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ABSTRACT

An investigation on the motion responses of a Floating Production, Storage and Offloading
(FPSO) vessel moored in irregular waves has been carried out based on both frequency- and
time-domain approaches. In the frequency-domain approach a three-dimensional panel method
was employed in order to calculate the first-order hydrodynamic forces and moments such as
added masses, potential damping and wave excitation forces and moments and of the resulting
the first-order motions and mean second-order forces and moments on the vessel in six degrees
of freedom behaviour. A spectral analysis was carried out in order to estimate both the significant
and the extreme values of the first-order motions. Additionally Pinkster’s approximation was
used to find the mean-square values of slow drift motions, in order to calculate wave-induced

extreme excursions and the resulting tensions on the mooring lines of the vessel.

Two different methods were used in the time-domain approach for undertaking a mooring
analysis. One method used a fast practical time-domain technique that calculates the first-order
motion responses in random waves based on the frequency-domain response amplitudes and
simulated seas, and also solves the uncoupled second-order motion responses of the FPSO
induced by second-order forces, based on Newman’s approximation in irregular seas. The other
method is by solving six coupled equations of motion based retardation functions transformed
from potential damping for the FPSO and induced by the first-order and second-order wave
excitations in random seas. The results of the wave-induced extreme excursions and the mooring
line tensions obtained by means of the frequency- and time-domain methods are compared and

discussed.

As the selected FPSO is operating in deep water, the effect of the mooring line inertia may be
significant. The equations of motion of line dynamics were formulated and numerically solved to
investigate the importance of line dynamics for deep water mooring. Comparisons between the
results of the line tensions both with and without the effects of line dynamics are made and

discussed.
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Chapter 1 - Introduction

CHAPTER

Introduction

1.1 General Overview

The oil and gas production industry was grown due to the increasing demand for energy and
this trend is expected to continue in the future for decades. The demand for oil and gas is
proportional to the size of population and growing economy. United Nations forecasted that the
world population will be increased up to eight billion by the year 2025. The coming quarter of
the century will have more increased industrial development than any earlier period. The world
consumption of oil is currently at about more than 75 million barrels of oil daily. However future
consumption will be increased continuously due to the national development in both industrially
advanced nations and in developing countries. Technical development make it possible to
produce oil and gas on deeper off-shore sites which will be discovered in order to take advantage
of the energy from a new or the abandoned area of otherwise difficult access today. The deep
water development is likely to be indispensable to oil and gas production. Deepwater is said to
be about 400~1500m while ultra-deepwater is about 1500~3000m normally. The deep water
technical developments have evolved with the increase of the depth year by year gradually. The
recorded water depths of the recent FPSO operations are 1,290m in 2002 (Brazil by BP), 1,350m
in 2006 (Capixaba by BP), 1,462 in 2008 (Agbami by Chevron) and a water depth of 1,780m is
supposed to be developed in 2010 (Parque das Conchas by Shell). FPSOs are adequate for the
deep sea operations with a large capacity and flexible in order to disconnect the turret and
mooring lines in extreme harsh environmental conditions. However, the accurate prediction of

their motion responses to waves is indispensible for FPSOs in safe operational purposes.

The number of the offshore developments is more than hundred sites in the water depth of
deep and ultra deep water in recent years. There are many in the fields off the UK, Ireland and
Norway. For the new UK fields normally the water depth is between 400-600m while for the
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fields offshore Ireland depths can be more than 1500m. In West Africa there are six deep water
areas (West Africa transform margin, 2 areas in Niger delta, Gabon, Lower Congo Basin, Angola)
in the water depth of 1800-3000m and in US Gulf of Mexico there are more than 180 sites where
the water depth is over 500m. The current sites of ultra deep water are mostly in Brazil and the
US Gulf of Mexico. The reservoir of oil in those deep water sites (US, Norway, Brazil, West of
Shetland, West of Africa) is estimated at more than 40 billion barrels of oil. More than 200
billion barrels of oil are expected in the case that the reservoirs of ultra deep water sites (West of
Ireland, the Caspian Sea, Falkland Islands, Alaska, Canada’s arctic waters, Sakhalin Island
waters, Norway’s & Russia’s Barent sea) are added to the amount in the deep water sites. The
development of the ultra deep water sites will be significant operations. There are many
developing methods for each water depth range. The conventional platforms are used for the
water depths under 450m, such as bottom mounted steel space frame jackets and concrete gravity
platforms. There are about 7,000 conventional platforms in the world and roughly 90 percent of
them are small steel jackets under the water depth of 75m and only 10 percent are fixed bottom
structures over a water depth of 75m. However several other platforms for deep water are
beneficial for each purpose. FPSOs (Floating Production Storage and Offloading Systems) are
used for the mobile systems and the oil production facilities in a limited area on far operating
sites at sea. FPSOs are particularly advantageous for marginal oil fields, avoiding the need for
pipelines, etc. FPSOs have the advantages of the unified storage and offloading system,
relatively low cost, shorter lead time in conversion and reusability. The system of FPSOs has the
potential to provide an important role for the development of deep water production in a water
depth range of 150-1500m.

1.2 Deepwater Mooring Systems

The use of floating platforms has been increased to produce oil and gas for recent decades.
Most of these floating systems are moored by cable and chain lines having a catenary form. Safe
mooring systems thus become important in proportion to the use of floating vessels for the
production. The wave-induced motions of a moored FPSO must be considered in deep water

conditions.

The development of the ocean resources, oil and gas, is progressing lively according to the
exhaustion of the natural resources recently. This trend will be continued to the exploitation of

the deep and ultra-deep water in future. The floating ocean structures, FPSOs, have a vessel form

2



Chapter 1 - Introduction

for the operation and storage with the mooring line systems in place in order to keep the position
in an operational area. This floating production and storage offloading unit requires a long time
operational period, thus both estimates and analyses are very significant for the motion responses
of the FPSO due to the wave environmental loads from a working point of view. The design and
analysis of the installed mooring systems are also very important field for the keeping positions
with respect to the safe operation. Therefore, the wave forces and the motion analysis of a
floating structure have become the centre of interest in the department of the ocean engineering
in order to meet certain design criteria for mooring systems. Furthermore, the slowly varying
surge, sway, and yaw motions of the moored FPSO in deep water caused by wave drift forces
need to be estimated in a mooring analysis since they are significant and occur at the natural

frequencies of the FPSO in these modes.

The quasi-static approach has been taken as the most suitable approach for the mooring
arrangement design application. The basic principle of the quasi-static design approach assumes
that mean drift forces are accounted for as static loads leading to a mean quasi-static
displacement where the mooring system is balanced to equilibrium condition. Figure 1.1
illustrates the mooring arrangement for the selected FPSO Schiehallion, which is a very large

vessel of its type in the world.

i A
it DRILING RIG
SUPPORTVESSEL A . SWITLE TARER

/ TGVALR1X10" Produoction
Y/ Z 1x87  Prodoction/Test
74 A\ X8 | Water Injection
1x67 Gos 1
i

Figure 1.1 Layout of mooring lines connected to the FPSO

The maximum mooring line loads due to the first-order and second-order motions have to be
kept below the minimum breaking strength of the mooring components for operations in the safe
condition. The required safety factors are dependent upon the various loaded conditions of the
vessel and the other adjacent offshore structure as well as allowing implicitly for various
uncertainties in the calculation processes, etc. Mooring analysis is carried out in order to
optimize the mooring system and to prevent excessive lateral motions of the vessel. The mooring
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system should limit vessel motions without leading to a failure of the lines themselves.

The dynamic responses of mooring lines to the excitations of deep water offshore platforms
can be important in the case that the water depth is deep and the floater which is connected to the
mooring line is relatively small against the effect of the mooring lines regarding to added mass

and damping.

1.3 Literature Review and Present Position

A floating body is considered to be rigid and oscillating sinusoidally with small amplitude in
six degrees of freedom due to small incident waves. The wave-body interaction problem can be
decomposed into a radiation and a diffraction problem in condition that the fluid flow is assumed
to be incompressible and irrotational so that velocity potential exists (Newman 1977).

The radiation problem leads to the calculation of hydrodynamic coefficients such as added
masses and damping in the frequency domain while the diffraction problem leads to the
computation of the first-order wave excitation forces and moments at different wave frequencies.
The unknown velocity potentials of radiation waves due to the motions of the oscillating body in
calm water and of diffraction waves due to the fixed body attacked by incident waves may be
sought by means of source distribution method (Faltinsen 1990). Then, the equations of motion
can be solved to obtain the response amplitude operators RAOs in the frequency domain.
Furthermore, the second-order forces and moments on the floating body can be calculated by
means of direct pressure integration method (Pinkster 1979).

Although computer simulation is now used widely for the motions analysis of floating
structures, there is a difference in the output among many of the programs. The results of surge
and sway motion of a semi-submersible obtained from these programs show a small deviation in
values while the heave, roll and pitch motion results show a large scatter (ITTC 1984). A good
correlation can be found in the motions of surge and sway while not so for other motions and
also force calculations in the case of a tension leg platform (ISSC 1985). The comparisons of the
first and second order forces obtained from 23 different institutions (Floating Production
Systems Report 2000) show that the results of the first-order forces and added-mass for a turret
moored ship are better than those for a deep draft floater. The damping values are in poor
agreement in both the ship and floater. The calculated results of the second-order different

frequency forces are scatter among all of the different programs.
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Despite poor correlations shown between the results obtained from in different programs, we
may use a validated computer software for the motions analysis of the floating offshore
structures because it is considered that these different results are not due to the hydrodynamic

theory but attributable to inaccurate modelling.

The frequency domain analysis is an attractive approach due to its efficiency while the
linearised frequency domain analysis is not expected to be as accurate as the time domain
analysis since resonant nonlinear second order responses can be considerable and result in

geometric nonlinearities of the lines (Low and Langley 2006).

The stiffness of the mooring lines affects the natural periods of the horizontal motions of a
floating structure and its slow drift motions, while wave frequency motions are little affected by
mooring loads. Thus, the mean, low and wave frequency motion responses can be decoupled in
the frequency domain analysis (Luo et al 2003). The motions of a moored FPSO in irregular
waves can be considered as a combination of the first order wave induced motion and a second
order low frequency motion. The first order wave force is applied in the time domain equations
of wave frequency motion, in which the added mass matrix is calculated at infinite frequency,
and the velocity term is argued with retardation function. The retardation function is the
influence of the memory effect on the free-surface and it can be found with the cosine transform
of damping coefficient in the frequency domain (Oortmerssen 1976). On the other hand, the
second order low frequency motion may be sought by solving uncoupled equations of motion
induced by second order forces and moment in surge, sway and yaw modes. The effects of low
frequency damping from mooring lines on slow drift motions may be significant while the wave
frequency damping is negligible at the natural periods of the slow drift motions. However, the
effects of damping and stiffness due to mooring lines in this kind of time domain analysis are
still linear if the mooring lines are not coupled to the body to account for changes in position and
shape of the mooring lines. Fully coupled time domain simulations need many approximated
methods in order to consider the coupling effects of mooring lines on the motions of floating
systems in a cost efficiency manner (Ormberg and Larsen 1998). Several of these methods
incorporate the dynamic influence of the lines as equivalent linear inertia and damping

coefficients in a time domain analysis (Senra et al 2002).

FPSO motions can be large due to extreme wave excitations on its large hull body and are
also sensitive to wave directions to the vessel. A turret mooring system is usually employed in

FPSOs sited in harsh environments for its ability to allow the FPSOs to weathervane into the




Chapter 1 - Introduction

least loading while spreading mooring system cannot.

A static mooring analysis is considered to be beneficial in order to find the static offset of a
floating unit caused by environmental forces such as the first and second-order forces from
irregular waves. However, the dynamic features cannot be considered in this method as added
mass and damping effects are absent. The static analysis ignores the effect of line dynamics that

may be significant when the inertia is important in the mooring line (DNV 1996).

If the natural frequencies of horizontal motions of a moored vessel are away from the
frequency range of the wave exciting forces in the mooring system, the dynamic motion of the
mooring lines can be negligible and then the lines are thought to be responding statically to the
motions of the vessel. In this condition, the resulting maximum line tensions can be found as the
motion responses of the vessel are thought to be employed in the static catenary mooring system
within a quasi-static analysis approach (Ansari 1980, Schellin et al 1982). Although the quasi-
static method is generally applicable for the analysis related to the frequency domain or time
domain, this method disregards the effect of line dynamics and that is particularly important for
the realistic behaviour of the mooring line motions as it becomes significant when the line inertia
is important. This is clearly important in deep water systems. In the approach for the mooring
line dynamics, the motion equations of the line dynamics are formulated and numerically solved
in order to decide the tension-displacement characteristics and these can also be used as non-
linear restoring forces in the motion response analysis of the moored vessel (Ansari and
Khan1986).

The coupled time domain analysis is adequate when mooring lines have a significant
influence to the motion responses (Luo and Baudic 2003). Kim 2004 considered the motion
responses of a FPSO coupled with mooring line dynamics and found that the dynamic mooring
tension can be underestimated with truncated mooring system when mooring dynamic effects are
significant. The mooring line damping can also be significantly underestimated depending on the
level of mooring-line truncation. In mooring tension spectra, slowly varying components are
generally greater than wave-frequency components, and therefore, the mooring lines behave
mostly in a quasi-static manner. It is why the discrepancy was not so large in that case. In the
case of semi-taut mooring system, greater dynamic effects are expected (Kim et al 2004), which
may result in greater error in dynamic mooring tension measurement with truncated mooring
system. The above argument can be observed in the mooring-tension spectra, where the taut-side

mooring has negligible wave-frequency component, while the slack-side mooring has
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appreciable wave-frequency component. Therefore, dynamic effects are less important in taut

side.

The coupling effects between the mooring line dynamics and the behaviour of the moored
floater can be negligible for the wave frequency motions in the case of a FPSO which has a large
displacement with low frequency damping effects on the coupling. However, Cozijn and Bunnik
2004 argued that these coupling effects can be significant for small water plane area floaters such
as Catenary Anchor Leg Mooring (CALM) buoys as dynamic behaviour of the mooring lines
affects the inertia and damping for the CALM buoy. They found that the fully dynamic coupled
simulations with interaction between the CALM buoy motions and the dynamic mooring line
loads show better agreement with experiments for the buoy motions than the quasi-static
simulations in which only the nonlinear static restoring force from the mooring system was

considered. The dynamic mooring line loads were found based on a lumped mass method.

Although the static influence of mooring lines upon the wave frequency motions of a large
displacement floating structure is not significant, the motions of the floating structure do affect
the dynamic responses of mooring lines. Hence, the dynamic analysis of mooring lines is usually
separated from the motion analysis of moored floating structures. Most popular methods used in
the line dynamic analysis are the finite element method (Skop and O'Hara 1969) and the lumped
mass method (Nakajima et al 1982). Furthermore, the line dynamic analysis can be carried out
either in the time domain or in the frequency domain. All nonlinear terms such as stretching and
shape deformation and damping are properly accommodated in the time domain analysis based
on either the finite element method or the lumped method, whereas they are approximated by

equivalently linearised ones in the frequency domain (Low and Langley 2006).

The dynamic behaviour and tension of multi-component mooring lines subjected to forced
oscillation at their upper end were studied by Nakajima et al (1982) using a lumped mass method,
which takes into account the elastic deformation and viscous drag damping of the mooring lines.
Good correlations between numerical and experimental results of dynamic tensions on different
configurations of mooring lines were found. This development could be applied for the dynamic
analysis of various types of mooring line arrangements A time domain simulation for the

dynamic analysis of mooring lines in irregular waves can be produced based on this method.

In this research, the feature of a turret moored FPSO, weathervane, was not considered and
thus any fishtailing effect will not be taken into account for the motion responses of the selected

FPSO. This limitation may give rise to an unrealistic behaviour of a FPSO, However, this typical
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analyses of vessel’s motions and mooring line tensions at a particular wave direction are valuable
for the academic purpose to investigate how the mooring systems are influenced by
environmental forces which lead to different resulting motions of a FPSO and tensions of a

moored line.

1.4 Objectives of Current Research

The aim of the thesis is to develop overall system design tools for deep water offshore moored
platforms. This research will take into account the response analysis of deep water offshore
platforms to waves for the performance, behaviour and the integrated technology of the overall

design.
Therefore, the objectives of the present study are

e To develop modelling and analysis programs making possible more accurate
assessment of motion response caused by external environmental wave forces and
meeting the needs for the development of deep water offshore platforms in the
interests of both the accurate estimation of the overall motions and of the mooring line

tensions as necessary for the safety of FPSO vessels.

e To investigate and compare the motions of a turret moored FPSO predicted by the

frequency domain method and time domain simulations.

e To investigate and compare the tensions of the mooring lines estimated by the
frequency domain analysis and time domain simulations with and without line

dynamics.

It is to be noted that wind loading and current effects are not included in this study. This
research will contribute to not only the extensive use of the marine energy but also to the

development of the marine industry.

1.5 Selection of FPSO Example and Approach

The FPSO vessel selected for the present study, shown in Figure 1.2, is the Schiehallion FPSO

moored by wire/chain mooring legs in a water depth of 395m and located at the Schiehallion oil
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field in the north east Atlantic ocean. The total recoverable reserves of Schiehallion oil field was
estimated at approximately 425 million barrels and discovered in 1993. The FPSO Schiehallion
is 245m long with a fully laden dead-weight of 154,000t and her turret mooring systems are

subject to harsh North East Atlantic weather conditions.

Figure 1.2 FPSO Schiehallion

The sea area in which the Schiehallion oil field is located is shown in Figure 1.3.

l
/
g""‘ \i F 204

7§ =5 1D /
s A & >
i | |_SEHIEHALLION FRSO®
(}
)

&
N
3o

%

Figure 1.3 Schiehallion oil field

1.6 Layout of Thesis and Chapter Overview

This thesis is basically arranged in accordance with the methods used for motion and mooring
analyses. They are a fast time domain method, a retardation function based time domain method
and a frequency domain method.

Chapter 1 introduces a general overview of this study and the deepwater mooring systems
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including mooring dynamics. A summarised literature review is presented regarding the motion
analysis of the floating structures and the mooring line analysis. The aim and objectives of the

present study are introduced and a brief layout is presented in accordance with the each chapter.

Chapter 2 presents the summary of the selected FPSO, Schiehallion, and describes the
numerical analysis procedures that are quasi-static cable analysis and mooring line dynamics of
the mooring line systems. The characteristics of Schiehallion oil field are introduced and the
arrangement of 14 mooring lines is described. The catenary equations employed for single
component and multi-component mooring lines are presented and their applications for static and
quasi-static mooring analyses are discussed. Furthermore, several configurations of a multi-
component mooring line are reviewed in addition to the static and quasi-static mooring analyses,

line dynamic analysis based on a lumped mass method is discussed.

Both quasi-static and dynamic mooring line analyses can be performed after the motion
responses of the FPSO vessel are determined by means of the fast time domain method presented
in Chapter 3 or by the retardation function based time domain method in Chapter 4 for North Sea

environmental conditions.

In Chapter 3, the generation of irregular wave time series and its corresponding spectrum are
discussed and a fast practical time domain method for the first-order wave frequency motions
and wave excitations of a floating structure is presented. In addition to the first-order wave
frequency motions, the uncoupled second-order motion responses of a moored floating structure
to second-order forces obtained from Newman’s approximation are determined. The results of
time series of the first-order motion responses of the FPSO vessel at different mooring line
attachment points in six degrees of freedom, the first-order and second-order wave excitations,
the second-order motions and the combined first- and second-order motions are discussed for

different wave heading angles. The corresponding motion spectra are also reviewed.

Based on the catenary equations given in Chapter 2, the results of the variation of horizontal
mooring force at the attachment point on the FPSO vessel against excursion and of the variation
of vertical mooring force at the attachment point against its vertical distance above seabed are
presented and discussed in Chapter 4 in connection with nonlinear mooring forces and moments
used in a time domain simulation of the moored FPSO motions. Chapter 4 presents the time
domain coupled motion equations based on retardation function associated with motion velocity
for the simulation of the FPSO motion responses to irregular waves. . The results of the

retardation functions obtained from the cosine transform of potential damping coefficients are

10
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presented and reviewed. The simulated time series of the first order motions of the FPSO vessel
in six degrees of freedom and their corresponding motion spectra are discussed for three different
heading angles. Comparisons between the FPSO motions in irregular waves obtained from the

fast time domain method and the retardation function based time domain technique are made.

The quasi-static frequency domain mooring analysis is also presented in Chapter 4 and the
results of maximum surge and sway excursions due to the first- and second-order motions

obtained from the frequency domain and fast time domain analyses are compared.

Comparisons of the motions and the tensions at the attachment points of the four mooring line
no. 1, 4, 8 and 12 obtained from two different time domain approaches are made for three
different wave directions and their corresponding spectra are discussed in Chapter 4. The effects
of line dynamics on cable tensions are investigated by comparing the tension results obtained
from the quasi-static frequency method, fast time domain technique, retardation function based

time domain simulation and line dynamic analysis.

Chapter 5 investigated the safety factor accounting for the applied tensions for the mooring
system. The proven method is selected as the fast time domain analysis for the validation of the
resulting motions and tensions and these results are compared with the other methods that are

frequency, quasi-dynamic and dynamic analysis.

In Chapter 6 conclusions are drawn from the comparisons among the fast time domain and
frequency analyses, and retardation function based time domain motion equation analysis.

Recommendations are proposed for further study.
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CHAPTER

Analysis of FPSO
Mooring Lines

2.1 Introduction

This chapter reviews the selected FPSO and the Schiehallion oil field. The adopted mooring
analyses are introduced for the mooring static and dynamic method. Following this introduction,
Section 2.2 reviews the principal details and characteristics of the candidate FPSO, the
Schiehallion, and its operational site. Section 2.3 presents the general mooring line arrangement
regarding application for a turret moored FPSO. Section 2.4 reviews the quasi-static cable
analysis including multi-component mooring system and Section 2.5 reviews the mooring line
dynamic analysis by using the lumped mass method. Finally, conclusions are given in Section
2.6.

2.2 Schiehallion Oil Field and FPSO

The Schiehallion oil field was discovered in 1993 while the semi-submersible drilling rig
Ocean Alliance was exploring the seafloor off the Shetlands around the Northwest Atlantic ocean
as shown in Figure 1.2. It is estimated that there are recoverable reserves of about 350-500
million barrels (approximately 425 million barrels for the maximum) of oil and lie approximately
175 km west of Shetland Islands (UK) in a water depth of between 350 to 450 metres. The
Schiehallion FPSO, see Figure 1.1 in Chapter 1, was at the time the largest newly built vessel of
her type and started production in mid 1998. Table 2.1 summarizes the principal particulars of
the Schiehallion oil field and Figure 2.1 shows the hull external surface panel model of the FPSO
used for computer based hydrodynamic analysis. The mean wetted surface of the FPSO was

modelled by 1034 flat panels. The vessel has been designed to maintain station, in winds up to
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130 mph and an extreme design wave height of 33m, by means of a top-mounted internal turret
mooring system, which allows the vessel to weathervane around its anchored position according
to the directional changes of the external forces. Anchoring is achieved using 14 line anchor legs,
each consisting of 6.25in (15.9cm) stud-less chain (Quality R3S) which has a 1650m radius.
Each chain has a proof load to 13,733kN and a minimum breaking load to 19,652kN.

Table 2.1 Schiehallion oil field

Discovery 1993

Participants BP, Shell, Amerada Hess, Statoil, Murphy and OMV

Development cost £1,000 million
Start up July 1998
Location 175km West of Shetland Islands

Water Depth 400m average

Size of Field 350-500 million barrels of ol
Peak production 199,000 bpd

Figure 2.1 Discretisation of Schiehallion FPSO hull envelope

In operating the Schiehallion field it was possible to use the maximum availability of sharing
helicopters and supply vessels with the adjacent Foinaven and Loyal fields which lie within 15
kilometres around and the recoverable oil was estimated to be about 600 million barrels from the
three fields combined. The production life is estimated to be 17 years and the daily output is
peaking at about 142,000 barrels/day.

The Schiehallion field mostly relies on subsea wellhead technology due to the water depth
which means the requirement for a floating production system rather than a fixed system and this
was the best solution among various considered solutions for the development. This field had a
system for oil flowing from subsea pipelines into the Schiehallion, the floating production

storage and offloading (FPSO) vessel, through risers.
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The subsea technology is equipped with 42 wells in five clusters which were drilled into the
reservoir. Of these a number of 29 subsea wells drain the field in four producing clusters. 16
horizontal production wells drain the flat-lying reservoir formations, while 12 non-horizontal
wells inject water into the other reservoir sites in order to maintain the pressure in the reservoir
and 1 well deals with gas to prevent it from flaring. The oil is moved into the tanks of the FPSO
when the inflowing liquids are separated into oil, gas and water. The two gas-oil-water separation
processes can carry out their operations for the peak oil capacity of 154,000 barrels a day. The
three main drilling centres, Schiehallion Central, Schiehallion West and Loyal, have production
and water injection wells while the fourth, Schiehallion North, has a separated gas disposal well
that has only water-injection wells. The production wells cluster and send the produced fluids
from the wells to the FPSO through flow lines. These fluids are moved along to the turret in the

bow region of the vessel to the on-board plants for the processing via 15 dynamic risers.

The production facilities have 3 steps for the processes. The one is for the recovery of the
reservoir products. The second is for the cleaning and re-injection of gas and water. The third is

for the chemical treatment of the reservoir and associated facilities.

The Schiehallion FPSO, a new type of platform operated by BP, was designed and developed
to sustain extreme sea conditions. She was built at Harland and Wolff of Belfast and was the

largest new building of a FPSO at that time.

The vessel has an internal turret having a 14m diameter for the size of the cylinder, installed
in the bow region of the vessel with a condition to support at the upper deck level on the turret
collar. The FPSO vessel has the length of 246m and the design life is 25 years for environmental
loads while the theoretical fatigue life is 50 years. The entire crude oil storage capacity is
contained mainly in combined seven pairs of cargo tanks in the middle body region of the vessel
and also one pair of tanks under the forecastle, with the combined amount of 950,000 barrels.
This purpose built FPSO is able to take on board both crude oil and gas up to 154,000 barrels of
oil per day. Table 2.2 summarises the principal particulars of Schiehallion FPSO vessel.
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Table 2.2 Specification of Schiehallion FPSO

Length between perpendiculars 228.4m
Breadth 45 m
Depth 27 m
Draught (full load condition) 19.7m
Dead-Weight 154,000 t
Displacement 194,785t
LCG from AP 108.359 m
VCG from BL 15.83m
GM; 3.129m
GM, 227.311 m
Natural surge period 125.54 sec
Natural sway period 169.28 sec
Natural heave period 11.65 sec
Natural roll period 15.53 sec
Natural pitch period 10.46 sec
Natural yaw period 92.37 sec
Storage capacity 950,000 barrels
Peak 154,000 barrels of oil/day
Design Life 25 years
Operating Depth 395 m
Turret 14m diameter with 360 rotation
Mooring 14 anchor chain legs in groups
Type 6.25 inch studless chain and wire rope

The station keeping system is thus maintained with the weathervane turret, which can rotate
according to the changes of wind, waves and currents, and connect the mooring lines rising from
seabed to the vessel. The export of oil from the FPSO is completed by the associated shuttle
tanker, the Loch Rannoch, which is an effective means in the circumstances for FPSOs. The
Loch Rannoch, constructed at Daewoo’s shipyard in South Korea and operated by BP, delivers
the processed crude from the Schiehallion FPSO to the Sullom Voe terminal in Shetland and
maintains the transportation link on the basis of a 4~5 day cycle. Offloading of oil from the
FPSO to Loch Rannoch takes place every three to six days. The activity of the shuttle tanker
helps to prevent the overall through-put oil supply from decreasing in production. Loch Rannoch
shuttle tanker which is a ship designed for oil transport is equipped with DP (Dynamic

Positioning) system compatible with the Schiehallion oil field. DP system is used to keep the
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tanker in position with two or three bow thrusters and stern thrusters. In another case a shuttle
tanker can be equipped with mooring system which can be a Single Point Mooring (SPM) or a
Multi Buoy Mooring (MBM). The dynamic, the mean and the low frequency motions of a shuttle
tanker must keep the safe position preventing from colliding with a moored FPSO in both the
moored or Dynamically Positioned (DP) vessels however the effects of the shuttle tanker are not

considered since the offloading takes place in calm weather conditions.

It is important to find out the natural periods of the motions as the resonance motion
conditions occur when excitation frequency is near the natural period. The natural periods T,, and
natural frequencies w,, of surge, sway, heave, roll, pitch and yaw motions are basically obtained

by the following formulae for the moored FPSO:

. M i
2, [(M+A) (2.1)
" @, kii
M 14
-I-nSurge _ zsfge =2r ( : Ail) {kﬁ — ZCI C052 HI} (22)
@, J 11 1=
M 14
T _ Zsfay o ’% {kzz =>C;sin’ 0,} (2.3)
@, 22 1=

I 14
T = on =2 (e + A) {kﬁe =>.Ci(xsing -y, 0056")2} (4

~ Yaw
wn k66 1=1

Heave __ pgAW

@, = ’(M+A33) (2.5)
ol _ | P9VGMT

" = f(lerm) (2.6)
Pitch __ ngGML

" = /“554_&5) (2.7)

where M is the displacement of the FPSO; A;i and ki are the added mass and stiffness

respectively in i-th direction due to i-th mode of motion; 144, Iss and lgg are the moment of inertia
for roll, pitch and yaw motions respectively; p is the water density; g is the acceleration due to
gravity; Ay is the waterplane area; V is the volume of displacement of the FPSO; GMt and GM,

are respectively the transverse and longitudinal metacentre heights; C, is the horizontal stiffness
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of the I-th mooring line; 6, is the angle of the I-th mooring line measured from the x-axis shown
in Figure 2.2. The moment of inertia I;; is the product of ship mass M and the square of radius of
gyration y;. In the present study, the radii of gyration for roll and pitch were taken as 39% of ship
breadth and 25% of ship length respectively, and the radius of gyration for yaw was assumed to

be the same as for pitch.

Figure 2.2 Turret-mooring arrangement

1] 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Figure 2.3 Mooring line configuration (10 segments)

Figure 2.2 shows the arrangement of the 14 spread mooring lines with the global o-xy
coordinate system. Figure 2.3 shows the profile of a typical mooring line. The water depth is
about 400m and anchor position is at Om position while the attachment position to the turret is at
4,652m in the local line coordinate system for the initial static condition. The still water pre-
tension of each line is set to be 2,297kN which is applied force to hold the weight of the line at
the attachment point and the weight per unit length of the chain in water is 504N/m. It is for this

purpose that each line is represented by 10 segments, of each length, as illustrated in Figure 2.3.

2.3 Single Component Mooring Line Analysis

The integrity evaluation requirement of its mooring system is essential for a deep water
floating production platform. In this research, a non-linear analysis of the mooring lines will be

progressed on the turret mooring system for the selected FPSO. The floating structure requires
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some form of a mooring system to hold the vessel within imposed operational positional
constraints for the range of sea states and environmental forces to be expected during its required
life.

1]
14—

Figure 2.4 Single point mooring line

Figure 2.4 is basically for a simple mooring system in that only single mooring line is used to

constrain the floating structure. In this figure, a uniform cable segment is hanging freely under

the water:
¢ =total mooring line length
/¢ =hanged mooring line length

h = water depth

w = weight per unit length of chain in water

T,, = horizontal mooring force applied at the attached point on the vessel

X =horizontal distance of the total mooring line from the attached point to the anchor point
x = horizontal distance of the mooring line from the attached point to the touch down point

In this case there is only a single line and a horizontal external force greater than the
horizontal mooring force Ty would cause the floating body to move laterally until some stable
position is reached and Ty is equal to the horizontal external force. The horizontal force is
determined in Eq. (2.14) on the condition that all other values are obtained without the horizontal
tension. However, the mooring line arrangement is actually composed of 14 mooring lines as
shown in Figure 2.5 that indicates sets of 4 mooring lines spreading to the starboard and port

forwards side while 3 mooring lines spreading to the starboard and port aftward direction.

The geometry of a caternary mooring line is given by (Faltinsen 1990):

(s =asinh[fj (2.8)
a
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h=a {cosh (g} —1} (2.9)

where

a=ln (2.10)

\W

Combining equations (2.9) and (2.10) yields

/2 =h? +2ha (2.11)
Substituting equations (2.11) and (2.9) for Is and x into the expression X =1 — |5 + x gets

1
X =€—h(1+ 2%)2 +acosh1(1+gj (2.12)

The maximum tension T,,,x Which occurs at the upper end of the mooring line is given by

T e :(W—hj{lJ{g—sj }:TH +wh (2.13)
2 h

Figure 2.5 Arrangement of mooring system

The above equations for a single component mooring line in a slack condition can be applied
for static analysis or quasi-static analysis. Static tensions on the mooring lines due to steady
current loads on the lines and the FPSO and/or due to steady wind load on the FPSO can be
calculated in a static analysis but are not considered in the present study. On the other hand,
mean tensions on the lines caused by mean second-order loads on the FPSO can be obtained by

means of a quasi-static analysis and will be considered in subsequent chapters.
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2.4 Multi-Component Mooring Line Analysis

The equations given in the previous section for a single component mooring line cannot be
applied to a multi-components mooring line, which is made up of combinations of anchors,
clump weights, chains and cables as illustrated in Figure 2.6. Moreover, they are also not
applicable for taut mooring, where the touch point of the mooring line is not tangent to the sea
bed. In order to deal with multi-component mooring line and taut mooring, different geometric

configurations of the mooring line are considered.

In deriving the various geometric configuration equations, use is made of the catenary
relationships pertaining to a static mooring system configuration. w,, w, and ws indicate three

different types of cable, which have different weights per unit length (Ansari 1980).

HOR! 1 VESSEL FAIRLEADER
X é HORIZONTAL TENSION
S VEL 4

L

SEGMENT (3)
LENGTH =
UNIT WEIGHT = wy

SEGMENT (2)
CLUMP WEIGHT OR LENGTH =
ANCHOR WITH 3 UNIT WEIGHT = w2
HOLDING
FACTOR Fp
“SEGMENT (1)
LENGTH = 5‘1‘
W, o UNIT WEIGHT * w,
ANCHOR WITH HOLDING OCEAN BOTTOM
FACTOR F,

Figure 2.6 Typical multi-component mooring line

2.4.1 Catenary Equations

For a uniform cable segment between arbitrary points A and B hanging freely under its own
constant weight w per unit length allowing for buoyancy per unit length as shown in Figure 2.7,

the governing differential equation is given by

d?z __wds

= —— 2.14
dx?2 H dx ( )

where H = horizontal component of the cable tension

ds = an infinitesimal element of the cable
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Ze

|
N

Figure 2.7 Uniform cable hanging freely under its own weight

Upon integration and inclusion of boundary conditions, the following relationships for the
horizontal projection Xc and the catenary height Z¢ can be derived as

H wS, +V Y,
X, =—|sinh™! ————sinh™! —
H H

w

(2.15)

H wX v A
Z.=—|cosh { ¥ +sinh™! —-] & cosh(sinh'l —)
w H H H

where Sc = cable length
V = vertical component of the cable tension at A

V/H = the slope at A

It is noted that the horizontal tension component H is constant for a given line configuration

while the vertical tension component V varies along the line.

2.4.2 Configuration Equations

Depending on the movement of the upper attachment point, several configurations of a multi-
component mooring line that can occur are as shown in Figures 2.8 ~ 2.12 (Ansari 1980).
Configuration 1 shown in Figure 2.8 illustrates that all of segments 1 and 2 and part of segment 3
lie on sea bottom with both anchors at nodes 1 and 2 holding. Even though w,, w, and w; are
not identical, the segment 3 in configuration 1 corresponds to a slack single component mooring
line discussed in Section 2.3.
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ALL OF SEGMENTS | AND 2 AND
PART OF SEGMENT 3 ON BOTTOM
WITH BOTH ANCHORS HOLDING.

o
z’-‘——.l

-0
;
Lo 2t

Figure 2.8 Multi-component line in configuration 1

Shown in Figure 2.9 is configuration 2 that all of segment 1 and part of segment 2 lie on the
sea bottom with both anchors holding. If segments 2 and 3 have the same unit weight, this
configuration also corresponds to the configuration of a slack single component mooring line as

carried out in this study in condition that the clump weight is eliminated.

ALL OF SEGMENT | AND PART OF
SEGMENT 2 ON BOTTOM WITH o\
BOTH ANCHORS HOLDING.

bt

4
' Xcon o Xeza Xe3q ;’
t [ ~ R
X,
r~ ————

Figure 2.9 Multi-component line in configuration 2

Configuration 3 shown in Figure 2.10 demonstrates segment 1 only on the sea bottom with
both anchors holding. This configuration indicates a kind of taut mooring.

SEGMENT | ONLY ON BOTTOM
WITH BOTH ANCHORS HOLDING.

'H*—'_O
¥
»
N
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9
[
o
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1
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Figure 2.10 Multi-component line in configuration 3

Figure 2.11 shows configuration 4 in which only part of segment 1 lies on the sea bottom with
anchor 1 holding. The anchor at node 2 is lifted up and may represent a clump weight. Since the

slope of the line at node 2 is not equal to zero, this configuration is a taut mooring.

PART OF SEGMENT | ONLY ON PP
BOTTOM WITH ANCHOR | HOLDING. 4

(o3|  Z34 |

2,

Figure 2.11 Multi-component line in configuration 4

Configuration 5 shown in Figure 2.12 presents a taut mooring of multi-component line. No
cable lies on the sea bottom but with anchor 1 holding. The slope of the line at node 1 is not
equal to zero.

NO CABLE ON BOTTOM
WITH ANCHOR | HOLDING.

N

L e Xeas Xesa
X

Figure 2.12 Multi-component line in configuration 5

Using Eq. (2.15), the governing system equations can be given by (Ansari 1980)
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S
Xi =G [sinh"(% +tan, ] —sinh™'(tan, )]

1

Zis =C; [cosh {X_(;B_ +sinh ™' (tan B, )} — cosh {sinh"l (tan B, )}]

4V
Vi =Huanp,, V3 =V, +wS. , Vop =W, +Vy By =tan l %

) Se,. >
Bog =tan™' Var X, =C; [sinh‘l [ﬁ— +ﬁ5J—sinh'l h]
H = C; H H (2.16)
Z,, =C, | cosh 2(—cs‘—+sinh" Man | o (sinh"l 2,—23-)
BT c; H H
S V o AR
Vy=Vop +w,8. X, =C; [smh : (-éi‘— - —l:li] ~sinh ™" il]
X )
Z4 = Cs | cosh | —2- +sinh™ b} —cosh (sinh" —v—"-)
B o H H
V,‘ = V3 + W3SC" .Z 2212 + 223 + 234. xl_ = XL‘”"' XC3g+ Xc.u + Xcon
with the following applicable to specific configurations as given (Ansari 1980).
Configuration 1 (Figure 2.8):
Sc,, =Sc,_‘ =B; =By =P =V; =V =Vpr =V, =0
Fr 2
s“n = '\jzz(c3 + E)’ xc"“ = SLI: ¥ SLIJ + SLH & S"u (2.17)
Configuration 2 (Figure 2.9):
Sc,2 = By =B =B =V; =V =V =0
SCn = SL” +Sl‘;‘.‘ — xmn, SCL‘ = SL“ (2.18)
Configuration 3 (Figure 2.10):
Sc,, =B =Vi=Vy =Py =0~Scz, =Sp,»
Se, =S1, + Xeon =Sp,,, Vop =HtanPyy (2.19)
Configuration 4 (Figure 2.11):
Bl — Vl = O, Scn =SL11 w— Xm, SC23 =SL13' SC!‘ = SL}! (220)
Configuration 5 (Figure 2.12):
S(:.2 = SLu , SCB = SLL, ’ Sc,. o SL,‘* Xeon =0 (2.21)

In the above equations, Cy is the same as H/wy (where K=1, 2, 3) and Vk denotes the resolved
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vertical tension component at the point K on the mooring line. The subscripts 2R and 2L refer to
points on the line just to the right or the left, respectively, of anchor 2 position, and the quantity
Ceon refers to the length of line lying on the ocean bottom, which, in the analysis, is considered to
be flat. H can be determined in condition that V is determined at each node position by Eq. (2.16)
as part of the catenary analysis. It is noted that a clump weight or a multi-component line are not
used in this study. The mooring line is divided into ten segments and treated as a single-
component line which is stud-less chain in the present study although the whole length of the

line is of a constant geometry chain.

The foregoing equations for different configurations of a multi-component mooring line can
be used to determine the tension-displacement relationships in static mooring analysis or quasi-
static mooring analysis. Furthermore, the quasi-static mooring analysis based on either a single
component line or multi-component line can be carried out in conjunction with a frequency
domain approach, a fast time domain approach or a time domain retardation function based

approach as discussed in the subsequent chapters.

2.5 Mooring Line Dynamics

Mooring line dynamics should be investigated when the line inertia is important. In
accordance with DNV rules for classification of mobile offshore units (DNV 1996), dynamic
analyses are recommended for deeper water than 450 m or for floating production and/or storage
units at location with water depth more than 200 m. Since the Schiehallion FPSO vessel is

operating in deep water about 400 m, the dynamic analysis of mooring lines is required.

2.5.1 Lumped Mass Method

In the present study a lumped mass method developed by Walton and Polachek (1959) for a
inelastic line and extended by Nakajima et al (1982) for a elastic multi-component mooring line
will be used for line dynamic analysis. The continuous distribution of the mooring line’s mass is
replaced by a discrete distribution of lumped masses at a finite number of points on the line. This
replacement amounts to idealizing the system as a set of point masses and non-mass linear
springs. Therefore the line is idealised into a number of lumped masses connected by a mass-less

elastic line taking drag and elastic stiffness into account.
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Figure 2.13 Coordinate systems of the lumped mass model

A schematic diagram of the idealised lumped mass model is given in Figure 2.13. The masses
are lumped at the node points in the discretised mooring line in the case that j-1, j and j+1
represent three nodes. Mj.;, M; and M., represent the mass of the mooring line idealised into a
series of discrete lumps. The forces that have an effect on the lines are gravity, hydrodynamic

forces and tensions. The motion equations of mooring lines are written as (Nakajima et al 1982)

[M; +A;sin®7, + A cos® 7,]-%, +[A - A;]-Z;siny, cos 7, = F,

2= L 21 o _ forj=2,3,...N
[M; + A, cos” 7; + Aysin® 7,1 Z; +[A; = Ay]- X siny cosy, = F,

(2.22)

where

M;, A, A; : Mass, normal and tangential added masses of j-th lump respectively

X;, Z; - Acceleration components of j-th lump in horizontal and vertical direction respectively

J' 1
The external forces F,; and F,; in horizontal and vertical directions are respectively given by

F;=T,cosy; —T,,cosy;, —f

. . (2.23)
sz :TJ SN }/J —Tj,15|n7jf1 - dej _5

i

where

T, : Tension of line in the middle of j-th and (j+1)-th lump

J; : Weight of lumped mass under water
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¥ Angle of j-th line segment at node j with respect to the horizon

The drag forces f i) and fdzj in horizontal and vertical directions respectively are

proportional to the square of the flow velocity relative to the lines as

DC?[Cdn sin,

fog = Uy | Uy —Cy COSY; ‘ utj‘ uq}

forj=2,3,...N (2.24)

Il
2
fo = gDJ[Cdn Cos7,

Uyl Uy +Cq SINY; ‘ uu.‘ utj]

where

D. : Equivalent diameter of mooring line

£ water density

¢ : Original length of line segment

C.» C4 : Drag force coefficient in normal and tangential direction respectively as shown in
Eq. (2.40)
Equivalent diameter is to enable drag calculations to be made that assume a cable of a simple

diameter instead of a chain. Drag force coefficient is assumed as that for a simple circular section.

The normal and tangential velocity components U, U, of fluid with respect to j-th line segment

are respectively written as

uy =—(%;—¢;)siny; +2; cosy,

_ (2.25)
u; =(%; —c;)cosy; +2;siny,
where C; is the horizontal current velocity at j-th lumped mass. Horizontal current velocity may

be either uniform or varying over depth. However, current velocity was not considered as the
directional relation was not taken into account to the plane of the catenary for 3-D geometry in

this study:.

The elastic deformation of mooring line due to tension is governed by

2 2 _ 72 T 2 .
(%, =x4) +(z,-2,4) =7 L+ forj=2,3, .. .N+1 (2.26)

27



Chapter 2 — Analysis of FPSO Mooring Lines

where
A: Cross-sectional area of line (Equivalent diameter is used in the case of a chain)
E : Modulus of elasticity of the line material

The elasticity of mooring line is conservative however if the material is steel like chain, it is

likely to show a little bit difference against others as fiber or polyester rope.

The previous governing equations (2.22) can be reduced to (Nakajima et al 1982)

(RT ~PT ., +U. )/At2

i1

L =(S, T QT L +V, )/ AL

i

forj=2,3,...N (2.27)

The related values are obtained in the following equations :

I, =M, +A;sin*7, + A cos’ 7,
l, =[ A;— A, Jsin7; cos7, (2.28)
I, =M, +A;cos’ 7, + A;sin’ 7,

R; = At*[ 1,-cos7; —1,-siny; |/ A
P :Atz[ls~cos;7jfl— 1, -sinyjfl]/ﬂ

2.29
S, =At*[1,-siny, —1,-cosy,; |/ A (2:29)
Q, :Atz[ll-sin Via—l -cos;7j_1]//1
Uy = A1, (foy +6,) =1y~ T4y |/ 2 030
V=AU 1 fg =1 (o +6,) 12
A=11,-17 (2.31)

The velocity and acceleration of the node can be found by Houbolt Method (Dukkipati et al
2000) as follows

g = 1 (2x)7 =5x] +4x]™ = x?)

j Y]
At (2.32)

n+1 1 n+1 n n-1 n-2
J. =@(11xj —~18x7 +9x] - 2X] )
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The vertical values of those can be obtained in a similar method.

The nodal displacements of next time step are derived as

X;H—l _ E X" _ 2X 1 n—2 +(Rp+1 .-I—_n+1 . P_n+1 Tnjil +U p+l)/ 2
2 J 2 J J J J J J
: ) (2.33)

n+l n n-1 n-2 n+l n+l n+l n+l n+l
7 =2 -2 2 (ST QT 4V )2
The line tension at the next time step is found by the Newton-Raphson Method as

n+1 N+l n+1
TP =TI AT, (234)

where
'I:jr”l : Tentative value of the tension
AT : Correction value
The equation of the mooring line tension at the next time step is given by

l//;Hl f (1+Tn+1/E A) ( Tl X?ﬁ)z—}-(Z?ﬂ—Z?ﬁ)z
_ l//;Hl (-I-Jn+21, T n+l T n+l) 0

1

forj=2,3,...N (2.35)

A Taylor series expansion of /" about (TJ”+21,TJ”+11,T”+1) is given as

n+ ~ N+ aV;nH n+ al/;ml n+ alﬁml n+:
Vi 1 —Y R 8Tf:+1 ' j—21+ T:Hl 'ATJ—11+ ri+1 'ATJ' +..=0 (2.36)
j-2 -1 i

The equation for the differential correction ATJ.”+1 is found as the higher order is neglected on

the condition that the tentative value 'I:J.”” is close to the correct value Tj”+1 relating to the

following equations (Nakajima et al 1982).

E;Hl ATJn_+21 _ I':“jn+1 -I-n+l Gn+1 -I-n+l _l/7r_1+1 fOI'j —2,3, .. N+l (2.37)
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l/;r_1+1 E (1+Tn+1/E A) ( n+1 Xn+1)2 +(Z;1+l_z?i-l)2

i -1

= N+ aV;r'H—l n+l [ gn+ ~n+ n+ ~n+ ~n+
B - aT,-;*'zl B P"ll(xj - 1) Q 1( - 71)
=n+l 0 V7?+l n+1l n+1 ~n+1 ~n+l n+l Sn+l) [ gn+l  gn+l
Fi _aT_nJil (P +R )( ) (Q +Sj_1)(zj _Zj_l) (2.38)
i
+20° (1+T[} /E-A)/(E- A)
~ 0 ~f‘+1 S gn SN+ Sn+l [ gn+ N+
G = a-l/l-/er-l =R (%) -] l) S7 (7 -1

forj=2,3,...N+1

K= 202X e 2[R B U ]2

J J J J
52) f (2.39)
N+l n n-1 n-2 Sn+l T+l N+l T n+l 7 n+l
4 =§zj -2z +§Zj +[Sj T =0 T+ }/2
forj=2,3,...N

J
y

Iijf”l SNEM I-;"J.n+l Q;‘“ \7].”+1 L]J.”+1 is the tentative values that is of R]™ S[™ P™ QM
n+1 n+1
\% | Ui,
The iteration has to be processed with some known quantity employed as the iteration
convergence parameter as a direct solution can not be obtained.

The computational process is as follows :

1) The initial form for the equilibrium condition of mooring system and idealisation into a
reasonable number of segments

2) Calculate the upper end point movement from the motions of the vessel in 6-DOF
3) The correction for the weight of the lumped mass that is close to the bottom

4) The hydrodynamic drag forces affecting on the lines

5) Calculate line tensions with an initial tentative and an incrementally corrected value
6) Calculate nodal displacement of the next time step

7) Undertake an iteration for the instantaneous convergence
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8) The repeat of the calculations for the next time step

The principal characteristics of the chain are shown in Table 2.3.

Table 2.3 Principal particulars of chain

Material Steel (without stud)
Weight per Length in water (W) 504 N/m
Equivalent Diameter 22.45 cm
Modulus of elasticity 2.1 X 10° kg/cm?

The motion of the upper end point of the line is a full 3-D motion according to the behaviour
of the moored FPSO in irregular waves. In the present study, the number of nodes is 11 for 10
line segments used and this is adequate number for the configuration of a mooring line as 10

nodes were used for 9 line segments as shown in the reference (Nakajima et al 1982).

The added mass and viscous damping coefficients of a mooring line can be found by
experiments (Nakajima et al 1982). In the present study, the following values of these

coefficients were used.

C,, = (added mass in normal direction)x(%] =1.98

pDin
]:0.2

C,, = (added mass in tangential direction)x[ .

D2l
P (2.40)
C,, = (drag force in normal direction) x 3—”_2 =2.18
4pD. lu;
C, = (drag force in tangential direction) x 3—”_2 =0.17
4pD. Ly,

The drag force is assumed to be applied at the node points although it is obtained along the

segments by Eq. (2.24). In the same way the added mass is lumped at the nodes.

The correction increment of the tension is expressed as

_ F2n+lAT1n+1 + G;+1AT2n+l — _W;H—l
G;+1A-I-ln+1 _ F3n+1AT2n+l + G§+1AT3n+l — _l//:;Hl

(2.41)
G£+1A-I-2n+1 _ F4n+1AT3n+l + G:+1AT4n+l — _l//;Hl
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The matrix form of Eq. (2.41) for unknown tension increments is shown as (Nakajima et al

1982)

r Ferl G ;Hl 0 0 0 0 ATlle _—l,// 2n+1 .
5 F G 0 0 0 |[a| |
0 EM ™ Gt 0 0 [JAT| |y (2.42)

O O 0 Elr:;l _ Flg+l Glr:)+l ATgn +1 _Wlno+1
0 0 0 0 E1n1+l _ Flg +1 | A-I-lg +1 __l/llnfl |

2.5.2 Correction of Lumped Mass at Bottom of Catenary

The weight of the lumped mass close to the seabed needs to be modified in order to prevent it
from moving unrealistically. The two lumped masses are revised over the seabed (Nakajima et al
1982).

( /B\ (‘IX—IH‘ZI-H) P

N T R X
I e— ALy —] j=t
8 J 5,

Figure 2.14 Correction of lumped mass model

There are two cases for the consideration of the correction of the weight of a line segment.

The first case is given in Eq. (2.43) in condition that A/, , is larger than zero and smaller than

/¢, as shown in Figure 2.14.

if 0<Al, </,
8, =1.5W, (1-A2, /0, ) (2.43)
8,4 =W (1+0.5A7, /¢, )

where
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W¢ = weight per unit length in sea water
Al :_al—llbl—l

X 4y =X Ly

a =
-1
X 'X|+1(X| _X|+1)
2 .2 2
b . = X " Zig =X L
-1 =

X 'X|+1(X| _X|+1)
0, =?(1+%}

The second case is given in Eq. (2.44) in the condition that A/, ; is smaller than zero as

referred to in Figure 2.14.
if A?, ,<0, 6,=15W, and ¢, , =W, (2.44)

The nodal displacement for the next time step (n+1) is given by Eq. (2.26). The local lumped

mass is then adjusted accordingly.

2.6 Concluding Remarks

The specification of a FPSO stationed in Schiehallion field, approximately 140km to the west
of the Orkney Islands UK has been described. In particular, the arrangement and the
characteristics of the 14 mooring lines attached at the bottom of the turret of the FPSO have been

reviewed.

The catenary equations for a single component mooring line and multi-component line
respectively have been presented. These equations can be used for static mooring analysis or
quasi-static analysis. The static analysis is to find the maximum static lateral offset of the vessel
caused by the total steady environmental forces in association with a load-excursion curve of the
mooring system itself, and to find the resulting tensions on the mooring lines. Since the static
mooring analysis cannot account for dynamic effects of the first-order and second-order motions
of the FPSO on the mooring lines, a quasi-static mooring analysis is required. The dynamic
lateral offset of the FPSO due to the first-order and second-order wave excitations, which will be
discussed in Chapters 3 and 4, needs to be determined in the quasi-static analysis in order to find

the corresponding maximum line tension.
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For the mooring line dynamics, the lumped mass method developed by Nakajima et al 1982
has been presented. In this method a mooring line is divided into a number of segments. The
larger the number of segments the more accurate will be the computed results. Segments are
connected to each other by lumped masses. The lumped masses represent the local value of the
mass of the adjacent line segments and the line segments are themselves assumed to be
weightless. The distribution of the lumped masses equates to that of the line. Thus the
summation of all of the lumped masses is equal to the mass of the whole mooring line. The
mooring line segments, although massless still have axial stiffness properties related to the cross-

sectional area of the cable and of the modulus of elasticity of its material.

The equivalent diameter of the cable is used in order to determine the drag forces and added
masses due to the oscillations of the cable in the water.

The lumped masses are at the discretised line node points and the coordinates of these node
points are determined to match the shape of the catenary before the equations of motion of
mooring dynamics are solved. Moreover, each massless line segment is a straight line between

the two associated node points.
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CHAPTER

Free Floating Body
Motions by Frequency-Domain and Fast
Time-Domain Methods

3.1 Introduction

The motions of a moored FPSO can be divided into wave frequency motions induced by the
first-order wave exciting forces and moments, and the slowly varying low frequency motions
due to second-order different frequency wave excitations. These motions can be calculated either
in frequency domain or in time domain. In a frequency-domain motion analysis, the linear wave
theory assumes that the amplitudes of the waves and the resulting floating structure motions are
small so the simple superposition of these values at different wave frequencies is allowed in
order to determine the motions of the structure in irregular waves. On the other hand, a time-
domain motion analysis, which may account for some nonlinear effects due to large amplitude
motions, mooring line stiffness, etc, is more time consuming than the frequency-domain analysis.
Since a random wave simulation can be carried out by means of superposition principle, the
motion responses of the FPSO vessel to irregular waves may also be performed in a similar
manner. Thus, instead of solving the time-domain motion equations in six degrees of freedom a
fast time-domain method based on the response amplitude operators RAOs can be used to
predict the motions at the attachment points of the mooring lines in order to estimate the mooring

line tensions in extreme weather conditions.

Following this introduction, Section 3.2 reviews irregular waves and their spectra, and the
simulation of random waves. The frequency domain analysis is carried out to determine motion
RAOs and mean second-order forces and moments on the FPSO vessel in Section 3.3. The fast
time-domain motion method for the prediction of the first- and second-order motions of a

floating structure is presented in Section 3.4 and the results of the first- and second-order forces
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and motions are discussed. Section 3.5 investigates the motion spectra of the combined first- and
second-order motions obtained in Section 3.4 and conclusions are given in Section 3.6.

3.2 Wave Spectrum

The influences of ocean waves on the motion responses of a moored offshore structure and
the line tensions of its mooring system can be determined by means of a spectral analysis method,
in which wave spectrum must be specified. A wave spectrum is obtained from the transformation
of the time series of wave elevation measurement to its spectrum description. The significant
waves in a sea state are established from the long period collected statistics of waves by
measurements and the wave spectrum is set up in the form of the significant wave height and

mean zero crossing wave period.

The waves that are experienced provide the cause for making floating structures to move at
sea. Those motions are due to the external forces resulting from the waves making contact with
the floating structure. A single regular wave system of a given height and period may be used to
predict the general response motion of a FPSO but this behaviour will be different from that of a
real complex sea state which is composed of an almost unlimited number of waves that have
different wave heights and periods leading to a random behaviour. A wave energy spectrum can
be used to describe and consider those irregular waves. The waves are made from a wave
spectrum can be seen as the composition of numerous waves travelling from the far distance.
That is to say that the ocean waves seem to be irregular waves created by the superposition
varying numbers of regular waves of various heights and periods. Compiled wave data are

available in several forms and time bases for many sea and ocean areas in the world.

The advantage of the wave spectrum is that it can be used not only to simulate random seas
and the resulting motion responses of a floating structure in time domain but also to predict
various short-term and long-term statistical properties of a dynamic response. When the number
of the embedded wave components is taken as 15~20, a satisfactory calculated wave spectrum
has been shown to be obtained for a normal sea state. In this research, 80 wave components are
used for obtaining the more detailed results in the computer simulation of wave elevation. There
are several formulae that can be used to apply to the wave spectrum for the wave profile
simulation. The Pierson-Moskowitz spectrum, P-M, has two forms in that the first formula was
developed by using a wind speed parameter, while the second formula is produced with respect
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to the significant wave height. The JONSWAP spectrum, another well used formula, was
developed especially to represent North Sea sea state conditions also with a wind speed
parameter. The ISSC spectrum was normally introduced with both significant wave height and
mean wave period in the formula and this was modified from the P-M spectrum. The appropriate

wave spectrum may be taken to apply for modelling sea state in the specific operational area.

Wave spectrum represents the highly complex distribution of the wave height-period surface
variance of a particular sea state for a given period of elapsed time. The total wave energy is

represented as pgE where E is the area under the curve of the wave spectrum.

The specific parameters of a wave spectrum are the significant wave height and the mean zero
crossing wave period. A significant wave height of 16 m and a mean time period of 14.5 sec was
used in the present study for the extreme conditions for the North East Atlantic area whose
position is at latitude 60 degrees North and at longitude 4 degrees West. This corresponds to the
near sea area in Brent field selected as location model for the extreme weather condition
representing a 100 year return period as given in Appendix D. The definition of return period

given in the U.K. DEn Guidance Note is:

The return period of a stated value of a metocean variable is the average period of time

between exceedance of that value.

The extreme wave conditions in Appendix D are used in order to cover 100 year exposure
conditions for the practical application in the design of offshore structures. A return period of 100
years stands for an annual probability of occurrence of 1/100 = 0.01, or a probability of non-

occurrence of 1-1/100=0.99. In this study, the probability P of occurrence is expected to be

about 0.22 in order to experience this extreme wave condition at least one time in its life as the

design life of Schiehallion FPSO is required to be 25 years.
The probability P of occurrence can be found as follows:
P=1-p’ (3.1)
p = annual probability that the event will not occur
N = platform design life in years

Thus:
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P=1-(0.99)® =0.22 (3.2)

However, there are different formulae for describing the wave spectrum. ISSC spectrum as
used in this study is a two parameter spectrum with respect to significant wave height Hs and

mean time period T and is function of wave frequency w:

S(w)=0.11 H'T (T—sz exp[—O.44(T—wj4] (3.3)
27 \ 27

27

This spectrum of significant wave height 16 m and mean period 14.5 sec is shown in Figure
3.1, and the rectangular points represent the spectral density obtained by Fourier transform
(Appendix A) from the simulated time series of irregular waves while the solid line represents
the spectral density from the ISSC formula. A good correlation between the spectral density
obtained from the Fourier transform and the ISSC spectrum formula indicates that the simulated

irregular waves meet the target ISSC spectrum.

o fourier transform
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Figure 3.1 ISSC wave spectrum and amplitude spectrum

The wave frequencies for the simulation of random waves were taken as the random
frequencies (see Table 3.1) for the irregularity of the wave profile. The numerical simulation of

irregular waves can be achieved by the superposition of different wave amplitude component
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a(w) at different random wave frequencies as given by Eq. (3.5). The amplitude component so

called amplitude spectrum a(w) is given by :

a(w) = «fZ S(w)Aw

where Aw is the random frequency interval.

(3.4)

Table 3.1 ISSC Wave spectrum, random frequency and random phase angle

w [rad/sec] S(w) [m*-sec] a[m] € [rad] Aw [rad/sec]
_______ 0011 | _ ... 0000 | _.0000 | 2593 | 0011 |
0033 ]! 0000 [ .. .| 0.000 [ .. .: 2626 | . 0022 |
0083 ]! 0.000 [ .. .| 0.000 | ... 1463 || 0.030 |
.....00e6 ]! 0000 [ .. .| 0.000 [ . .| 0490 [ .. 0.003 |
.....oosr 0000 | .. | 0000 | .. _.: 2313 | 0.015 |
IS 2% 10X S N 0000 | .. | 0000 | ... 1.304 )| 0.020 |
IR O R I 0.000 [ .. .| 0.000 | ... 0946 | .. 0.025 |
IO .Y AR I 0.000 [ .. .| 0.000 | ... 1623 | ... 0021 |
oaer ) 0000 [ .. .| 0001 [ .. .: 3126 [ .. 0.020 |
.....0180 | 000z | .. | 0007 | ... 1.979 ]! 0.013 |
0209 0733 ... 0206 | _. .. 3.049 | | 0.029 |
0239 10965 | ... 0811 [ ... -3.084 | .| 0.030 |
0244 14427 ... 0380 [ .. .| 0858 [ ... 0.005 |
.....0260 | . 28035 | . 0947 | ... 0140 ] | 0.016 |
.....0284 | 49.504 | . 1541 | 0582 [ .| 0.024 |
....0301 60.713 ... 1.437 ]..] 0366 [ ... 0017 |
0328 68.458 | ... 1923 __|.....: 2009 [ .. 0.027 |
L0385 66.304 | ... 1892 ... 1578 | 0.027 |
.....b3es | .. 63136 | . 1281 | ... 2405 ) ! 0.013 |
.....o384 | 58.260 | .. 1.365 | ... 0177 ) 0.016 |
....0409 49.831 | ... 1.578 ... 1323 | 0.025 |
0432 42269 | 1.394 ]! 0875 [ ... 0.023 |
0AAr 37721 ) 1.064 ]! 0587 | ... 0015 |
....b4ez | 33.557 | 1.003 | 0385 [ .| 0.015 |
.....o484 | 28176 | L1138 | -3.020 | | 0.022 |
..0905 23814 | 1.000 ___].___..: 2,707 | 0021 |
082S 20295 ... 0901 | ... 1876 | ... 0.020 |
0542 1r.734 ... 0777 | ... 1728 ). ... 0017 |
.. 0565 | 14809 | .| 0825 | ... 2063 [ | 0.023 |
.....0588 | . 12406 | . 0755 | .....: 2565 | .. 0.023 |
.....0600 | 11.328 | ! 0521 [ ... 0800 [ .. 0012 |
0.2z S 9614 | .1 0650 | ... 0298 | ... 0022 |
.....0645 ]k 8131 | ... 0612 | ... 2448 || 0.023 |
....oeea | 7102 ] 0519 | ... -1.600 | ! 0.019 |
....oess | 6.135 | .1 0508 | .| 0179 | ... 0.021 |
0007 ]S 5282 | .1 0482 | ... -3.024 | .| 0.022 |
Y Y S I 4625 | ... 0430 [ .. ! 0067 [ ... 0.020 |
0749 | 4009 | . 0420 | .. __: 3093 [ .. 0.022 |
N Y4B IR 3318 .| 0446 | ____ 2.347 ] 0.030 |
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A satisfactory simulation of irregular waves can be obtained with a limited number of wave
amplitude and frequency components although the most desirable method to replicate complex
irregular waves is by selecting the number of wave components to be as a large as an unlimited
value and this means the frequency interval becomes closer to zero. In this research, 80 wave
frequencies were used for the generation of irregular waves. This is assumed to be sufficiently
accurate for the purposes of this study.

The resulting form of the amplitude spectrum shown in Figures 3.1, 3.2 and 3.4 is not a

smooth line and this is due to the adaptation of random frequency.
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Figure 3.2 Wave profile and Fourier spectrum
The time series of wave elevation £ at a point (X, y) on mean free surface can be simulated by

(X y,t) = iam cos| k,, (xcos B+ ysin B) - a,t +&, | (3.5)

where a, is the wave amplitude component given by Eq. (3.4) at wave frequency component
and k, is the corresponding wave number. g is the incident wave angle that is taken by
convention as for following seas (0°), beam seas (90°) and head seas (180°). The angle¢, is a

random phase. N is the number of wave components, which was taken as 80 in the present
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investigation.

Figure 3.2 shows the simulated time series of irregular wave elevationatx =0,y =0and g =
150° for significant wave height = 16 m and mean time period = 14.5 sec, and the

corresponding wave amplitude components at different wave frequencies. This approach to
generating time histories of random variable has been proven to be useful when investigating the

effects of the motion responses of the FPSO on mooring line tensions in random seas.

200
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g[°]
o

-100 +

|
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o [rad/sec]

-200

Figure 3.3 Random phase angle

The result of the corresponding random phase angle &, is shown in Figure 3.3 and this has an

effect on the irregularity of the simulated wave elevation. The values of amplitude components
calculated by means of Eg. (3.4) with random frequencies given in Table 3.1 and obtained by the
Fourier transform of the simulated wave elevation time series are compared and shown in Figure
3.4. They are correlated to each other. The null values of the amplitude components that take
place near to the horizontal axis of the upper graph in Figure 3.4 are due to the irregular intervals
of the original wave frequencies. The Fourier transform uses regular interval in the process while
the simulated amplitude components are based on irregular frequency intervals. Some of the
random intervals are near zero and so the corresponding amplitude components become very
small. These null amplitude components do not have any effect on the simulated random waves
since the amplitude spectrum obtained by the Fourier transform correlates with the input
amplitude spectrum from ISSC. Thus these null amplitude components should be ignored. The
peak values shown in the lower graph of Figure 3.4 were determined by the Fourier transform of
the simulated random wave profile without the effects of null amplitude components and also
agree with the values of the input amplitude components. This good agreement may not occur in
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the spectrum obtained by the Fourier transform of irregular waves simulated with a large number

of components or of a real measured sea data because the wave signal from the real seas contains

not only noise data but also nearly an unlimited number of wave components.

Qm M)
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amplitude spectrum({ISSC)

o [rad/sec]

Figure 3.4 Fourier transform and amplitude spectra

Figure 3.5 shows a good agreement between the ISSC wave spectral densities obtained from

Eq. (3.3) and calculated by the Fourier transform of simulated wave elevation time series given

in Figure 3.2.

43



Chapter 3 — Free Floating Body Motions by Frequency—-Domain and Fast Time—-Domain Methods

Wave Spec
__________ i | = Calculation ||
5 2 25 3
w [rad/sec]

Figure 3.5 Comparison of ISSC wave spectrum and Fourier transform
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Figure 3.6 Amplitude spectrum and single wave
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Figure 3.7 Amplitude spectrum and irregular waves
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The mechanism of a single regular wave is shown in Figure 3.6, where a regular wave of
amplitude 4m at wave frequency 1.5 rad/sec can be made by a single component, and the
corresponding amplitude spectrum from the Fourier transform is just 4m. On the other hand, an
irregular wave pattern made of four components with amplitude 2m at different wave
frequencies 1.125, 1.375, 1.625 and 1.875 rad/sec respectively and its corresponding amplitude
spectrum are shown in Figure 3.7. This irregular wave pattern is not random at all because of
repetition after several cycles in a given time period. Such repetition is due to the small number
of frequency components in the simulation. This problem can be resolved by increasing the
number of frequency components. Then the period of repetition will become longer and the
repetition will be overcome by using random frequency and random phase angle properties.

The time histories of random wave elevations at the attachment points of No.1 to No.14
mooring lines are shown in Figures 3.8 to 3.10 for three different wave heading angles of the
incident waves as shown in Eq. (3.5). There are 15 plots as the 15" plot is for the origin of the
global coordinate system which means the wave elevations at the centre of FPSO. The
coordinates of the attachment points are given in Table 4.1 (Chapter4). These irregular waves
were derived from Eg. (3.5) with 80 components of random amplitude, frequency and phase

respectively.
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Figure 3.8 Wave elevation at mooring line attachment points and at origin of coordinate
system (B=150 degrees)
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Figure 3.9 Wave elevation at mooring line attachment points and at origin of coordinate
system (B=165 degrees)
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Figure 3.10 Wave elevation at mooring line attachment points and at origin of coordinate
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3.3 Frequency-Domain Analysis

Suppose that a moored FPSO oscillates as a rigid body in six degrees of freedom about its

mean position with complex amplitudes £, with respect to the origin of the rectangular co-

ordinate system o-xyz. Here k = 1, 2, 3, 4, 5, 6, refer to surge, sway, heave, roll, pitch and yaw
modes of motion respectively. The z-axis is vertically upward through the centre of gravity of the
body with the origin o on the mean free surface and the x-axis is longitudinally pointing to the
bow as shown in Fig. 2.2. In general, the coupled linear motions of a moored FPSO can be

expressed as

6 . .
Z[(MijrAjk)‘fk+Bjk‘§k+(cjk+Kjk)fk]=FjW+Fjv for j=1,2,...6 (3.6)

k=1

where £ and &£ are the motion acceleration and velocity respectively. Mj is the element of mass

matrix, Ajx is the added mass, Bjx is the damping, Cj« is the restoring coefficient due to change in

buoyancy, Kix is the stiffness due to mooring system, " is the wave exciting force (moment is
understood hereafter) and F is the viscous excitation force. The indices j and k indicate the

direction of the fluid force and the mode of motion respectively. The hydrodynamic coefficients
in the equations of motion may be considered as linear dependence of fluid forces due to non-lift

potential flow and viscous flow such that B, —b, +b, , €tc.: by is the wave damping coefficient

and b, is the viscous damping coefficient.

The viscous effects on damping, restoring and excitation forces may be found using the
Froude-Krylov approach together with the cross-flow and the pseudo-steady state assumptions
(Chan 1992). It is noted that the terms in the equations of motion due to viscous effects depend
upon the amplitudes of motion responses. As a consequence, the equations of motion are solved

iteratively until a reasonable convergence of motion amplitudes is obtained.

The unsteady motions of the stationary FPSO and the fluid are assumed to be small so that the
unsteady body boundary and free surface conditions can be linearised. The solution of the
linearised unsteady motion problem is constructed by means of the three-dimensional Green’s
function integral equation method. Thus the domain of the problem is reduced from the infinite
fluid domain to the hull surface on which oscillating source singularities are distributed. The
Green’s function satisfies the three-dimensional Laplace’s equation, the linearised free surface

condition, the sea bottom condition and the far-field radiation condition. Hydrodynamic
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coefficients and wave exciting forces given in Eq. 3.6 can be obtained after solving the integral
equation which satisfies the linearised body boundary conditions (Chan 1992). This is
accomplished by the discretisation of the mean wetted body surface into a finite but large
number of flat panels (Hess & Smith 1962).

Numerical computations have been carried out to predict the first-order motion responses of
the Schiehallion FPSO to regular waves at different wave frequencies and three heading angles

and the resulting mean second-order forces and moment in the frequency domain.

Figs. 3.11 and 3.12 show the motion response amplitude operators (RAOs) and phase angles
of Schiehallion FPSO at different wave frequencies in three different wave heading angles 150°,
165° and 180 ° (head waves). The motion RAOs are non-dimensionalised by wave amplitude ¢
and wave number x. A positive phase of the motion response indicates that a motion reaches its
positive maximum value before the crest of the undisturbed incoming regular wave passes the

ship’s centre of gravity.
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Figure 3.11 Motion RAOs of Schiehallion FPSO
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The sway, roll and yaw motions of the FPSO in bow waves 150 ° are larger than those in 165°
but vanish in head seas as expected. Similarly, the heave motion is slightly larger in bow waves
150° than that in 165° and head waves. On the other hand, the FPSO experiences slightly larger

surge and pitch motions in long head waves than in bow waves.
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Fig. 3.12 Motion phase angles of Schiehallion FPSO

After the first-order motions have been obtained, the surge and sway mean second-order
forces and yaw moments on the Schiehallion FPSO can be calculated by means of near-field
method (Pinkster 1979) or far-field method (Maruo 1961, Newman 1967). In the present study,

the mean second-order surge force g, sway force F and yaw moment g are calculated by

integrating the first-order hydrodynamic pressures (near-field method) and are expressed in the

form:
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F@ = _%pgiﬂo g ¢indl+3p J.So VO e VD'n,ds

+3 ’O.Uso a e VOin,ds + %(‘fs Fy —&F))

(3.7)
R =~1p0f ¢.&in,di+1pff VO evan,ds
+3p[[, e vOInds+3(EF/ -£F)
0 (3.8)
SCp. _%pgio ¢ ¢ingdl+%p LO VO e VD', ds
+ %PJ.J‘SO o e Vdinds +%(§1F2! - &, Fll)
+%(§4F5,_§5F4') (3.9)

where p is the water density, g is the acceleration due to gravity, ¢; is the relative wave elevation,
@ is the unsteady velocity potential due to radiation, diffraction and incident wave systems, « is
the first-order displacement vector, n; is the generalised direction cosine, F; is the first-order
hydrodynamic force in the j-th direction, the prime over a variable denotes the complex

conjugate of the variable.

The calculated surge and sway drift forces and mean second-order yaw moments on the
Schiehallion FPSO at different wave frequencies and three heading angles are shown in Fig. 3.13.
The negative value of surge drift force indicates that the force is in negative x direction, while
the positive value of sway drift force means that the force is in positive y direction. The positive
yaw moment indicates that the vessel yaws anti-clockwise. The spikes in the drift forces and yaw
moment may be caused by irregular frequency phenomenon where no unique solution exists.
These spikes are neglected in the process of Newman’s approximation method (Newman 1974)

to generate the time history of the second-order forces.

The surge drift force on the Schiehallion FPSO does not vary much with wave heading angle
and approaches an asymptotic value at high frequencies. However, the sway drift force is
sensitive to wave angle of attack and increases with heading angle changing from head waves to
beam seas. Furthermore, the asymptotic sway drift force in bow waves 150 ° appears earlier than
that in 165°. Since the lateral area of a vessel is greater than the frontal area, the sway drift force
is normally larger than the surge drift force as shown in Fig. 3.13. The mean second-order yaw
moment on the FPSO in bow waves 150° is larger than that in 165° but vanishes in head waves
as expected.
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Fig. 3.13 Mean second order forces and yaw moment on Schiehallion FPSO

54



Chapter 3 — Free Floating Body Motions by Frequency—-Domain and Fast Time—-Domain Methods

3.4 First and Second-Order Motions and Forces

Although the frequency-domain method, together with a spectral analysis, is practical and
predicts the extreme motions of the vessel with some degree of engineering accuracy, the
combination of the extreme value first-order wave-induced motion and the second-order slow-
drift motion in the frequency-domain analysis is an engineering approximation that can be used
for the design of mooring systems but is however uncertain in its accuracy. In order to eliminate

this uncertainty, a time-domain coupled motion and mooring analysis is required.

In general, the equations of motion for the six degrees of freedom of a floating vessel are
integrated in the time-domain in which the effects of hydrodynamic added mass, damping and
non-linear restoring forces due to the mooring lines on the motions are included. It is, however,
computationally intensive to run this kind of time domain simulation in an irregular seas with a

storm duration of at least three hours.

In the present study, an alternative time-domain method which integrates motion responses to
regular waves of all frequencies is developed. Based on the linear theory of the motion responses

of vessels, the wave elevation ¢ and the corresponding first-order motion o at a point (x, y, z)

on the floating vessel are the summation of their amplitude components of all frequencies as

shown in Egs. (3.5) and (3.10) respectively.

&V (txy,2) \/28

Xy,Za))

(ot +a;(xy,2,0,)+¢,) forj=1,2...6 (3.10)

where |§| is the motion amplitude of the attachment point in the j-th mode and a, is the phase

angle relative to the waves. They can be calculated from their real and imaginary parts:

|§ (x.y,2,0) \/Re (%, z)}+|m2{§j (X, y,z)} (3.11)

X, Y,Z

Im{¢,

(x,y,z,0)=tan™*
al( y w) RE{oﬁfj(X,y,Z

(3.12)

~— | ~—

The real and imaginary parts of the translational motions 5 at an attachment point (X, y, z) can

be determined by the translational motions 5 06 at the origin of the global coordinate system and

the angular motions Q as follows:
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E(x,y,2)=E°(0,00)+ QxT (3.13)
where & =(&,5,,&,) (3.14)
=(&%.&) (3.15)
r=(xy2) (3.16)

The total motion¢, of the attachment point can be determined the sum of the first and second
order motions as given in Eq. (3.17). g is the first-order motion while @ is the slowly-

varying drift motion of the vessel :

&(xyzt)=5" (xy,2,t)+£7 (1) (3.17)

The second-order motion £ of the FPSO in the j-th mode can be found by solving the slow-

drift motion equation:

(M + A )51(2) +By&? ‘§§2)‘+Cii§i(2) =F2(t) (3.18)

Using Newman’s approximation for the second-order force (Newman 1974), the slow-drift

exciting force F® can be determined as given in Eqg. (3.19).

N N

I:J'(Z) (t Zzaman FJ(Z) O, 'B) COSI:(a)m — @, )t tén —gn:l (3.19)

m=1 n=1

where an, and a, are the wave amplitude determined from Eq. (3.4).

The general scheme of the flow chart is given in Appendix E for the fast-time domain analysis
in condition that the 2"-order motions are obtained from the solution of the 2" order motion
equation (3.18) with the uncoupled mass, added-mass, damping and stiffness coefficients in the

process.

Once the displacements of the attachment points on the turret are traced in the time domain,

the corresponding maximum tensions on the individual mooring lines can then be obtained.

If the coupled equations of the first-order motions of a floating structure in six degrees of
freedom are solved in the time domain as discussed in Chapter 4, the time series of the first-order

wave exciting forces on the structure can be calculated by
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N
Fj(l)(t)zg\IZS(a)m)‘Fj(a)m)‘zda)-cos(a)mt+aj(a)m)+8m) forj=12,...6 (3.20)

where |Fj(wm)| and a;(w,,) are respectively the amplitude and phase of the wave exciting force

in the j-th mode at random wave frequency .

3.4.1 Simulated First-Order Wave Exciting Forces

Based on Eg. (3.20), the amplitudes and phases of the wave exciting forces shown in
Appendix F and the ISSC wave spectrum of significant wave height 16 m and mean period 14.5
sec, the first order wave exciting forces on the FPSO in wave directions 150, 165 and 180
degrees have been calculated and are shown in Figures 3.14 to 3.16 respectively. The magnitudes
of the wave exciting forces in sway, roll and yaw modes vary with the angle of the incident
waves while those in surge, heave and pitch modes are much the same. The variation of these
forces is related to the changing ratio of the projected area of the underwater hull, as seen by the
direction of wave travel. However the projected area related to surge, heave and pitch is not so
much different for each of the considered three heading angles from 150 to 180 degrees by the
incident waves but those for sway, roll and yaw are changed with a large amount in size to the

moving direction of the incident waves.
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Figure 3.14 Wave exciting forces for surge, sway, heave, roll, pitch and yaw (=150
degrees)
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Figure 3.16 Wave exciting forces for surge, heave and pitch (=180 degrees)

(The values of sway, roll and yaw are zero)
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3.4.2 Simulated First-Order Motions

The results of the real parts of transfer functions for surge, sway and heave at 14 attachment
points and the origin of the global coordinate system at three different wave heading angles have
been obtained by the application of Eq. (3.13) and are shown in Figures 3.17 to 3.19. The real
parts of surge transfer functions at No.1~7 attachment points show larger values than those at
No0.8~14 attachment points while almost same values of sway transfer functions are shown
among the attachment points. Some drastic changes occur on No.5 with 165 degrees in the real
part of heave transfer function. This may be caused by an irregular frequency problem having no
exact solution. The values of the imaginary parts of transfer functions for surge, sway and heave
at 14 attachment points and the origin of the global coordinate system in three different wave
directions are shown in Figures 3.20 to 3.22 respectively, as obtained by Eq. (3.13). The values

are much the same on all of the attachment points from mooring lines No.1 ~ 14.

The first-order motion RAOs for surge, sway and heave at the attachment points in three
different wave directions are shown in Figures 3.23 to 3.25 respectively as obtained by Eq. (3.11).
The results of surge and heave RAOs at the attachment points are similar in near bow and head
waves, but the sway RAOs are different at wave heading angles 150, 165 and 180 degrees. The
corresponding phase angles of surge, sway and heave motions at the attachment points in three
different wave directions are shown in Figures 3.26 to 3.28 respectively as obtained by Eg.
(3.12).

The time series of the first-order surge motions at the attachment points at three different
wave heading angles of 150, 165 and 180 degrees are shown in Figures 3.29 to 3.31 respectively
as obtained by Eq. (3.10). There is not much difference in the results among the attachment

points.

The time histories of the first-order sway motions at the attachment points in three different
wave directions are illustrated in Figures 3.32 to 3.34 respectively as obtained by Eq. (3.10). The
magnitudes of sway motions are lessen when the heading angle is changing from 150 to 180
degrees. These differences are due to the variation of the projected area in the sway direction to
the incoming waves. The values of sway motions are nearly meaningless in the case of a 180
degrees wave direction as there is no sway motion when the FPSO has a frontal symmetrical

form.

The variations of the first-order heave motions with time at the attachment points in three

different wave directions are demonstrated in Figures 3.35 to 3.37 respectively, as obtained by
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Eq. (3.10). The amplitude of heave motion is much the same among the attachment points and
the three wave directions.
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Figure 3.17 Real parts of surge transfer functions at the 14 mooring line attachment
points and at the coordinate origin
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Figure 3.21 Imaginary parts of sway transfer functions at the 14 mooring line attachment
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Figure 3.22 Imaginary parts of heave transfer functions at the 14 mooring line attachment
points and at the coordinate origin
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Figure 3.26 Phase angles of surge motions at the attachment points and the origin
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Figure 3.27 Phase angles of sway motions at the attachment points and the origin
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Figure 3.28 Phase angles of heave motions at the attachment points and the origin
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Figure 3.29 First-order surge motions at the attachment points and the origin (=150
degrees)
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Figure 3.30 First-order surge motions at the attachment points and the origin
(B=165degrees)
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Figure 3.31 First—order surge motions at the attachment points and the origin (=180
degrees)
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Figure 3.32 First—order sway motions at the attachment points and the origin (=150
degrees)
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Figure 3.33 First—order sway motions at the attachment points and the origin (=165
degrees)
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Figure 3.35 First-order heave motions at the attachment points and the origin(3=150
degrees)
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Figure 3.36 First—order heave motions at the attachment points and the origin(f=165
degrees)
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Figure 3.37 First—order heave motions at the attachment points and the origin(f=180
degrees)
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Figure 3.38 shows the first-order roll motions of the FPSO at three different wave heading
angles. The roll motion amplitudes are decreasing with change in wave direction from 150 to 180
degrees as is the same for the case of sway motions as shown previously in Figures 3.32 to 3.34.
Similarly, the time series of the first-order yaw motions of the FPSO shown in Figure 3.40 are
also reduced when the wave heading angle increases from 150 to 180 degrees. The time history
of the first-order pitch motions of the FPSO are shown in Figure 3.39 and the motion amplitudes
are not, however, decreasing with change in wave direction, as also in the case of heave motions

shown in Figures 3.35 to 3.37.
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Figure 3.38 First-order roll motion of the FPSO
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Figure 3.39 First-order pitch motions of the FPSO
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Figure 3.40 First-order yaw motions of the FPSO
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3.4.3 Simulated Second-Order Forces

The calculation of the slowly varying low frequency motions of the moored FPSO due to the
non-linear wave loads is necessary in order to ensure the operational position and safe design of
mooring system. A time-domain simulation is beneficial for the intuitive observation for the

vessel's motions.

The time series of the second-order surge and sway forces and yaw moments on the FPSO in
three different wave heading angles are shown in Figures 3.41 to 3.43 respectively as obtained
by Eg. (3.19). The second-order sway forces and yaw moments decrease largely with change in
wave heading angle from 150 degrees to 180 degrees, while the second-order surge forces
change little in magnitude. The values of the second-order sway force and yaw moment in head

seas are negligible.
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Figure 3.41 Second-order surge and sway forces and yaw moment (=150 degrees)
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Figure 3.42 Second-order surge and sway forces and yaw moment (B=165 degrees)

90



Chapter 3 — Free Floating Body Motions by Frequency—-Domain and Fast Time—-Domain Methods

sm'ge
-5 1 1 1 1 1
a 2000 4000 BOO0 s000 10000
time [=sec]
5
= sway
ﬁ |:| k. i T
=i
L
5
a 2000 4000 BOO0 2000 10000
time [sec]
5
=
=
5 a I
gl yaw
L
-5
a 2000 4000 G000 8000 10000

time [=zec]

Figure 3.43 Second-order surge and sway forces and yaw moment (=180 degrees)

91



Chapter 3 — Free Floating Body Motions by Frequency—-Domain and Fast Time—-Domain Methods

3.4.4 Simulated Second-Order Motions

The time series of the second-order surge, sway and yaw motions of the FPSO in three
different wave directions are shown in Figures 3.44 to 3.46 respectively as obtained by Eq.
(3.18). The sway and yaw motions are significantly reduced according to the changes of the
wave directions while the surge motions are not reduced so much as sway and yaw. These
motions are to be combined with the first-order motions in order to give rise to the expected total
displacement. After that, the corresponding mooring line tensions can be calculated considering

all the variations of physical positions with time at line attachment points.
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Figure 3.44 Second-order surge, sway and yaw motions of the FPSO (=150 degrees)
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Figure 3.45 Second-order surge, sway and yaw motions of the FPSO (=165 degrees)
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Figure 3.46 Second-order surge, sway and yaw motions of the FPSO (=180 degrees)
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3.4.5 Combined First- and Second-Order Motions

The time series of total surge displacements at the attachment points from No.1 to No.14
mooring lines and the origin of the global coordinate system in three different wave heading
angles are shown in Figures 3.47 to 3.49 respectively as obtained by superimposing the first- and
second-order motions at each time step. Similarly, the time histories of total combined sway
displacements at the attachment points and the origin in three different wave directions are
illustrated in Figures 3.50 to 3.52 respectively. The value of the combined sway motions in head

waves is negligible.

The time series of total heave displacements at the attachment points from No.1 to No.14
mooring lines and the origin are demonstrated in Figures 3.53 to 3.55respectively for three
different wave angles of attack. This heave motion is mainly induced by the first-order waves as
the second-order heave forces are effectively small in this case. Similarly, the time histories of
total roll motions of the FPSO are shown in Figure 3.56 and the variations of the total pitch
motions of the FPSO with time are illustrated in Figure 3.57 respectively for various wave
directions. The combined roll motions can be ignored in head seas, as before. The tendency of
surge, heave and pitch motions are about the same order in the changing magnitude of motion

amplitude with the wave angle 3 increasing from 150 to 180 degrees.

Figure 3.58 shows the time series of total yaw displacement of the FPSO respectively for
various wave angles of attack. The yaw motion amplitudes are seen to decrease with the change

of wave angle 3 from 150 to 180 degrees, as in the case of sway and roll.
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Figure 3.47 Time series of the 1st+2nd order motions combined of surge displacement at
each mooring line attachment point and the origin (3=150 degrees)
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Figure 3.48 Time series of the 1st+2nd order motions combined of surge displacement at
each mooring line attachment point and the origin (3=165 degrees)
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Figure 3.49 Time series of the 1st+2nd order motions combined of surge displacement at
each mooring line attachment point and the origin (3=180 degrees)
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Figure 3.50 Time series of the 1st+2nd order motions combined of sway displacement at
each mooring line attachment point and the origin (3=150 degrees)
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Figure 3.51 Time series of the 1st+2nd order motions combined of sway displacement at
each mooring line attachment point and the origin (3=165 degrees)
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Figure 3.52 Time series of the 1st+2nd order motions combined of sway displacement at

each mooring line attachment point and the origin (8=180 degrees)

(The values of sway are zero in the head sea condition, $=180)
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Figure 3.53 Time series of the 1st+2nd order motions combined of heave displacement at
each mooring line attachment point and the origin (3=150 degrees)
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Figure 3.54 Time series of the 1st+2nd order motions combined of heave displacement at
each mooring line attachment point and the origin (3=165 degrees)
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Figure 3.55 Time series of the 1st+2nd order motions combined of heave displacement at
each mooring line attachment point and the origin (3=180 degrees)

105



Chapter 3 — Free Floating Body Motions by Frequency—-Domain and Fast Time—-Domain Methods

0.1 — 150 [%)

— 0.05

K=l

[0

— 0

ar

-0.05
-0.1 : _
0 5000 10000
time [sec]
0.05 — 1657

B
= 0

-

ar

-0.05
0 5000 10000
time [sec]
— 180 [°]
1

£, lrad]

0 2000 4000 BOOO S0O00 10000
time [sec]

Figure 3.56 Time series of the 1st+2nd order motions combined of roll displacement
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Figure 3.57 Time series of the 1st+2nd order motions combined of pitch displacement
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Figure 3.58 Time series of the 1st+2nd order motions combined of yaw displacement
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3.5 Spectra of Fast-Time Domain Motion Simulations

The spectra of surge, sway and heave motions simulated by means of the fast time-domain
method at the attachment points of mooring line No.1, 4, 8 and 12 and the origin of the global
coordinate system in three different wave directions have been obtained by Fourier transform
and are shown in Figures 3.59 to 3.61 respectively . The effects of the second-order motion on
motion spectra are dominant at the natural frequencies of the FPSO in the case of surge and sway,

while the first-order motion governs the heave motion spectrum.

The surge motion spectral density at wave frequency above 0.2 rad/sec at wave direction 150
degrees is larger than that at 165 and 180 while at wave frequency below 0.2 rad/sec it decreases
with increasing wave heading angle from 150 degrees to 165 and then increases slightly at 180
degrees. However, the surge motion spectral density is much the same between 165 degrees and
180 degrees. No8 and No12 attachment points that are in the port side of the turret show slightly
different surge motion spectrum form from Nol and No4 attachment points in the starboard side
when waves are coming from the starboard side at 150 and 165 degrees. Furthermore, the surge
motion spectrum of the FPSO at the origin of the global coordinate which is above the centre of

gravity of the FPSO is smaller than that at the attachment points.

The sway motion spectral density decreases with increasing wave heading angles from 150 to
180 degrees. This is due to the effect that the projection area of the FPSO hull in the sway
direction is diminished rapidly against the increase in angle of the incident wave. The largest
peak of the sway motion spectral density at low frequency is caused by the resonance of the

second-order sway motion.

On the other hand, the shape of the heave motion spectrum indicates that the first-order
motion is dominant entirely. The heave motion spectral densities at the attachment points are
larger than those at the origin of the global coordinate systems the attachment points are in the
bow region which is susceptible to pitch induced vertical motion. The heave motion density at
No.4 attachment point is somewhat larger than that at No.1 and 8 attachment points and that at
No. 12 attachment point is the smallest because its position is different relative to the incident
wave direction which can make the attachment point to behave in a different degree of

displacement especially for pitch.

The motion spectra for roll, pitch and yaw modes are demonstrated in Figure 3.62, where the

values of roll motion spectral density go down when the wave direction changes away towards
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head seas as in the sway and yaw cases. The pitch motion spectral density is slightly larger in
proportion to the heading angles from 150 to 180 degrees. In the yaw case it is shown that both

the first- and second-order motion effects are the same as in the sway case.

110



Chapter 3 — Free Floating Body Motions by Frequency—-Domain and Fast Time—-Domain Methods

[2as/ped]®
S0

g

[28s/pel]®
S0

mm &~

o

[2as/ped]®

0

Hm———a

0

=
|

0

00s

0001

00st

00s

oool

0051

00s

0001

oosik

[08s-,w] (ubuo ayy) [288-,w] (uibiuo ayy)

[988-,w] (ubuo ayy)

[das/ped]m
S0 0

[28s/pel]®
S0 0

[2as/ped]m
g0 0

Nd

00%

0ool

0oslk

00s

0ool

0051

00s

0001

0oslk

[o8s-,u] (z10u) [oss-,u] (z10u)

[oas-u] (z100)

[2as/ped]®
g0 0

[28s/ped]®
S0 0

—7 T

[2as/ped]m
S0 0

7

00s

oool

nost

00s

nool

00s1

00s

000t

0ost

[288-,w] (gou) [088-,w] (gou)

[28s-,w] (gou)

[2as/ped]m

S0 0
m_m m
!
[28s/pel]®
S0 0
17 g=‘
¥

[das/ped]m
S0 0

%

00s

000l

00st

00S

oool

0051

00s

0001

oosi

[288-,w] (ou)

[288-,w] (Fou)

[28s-,w] (you)

[2as/ped]®
S0 0

[28s/pel]®
g0 0

Y

[2as/ped]®
S0 0

I%

00s

oool

0osik

00s

oool

0051

00s

0001

oosi

[28s-,w] () 0u) [285-,w] (| ou)

[28s-,w] () o)

Figure 3.59 Surge motion spectra
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Figure 3.60 Sway motion spectra
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Figure 3.61 Heave motion spectra
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Figure 3.62 Roll, pitch and yaw motions spectra
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3.6 Concluding Remarks

The design of a mooring system, in order to ensure the required level of performance, should
be assessed by numerical motion simulations at the attachment points of the mooring lines. The
characteristics of the motions of the floating structure are complicated owing to the irregularity
of the incident waves and the non-linearity effects of the mooring system.

The necessity of the analysis about the mooring system is that the investigation of the stability
gives rise to achieving a target value of the overall safety and efficiency during the through-life
operation of the mooring system. The 6-DOF (Degree of Freedom) motions can be divided into
two characteristics. The one is the characteristics of the motions experienced by mainly freely
floating objects and these are the heave, roll and pitch motions. The other is the characteristics of
the translational motions experienced by mainly mooring systems and these are caused by the
surge, sway and yaw movements of the FPSO, that is, the horizontal plane motions. Translational
movements must be constrained within a limited range in order to avoid damage to flow line

risers, etc.

The motion responses of the FPSO vessel to regular waves of different frequencies and the
resulting mean second-order forces and moments have been calculated by means of source
distribution method in the frequency domain analysis. The motion RAOs and their phases at the
attachment points of the mooring lines have also been estimated in order to carry out a fast time-

domain motion simulation in random seas.

Based on the principle of superposition, the simulations of the first-order wave exciting forces
and moments on the FPSO vessel in irregular waves have been performed and presented and will
be used in Chapter 4 for the solution of the coupled time-domain motion equations of the FPSO
vessel and a time-domain mooring analysis. To obtain practical estimations of motions and
resulting mooring line tensions, the fast time-domain motion analysis method has been presented
and applied for predicting the first- and second-order motions at the attachment points of the
mooring lines in a design extreme wave condition of significant wave height 16 m and mean
period 14.5 sec. The fast time-domain analysis is based on the superposition of the first-order
response amplitude operator of the motions of the FPSO unit. The variations of the second-order
forces and moment with time, which induce the slowly varying low frequency motions of the
FPSO in surge, sway and yaw modes, have been obtained from the mean second-order forces
and moment based on Newman’s approximation. The results of the time series of the combined
first- and second-order motions at the attachment points and the origin of the global coordinate
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system have been presented and discussed, and will be employed for the time-domain mooring
analysis in Chapter 4. The motion spectra of the combined motions in surge, sway and yaw
modes indicate that the first-order motions are dominant at wave frequency above 0.2 rad/sec but
the second-order motions are significant in long waves. On the other hand, the motion spectra of

the combined motions in heave, roll and pitch modes are governed by the first-order motions.

Normally, time-domain simulations of motion responses of a moored vessel in irregular seas
are computationally intensive, even in a quasi-static mooring analysis, since the coupled
equations of motion are integrated in the time domain and a number of test cases must be
considered due to the random nature. Therefore a time domain analysis is more time-consuming
than a frequency domain analysis. In the following chapter, both the frequency-domain technique
and the time-domain simulation method for coupled wave-induced motions and associated
mooring analysis are developed and implemented in order to predict the first-order wave-induced
motions and slow-drift motions of a FSPO, and to estimate the resulting maximum line tensions
on her turret-mooring system. The maximum excursions and the resulting mooring tensions
obtained by the frequency-domain method, the fast time-domain technique and the retardation
function based time-domain coupled motion simulation method will be compared and discussed
in Chapter 4.
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CHAPTER

Quasi-Static Mooring
Analysis in Frequency and Time Domains
and Dynamic Mooring Analysis

4.1 Introduction

The main purpose of a mooring system is to minimize vessel motions by its mooring stiffness,
principally in the horizontal plane, not only for the survival of the vessel in extreme weather
conditions but also for the operation of the vessel in mild seas. If a FPSO vessel is drifting
without any mooring restrain, the vessel will be in a great dangerous situation that
grounding/collision may occur. Thus, it is necessary to assess the safety of the mooring system of
a FPSO through a mooring analysis. Furthermore, the mooring system plays an important role to
ensure the operational envelop of the FPSO vessel within the safety limit of its risers. If the
FPSO vessel is often required to shut down its operation due to excessive excursion, it may not

be viable to operate it and may result in financial loss.

The mooring analysis of a FPSO vessel may be static, quasi-static or dynamic depending on
the motion responses of the FPSO to environmental loads. For static loads due to steady wind,
current and mean wave loads, a static mooring analysis is required. In addition to these static
loads, the variation of the static tension due to unsteady winds and waves needs to be considered
in a quasi-static mooring analysis. The quasi-static mooring analysis can be carried out in the
frequency domain or in the time domain. Furthermore, when the FPSO is operating in deep water
greater than 100 m (DNV 2008), a dynamic mooring analysis is required. In the present study,
static tensions are caused by mean second-order wave loads as current and wind loads are not
considered. In this Chapter the quasi-static mooring analysis will be performed by means of a
frequency-domain technique, fast time-domain motion analysis method and retardation function

based time-domain motion simulation method, while a dynamic mooring analysis based on the
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motions of attachment points in the time domain will be carried out by means of the lumped
mass method described in Chapter 2.

Having described the catenary equations of single component and multi-component mooring
lines in Chapter 2, Section 4.2 presents the results of the variation of horizontal tension with
excursion and of the variation of vertical tension with vertical depth for the mooring lines of the
Schiehallion FPSO. These variations of tension components with the motions of the attachment
points of the mooring lines are employed in the coupled time-domain equations of motion for the
FPSO in six degrees of freedom in Section 4.3. The coupled time-domain motion equations are
based on the retardation function transformed from damping due to radiation waves. The
response motions and motion spectra at the attachment points and the origin of the global
coordinate system calculated by the present time-domain analysis for the three different heading
angles are discussed in Section 4.4 and compared with those obtained in the previous fast time-
domain analysis. Section 4.5 presents the quasi-static frequency-domain mooring analysis and
discusses the results of surge and sway excursions of the FPSO. The time series and
corresponding spectra of line tensions predicted by two different time-domain approaches are
discussed in Section 4.6. Section 4.7 discusses mooring line dynamics and the conclusions are

presented in Section 4.8.

4.2 Variations of horizontal and vertical tensions

It is necessary to tension each of the mooring lines which provide restoring forces and
moments on the FPSO as the FPSO moves from and around the initial static equilibrium position
in which some of the mooring lines are taut while others hang in a relatively slack manner. This
equilibrium pretension configuration in which the FPSO vessel and its mooring lines undergo
oscillatory motions due to wave excitations is developed through the equilibrium of forces and
moments on the FPSO by means of the static catenary equations for each mooring line. It is

noted that the effects of winds and currents are not included in this study.
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Figure 4.1 Turret-mooring arrangement

Figure 4.1 shows a turret-mooring arrangement in which the Schiehallion FPSO faces to three
different wave directions of 150°, 165° and 180°. Since the mooring line arrangement is
symmetric centring around the global x-axis, the motion and mooring analyses can be performed
for waves coming either from port or from starboard side. Table 4.1 summarises the coordinates
of the attachment points of 14 mooring lines with respect to the global coordinate system in
which the origin lies on the mean free surface with the x-axis pointing to the bow, the y-axis
pointing to the port and the z-axis pointing vertically and passing through the centre of gravity of
the FPSO. The angle o in Table 4.1 and g, shown in Figure 4.1 mean the angle of each mooring
line on the x-y plane measured from the negative x-axis while the angle | in Table 4.1 and ¢,
illustrated in Figure 4.1 mean the inclining angle of the last segment of the individual mooring
line measured from the waterplane. The value of the inclining angle o, was determined by
means of the catenary equations presented in Chapter 2 and based on the line length of 4,652 m,
the line weight of 504 N/m, and the pretension of 2,297 kN. Both o and I angles will change as
the vessel moves, for example the | angle will be larger on slacked side. The data summarised in

Table 4.1 will be used as the initial condition for the time-domain motion simulation.
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Table 4.1 Coordinates of the attachment points

x [m] y [m] z [m]
el 17883 =489 | 0.
B L7 I A 0
3 -5.82 0
. S o603 Q..
USROS =560 ... 0.
P o — -1 Q.
7 -4.63 0
8 483 0.
9 )ag02s 513 ... 0.
W[ ). IR/ 510 - 0
11 6.03 0
e fie e ] 582 [..1 0.
13 I = 70 I 0.
14 4,89 0
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Figure 4.2 Curve of horizontal tension at attachment point against horizontal distance for
each mooring line

The larger the mooring stiffness is, the smaller the movement of a moored vessel will be. The
horizontal mooring stiffness of a mooring line can be illustrated as the slope of the curve of the
horizontal component Ty of line tension at the attachment point against horizontal distance X.
The distance X is the horizontal distance between the anchor point and the attachment point
shown in Figure 2.4. Figure 4.2 shows the horizontal tensile force component Ty at the
attachment point of the mooring line from the bottom anchor to the Schiehallion FPSO vessel as
a function of the horizontal distance X. Based on the assumption that the anchor does not move,
the horizontal tension component Ty can be obtained from Eq. (2.12) for a slack single
component line or from the catenary equations associated with Eq. (2.14) for different
configurations of a multi-component line given in Chapter 2. The horizontal tension component
TH increases with increase in the horizontal distance X. In other words, when the attachment
point moves away from the anchor point, the line becomes tighter and has higher stiffness and

tension. The mooring line stiffness is no longer constant and becomes non-linear when the
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horizontal excursion is large. When the motions of the FPSO are large in extreme wave
conditions, the mooring system acts as a non-linear spring whose stiffness depends on the
lengths and weights of the mooring lines in water and the horizontal and vertical distances of the
attachment points respectively from their anchor points and sea bed. The radical increases in
horizontal tension and stiffness shown in Figure 4.2 occur at large horizontal distance X or large
excursion from its static equilibrium position. The maximum tension of a mooring line must be
within some endurable range of tension. The installation pretension needs to be considered for
the proper determination of this endurable range of tension as the horizontal tension is very
sensitive to the pretension level. The higher pretensions would generate higher line tensions for
the same attachment point excursions. However if the pretensions are too low, the restoring
forces that are generated in the mooring lines would not be large enough to control lateral
displacements within the required operational and survival conditions. The maximum allowable
limiting tension can be determined from the line breaking strength associated with an anchor

capacity and any required factor of safety.

The curve of the horizontal tension component Ty against the horizontal distance X can be
employed for a quasi-static time-domain mooring analysis. When the FPSO vessel is moving
from its static equilibrium position, in three dimensions, to some new position in response to
waves, the corresponding horizontal distances of the attachment points from their anchor points
can be calculated and hence the horizontal tension forces and moments from the mooring lines
can be obtained at each time step. In order to facilitate the calculation of the non-linear
horizontal restoring forces and moment from the mooring lines in the time domain, the tension-
displacement relationship from the static position of a mooring line may be represented, for
analysis purposes, in a polynomial form by using a curve-fitting technique from the actual data
on each displaced distance and corresponding increased tension.

Figure 4.3 shows the relationship between the vertical tension component Ty at the
attachment point and the vertical distance Z of the attachment point above the sea bed. This
relationship can be used to calculate the vertical restoring force and moment from the mooring
lines in the quasi-static time-domain mooring analysis. It is noted that the vertical tension force
Ty is equal to the weight of the mooring line suspended above the sea bed and thus depends on

the wetted length ¢ of the line. Increasing the vertical distance Z increases the wetted length ¢,

and the vertical tension Ty. However, the vertical tension and stiffness are not significant when

compared with the horizontal tension and stiffness.

121



Chapter 4 — Quasi-Static Mooring Analysis in Frequency and Time Domains and Dynamic
Moorimg Amatysis

1,200

600

ELy)

Vertical Tension T\' k]

|

0 100 W 0 400

Vertical distance Z [m]

Figure 4.3 Curve of vertical tension at attachment point against vertical distance

After both horizontal and vertical components of the tension at the attachment point are found,

the tension can be obtained by /(T )” +(T, )’ . This tension is tangent to the mooring line.

4.3 Motion Equations for Time-Domain Analysis

The time-domain coupled equations of motion of a moored FPSO vessel in six degrees of

freedom can be written as (Oortmerssen 1976, Kato et al 1994) :

6
> [(M,-k + Ap(e0)) & + j Kje (D) & (6 = Dde + Cuedie| = F(©) + K20 = F(©)
0

k=1

forj=1,2,...6 (4.1)

where Ajj () is the added mass at w=oo; Kj is the retardation function; Cj is the restoring
coefficient due to change in buoyancy; 13.(1) and 13.(2) the first- and second-order forces in the j-th

mode respectively determined by Egs. (3.20) and (3.19); F™(t) is the mooring force in the j-th

mode determined by means of the relationship of the horizontal tension component Ty and

horizontal distance X and by the vertical tension component Ty against vertical distance Z.

The retardation function is a memory effect on the free surface with the information of the
damping coefficient B, varying with wave frequency . The memory effect means that the linear
transient motions of the FPSO can be calculated using the convolution integral of the retardation
function Kj, with the velocity &, for the hydrodynamic memory effect. The retardation function

Kj« can be calculated by the cosine transform of the damping coefficient By in the form:
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Kie(t) =2 J,” By(w)cos(wt)dw (4.2)

Using the damping coefficients calculated by the source distribution method (Chan 1992,
1993) and shown in Appendix F, the retardation functions have been obtained over a duration of
30 sec from Eqg. (4.2) and shown in Figures 4.4 and 4.5 and Tables 4.2 and 4.3. This short
duration implies that the retardation functions Kj are reduced rapidly and the memory effects
affect very near past of the response motions of the FPSO vessel. The retardation function was
produced for 30 seconds as the magnitudes of the values are decreased to almost zero. The

values can be ignored after 30 seconds for the effect of the retardation function.
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Figure 4.4 Retardation functions for surge, sway, heave, roll, pitch and yaw motions
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Figure 4.5 Retardation functions for coupled motions
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Table 4.2 Retardation function (uncoupled)

Time Ku Kaz Kaz Kag Kss Kes
0 4.47E+06 5.03E+07 1.73E+07 1.09E+09 5.25E+10 1.70E+11
1 2.48E+06 3.22E+07 1.46E+07 6.71E+08 3.85E+10 1.02E+11
2 -1.10E+06 | -3.17E+06 | 8.36E+06 | -1.41E+08 | 9.31E+09 | -2.93E+10
3 -2.50E+06 | -2.38E+07 | 2.00E+06 | -6.01E+08 | -1.30E+10 | -9.68E+10
4 -1.37E+06 | -2.21E+07 | -2.52E+06 | -5.08E+08 | -2.06E+10 | -7.65E+10
5 -1.38E+05 | -1.39E+07 | -5.23E+06 | -2.33E+08 | -2.08E+10 | -3.55E+10
6 -4.63E+04 | -9.32E+06 | -6.60E+06 | -8.00E+07 | -1.96E+10 | -1.57E+10
7 -1.79E+05 | -4.87E+06 | -6.69E+06 | -7.20E+06 | -1.59E+10 | -6.00E+08
8 1.09E+05 1.84E+06 | -5.74E+06 | 8.15E+07 | -8.85E+09 | 2.15E+10
9 2.61E+05 5.76E+06 | -4.39E+06 | 1.32E+08 | -1.97E+09 | 3.15E+10
10 -3.80E+03 | 4.75E+06 | -3.13E+06 | 9.69E+07 | 2.32E+09 | 2.16E+10
11 -1.35E+05 | 3.46E+06 | -1.99E+06 | 4.80E+07 5.17E+09 1.09E+10
12 8.37E+04 4.34E+06 | -9.85E+05 | 4.55E+07 7.24E+09 9.22E+09
13 1.86E+05 421E+06 | -2.84E+05 | 4.79E+07 7.25E+09 4.67E+09
14 1.09E+04 1.51E+06 1.03E+05 1.52E+07 5.23E+09 | -7.18E+09
15 -4.39E+04 | -8.08E+05 | 3.68E+05 | -2.01E+07 | 3.22E+09 | -1.39E+10
16 1.25E+05 | -9.97E+05 | 5.81E+05 | -2.78E+07 | 2.06E+09 | -1.06E+10
17 1.68E+05 | -8.95E+05 | 6.41E+05 | -2.77E+07 | 7.81E+08 | -6.78E+09
18 1.34E+04 | -1.51E+06 | 5.51E+05 | -3.21E+07 | -7.91E+08 | -6.52E+09
19 -3.57E+04 | -1.54E+06 | 4.41E+05 | -2.28E+07 | -1.62E+09 | -3.23E+09
20 5.58E+04 | -8.44E+05 | 3.34E+05 | -4.20E+06 | -1.62E+09 | 3.42E+09
21 2.73E+04 | -8.08E+05 | 1.69E+05 | -4.10E+06 | -1.59E+09 | 5.96E+09
22 -1.11E+05 | -1.12E+06 | 8.00E+03 | -1.52E+07 | -1.43E+09 | 4.23E+09
23 -1.11E+05 | -2.47E+05 | -2.40E+04 | -3.30E+06 | -5.23E+08 | 4.70E+09
24 -1.20E+03 | 1.14E+06 3.80E+04 2.57E+07 5.57E+08 6.35E+09
25 -7.70E+03 | 1.08E+06 6.00E+04 3.09E+07 6.90E+08 2.87E+09
26 -8.53E+04 | -2.00E+04 | 3.40E+04 7.90E+06 1.34E+08 | -3.50E+09
27 -2.91E+04 | -1.11E+05 | 4.00E+04 | -7.50E+06 | -1.04E+08 | -5.05E+09
28 9.17E+04 | 7.93E+05 | 6.40E+04 | -1.90E+06 | -5.20E+07 | -2.36E+09
29 7.37E+04 9.05E+05 5.30E+04 3.30E+06 | -2.69E+08 | -1.80E+09
30 -1.67E+04 | -6.00E+03 | 5.50E+04 | -2.40E+06 | -4.42E+08 | -3.02E+09
31 2.20E+03 | -5.84E+05 | 1.25E+05 | -6.70E+06 | -7.40E+07 | -1.21E+09
32 5.85E+04 | -4.72E+05 | 1.74E+05 | -5.80E+06 | 2.92E+08 2.35E+09
33 -4.10E+03 | -3.57E+05 | 1.02E+05 | -5.70E+06 | 2.70E+07 | 2.92E+09
34 -9.13E+04 | -2.24E+05 | -2.20E+04 | -2.00E+06 | -3.16E+08 | 1.39E+09
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35 -4.50E+04 | 2.17E+05 | -6.40E+04 | 8.80E+06 | -1.50E+07 | 1.22E+09
36 4.42E+04 | 3.47E+05 | -2.50E+04 | 1.13E+07 | 4.76E+08 1.08E+09
37 2.57E+04 | -2.24E+05 | 3.00E+03 | -3.70E+06 | 4.08E+08 | -1.20E+09
38 -2.50E+04 | -5.02E+05 | 8.00E+03 | -1.51E+07 | 4.40E+07 | -2.58E+09
39 1.03E+04 | 1.93E+05 | 2.70E+04 | -4.00E+06 | -3.90E+07 | -4.60E+08
40 491E+04 | 7.63E+05 | 4.50E+04 | 1.31E+07 | -1.70E+07 | 1.54E+09
41 -3.30E+03 | 1.95E+05 | 2.20E+04 | 1.08E+07 | -2.10E+08 | 1.10E+08
42 -4.83E+04 | -6.05E+05 | -1.50E+04 | -4.50E+06 | -3.11E+08 | -1.57E+09
43 8.00E+02 | -4.20E+05 | -2.60E+04 | -1.01E+07 | -6.40E+07 | -2.00E+08
44 3.91E+04 | 2.74E+05 | -1.50E+04 | -3.00E+06 | 1.50E+08 1.48E+09
45 -1.22E+04 | 4.01E+05 | 2.00E+03 | 4.00E+06 | 7.10E+07 | 4.60E+08
46 -451E+04 | 5.30E+04 | 3.30E+04 | 5.90E+06 | 3.60E+07 | -9.20E+08
47 1.21E+04 | -1.48E+05 | 6.00E+04 | 3.90E+06 1.80E+08 | -1.90E+08
48 4.82E+04 | -2.03E+05 | 3.60E+04 | -3.30E+06 | 1.06E+08 | 6.40E+08
49 -6.90E+03 | -2.13E+05 | -2.70E+04 | -9.60E+06 | -2.38E+08 | -1.00E+08
50 -4.54E+04 | 7.80E+04 | -5.40E+04 | -3.70E+06 | -3.15E+08 | -3.70E+08
51 1.20E+03 | 4.44E+05 | -2.30E+04 | 9.30E+06 | 3.30E+07 | 6.50E+08
52 3.72E+04 | 1.91E+05 1.40E+04 | 9.70E+06 | 2.88E+08 | 5.30E+08
53 1.90E+03 | -4.70E+05 | 2.90E+04 | -4.50E+06 | 1.73E+08 | -1.07E+09
54 -2.34E+04 | -4.69E+05 | 4.00E+04 | -1.16E+07 | -1.10E+07 | -1.06E+09
55 5.00E+03 | 2.73E+05 | 3.50E+04 | -1.50E+06 | -9.70E+07 | 8.70E+08
56 1.48E+04 | 5.91E+05 | -1.50E+04 | 9.10E+06 | -2.13E+08 | 1.26E+09
57 -1.60E+04 | 3.10E+04 | -6.80E+04 | 5.60E+06 | -2.26E+08 | -5.40E+08
58 -1.46E+04 | -4.67E+05 | -5.00E+04 | -3.40E+06 | 8.80E+07 | -1.18E+09
59 2.38E+04 | -2.44E+05 | 2.80E+04 | -5.60E+06 | 3.92E+08 | 2.90E+08
60 1.87E+04 | 1.80E+05 | 7.20E+04 | -2.10E+06 | 1.99E+08 | 9.30E+08

K11 means the retardation function for surge coupled by surge (e.g. no coupled in this case) in

the degree of freedom and so on for Ky, Kss, Kas, Kss and Kgg.
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Table 4.3 Retardation function (coupled)

Time Kis Kis Kaa Kas Kss Kas
0 7.65E+05 | 3.80E+08 | 2.16E+08 | 1.45E+08 | 1.27E+08 | 4.97E+08
1 3.19E+05 2.48E+08 1.38E+08 8.21E+07 7.45E+07 3.92E+08
2 -4.24E+05 | -8.95E+06 | -1.52E+07 | -3.23E+07 | -2.19E+07 | 1.32E+08
3 -5.61E+05 | -1.53E+08 | -1.08E+08 | -7.83E+07 | -6.31E+07 | -1.48E+08
4 -1.10E+05 | -1.35E+08 | -1.02E+08 | -4.45E+07 | -3.59E+07 | -3.11E+08
5 2.24E+05 | -8.06E+07 | -5.99E+07 | -8.17E+06 | -2.37E+06 | -3.19E+08
6 1.55E+05 | -6.72E+07 | -3.29E+07 | -8.32E+06 | 1.49E+06 | -2.34E+08
7 1.19E+04 | -6.09E+07 | -1.27E+07 | -1.44E+07 | -4.67E+06 | -1.31E+08
8 2.24E+04 | -3.13E+07 | 1.26E+07 | -3.14E+06 | -2.34E+06 | -2.60E+07
9 3.62E+04 | -6.33E+06 | 2.74E+07 8.29E+06 | -1.45E+06 | 7.71E+07
10 -4.06E+04 | -2.04E+06 | 2.27E+07 6.91E+06 | -8.37E+06 | 1.41E+08
11 -6.84E+04 | 6.23E+06 1.43E+07 5.27E+06 | -1.07E+07 | 1.38E+08
12 8.39E+03 2.70E+07 1.42E+07 9.95E+06 | -3.05E+06 | 9.74E+07
13 5.41E+04 3.56E+07 1.37E+07 1.01E+07 3.44E+06 6.36E+07
14 1.30E+04 2.50E+07 5.42E+06 3.06E+06 2.53E+06 3.84E+07
15 -1.10E+04 | 1.72E+07 | -3.14E+06 | 7.00E+04 1.24E+06 1.34E+06
16 1.94E+04 1.98E+07 | -5.60E+06 | 2.53E+06 3.07E+06 | -3.80E+07
17 2.13E+04 | 1.58E+07 | -6.09E+06 | 5.60E+05 | 2.86E+06 | -5.29E+07
18 -1.94E+04 | 1.55E+06 | -7.21E+06 | -5.59E+06 | 0.00E+00 | -4.53E+07
19 -2.49E+04 | -7.18E+06 | -5.57E+06 | -5.90E+06 | -1.20E+05 | -3.83E+07
20 8.72E+03 | -7.28E+06 | -2.17E+06 | -7.40E+05 | 2.05E+06 | -3.60E+07
21 8.97E+03 | -1.03E+07 | -2.28E+06 | 3.40E+05 1.19E+06 | -2.56E+07
22 -2.22E+04 | -1.52E+07 | -4.14E+06 | -2.86E+06 | -1.69E+06 | -6.13E+06
23 -2.00E+04 | -1.05E+07 | -1.15E+06 | -2.64E+06 | -1.50E+06 | 1.18E+07
24 7.61E+03 1.00E+04 4.95E+06 7.20E+05 6.20E+05 2.50E+07
25 3.27E+03 | 2.96E+06 | 6.03E+06 | 1.18E+06 | 2.70E+05 | 3.49E+07
26 -1.81E+04 | 1.40E+05 1.73E+06 | -3.00E+04 | -1.12E+06 | 3.53E+07
27 -4.80E+03 | 2.20E+06 | -6.30E+05 | 1.66E+06 | -6.00E+04 | 2.35E+07
28 2.10E+04 6.21E+06 1.08E+06 3.29E+06 1.17E+06 8.30E+06
29 1.10E+04 2.94E+06 1.96E+06 6.30E+05 | -3.60E+05 | -3.87E+06
30 -7.14E+03 | -2.86E+06 | 4.00E+04 | -1.95E+06 | -1.35E+06 | -1.82E+07
31 1.10E+04 | -1.58E+06 | -1.75E+06 | 3.60E+05 1.12E+06 | -3.35E+07
32 2.86E+04 2.07E+06 | -2.16E+06 | 2.66E+06 2.75E+06 | -3.47E+07
33 -2.96E+03 | -9.40E+05 | -2.14E+06 | -3.50E+05 | -1.50E+05 | -1.60E+07
34 -4.16E+04 | -5.55E+06 | -8.90E+05 | -3.83E+06 | -3.00E+06 | 6.81E+06
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35 -2.51E+04 | -2.62E+06 | 1.83E+06 | -1.85E+06 | -1.02E+06 | 1.92E+07
36 1.81E+04 | 3.37E+06 | 2.60E+06 1.72E+06 | 2.25E+06 | 2.40E+07
37 2.42E+04 | 3.62E+06 | -3.70E+05 | 1.23E+06 1.69E+06 | 2.49E+07
38 1.15E+03 | 8.60E+05 | -2.73E+06 | -7.50E+05 | -7.90E+05 | 1.41E+07
39 -7.15E+03 | 1.25E+06 | -6.70E+05 | -6.00E+04 | -1.11E+06 | -9.35E+06
40 -2.72E+03 | 1.68E+06 | 2.42E+06 | 9.50E+05 | -1.50E+05 | -2.72E+07
41 -6.02E+03 | -1.68E+06 | 1.73E+06 | -3.30E+05 | -1.50E+05 | -2.37E+07
42 -3.28E+03 | -3.70E+06 | -1.13E+06 | -9.30E+05 | 4.00E+04 | -5.50E+06
43 1.40E+04 | -5.10E+05 | -1.76E+06 | 8.30E+05 1.11E+06 1.04E+07
44 1.51E+04 | 2.03E+06 | -1.20E+05 | 1.16E+06 | 7.40E+05 1.61E+07
45 -1.13E+04 | -1.80E+05 | 9.90E+05 | -1.14E+06 | -1.29E+06 | 1.24E+07
46 -2.34E+04 | -1.57E+06 | 9.10E+05 | -1.56E+06 | -1.55E+06 | 1.73E+06
47 6.00E+02 1.32E+06 | 3.70E+05 1.18E+06 | 6.60E+05 | -9.53E+06
48 2.04E+04 | 2.55E+06 | -7.50E+05 | 2.08E+06 1.64E+06 | -1.15E+07
49 5.86E+03 | -1.10E+06 | -1.63E+06 | -5.80E+05 | 5.00E+04 | -2.73E+06
50 -1.24E+04 | -3.28E+06 | -4.10E+05 | -1.99E+06 | -9.60E+05 | 6.51E+06
51 -4, 73E+03 | -1.40E+05 | 1.85E+06 | -5.00E+04 | -8.00E+04 | 7.08E+06
52 7.85E+03 | 2.73E+06 1.61E+06 1.19E+06 | 3.20E+05 | 9.50E+05
53 1.94E+03 1.23E+06 | -1.16E+06 | -8.00E+04 | -3.70E+05 | -4.25E+06
54 -6.27E+03 | -7.50E+05 | -2.23E+06 | -6.50E+05 | -2.00E+04 | -4.27E+06
55 -5.60E+02 | -3.80E+05 | 2.00E+04 | 4.10E+05 1.01E+06 | -3.70E+05
56 4.31E+03 | -4.40E+05 | 1.97E+06 | 2.90E+05 | 2.50E+05 | 3.01E+06
57 -1.88E+03 | -1.62E+06 | 9.80E+05 | -9.00E+05 | -1.41E+06 | 2.47E+06
58 -3.73E+03 | -5.50E+05 | -9.20E+05 | -9.00E+04 | -8.40E+05 | -2.40E+05
59 5.14E+03 | 2.12E+06 | -1.18E+06 | 1.67E+06 1.19E+06 | -9.10E+05
60 7.32E+03 1.75E+06 | -2.70E+05 | 6.60E+05 1.20E+06 1.60E+05

K1z means the retardation function for surge coupled by heave (e.g. coupled in this case) in

the degree of freedom and so on for Kis, Kzs, Kog, Kzs and Kgs.
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The non zero values of the restoring coefficients Cy given in Egs. (3.6) and (4.1) can be

calculated from the following equations:

Css = P9A, (4.3)
C, =pgV-GM; (4.4)
C,, = pgV-GM, (4.5)
Cys =Cqy = png- B(x)dx=pg-X- A, (4.6)

where x is the longitudinal distance of the centroid of the waterplane area Ay from the origin of

the global coordinate system and other parameters are defined in Section 2.2.
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4.4 Motion Responses and Motion Spectra by Time-Domain Motion
Simulations

The results of the time series of the motions at the attachment points of the mooring lines and
of the FPSO in six degrees of freedom in the extreme wave condition of significant wave height
16 m and mean period 14.5 sec at three different heading angles as obtained by Eq. (4.1) are
introduced in Figures 4.6~4.17 inclusive and are to be compared with the results from the fast
time-domain analyses shown in Figures 3.29~3.68 inclusive. It is noted that these motions are
induced by the first- and second-order wave excitations and the nonlinear restoring forces and
moments from the mooring system are considered in a quasi-static manner. Since the motions of
the FPSO vessel obtained by Eq. (4.1) are referred to the origin of the global coordinate system,
the motions at the attachment points can be calculated by some transformation as given in

Appendix B.

These motion results are arranged for surge mode in Figures 4.6 to 4.8, for sway in Figures
4.9 to 4.11, and for heave in Figures 4.12 to 4.14. The surge motions predicted by the time-
domain simulations based on the retardation function are much the same as the combined first-
and second-order surge motions obtained by the previous fast time-domain analyses as shown in
Figures 3.47 to 3.49 while the sway and heave motions in the present time-domain simulations
are much larger than those in the previous fast time-domain simulations. These differences may
be caused by complex phenomena that some coupled effects could influence on the results in the

time domain simulations.

Figures 4.15 to 4.17 illustrate the results of roll, pitch and yaw motions of the FPSO predicted
by the present time-domain technique in the 100 year sea state in various wave directions and are
compared with those by the previous fast time-domain method in Figures 3.56 to 3.58. The roll
and pitch motions of the FPSO obtained by the present time-domain method are also larger than
those by the previous fast time-domain technique but the yaw motions of the FPSO are similar
from both methods. This may due to the coupling effects in the matrix form for the coefficients

that could lead to some significant differences.

The spectra of the time series of the motions given in Figures 4.6 to 4.17 have been obtained
from the Fourier transform and are shown in Figures 4.18 to 4.21. The corresponding motion
spectra obtained from the fast time-domain method are given in Figures 3.59 to 3.62. The
motion spectra for sway, heave, roll and pitch motions obtained by the present time-domain

motion simulations are larger in magnitude than those by the fast time-domain method while the
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surge and yaw motion spectra are shown in relatively reasonable good agreement between the
two methods. Such reasonable correlation between the two methods for the motion spectra
reflects that the corresponding motion responses obtained by the two methods are similar to each

other.

Table 4.4 compares the values of mean, minimum, maximum and standard deviation of the
motions of the FPSO obtained by the present time-domain method and fast time-domain
technique for 100 year sea state in three different wave heading angles. It is noted that these
motions are induced by both the first- and second-order wave excitations in the time-domain
motion simulations based on the retardation functions but are the combination of the first- and
second-order motions in the fast time-domain analysis. The motions of sway, roll and yaw are
significantly reduced with increase in the incident wave angle from 150 to 180 degrees while
surge, heave and pitch motions are unchanged. The differences in maximum and minimum
values of the FPSO motions except surge mode obtained from the two different time-domain
analyses may be due to the fact that one time-domain method considers the memory effects of

the convolution integral of the retardation function with the velocity while the other does not.
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Figure 4.6 Time series of surge displacements at the mooring line attachment points and
origin (=150 degrees)
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Figure 4.7 Time series of surge displacements at the mooring line attachment points and
origin (=165 degrees)
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Figure 4.8 Time series of surge displacements at the mooring line attachment points and
origin (=180 degrees)
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Figure 4.9 Time series of sway displacements at the mooring line attachment points and
origin (=150 degrees)
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Figure 4.10 Time series of sway displacements at the mooring line attachment points and
origin (B=165 degrees)
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Figure 4.11 Time series of sway displacements at the mooring line attachment points and
origin (=180 degrees)

(The values of sway are zero in the head sea condition, 3=180)
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Figure 4.12 Time series of heave displacements at the mooring line attachment points
and origin (=150 degrees)
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Figure 4.13 Time series of heave displacements at the mooring line attachment points
and origin (B=165 degrees)
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Figure 4.14 Time series of heave displacements at the mooring line attachment points
and origin (=180 degrees)

141



Chapter 4 — Quasi-Static Mooring Analysis in Frequency and Time Domains and Dynamic

Moorimg Amatysis

| —— 180 ]
R E
<]
E 0
-
wrp2
04t
0 5000 10000
time [sec]
—— 1B5[*
Aok ]
i
= 0
-+
a
-0.2
0 5000 10000
time [sec]
1 — 180 [°]
sy 205
=
(1]
= 0
<r
a
05
-1
0 5000 10000
time [sec]

Figure 4.15 Time series of roll displacement
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Figure 4.16 Time series of pitch displacement
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Figure 4.18 Surge motion spectra
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Figure 4.19 Sway motion spectra
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Figure 4.20 Heave motion spectra
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Figure 4.21 Roll, pitch and yaw motions spectra

(The values of roll and yaw are zero in the head sea condition, $=180)
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Table 4.4 FPSO motions computed by two different time-domain methods

FAST TIME DOMAIN TIME DOMAIN
MEAN | MIN MAX | STD | MEAN | MIN MAX | STD
150° -0.149 | -16.925 | 16.880 | 6.363 0.042 -14.478 | 15.618 | 4.139
SLES]? E 165° -0.910 | -16.987 | 15.204 | 5.852 0.038 -14.639 | 15.828 | 4.002
180° -0.357 | -17.225 | 14.669 | 5.765 0.035 -14.721 | 15.972 | 4.002
150° 0.854 -10.757 | 11.045 | 3.944 | -0.042 | -16.306 | 15.465 | 2.376
S\[Nm?Y 165° 0.616 -5.606 5.642 | 1.984 | -0.022 -8.960 9.266 | 2.069
180° 0.000 0.000 0.000 | 0.000 0.000 0.000 0.000 | 0.000
150° 0.001 -9.289 9.236 | 2.766 | -0.007 | -13.309 | 12.620 | 4.662
HE[Q}/E 165° 0.002 -8.477 8.169 | 2.546 | -0.009 | -13.334 | 12.727 | 4.688
180° 0.002 -8.292 7.835 | 2.478 | -0.010 | -13.588 | 12.840 | 4.701
150° 0.000 -0.114 0.124 | 0.039 0.001 -0.502 0.478 | 0.186
Fflgé]L 165° 0.000 -0.069 0.069 | 0.024 0.000 -0.368 0.363 | 0.157
180° 0.000 0.000 0.000 | 0.000 0.000 0.000 0.000 | 0.000
150° 0.000 -0.128 0.130 | 0.039 0.001 -0.190 0.194 | 0.071
P[lr-;g]H 165° 0.000 -0.130 0.128 | 0.038 0.001 -0.183 0.188 | 0.070
180° 0.000 -0.132 0.128 | 0.038 0.001 -0.182 0.186 | 0.070
150° 0.001 -0.388 0.390 | 0.128 0.002 -0.412 0.410 | 0.144
E’g\é\]/ 165° 0.001 -0.180 0.175 | 0.061 0.001 -0.194 0.195 | 0.074
180° 0.000 0.000 0.000 | 0.000 0.000 0.000 0.000 | 0.000

149



Chapter 4 — Quasi-Static Mooring Analysis in Frequency and Time Domains and Dynamic
Moormg Amatysts

4.5 Quasi-Static Frequency-Domain Mooring Analysis

Since a sea wave environment is continuously changing, a motions response and mooring
analysis requires a large number of variations covering all possible wave directions, not only in
regular waves but also in irregular waves. Within the framework of assumed linearization the
responses of a floating body to irregular waves can be considered as the summation of the
responses to combinations of regular waves of all heights and frequencies. Thus, a stochastic
analysis can be carried out in order to predict the various statistical characteristics of dynamic
motion responses. This section presents some statistical properties of spectrum analysis to be
used in order to predict the maximum and significant values of the first-order and second-order
wave induced FPSO motions at the attachment points of the various mooring lines. Then the
maximum tension, within a given period of wave environment exposure, in each line can be
calculated by displacing its attachment point with a predicted maximum horizontal distance in
the direction of alignment of the individual line from its initial static equilibrium position and
through the load-excursion characteristics given by Eq. (2.13) for a slack single component
mooring line or by the equations associated with different configurations of a multi-component

line given in Section 2.4.

The maximum excursions of the attachment point (x, y, z) of a mooring line in the j-th mode
may be obtained by combination of the first-order wave-induced motion with second-order
motion in accordance with the following empirical equation (DNV 1996):

X, =& +¢” +¢s when, & > 41 (4.17)
X; =& +& +&0s when, &7 <& (4.18)

where Z is the mean offset due to mean second-order force £ . &®_ and £" are the

significant and most probable maximum values of the first-order motion in the j-th mode

respectively while @ and £ are respectively the significant and most probable maximum

1/3
values of the second-order motion in the j-th mode. They can be obtained by means of spectral

analysis with the application of the following equations:
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2| FPs(o)o

5 Kj (4.19)
£ =2m, (4.20)
£ =./2m, In(N) (4.21)
£8), =20, (4.22)

£7 =0, [2In{3600T /T, (4.23)

m, = J.:‘fj (%, y,z,a),ﬂjzs(a))da) (4.24)
m, = [ ol (x v, 2,0, ) S(o)de (4.25)
N =3600T (4.26)

n’ — i &
2z \ m, (4.27)

where m, and m, are respectively the area and second moment of area of the first-order motion

response SPectrum. | (x,y,z o, )| IS the first-order wave-induced motion amplitude operator at

an attachment point (X, y, z) at wave frequency « and heading angle 5. S(«) is the wave
spectral density. T is the duration of storm in hours, N is the number of responses in a given
storm and » " is the average number of a motion response per unit time. 1, is the natural period
of the FPSO in the j-th mode. The standard deviation og; of the low frequency motion in the j-th

mode can be written as (Pinkster, 1979):

0_2 :Jw SFj (/,l) d,u
p {Kn‘ ~(M+ Aj )/”2}2 +Bju’ (4.28)

in which s_ is the spectral density of the low frequency drift force in the j-th mode, A, and B,

are respectively the added mass and damping at the natural frequency of the j-th mode motion. In

the present investigation, the damping B, was taken as 10 % of the critical damping. The spectral
density s of the low frequency part can be determined from Pinkster’s approximation (Pinkster

1975) as:
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(4.29)

— 2
—F"(Z)(”?”IZ)J do
Z

5o 1) 8] (08 (o

where F@ (w+ «/2) the mean second-order force in the j-th direction for frequency o+ /2 and

can be calculated by Egs. (3.7) to (3.9) for surge, sway and yaw modes respectively.

Table 4.5 shows the comparisons between the surge and sway excursions obtained by the
present frequency domain method and the fast time-domain technique for the FPSO in 100 year
sea state with waves coming from three different directions. The first- and second-order motions
can be calculated separately in the fast time-domain method described in Chapter 3 and in the
present frequency-domain analysis, but the motions of the FPSO excited by the first- and second-
order wave forces in the time-domain motion simulations based on retardation functions are
mixed with both first- and second-order motions. Thus, the results of the latter time-domain

motion simulations are not shown in Table 4.5.

The values of the significant and most probable first-order and second-order surge motions
are greater than those for the first-order and second-order sway motions as predicted by both the
frequency- and the fast time-domain methods. This phenomenon is also observed in the surge
and sway RAOs presented in Figure F.1 (Appendix F). The first-order motions and mean offsets
predicted by the frequency-domain method are larger than those obtained in the fast time-domain
analysis. This means that the wave frequency motions are reliable between frequency domain
and fast time-domain method however low frequency motions are not due to the difficulties

finding exact values that are as follows with respect to critical damping.

The values of total surge motions predicted by both methods are similar order while the total
sway motions estimated by the frequency-domain method are larger than those by the fast time-
domain technique. This is due to the differences for the values of the first and second order

motions and the combination for the use of them.
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Table 4.5 Surge and sway excursions of the FPSO

FAST TIME DOMAIN FREQ DOMAIN

Unit [m]
150° 165° 180° 150° 165° 180°
Surge | 6.684 7.022 7.138 6.913 7.242 7.335

Wave freq
Sway | 3.858 2.021 0.000 4.042 2.012 0.000

MAX

Surge | 13.795 13.109 13.073 14.906 14.224 14.150

Low freq
Sway | 9.336 4.854 0.000 11.762 5.182 0.000
Surge | 3.776 3.967 4.034 3.881 4.070 4.124

Wave freq
Sway | 2211 1.094 0.000 2.265 1.129 0.000

SIG

Surge | 9.324 8.296 8.054 8.763 7.980 7.897

Low freq
Sway | 6.713 3.484 0.000 6.570 2.895 0.000
Surge | -0.150 -0.910 -0.358 -1.565 -1.480 -1.456

MEAN OFFSET
Sway 0.854 0.617 0.000 2.855 1.245 0.000
Surge | 17.420 16.166 16.749 17.222 16.814 16.819

TOTAL

Sway | 12.402 6.564 0.000 16.883 7.556 0.000
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Once the values of surge excursion X, and sway excursion X, from the initial equilibrium
position are obtained from Eq. (4.17) and (4.18), the resolved maximum horizontal distance X
can be calculated and input to Eg. (2.13) in order to determine the maximum tension in the
specific mooring line. The results of the frequency-domain quasi-static mooring analysis for
some selected lines are shown in Table 4.7 and are discussed in Section 4.7. It should be noted
that this quasi-static approach is conservative since the maximum surge and sway excursions

may not occur simultaneously.

It is noted that the most probable maximum values of the first-order motion &® and most
probable maximum values of the second-order motion é}z) may also be calculated by means of

the equations proposed by DNV (1996) as given in Appendix G.
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4.6 Line Tensions and Tension Spectra by two different time-domain
approaches

Figure 4.22 shows the selected specifically analyzed mooring lines which are depicted in bold
printed lines in the three alternative assumed groups of wave angles approaching the FPSO
vessel. The principal wave group directions are the heading angles for the starboard quarter as
shown, but could be on the port quarter. However the mooring line arrangement and the vessel
are symmetric and thus the results of tensions in the mooring lines on the port side are expected

to be the same as those on the starboard side.

#12

50.0°

-
#4

Figure 4.22 Arrangement of the mooring lines No.1, 4, 8, 12

The time series and corresponding spectra of line tensions at the attachment points of the
selected lines obtained in the fast time-domain motion analysis are shown in Figures 4.23 to
4.25 for the three different wave heading angles. The largest line tension occurs on line No.8 as
this line in the windward side of the turret experiences the farthest extension than other selected
lines. The second and third largest tensions are in line No.1 and line No.4 respectively. However,
the smallest tension occurs on line No.12 in the fast-time domain analysis. This is an anticipated
result as line No.12 is on the leeward side of the turret in the travelling direction of the
propagating waves and so it becomes more slack. The low frequency component is more
appreciable than the wave frequency component in the tension spectrum for line No.12 in the
cases of both 150 and 165 degrees heading angles. This is because the slackened line is less
sensitive to small first-order wave frequency motions than to large second-order low frequency
motions. The first order component of tension spectral density for line No.12 shows smaller
values than for the other lines in most wave directions considered. The wave frequency tension
component is much more dominant in line No.8 than in line No.12, as shown in Figure 4.23 for

150 degree seas and this phenomenon is also shown in the wave angle of 165 degrees, because
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line No. 8 is situated to react to the maximum surge and sway excursions due to the first-order
wave excitations. Line No. 8 also experiences significant wave frequency tensions in head seas
than other lines as this line is in the windward side of the turret and more inclined to the

incoming head waves.

Generally speaking, the low frequency tension spectral density is significant in the case of 150
degrees heading angle, while the tension spectral density in the wave frequency region has the
same order of magnitude in the low frequency range for the wave directions of 165 and 180
degrees. The maximum excursion is found to create the largest tension in a mooring line and this
generally occurs when the vessel moves to the maximum surge and sway distances concurrently.
Both the maximum combined surge and sway excursions are expected to occur in oblique waves
around 150 degrees but only surge displacements exist in head seas. This is the reason that the
magnitude of the low frequency tension spectral density for head waves is smaller than that for
150 degree waves. However, the low frequency component of tension spectral density is
significantly reduced in the case of f=165 degrees against 3=150 degrees seas. This phenomenon
can be applied to an optimization of the mooring system against the dominant direction of

incident waves.
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Figure 4.23 Line tensions and spectra by fast time-domain analysis (=150 degrees)
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Figure 4.24 Line tensions and spectra by fast time-domain analysis (=165 degrees)
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Figure 4.25 Line tensions and spectra by fast time-domain analysis (=180 degrees)
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The line tensions and tension spectra of the four selected lines calculated by means of the
time-domain motion simulations based on the retardation functions are shown in Figures 4.26 to
4.28 respectively for the wave heading angles of 150, 165 and 180 degrees, and are to be
compared with those shown in Figures 4.23 to 4.25 obtained in the fast time-domain analysis.
The differences in tensions for various wave directions are due to the differences in surge and
sway motions mainly and may also be caused by heave, roll and pitch motions in head waves as
shown in Tables 4.4 and 4.5. The low frequency tension spectral densities obtained in the time-
domain motion analysis for the wave angles of 150 and 165 degrees are larger than those
calculated by means of the fast time-domain method. This may be due to the difference in slow
drift motions predicted by these two methods. However, the low frequency tension spectral
density obtained by the time-domain technique in the case of head seas is similar to that by the
fast time-domain method as the heave and pitch motions are dominant. There are still some
discrepancies in tension spectral densities predicted by these two time-domain approaches in the
frequency region of about 0.2~0.5 rad/sec. This indicates that the motions obtained in the present
time-domain analysis are larger than those by the previous fast time-domain method for the

specific mooring lines that are subject to the highest tensions.
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Figure 4.26 Line tensions and spectra by time-domain motion analysis (=150 degrees)
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Figure 4.27 Line tensions and spectra by time-domain analysis (=165 degrees)
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Figure 4.28 Line tensions and spectra by time-domain analysis (=180 degrees)
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Table 4.6 compares the values of the mean, maximum, minimum and standard deviation of
line tensions in four selected mooring lines calculated by means of the fast time-domain
technique and the present time-domain motion simulation method. As predicted by the fast time-
domain method, the maximum tensions in lines No.1 and No. 8 are larger than those in lines
No0.12 and No.4 respectively. Moreover, line No. 8 experiences the largest tension among the
selected lines as it is in the direction of the incoming waves and has a more acute angle than
other lines. Furthermore, line No. 12 encounters the least maximum tension as it is in the leeward
side of the turret. These phenomena are not found in the results obtained in the present time-
domain motion simulations for oblique waves. As predicted by the present time-domain
technique, the maximum tensions in lines No. 4 and No. 12 in oblique seas of 150 and 165

degrees are greater than those in lines No.8 and No.1 respectively.

The minimum tensions in line No.1 and No. 8 of the present time-domain motion simulation
method are larger than those of the fast time-domain technique. This result may be estimated by
the large sway motions of the present time-domain motion simulation method however the
mooring arrangement is influenced by the combination of the motions of the 6 degrees of
freedom thus it may be difficult to regulate a reason. The standard deviation of line No. 4 has
larger value in the present time-domain motion simulation method than the fast time-domain
technique. This means that line No. 4 has larger scatter data for the present time-domain motion
simulation method than the fast time-domain technique. The mean values are larger in the
present time-domain motion simulation method than the fast time-domain technique for all line
No. 1, No 4, No 8 and No 12 and all wave heading angle 150, 165 and 180 degrees. This means
that the present time-domain motion simulation method is exaggerated for the mean values of the
mooring line tensions than the fast time-domain technique. The present time-domain motion
simulation method has the larger value of sway and yaw and this is directly liable to affect those

mean values.
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Table 4.6 Selected mooring line tensions by fast time-domain and time-domain quasi-
static analyses

Heading Angle 150 ° Heading Angle 165 ° Heading Angle 180 °
Unit [N]
Fast time Time Fast time Time Fast time Time
domain domain domain domain domain domain
MEAN| 2,155,800 2,327,400 2,143,500 2,292,900 2,134,700 2,280,500
LINE | MIN 1,162,000 1,166,900 1,310,500 1,448,400 1,346,700 1,598,500
1 | MAX 4,826,600 4,797,000 3,837,900 3,668,500 3,445,000 3,580,900
STD 439,000 552,030 378,500 336,200 333,700 226,470
MEAN| 2,150,300 2,555,700 2,123,400 2,367,000 2,120,500 2,300,200
LINE | MIN 1,215,000 1,095,700 1,415,100 1,267,800 1,417,600 1,488,800
4 | MAX 4,406,600 9,237,800 3,293,500 4,772,400 3,501,400 3,578,200
STD 424,600 996,930 305,100 512,840 288,700 292,420
MEAN| 2,168,700 2,456,600 2,147,100 2,346,200 2,137,600 2,312,500
LINE | MIN 1,017,600 1,355,700 1,141,100 1,422,200 1,305,400 1,381,200
8 | MAX 5,094,200 6,798,200 4,213,100 4,672,400 4,123,500 4,009,100
STD 497,200 675,310 413,900 415,680 374,400 346,440
MEAN| 2,145,800 2,413,000 2,126,300 2,317,700 2,123,100 2,277,200
LINE | MIN 1,314,600 972,400 1,490,200 1,323,100 1,432,600 1,665,500
12 | max 3,672,800 6,580,600 3,201,200 4,171,500 3,162,500 3,374,800
STD 379,500 779,030 289,800 417,420 276,300 199,190
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4.7 Observation of Mooring Line Dynamics

The line tensions at the attachment points of the selected mooring lines discussed in the
previous section were calculated by means of the quasi-static mooring analyses based on two
different time domain approaches. This section presents the results of the line tensions at the
attachment points of the four selected mooring lines by line dynamic analyses. Using the lumped
mass method described in Chapter 2, the dynamic cable analyses were carried out based on the
motions of the attachment points predicted in the present time-domain motion simulations. The
large size of the FPSO against the water depth and the effect of the added mass effects of the
mooring lines leaded to about 8 percent increase of the maximum tensions for the cable

dynamics against the quasi-static cable analysis.

Figures 4.29 to 4.31 present the time series and corresponding spectra of line tensions in the
four selected mooring lines with the effect of mooring line dynamics and are to be compared
with those in Figures 4.26 to 4.28 without the line dynamic effect. The differences in the wave
frequency components of line tensions with and without the line dynamic effect are observed in
Figures 4.27 and 4.30 for the wave angle of 165 degrees.

Comparisons between the maximum tensions in the four selected lines obtained from the
frequency-domain and two different time-domain quasi-static mooring analyses and the line
dynamic analysis are shown in Table 4.7. The dynamic cable analysis predicts larger maximum
tensions in line No. 4 for 150 degrees wave angle, in lines No. 4 and No. 8 for 165 and 180
degrees wave directions than the quasi-static cable analyses. Nevertheless, the maximum
tensions in lines No.1 and 12 calculated by the lumped mass method are smaller than those by
the quasi-static mooring analyses. This reveals that the line dynamics increases the tension in
tautened line in the windward side of the turret but decreases the tension in slackened line in the
leeward side, when the tensions in the four selected lines are compared with and without the
effect of line dynamics. In other words the maximum line tension in tightened line with the
inclusion of the cable dynamics is larger than that without the effect of line dynamics. In the
present investigation, the effect of line dynamics on line tension leads to 8 percent increase in
maximum line tension for the Schiehallion FPSO operating in the water depth of about 400 m
and in the 100 year sea state of significant wave height 16 m and mean period 14.5 sec.

The frequency-domain and two different time-domain quasi-static mooring analyses give
different results of line tensions in the wave direction of 150 degrees while they predict relatively
similar results in head seas. The discrepancies for the case of oblique waves may be attributable
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to the level of complexity in these analyses. The frequency-domain method is the most
conservative since it estimates the largest maximum tensions among the quasi-static mooring
analyses. This is not surprised because the maximum values of surge and sway excursions are
used in the frequency-domain quasi-static mooring analysis. They do not take place concurrently
in reality. As the sway motion vanishes in uni-directional head seas, the frequency-domain
method predicts similar maximum tensions as the two different time-domain approaches.
However, the maximum tensions in lines No. 8 and No. 12 obtained by the frequency-domain
technique for 150 degrees wave angle are similar to those by the time-domain motion
simulations based on the retardation functions. It is difficult to consider that the frequency-
domain method is as good as the time-domain technique because they predict quite different

maximum tensions in lines No. 1 and No.4.

Finally, the maximum tensions in the four selected lines calculated by means of the present
time-domain motion simulations and the line dynamic analysis are in similar order since the
motions of the attachment points in the dynamic analysis were based on those from the time-
domain motion simulations. However, it is advised that a line dynamic analysis should be carried
out as the line dynamics has significant effect on line tensions, in particular, for the mooring

lines in the windward side of the turret.

167



Chapter 4 — Quasi-Static Mooring Analysis in Frequency and Time Domains and Dynamic

Moorimg Amatysis

x 10° x 10"
= 10 B
= =
s 8 2 6
qa Nl
é 6 = 41
= 4 =
3 : 2f
L 2 =
1 1 1 1 1 U 2 " N
2000 4000 6000 8000 10000 0 05 1
time [sec] o [rad/sec]
x 10° x 10"
— 10 B
= T
5 8 5B
w [}
P‘:—J‘ B = 41
= S 2|
= ! ; . : : 0 kel ,Ubhph.. .
2000 4000 6000 8000 10000 0 05 1
time [sec] o [rad/sec]
x 10° x 10"
— B
= L
—_— ()
5 o By
< |
- 0
S 2 2¢
5 R
1 1 1 1 1 D A adhh . " N
2000 4000 6000 8000 10000 0 05 1
time [sec) o [rad/sec]
x10° o X 10"
= 7
5 2 B}
w
g =
= S
= c 2}
o E:
&
1 1 1 1 1 D Aol " N
2000 4000 6000 8000 10000 0 05 1
time [sec) o [rad/sec]
[Tension] [Spectrum]

Figure 4.29 Line tensions and spectra by line dynamic analysis (=150 degrees)
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Figure 4.30 Line tensions and spectra by line dynamic analysis (3=165 degrees)
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Figure 4.31 Line tensions and spectra by line dynamic analysis (3=180 degrees)
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Table 4.7 Maximum tensions in selected lines by different analyses

. FAST TIME TIME DYNAMIC
Unit [N] | LINE DOMAIN FREQUENCY DOMAIN ANALYSIS
1 4,826,600 6,762,400 4,797,000 4,748,900
4 4,406,600 6,697,900 9,237,800 9,464,000
150°
8 5,094,200 6,722,000 6,798,200 6,775,300
12 3,672,800 6,746,200 6,580,600 6,449,000
1 3,837,900 4,750,500 3,668,500 3,631,900
4 3,293,500 4,408,300 4,772,400 5.205,300
165°
8 4,213,100 4,799,100 4,672,400 4,813,800
12 3,201,200 4,487,000 4,171,500 4,132,000
1 3,445,000 3,759,300 3,580,900 3,515,500
4 3,501,400 3,345,500 3,578,200 3,869,900
180°
8 4,123,500 3,837,300 4,009,100 4,177,300
12 3,162,500 3,429,000 3,374,800 3,321,200

4.8 Concluding Remarks

All of the behaviours of site-fixed floating structures, except for dynamically positioned
vessels, depend on the mooring method, the environmental conditions such as wind, waves and
currents, the properties of the mooring lines and the characteristics of the vessel's motions. The
reliability of the mooring lines can be regulated by the correct decision of adequate proof and
breaking loads to be obtained by carefully selecting the material, particularly its strength, weight,
extensible ratio and durability. Nonetheless, the breaking strength of the mooring lines must be

greater than the extreme line tensions anticipated in the life time of the structures.

In conclusion, FPSOs are installed at sea with an appropriate mooring arrangement

considering wave heights, wave directions, water depth, etc. The mooring lines are also installed
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according to their characteristics as unit weight of the line under water, material, shape, etc. The
mooring lines should not be broken during the anticipated time span of operation at sea for the
production of oil even in the harsh conditions from the range of sea-states during at least a 100
year return period, as recommended by Rules of Classification of Mobile Offshore Structure
(DNV 1996). The tensions in mooring lines are mainly due to the excursions of the FPSO. Hence
the body motion analysis is directly connected with the mooring line analysis as the resulting

mooring line tensions are caused by the wave and wind induced motion responses of the FPSO.

A motion analysis may be performed either in the frequency domain or in the time domain.
The frequency-domain motion and mooring analyses are linear while the time-domain motion
and mooring analyses may be either linear or nonlinear depending on the treatment of
hydrodynamic forces and restoring forces. In the present study, the linear frequency-domain
motion analysis has been carried out. Furthermore, the quasi-static mooring analyses have also
performed by means of the frequency-domain method and two different time-domain techniques.
One is the fast time-domain technique presented in Chapter 3 and the other is the time-domain
motion simulations based on the retardation functions. The first- and second-order motions can
be separately calculated by the fast time-domain method but they are mixed in the present time-
domain motion simulations. The first-order motion responses of the FPSO vessel in six degrees
of freedom to irregular waves are coupled to each other through their phases with respect to each
individual wave components but the second-order motions are uncoupled in the fast time-domain
motion simulations. On the other hand, the motions of the FPSO vessel excited by both the first-
order and second-order wave forces and moments are coupled to each other in the present time-

domain motion simulations.

The results of surge and sway excursions predicted by the frequency-domain method and fast
time-domain technique have been presented and discussed. It is found that the total surge
motions obtained by these two methods are in good agreement for the wave directions of 150,
165 and 180 degrees while the total sway motions are much different in 150 degrees and this is
mainly due to the maximum values of the sway motions being greater than the significant values

used in the combination.

The time series of motion responses and the corresponding spectra at the attachments of
points of the mooring lines and at the origin of the global coordinate system obtained by the
present time-domain method have been presented and compared with those by the fast time-

domain technique. The maximum values of surge and yaw motions obtained by these two
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different time-domain methods are similar while the maximum values of sway, heave, roll and
pitch motions show some discrepancies that the present time-domain method predicts larger
values than the fast time-domain. The discrepancies may be due to larger differences in the first-

order values than in the second-order values that can be observed in the motion spectra.

The mooring analyses carried out by the fast time-domain method and the time-domain
technique are quasi-static and nonlinear since the nonlinear characteristics of line tension against
excursion and the first- and second-order wave induced motions are considered. The time series
of line tensions and the corresponding spectra for the four selected lines calculated by means of
the two different time-domain approaches have been presented and discussed. The maximum line
tensions estimated by the time-domain technique are larger than those by the fast time-domain
method in wave directions of 150 and 165 degrees. These discrepancies are mainly due to the
differences in the sway motions as the differences in the maximum tensions are significantly

reduced in uni-directional head seas which have no effects of sway motion.

In this study, the mooring line dynamics was modelled by means of the lumped mass method
described in Chapter 2 and the wave induced motions at the attachment points of the four
selected lines were obtained from the present time-domain method and used in the line dynamic
analysis. It is noted that the line dynamics in the present study did not have an effect on the
FPSO motions as the lumped mass method was not coupled with the time domain motion
simulations. However, the effects of line inertia, nonlinear drag damping and nonlinear line
stiffness on line tensions were considered. It is evident that the effects of line dynamics on line
tensions increase the maximum line tensions of tautened lines in the windward side of the turret

but decrease those in slackened lines in the leeward side.

173



Chapter 5 — Validation, Verification and Safety Factor of the Numerical Model

CHAPTER

Validation, Verification and
Safety Factor of the Numerical Model

5.1 Introduction

This chapter plans to describe the validation of mooring system for FPSO at the Schiehallion
oil field. The main criterion is based on the results from the fast time domain which is validated

method to be considered in the comparison with other methods.

Four FPSO motion and mooring line tension analyses are studied with the frequency domain
analysis, fast time domain analysis for quasi-static analysis, time domain analysis by 6-coupled
motion equation for quasi-dynamic analysis and dynamic analysis for mooring dynamics of the
mooring system. The provided mooring arrangement is composed of fourteen mooring lines and
the pretensions are assumed at the equilibrium position and the maximum tensions are obtained
at the fairlead which is the attachment point for each mooring line. Simulation was carried out
for three heading angles (150, 165 and 180 degrees) to find out 6-DOF motions and mooring line
tensions. For each wave heading angle, the most critical mooring line can be found in the

selected mooring lines for the comparison.

The fast time domain analysis can be regarded as authenticated method because the database
is obtained from 3-D panel method directly and applied in the calculation (Ch 3.4) without any
disturbance. The numerical results were obtained in the intact condition. The applied mooring
line arrangement and characteristics are allowable for the operation of Schiehallion FPSO with

the compliance of safety factor by APl and BV.
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5.2 Reliable Hydrodynamic Analysis for Motion and Mooring System

The FPSO is almost a barge shaped vessel with no propulsion system with a turret mooring
system connected by catenary mooring lines. The response amplitude operators (RAOs) of the
FPSO in the form of the wave frequency motions and quadratic transfer functions (QTFs) with
Newman’s approximation method as the low frequency motions are obtained from the standard
radiation/diffraction problem solution with the developed program (Chan 1992). The theory is
3D linear hydrodynamic method to determine RAOs in six degrees of freedom and QTFs in
plane motion (surge, sway and yaw). This calculation requires the adequate element size and
shape for the 3-D model to reach the reasonable solution. The hydrodynamic added mass and
damping coefficients obtained from 3-D panel source distribution method can be applied to the
analysis of the motion equation for the Schiehallion mooring system. 3-D panel method is also
used to compute the first-order motions combined with the first-order exciting forces and also
the second-order drift forces. RAOs and QTFs are main input database for the fast-time domain
method.

The response motions of the FPSO obtained in the fast-time domain, frequency domain, time
domain (6-DOF coupled motion equation) and mooring dynamic analyses are compared
Furthermore mooring line tensions are also investigated from the static and dynamic analysis
without any model experiment. Due to the absence of the experimental results of Schiehallion
FPSO, damping coefficients were obtained from the retardation function (Ch 4.3) which
transforms the frequency dependent term to the independent term for the solution of the 6-DOF
coupled motion equation. Instead of the drift damping coefficients that can be calibrated from
free-decay model tests for surge, sway and yaw for the second-order motions, the wave drift
damping is found on the circular frequency value which is the same as the natural period of surge,
sway and yaw in Table 2.2 to be used in the fast time domain method for the low frequency
motions. Therefore, the linear low frequency damping coefficients are performed using the
frequency dependent damping value from the radiation damping problem of the 3-D panel source
method for the second order motions. This method is much reasonable than the other simplified
method as the percentage of critical damping because the values are obtained by the direct

calculation of the real hull form.

The viscous damping coefficient of a mooring line is obtained in the previous experiment
(Nakajima et al 1982) for the mooring line dynamic calculation as shown in Eq. (2.40). The

effect of mooring lines in the FPSO motions is regarded as restoring forces in the horizontal
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direction and the stiffness coefficients of the mooring system for the direction of surge, sway and
yaw can be obtained by the catenary mooring equation combined with mooring line tensions.
The pretension of 2,297 kN is the initial static tension in each mooring line corresponding to the
equilibrium position of the present mooring system because the stiffness of mooring line is

determined at the equilibrium position except for environmental forces.

5.3 Authentic Design Application for Mooring System

The 3-D panel method was applied for the verified motion and mooring analysis. This method
is based on the standard methodology to find out hydrodynamic coefficients and forces. Fast
time domain method is a proven analysis accounting for the first-order exciting forces and
response amplitude operators (RAQOs) for the first-order motions and second-order forces for the

low frequency motions.

Fourteen mooring lines are designed to maintain the Schiehallion FPSO on the operational
area. The parametric data of the extreme condition recommended by DNV has been followed
(Table D.1). This condition represents the extreme environmental condition for the 100 year
return period at sea. Three different heading angles (150, 165 and 180 degrees) in the 100 year
extreme condition are considered. The wave spectrum based on 100 year environmental

condition to generate irregular waves can represent an extreme environmental sea state.

5.3.1 Methodology for Mooring System Calculation

The 6-motion coupled analysis for moored FPSO was also carried out by solving the time
domain motion equations for the comparison with the fast-time domain analysis. This
comparison is for the verification of the results in both motion responses including mooring line

tensions as the fast time-domain method is a verified methodology.
The following analyses are used in the present research.

- Quasi-Static analysis of the fast time domain is considered with 1% and 2" order motions
in the random waves that are generated to be applied for the wave and low frequency
exciting forces. Fast time domain methods can be a verified methodology to the resulting
motions and tensions, however, frequency domain analysis is compared for the validation

of the quasi-static analysis alternatively.
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- The quasi-dynamic analysis takes into account the behaviours of the attachment point at
fairleads depending on the first- and second-order forces that change according to the time
histories. The fairlead motions depend on the vessel’s resulting motions by 6-coupled

motion equations.

- The dynamic analysis takes into account mooring line dynamics including the added-mass
and drag coefficients of the mooring line by lumped mass method (Ch 2.5). The dynamic
analysis also accounts for the dynamic behaviour of a mooring line determined by the

motions at an attachment point.

- The safety factor is based on the American Petroleum Institute (API) for quasi-static and
the Bureau Veritas (BV) for quasi-dynamic (dynamic) using the recommended tension

safety factors.

5.3.2 Safety Factor for Mooring Design Criteria

The safety factor needs to be considered at an initial design stage of the mooring
configuration. The attachment point of the mooring line should be checked for safety as fairlead
is the position with the maximum tension in a catenary mooring line and the tension given at the

fairlead should be limited by a safety factor.

The maximum excursion is the total combined wave and low frequency displacement. The
maximum surge and sway motions are required to be within an allowable excursion in the
provided working condition with safety factor to prevent a mooring line from breaking. The
safety factor according to the classification rules is a criterion for the design of the mooring lines.
This safety factor also allows for marine growth, abrasion and corrosion. The marine growth
consideration is for the effect on the hull with a large added-mass and area. Abrasion is due to the
contact on seabed with wear problem and corrosion is taken into account as chain can be

weakened in its fatigue problem for a chain.

The safety factor is defined as follow:

Minimum Breaking Load
Applied Tension

Safety Factor = (5.1)
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The applied tension is the maximum design tension in the mooring line and the minimum
breaking load which depends on the material and size of the mooring is 19,652kN in the present

mooring system.

API RP 2SK and BV (Bureau Veritas) are applied for the safety factor. APl RP 2SK is based
on the quasi-static analysis. In the quasi-static and quasi-dynamic analysis, the obtained mooring
line tensions are calculated as static line responses to the vessel’s behaviours and static loads are
considered by the external forces. The reference load for the evaluation of safety factor is the
minimum breaking strength (MBS) of the mooring line component (NI 493 DTM RO00 E). The
safety factor is defined as the ratio between the catalogue breaking load of the mooring line
component and the maximum tension occurring over its length when the design tension is
applied to the fairlead. At any point of the line, the safety factor should be greater than or equal
to those specified in the Classification of BV (NI 461 DTO ROO E). The required minimum

safety factor for mooring line components are specified in Table 5.1.

Table 5.1 Minimum safety factors for mooring line

Minimum safety factors Quasi-static (API) Quasi-dynamic (BV) Dynamic (BV)
Intact condition of system 2.00 1.75 1.67
Allowable maximum tension 9,826 kN 11,230 kN 11,768 kN

The 100 year return period condition was considered for the calculation of safety factor. The
applied maximum line tensions presented in Table 4.7 are used with the minimum breaking load
of the mooring line for the safety factors. The safety factors in different mooring lines at three
different heading angles (150, 165 and 180 degrees) are shown Table 5.2.
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Table 5.2 Safety factor in selected mooring lines

. FAST TIME TIME DYNAMIC
Unit [N] | LINE DOMAIN FREQUENCY DOMAIN ANALYSIS
4.07 2.91 4.10 4.14
4.46 2.03 213 2.08
150°
3.86 2.02 2.89 2.90
12 5.35 2.91 2.99 3.05
512 4.14 5.36 541
o 5.97 4.46 4.12 3.78
165
4.66 4.09 421 4.08
12 6.14 4.38 4.71 4.76
5.70 5.23 5.49 5.59
5.61 5.87 5.49 5.08
180°
8 4.77 5.12 4.90 4.70
12 6.21 573 5.82 5.02

The quasi-static analysis can be performed by means of the frequency and fast time domain
methods. The value of safety factor 2.0 which is the minimum safety factor for the quasi-static
analysis by API is met for the operation of Schiehallion FPSO as the minimum safety factor is
2.91 in both frequency and fast time domain analyses. The quasi-dynamic analysis can be carried
out by means of the time domain method by solving the 6-coupled motion equati