 15 1.2 6150 15 15 0.6
6220 6 12 1.2
6230 12 12 1.2
6240 75 15 1.2
6250 15 15 1.2
7010 15 15 D45
7130 15 15 D45 C1.2
3.5 Results and Discussion

3.5.1 Time series results
During the experiments in irregular waves, the six degrees of freedom motion responses

and corresponding mooring line tensions were recorded. The test programme can be
classified into two main groups according to the wave-heading angle, which were zero
(i.e. following seas) and 45 degrees. In the case of the 45 degrees, it does not matter
whether the 45 degrees angle is with starboard or port side of the vessel due to the
symmetry of the structure and the mooring system arrangements. The recorded data was
first low-pass filtered at 20 Hz using an analogue filter and afterwards it went through a
low-pass filter at 15 Hz using a digital filter to remove any noise from the readings.
Figure 3-34 to Figure 3-37 inclusive show the time series of surge responses in waves
alone, and with combined waves and current made using both horizontal and catenary
mooring lines, as a sample of the large amount of the recorded time series data. In the
next sections, these time series data from the regular wave tests are analyzed in order to

estimate the wave drift coefficients.

In addition, the irregular wave time series data was used to investigate the effects of the
mooring lines on motion forces and responses, on mooring line damping, and the effect
of current velocity on system damping in different sea states. Furthermore, a study of
the contribution of the mooring system to the low-frequency motions of a
semisubmersible in combined irregular wave and current is presented in Section 3.5.5 .

Since the main part of the test programme was undertaken in following seas, this study
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focuses on the surge motion and responses in different sea states. The data from other
motions is used as and when needed. For the tested sea states, the time series of the
motion responses were filtered into both low frequency and high- frequency motions

and it was found that the low-frequency motions are the more dominant.

3.5.2 Surge wave drift coefficients
The drift coefficient is defined as the force per unit wave amplitude squared. In this

section, the surge wave drift coefficients are calculated based on the mean value of the
surge responses in regular waves. The results for horizontal mooring system in
following sea are shown in Table 3-11 where Fnor is the surge drift force in the
horizontal plane in the direction of positive x-axis. Fuor IS estimated via the force-
displacement relationship of the system which is obtained from the static-pullout test
and shown previously for both horizontal and catenary mooring system in Figure 3-18.
A more detailed study and discussion of the values shown in Table 3-11 is given later in
Chapter Five.

Table 3-11 Surge wave drift coefficients in regular waves with horizontal mooring system

Drift
Surge Coefficient
Test H T U motion Fyor Fror f
number (m) (s) (m/s) | mean value (kN) /(%)2 (H2)
(m)
kN/m?

3010 5 10 - 6.17 972.30 155.57 0.1
3020 10 10 - 27.66 4084.19 163.37 0.1
3030 11 15 - 1.02 226.36 7.48 0.067
3040 22 15 - 9.16 1404.90 11.61 0.067
3050 33 15 - 39.97 5866.55 21.55 0.067
3110 5 10 0.6 9.82 1500.73 240.12 0.1
3120 10 10 0.6 29.92 4410.63 176.43 0.1
3130 11 15 0.6 2.33 416.01 13.75 0.067
3140 22 15 0.6 15.04 2255.83 18.64 0.067
3210 5 10 1.2 6.75 1056.21 168.99 0.1
3220 10 10 1.2 29.33 4325.51 173.02 0.1
3230 11 15 1.2 1.84 345.37 11.42 0.067
3240 22 15 1.2 15.88 2377.64 19.65 0.067
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3.5.3 Comparisons of the statistical parameters in waves, in
a current and in combined waves and a current

In this section, the time series of the irregular waves experiments are analyzed by
investigating their statistical characteristics, such as the minimum, maximum, mean
value and standard deviation values. In this section, the mean values and standard
deviations of the low-frequency surge motion responses in different sea states with
irregular waves with both horizontal and catenary mooring systems are also presented.

The time series of the surge motion responses, samples of which were shown previously
in Figures 3-34 to 3-37 inclusive, have transition parts at the start of each of the
experiments. These transition parts were removed in order to study the motions after the
disturbance from the initial start up of the waves generated by the wave generator.
Afterwards, the mean and standard deviation values are calculated. The test programme
consisted of four different irregular sea states, which will be identified as follows: Case
1 (H6, T12), Case 2 (H12, T12), Case 3 (H7.5, T15), and Case 4 (H15, T15). For each
of these sea states, the experiments were first conducted in waves only (W), and then in
combined waves and current field (W+ U). In addition to these tests, further tests in
current only (U) for the two current speeds (0.6 and 1.2 m/s) were examined.

A comparison was then carried out between the measured surge motion responses in
combined wave and current field (W+ U) versus superimposed responses (S) resulting
from the separate wave (W) and current (U) tests being added together. The
superimposed response (S) is the algebraic summation of the mean values of the
responses due to wave and current. On the other hand, for the standard deviation values,
the superimposed value is estimated as a vector sum which is the root sum of squares of

the standard deviation values of the individual sea sates.

Firstly, for the model moored with the horizontal mooring system, Figure 3-38 to
Figure 3-41 show the comparisons of the mean values and standard deviations in the
four sea states including the two current speeds (0.6 and 1.2 m/s). For the horizontal
mooring system, it is assumed that the interaction between the mooring lines and wave
and/or the current is ignored. Thus, any difference between the measured motion
responses and calculated combined superimposed responses is assumed to be due to the
wave- current flow interaction only. Figure 3-38 shows that the mean values of the low-
frequency surge motion responses due to waves only, in Case 1 and Case 3; both

moderate sea states, are similar to that due to the current speed (0.6 m/s). In this
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situation, the combined superimposed value of the motion responses due to the wave
and current acting separately is found to be agreeing well with that measured from the
combined wave-current test. On the other hand, in Case 2 and Case 4; both high sea
states the mean values of the low frequency surge motion responses due to waves only
are dominating and are much higher than that due to the current only (0.6 m/s). It is
observed that in this situation, that the actual responses in the wave-current field are
larger than the combined superimposed responses from waves and current separately.
Figure 3-40 shows that the above observations are still valid at current speed 1.2 m/s.

As for the standard deviation comparisons, it is observed that the standard deviation of
the responses in the current only case is less than that obtained for waves acting alone.
Figure 3-39 and Figure 3-41 show that in combined wave-current field with horizontal
mooring system, the measured standard deviations in moderate sea states (Case 1 and
Case 3) agree well with those obtained from the superposition of the separate wave and
current results. However, in Case 2 and Case 4 (high sea states) where the waves are
dominating the wave-current field, the measured standard deviations exceed those
obtained from the superposition of the responses due to waves and current separately for

the two current speeds.

The measured mean values of the surge responses of the semisubmersible moored with
catenary mooring shown in Figure 3-42 are found to correlate well with those obtained
from the superposition of the responses due to waves and current separately. The
standard deviations of the measured responses shown in Figure 3-43 are seen to be less
than the superposition values. The difference between the measured and calculated
through superposition standard deviation is more pronounced in the moderate sea states
(Case 1 and Case 3) than in the high sea states (Case 2 and Case 4). This section was
published by the author in summary form in (Hassan et al., 2009) which can be found in
Appendix A. A second paper of the author was published in (Berthelsen et al., 2009) ,
which investigated the viscous effect via numerical time domain simulations in regular
and irregular sea states. The viscous forces and damping were included in the numerical
model by Morison’s equation drag term using a total relative velocity approach that is
integrated up to the free surface elevation. It was found that drag coefficient in waves
with current is lower than in waves only. This study was applied on a semisubmersible
that is moored with horizontal mooring system in order to study the hydrodynamics of

hull only.
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Figure 3-34 Surge responses in irregular waves only,
catenary mooring(m)

Figure 3-35 Surge responses in irregular waves only,
horizontal mooring(m)
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Figure 3-36 Surge responses in irregular waves and
current, catenary mooring(m)

Figure 3-37 Surge responses in irregular waves and
current, horizontal mooring(m)
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Figure 3-38 Mean values of low-frequency surge
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Figure 3-39 Standard deviation of low-frequency
surge motion, horizontal mooring (U= 0.6 m/s)
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Figure 3-40 Mean values of low-frequency surge
motion, horizontal mooring (U= 1.2 m/s)

Figure 3-41 Standard deviation of low-frequency
surge motion, horizontal mooring (U =1.2 m/s)
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Figure 3-42 Mean values of low-frequency surge
motion, catenary motion (U= 1.2 m/s)

3.5.4

Figure 3-43 Standard deviation of low-frequency
surge motion, catenary mooring (U =1.2 m/s)

Effect of mooring lines and current on system damping

Several decay tests were conducted in both still water and in currents using both the

horizontal and the catenary mooring lines. The decay response in each of these physical

tests depends on both the damping of the hull and of the mooring lines.

In this study, it is assumed that, the mooring line damping for the horizontal mooring

line is neglected. Hence, the damping is assumed to be due to hull only. Therefore, the
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difference between the responses of the semisubmersible moored with the horizontal
and catenary moored systems is assumed to be due to the catenary mooring lines only.

The damping of the system is estimated via calculating the relative damping ratio/
coefficient with respect to the critical damping. The relative damping coefficients are
calculated as previously explained in Section 3.3.5.1 as a function of the mean
amplitude of the decay motion. Decay motion time series were shown in
Section 3.3.4.5. In these tests, the semisubmersible scale model was given an initial
displacement and afterwards is left to oscillate freely. Those free oscillations decay with
time and their amplitudes are reduced due to the effect of the system damping. The
analysis of the rate of the decaying motion is a measure of the damping of the system.

Figure 3-46 shows a comparison between the relative overall system damping
coefficients in still water with the alternative horizontal and catenary mooring line
arrangements. It is clearly observed that the relative damping when using the catenary
mooring system is higher than that for horizontal mooring system which agrees with the
same observation for the damping ratios that were calculated using the exponential
method and illustrated in Tables 3-6 and 3-7. It can be seen from Figure 3-44, that the
existence of a current increases the damping when using horizontal mooring lines. A
similar comparison of the damping ratios in currents with catenary mooring lines is
shown in Figure 3-45 however due to the high damping and the low number of decay
cycles, only one point could be plotted. This section was published by the author in

summary form in (Hassan et al., 2009) which can be found in Appendix A.
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Figure 3-44 Relative damping ratios for overall Figure 3-45 Relative damping ratios for overall
model at different current speeds, horizontal model at different current speeds, catenary
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Figure 3-46 Relative damping ratios for overall model in still water for horizontal and catenary mooring
systems

3.55 Contribution of the mooring system to the low-
frequency motions of a semisubmersible in combined
waves and current

The statistical comparisons presented in Section 3.5.3 were carried out for each mooring
system separately. Figure 3-18 showed that the horizontal mooring system has linear
relationship between the force and corresponding displacement unlike the catenary
mooring system. Thus, in order to compare the characteristics of the two mooring
systems and the responses of the semisubmersible with both of the two systems, it was

necessary to eliminate the effect of the different stiffnesses of the two systems.

This was achieved by a simple procedure that is sketched briefly in Figure 3-47. The
procedure employs the measured surge mean motion response when the
semisubmersible is moored with the horizontal mooring system (Xuor ). Then the
corresponding loading force (Fuor) is estimated via the force-displacement relationship
shown in Figure 3-18. This loading force emerges from the environmental condition
and is not mooring system dependant. Thus, the surge loading force (Fuor) is the same
for the catenary mooring system and the corresponding mean surge motion
response(Xcal cat) IS estimated according to the force-displacement relationship. The
final step is to compare the calculated surge response with the catenary mooring system

(Xcar cat ) With the actual measured responses from the experiments (X cat)-
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Figure 3-47 Sketch of the procedure of the elimination of stiffness effect

Four cases for comparison were carried out in order to separate the effects of mooring
lines damping, considering waves, current and wave-current interaction, on the mean

values of the surge responses. These four comparisons are as follows
Case A: Effect of mooring lines in waves only,

Case B: Effect of mooring lines in current only,

Case C: Wave-Current interaction, Horizontal Mooring, and

Case D: Wave-Current interaction, Catenary Mooring.

In these cases, the measured mean values of the low frequency surge responses with the
horizontal mooring system are used as a reference in order to investigate the effect of

the catenary mooring lines which is the system that is used in practical applications.

3.5.5.1 Case A: Effect of mooring lines in waves
Table 3-12 shows the values of measured surge responses with horizontal mooring lines

(HOR), and both the calculated forces that correspond to the measured responses ( in

meters) and surge responses with catenary mooring lines (CAT).

Table 3-12 Waves- mooring Lines interaction

Sea State X or o X calca X mea Difference (%)
(m) (kN) (m) (m)

H6, T12 2.48 438.20 6.53 6.69 2.45

H12, T12 8.99 1381.03 19.49 18.27 -6.25

H7.5, T15 2.01 369.70 5.51 4.42 -19.78

H15, T 15 6.74 1054.71 15.34 15.16 -1.17

where

X Hor measured surge responses with horizontal mooring,
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F Hor calculated surge forces corresponding to X Hor,

X cal cat calculated surge responses with catenary mooring at F por,

X m cat measured surge responses with catenary mooring, and

Difference = X measured catenary — X calculated Catenary-

It is found that in the waves only conditions, that the measured motion responses with
catenary mooring lines are found, in three sea states out of four, to be less than those
expected when the same force acts on the model with horizontal mooring lines. In the
fourth sea state (H6, T12) a slight increase is found.

3.5.5.2 Case B Effect of mooring lines in current
Table 3-13 shows the interaction effect between current and mooring lines by

comparing the responses in current with the horizontal and the catenary moorings. It is
found that the measured body mean surge response in the current only is larger than that
anticipated as a result of the different value of the stiffness.

Table 3-13 Current -mooring lines interaction

Sea State X Hor F Hor X cal cat X mcat Difference (%
m | kN) (m) (m) %)
Ul.2 7.35 1143.89 16.51 17.19 4.11

The relative damping ratios values were estimated from the decay tests and results were
given using exponential method in Table 3-6, Table 3-7. Results obtained via

algorithmic decrement method were shown in Figure 3-44 and Figure 3-45.

These two sets of results show that the damping is larger in current with catenary
mooring lines than with horizontal mooring lines in current case. Thus, the increase in
responses may be explained by the fact that the mooring lines themselves would be

subject to forces from the current.

3.5.5.3 Case C: Wave-Current Interaction, Horizontal Mooring
In this case, a comparison is carried out between the actual mean values of surge

responses due to wave-current field and the superimposed responses due to waves and
current those were examined separately. In this case, it is assumed that there is no

interaction between waves or current with the mooring lines and the parameters studied
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show only the effects of wave-current interaction on the body mean surge low-

frequency responses.
Table 3-14 Wave-current interaction, horizontal mooring
X w X C X W+C X S .
Sea State Difference (%)
(m) (m) (m) (m)
H6, T12 2.48 7.35 9.86 9.84 0.2
H12, T12 8.99 7.35 21.45 16.35 -23.77
H7.5, T15 2.01 7.35 9.21 9.36 1.63
H15, T15 6.74 7.35 17.35 14.09 -18.79

It is seen in Table 3-14 that the superposition approach gives a good agreement with the
measured values in moderate sea states ((H6, T12) and (H7.5, T15)) while in high sea
states ((H12, T12) and (H15, T15)), there is a large increase in the measured values
compared with the superposition obtained values and which is considered to be due to

the wave - current interaction.

3.5.5.4 Case D: Wave-Current interaction, Catenary Mooring
In this case, the measured mean surge responses in a wave-current field with catenary

mooring (X m ca) are compared to those in a wave-current field with (X ca ca) after
eliminating the effect of using different mooring configurations with different stiffness

than that of the horizontal mooring system.

Table 3-15 shows that in all sea states, the responses in a wave-current field are larger
than anticipated. This increase is the net combined effect of the wave-current interaction
with each other (increasing the responses as stated in Case C) and their interaction with
the mooring lines (reduction due to waves and increase due to current). This section was
published by the author in summary form in (Hassan et al., 2009) which can be found in

Appendix A

Table 3-15 Wave-current interaction, catenary mooring compared with horizontal Mooring

X Hor F Hor X Cal Cat X m Cat .
Difference (%)
(m | (kN) | (m) (m)
H6, T12, U1.2 9.86 1506 19.76 22.15 12.09
H12, T12, Ul.2 214 3185 32.74 36.14 10.38
H7.5, T15, Ul1.2 9.21 1413 18.78 20.71 10.27
H15, T15, Ul1.2 17.3 2592. 29.09 32.66 12.27
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3.6 Summary

This chapter presented the description of the conducted experimental tests and the
results obtained from them. The presented results included the damping ratios in both
still water and in current, the effects of both mooring lines and current on damping,
investigation of the effect of the catenary mooring lines system on the low frequency
surge motion responses. In addition, the effect of the wave-current interaction for both
horizontal and catenary mooring systems in different sea states on the mean values of
the surge low frequency motion responses was presented. Surge wave drift coefficients
estimated from the measurements were presented and are to be compared versus the

numerical calculated coefficients later in Chapter Five.
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4.1 Introduction
The main function of a mooring system of floating structures such a Semisubmersible is

in keeping the moored structure located within defined bounds above a sea bed position
where the function of the platform such as drilling, from the platform, is taking place.
However, the mooring lines themselves would also affect the body motions of the
platform in two ways. The first effect is through line stiffness, which determines the
platform resonant periods. The second effect is due to the motion damping of the

mooring lines.

For moored offshore structures, the second-order wave forces are more dominant than
are first-order forces and their assessment are important in order to determine the peak
offsets, mooring line peak loads, and riser movement design requirements. Several
works in the literature have been carried out to investigate the mooring lines damping
effects on both the wave induced and low-frequency motions.

One of the more important works concerning mooring line damping was introduced by
Huse in (Huse, 1986). Before this publication, it was normal to neglect the mooring line
drag based on the inference that the drag area of a line is very small relative to the drag
area of the vessel itself. However, Huse in (Huse and Matsumoto, 1988; Huse, 1986)
showed that the motion amplitude of the line can be many times larger than the
corresponding floating body surge amplitude. It was shown that energy dissipation due
to line drag force is proportional to the third power of the line motion amplitude. Thus
in spite of their small drag area, the mooring lines may still represent a significant
contribution to the total surge damping. The same possibility can also be postulated

regarding the sway motion damping.

Later in this chapter, Huse’s energy dissipation approach, as mentioned earlier, is used
to calculate the damping due to the mooring lines themselves. This approach is initially
applied on a simple model of a single mooring line with characteristics that are similar
to those examined by Huse for method verification purposes. Following this, the
approach is applied to a semisubmersible model whose characteristics are the same as

the model that was studied in the previous chapters of this thesis.

The approach that is used calculates the energy that is dissipated by the mooring line or
lines during one surge cycle of movement at the fairlead point. The calculations and

results of these two studies are given in detail in Sections 4.3.2 and 4.3.4. In addition, a
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study of the effect of water depth on mooring line dissipated energy is introduced and
discussed in Section 4.3.3.

4.2 Catenary Mooring Lines
The shape of the vertical profile in its own two-dimensional plane of the individual

mooring line used in calculations is approximated as an inelastic cable line following
the catenary equations which are fully described in (Faltinsen, 1993). The main

equations describing the catenary lines are summarized as follows

__ Tgcos (8,p) 1 1
Z- ZO - w [cos () cos (60)] (4_1)
Z+h= % [cosh (% — 1)] (4-2)
tan(6) = sinh (%) and CO:( 5= cosh (?) (4-3)

X=1l-lg+x =1l—-nh (1+27a)+acosh‘1(1+§),wherea=% (4-4)

where a = T;" h is the water depth to fairlead point, and To is the horizontal

component of mooring line tension in reference position. The variables and parameters
used in the above equations (4-1) to (4-4) inclusive are based on the coordination
system illustrated in Figure 4-1. A, B and C are the anchoring point, lift-off and fair

lead attachment point on the floating body, respectively.

z Water plane

C

Seabed

A B
! X

f >

|
I X

Figure 4-1 Catenary line coordination system

For the experimental tests (see Chapter Three), real typical in service- type mooring
lines were represented with a set of four equivalent suitable modelled mooring lines
attached to the corners of the semi submersible model. Each of these four lines
consisted of three line segments of different diameters, and material, and hence having

different weight per unit length. However, in order to simplify the actual numerical
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analysis of such a mooring lines system, each mooring line is approximated to consist of
only one segment. The value of the weight per unit length of this segment is estimated
and adjusted so that the shapes of the line satisfies the catenary lines equations and give
the same shape as the lines in experimental tests.

Table 4-1 shows the full scale diameters of the mooring line segments used in the
experiments and the average diameter. Table 4-2 shows the full scale length and weight
per unit length of each of the three segments of the assumed typical actual mooring line.
The average weight per unit length based on the data in Table 4-2 is found to be 10.33
KN/m. It is to be noticed that such a value is much higher than a typical standard
mooring line weight per unit length used in real life. This is due to the assumption that
the mooring system used in the experiments consisted of only four mooring lines while
a real mooring system for an offshore platform generally consists usually of 12 or 16

mooring lines.

4.2.1 Calculation of the average weight per unit length of the
three segments of the employed mooring line

As mentioned earlier, the investigation of catenary mooring lines required the

knowledge of the value of the weight of the mooring line per unit length in sea water.

The usage of an average value of buoyant weight per unit length of w = 10.33 kKN/m,
that is estimated from the values given in Table 4-2, produced mooring lines with
catenary vertical profiles that did not match those of the lines used in the experimental
tests. Thus, an alternative value was obtained through a trial and error process. A good
agreement was found at value of w = 15 kN/m. The mooring line orientation angles of

the four mooring lines are shown later in this chapter in Figure 4-22.

The catenary vertical profiles of the experimental line number 1 and calculated lines are
shown in Figure 4-2 at values of w = 10.33 and 15 kN/m. The modified line represents
the measured mooring line after shifting so that its axes match those used in catenary
equations given in Section 4.2. Similar vertical profiles for mooring lines 2, 3 and 4

were found to agree with the theoretical line obtained at w= 15 kN/m.

71



Chapter 4: Mooring Lines Damping Model

Table 4-1 Average diameter of the cable line Table 4-2 Mooring line segments data

(full scale) length unit weight in
Segment
: of segment | sea water

Segment number Diameter (m) number (m) (kN/m)

; 0-2292 1 350 14.4

: OO' 279 7 252 3.064
Average diameter 0.284 3 84.63 15.12

-3p0 \ -200 -100 \ 100 200 300 ago

\ o\
AN o\
N o AN
\

300
3680

Line 2

Line 2 modified CATeqatw=10.33 = CATeqat w = 15

Figure 4-2 Theoretical and experimental vertical profiles of mooring line 1

Generally, there are three different mooring line configurations employed in mooring
structures that were given and examined by (Haug and Greiner, 1999) which are named:
steel catenary, steel semi-taut leg, and polyester taut leg. Each of these configurations
may be fabricated from wire, chain, or polyester. The corresponding break strength and
wet weight per unit length for each configuration is given in the cited reference. For the
polyester, the wet weight values are typically 7.77 kg/m, while for the wire it ranges

between 51.5 and 68.1 kg/m and for the chain it ranges between 172 and 234 kg/m.

It is observed that the calculated value of the weight per unit length based on the
experimental data is much higher than the typical values in real life applications shown
in (Haug and Greiner, 1999). This is due to that the mooring system in the experiments
consisted of four mooring lines while most real systems usually consist of twelve or

sixteen mooring lines.

4.3 Huse Mooring Line Damping Mathematical Model
(Energy Dissipation Method)

The energy dissipation approach was introduced by Huse in (Huse, 1986) as a
theoretical method to calculate the energy dissipated by the drag force on the mooring
line. The method calculates the energy dissipated by the mooring lines during one surge

cycle (one period T) of the fairlead point using the positions of the fairlead and lift-off
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points of each mooring line at extreme points of the motion. Afterwards, in (Huse and
Matsumoto, 1988) , the method was applied in conjunction with the energy dissipated

by the velocity term in the equation of motion to calculate the mooring line damping.
The following assumptions are made in the energy method:

a. Calculations include drag forces that are normal to the line at all points.

b. Motion components of the line are within the vertical plane of the line.

c. Motions are slow enough that the catenary shape is retained all the time.

In the following sections, a brief summary of the calculations that are made within the
energy dissipation method is given and followed by three study cases for verification

and illustration.

4.3.1 Energy Calculations
In this section, the formulas that are used to calculate the mooring line dissipated energy

and the energy dissipated by the velocity term in the equation of motion are given.

4.3.1.1 Energy dissipated by a mooring line
The energy dissipated AE by an element of the line AS; is defined as follows

AE =2 ff;OAFD dé (4-5)

where AFp is the drag force on an element of the line AS; and is defined as
1 . .
AFy = Sp D Cp |€[éAs, (4-6)

in which p is the water density, D is the mooring line diameter, and Cp is the drag
coefficient of the mooring line which would vary with line type in a real mooring line
such as chains and wires. In addition, Cp is assumed to remain constant along all the

length of the mooring line.

& is the assumed moved distance by the mooring line fairlead point horizontally in the

plane of the line. In addition, this motion is assumed to be sinusoidal and ¢is defined as

& = &,sin (wt) 4-7)

where o is the frequency of the structure oscillations. In addition, the horizontal

component of mooring line tension Ty is assumed to be

73



Chapter 4: Mooring Lines Damping Model

TH == TO +7T (4'8)

where To is the horizontal component of mooring line tension in reference position and

t is defined as

7 = 1, sin(wt) (4-9)
Hence, the energy dissipated is estimated as

AE = ngDCDwzfgSL (4-10)
The estimation of the energy dissipated by the whole mooring line requires the
integration of equation (4-10) along the line. Hence,

In order to get the energy dissipated by the whole line it is now necessary to integrate
Eqg. (4-5) along the line. For this purpose we need to know no as a function of s or x.

Let AZ =Z,-27, (4-11)

where Zy and Z, are the highest and lowest z values during the surge period. Then, the

moved distance by the structure in the reference position & can be approximated as

1

& = EAZ cos (¢) (4-12)
where  cos(p) = Lo = To
d) Tt ) < . w 2 (4_13)
To“+|To Sll’lh(m(X-Xo)))
Hence, by conducting the integration in equation (4-5) the energy dissipated can be
written as
Xmax (42)3
E = %pWDL CD(UZ X, | | (4_14)

1+sinh2<i(x—x0)>
To

4.3.1.2 Energy dissipated by the velocity term in the equation of motion
Assuming that the equation of the surge motion of the vessel in the vertical plane where

the catenary mooring line lies is given by MS + BS + CS = F, sin(wt) , and then the
energy that is dissipated by the velocity term in the motion equation for one mooring

line is calculated as follows

E =4 [°BS,ds, (4-15)
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where B is the linearized damping coefficient of the mooring line, M is the mass of the
structure, and Fo is the excitation force amplitude. Thus, the total energy dissipated by

the mooring line during one period cycle is defined as
Eror = TwS,; B (4-16)

The previous equation estimates the energy dissipated by one mooring line and needs to
be multiplied by the number of mooring lines that have similar oscillation
characteristics. It is to be noted that not all mooring lines in the same system would
dissipate identical amount of energy and it may be needed to estimate the dissipated
energy for each line individually. Then, equating energy dissipated by all the lines in the
mooring system to that dissipated by the velocity term in equation of motion results in

equation (4-16) , the damping coefficient B is found to be % and the relative

w Lo
. B
damping would equaIZw—M.
Huse introduced a simplified procedure in (Huse and Matsumoto, 1988) that can be
employed to calculate the dissipated energy by introducing three non-dimensional

groups of parameters namely z, 7>, and 73 so that E = % pD, Cow? I where

[ = J-Xmax |(4z)3|dx
Xo 1+sinhZ<Ti(X—Xo)> (4_17)
o
. . So wH EA
The three non-dimensional parameters are m; = T = and s = o By
o o

conducting a systematic variation of 7;, 7, and x5, simple diagrams of# for different

values of the three parameters were given by Huse. These diagrams are easy to use for
the energy calculations assuming that the used mooring line characteristics are within

the plotted range.

In the following two sections, the Huse energy dissipation method is applied on two
examples. The first example is for a vessel moored with a single mooring line and the
second is for a more realistic semisubmersible arrangement that is moored with four

mooring lines, similar to those used in the model experiments.

4.3.2 Single mooring line study
In this section, a numerical example is presented that is based on Huse’s energy

dissipation method. The mooring line characteristics used are as shown in Table 4-3 and

are the same characteristics given by Huse in his work for verification purpose within
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this study. The model is for a vessel that is moored with one single line and that is
given a sinusoidal horizontal motion at the top vessel attachment end. The energy

dissipated is calculated for different values of peak-to-peak surge motion amplitudes.

Table 4-3 Mooring line characteristics

Type of line steel chain
Outer diameter of the mooring line(D.) 0.084 m

Total length of line ( S.) 1200 m
Horizontal tension at the fairlead point at reference position (To) 1000 kN
Fairlead height above sea bed (h) 136 m

Drag coefficient (Cp) 3.5

Angular wave frequency () 0.0494 rad/S
Weight per unit length in water (w) 1and 0.8 kKN/m

In (Huse, 1986) Huse did not actually provide the value of the weight per unit length of
the submerged line that was used in his calculations. Thus, two values were assumed,
for these calculations, to be 0.8 and 1 kN/m and trial values and their results were then
compared with Huse’s results. A good agreement of the calculated energy was found

with Huse’s results at a weight per unit length of 0.8 kN/m.

In order to conduct the calculations, the stiffness of the system (force-displacement
relationship) was needed as well. Since it was not provided by Huse, it was estimated by
using the following procedure which is based on the catenary line shape equations
provided by (Faltinsen, 1993) and that are given in the Section 4.2. A full description of

the procedure that was followed is given in the next section.

4.3.2.1 Force-displacement relationship estimation
The procedure starts with calculating the characteristics of the maximum displaced

position of the structure, where the suspended length of the line equals the total line

length (Ls= L). Afterwards, solving the catenary equation for suspended length Ly =

VhZ + 2ha , where a = 2 | provides the value of To at the maximum possible

w

displaced position of the vessel. The corresponding horizontal position of the vessel (x)
measured from the lift-off point is calculated asa cosh™! (1 + Z) Subsequently, lift off

point would coincide with the anchor point. Maximum displacement dpax Of the vessel is
thus the difference between the horizontal position in maximum position and the still
water start position. This value is thus the absolute upper limit of the surge motion
amplitude value that can be used in the study. Different values of vessel displacement

in the range 0 and Jmax, are chosen and by setting X= X saic + ¢ and by using equation
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(4-4), the corresponding new value of the horizontal tension exerted by the mooring line
now can be calculated. The previous procedure was applied for two values of mooring
line weight per unit length; that is w = 0.8 and 1 kN/m. The calculated tension-

horizontal position relationships are shown in Figure 4-3.

The floating structure is affected by both wave and current forces. The energy
dissipation method takes into account the steady displacement of the structure due to the
combined effect of the waves and current. The new position of the structure due to these
combined forces becomes new temporary position offset by a distance S from the
original position. The semisubmersible then oscillates; in the same surge direction about
the new temporary position with amplitude of 6.
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Figure 4-3 Horizontal tension force- position relationship

After conducting the previous procedure and estimating the horizontal force- position
relationship, at the fairlead point the dissipated energy can be estimated by conducting
the integration of the energy element between the far end and near end positions of the
line for a surge motion cycle and repeated at different values of motion amplitudes.
Between each of these two positions, the length of the line is divided into horizontal
sections of equal length and the energy is integrated section by section over the whole
length of the line. The calculations of the energy dissipation procedure were conducted
for three different arbitrary values of surge motion amplitude (3), which were 2.5, 5 and
7.5 m. In addition, two values of effective weight per unit length of the submerged line,

namely w = 1 and 0.8 KN/m, were used.

The vertical profiles of the mooring lines assuming w= 1 kN/m determined at the
different values of the surge motion amplitude (8) are shown in Figure 4-4 to Figure 4-8
inclusive and those at w = 0.8 KN/m are shown in Figure 4-5 to Figure 4-9 inclusive.

Each figure shows the vertical profiles of the mooring line in three positions; the
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reference position, near end and far end positions. The near and far end positions

represent the positions of the motion amplitude range of the structure. It is observed

from these figures it is seen that at higher value of weight of line per unit length results

in a larger value of horizontal position (measured from the anchor point) of the lift-off

points at the same surge motion amplitude in the studied cases. The dissipated energy

values given by Huse are compared to those calculated at w = 0.8 and 1 kN/m in

Figure 4-10 . A good agreement with Huse’s values was found at w = 0.8 KN/m , thus

confirming a correct understanding of Huse’s method.
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Figure 4-10 Comparison between Huse‘s dissipated energy to calculated energy when w = 0.8 and 1 KN/m

4.3.3 Effect of water depth on the energy dissipation
In this section, the energy dissipation approach is applied to a semisubmersible platform

moored using a single mooring line as before but at different values of the water depth.
In this study and at all of the selected values of the water depth the total horizontal
distance between anchor and vessel and the distance between anchor point and lift off
point are kept constant. Hence, the total length of cable, the suspended length and
required pretension would consequently be different for each selected water depth.

At the initial water depth h = 250 m, the cable length is assumed to be 1000 m.
Afterwards the suspended length, distance between vessel and anchor point and distance
between vessel and lift off point are calculated. These distances X, X, and AB are then
kept constant at the other values of the water depth. From this, the corresponding cable
length and the suspended length are each estimated at the other water depth values. At a
submerged weight per unit length = 15 kN/m, the calculated values of cable length,
suspended length, horizontal position of the vessel and pretension force corresponding
to several values of water depth are shown in Table 4-4. In addition, Figure 4-11 shows

the vertical profiles of the mooring lines at the chosen water depth values.

For each of the water depth cases shown in Table 4-4, various arbitrary values of the
surge motion (mean value and amplitude) of the fairlead point were chosen in order to
carry out the energy calculations. The same set of the arbitrary values are applied to all
water depth cases. The pretension in each of these cases was calculated by solving the
catenary shape equation (4-4). Another method that can be used to estimate the value of
the mooring line tension is from the static pull out test (see Chapter Three). Figure 4-12
shows a comparison between the static pull out test measurements and the calculated

tension obtained by the author from the above equation and where a good agreement
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between the two methods is observed. In the current case study, the tension is calculated
using the first method as it is suitable at any displaced position of the structure.

Table 4-4 Mooring line characteristics at different water depths

Water Pretension

depth (h) | (To) Ise‘ilzptf]”(drfs x(m) L(m) | X(m) |AB(m)
(m) (kN/m)

250 2410 377.93 25561 | 1000 | 877.68 | 622.07
300 2126.66 | 418.41 255.61 | 1040.48 | 877.68 | 622.07
400 1779.04 | 504.86 255.61 | 1126.93 | 877.68 | 622.07
500 1572.61 | 595.68 25561 | 1217.75 | 877.68 | 622.07
600 143459 | 689.03 255.61 | 1311.10 | 877.68 | 622.07
700 1334.95 | 783.96 25561 | 1406.03 | 877.68 | 622.07
1000 1150.00 | 1073.93 25561 | 1696.00 | 877.68 | 622.07

IOUU-A B

Figure 4-11 Vertical profiles of the mooring line at different water depths
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Assuming mean surge motion movement S values of 10 and 20 metres and motion
amplitude ¢ of values of 1 to 6 metres about the mean position of the structure, the
corresponding new shifted position of the platform (mid position), near end and far end

positions of the platforms are calculated at each of the water depth values shown
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previously in Table 4-4. An example of the mooring line catenary shape at the original
static position, and at a shifted mean position with corresponding near end and far end

positions at a water depth 250 m is shown in Figure 4-13 at S= 10 m and 6= 3m..

4.3.3.1 Results
The following Figures Figure 4-14 and Figure 4-15 show comparisons of the energy

dissipated by the mooring line at two values of mean displaced distance in the direction
of the surge motion (S= 10 and 20 m) and various amplitudes. These two figures show
the effect of the surge motion amplitude ¢ on the energy dissipated as well which ranges
between 1 and 6 metres. It is observed that the energy increases with the increase of the
surge motion amplitude and goes down with increase in the displacement of the position

in the direction of the surge motion.
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Figure 4-15 Effect of water depth on dissipated
energy at S=20m

The date plotted in Figure 4-14 and Figure 4-15 can be presented differently by
comparing the effect of the two mean surge motion S values at each of the different
values of the surge motion amplitudes. Figure 4-16 to Figure 4-21 inclusive show that at
all of the six assumed values of the surge motion amplitude, there is an obvious
decrease in the dissipated energy when increasing the mean surge displacement from 10

to 20 m.
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Figure 4-16 Effect of water depth and mean surge
displacement on energy dissipated at 6 = 1m
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4.3.4 Semisubmersible model study
In the previous section, a study of the motions and damping of a vessel moored with a

single mooring line was presented. In this section a more practical case is studied with a
symmetrical arrangement of four mooring lines. The semisubmersible model that was
used in the experimental tests and employed in the current study is moored using four

cables with orientation angles of 45,135,225, and 315 degrees as shown in Figure 4-22 .
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Figure 4-22 X-Y plan of the mooring lines orientation angles

The original as-installed measured coordinates of the mooring lines in the still water
static position were recorded in a three-dimensional format. In order to be able to study
the motion of each of these lines individually, the coordinates are converted into 2D

coordinates. Figure 4-23 shows the vertical profile of the 3D coordinates of two of the
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mooring lines. The other two lines are coinciding with these two. The plotting of the
2D data of the mooring lines is shown in Figure 4-24.
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Figure 4-23 Vertical profile of the 3D data of the Figure 4-24 Vertical profile of the 2D data of the

mooring lines mooring lines

The Huse energy dissipation approach is applied to the four mooring lines and the total
energy of the system is the sum of each of the separate lines dissipated energy. The
current study is for the surge motion in the direction of the global X- axis. For each
mooring line, the analysis is applied in the vertical plane of the line itself. Thus the
mean displaced distance in the surge direction of the vessel So is used to estimate the
mean displaced distance so in the in-plane direction of each line as sp = Sp = |cos ()]
where o is the angle between vessel surge motion and mooring line direction. As the
vessel moves to the right (positive X-axis) with surge displacement S, two mooring
lines are stretched by the motion while the other two are compressed by the same
amount. This effect of the motion on the position of the vessel is taken into
consideration while conducting the energy dissipation calculations for this mooring

system.
4341 Results

Table 4-5 shows the calculated energy dissipated by the two slacking and by the two
stretching mooring line pairs and the combined (four lines) total energy in different
regular wave sea conditions. The mean surge displaced distance S and the amplitude of
the motion ¢ values given in Table 4-5 are for the motion of the semisubmersible. These
values are estimated as being the mean and standard deviation values of the surge
motion time series data in regular sea states, previously discussed in Chapter Three.
The corresponding values for the mooring lines in the directions of the lines themselves
are estimated using the values of the angles between mooring line directions and vessel

surge motion direction. The value of the mooring line diameter that is used in the
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calculation is D = 0.284 m, which is calculated as being the average for the three

segments as shown previously in Table 4-1.

In Section 4.3.3.1 , it was shown that the increase of the mean surge motion
displacement value results in a decrease in the dissipated energy. On the other hand, the
increase in the cyclic amplitude of the motion results in an increase in the dissipated
energy. Table 4-5 shows the dissipated energy at different values of the mean surge
displacement and cyclic amplitude. It is observed that when comparing the results from
the two waves REG (H10, T10) and REG (H22, T15), though the first wave induced

almost double the mean surge displacement, but the total dissipated energy is less.

Table 4-5 Energy dissipated of catenary mooring lines in regular waves

Mean Amplitude _ _
dizulrgc?ed of the Sla_cklng Stre_tchmg Total I
Wave d'ri oscillating lines lines energy ping
Istance | on s energy energy y (tonnes/s)
S (kN.m) | (kNom) | (KN.m)
(m) (m)

(H5, T10) 12.07 1.64 171.36 52.92 224.3 0.78
(H10, T10) 42.47 2.10 10086.96 803.89 10891 3.06
(H11, T15) 3.72 2.63 887.33 1149.64 2037 111.71
(H22, T15) 23.48 5.60 13643.76 4489.76 18134 24.99
(H33,T15) 56.76 7.18 N/A N/A N/A N/A

This can be explained by the observation that one of the main parameters affecting the
energy is the vertical difference of the mooring line position in the near and far end
positions 4Z that was introduced in equation (4-11). In Figure 4-25 to Figure 4-28
inclusive, it can be seen that 4Z changes dramatically depending on the vertical profile
of the mooring line for the near and far end positions of the surge oscillation. The mid
positions, which form the centre location between the near and far positions, depend on
both the mean surge displacement and the cyclic amplitude. Hence, the higher
dissipated energy that is observed is seen to be where the near and far end positions
result in higher 4Z values. This is found in Figure 4-28 for the wave (H22, T15).
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As for the wave (H33, T15), the energy dissipated was not calculated due to that the
surge mean displacement being higher than the known range of the force-displacement

relationship of the platform so it was excluded from the analysis.

In summary, an increase in the mean surge displacement S results in decreasing the
energy dissipated, while an increase in the cyclic motion amplitude ¢ results in an
increase in the energy. This can be explained by the effect of such changes on the
vertical profile of the catenary mooring lines in both the near end and far end surge
oscillation induced positions. The dissipated energy is proportional with the cube of the
difference of the vertical coordinates 4Z of these two positions. Thus any slight increase
in 47 values would contribute to a large increase in the energy dissipated. On the other
hand, from observations of the studied cases using the selected values of (S and ¢)
obtained from regular waves measurements, it is found that both of (S and ¢) would
affect the vertical profile of the mooring lines and thus control the change in (42) and

consequently , the dissipated energy and damping.

The dissipated energy in different sea states largely varies according to the changes in
the mean surge displacement and the oscillations amplitude. Thus, in order to compare
the effects of the different sea states, the dissipated energy levels in the different sea
states are compared to the surge mean displacements and to the corresponding relative

damping, as shown in Figure 4-29 and Figure 4-30.

Figure 4-29 and Figure 4-30 show that it is not necessary that high-dissipated energy
levels will lead to high damping. As for the studied cases, the highest amount of
dissipated energy was obtained at the waves (H22, T15) and (H10, T10). On the other
hand, these two waves also caused a large mean value of the surge displacement and
hence smaller relative damping than that produced by the wave (H11, T15) where it

produced a smaller mean surge displacement and a larger relative damping value.
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Figure 4-25 Vertical profiles of mooring lines in wave REG (H5, T10)
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4.3.5 Effect of superposed high-frequency motion

In addition, Huse’s approach takes into account the effect of high frequency motion on
the drag force and hence on the energy dissipated. Such an effect is studied by
introducing a new parameter that is the velocity amplitude ratio (VAR) which is given

Em — ©mm - provided that 2™ 1 . VAR is approximated by quasi-stationary

Eo woNo o

approach to be % where So, and Sy are the low-and high-frequency motion
0°0

amplitudes respectively at the fairlead point. The values of i—m as a function of VAR are
(6]

given in Figure 4-31.
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Figure 4-31 Correction factor for the influence of the superposed high-frequency line motions (Huse and
Matsumoto, 1988)

However, the actual VAR value would be less than % due to that the observed line
020

shape would have deviated from the original catenary shape in the initial stationary
position. A computer program developed by MARINTEK was used by Huse to study
VAR based on application of the finite element method. The program considers the
following factors: line material tensile elasticity, seabed friction, line mass force, and
quadratic fluid drag force on the line. The program calculated the ratio between the
high-frequency line motion amplitude obtained by dynamic analysis to that from a
quasi-stationary approach. This ratio depends on line construction type, degree of

pretension, surge amplitude and surge frequency. Thus an approximate was found to be:

®WmSm

VAR = Kj where Kp is a correction factor due to the line dynamics and which

wpSo
ranges normally between 0.2 and 1 for typical moored offshore structures.

The damping coefficients were calculated from decay tests in still water and in a current
flow. As shown earlier in Chapter three, a single value of damping may be estimated

using either the exponential approximation method or as a function of the motion
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amplitude using the logarithmic decrement method. On the other hand, the energy
dissipation method depends on both the mean surge displacement and the cyclic surge
amplitude (S and ) in order to calculate the damping and the corresponding relative
damping coefficient.

The experimental test programme that was conducted during this study, and that was
previously introduced in Chapter Three, did not include any decay tests in the regular
waves. Thus it is not possible to compare damping coefficients from experiments with
those that were obtained from the energy dissipation method.

As for conditions in irregular waves, the wave spectra are generally known from
experimental data and thus the low and high frequencies can be identified. In addition,
the time series data can be filtered into low and high frequency time series components
and hence the corresponding low and high frequency mean surge motions may be
estimated. If decay tests are available in irregular waves and by using the low and high
frequencies and corresponding mean surge motions, then the corresponding values of
VAR may be estimated. In this way, it would have been possible to compare the
damping coefficients estimated from decay tests with those that were estimated from the
energy dissipation method. Unfortunately, this is not available in the current study

because data from decay tests in irregular waves are not available.

4.4 Summary
In this chapter, the energy dissipation method was investigated in details and was

applied on a Semisubmersible in two cases. In the first case the platform is moored with
a single line and in the second case was moored with four lines. The single mooring line
case was used to investigate the effects of both the water depth, mean value of surge
displacement of the platform, the amplitude of the surge motion fluctuation on the
dissipated energy and damping. On the other hand, the four mooring lines case showed
that the sea state effect on the damping cannot be determined via estimating only the
dissipated energy as the value of the mean surge displacement contributes to the

damping as well.
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5.1 Introduction

In Chapter Two, two numerical simulation methods were presented in order to estimate
the wave loading forces and response of a semisubmersible platform; namely a three-
dimensional linearized diffraction — radiation technique and the Morison’s approach. In
the current chapter, numerical results are presented and comparisons between the two
methods are made versus the results from the experimental tests that are presented in

Chapter Three in cases where enough data is available.

In addition, a discussion of the estimation of the mooring line relative damping ratios
estimated from the decay tests and from the mooring line energy dissipation method is
presented.

5.2 Three-dimensional technique numerical computations
The estimation of the wave loading on and responses of a semisubmersible platform in

regular waves was carried out using a software packages that is based on the three
dimensional technique shown in (Chan, 1990) and mentioned in the previous chapters.
The first program is HullSUR3D.exe, which uses the coordinates of the platform
points/nodes in order to generate the faceted hull surface panels on which integration is
conducted. In the current study, the points/nodes were chosen to form the external
surface of a semisubmersible hull whose geometric characteristics are the same as the
full scale dimensions of the model that was used in the experiments that were discussed
in detail previously in Chapter Three. The model used is of a semisubmersible platform
with four square columns with rounded corners and rectangular section ring pontoons.
The semisubmersible platform thus was modelled by 4044 panels. The generated mesh

of these panels at draught of 21 metres is plotted and shown in Figure 5-1.

The next step was to define the mooring system characteristics into the second program
that is named LossMoor.exe. These characteristics include the number of mooring lines,
co-ordinations of the attachment points, orientation angles, inclining angles, stiffness

and pretension of each of the mooring lines.

After defining the geometric characteristics of the platform and the characteristics of its
mooring system, the final program Motion3D.exe is applied in order to estimate the
wave first-order forces and the corresponding phase angles, second-order force, added

mass, damping, motion response amplitudes and the corresponding phase angles in the
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frequency domain. The Motion3D program requires data about both the environmental
sea conditions and of the platform geometry below the still water line.

The environmental conditions used are: water density, water depth, and current velocity,
number of wave heading approaching angles to be examined and their values, and the
range of values of wave frequencies at which motion loadings and response would be
estimated. The waves are assumed to be of a regular nature and at unit amplitude of
wave height. Thus, the obtained values of the first-order variables are per unit of wave
amplitude and those of second-order are per wave unit amplitude squared.

In addition, more information about the platform geometry such as the vertical position
of its centre of gravity and the hull moments of inertia must be provided in order to
carry out the motion calculations. It is assumed that the structure is doubly symmetric
such that the centre of gravity is at the simple geometric centre as shown in a plan view
at the centre of X and Y coordinates as shown in Figure 5-2. To ensure that the chosen
panel size and dimensions are sufficient to provide accurate results, the individual panel
size was chosen so that the width of the panel should not exceed half of the minimum
wavelength to be examined. In addition, both the panel width and height dimensions
should result in a reasonable aspect ratio of around a value of unity (i.e. keeping all

panels to be reasonably square shaped).

5.3 Mooring systems characteristics
In this section, the alternative sets of characteristics of both a horizontal and a catenary

mooring systems of specific arrangements are presented. For both the horizontal and the
catenary mooring systems, the platform is moored using four lines, which are at
orientation angles of 45, -45, 225 and 135 degrees (i.e. a symmetrical 45 degrees
spread) and the corner attachment points (fairleads points) are at height of 21m above
the base plane. The main specifications for the two mooring systems are shown in
Table 5-1 and Table 5-2. The basic mooring lines layout in plan view is sketched in
Figure 5-2. The static pull out test previously presented in Chapter Three, showed that
the stiffness of the individual lines in the system is 144.8 kN/m. The horizontal stiffness
of the catenary mooring lines mentioned in Table 5-1 and Table 5-2 is defined as the
horizontal stiffness at zero- displacement or the still water condition of the model and is
determined by the slope of the force-displacement relationship which is known from the

static pullout test. In addition, for the catenary mooring system, the inclining angles are
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determined as being the local slope of the catenary vertical profile of the mooring lines

arrangement at the attachment point in the static position.

Figure 5-1 Platform surface mesh
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Figure 5-2 Orientation angles and locations of the

mooring lines

Table 5-1 Horizontal mooring system specifications

Cable1l | Cable2 | Cable3 | Cable 4
X to Aft Perpendicular (m) 75.84 75.84 8.64 8.64
Y From CL (m) 4224 | -4224 | -4224 | 42.24
Z above base line (m) 21
Orientation angle (degree) 45 | -45 | 225 | 135
Inclining angle from free surface(degree) 0
Horizontal cable stiffness (kN/m) 72.405
Pretension (kN) 2410

Table 5-2 Catenary mooring system specifications at water depth h =250 m

Cable1 | Cable2 | Cable3 | Cable 4
X to Aft Perpendicular (m) 75.84 75.84 8.64 8.64
Y From CL (m) 42.24 -42.24 -42.24 42.24
Z above base line (m) 7.2
Orientation angle (degree) 45 | -45 | 225 | 135
Inclining angle from free surface (degree) 70
Horizontal cable stiffness (KN/m) 76.553
Pretension (kN) 2410

In the following sections, the calculated wave loading forces and system motion

responses are presented for both the horizontal and the catenary mooring systems. For

both mooring systems, the main calculated variables are the six D.O.F motion

responses, wave first-order excitation forces, mean second-order forces, components of

the mean second-order forces, added mass, and the potential damping. The previous

mentioned variables were calculated at water depth values of 250, 500, 750 and 1000 m.

For the horizontal mooring system, the properties of the mooring lines are kept constant

at the different values of the water depth. On the other hand, for the catenary mooring
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system, the characteristics of the lines are modified to ensure that the shape of the

mooring lines satisfy the catenary shape equations at each value of the water depth.

5.4 Results
In this section, the first-order forces, added mass values and potential damping that are

estimated using the three-dimensional technique are presented. These variables are all
estimated at different values of water depth of 250, 500, 750 and 1000 m and are the
same for both horizontal and catenary mooring systems. Subsequently, another study
was made with two values of current speed of 0.6 and 1.2 m/s in order to investigate the
effect of the current velocity on the semisubmersible model using both the horizontal

and catenary mooring systems.

The numerical results of the three-dimensional technique have showed few irregular
values of the first-order forces and the added mass presented in the next sub-sections.

These irregular values are due to the singularity of the Green’s function.

54.1 First-order wave forces
In this section, the amplitudes of the first-order wave forces and moments are presented

for the semisubmersible model in following regular sea waves in the direction of the X-
axis of the platform and at different values of water depth. After solving the coupled
equations of motion, it is found that the first-order wave forces of sway, roll and yaw
motions vanish, while those of surge, heave and pitch motions, which do occur, are not

affected by the values of the water depth, as shown in Figure 5-3 to Figure 5-5

inclusive.
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Figure 5-3 Surge wave excitation forces with
horizontal mooring system

Figure 5-4 Heave wave excitation forces with
horizontal mooring system

93



Chapter 5: Results and Correlations

_ 450000
£
400000 —~
E 350000 / N\
£ / N\
= 300000
E 250000 // \\
2 200000
§ 150000 / \
£ 100000 // \\
E o _4'—_\/ VF
E 0 T T T T
& 0 0.2 0.4 0.6 0.8 1
Frequency (rad/s)
=250 —h=500 h=750 ===h=1000
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5.4.2 Added mass

In this section, the six degrees of freedom added mass values are presented. It is found

that the water depth has a very small or no effect on the added mass predicted. The most

important area of concern in the current study is in the low frequency region near to the

natural frequency of the system where the system experiences large motions at

resonance frequency.
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5.4.3 Potential damping
In this section, the calculated damping values for the semisubmersible platform are

presented in Figure 5-12 and Figure 5-13. Figure 5-12 shows the damping for the surge,
sway and heave motions and Figure 5-13 shows those for the roll, pitch and yaw
motions.

It is observed from the two figures that at the low frequency region (around the various
motions resonance frequencies) the potential damping vanishes which agrees with what
was mentioned previously regarding the importance of low frequency motions response

near to the resonance frequency.

In addition, same results for the damping values for the six degrees of freedom were
estimated at different values of the water depth of 250, 500, 750 and 1000 m and where
no effect of water depth was found. Thus, there was no need to present diagrams of

these results.
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5.4.4 Effect of current velocity on first-order forces
In this section, the effect of a current on the first-order wave forces was investigated at

two current velocities of 0.6 and 1.2 m/s and compared with the results obtained for no
current. It was found that for the surge first-order forces, that the current velocity has no
effect at overall system frequencies that are below 0.8 rad/s (which represents the
frequency of the second high peak of the forces). At frequencies that are larger than 0.8
rad/s, it was observed that the surge forces increase as the current velocity increases for
the studied values of velocity. For the heave and pitch motions, a similar phenomenon
was observed but at the different frequencies at which their peaks occurred. In addition,
a change in the peak frequency was observed and this may be explained by the change
of the effective wave encounter frequency due to the current velocity in the same

direction of travel as the waves.
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Figure 5-16 First-order pitch wave moments at U=0, 0.6 and 1.2 m/s

54.5 Effects of current velocity on added mass
The magnitude of the added mass affects the value of the natural frequency of the rigid

body structure. Therefore, any change in the magnitude of the added mass must be

taken into consideration during an investigation of the peaks of the forces and motion
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responses and of their corresponding frequencies. It was found that there was no effect
due to the current velocity at low frequencies. At higher frequencies, the added mass
was found to remain the same in magnitude. However, the value of the frequency that
corresponds to the added mass peak was reduced as the current increases due to the
reduction of the encounter frequency in following seas.
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5.4.6 Effect of current velocity on damping
As discussed earlier, the level of damping represents an important factor that controls

the motion responses of the structure. The estimated potential damping was found to
vanish at the low frequency region. On the other hand, the maximum value of the
damping remained constant with the increase in current velocity; however, the
frequency of the maximum damping was reduced in a similar manner that was
described earlier for the added mass, due to the reduction in encounter frequency. The
fact that the damping is very low in the low frequency region emphasizes the
importance of the low-frequency wave forces, as it being low would allow large motion
amplitudes to develop, and which would need to be taken into consideration in the
process of the design of the mooring system.
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Figure 5-24 Potential sway damping at different
current velocities
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5.4.7 Motion Response Amplitude (RAO)
In the earlier sections, the values of the first-order wave forces, potential damping and

added mass per unit wave amplitude results were presented. These were not dependent
on the mooring system. On the other hand, the mooring systems characteristics and
forces on them affect the responses of the structure. Thus, in this section and in the
following ones, a study of the effects of the mooring system was investigated
specifically on the six degrees of freedom of the body of the first and second-order

forces and the motion responses.

The presented results in this section are for the semisubmersible platform moored with
alternatively the horizontal and the catenary mooring systems whose main
characteristics are given earlier in Table 5-1 and Table 5-2 assuming following regular

sea waves of unit wave amplitude.

As mentioned earlier, one of the main objectives of the study was the investigation of
the motions, loading on and responses of the semisubmersible model in waves and
currents. In the study, the wave direction remains fixed as a following sea, that is,
where the waves are travelling in the direction of the main axis of the platform. In the
cases of a combined wave- current field, both the current and the waves are in the same

direction.

In Section 5.4.7.1, a study of the responses motion amplitudes (RAOs) at different water
depth values for both the horizontal and catenary mooring systems is presented.
Afterwards, in Section 5.4.7.2 , a study of the effect of the current velocity is presented

and which shows the motions RAOs at current velocities of 0, 0.6 and 1.2 m/s.

For the two studies, the wave direction is following sea condition where the first-order

forces of sway, roll and yaw vanish as shown previously in Section 5.4.1. Consequently,
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the corresponding motion response amplitudes (RAQO) of these motions of the
semisubmersible platform also vanished. Thus, in the following two sections, only the

responses associated with the surge, heave and pitch directions are presented.

5.4.7.1  Effect of water depth on RAO
The water depth effect was studied on the surge, heave and pitch motion in following

sea at water depth values of 250,500,750 and 1000 m. Figure 5-29, Figure 5-31and
Figure 5-33 show the surge, heave and pitch RAOs with the horizontal mooring system,
respectively. In addition, Figure 5-30 , Figure 5-32 and Figure 5-34 show the RAOs of
the same three motions with the catenary mooring system. For the catenary mooring
system, the stiffness is linearized by the value of the stiffness at zero displacement.

Firstly, for the horizontal mooring system, it can be seen from Figure 5-31 that the

heave motion RAO is not affected by the water depth.

As for the surge and pitch motions, the RAOs peaks, at the resonant frequencies, are
reduced by the increase in the water depth value. This reduction is not significant for the
pitch RAOs as all values are very small. Such a reduction is opposite to what is
expected from solving the equation of motion as a single degree of freedom as
theoretically, with horizontal mooring system, the water depth should not have an effect
on the motion responses as the motions RAOs are generally controlled by the wave
loading forces, mass, added mass, and damping. Thus, theoretically, one possible cause
of such a reduction in motion responses may be due to the effect of the added mass. The
comparison of the added mass shown earlier in Section 5.4.2 shows, however, that there
is almost no change in added mass in the low frequency region thus making such an
assumption invalid. Some minor changes were found at some frequencies but their
values are very small with respect to the total mass of the platform and thus the added
mass itself making such overall changes negligible. Thus, by investigating the exact
values of both the first-order forces at the resonance frequency shown earlier in
Figure 5-3 which indicated no change in the first-order force, small changes are which

leads to larger difference due to the very low damping.

Secondly, for the catenary mooring system, the natural frequency is clearly dependent
on the mass, added mass and stiffness of the overall system. Unlike the horizontal
mooring system in which the mooring stiffness is constant at all water depth values; the
stiffness of the catenary mooring system would change at each water depth in order to

maintain the satisfaction of the catenary shape characteristics of the mooring lines.
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Thus, the natural frequencies of the motions would consequently change. The change in
the value of the motion natural frequency affects also the location of the corresponding

peak of the motion RAO.

It is observed that the results at the water depth values of 500, 750 and 1000 metres
show a consistent behaviour, as the peaks of the surge, heave and pitch RAOs are
reduced as the water depth increases. On the other hand, however, at a water depth of
250 metres, the RAOs have peaks at different natural frequencies. This may be due to
the observation that at this water depth and at very low frequencies, the wave length is
relatively very large such that the water depth tends to behave as effectively shallow
water. In addition, it is observed that the RAOs of the semisubmersible model with a
catenary mooring system experienced smaller motion RAOs than those experienced
when moored with the horizontal mooring system, and which is considered to be due to

the increased damping due to the mooring lines.
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5.4.7.2  Effect of current velocity on RAO
In this section, the results of a study on the effects of the current velocity on the body

motion responses with both horizontal and catenary mooring systems is presented.

From the decay tests for the model that was moored with the horizontal mooring system
mentioned earlier in Chapter Three, it is estimated that the natural frequencies of the
motions of surge, heave, pitch, and yaw are 0.04, 0.27, 0.17 and 0.09 rad /s,
respectively. A knowledge of the natural frequencies of different motions helps with

identifying any coupled effect between the different motions during their study.

It is observed from the results shown in Figure 5-35 and Figure 5-36 that for both
mooring systems the surge RAO is reduced as the current velocity increases. This
coincides with the results from the decay tests that were made in different current
velocities. Those decay tests, as described in Chapter Three, showed an increase in
damping as the current velocity increases. In addition, no effect was observed due to

any other motion interacting on the surge responses.

On the other hand, the increase in current velocities was found to result in an increase in
the pitch motion RAO, at the critical frequencies in each case, for both mooring

systems.

As for the heave motion, this mode of motion was found to be coupled with the pitch
motion and small peaks of the heave RAO were found at around the natural frequency
of the pitch motion. Comparing the heave RAOs at the two current velocities, shows
that the higher peaks of heave occur at the higher current velocity of 1.2 m/s, than those
obtained at 0.6 m/s. The coupled effect of pitch motion on heave is only observed in the

existence of a current for the two mooring systems. In addition, a shift of the natural
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frequency is observed as well at the current velocity of 1.2 m/s and this shift leads to the

change of the peak frequency and hence the level of accuracy of the predicting the value

of the peak of the motion RAOs.
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system at different current velocities

5.4.7.3

Figure 5-40 Pitch RAO with catenary mooring system
at different current velocities

Effect of viscous damping on surge motion response

In all of the results produced and presented in Sections 5.4.7 and 5.4.8 of this chapter,

the fluid was assumed to be inviscid and the viscous damping effect was not included.
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In addition, Section 5.4.3 showed effect of that the potential damping was found to be

negligible in the low frequency region around the resonance frequency.

Thus, in order to investigate the viscous effect on the motion responses, the approach
described in Chapter Two which combines a three-dimensional technique together with
a cross-flow approach, was applied. In the current section, an investigation of the effect
of the viscous damping on the surge motion RAO is presented. Multiple values of the
damping were chosen in order to cover damping ratios in the range between 0.01 to
0.88. The corresponding surge motion RAOs were estimated and are plotted in
Figure 5-41 . This figure focuses on the responses at the natural frequency, which
resembles the resonance situation of the surge motion. It was found that an increase in
damping value results in a reduction in the peak of the surge response amplitude at the

resonance frequency.
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Figure 5-41 Viscous damping ratio effect on the surge response amplitude operator

5.4.8 Second-order drift forces
In spite of the facts that the second-order drift forces are smaller in magnitude than are

the first-order forces however they occur in very low frequency region and where
potential damping is negligible, as shown earlier in Section 5.4.3. The very small or
negligible damping results in high motion responses when near to resonance
frequencies. For moored structures, the drift forces in the horizontal plane play
important role when investigating the loading on the mooring system that develop due

to the low restoring forces.
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In this section and the following one, the results of a study of the mean second-order
drift forces and their components in a following sea and for different values of water

depth and current velocities are presented.

5.4.8.1 Effect of water depth on mean second-order forces
In Figure 5-42 to Figure 5-47 inclusive, the second-order forces for surge, heave, and

pitch motions are presented. As for the sway and yaw motions, they were found to
vanish at all frequencies. In addition, roll mean second-order forces were found to be

small enough to be neglected.

For the horizontal mooring system, Figure 5-42 and Figure 5-44 show that there is no
change in the values of the mean second-order forces of the surge and pitch motions,
respectively at the different water depth values ranging between 250 and 1000 m. In
addition, the surge mean second-order force with horizontal mooring was not affected
by any other motions. On the other hand, the pitch mean second-order force has small
peaks at frequencies that correspond to the natural frequencies of the surge and heave

motions.

As for the heave motion, Figure 5-43 shows that there is reduction in the drift forces at
the low resonant frequencies as the water depth increases. In addition, the values of the
heave second-order forces with respect to heave stiffness is found to be very small for
the both horizontal and catenary mooring systems except at the heave resonant
frequency with catenary mooring system at a water depth of 250 metres. At other values

of water depth, the heave second-order forces are insignificant.

For the catenary mooring system, in the high frequencies region, similar results to those
that were obtained when model was restrained with horizontal mooring were found. On
the other hand, in the low frequency region, the surge second-order forces showed quite
significant peaks corresponding to the natural frequencies of both the heave and pitch
motions. These peaks vary with the water depth and vanished at water depth values of
500 and 1000 metres.

As for the heave second-order force, it was found that it is more affected by the water
depth at the natural frequencies corresponding to the heave and pitch motions than

being affected at the surge natural frequencies.

The effect of the catenary mooring lines on the second-order forces can be summarized

as causing quite high peaks at frequencies corresponding to the heave and pitch resonant
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frequencies for the three motions; surge, heave and pitch. The numeric values of these
peaks are water depth dependant. In addition, the heave and pitch motions may have
peaks as well at the surge resonant frequency.

For the horizontal mooring system, the mooring lines were assumed to have essentially
they automatically zero vertical stiffness. On the other hand, for the catenary mooring
lines, they automatically maintain the catenary shape properties, and thus the values of
both the horizontal and vertical stiffness change from one water depth to another. This

change in mooring line vertical stiffness may explain the changes in both the heave and
pitch second-order forces.

The second-order forces of the different modes of motions were found to have negative
values at some frequencies. This is investigated via the study of the different

components of the surge second-order forces and presented later in Section 5.4.8.3.
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5.4.8.2  Effect of current velocity on mean second-order forces
In this section, the second-order forces acting on the semisubmersible model at a water

depth of 250 metres and with current velocities of 0.6 and 1.2 m/s are plotted together
with those with no current and given in Figure 5-48 to Figure 5-53 inclusive.

For the surge motion of the semisubmersible model with the horizontal mooring system,
Figure 5-48 shows that the existence of a current results in peaks of the second-order
forces at frequencies that correspond to the natural frequencies of each of the individual
surge, heave and pitch motions. In addition, it was seen that the values of those peaks

are larger at a current velocity of 1.2 m/s than those at a velocity of 0.6 m/s.

On the other hand, for the catenary mooring system and with no current, Figure 5-49
shows that the catenary mooring lines cause a peak in the surge mean second-order
forces at the heave natural frequency. At current velocities of 0.6 and 1.2 m/s, these
peaks still exist but with smaller values and other peaks show at the pitch natural
frequency. In addition, the surge mean second-order forces at the current velocity of 1.2
m/s and at the pitch resonant frequency are found to be larger than those at a current
velocity of 0.6 m/s. A similar behaviour is observed for the heave and pitch motions
shown in the figures (Figure 5-50 to Figure 5-53 inclusive). As for the heave and pitch
motions of the model with the horizontal mooring system, it is seen that the second-
order forces have peaks at the surge, heave and pitch resonant frequencies and that the

values of these peaks increase as the current increases from 0.6 to 1.2 m/s.

The study of the second-order forces given in Figure 5-49 , Figure 5-51 and Figure 5-53
show that the catenary mooring lines with no current caused a high peak at the heave
resonant frequency level in the surge, heave and pitch second-order forces. That peak
appeared but with much smaller value when using the horizontal mooring system as

shown in Figure 5-48, Figure 5-50 and Figure 5-52. This peak continues to exist at
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current velocities of 0.6 and 1.2 m/s but at a slightly different frequency in each case

due to the change in the wave encounter frequency as a result of the simultaneous
current velocity. In addition, an increase in current from 0.6 to 1.2 m/s increases the
magnitude of the peaks that occur at the surge and pitch resonant frequencies. In
addition, it is observed that this high peak at the heave resonant frequency appeared
only at water depth of 250 meters and vanished at water depth values of 500and 1000
meters.
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To have better understanding of this phenomenon, in the following section the results
from a study of the six different components of the surge mean second-order force
components, with the catenary mooring system, are presented.

5.4.8.3 Effect of current velocity on the components of the surge mean

Second-order drift forces with a catenary mooring system
In Section 2.2.3 the six components of the mean second-order forces were presented. In

this section, the effect of a current velocity on these components is studied. Figure 5-54
to Figure 5-58 inclusive show the first five components only as it was found that the
sixth vanishes at all frequencies.

It is found that in the low-frequency region the second component is the main cause of
the negative values of the second-order forces. This component is due to the pressure
drop due to the first-order velocity field which is a quadratic term in Bernoulli’s

equation and is evaluated over the mean wetted surface.

In addition, it is found, from Figure 5-54 to Figure 5-57 inclusive that the first four
components increase in magnitude in the high frequency region as the current velocity
increases. On the other hand, there is no or only slight change in the low frequency
region as the current velocity changes. Additionally, the peak- and zero-—value
frequencies are seen to increase as the current velocity increases. As for the fifth
components as shown in Figure 5-58 and which represents the contribution due to
current velocity and corrects the convective effect of the unsteady velocity field due to
the current velocity on the mean surface to that on the instantaneous surface, it is found
to be the only component that increases significantly in the low frequency region as the

current velocity increases.
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5.5 Morison’s approach based method numerical
computations

In this part of the thesis, numerical results obtained from the approach that is based on
Morison’s equation are presented. The results include the estimation of the first-order
surge wave forces and the corresponding body responses for the semisubmersible
moored with a horizontal mooring system. In addition, the slowly varying drift force

spectrum based on Pinkster’s procedure (Pinkster, 1979) is presented.

5.5.1 Model specifications

Morison’s approach was applied on two similar semisubmersible models (in terms of
the general arrangement of columns and pontoons). In this section, the geometrical
characteristics of these two models are given. The first model consists of square
columns and rectangular pontoons and the second model consists of circular columns
and circular pontoons. The dimensions of the first model were selected in order to
match those of the structure model that was used in the experimental tests conducted
and described in Chapter Three. As for the second model, its dimensions were chosen

so that it would have the same waterplane area as the first model.
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Firstly, the forces and responses of the second model (model with circular members)
were calculated as a first approximation. Afterwards, the forces acting on the second
model, which represents a semisubmersible platform with rectangular pontoons and
square columns, were estimated by replacing the inertia forces term with dynamic
pressure and acceleration forces. This is done by replacing the inertia coefficient (Cm)
with (1+added mass coefficient) in all dynamic pressure and acceleration forces
components. In addition, in the drag force calculation terms, the characteristic
dimensions of the circular columns and pontoons which are the diameters (Dc and Dy)
are replaced by column width and pontoon height dimensions, respectively. Table 5-3
shows the values of the general parameters that are used for both of the two models. The
specifications of other variables for the two semisubmersible models are shown in
Table 5-4 and Table 5-5.

Table 5-3 Specifications of the general parameters

Parameter Definition Value
Dr Draft 21'm
g Gravity constant 9.81 m/S?
H Water depth 250 m
Hc Height of Column above base plane 12.5m
Hw Regular wave height/ significant wave height for 2m
irregular seas
KG Centre of gravity height above base plane 4m
Kx Horizontal surge stiffness 144.81 KN/m
L Hull length 53 m
S Pontoon Spacing 67.84 m
U Current speed Zero and 1.2 m/s
a Wave propagation angle Zero
Y Current propagation angle Zero
P Water density 1.025 tonne/m®

Table 5-4 Model with circular members’ specifications

Parameter Definition Value

\Y% Displaced volume of the structure 50590 m®
Cnm Wave inertia coefficient 2

Dc Diameter of Column 18.7762 m
Dy Diameter of Hull 13.3405 m
M Mass 55867 tonnes
My Surge added-mass 36731 tonnes
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Table 5-5 Model with square columns and rectangular pontoons specifications

Symbol Definition Value

\Y% Displaced volume of the structure 51885 m3
Dc width of column 16.64 m

D width of hull pontoon 8.4m

M Mass 55867 tonnes
Mx Surge added mass 36731 tonnes
On surge Surge natural frequency 0.04 rad/s
5.6 Results

The calculated wave loading forces and model responses based on application of the
Morison’s approach were obtained for the two structural models described in the
previous section. The two semisubmersible models have different geometries but have
same waterplane area and the same spacing between columns. This resulted in slightly
different underwater volumes and thus displacements. Consequently, slightly different
natural frequencies of the surge motion were estimated. Additionally, each of the two
models cross section shapes has different added mass coefficients and which affect the
value of the natural frequency.

Firstly, the results for the first-order surge forces and body responses are presented.
Figure 5-59 shows a comparison of the wave first-order forces acting on the two
semisubmersible structural models. The semisubmersible model with circular members
is found to have slightly larger first-order forces which are explained by the fact that the

columns have a larger diameter and which leads to higher forces.

The corresponding surge responses depend on both of the damping and the stiffness of
the mooring system. Several study cases of the RAOs of the semisubmersible model
with rectangular columns and horizontal mooring are presented in Figure 5-60. For the
first case, the response was calculated with the assumption of no damping or stiffness.
Then three more cases were estimated at damping ratios of 0, 0.2 and 0.4 and with a
stiffness of the horizontal mooring system of k = 144.81 kN/m. Figure 5-60 shows the
reductions in the surge RAO, at the resonant frequency, due to the increases in the

damping ratio.
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Secondly, for the second-order forces, the mean surge drift force acting on the
semisubmersible model with circular columns and pontoons is calculated from Equation
2-63 as a function of the drift force coefficient (R?), the significant wave height and the
cylinder diameter. In addition, the drift coefficient (R?) is dependent on the natural
frequency (u). Figure 5-61 shows the change in (R?) due to the change in the natural
frequency (p). The drift coefficient is known from other studies in literature to have
value of 0.666 at high frequencies in deep water. The steady component of the drift
force, or the mean drift force was estimated using Equation 2-63 via the drift force
coefficient R?, which is plotted in Figure 5-61 at various values of the natural frequency

(W-

In addition, the slowly varying drift force spectrum was calculated via Equation 2-69
by combining the surge drift force per unit wave amplitude in regular waves and the
appropriate irregular wave spectrum. The drift force spectrum was estimated at four
different irregular wave conditions; (H6, T12), (H12, T12), (H7.5, T15) and (H15, T15),
and plotted in Figure 5-62 and Figure 5-63. It is seen from these two figures that the
irregular waves of (H12, T12) and (H15, T15) produce very high drift forces spectra in
comparison with those produced in waves (H6, T12) and (H7.5, T15). In addition, the
corresponding surge response spectra in the four irregular wave conditions are
calculated via Equation 2-70 in Section 2.4.9 and are plotted in Figure 5-64.
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5.7 Comparisons and discussion
This section presents selected comparisons that are made between the results obtained

from both the numerical simulations and the model experiments. The comparisons
include surge first and second-order forces and the surge response amplitude operator
(RAO). In addition, a discussion is given of the mooring lines damping estimated via

the energy dissipation method and via the model decay tests.

5.7.1 First-order wave surge forces
A comparison was made between the surge first-order forces estimated from the three-

dimensional technique and those estimated using Morison’s approach and illustrated in
Figure 5-65. This comparison shows a very good agreement between the two methods
with a slight shift in both the peaks and zero frequencies. This is to be expected due to
the condition that each of the two methods involved estimating the mass, the added
mass and the volume of the structure via different approaches and making different

approximations.
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5.7.2 Surge motion response amplitude operator (RAO)
The surge response amplitude operators (RAO) corresponding to the first-order forces,

as obtained using the two methods presented in the previous section, are illustrated in
Figure 5-66. A good agreement is found between the two RAOs. The peak value of the
RAO that was estimated using the three-dimensional technique is found to be less than

that obtained by the Morison’s approach.

5.7.3 Second-order wave surge forces
The wave forces acting on a floating structure are classified as being first and second-

order forces. The first-order forces are the oscillatory forces and moments which are
proportional to the wave amplitude and cause the first-order motions of the structure.
The mean value of the first-order forces over a regular wave period is zero. On the other
hand, the second-order forces and moments are of a second-order level with respect to
the wave amplitude and they produce a non-zero mean value that is constant for
exposure to regular harmonic waves and is slowly-varying for exposure to random
irregular waves (Chan, 1990). For the semisubmersible restrained with the horizontal
mooring system, the surge mean second-order force was calculated via different
approaches. It was calculated by the theoretical methods presented earlier in Sections
2.3.6 and 2.4.8. In addition, it was estimated from the experimental measurements of the
steady surge motion responses of the model tests conducted in simulated regular waves.
These tests were conducted at two wave periods (T = 10 and 15 seconds) and with

different values of the wave height employed for each wave period.

Figure 5-67 shows a comparison of the surge mean second-order forces coefficient in
regular waves (force per unit amplitude squared) obtained by using numerical
calculations and by the experimental measurements. The comparison shows a very
good agreement between the two methods for the measurements in the low frequency
region. On the other hand, however, at frequencies higher than 0.1 Hz, it is observed
that the Chakrabarti formula gives higher mean second-order forces than those obtained
from the three dimensional technique. In addition, two more comparisons are made for
the surge drift force coefficients at current velocities of 0.6 and 1.2 m/s and the results
are shown in Figure 5-68 and Figure 5-69. These figures show a good agreement
between the estimated and measured surge mean drift force coefficients for regular
waves whose period is 15 seconds. For waves of 10 seconds period, a less agreement is

observed for both current velocities.
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For the semisubmersible model with the catenary mooring system, the comparison in
Figure 5-70 shows that for regular waves with no current, the three-dimensional
technique overestimated the surge drift coefficients at the two wave periods included in
the study ( T= 10 and 15 seconds) and at all wave heights that were included.
Additionally, Figure 5-71 shows same results with the exception of good agreement at
the wave (H5, T10).
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The three-dimensional technique gives one value of the drift force coefficient per unit

wave amplitude at each wave frequency. On the other hand, the experimental tests in
regular waves of the same wave period but with different wave heights gave different
drift force coefficients after division by the wave amplitude squared. Figure 5-72 and
Figure 5-73 show comparisons of the experimentally measured surge drift force
coefficients for both horizontal and catenary mooring systems at wave periods of 10 and
15 seconds, respectively.

At a wave period T= 10 seconds, the available data related only to two wave heights (H
=5 and 10 metres) and which is plotted in Figure 5-72 and Figure 5-74. These figures
show that for both the horizontal and the catenary mooring systems, that the surge drift
force coefficients at a wave height of 10 m are higher than those at a wave height of 5

m.
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At a wave period T = 15 seconds, three different wave heights of 11, 22 and 33 metres
were used in the experiments. The corresponding surge drift force coefficients are
plotted in Figure 5-73 and Figure 5-75. At this wave period, it can be seen that the drift
coefficient increase is of a second-order with respect to the wave height. The rate of
increase for the model with the horizontal mooring system is higher than that with the

catenary mooring system.
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5.7.4 Relative damping
As discussed in Chapter Three, a set of decay tests with the experimental model were

conducted in both still water and in current speeds of 0.6 and 1.2 m/s. These tests were
conducted using both the horizontal and the catenary mooring systems. The analysis of
these tests helps with the investigation of the effect of the mooring lines on the total
system damping. For the horizontal moorings system, the mooring lines are assumed to
be not in contact with the water and that the interaction between horizontal lines and

waves and/or current was negligible.

The results from still water decay tests are illustrated in Figures 3-20 to 3-23 and 3-28
to 3-31 inclusive, and the comparisons between decay responses with both horizontal
and catenary mooring systems show that the catenary mooring lines caused an obvious
reduction in the number of body motion cycles before the motion stopped. This is
explained by the increase of the systems damping due to the underwater catenary

mooring lines. In order to estimate the values of damping from the decay tests in the
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form of a relative damping ratio, two methods were used; the logarithmic decrement
method and the exponential approximation method.

The exponential approximation method provides a single value of damping that
indicates the speed of decaying of the cyclic body motion with respect to time. On the
other hand, the logarithmic decrement method provides changing relative damping
values with respect to the mean value of cyclic motion amplitude. The body motion
decay tests were conducted for both the horizontal and catenary mooring systems.
Another method that can be used to estimate the mooring lines damping without decay
tests is presented in Chapter Four and which is the energy dissipation method presented
by (Huse and Matsumoto, 1988; Huse, 1986). In Chapter Four, this method was applied
on vessels moored with a single catenary mooring line and then with four catenary

mooring lines.

The exponential approximation method gave relative damping ratios of surge motion of
0.02 and 0.07 for the horizontal and catenary mooring systems, respectively. This
shows that the mooring lines resulted in an increase of the overall systems damping that

is almost double the damping due to that of the hull alone.

On the other hand, results from the logarithmic decrement method showed an increase
of relative damping that depends on the mean amplitude of the surge motion. The
increased relative damping value ranges between 0.02 and 0.04 at a surge mean

amplitude ranging between 5 and 15 metres.

The results of the three-dimensional technique discussed, in Chapter Two, showed that
the potential damping vanishes in the low-frequency region. This emphasizes the
importance of the viscous damping as being a major contributor to the overall system

damping and hence the structure motions and responses.

The energy dissipation method estimates the energy of the cable oscillations at a certain
position that is shifted from the body static position. This method requires knowing the
mean surge motion of the structure, the amplitude and the period of the oscillations.
Afterwards, the method calculates the damping using the energy and the encountered
wave frequency, and the motion mean amplitude. Thus, this method can be used to
estimate the energy dissipated, however the relative damping ratios cannot be compared

with those obtained from the decay tests in still water as in the decay test the structure
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starts the induced oscillations from the static position with no mean surge motion being

experienced.

In addition, with the existence of a current, theoretically the relative damping ratio from
the energy dissipation method can be compared with that obtained from the decay test.
But in the current experimental study undertaken at a current velocity of 1.2 m/s, the
motion decayed after a very low number of cycles and which resulted in that there is no

enough data for the comparison.

An approximate case study was made by assuming surge motion amplitude of 1 metre
and at an oscillation period that equalled the surge natural frequency. Afterwards, the
energy dissipation method was applied at motion amplitudes of 5, 10 and 15 metres.

One of the main assumptions that was made by Huse in the energy dissipation method is
that the motion is that of sinusoidal oscillations of constant amplitude. In the decay
tests, the amplitudes of the decay motions were changing at each cycle. Thus, the
damping ratios estimated from Huse’s approach are compared to those of the decay tests
at a mean surge that is equal to the motion amplitude in Huse’s method. In addition, the
energy dissipation method takes into account the effect of the superposed high-
frequency motion. Thus, the estimated energy still needs to be multiplied by the VAR

coefficient.

Hence, by comparing the relative damping ratios estimated from the energy dissipation
method to those obtained from analyzing the results from the surge decay test using the
logarithmic decrement method, then the value of the corresponding VAR is estimated as

shown in Table 5-6.

Table 5-6 Energy dissipated at different surge motion amplitudes

) Energy B B rel B rel exp
(m) (KN.m) (tonnes/s) VAR
5 24 181.08 0.037 0.02 1.88
10 301 2225.95 0.462 0.03 15.43
15 706 5219.97 1.085 0.04 27.14

Where B a exp is the relative damping ratio obtained from the decay test and which
equals the difference between damping ratio of the catenary mooring system and the

horizontal mooring system.
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5.8 Summary
In this chapter, the numerical results obtained using the mathematical methods given

previously in Chapter Two are presented. Comparisons were made between the first-
order and second-order forces estimated from the numerical simulations. In addition, the
damping ratios estimated from the experimental decay tests were compared with those
estimated from the energy dissipation method in order to estimate the values of the
velocity amplitude ratio (VAR).

In the next chapter a summary of the conclusions that have been drawn from this

research is given.
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6.1 Introduction
The environmental loading forces on an offshore structure include wind, wave and

current forces. The wave loads are by convention classified as first- and second-order

forces with respect to wave amplitude.

The first objective of this thesis was to investigate and apply different analytical
methods to estimate the first-and second-order forces and corresponding motions of a
semisubmersible model. This was achieved by applying two mathematical approaches
in order to study the first-order wave loading forces on and responses in regular sea
states. In addition, the second-order drift forces were examined via two analytical
methods. One of those methods incorporates the effect of the viscous damping.

The second objective was to carry out experimental tests in order to measure wave and
low frequency motions of the semisubmersible model that was moored in both regular
and irregular waves. The test programme was conducted at MARINTEK ocean basin,
Trondheim, Norway and included both regular and irregular sea states both with and
without a current. The model used was held in position using both horizontal and
catenary mooring systems. The measured data included the six degrees of freedom

motions and mooring line tension forces.

The results of the second-order forces obtained from the analytical approaches were
compared to those obtained from of the experimental measurements as planned in the

third objective.

The fourth objective was to investigate the role of the mooring lines on the slowly
varying motions with special attention being given to the mooring stiffness and mooring
line damping. Hence, the mooring lines viscous damping was investigated via the
application of an analytical method that estimates the dissipated energy due to the
movements of the mooring lines in regular waves. This dissipated energy is used to

estimate the corresponding viscous damping due to the mooring lines.

In addition, the effect of the mooring lines on the slowly varying motions was
investigated through the analysis of the experimental measurements of the
semisubmersible model that was moored with horizontal mooring system followed by

being moored with catenary mooring system.

The conclusions of this study are presented in the following sections and are grouped in

the following sections.
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6.2 Mathematical models
The first method that was employed for estimating the first-order loading forces was a

three-dimensional technique that solves the radiation and diffraction problems
simultaneously using a translating pulsating source modelling method. The second
method was conducted through applying Morison’s equation to estimate the first-order
wave surge force and corresponding surge response of the semisubmersible model. A
comparison was then made of the surge motion responses using the results of the two
methods for the semisubmersible model in following seas and a good agreement was

found.

As for the mean steady component of the second-order force, the selected three-
dimensional technique was employed and combined with a cross flow approach in order
to estimate the second-order forces. The technique estimated the fluid pressure from
Bernoulli’s equation. Then, the fluid pressure components were integrated over the
mean wetted body surface of the semisubmersible in order to evaluate the components

of the mean steady forces.

The second method estimated the steady component of the second-order drift force of

the surge motion mode via an approach that was proposed in (Chakrabarti, 1984).

The results from the two methods that were focused on the second-order forces were
compared for the surge mean second-order forces in waves only with the horizontal
mooring system. It was found that the two methods give similar numerical values for
the range of wave frequencies up to 0.1 Hz (0.628 rad/s) in spite of that the Chakrabarti
method is for fixed cylinders and the relative response of the structure is ignored. At
higher frequencies, it was found that the three-dimensional technique gave higher
results than those obtained via the Chakrabarti method. The results from the two
numerical methods were then compared with the experimental measurements at wave
periods of 10 and 15 seconds (which correspond to frequencies of 0.1 and 0.067 Hz)

and at several wave heights and good agreement were found.

Another two comparisons were conducted with combined regular waves and a steady
current field at two current velocities of 0.6 and 1.2 m/s which were between the results
obtained from the three-dimensional technique and the experimental tests at the same
wave frequencies mentioned earlier. Good agreement was found at a wave frequency of

0.067 Hz. In addition, a good agreement was found at a current velocity of 1.2 m/s
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where the three-dimensional technique underestimated the actual values obtained
experimentally of the mean surge second-order forces.

On the other hand, at a current velocity of 0.6 m/s, it was seen that the experimental

results showed that the value of the surge drift force coefficients changed with

FS
(0.5 Hy,)?
the wave height.

For the semisubmersible model that was restrained using the catenary mooring system,
the three dimensional technique was found to overestimate the surge drift force
coefficients in most cases when compared with the experimental results for the studied
cases. The studied cases included sea states of regular waves only and regular waves

combined with a current of mean velocity of 1.2 m/s.

Additionally, the variation of the surge drift force coefficient with the wave height was
observed and it was found to be of the second-order level for both the horizontal and the

catenary mooring systems

6.3 Catenary mooring system damping
In order to properly investigate the slowly varying motions of the selected

semisubmersible structure, several series of physical model experiments in an ocean
basin were conducted on a scale of 1/50 with the effects of both horizontal and catenary

mooring systems being examined.

Two methods were used to estimate the relative damping of the system with respect to
the critical damping based on the results obtained from the decay tests that were
conducted in both still water and in currents; the exponential approximation method and

the logarithmic decrement method.

The comparison of the relative damping of horizontal and catenary mooring system via
the two methods showed an increase of the total damping of the system due to the
existence of the catenary mooring lines. On the other hand, the first method would
provide a single value of relative damping for each studied case unlike the later which
gives the relative damping as a function of the amplitude of the decay motion. In
addition, the current velocity was found to increase the relative damping for both the

horizontal and catenary mooring systems.

A more investigation of the obtained results gave the following conclusions:
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The comparison of the decay tests time series results of the semisubmersible
moored with the horizontal mooring system and then followed by tests with the
catenary mooring system showed a profound change in the number of cycles
that occurred until the motion decayed and the corresponding slope at which the
motion peaks decayed. The decay motion when moored with catenary mooring
system was found to have less number of cycles than that of the decay motion
with horizontal mooring system. Similar observations were made from the decay
tests in currents and as the current velocity increased. The analysis of this data
was conducted using two methods; the logarithmic decrement and the

exponential approximation methods.

The exponential method gave a single value approximation for each decay test
for the value of the relative damping of the overall system including the

associated mooring lines.

The estimated relative damping values that were obtained via the exponential
method for the semisubmersible moored with horizontal lines revealed that a
large increase occurred due to the increases of current velocity from zero to 0.6
and 1.2 m/s. The amount of increase differs according to the motion mode. For
the surge motion, the relative damping at a current of 1.2 m/s was more than 10
times its value at no current situation. On the other hand, for the yaw and pitch
motions, the damping increase to a value that was more than two and half times

its value in the no current situation.

For the semisubmersible moored with the catenary mooring system, only decay
tests for surge and pitch motions in still water and with a current of 1.2 m/s were
carried out. The relative damping for the pitch motion was found to increase to a
level of two and half times of that the no current situation, similar to the increase
that was found when using the horizontal mooring system. However, for the
surge motion, the existence of a current with the catenary mooring system
resulted in a large increase in the values of the relative damping of the system
which made the motion decay rapidly without giving enough number of

decaying cycles to be able to estimate the corresponding relative damping value.
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All of the previous conclusions were reached based on the results obtained from the
decay tests in both still water and in a current. More experiments were employed in
order to investigate the slowly varying motions of the semisubmersible model in
irregular sea states. Then, the results were analysed statistically via a study of the mean
and standard deviation values of the surge motion responses of the semisubmersible
model. This statistical analysis leads to the following conclusions:

e The superposition method was found to give good accuracy of the mean values
of the low-frequency surge motion responses in sea states of combined moderate
sea states and current with horizontal mooring system. The superposition
method underestimated responses in high sea states. This conclusion is for both
the two studied current velocities of 0.6 and 1.2 m/s.

e When the horizontal mooring system was replaced with the catenary mooring
lines, the superposition method was found to overestimates the mean value of
the low-frequency surge responses at the studied high sea states of combined
regular waves and a current velocity of 1.2 m/s and to correlate well the

measured mean values of responses in moderate sea states.

e As for the standard deviations of the measured responses, it was found that for
the horizontal mooring system for both used current velocities, a good
agreement between the measured and the superposition values was found at
moderate sea states. In addition, in the high sea states, the superposition method
was found to underestimate the standard deviation values. On the other hand, for
the catenary mooring system, the superposition was found to overestimate the
standard deviation values in all sea states but with more pronounced effect in the

moderate sea states.

6.4 Effect of mooring system and wave-current interaction
on the low-frequency motions
Due to the non-linear nature of the stiffness of the catenary mooring system unlike the

linear stiffness, a direct comparison between the responses of the two mooring systems

required eliminating the effect of the different stiffness behaviour.

A simple procedure to conduct this comparison between the surge motion responses
with the two mooring systems was introduced and applied on four study cases. In all

the four cases, different effects were investigated on the mean and standard deviation
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values of the surge responses of the semisubmersible model in irregular sea states with

and with a current.

The first case study was for the investigation of the effect of the catenary mooring lines
on the surge mean and standard deviation values in the existence of irregular waves. It
was found that in three out of the four studied sea states, the measured motion responses
with catenary mooring lines are found to be less than those expected when the same
force acts on the model with horizontal mooring lines. This shows that the mooring line
system has an effect other than the stiffness on the semisubmersible responses which is
damping. This can be seen from decay tests.

The second case study examined the effect of the catenary mooring line on the surge
mean and standard deviation values in the existence of current of 1.2 m/s. It is found
that the measured body mean surge response is larger than that anticipated as a result of
the different value of the stiffness. The decay test analysis showed that the damping
ratios in current are higher than those in still water. Thus , the increase in the responses
indicate that there is an increase in the total forces acting on the overall system and the
mooring lines that were higher. The effect of increased forces was higher than the effect

of the increased damping.

The third and fourth cases of the procedure mentioned in the previous section
investigated the wave-current interaction effects on the surge mean and standard

deviation values with horizontal and catenary mooring systems, respectively.

In the third case it is assumed that there is no interaction between waves or current with
the horizontal mooring lines and the measured surge responses in the wave-current field
is compared to that estimated via the superposition method of the responses due to wave
and current separately. It was found that the superposition method gave a good
agreement with the measured values in moderate sea states while in high sea states,
there is a large increase in the measured values compared with the superposition

obtained values and which is considered to be due to the wave - current interaction.

The last studied case showed that in all studied sea states, the measured mean surge
responses with catenary mooring lines in a wave-current field are larger than those
when calculations were carried out using the superposition method. This increase is the

net combined effect of the wave-current interaction (increasing the responses as stated
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in third case study) and their interaction with the mooring lines (reduction due to waves

and increase due to current).

6.5 Mooring line damping via energy dissipation method
The energy dissipation method was applied on two main semisubmersible models. The

first was moored using a single line and the second was moored using four lines that are
symmetrically arranged. The energy depends mainly on the mean value of the
displacement of the vessel and the amplitude of its sinusoidal oscillations. The energy
dissipation method was used to investigate the effect of the water line depth on the
dissipated energy by the mooring lines and hence, the corresponding damping at
different values of vessel displacement distance and amplitude of the oscillations. It was
found that for single line moored semisubmersible, an increase in the cyclic motion
amplitude would result in an increase in the dissipated energy at all the studied values of
water depth. On the other hand, an increase in the vessel displacement from the static
position results in a reduction in the dissipated energy. Additionally, it was observed
that at each value of the motion amplitudes there is a corresponding value of water
depth at which the lowest energy and hence the lowest damping of the mooring line.

The energy dissipation method was applied to a semisubmersible that is moored with
four mooring lines in regular waves of mean surge displacement and motion amplitudes
that are similar to those measured from experiments. It was found that not necessary
that the sea state that produces the highest surge motion response or the highest wave
height would produce the highest dissipated energy. The amount of energy dissipated
depends on both the vessel displacement distance and amplitude of the oscillations
which determine the shape of the vertical profile of the mooring lines in the extreme
positions of the oscillations. The energy dissipated was found to increase with the
increase in the difference of the vertical positions of the mooring line points between the

two extreme positions.

6.6 Recommendation for Future Work
This study was concerned with the wave and current forces acting on a semisubmersible

structure. The effects of wind forces should be taken into account in order to simulate

real environmental conditions.

This thesis studied the motion responses of a semisubmersible in different following sea

states. Special attention was given to the surge motion, which was in the same direction

129



Chapter 6: Conclusions

of the propagation of the waves and/or current if any. The effect of the wave and current
heading angles on the low-frequency motion responses is an area that would benefit

from further research.

Another area of extending this research is to investigate the reduction in air gap which is
one of the important areas of study of the motion responses of a semisubmersible in
high sea states. The available experimental measurements of the relative wave heights at
different locations in addition to the six degrees of freedom motion responses are to be
used for further analysis of the vertical motion of the structure and consequently the
effect of high sea states on the air gap.

The mathematical model that is based on Morison’s approach is to be extended to take
into account the catenary mooring stiffness and compare results with experimental

measurements.

The experimental programme needs to be extended to cover both regular and irregular
waves over a wider range of frequencies to improve the quality of the comparison with

the numerical simulations results.

In addition, in the future experimental tests, the measurements are to be extended to
include the high frequency motions of the mooring lines in order to be employed in
conjunction with the energy dissipation method and investigate the level of importance
of the superposed high frequency motions in wave, a current and combined wave and

current sea states.

The characteristics of the employed mooring system configuration are to be modified in
order to increase the system stiffness and damping and investigate the corresponding

effect of the added stiffness and damping on the low-frequency motion responses.
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This appendix contains a paper describing some of the preliminary findings of this
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Offshore and Arctic Engineering (OMAE) 2009 in Honolulu, Hawaii, USA.
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