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Background 

Floating production concepts for oil and gas are often designed as turret moored ships; 

Floating Production, Storage and Offloading units (FPSOs). The purpose of the turret 

mooring system is to keep the vessel safely at a required position due to the integrity of the 

production risers. It normally consists of 12-20 mooring lines of heavy chain, steel wire ropes 

and/or synthetic polyester ropes connected to a seabed anchor.  

 

During the past years, the requirements to the mooring and station keeping systems of mobile 

and permanent units have become more complex; 

- The industry is moving into new frontiers (ultra-deep water down to 3000m depth and into 

arctic areas). 

- There are more operations adjacent to other installations (floatel operations and tender 

support vessel operations). 

- The new mobile units are becoming larger and many units are at the end of their lifetime. 

- There are too many anchor line failures. 

- The design lifetime of the units must in many cases be extended due to increased oil 

recovery. 

 

The overall objective of this thesis is to assess different design concepts and design methods 

for mooring systems for a turret moored ship and to study the resultant load effects in the 

turret structure. A typical FPSO unit designed for Norwegian Continental Shelf shall be 

studied. The assessments shall be limited to ULS and ALS design. 

 

A large part of the work is related to establish numerical analysis models and to perform 

numerical analysis using the numerical tools SIMO/RIFLEX/SIMA. Numerical simulations in 

the time domain shall be the basic method.  
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Scope of Work 

 

1) Review relevant literature and describe possible mooring and station keeping systems for 

mobile and permanent units. Focus on station keeping principles and main hardware 

components. Describe the main differences between a system in deep water and a system to 

be operated in shallow water. 

 

2) Review relevant literature for time domain simulation of mooring systems and describe the 

theory related to coupled and un-coupled analysis methodology. Describe the relevant 

simulation tools available in SIMO/RIFLEX/SIMA and how SIMA can effectively be utilized 

and how extreme vessel motions and line tension can be estimated for a turret moored FPSO. 

In particular, a description of a model for sway/yaw stability of a turret moored ship shall be 

included.  

 

3) Describe the design limit states for mooring systems with corresponding acceptance criteria 

outlined in rules and regulations (use ISO 19901-7 and DNVGL-OS-E301). Focus on ULS 

and ALS limit state, but fatigue limit state (FLS) shall also be described. 

 

4) Continue to develop a model of a turret moored FPSO in the SIMA software package. 

Based on a proposed mooring configuration, compliance with the requirements for ULS and 

ALS design shall be documented. The candidate shall document the differences between a 

fully coupled analysis using SIMO/RIFLEX and the simple quasi-static approach using SIMO 

only. 

 

5) Establish a simple model for estimating the support forces of the turret structure. 

Characteristics of the turret is to be agreed with the supervisor. Establish ULS design loads of 

the turret and discuss the risk of turret uplift in extreme sea states. 

 

6) Conclusions and recommendations for further work. 

 

General information 

 

All necessary input data for the simulation case is assumed to be provided by Statoil. 

 

The work scope may prove to be larger than initially anticipated. Subject to approval from the 

supervisor, topics may be reduced in extent. 

 

In the thesis the candidate shall present his personal contribution to the resolution of problems 

within the scope of work. 

 

Theories and conclusions should be based on mathematical derivations and/or logic reasoning 

identifying the various steps in the deduction. 

 

The candidate should utilise the existing possibilities for obtaining relevant literature. 



iii 

 

 

 

 

 

Report/Delivery 

The thesis report shall be organised in a rational manner to give a clear exposition of results, 
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Telegraphic language should be avoided. 

 

The report shall be written in English and edited as a research report including literature 

survey, description of relevant mathematical models together with numerical simulation 

results, discussion, conclusions and proposal for further work. List of symbols and acronyms, 

references and (optional) appendices shall also be included. All figures, tables and equations 

shall be numerated. 

 

The original contribution of the candidate and material taken from other sources shall be clearly 

defined.  Work from other sources shall be properly referenced using an acknowledged 

referencing system. 
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Abstract

From 2010-2014 there have been in total 18 mooring line failures in the Norwegian

Continental Shelf, thus line failures are still an existing problem of moored floating

structures. The motivation in this thesis is thus to study the line tensions and top end

motions of floating structures in extreme weather conditions.

A literature study of the different permanent and mobile keeping systems, and their

hardware components is conducted in order to build a fundamental knowledge about

mooring. When designing permanent station keeping systems the ultimate, acciden-

tal and fatigue design limit state requirements must be satisfied. Ultimate and acci-

dental limit state analyzes are conducted in this thesis.

Time domain simulations of a turret moored FPSO are performed in this thesis, and

a literature study of the time domain analysis methods is conducted. The software

Sima is used to perform the time domain analyzes, however there are two features

within Sima that performs the analyzes: Simo and Riflex. A literature review of these

programs and their simplifications are conducted.

The FPSO’s RAOs show that the most critical response is in roll with a maximum re-

sponse of 9.9 deg/m. It is thus very important that the vessel is able to weathervane

up against the weather such that roll motions is prevented. Sway-yaw stability cal-

culations are performed for different distances between the center of gravity and the

turret to investigate the weathervaning ability of the vessel.

In this master’s thesis, quasi-static and dynamic simulations of a turret moored FPSO

are performed in the software Sima in ULS and ALS during co-linear and spread en-

vironments. Before performing the ULS and ALS simulations, a surge decay test is

conducted to investigate if the surge natural period is the same between the system

in Simo and Simo-Riflex. Also a system characteristic test is conducted to investigate

if there exist any stiffness differences between Simo and Simo-Riflex. A convergence

test of the line tension’s standard deviation is conducted to investigate how many

simulations are necessary before the standard deviation becomes stable. The num-

ber of simulations performed in the ULS and ALS analyzes are based on the conver-

gence test.

The system responses studied in this thesis are the vessel’s six degree of freedom mo-

tions, mooring line tension responses and the turret loads. These responses have

been studied in 100 year wave and wind period, and a 10 year current period. The
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characteristic most probable maximum line tensions are found through the Gumbel

extreme distribution, and is compared with the line breaking strength according to

the requirements for permanent mooring units on the Norwegian Continental Shelf.

The turret design loads are calculated, and turret uplift is investigated in ULS and ALS

during co-linear and spread environmental conditions. The motion and line tension

response is compared between system in Simo and in Simo-Riflex to study the differ-

ence between them.

The results show that Simo does not capture the WF forces caused by the dynamic be-

haviour of the mooring lines, and thus the surge and sway LF motions are not damp-

ened by the mooring lines. In Riflex, the leeward line Longest 4 and windward line

Long 4 achieves the largest most probable maximum line tension in ULS spread and

co-linear weather respectively. The minimum 90% fractile design load in one boogie

is negative, thus the turret uplift requirement is not satisfied in ULS and ALS during

both weather conditions.
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Sammendrag

Fra 2014 til 2018 har det oppstått 18 linebrudd på Norsk sokkel, og linebrudd er

dermed fortsatt et eksisterende problem. Motivasjonen i denne oppgaven er der-

for å studere linestrekkene og toppbevegelsene av flytende konstruksjoner under ek-

streme værforhold.

En litteraturstudie av de forskjellige permanente og mobile forankringssystemer, og

deres forankringskomponenter er gjennomført for å bygge et kunnskapsgrunnlag om

forankring. Ved design av permanente forankringssystemer så må systemet tilfreds-

stille kravene til brudd-, ulykkes- og utmattingsgrensetilstand. Analyser i brudd- og

ulykkesgrensetilstand er utført i denne oppgaven.

I denne masteroppgaven utføres simuleringer i tidsdomenet av en turret forankret

FPSO, og ulike analysemetoder i tidsdomenet er studert. En analyse i tidsdomenet

simulerer naturkreftene og beskriver oppførselen til fartøyet, fortøyningssystemet og

eventuelle risere. Hvor godt oppførselen blir beskrevet er avhengig av analysemeto-

den, og det er to metoder: separat og koblet analyse.

Analyser i tidsdomenet kan utføres i programvaren Sima, og det finnes to delpro-

grammer som utfører analysene: Simo og Riflex. Et litteraturstudie av programmene

og deres forenklinger og bereningsmetoder er gjennomført.

FPSO’ens RAOer viser at den mest kritiske responsen er i rull med en maksimalre-

spons på 9,9 grader / m. Det er derfor meget viktig at fartøyet er i stand til å rette

seg opp mot været slik at store rullebevegelser forhindres. Enkle svai-gir stabilitets-

beregninger er utført for ulike avstander mellom fartøyets tyngdepunkt og turret, for

å undersøke fartøyets evne til å rette seg opp mot været.

I denne mastergradsoppgaven utføres det kvasi-statiske og dynamiske simuleringer

av en turret forankret FPSO, i programvaren Sima i brudd- og ulykkesgrensetilstand

under rett og spredt værretning. For å undersøke om systemets egenperiode i jag er

den samme i Simo og Simo-Riflex, så er det blitt utført en jag demping test. Også

en systemkarakteristikk er funnet med hensikt i å undersøke om det finnes noen

stivhetsforskjeller mellom forankringsmodellen i Simo og Simo-Riflex. En konver-

gensprøve av standard avviket til linestrekket i en line utføres for å undersøke hvor

mange simuleringer det tar før standardavviket blir stabilt, og antall simuleringer ut-

ført i brudd- og ulykkes-analysene er basert på konvergensprøven.



viii

I denne oppgaven studeres følgende responser: fartøyets bevegelsesrespons i seks fri-

hetsgrader, linestrekkresponser og turretbelastninger. De maksimale linestrekkene

er Gumbel fordelt, og de karakteristiske mest sannsynlige maksimale linestrekkene

er funnet gjennom denne fordelingen og er sammenlignet med linens bruddstyrke,

i henhold til kravene til permanente enheter på norsk sokkel. Turretens designbe-

lastning er funnet fra Gumbel’s fordeling, og turretoppløfting undersøkes i brudd- og

ulykkesgrensetilstand under rett og spredt vær. Bevegelses- og linestrekkresponsen

blir sammenlignet mellom forankringssystemet i Simo og Simo-Riflex for å studere

forskjellen mellom dem.

Resultatene viser at Simo ikke simulerer de bølgefrekvente kreftene som kommer

av den dynamiske oppførselen til forankringslinene, og dermed blir ikke fartøyets

lavfrekvente jag- og svai bevegelser dempet av linene. I Riflex oppnår le line Longest

4 og lo line Long 4 de største og mest sannsynlige linestrekkene i henholdsvis ULS

spredt og rett vær. 90% fractile design lasten i en boogie er negativ, og dermed er

kravet til turret oppløft ikke tilfredsstilg i ULS og ALS under begge værtilstander.



Nomenclature

The nomenclature describes several symbols that will be later used within the Mas-

ter’s thesis.

F̄w f Mean wave drift force

Ū Mean wind velocity

Ūcu =Vcu Current velocity

β Is related to the standard deviation in the Gumbel probability distribution

θ̈ Turret’s COG angular acceleration

ẋ Low frequent vessel velocity

η1,η2,η3,η4,η5,η6 Surge, sway, heave, roll, pitch and yaw motion

dFsw ay

dψ Change in sway force with respect to change in weather heading

d Mz
dψ Change in yaw moment with respect to change in weather heading

γF Safety factor in fatigue design limit state

Λ Damping ratio

µ The mean value

ωd Damped natural frequency

φ Line angle with respect to x-axis

ρai r Air density

ρw Water density∑
Fx The sum of the forces in x-direction∑
Fy The sum of the forces in y-direction∑
MCOG The sum of the moments about the center of gravity

θ Standard Deviation

ξ Damping ratio

I Initial coordinate system

ix
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L Local coordinate system

R Body-related coordinate system

GL Global coordinate system

a Catenary: weight moment arm, Taut: horizontal distance from vessel to an-

chor

A(ω) Frequency dependent added mass

Acu Projected current area

Awi Projected wind area

B L
Q,cu Linear current damping

B L
Q,wi Linear wind damping

BL Linear surge damping

BLF LF damping

C (ω) Frequency dependent damping

C cu
sw ay,ψ Sway current coefficient

C cu
y aw,ψ Yaw current coefficient

C wi
sw ay,ψ Sway wind coefficient

C wi
y aw,ψ Yaw wind coefficient

Cc Critical damping

CD,cu Current drag coefficient

CD,wi Wind drag coefficient

CLF LF stiffness

Cwd Wave drift force coefficient

D = y Water depth

D Normal external current force

dc Accumulated fatigue damage in a mooring line

di Fatigue damage in loading sequence i
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Dl Linear damping

Dq Quadratic damping

E A Axial stiffness

F Tangential external current force

F (x) Gumbel cumulative density function

f (x) Gumbel probability density function

F M
1 Mooring system’s total surge force

F M
2 Mooring system’s total sway force

F M
6 Mooring system’s total yaw moment

Fh Restoring force

Fv Vertical force

F C T
x Shear Mooring force

F R AD
x Radial wheel force

FY Sway force

F BOG
z Vertical boogie force

F C T
z Axial mooring force

F F K
z Dynamic wave pressure

HS Significant wave height

Iθ Moment of intertia from turret and added mass

K (r ) Non-linear stiffness

kE Elastic system stiffness

kG Geometric system stiffness

kT Total system stiffness

l Line length

M Body mass

M BOG Boogie moment



xii

MC T Mooring moment at the top end

MT Total turret moment

Mz = My aw Yaw moment

Msw ay Sway moment

M g Turret gravitation force

n Number of amplitudes between the chosen amplitude peaks

Q(t ,r, ṙ ) Total environmental loads

qcu Current loads

qth Thruster loads

qw a Wave loads

qwi Wind loads

s Total motion of a random point on a floating structure

Sη Wave spectrum

SF,LF (ω,LF ) LF spectral density

s f DLS Design limit state safety factor

T Line tension force

Td Damped natural period

Tn Natural period

TP Wave peak period

Tx = TH Horizontal top tension

TBS Line breaking strength

T DLS
C h Characteristic design limit state line tension

u(t ) Dynamic wind gust

ud yn Dynamic response

ust Static response

w Line unit weight in water
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Ww Line weight in water

x, y, z Cartesian coordinates

Xl Horizontal distance from the vessel to the anchor

xGT Distance between the COG and turret

u The value where the Gumbel probability density function reaches its peak
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Chapter 1

Introduction

1.1 Background

During the past years, the requirement for mooring and station keeping systems of

mobile and permanent units have become more complex. The oil and gas industry is

continuously searching for new fields, and is moving into deeper and colder frontiers.

Mooring systems are often necessary to maintain a stable positioning of an operat-

ing Floating, Production, Storage and Offloading (FPSO) vessel in an oil field. This is

mainly because the vessel’s motions often shall be restrained during a marine oper-

ation. The vessel has risers connected to it where petroleum liquids are flowing from

the seabed and on board the vessel. These risers have a maximum allowed breaking

load, and in order to prevent the risers from breaking, the vessel motions must be

restrained.

It is of special interest to study the motions of a turret moored FPSO in extreme off-

shore environment. The environmental loads in extreme weather conditions have a

large impact on the mooring lines. From 2010-2014 there have been in total 18 moor-

ing line failures on the Norwegian Continental Shelf. These line breaks have occured

due to fatigue, overload, mechanical damage and production defects. 7 of the moor-

ing line failures in this period are due to overloads, according to Vegard Aksnes (2016),

thus it is interesting to investigate the line tensions in extreme weather conditions.

Turret uplift is a phenomenon that can occur under extreme weather conditions. This

may damage components in the turret which are important to the oil and gas flow

transportation and then production must shut down. Turret uplift must therefore be

prevented and thus it is interesting to study the turret loads during extreme weather

conditions.

1
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1.2 Scope of Work

This Master’s thesis is a continuation of the Project Thesis Øystein Ølund Bertelsen

(2017), and the main objective of the Master’s thesis is to acquire knowledge about

design of station keeping systems, and be able to model and perform numerical sim-

ulations of a turret moored FPSO in a given oilfield using the Simulation Workbench

for Marine Applications (SIMA) software.

The thesis is divided into five parts:

1) Review literature about station keeping systems for mobile and permanent units

in shallow and deep waters, and a description of the main hardware components

in a mooring system.

2) Review literature for time domain simulation of mooring systems and describe

the theory related to coupled and un-coupled analysis methodology. Describe

SIMA/SIMO/RIFLEX and how extreme vessel motions and line tension can be es-

timated for a turret moored FPSO. A description of a model for sway/yaw stability

of a turret moored ship shall be included.

3) Describe the design limit states for mooring systems with corresponding accep-

tance criteria outlined in rules and regulations. Focus on Ultimate Limit State

(ULS) and Accidental Limit State (ALS) limit state, but Fatigue Limit State (FLS)

shall also be described.

4) Continue to develop a model of a turret moored FPSO in the SIMA software pack-

age. Based on a proposed mooring configuration, compliance with the require-

ments for ULS and ALS design shall be documented. The candidate shall doc-

ument the differences between a fully coupled analysis using SIMO/RIFLEX and

the simple quasi-static approach using SIMO only.

5) Establish a simple model for estimating the support forces of the turret structure.

Characteristics of the turret is to be agreed with the supervisor. Establish ULS

design loads of the turret and discuss the risk of turret uplift in extreme sea states.



Chapter 2

Station Keeping Systems, Hardware and

Design Requirements

This chapter includes a description of different station-keeping systems, the main

hardware components in a mooring system and a description of the design limit

states.

2.1 Mooring Hardware

This section is based on the references Larsen (2017) and ISO (2013).

The mooring system may consist of several different components depending on which

type of mooring system that is used. An illustration of the main hardware compo-

nents of a mooring system is showed in Figure 2.1.

Figure 2.1: Main mooring line components, Larsen (2017).

Chain

Chain mooring lines are commonly used in designing of a catenary mooring system,

and are either studded or studless. It has a large weight which provides stiffness to the

system, and it has good abrasion characteristics. However, an all chain configuration

3
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in deep water is very heavy, thus the payload capacity of the floating vessel will be

reduced with a mooring configuration of just chain.

Steel Wire

There are several different steel wire configurations, and some examples are the plas-

tic sheathed spiral strand and the unsheathed six-strand configuration. Steel wire

provides large stiffness to the system, and are much lighter than chain which as men-

tioned becomes important in deep water. However, an all wire configuration are not

used for permanent mooring due to abrasion at the sea floor.

Synthetic Fibre

Synthetic fibre lines provides stiffness due to its elastic elongation properties. The

lines are very light compared to chain and steel lines and are usually made out of

polyester. Due to its low weight and high stiffness properties, synthetic fibre lines are

usually used in deep water mooring configurations. Also, the fatigue life of synthetic

fibre lines are longer compared with steel wire lines.

Anchor

Several anchors have been developed for station keeping systems, and some of them

are drag anchors, anchor piles, suction anchors, gravity anchors, plate anchors etc.

The anchor decision making is based on parameters like the soil configuration, water

depth, holding capacity etc.

Buoyancy Elements and Clump Weights

Buoyancy elements are connected to the mooring lines with the intention of reducing

the line weight, effects of line dynamics and the vessel’s offset. However, the unfavor-

able effects are installation complexity and dynamic response of the buoys in bad

weather, which may increase the tension in the mooring lines. Clump weights how-

ever, is added to the mooring lines with the intention of increasing the weight, thus

increasing the stiffness of the mooring system.

Connection Links

Mooring lines often consists of a combination between chain, steel wire and fibre

lines, and connection links are used to connect these components.
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2.2 Station Keeping Systems

This section is based on the references Larsen (2017), ISO (2013), DNV (2013) and

Faltinsen (1990).

Several station-keeping systems have been developed over the years and is used to

maintain the positioning and motion control of marine offshore vessels. These are di-

vided into permanent and mobile station keeping systems. Permanent station keep-

ing systems are designed to incorporate a long service life. Mooring systems are used

in permanent systems and according to section 5.1 in the Offshore Standards, fatigue

analysis of the mooring lines shall be performed. For mobile station keeping systems,

for example drilling rigs, the station keeping system may consist of mooring lines or

dynamic positioning (DP) system. The permanent and mobile station keeping sys-

tems will be described in subsection 2.2.1 and 2.2.2 respectively.

2.2.1 Permanent Station Keeping Systems

This subsection is based on the references ISO (2013) and Larsen (2017).

Permanent station keeping systems are used in offshore operations where a vessel

shall be operating at least 5 years at the same location, Larsen (2017). The common

solution for these "permanent" operations is to use mooring systems, thus mooring

lines controls the positioning of the vessel. The main task of the mooring system is to

restrain the vessel motions from exceeding the acceptable limit of horizontal offset.

The mooring lines consists of either steel chain, steel wire, synthetic fibre or a combi-

nation of these. These lines can be attached to the vessel in different configurations

like mooring winches or turrets, and are fastened to the seabed by anchors. The lines

create an important restoring stiffness to the system, which is provided by elastic

and geometric properties which will be described later in the thesis. There are sev-

eral different mooring systems, and in this section certain mooring systems will be

presented.

Spread Mooring

The spread mooring system fixes the orientation of the floating structure, and is

commonly used for semi-submersibles which are insensitive to the weather direc-

tion. However this mooring system can also be applied for ship shaped vessels when
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the prevailing weather in the field only comes from one direction. The ship is then

moored with the bow towards this direction.

The spread mooring system can be of catenary, taut or semi-taut configuration. This

means that the spread mooring can have lines consisting of chain, steel wire, polyester

and a combination of these.

Figure 2.2: Spread mooring system, ISO (2013).

Single Point Mooring

The single point mooring setup is typically the case for streamlined ship shaped float-

ing vessels, like for example an FPSO or an Floating Storage and Offloading (FSO)

vessel. The weather direction is very critical with respect to an FPSO, and the single

point mooring makes it possible for the ship to weathervane. Weathervane means to

head the vessel’s bow against the weather. There exist different single mooring sys-

tems, but they essentially have the same function. Single anchor leg mooring (SALM),

catenary anchor leg mooring (CALM) and turret mooring are examples of typically

used single point mooring systems. The latter which is the mooring system that is to

be further investigated will be more closely described in the next page..
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Figure 2.3: Catenary anchor leg mooring, ISO (2013).

Turret Mooring

It is called turret mooring because the catenary mooring lines and risers are all con-

nected to a turret. Two important properties of a turret moored FPSO is (as men-

tioned earlier) that it can weathervane by rotating about the turret, and that it rotates

independently of the mooring and riser system. The latter means that the mooring

lines and risers are not affected by the yaw motion.

There exist three designs of a turret mooring: internal turret, outer turret and turret

with a disconnection ability. The inner turret is practical since it usually has a shorter

transportation distance of oil and gas to the tanks. The outer turret is (among other

things) commonly used to maintain the sway-yaw stability by increasing the distance

between the turret and the centre of gravity (COG) of the ship. The sway-yaw stabil-

ity will be discussed more closely later in the report. The disconnection design is

used when the vessel is exposed to storms larger than what the vessel is designed

for in general and during production. When it disconnects, the mooring lines are

self-floating a distance under the sea surface due to connected buoyancy elements.
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Figure 2.4: Turret mooring, ISO (2013)

Thruster-Assisted Mooring Systems

A mooring system might not be sufficient for maintaining heading direction or posi-

tioning in general. Thrusters are often installed in addition to the mooring system to

maintain stable positioning, and this is called a thruster-assisted mooring system.

Figure 2.5: Thruster assisted mooring.



2.2. STATION KEEPING SYSTEMS 9

2.2.2 Mobile Station Keeping Systems

This subsection is based on the references Larsen (2017) and ISO (2013).

Mobile station keeping systems are used for operations with a short duration of time.

Two types of mobile station keeping systems will be presented in this section: DP-

systems and mobile mooring systems.

Dynamic Positioning Systems

Some marine operations lasts for a short duration of time, and it is very costly to

set up a mooring system. Instead dynamic thruster systems are commonly used for

maintaining stable positioning in short-period operations. The DP-system is com-

mon for drilling and maintenance vessels.

Figure 2.6: Dynamic positioning system ,Larsen (2017)

Mobile Mooring Systems

Mooring systems are usually applied for long-term or permanent operation vessels

were the consequence for failure is high, as showed in Figure 2.7. However mooring

systems are also used for weather restricted operations in shorter operation periods,

for example drilling operations. These mobile mooring systems are designed for op-

erations period less than 5 years. The decision of either using a mooring system or a
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dynamic positioning system is illustrated in Figure 2.7.

Figure 2.7: Choosing a DP- or a moored system with respect to the consequence of po-
sitioning failure as a function of the operation duration, Larsen (2017).

2.2.3 Station Keeping Systems in Deep and Shallow Water

This subsection is based on the references Larsen (2017) and ISO (2013).

As mentioned in the background of this project thesis, the oil and gas production is

moving into colder and deeper sea areas. Mooring systems are commonly used for

shallow water operations, but also for deep water operations. However the choice

of line material is of significant matter. A catenary system with pure chain mooring

lines can ,as mentioned earlier, be used in shallow water but not deep water due to

its too heavy weight. A catenary system with a chain and steel wire line configuration

however can be used in medium deep water, because of the lighter weight of the

steel wire. Taut systems of polyester fibre lines are used in deep water moorings and

is a much lighter and cheaper alternative. A combination between a catenary and

taut system is called a semi-taut mooring system. The semi-taut lines can consists

of a combination between chain, steel wire and polyester fibre, and can be used in

shallow- and deep water fields. Figure 2.8 shows the mooring configurations of a

catenary, taut and semi-taut system.

A maintenance vessel with a DP-system can operate in both shallow- and deep water,
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however these vessels are restrained from performing long-term operations due to a

large risk of positioning failure.

Figure 2.8: The different mooring system configurations: a) Catenary system, b) Taut
system and c) Semi-taut system, Larsen (2017).

2.3 Design Limit States of Station Keeping Systems

This section is based on the references DNV (2013) and Larsen (2017).

When designing station keeping systems there are three important design limit states

that must be designed for:

• Ultimate Limit State (ULS) - this design ensures that the mooring lines remain

intact in a storm with a 100 year return period.

• Accidental Limit State (ALS) - the system is designed to remain stable after one

or two line failures in a storm with 100 year return period.

• Fatigue Limit State (FLS) - the system is designed to ensure that each mooring

line withstands cyclic loading.

These will be more closely discussed in the following subsections.
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2.3.1 Ultimate- and Accidental Limit State

This section is based on the references DNV (2013) and Larsen (2017).

Mooring systems for vessels operating at the norwegian continental shelf shall be de-

signed according to DNV Offshore Standard, DNV (2013). According to DNV Offshore

Standard the design requirements for ULS and ALS are 100 year return period waves

and wind, and 10 year return period for current.

When the vessels is exposed to these environmental loads, the breaking strength of

the mooring line shall be larger than the characteristic maximum tension multiplied

by a safety factor. This is expressed in the equation below:

T DLS
C h ∗ s f DLS < TBS (2.1)

Where T DLS
C h , s f DLS and TBS are the characteristic design limit state tension, the cor-

responding safety factor and the mooring line breaking strength, respectively. There

is a large difference with respect to the design safety factor between Norwegian and

International standards. This is shown in Table 2.1 for permanent oil storage and

production units.

Table 2.1: The Norwegian and International safety factors of permanent oil storage or
production units for ULS condition and ALS 1 and 2 line breaks, Larsen (2017).

Norwegian safety factors
Weather condition ULS ALS: 1 line break ALS: 2 line break

10 year storm N/A N/A 1.5
100 year storm 2.2 1.5 N/A

International safety factors
Weather condition ULS ALS: 1 line break ALS: 2 line break

10 year storm N/A N/A N/A
100 year storm 1.67 1.25 N/A

2.3.2 Fatigue Limit State

This section is based on the reference DNV (2013).

The mooring lines must be designed to withstand fatigue fracture due to cyclic load-

ing during the design life, and satisfying the FLS requirement ensures that. The accu-
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mulated fatigue damage in a mooring line component due to cyclic loading during

the design life (dc ) is given as:

dc =
i=n∑
i=1

di (2.2)

Where di is the fatigue damage to the component in state i. Any component in an in-

dividual mooring line must be able to resist fatigue fracture, and the design equation

for FLS is given in chapter 6.1 in the DNV Offshore Standards and states the following:

1−dc ∗γF >= 0 (2.3)

Where γF is the safety factor for the fatigue limit state. The fatigue safety factor for

polyester ropes and mooring lines which are not regularly inspected, are given in the

following table:

When dF <= 0.8 When dF > 0.8
γF 5 5+3((dF −0.8)/0.2)

Table 2.2: The fatigue safety factor for tension fatigue according to the DNV Offshore
Standards

Where dF is the ratio between the fatigue damage dc in two adjacent lines, and it

cannot be larger than one. The fatigue safety factor for polyester ropes shall cover

the uncertainties in a fatigue analysis, and is given as γF = 60. The fatigue limit state

will not be studied further in this thesis.

2.3.3 Analysis and Weather Direction Recommendations

This section is based on the reference DNV (2013).

According to section 2.5.2 in the DNV Offshore Standards, all vessels should be an-

alyzed with in-line and in-between environmental directions. Section 2.5.5 in the

DNV Offshore Standards states that if the site specific data is not available, the ves-

sels should be analyzed with a co-linear and non-co-linear environment:

• Co-linear environment analysis - is when the wind, waves and current is acting

in the same direction, and the initial weather direction should be 15o relative

to the bow of the vessel.
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• Non-co-linear (spread) environment analysis - is when the waves are propa-

gating towards the bow of the vessel, and direction of the wind and current is

30o and 45o relative to the wave direction.

Similar weather analysis will be performed in SIMA in both ULS and ALS weather

conditions, and these are more closely described in chapter 5.



Chapter 3

Theoretical Background

The governing excitation for extreme line tension of a floating vessel, is the top end

motion which is excited by the environmental loads. This chapter will describe the

top end motions, equation of motion and the time domain analysis for mooring sys-

tems. It will also include a short introduction to SIMA, the coordinate systems within

this software, sway-yaw stability and decay calculations.

3.1 Top End Motions

This section is based on the reference Faltinsen (1990).

The motions of a moored floating vessel are excited by environmental forces, and can

be categorized into four different motions:

1) Mean drift motion

2) High frequency (HF) motion

3) Wave frequency (WF) motion

4) Low frequency (LF) motion

The total motion of any point on a floating vessel can be expressed as:

s = η1i +η2 j +η3k +ω× r (3.1)

, where r and ω are respectively the position and rotation vector, given as r=xi+yj+zk

and ω=η4i +η5 j +η6k. η4i , η5 j and η6k are the identified as the roll, pitch and yaw

motion. The complete equation of the total motion then becomes:

s = (η1 + zη5 − yη6)i + (η2 − zη4 +xη6) j + (η3 + yη4 −xη5)k (3.2)

, where i, j and k are unit vectors along the x-, y- and z axis, respectively. η1i , η2 j and

15
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η3k are the surge, sway and heave motion, and all rigid body motions can be seen in

Figure 3.1. The motion of any point on the vessel can be estimated by this equation

when the motion response in every degree of freedom are known.

Figure 3.1: Rigid-body motion modes, Faltinsen (1990).

3.1.1 First order wave motions of a moored vessel

This section is based on the reference Larsen (2017).

The first order wave motion of a moored ship shaped vessel is quite different from

other moored structures due to its slender and streamlined shape. When exposed

to first order wave loads ship-shaped vessels experience dynamic coupling between

surge-heave-pitch, and sway-roll-yaw motions. This dynamic coupling yields that

the top end motions will become larger for ship-shaped vessels compared to other

moored structures. Figure 3.2 shows the typical elliptic top end motion of a turret

moored vessel when the waves are propagating towards its bow.

The dynamic tension in the mooring lines are dependent on the diameter of the el-

liptic displacement pattern, thus the dynamic line tension is dependent on the first

order wave motions. The windward lines will experience a large mean line tension

due to the LF forces, however the dynamic line tension due to the WF top end mo-

tion will not be that large due to a small elliptic displacement diameter. The leeward
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lines will however experience a larger dynamic line tension due to a large elliptic dis-

placement diameter.

Figure 3.2: First order wave motions at the top end, Larsen (2017).

3.2 Equation of Motion

This section is based on the references Larsen (2017).

The top end motion of a moored FPSO can be described by the equation of motion

in all six degrees of freedom:

(M + A(ω))∗ r̈ +C (ω)∗ ṙ +Dl ∗ ṙ +Dq ∗ ṙ |ṙ |+K (r )∗ r =Q(t ,r, ṙ ) (3.3)

Where M is the vessel mass, A(ω) and C(ω) is the frequency dependent added mass

and damping, Dl is the linear damping, Dq is the quadratic damping, K(r) represents

the non-linear stiffness and r, ṙ and r̈ is the position, velocity and acceleration of the

vessel. On the right hand side of the equation, are the excitation forces caused by

the environmental loads, Q(t,r,ṙ ). All contributions to the equation of motion will be

described in the following sections.

3.2.1 Excitation Forces

This section is based on the references Faltinsen (1990), Larsen (2017) and Larsen

(2015a).
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As mentioned in the previous section, the excitation forces are mainly caused by en-

vironmental loads. These can be identified as:

Q(t ,r, ṙ ) = qwi +qcu +qwa +qthr (3.4)

, where qwi , qcu , qw a and qthr are the environmental loads caused by wind, current,

waves and thrust forces respectively. These environmental loads are as mentioned

in section 3.1 the HF, WF, LF and mean loads and the excitation regimes are given in

Table 3.1.

Table 3.1: The excitation regimes from waves, wind and current, Larsen (2017).

Weather loads Mean HF(2-5s) WF(5-30s) LF(30-500s)
Waves Mean drift force Sum freq. forces 1st ord. forces 2nd ord. diff. freq.
Wind Mean speed - - Wind gusts

Current Mean speed - - -

To investigate the importance of these forces, it is necessary to know the natural os-

cillation periods of the moored floating vessel. The typical natural period range in all

six degrees of freedom for a moored FPSO are listed in Table 3.2.

Table 3.2: The typical range of the natural periods in all six degrees of freedom, for a
moored FPSO.

Natural period / Moored structure Surge Sway Heave Roll Pitch Yaw
FPSO ≈> 100s ≈> 100s 10-15s 10-20s 10-15s »100s

Notice that there are only large natural periods for the moored FPSO, which means

that the HF wave forces does not excite a considerable motion of the system, thus the

HF loads are omitted. However, the HF loads are important for other structures like

a tension leg platform (TLP) where the HF loads excites resonant motions in heave,

roll and pitch. The LF forces are however very important for the surge, sway and yaw

motions of the vessel. The WF forces are also important to consider because they

excite heave, roll and pitch resonant motions.

The dynamic load factor (DLF) is a function of the damping ratio (ξ) and the fre-

quency ratio (β), and is the relation between the dynamic (ud yn) and static response

(ust ), Larsen (2015a):
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DLF = |ud yn

ust
| = 1√

(1−β2)2 + (2ξβ)2
(3.5)

Figure 3.3 shows the importance of providing damping in the occurrence of resonant

motion response.

Figure 3.3: Dynamic load factor as a function of the frequency ratio for given values of
damping ratio, Larsen (2015a).

Wind Forces

As showed in Table 3.1, the wind excitation loads are divided into mean and LF ex-

citation loads, and the mean and dynamic wind gust velocity is given as Ū and u(t )

respectively. However, the wind forces also provide a LF damping force that damp-

ens the LF vessel motions. The total wind excitation force is given in the following

equation:

qwi (t ) =1

2
ρai r ∗CD,wi ∗ Awi ∗ [U (t )− ẋ]2

=1

2
ρai r ∗CD,wi ∗ Awi ∗ [U (t )2 −2U (t )ẋ + ẋ2]

=1

2
ρai r ∗CD,wi ∗ Awi ∗ [Ū 2

wi +2Ūwi u(t )+u(t )2 −2(Ūwi +u(t ))ẋ + ẋ2]

(3.6)

, where ρai r , CD,wi , Awi , Uwi , and ẋ are the air density, drag coefficient, vessel’s wind
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exposed area, mean wind velocity, and the low frequent vessel velocity. The mean

wind velocity is very large in comparison with the LF vessel velocity, hence Ūwi>>ẋ.

When only the LF forces are considered the wind excitation force are reduced to:

qwi (t ) = 1

2
ρai r ∗CD,wi ∗ Awi ∗ [ ¯U 2

wi +2 ¯Uwi u(t )−2Ūwi ẋ] (3.7)

Force coefficients are frequently used in describing the environmental loads, and the

wind force coefficient is given as:

cwi = 1

2
ρai r ∗CD,wi ∗ Awi (3.8)

Current Forces

The current excitation loads are the mean current forces however like the wind forces,

the current will also excite LF damping forces and contributes to a dampened low

frequent vessel motion. The total current excitation force is expressed as:

qcu(t ) = 1

2
CD,cu ∗ Acu ∗|Ūcu − ẋ|(Ūcu − ẋ) = 1

2
CD,cu ∗ Acu ∗ (Ū 2

cu −2Ūcu ẋ + ẋ2) (3.9)

,where Ūcu , ρw ater and ẋ are the current velocity, water density and the LF surge

velocity. The LF surge velocity is very small in comparison with the current velocity,

hence the following can be expressed Ūcu > > ẋ. The total current excitation force is

then reduced to:

qcu(t ) ≈ 1

2
∗CD,cu ∗ Acu ∗Ū 2

cu −ρw ater ∗CD,cu ∗ Acu ∗Ūcu ∗ ẋ (3.10)

The current force coefficient is given in the following equation:

ccu = 1

2
ρw ater ∗CD,cu ∗ Acu (3.11)
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Wave Forces

The wave forces on a floating vessel is divided into first and second order forces. The

first order forces are linear wave-structure forces, and can be solved by dividing the

wave-structure problem into two loads:

• Wave excitation loads - Are the forces and moments on the floating vessel when

it is restrained from oscillating and is exposed to incident regular waves. The

hydrodynamic loads consists of the Froude-Kriloff and diffraction forces.

• Wave radiation loads - Are the forces and moments on the vessel when its free

to oscillate in all six degree of freedom, and there are no incident waves present.

The hydrodynamic loads consists of added mass, damping and restoring terms.

These forces describes the total first order linear forces on a floating vessel, and rep-

resents the WF forces. The second order non-linear forces results in mean, HF and

LF forces. These forces are very important in mooring design, as mentioned earlier.

The second order wave drift force is given by the following equation:

F̄w f = 2∗
∫ ∞

∞
Sη(ω)∗Cwd (ω)dω (3.12)

,where Sη and Cwd is the wave spectrum and wave drift force coefficient, respectively,

Larsen (2017).

The inertia, damping and stiffness forces of the system are of great importance, be-

cause they decide the vessel’s motion response. These will be studied in the following

sections.

3.2.2 Restoring forces - Stiffness

This subsection is based on the references Larsen (2017), Larsen (2015a), Faltinsen

(1990) and Larsen (2015c).

The system’s restoring force comes from the stiffness of the mooring lines. The stiff-

ness properties of a mooring line can be categorized into two:

1) Geometric stiffness

2) Elastic stiffness

The total stiffness of a system is given as a combination of both geometric and elastic
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stiffness:

1

kT
= 1

kG
+ 1

kE
(3.13)

Figure 3.4 shows for what frequency region the stiffness forces are dominating, and

the system is stiffness dominated when the load frequency is lower than the natural

frequency. The excitation loads in this region are balanced by the stiffness forces of

the system.

Figure 3.4: Stiffness dominated system, Larsen (2015a).

Geometric Stiffness

The geometric stiffness occurs due to the change in geometry of the mooring line,

and is most important for a catenary system with steel and chain lines. The stiffness

is mainly provided from the large line weight or by adding clump weights. Figure 3.5

shows the equilibrium position of a catenary system. When the environment excites

vessel motions, it is the weight of the line that provides the restoring force. By using

the notation in Figure 3.5, the mooring system’s restoring force is found from the

moment equilibrium of the line and is expressed as:

Fh = Ww ∗a

D
(3.14)

, where Fh , Ww , a and D is the restoring force, line weight in water, weight moment
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arm and the water depth, respectively. It is noteworthy that the relation between

restoring force and offset is non-linear.

Figure 3.5: Catenary mooring system, Larsen (2017).

The FPSO which is studied in this thesis has a catenary mooring system with a chain-

steel line combination. In this case, it is the geometric stiffness that will dominate

the restoring force.

Elastic Stiffness

Elastic stiffness is important for taut systems with polyester lines. This stiffness is

provided from the elastic elongation of the line. Figure 3.6 shows the equilibrium

position of a typical taut moored floating vessel. When vessel motions are excited,

the line elongates and the line tension and vessel offset is increasing. The restoring

force is found from the moment equilibrium of the line, and is given as:

Fh = Fv ∗a

D
(3.15)

, where Fh , Fv , a and D is the restoring force, vertical force, horizontal distance from

the vessel to the anchor and the water depth, respectively.
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Figure 3.6: Taut mooring system, Larsen (2017).

Static Equilibrium of a Mooring Line

The following figure shows the forces acting on a two-dimensional mooring line with

zero bending stiffness. The bending stiffness is neglected for chain mooring lines and

wires with large radius of curvature. The line’s dynamic effects are also neglected.

Figure 3.7: Forces acting on a two-dimensional mooring line with zero bending stiff-
ness, Larsen (2015c).

EA, w, T, φ, F and D represents the axial stiffness, unit weight in water, tension force,

mooring line angle with respect to the x-direction, and the external current forces
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in the tangential and normal direction. When decomposing the forces acting on the

mooring line into tangential and normal components the equations become:

dT = [w ∗ si nφ−F (1+ T

E A
)]∗d s (3.16)

T ∗dφ= [w ∗ cosφ+D(1+ T

E A
)]∗d s (3.17)

“These equations are non-linear and it is in general not possible to find an explicit

solution”, Faltinsen (1990). In some locations the current forces are close to zero and

can be neglected, thus the equations can be simplified. The normal or radial ten-

sion is much smaller than the axial stiffness and the term T/EA can be neglected in

equation . The elasticity forces in catenary mooring lines are neglected, cause these

lines are considered inelastic. The catenary lines can be described by the catenary

equations and is more closely described in the next section.

Catenary Equations for an Inelastic Mooring Line

The catenary equations are derived from equation 3.2.2 and 3.16. The line charac-

teristic is an expression that is frequently used in mooring design. It is the relation

between the top pre-tension and the horizontal offset of the floater. The following

figure shows the notation that is used in defining the line characteristic of a catenary

mooring line.

Figure 3.8: The notation that defines the line characteristics of a catenary mooring line,
Larsen (2015c).
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The horizontal distance between the vessel and the anchor (Xl ) is often known, and

then it is interesting to find the top end horizontal tension. The following equation

expresses the horizontal offset of the floater as a function of the horizontal tension

of the mooring line. The equation is called the line characteristic. It is derived from

equation 3.2.2 and 3.16, and is applicable for inelastic mooring lines:

Xl = l + Tx

w
∗ cosh−1(1+ w y

Tx
)−

√
y ∗ (y + 2Tx

w
) (3.18)

Where Xl , l, w, y and Tx are the distance from the vessel to the anchor, length of the

line, line unit weight, water depth and the horizontal top tension, respectively. It is

also interesting to know the distance from the vessel to where the anchor hits the

ground, also called the touch down point (TDP) and is expressed as:

x = Tx

w
∗ l n[1+ w y

Tx
+

√
(1+ w y

Tx
)2 −1] (3.19)

The equations for the line characteristic and TDP for an elastic mooring line are how-

ever quite different, because the elasticity effects must be included. The equations

for an elastic mooring line will be described in the next section.

Equations for an Elastic Mooring Line

For taut mooring systems with long elastic lines in high tension levels, the elasticity

forces must be included in the two-dimensional mooring equations. The distance

between the TDP and the floating vessel for an elastic mooring is now expressed as:

x = Tx

w
∗ si nh−1(

Ty

Tx
)+ Tx ∗Ty

w ∗E A
(3.20)

The line characteristic of an elastic mooring line is given as:

Xl = (l0 −
Ty

w
)∗ (1+ Tx

E A
)+x (3.21)

The horizontal top tension is expressed by the following equation:

Tx = E A∗ [

√
(

T

E A
+1)2 − 2w y

E A
−1] (3.22)
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Mooring System’s Restoring Forces

The total restoring in a mooring system is the sum of the restoring force and moment

from each mooring line in the system. Figure 3.9 shows a sketch of a spread mooring

system for a drilling platform. THi and ψ are the horizontal line tension and the

angle between the anchor line and the x-axis. The system’s horizontal forces and yaw

moment are given as F M
1 , F M

2 and F M
6 respectively, and is calculated by the following

equations:

F 1
M =

n∑
i=1

THi ∗ cosψ (3.23)

F M
2 =

n∑
i=1

THi ∗ si nψ (3.24)

F M
6 =

n∑
i=1

THi (xi ∗ si nψ− yi ∗ cosψ) (3.25)

Where i is the mooring line number and n is the number of mooring lines. The sys-

tem’s restoring forces and yaw moment must be able to equalize the environmental

excitation loads to maintain positioning.

Figure 3.9: Spread mooring system, Faltinsen (1990).
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3.2.3 Damping Forces

This section is based on the references Faltinsen (1990), Larsen (2017) and Larsen

(2015a).

The damping forces removes energy from the system and reduces the moored vessel’s

response. Damping is especially important in resonance where the vessel’s response

is largest, as shown in Figure 3.3. It was shown earlier in Table 3.2, that the natural

periods in surge, sway and yaw are large. Hence it is important to provide sufficient

damping to reduce the resonant response due to the LF loads from waves, wind and

current. The most important LF damping forces for a moored FPSO are the:

• Viscous loads - due to the skin friction and bilge keel effects. The damping from

skin friction is very small in comparison with the eddy-making damping from

the bilge keels.

• Wave drift damping - the waves provides damping to the vessel, which can be

observed by performing a free-decay ship model test in calm water and regular

waves.

• Drag forces on the mooring lines and risers - WF loads excites vessel motions,

which excites dynamic line and riser motion. Damping occurs from the drag

forces due to the dynamic line and riser motions.

• Wave radiation damping - the WF wave loads excite vessel motion, however the

vessel generates waves and dampens the vessel’s WF motions.

• Wind and current damping - when the wind and current are in contact with the

vessel, drag forces occur and LF damping is provided.

• Thrust damping - damping is provided by using automatic thrusters that re-

duces the vessel motions.

The figure below shows the resonance region where the motion response is at its

largest. Here it is very important to provide sufficient damping to balance the ex-

citation loads.
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Figure 3.10: The resonance region, Larsen (2015a).

3.2.4 Inertia Forces

This section is based on the references Larsen (2015a) and Larsen (2017).

The system’s inertia forces consists of the vessel’s mass and added mass which are

proportional to the vessel’s acceleration. As shown in Figure 3.11, the inertia forces

are dominating for load frequencies larger than the natural frequency. This means

that the excitation loads in this region are balanced by the inertia forces.

Figure 3.11: Inertia dominated system, Larsen (2015a).
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3.3 Time Domain Analysis Methods

This section is based on the references Larsen (2017), ISO (2013), DNV (2013), H. Orm-

berg (1998) and Klingan (2016).

A time realization of the response of a floating vessel is called a time domain sim-

ulation, and is found by numerical integration of the equation of motion in all the

degrees of freedom. For this realization, the vessel’s response will vary a lot about its

expected value, thus the standard deviation will be large. This means that only one

realization is not sufficient to provide good response statistics. Several time domain

simulations are necessary, and the data from all the simulations can be used to calcu-

late the extreme response statistics. However, it is important that the simulations are

long enough to obtain stable statistical properties. According to Section 2.2.9 in the

DNV Offshore Standards, DNV (2013) the required simulation length for recording

extreme response in a time domain analysis is three hours.

In a time domain analysis, the combined mean, low frequency and wave frequency

motions of the vessel are simulated simultaneously. The environmental forces in-

cluded in the time domain approach, are the mean, wave- and low frequent forces.

The behaviour of the vessel, mooring lines and risers (if any) will be described in a

time domain analysis. However, how well their behavior is described is dependent

on the time domain analysis approach, and there are two different approaches of

performing a time domain analysis: separated and coupled approach. These meth-

ods will be described in the next sections.

3.3.1 Separated Approach

This section is based on the references H. Ormberg (1998) and Klingan (2016).

The separated approach for a moored vessel is divided into two steps:

1) Vessel motion analysis

2) Dynamic mooring analysis

Step one simulates the top end motion response of a floating vessel (WF and LF mo-

tions). The vessel’s top end motion due to the dynamic behavior of the mooring lines,

is however not simulated and is either neglected or implemented into the model. In

the separated approach two simplifications are implemented into the model to de-

scribe the vessel’s top end motions due to the dynamic behavior of the mooring lines:
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a) Additional linear damping forces are implemented to the vessel to account for the

damping forces provided by the mooring lines.

b) Additional current forces are implemented to the vessel to account for the current

forces acting on the mooring lines that provides stiffness forces to the system.

The additional linear damping and current forces are applied as additional “vessel

coefficients”, and they must be validated with model tests to ensure correct values. In

step two a dynamic mooring analysis is performed with the vessel’s top end motions

calculated in step one as input.

The shortcomings of this approach are that:

1) The damping effect from the mooring lines must be simplified by additional linear

damping forces acting on the floater, which is quite complex to calculate due to

the number of parameters that are involved. This requires comprehensive com-

puter power.

2) The mean current loads on mooring lines in deep water are usually not considered

which leads to inaccuracies of the stiffness forces to the system, and thus incorrect

mean offset. If the mean current loads are included as an additional current force

on the vessel, the mean offset will be correct but the mean horizontal forces on

the vessel will be incorrect.

This approach is typically used when it is only necessary to investigate one line (which

is usually the most loaded one) instead of all the lines. This saves time and computa-

tional power but to use this approach, the vessel coefficients must be known and as

mentioned it requires comprehensive calculations to find these.

3.3.2 Coupled Approach

This section is based on the references H. Ormberg (1998) and Klingan (2016).

It is called the coupled approach, because the simulation of the vessel’s top end mo-

tions and the total behavior of the mooring lines are coupled. This means that both

the vessel’s motions and the mooring line behavior is simulated simultaneously. The

coupled approach considers the dynamic behavior of the mooring lines, which will

affect the vessel’s motion and line tension response. In a coupled approach every

force contribution in the equation of motion is solved and accounted for in the time

domain.
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3.4 Sway-Yaw Stability

This section is based on the reference Larsen (2014b).

The weathervaning ability is a very important property of any turret moored vessel,

and there are two motions that contributes to this ability: yaw and sway motions.

When the vessel is exposed to wave, wind and current forces it is forced to yaw about

the turret in the direction of the environment. However, an opposing moment occur

due to the vessel’s sway motions. The opposing moment is dependent on the dis-

tance between the turret and the COG, which is the "arm" for the sway forces. The

total moment about the turret (MT ) is given by the following equation:

MT = MZ −Fy ∗xGT (3.26)

Where MZ , FY and xGT are the yaw moment, sway force and distance between the

COG and turret. The opposing sway moment needs to be larger than the yaw mo-

ment for the vessel to be able to weathervane, hence the static sway-yaw stability

requirement:

d Mz

dψ
+xGT

dFsw ay

dψ
< 0 (3.27)

Where dMz/dψ and dFsw ay /dψ are the change in yaw moment and sway force with

respect to change in weather heading. The sway and yaw moments are illustrated in

Figure 3.12.
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Figure 3.12: Illustration showing the weather moment contributions about the turret.

The positive moment directions are defined as the counterclockwise direction along

the axis’. This is shown in Figure 3.13 and is used in the simple sway-yaw stability

calculations in section 4.4.

Figure 3.13: An illsustration of the positive moment directions

The modeled FPSO have wind and current force coefficients that describes the wind

and current effects on the vessel, in all deegrees of freedom (dof) and in different

weather directions. These coefficients have been scaled from wind tunnel tests and

are given in Appendix B. When studying the vessel’s weathervaning ability, it is im-

portant to consider the environmental contributions from waves, wind and current.
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However, it is difficult to assess the wave drift forces because it requires integrating

over the wave spectrum and the frequency dependent wave drift coefficient, thus for

simplicity the wave forces is assumed to have the same values as the wind forces in

the simple sway-yaw stability calculations in section 4.4. The weather forces are pro-

portional to the velocity squared, and the total moment (MT ) about the turret is given

as:

MT = My aw −Msw ay = MZ −Fy ∗xGT

=V 2
cu(C cu

y aw,ψ−xGT ∗C cu
sw ay,ψ)+V 2

wi (C wi
y aw,ψ−xGT ∗C wi

sw ay,ψ)
(3.28)

Where My aw and Msw ay are the total yaw- and sway moment due to current and

wind loads, C cu
y aw,ψ and C cu

sw ay,ψ are the yaw and sway current coefficients, C wi
y aw,ψ

and C wi
sw ay,ψ are the yaw and sway wind coefficients. Vcu and Vwi are the current and

wind speed.

3.5 Damped System Calculations

This section is based on the reference Larsen (2015a), and the calculation of the nat-

ural period, damping ratio, critical- and actual damping from a damped system will

be described.

The damped natural period (Td ) is found by taking the difference between two damped

peaks in the oscillating sample, and is expressed as:

Td = 2π

ωd
(3.29)

Whereωd is the damped natural frequency of the system. The logarithmic decrement

(Λ) is the ratio between two damped peaks, and is used to find the damping ratio of

the system. The damping ratio is the ratio between actual- and critical damping:

Λ= 1

n
∗ ln(

ui

ui+1
) (3.30)

Where ui and ui+1 are the amplitudes of the peaks, and n is the number of amplitudes

between the peaks. As the logarithmic decrement is known, the damping ratio (ξ) can
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be calculated by the following equation:

ξ= Actuald ampi ng

Cr i t i cal d ampi ng
= 1√

1+ ( 2π
Λ )2

(3.31)

The natural frequency (ωn) of the system is described by:

ωn = ωd√
1−ξ2

=
2π
Td√

1−ξ2
(3.32)

The natural period can also be calculated by the following equation:

Tn = 2π

√
M + A(ω)

K (r )
(3.33)

Where M, A(ω) and K(r) is the mass, added mass and stiffness of the system.

As the natural frequency is known the system’s critical damping (Cc ) is calculated by:

Cc = 2mωn (3.34)

Where m is the system’s mass. For a FPSO m will be the mass and added mass of the

vessel. As the critical damping is known, the actual damping (C) can be calculated

from equation 3.31. An illustration of a damped system is shown in Figure 3.14.
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Figure 3.14: Free oscillation of sub-critically damped system, Larsen (2015a).

3.6 Dynamic Equilibrium of a Turret

This section is based on the reference Larsen (2014a).

The dynamic forces and moments from the mooring lines, dynamic pressure from

the waves, and the turret’s weight and inertia, are absorbed by boogies and radial

wheels located around the turret. The boogies and radial wheels are supports that

absorb the vertical and the horizontal forces that occur in the turret, respectively.

The turret’s weight rests on the boogies, thus both the moments and vertical forces

are absorbed by these. Figure 3.15 shows a simple description of the turret supports

and the forces and moments.
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Figure 3.15: Illustration of the turret and its forces and moments

By decomposing the forces in x- and z-direction and by taking the moment about the

COGT.W. (COG of the turret with entrapped water), three easy equations of equilib-

rium can be made to express the total forces and moments in the turret’s boogies and

radial wheels. These are given as:

∑
Fx = ma =⇒F C T

x +F R AD
x +M g ∗ si nθ = (M + A)ẍ

F R AD
x = (M + A)ẍ −F C T

x −M g ∗ si nθ
(3.35)

∑
Fz = ma =⇒F C T

z +F BOG
z +F F K

z −M g ∗ cosθ = (M + A)z̈

F BOG
z = (M + A)z̈ +M g ∗ cosθ−F C T

z

(3.36)

∑
MCOG = I aθ =⇒MC T +M BOG −F C T

x ∗ c +F R AD
x ∗ (a − c) = Iθθ̈

M BOG = Iθθ̈+F C T
x ∗ c −F R AD

x ∗ (a − c)−MC T
(3.37)

A more detailed description of the notation is written in the Nomenclature. These
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simple but important equations will be used to calculate the force and moment time

series in the boogies and radial wheels. The equations will be simplified by neglecting

the dynamic pressure and the mooring moment at the top end fixing point. The for-

mer force contribution is neglected because these pressure forces are small in com-

parison with the other forces. The mooring moment at the fixing point is equal to

zero because all mooring lines are connected to the same top end point, which will

result in no moment arm. This will be more closely described in section 4.1.4.

3.6.1 Turret Up-Lift

Figure 3.16 shows an illustration of a turret that experience uplift. The turret lies

on several boogies, and the turret gravity force prevents the turret from lifting. In

extreme weather conditions the boogies experience a varying vertical force and mo-

ment, which in combination can get larger than the turret gravity force and uplift oc-

cur. The turret is a critical component in both the mooring and oil&gas production,

and a turret uplift will destroy components that processes oil and gas. The FPSO and

turret must thus be designed to prevent uplift.

Figure 3.16: Illustration of the turret uplift.
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3.7 Probability Distributions

This section will provide basic knowledge about the probability distribution of wave

processes, and is based on the reference Tor Vinje (2004) and Leira (2010). In this

thesis the focus will be around the Gumbel probability density function, because this

is a good distribution to describe the extreme loads that occur in the mooring lines

and the turret, which are to be investigated.

A wave process is irregular/random (stochastic) and it is hard to predict. By mak-

ing certain assumptions it is possible to make a probability density function (pdf)

for the wave elevation, thus it is possible to predict the wave elevation. The assump-

tions states that the surface elevation is a stationary, narrow banded and normally

distributed stochastic process. This means that the mean and variance of the surface

elevation is constant (where the mean is zero), the incoming wave frequencies are

within a narrow interval of frequencies (which practically means that the incoming

waves have approximately the same frequency), and that the wave elevation will be

equally distributed over and under the mean surface. Such a wave process is showed

in Figure 3.17. The figure also shows the peaks and the extreme peak in the time serie.

Figure 3.17: Time serie of the wave elevation in ULS weather conditions taken from
Sima.

Based on the assumptions stated above, the surface elevation can be described and
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predicted by a Gaussian pdf. It is also useful to describe the peaks or the wave am-

plitudes of a wave process. Based on the assumption that each wave is stationary,

statistically independent and normally distributed, the wave amplitudes can be de-

scribed by a Rayleigh distribution.

In each time serie there exist one maximum or extreme wave amplitude. By per-

forming N number of simulations or measurements there exist N number of maxi-

mum/extreme wave amplitudes. By satisfying the assumptions for the Gaussian and

Rayleigh distribution, Gumbel’s probability density function can be used to indicate

the most probable extreme wave amplitude. The Gaussian, Rayleigh and Gumbel

probability density function is showed in Figure 3.18.

Figure 3.18: Probability density function of the surface elevation, peaks and the ex-
treme/maximum peaks from N time series.

Gumbel’s probability density function gives an indication of the most expected ex-

treme value and is expressed as:

f (x) = 1

β
e−( x−u

β +e
−( x−u

β
)
) (3.38)

, while the Gumbel cumulative density function shows the probability of X to be less

or equal to a value of X:
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F (x) = e−e
( x−u
β

)

(3.39)

Where β and u are moment estimators and these are given as:

β= σ∗p
6

π
(3.40)

u =µ−β∗γ (3.41)

Where σand µ are the variance and mean respectively, which are calculated from the

sample of extreme values. γ is the Euler-Mascheroni constant.

The Gumbel distribution is not only used to describe extreme wave heights, but also

extreme responses, and to find the characteristic design response. The characteristic

design response of the vessel’s horizontal offset and the line tension is given as the

most probable maximum (MPM), while the characteristic design loads of the turret

is given as the 90% fractile value from the probability distribution. The 90% fractile

value corresponds to a probability of exceedance by 10%. These characteristic design

responses will be investigated in chapter 7.

3.8 Sima Introduction

This section is based on the references Larsen (2017), ISO (2013), Larsen (2015b) and

DNV (2017a).

Sima is a module within the Sesam software that can model and simulate marine

operations. Within Sima there are two features that are important to know of:

1) Simo - is a tool which performs numerical integrations and simulations of the mo-

tions and station keeping behaviour of a floating vessel in the time domain. Simo

performs quasi-static analysis which means that top end tension is calculated

from the vessel’s WF and LF motions, whereas all the six degree of freedom top

end motions of a floating vessel is captured. However, if the vessel is moored only

the restoring forces from the mooring stiffness is considered in a quasi-static anal-

ysis. This means that the mooring lines are thereby only functioning as springs

that provide restoring, which means that "The elastic elongation of the line is de-

termined quasistatically", DNV (2017a). Thus the mass forces on the lines are ne-
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glected, which in other words means that the dynamic line tension behavior due

to added mass and damping of the mooring lines is not considered. "Only the

tangential component of the top end motion is assumed to have any effect on the

dynamic tension", DNV (2017a). This approach is sufficient when the dynamic

behavior of the mooring lines can be neglected. The mooring lines are modelled

by the catenary equations and are assumed to form catenaries.

2) Riflex - is another tool which performs a non-linear time domain finite element

analysis (FEM) of slender structures. Riflex is used to perform simulations and

FEM-analysis of risers and mooring lines, which describes their total static and

dynamic behaviour. "The basic principle in this approach is to accumulate the ex-

ternal loading in a number of small load increments.", DNV (2017b), and to find

the static configuration at each load step by using the displacement from the pre-

vious load increment as the initial solution. Riflex performs a step-by-step nu-

merical integration of the dynamic equilibrium equations, which is a proper way

to treat the non-linear behaviour according to DNV (2017a).

A Simo-Riflex coupled simulation will describe the fully mooring system behaviour

including the vessel’s response due to the dynamic motions of the mooring lines. In

this thesis, there will be performed modelling of mooring systems and simulations

of the turret moored FPSO in Simo and Riflex. The system that is modeled in Ri-

flex describes both the total vessel and mooring line response simultaneously, which

means that the model in Riflex is performing Simo-Riflex coupled simulations. From

here on and out this thesis, the simulations from the model in Riflex will be called Ri-

flex and not Simo-Riflex coupled. The results between the model in Simo and Riflex

will be compared to investigate the vessel motions and line tension during ultimate

and accidental limit state conditions. The vessel’s hydrostatic and -dynamic proper-

ties is configured in Wamit and is provided by Prof. II Kjell Larsen and Equinor, but

the mooring system has been modeled in both Simo and Riflex.

3.8.1 Coordinate Systems

This section is based on the reference DNV (2017a).

Different coordinate systems are used in SIMO and it is important to know the differ-

ence between them:

1) Global coordinate system (GL) - is a fixed coordinate system in the domain where

the vessel’s position is referred from.
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2) Local coordinate system (L) - is the coordinate system of the FPSO. The coordinate

system follows the vessel’s motions.

3) Body-related coordinate system (R ) - is a local coordinate system that follows the

vessel’s horizontal motion.

4) Initial coordinate system (I ) - is the coordinate system of the vessel’s initial posi-

tion before the simulation starts. This coordinate system remains fixed during the

simulation.

The weather direction and mooring line direction in Riflex is always chosen with re-

spect to the global coordinate system. The direction of the mooring lines in SIMO is

defined with respect to the initial coordinate system. The global (GL), local (L), and

initial (I ) coordinate systems are illustrated in Figure 3.19.

Figure 3.19: An illustration of the global (GL), local (L), and initial (I ) coordinate sys-
tems. The degrees (0, 90, 180 and 270) are with respect to the global coordinate system.



Chapter 4

The FPSO, Mooring System and Environ-

mental Conditions

This chapter will describe and provide the fundamental information about the FPSO’s

Response Amplitude Operators (RAO), weathervaning abilities, and the mooring sys-

tem that is to be numerically simulated. The system description of the turret moored

FPSO, the vessel’s RAOs and the environmental conditions (from a metocean design

basis of the field), are provided by Equinor and Prof. II Kjell Larsen.

4.1 System Description

The FPSO is turret moored with 15 lines in total. These lines are divided into three

clusters, where there are 5 lines in each cluster. Each cluster got a specific line length

and a chain-wire segment configuration, where the pre-tension in all lines are 2097kN.

The lines are anchored with suction anchors on the seabed, 371.6 meters below the

calm water surface. It is assumed that there are no pipelines on the seabed within the

anchoring region.

Figure 4.1: Illustration of the example FPSO in Sima

44
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4.1.1 Ship Dimensions

The FPSO’s main dimensions and particulars are presented in Table 4.1.

Table 4.1: The main dimensions and particulars of the FPSO.

Parameters Symbol Unit Value
Length between perpendiculars LPP m 273.2

Depth D m 30.0
Breadth B m 54.8

Draft ballast TB m 16.6
Draft full load TL m 21.3

Draft model in SIMA TS m 17.1
Turret Weight WTU R tonnes 6 000

Lightship weight ∆LW tonnes 91 000
Displacement ballast ∆B tonnes 208 000

Displacement full load ∆L tonnes 273 000
Displacement model in SIMA ∆S tonnes 218 800

Turret location (x,y,z) relative to GL Fairlead m (70, 0, -17.1)
Model’s center of gravity (x,y,z) relative to GL COG m (0, 0, 3.136)

4.1.2 Mooring System

The FPSO is as mentioned earlier turret moored with 15 lines, which are divided into

three clusters with 5 lines in each cluster. This configuration makes it possible for the

vessel to weathervane while maintaining position keeping and beneficial production.

Each cluster have different line lengths and segment configuration of top studless

chain, spiral strand steel wire and bottom studless chain. The main characteristics

and properties of the three line configurations are given in Table 4.2. The data of

the line length, pre-tension, direction and fastening point of every line is given in

Table 4.3, and is based on a Mimosa file provided by Prof. II Kjell Larsen and Equinor,

which is given in Appendix A. The Mimosa file is based on assessments by Equinor

of how long and how large the line length, pre-tension and breaking strength should

be. Figure 4.2 shows the turret mooring system of the vessel.



4.1. SYSTEM DESCRIPTION 46

Table 4.2: The main properties of the mooring lines: segment length (lseg ), segment di-
ameter (dseg ), weight in air (wai r ), Young’s modulus (E) and breaking strength (T BS).

Cluster 1, Line Longer i
Line segment lseg [m] dseg [m] wai r [kN/m] E [MPa] T BS [kN]

R4 studless chain 50 0.17 5.7276 47700 24073
Spiral strand wire 355 0.151 1.11321 20200 22000
R3S studless chain 520 0.17 5.7276 47200 21876

Cluster 2, Line Long i
R4 studless chain 50 0.17 5.7276 47700 24073
Spiral strand wire 355 0.151 1.11321 20200 22000
R3S studless chain 420 0.17 5.7276 47200 19592

Cluster 3, Line Longest i
R4 studless chain 50 0.17 5.7276 47700 24073
Spiral strand wire 355 0.151 1.11321 20200 22000
R3S studless chain 720 0.17 5.7276 47700 24073

Figure 4.2: Illustration of the mooring line set-up taken from Simo.
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Table 4.3: The table shows the line direction (relative to the initial coordinate system),
pretension and the fastening point of every line. Table taken from SIMO.

4.1.3 Modeling in Simo

The mooring lines are modeled in Simo by giving them a weight, length, stiffness,

pretension and direction. The anchor positions are then found by solving the cate-

nary equations in a static analysis. These anchor positions in Simo are used to define

the anchor positions in Riflex. The different calculations methods in Simo and Ri-

flex’s static analysis might lead to discrepancy in the line stiffness. This will be more

closely discussed in section 6.1.

4.1.4 Modeling in Riflex

As mentioned earlier, Riflex uses the FEM to solve the equation of motion of slender

elements, for instance mooring lines. It is thus important to have enough elements

in the lines to properly describe their behaviour. However, by increasing the number

of elements in the lines, the simulation time also increases because of more nodal

point calculations. The elements should be small where the line dynamic behaviour

is large so that it can be captured, while large elements where the dynamic behaviour

is smaller. As showed in Table 4.2, the mooring lines are divided into three segments:

R4 studless chain (top end section), spiral strand wire (mid section) and R3S stud-

less chain (bottom section). The top end and mid section behaviour of the mooring

lines are experiencing large dynamic behaviour, and thus the elements here should

be smaller than the bottom segment. The mooring lines’ are modelled with a top end,

mid and bottom section element length of 5.0, 25.5 and 30.0 meters respectively.
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Figure 4.3a below shows that all the mooring lines are connected to a joint top end

fixing point, which as mentioned in section 3.6 neglects the mooring moment at the

fixing point. Figure 4.3b shows that the mooring lines are connected around the tur-

ret which is the correct way to model. However, due to numerical difficulties the

system was simplified by modeling a joint fixing point as in Figure 4.3a.

(a) Joint top end fastening (b) Different top end fastening

Figure 4.3: The simplified modeling in Riflex (left) and the correct modeling in Riflex
(right)

The FPSO with the mooring configuration shown in Table 4.2, Figure 4.2 and Table

4.3, will be analyzed in this thesis using Simo and Riflex.

4.2 Environmental Conditions in the Oil Field.

This section describes the extreme environmental data of the waves, wind and cur-

rent from the oil field where the FPSO is located. These extreme values will be used

in the numerical simulations in Simo and Riflex.

4.2.1 Waves

The waves are generated from the Joint North Sea Wave Project (JONSWAP) double

peaked spectrum, and the contour plots of the significant wave height and peak pe-

riod is showed in Figure 4.4. The largest 100 year return period corresponds to a

significant wave height (HS) of 15.5 meters and a peak period (TP ) of 18.5 seconds.

A sensitivity analysis around the peak of the 100 year return period is performed in

order to investigate which combination of HS and TP that creates the largest tension

response. The results will be presented later in this thesis.
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Figure 4.4: Contour plot of the significant HS and TP for different values of annual
probability of exceedance, where the duration of extreme event is 3 hours.

4.2.2 Wind

The table below shows the oil field’s maximum omni directional wind speed, refer-

ence height and direction in a 100 year return period. This wind speed will be used

in the simulations. The vessel’s motion response due to wind is given by the wind

coefficients. Due to the vessel’s non-symmetric superstructure, the vessel achieves

some sway and yaw motions when the wind is propagating towards the bow, which

corresponds to wind direction of 180 degrees in the wind coefficients. The sway and

yaw motions in 180 degrees are marked with red in wind coefficients attached in Ap-

pendix B. Also notice that the wind only excite motion response in surge, sway, roll

and yaw.

Table 4.4: The maximum wind speed from a return period of 100 years where the du-
ration of extreme event is 1 hour.

Wind speed [ m
s ] Reference height [m] Direction [o]

32.5 10 0-360



4.3. MOTION RESPONSE AMPLITUDE OPERATORS 50

4.2.3 Current

The table below shows the oil field’s maximum omni directional current speed, refer-

ence height and direction in a 10 year return period which will be used in the numer-

ical simulations. The vessel’s motion response due to current is similar to the wind

given by coefficients, and these can be found in the Appendix B. The vessel below the

sea surface is streamlined and symmetric about the longitudinal axis, thus the cur-

rent coefficients in Appendix B are given in the interval [0 180] degrees. Similar to the

wind, the current excite vessel motions in surge, sway, roll and yaw. It is noteworthy

that the current excites sway motions when the current is headed towards the bow,

which may be a result of unevenly distributed mass in the FPSO. However, the vessel

is symmetric thus no yaw motions occur in this current direction.

Table 4.5: The maximum current speed from a return period of 10 years where the
duration of extreme event is 10 minutes.

Current speed [ m
s ] Reference height [m] Direction [o]

1.23 0 0-360

4.3 Motion Response Amplitude Operators

This section will present the surge, sway, heave, roll and pitch RAOs of the unmoored

FPSO in regular waves. The RAOs are shown for waves propagating towards the bow

(180o) and starboard or port side (90o) of the vessel as showed in Figure 4.5. The COG

is the reference point in every RAO figure showed in the following sections.
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Figure 4.5: The wave direction which the RAO plots are based upon.

4.3.1 Surge

Studying Figure 4.6, the surge motion response decreases at wave periods of 12.5-13

seconds which is a result of cancellation effect when the wavelength is approximately

the same as the vessel’s length. The vessel’s response is then increasing towards a

response of 1 where the vessel follow the waves.
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Figure 4.6: Model’s surge RAO with incoming wave direction of 180 degrees

No surge motions is expected when waves are coming from a 90o angle, however due

to non-symmetry about the vessel’s longitudinal axis, a pressure difference between

the fore- and aft of the vessel will occur. A result of this is a surge motion response

peak at 11 seconds.

Figure 4.7: Model’s surge RAO with incoming wave direction of 90 degrees
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4.3.2 Sway

When studying the FPSO’s sway motion response in 90o waves in Figure 4.8, a jump

in response occur at wave periods approximately 25.8 seconds. The FPSO achieves a

maximum sway response of 1.14 for this wave period. This is a result of a sway-roll

coupling effect which is discussed more closely in section 4.3.4. The sway response

in head waves (180o) are however negligible.

Figure 4.8: Model’s sway RAO with incoming wave direction of 90 degrees

4.3.3 Heave

The FPSO’s heave motion response in 90o waves is showed in Figure 4.9. The largest

heave response appear for wave periods of 12 seconds, thus the FPSO’s natural period

in heave is 12 seconds. The vessel have a maximum response of 1.5 in resonance

motions. A wave amplitude of 10 meters then corresponds to a heave response of 15

meters.
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Figure 4.9: Model’s heave RAO with incoming wave direction of 90 degrees

The FPSO’s length between the perpendiculars is 273.2m. When the wave length

equals the vessel’s length, the wave period is according to linear wave theory 13.2

seconds, and based on basic ship hydrodynamics, the vessel achieves a smaller mo-

tions response due to cancelling wave effects. This is observed in the heave motion

response between 11.5 and 13.5 seconds in the figure below.

Figure 4.10: Model’s heave RAO with incoming wave direction of 180 degrees
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4.3.4 Roll

The roll motion for a ship is the most critical degree of freedom with respect to re-

sponse. Figure 4.11 shows the FPSO’s roll motion response in 90o waves, and the

maximum response is 9.9 deg/m at wave period 25.5 seconds. This is the natural pe-

riod in roll, and a wave amplitude of 2 meters in resonance, will give a roll response

of 20o . This shows how important it is to weathervane the vessel. Recall Figure 4.8,

which shows a jump in the sway response at 25.8 seconds. This is due to the reso-

nance motions in roll, which due to coupling excites sway motion. The roll motion

in head waves are however negligible

Figure 4.11: Model’s roll RAO with incoming wave direction of 90 degrees

4.3.5 Pitch

The maximum pitch motion response in Figure 4.12 is 0.34 deg/m, and the maximum

pitch response occurs for wave periods of 11.3. The waves are propagating towards

the vessel’s side, and similar to the surge response, the non-symmetry pressure ef-

fects is what excites the pitch motion. The maximum pitch and surge response in 90

degrees waves occur at 11 seconds and thus surge-pitch coupled motions occur.
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Figure 4.12: Model’s pitch RAO with incoming wave direction of 90 degrees

The following figure shows the pitch motion response in 180o waves, and the maxi-

mum response is 0.71deg/m for wave periods of 15 seconds, which is the pitch nat-

ural period in head sea. Studying Figure 4.13, a cancelling effect occurs at approxi-

mately 11 seconds.

Figure 4.13: Model’s pitch RAO with incoming wave direction of 180 degrees
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4.4 FPSO’s Sway-Yaw Stability

The following figures shows the total turret moment in co-linear ULS weather condi-

tions for different distances between the COG and turret (xGT ). When xGT is 120 and

70 meters (Figure 4.14 and 4.15) the opposing sway moment is larger than the yaw

moment, and the vessel is within the stability requirement thus it is able to weather-

vane.

Figure 4.14: Turret moment when XGT = 120m. The incoming weather direction is -60o

to 60o relative to the bow.
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Figure 4.15: Turret moment when XGT = 70m. The incoming weather direction is -60o

to 60o relative to the bow.

Figure 4.16 shows the total moment when xGT is 30 meters. In this case the yaw

moment is larger than the sway moment, thus the vessel is not within the stability

requirement. The sway moment does not get larger than the yaw moment until the

vessel has turned -50o and 60o , and then it start to weathervane. These yaw motions

creates large line tensions which can be devastating for the mooring system.

Figure 4.16: Turret moment when XGT = 30m. The incoming weather direction is -60o

to 60o relative to the bow.



Chapter 5

Numerical Simulations in SIMA

This chapter will describe the procedure of the numerical simulations performed

within Simo and Riflex. Four simulation analyzes are performed:

1) Surge Decay & System Characteristic

2) Wave Contour in co-linear- and spread weather

3) 50 ULS simulations in co-linear- and spread weather

4) 50 ALS simulations in co-linear- and spread weather

, where the simulations in 2, 3 and 4 are conducted with environmental conditions

corresponding to 100 year waves and wind, and 10 year current return period. 1, 3,

and 4 are conducted in both Simo and Riflex, and the results from these tests are

presented and discussed in chapter 7. The spread and co-linear weather simulations

are performed similar as described in the end of section 2.3 with one exception: the

initial direction of the co-linear weather is 0o and not 15o relative to vessels bow.

However, these two weather analyzes are based on the fact that the site specific data

is not available, but in this case the meta-ocean data is known.

5.1 Surge Decay & System Characteristic Test

A surge decay test is performed in order to calculate the damping and natural period

of the system in surge. The surge decay is conducted in Simo and Riflex and is per-

formed by applying a large specified force in the COG of the vessel, and then releasing

it. The vessel starts to decay and after a while the decay motion is stops.

It is interesting to investigate if there exist any stiffness discrepancies between the

system modeled in Simo and Riflex, thus a system characteristic is performed. In or-

der to get a good estimation of the system characteristics, stepwise specified forces

with increasing magnitude are applied at the vessel’s COG in order to have multiple

reference points in the characteristic. Figure 5.1 shows how the the system charac-

teristic and decay test are conducted. The largest specified force is calculated to be
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2*FU LS = 6871015.5 N which corresponds to 100 year wind and 10 year current return

period, where the wave forces are simplified to be equal the 100 year wind forces. Six

points in the system characteristic is found sufficient, thus the specified force step is

∆F = 1145169.3 N.

Figure 5.1: The mooring and vessel configuration and the applied forces during the
system characteristic and decay test.

5.2 Wave Contour Simulations

Wave contour simulations are performed in Riflex in order to find out which HS and

TP combination that results in the largest line tensions. The HS and TP values gen-

erated in the simulations are based on the 100 year wave contour peak in Figure 4.4.

Six different combinations of HS and TP have been simulated in both spread and

co-linear weather conditions, and these are listed in Table 5.1.
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Table 5.1: The HS and TP values generated in the wave contour simulations.

Countour Check
HS[m] TP [s]

Simul. 1 15.5 18.5
Simul. 2 15.0 19.0
Simul. 3 14.5 20.0
Simul. 4 15.0 17.0
Simul. 5 14.5 16.0
Simul. 6 14.0 15.0

5.3 Co-linear Weather Simulations in ULS and ALS

Figure 5.2 shows the initial position of the FPSO in ULS co-linear weather simula-

tions. The weather is co-linear when the wind, waves and current is acting in the

same direction, DNV (2013). The vessel is rotated 140o with respect to the global co-

ordinate system, and the weather is propagating in 320o relative to the global coordi-

nate system. The co-linear weather is propagating towards the bow which is in-line

with line Long 3. In the ALS simulations, Line Long 5 in cluster 2 is removed from

the mooring system, because that line achieves the second greatest loads in the ULS

co-linear weather simulations. This will be discussed later in chapter 7.

Figure 5.2: The ULS mooring configuration and vessel’s initial heading in the co-linear
weather simulations.
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5.4 Spread Weather Simulations in ULS and ALS

Numerical simulations are performed with bow heading waves, and a wind and cur-

rent heading with 30o and 45o relative to the waves. Similar as in the co-linear weather

the wave direction is in-line with Line Long 3, and the vessel is initially rotated such

that the bow is heading towards the waves which are propagating in 320o relative to

the global coordinate system. Figure 5.3 shows the initial position of the FPSO dur-

ing an ULS spread weather simulation. Line Longest 3 in cluster 3 has been removed

from the mooring system, because that line achieves the second greatest loads in the

spread weather simulations.

Figure 5.3: The ULS mooring configuration and vessel’s initial heading in the spread
weather simulations.



Chapter 6

Quality Analysis and Discussion

To ensure that the mooring system is correctly modeled, it is important to perform

simulation analyzes. In the following sections, the results from the static, surge de-

cay and system characteristic are are presented and discussed to show the quality of

the simulations. In addition the LF damping from the mooring lines and the mean

turret shear force have been estimated. Finally a convergence test of the line tension

standard deviation of leeward line Long 4 have been investigated.

6.1 Static Pre-Tension Analysis

A static analysis of Line Long 1 is performed to study if there is a discrepancy in the

top-end pre-tension between the system in Riflex and Simo. The initial given pre-

tension value was as mentioned earlier given in Simo to be 2097kN in all lines. Figure

6.1 show the top-end tension of Line Long 1 in Simo and the tension in all line ele-

ments in Riflex. The results show that the pre-tension in Simo and Riflex are 2098kN

and 2072kN respectively. The deviation between the initial given pre-tension and the

pre-tension in Simo and Riflex is 1kN and 25kN, which equals a percentage difference

of approximately 0.05% and 1.2%. The difference between the initial pre-tension and

the pre-tension in Simo is so small that it is negligible. The difference between the

initial pre-tension and the one in Riflex is also small, but as it will show later in the

surge decay test there is a possibility for a system stiffness discrepancy between Simo

and Riflex that will have an impact on the pre-tension and other results.
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Figure 6.1: The line tension along Line Long 1 in Riflex and the top tension of the line
in Simo.

The difference in pre-tension is probably a result of many reasons. One reason might

be because of the line stiffness properties in Simo and Riflex are calculated with two

different methods from two different sets of input data, which may have lead to dif-

ferent stiffness properties. Simo requires the line diameter, E-modulus, emfac num-

ber and line weight to calculate the line stiffness. The emfac number describes the

geometry of the line, for example the emfac number of a chain mooring line and a

steel wire is 2 and 1 respectively. Now Simo got all the information it needs to calcu-

late the line stiffness by solving the catenary equations as mentioned in section 3.8.

Riflex however, requires the line weight, buoyancy area and the axial stiffness(EA),

and uses the FEM to calculate the static mooring configuration. The axial stiffness is

calculated by E-modulus*cross-section, where the cross section of the chain is cal-

culated as π∗ r 2 ∗ em f ac where r is the radius of the chain. The two different sets

of input data and calculation methods have most likely led to discrepancy in the sys-

tem’s stiffness between Riflex and Simo, thus the small difference in the pre-tension.
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6.2 Surge Decay

The FPSO’s averaged surge decay in Riflex and Simo is shown in Figure 6.2. The surge

amplitudes in the decay are significantly lower in Riflex than in Simo, which is due to

the damping from the dynamic motions of the mooring lines which is considered in

Riflex. From just a glance at Figure 6.2 it looks like the surge natural period is the same

in both Riflex and Simo, however there is a difference. By using the equations in sec-

tion 3.5 it shows that the surge natural period in Riflex is slightly lower than in Simo,

which is unexpected. The surge natural period in Riflex and Simo is 185.6s and 187.9s

respectively, with a difference of 1.2%. It would make sense if the surge natural period

in Riflex was slightly larger than in Simo as a result of the added mass contribution

from the dynamic line motion in Riflex, however this is not the case which means

that either the system’s mass or stiffness is different between the model in Riflex and

Simo. The mass is the same thus the stiffness must be different. The discrepancy in

natural period is probably due to that the line stiffness properties in Simo and Riflex

are calculated in two different ways with two different sets of input data, which was

mentioned in the previous section. Another possible reason for the stiffness discrep-

ancy can be a result of the bottom friction differences in Riflex and Simo. The bottom

friction can be defined in Riflex, however this is not an option in Simo. If the bottom

friction is to be defined in Simo, the catenary lines must be modeled as slender ele-

ments where a friction value can be implemented into the elements modeled at the

sea bottom. However, by modelling the mooring lines like slender elements, conse-

quences in the line behavior and catenary calculations will have lead to a completely

different system. In other words the bottom friction can not be defined in Simo, and

if there exist a default value it is unknown. The bottom friction will affect the location

of the mooring line’s touch down point (TDP), and thus affect the line length from

the top end to the TDP. The elastic stiffness is dependent on the line length, and it

seems like the elastic stiffness is larger in Riflex as a result of a shorter line length due

to the larger bottom friction. It will be seen from the system characteristics in the

next section that there exists a discrepancy in the line stiffness between the model in

Simo and Riflex.

The damping terms, natural period and frequency are calculated by the equations in

section 3.5 and are presented in Table 6.1. The damping coefficients are estimated by

assuming that the added mass in surge is 10% of the vessel’s mass, and is calculated

as C =CC ∗ζ= 2∗m ∗ωn ∗ζ. The estimated damping coefficient in the Riflex surge

decay is 39.3% larger than the damping in the Simo surge decay, which is a result
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of the mooring line damping. The large surge natural periods in Simo and Riflex

indicates that the system is underdamped, which coincides with the calculated surge

damping ratios. Large low frequent resonant surge motions are expected.

ζ [-] Cc [ N s
m ] C [ N s

m ] Tn [s] ωn [ r ad
s ]

Simo 0.039 1.61*107 6.3308*105 187.9 0.03345
Riflex 0.064 1.63*107 1.0428*106 185.6 0.03385

Table 6.1: Calculated parameters from the surge decay: damping ratio(ζ), critical
damping(Cc ), damping(C), natural period(Tn) and natural frequency(ωn).

Figure 6.2: Averaged surge decay in Riflex and Simo.

Power Spectral Density of the Surge Decay

To quality check the surge decay and the natural period, a power spectral density

(PSD) plot has been made. According to the PSD in Figure 6.3, the surge natural fre-

quency is 0.005282 for both Riflex and Simo which corresponds to a natural period of

189s. The spectrum’s accuracy can be discussed, but it clearly shows that the energy

is concentrated in the low frequency area. The spectrum shows that the surge decay
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in Riflex obtains less energy than in Simo due to the mooring line damping which, as

mentioned earlier, is included in Riflex.

Figure 6.3: PSD plot of the surge decay (small smoothing factor) in Riflex and Simo.

6.3 System Characteristic

The system characteristics in Figure 6.4 are found when the FPSO is exposed to step-

wise increasing loads, and the corresponding surge translation of the COG is mea-

sured. The question if there is a stiffness difference between the mooring system in

Riflex and Simo, is answered by looking at the system characteristic. The mooring

configuration in Riflex is stiffer than in Simo when looking at Figure 6.4. The sys-

tem characteristics are slightly non-linear and the discrepancy in stiffness between

Simo and Riflex is slighty varying with increasing loads. The stiffness coefficient in

Simo and Riflex is 281145.7 and 290659.9 N
m respectively, where the system in Riflex,

according to the system characteristic, is at most 3.3% larger than Simo. This will af-

fect the results such that the FPSO’s motions and line tension response in Riflex will

become slightly underestimated when compared with Simo.
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Figure 6.4: System characteristic in Riflex and Simo.

6.4 Low Frequent Mooring Damping

Section 3.2.3 described the most important LF damping forces for a moored FPSO

and the damping from mooring lines are very important, because they provide a

large amount of damping to the low frequent motions. It is interesting to see how

much LF damping that is provided by the line dynamics versus the linear vessel and

quadratic environmental damping. The mooring lines provided a damping of 39.3%

in the surge decay, however it would be interesting to investigate how large damping

the system would get in ULS weather conditions.

The focus will be around the surge LF damping. The FPSO’s linear surge damping is

given as BL = 5.236∗105 N s
m . The wind and current provides linear damping in addi-

tion to the linear vessel damping, and is given as B L
Q,wi = 1.9136∗105 N s

m and B L
Q,cu =

3.9163∗105 N s
m . Simo does not include the dynamic motion of the mooring line, thus

the mooring damping is neglected and the total damping in Simo is provided by lin-

ear vessel and environmental damping: B Tot
Si mo = BL +B L

Q,wi +B L
Q,cu = 1106590 N s

m . Ad-

ditional damping which are included in the simulations are not included in this sim-
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ple damping estimation, because they are not necessary when only studying the line

damping magnitude. The standard deviation of the LF surge translation, assuming

that the damping is small, is according to Faltinsen (1990) given as:

σx,LF =
√
π∗SF,LF (ω,LF )

2∗BLF CLF
(6.1)

, where the SF,LF (ω,LF ), BLF and CLF are the LF spectral density, LF damping and

stiffness respectively. If the spectral density and stiffness is assumed to be the same

between Simo and Riflex, then the total damping in Riflex can be expressed by the

total damping in Simo:

σSi mo
x,LF

σ
Ri f lex
x,LF

=
√√√√B Tot

Ri f lex

B Tot
Si mo

B Tot
Ri f lex = (

σSi mo
x,LF

σ
Ri f lex
x,LF

)2 ∗B Tot
Si mo

(6.2)

The LF surge standard deviation was found from an ULS co-linear simulation to be

3.5 and 5.8 meters in Riflex and Simo respectively. The total damping in Riflex is

then calculated to be 2872352.4 N s
m where the mooring line damping is responsible

for 61.5% of the total damping included in the estimation. This is a lot of damping

provided by the mooring lines, however it is not unreasonable. The lines experience

a large loads during ULS simulations and large dynamic line motions will produce

drag, and thus large damping is provided to the system.

6.5 Mean Turret Shear Force

It is possible to compare the turret forces with the environmental loads to check if

the turret forces are reasonable. The easiest way to compare these forces is to inves-

tigate the mean forces in co-linear weather. The mean forces from waves, wind and

current should approximately be the same as the mean turret shear force. The wind

and current coefficients are known, thus these forces are easy to calculate. The mean

wave drift force (F̄w f ) is however unknown and can be calculated by equation 3.12.

To simplify the mean wave drift force equation it can be assumed that the integral
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over the wave drift coefficient can be described as a constant, Cwd (ω) = Cwd . The

variance of the wave spectrum is given as the integral over the wave spectrum, as-

sumed that the wave elevation is normally distributed, and it can be shown that the

variance becomes ( Hs
4 )2, Larsen (2015a). The simplified equation of the mean wave

force is expressed as:

F̄w f = 2∗Cwd ∗ (
Hs

4
)2 (6.3)

The wave drift coefficient is however frequency dependent, and to find a reasonable

constant the wave spectrum must also be included in the decision. Figure 6.5 shows

the wave drift coefficient plotted against the scaled wave spectrum with the intention

of choosing a constant for the wave drift coefficient. The wave drift and the wave

spectrum intersect at Cwd = 53870 N
m2 , however this is the maximal value of the wave

drift coefficient within the wave spectrum’s area. A reasonable wave drift coefficient

is then found to be Cwd = 53870
2 = 26935 N

m2 . By calculating the mean wave drift force

and adding on the mean wind and current forces, the total mean weather force is

F̄weather = 3.62∗106N . This corresponds very good with the mean turret shear force

calculated from one of the co-linear simulations which was found to be F̄ Tur r et
Shear =

3.59∗106N . This gives a good indication that the turret forces are reasonable.

Figure 6.5: The wave drift coefficient plotted up against a scaled wave spectrum.
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6.6 Convergence Test

The number of simulations that is necessary to obtain valid response results is a dif-

ficult question to answer. To figure out how many simulations it takes to properly

describe the line tension, a standard deviation convergence test of the line tension

in Long 4 have been performed and the results are shown in Figure 6.6. 50 simula-

tions have been performed in both weather conditions in Riflex and Simo, and the

figure shows how the tension standard deviation is converging towards a constant

value. The standard deviation in Riflex is converging in both weather conditions,

while the convergence graph in Simo is slightly declining. Notice that the conver-

gence in Simo is approximately the same in both weather conditions, while Riflex

converges towards a higher standard deviation in spread weather. The tension vari-

ation is thus larger in spread compared to co-linear weather. It is also noteworthy

that the tension standard deviation is larger in Riflex compared to Simo, thus the line

tension varies more in Riflex. The convergence graphs are quite stable and thus 50

simulations is found to be sufficient to provide valid tension response results.

Figure 6.6: The standard deviation convergence of the line tension in Long 4 in ULS.



Chapter 7

Results and Discussion

In this chapter the vessel motion, line tension and turret load responses will be pre-

sented and discussed. The extreme vessel motions, line tensions and turret loads

statistics are presented for all ULS and ALS simulations. The time series, its statistics

and PSDs of the vessel’s six dof motions, line tensions and turret loads are however

only presented for the ULS simulations. The ALS time series, statistics and PSDs of

the vessel’s motions, line tensions and turret loads are placed in Appendix C, D and

F respectively. The 6 dof motions and the line tensions response are compared be-

tween Simo and Riflex. All simulations and analyzes are performed for both spread

and co-linear weather, and the results from both weather conditions are presented

and discussed.

7.1 Wave Contour Analysis

The wave contour simulations have been performed in Riflex in both co-linear and

spread ULS weather conditions. The line tension results from the co-linear and spread

wave contour simulations are given in Figure 7.1 and Figure 7.2 respectively, and will

be discussed in this section.

7.1.1 Co-linear Weather

The Long lines are the ones who achieves the largest line tension in the co-linear

simulations in Figure 7.1. This is as expected because the waves, wind and cur-

rent is propagating in-line with line Long 3. The leeward Longest lines achieves a

slightly larger tension than the Longer lines, which is probably a result of a larger

elliptic surge-heave-pitch motion that results in a larger dynamic tension. This phe-

nomenon will be investigated more closely later in the report. The results show that

a HS = 15.5m and TP = 18.5s results in largest line tension, and is thus further used in

the ULS and ALS co-linear simulations.

72
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Figure 7.1: The line tension in each line during ULS co-linear weather with different
HS and TP values.

7.1.2 Spread Weather

In the ULS spread weather simulations, it is the simulation with HS = 15.5m and

TP = 18.5s which achieves the largest line tension response in the Long and Longest

lines, and the second largest tension response in the Longer lines. The simulation

with HS = 15.0m and TP = 17.0s achieves the largest tension response in the Longer

lines, however the Longer lines’ tension response are sufficiently lower than the Long

and Longest lines’s response, and thus not that important. It is reasonable to further

use a HS and TP of 15.5m and 18.5s in the ULS and ALS spread weather simulations.
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Figure 7.2: The line tension in each line during ULS spread weather with different HS

and TP values.

7.2 Ultimate Limit State Motion Analyzes

This section will present and discuss the FPSO’s motion response during ULS co-

linear and spread weather conditions. The results will be presented in form of figures

and tables. The presented motions time series shows the largest motion response

based on the 50 simulations. The presented motion time series consists of a total, low

frequency and wave frequency filtered time series. These are compared to investigate

the vessel’s motion contributions. The motion time series are with respect to the the

global coordinate system.

7.2.1 Surge-Sway Translation

Figure 7.3 shows the vessel’s offset in the global horizontal plane during ULS co-linear

and spread weather conditions. The initial position of the vessel’s COG is at origo,

however as mentioned earlier the first 200 seconds of the time series are not con-

sidered due to transient motions. The vessel’s offset in Riflex is lower than in Simo
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for both weather conditions which is due to the dynamic line motion in Riflex which

provides damping. In both softwares the FPSO is in co-linear weather initially trans-

lating towards port-side and aftwards, and then forward and aftwards in a straight

line. In spread weather however the vessel covers a larger offset area in the positive

y-axis, thus the vessel is translating towards the starboard side. Keep in mind that the

first 200 seconds of the time series are deleted due to transient motions. This have

been done with all the results except for the yaw results, because it is interesting to

see how quickly the vessel weathervanes.

Figure 7.3: The FPSO’s surge-sway translation of the COG in the global axis system in
ULS co-linear and spread weather conditions.

7.2.2 Surge Translation

Time Series

Figure 7.4 shows the total, LF and WF filtered surge time series. The LF surge trans-

lation is much larger in comparison with the WF surge translation in both Riflex and

Simo, thus the LF loads are dominating the surge motion. From the figure it looks

like the surge WF translation is approximately the same between Riflex and Simo,

however the time series statistics in Table 7.1 shows that the WF surge response is

slightly larger in Simo compared to Riflex. The surge LF translation is also larger in

Simo compared to Riflex for both weather conditions. This is due to the damping



7.2. ULTIMATE LIMIT STATE MOTION ANALYZES 76

from the mooring lines which reduces vessel’s LF resonant motions in Riflex but not

in Simo, thus the surge translation is overrated in Simo. The slowly varying motions

have in this cutted time serie a period of approximately 165s. This is not close to the

surge natural period, however the period is large and thus resonant surge motions

can occur during the whole simulation. It is noticeable that the surge translation is

larger in the spread weather compared to the co-linear weather condition.

As mentioned above, the statistics from the surge time series are presented in Table

7.1. The max and min surge translation are larger in Simo than in Riflex, which is

expected due to the mooring damping considered in Riflex. The difference in max

values are 1.9% and 9.2% in respectively spread and co-linear weather, thus the surge

line damping in Riflex is larger in co-linear weather. The standard deviation is also

larger in Simo due to the larger surge variations. The mean surge translation is how-

ever larger in Riflex. It is also noticeable that the surge translation is significantly

larger in spread than co-linear weather.

Figure 7.4: Total, LF and WF surge time series of the vessel’s COG.
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Table 7.1: The max, min, mean (µ), standard deviation (σ) of the vessel’s COG surge
translation.

Spread
Riflex Simo

Surge MAX MIN µ σ MAX MIN µ σ

Total [m] 55.6 20.3 32.6 4.2 56.7 6.0 30.1 6.2
LF [m] 49.2 20.8 32.6 3.6 50.2 7.6 30.1 5.6
WF [m] 7.1 -6.6 0.0 1.7 8.7 -6.8 0.0 1.8

Co-linear
Riflex Simo

Surge MAX MIN µ σ MAX MIN µ σ

Total [m] 30.7 -1.1 11.3 3.8 33.8 -13.4 9.9 6.0
LF [m] 25.1 0.7 11.3 3.3 28.1 -9.9 9.9 5.4
WF [m] 6.4 -6.4 0.0 1.7 7.4 -6.7 0.0 1.8

PSD

The surge translation PSD in Figure 7.5 verifies that the LF translation energy is much

larger in Simo than in Riflex. It shows that the LF surge translation is larger in spread

weather, and that the surge translation is mostly a result of the LF motions. The

WF energy translation is approximately the same between Riflex and Simo in both

weather conditions, which is expected. The LF and WF energy peaks are concen-

trated at fLF = 0.005472s−1 and fW F = 0.05396s−1 which corresponds to a period of

183s and 18.5s. The LF period is close to the surge natural period and resonance oc-

cur. The WF period coincides with the generated wave period of 18.5s, thus the waves

excite some wave frequent surge motions.

Figure 7.5: Surge energy spectrum.
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7.2.3 Sway Translation

Time Series

Similar to the vessel’s surge translation, Figure 7.6 shows that the sway translation

is dominated by the LF loads. The LF sway translations in Riflex are as expected less

than in Simo in both spread and co-linear weather conditions due to the mooring line

damping. The WF sway translation however is approximately the same for Riflex and

Simo in both weather conditions. Notice that the FPSO is translating in the negative

and positive y-axis in respectively co-linear and spread weather, respectively. The

slowly varying sway period is in the time series approximately 170s, which may cause

resonance.

Figure 7.6: Total, LF and WF sway time series of the vessel’s COG.

The sway time series statistics is presented in Table 7.2. When comparing the statis-

tics, it tells us that the sway translation is larger in the spread weather compared to
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co-linear. The system in Riflex has a smaller maximum sway motion in both weather

conditions compared to Simo, which is due to mooring damping. The mean sway

translation is however larger in Riflex, and the sway standard deviation is larger in

Simo due to larger sway motion variations. The differences in the max values be-

tween Riflex and Simo are 21.6& and 92.6% in spread and co-linear weather respec-

tively. The maximum sway motions are much smaller in Riflex and thus the dynamic

line effects have a significant affect on the sway motions.

Table 7.2: The max, min, µ and σ of the vessel’s COG sway translation.

Spread
Riflex Simo

Sway MAX MIN µ σ MAX MIN µ σ

Total [m] 33.7 6.7 20.0 4.0 43.0 -3.1 19.4 5.5
LF [m] 31.9 8.9 20.0 3.7 40.3 0.6 19.4 5.0
WF [m] 4.6 -4.4 0.0 1.4 5.2 -5.0 0.0 1.5

Co-linear
Riflex Simo

Sway MAX MIN µ σ MAX MIN µ σ

Total [m] 1.2 -28.4 -12.5 3.1 16.2 -35.0 -11.4 5.5
LF [m] -1.2 -25.8 -12.6 2.6 13.5 -30.6 -11.5 4.9
WF [m] 4.2 -4.3 0.0 1.4 5.3 -5.4 0.0 1.5

PSD

The energy spectrum in Figure 7.7 verifies that the system in Simo achives a larger

LF sway response than Riflex for both spread and co-linear weather conditions. It is

also seen that the LF motions is considerably larger than the WF sway motions. The

LF and WF energy peaks are concentrated at fLF = 0.005283s−1 and fW F = 0.05396s−1

which corresponds to a period of 189s and 18.5s, respectively. The surge and sway

natural period of a moored FPSO typically have, as mentioned earlier in section 3.2,

a period larger than 100s which means that the large LF sway motions can excite

resonant sway motions. For spread weather the energy in the PSD seems to increase

when the frequency goes towards zero for both Riflex and Simo. It is assumed that

this LF sway energy behaviour is due to the wind gusts that excites extremely LF sway

motions of the FPSO.
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Figure 7.7: Sway energy spectrum.

7.2.4 Heave Motion

Time Series

The heave motion time series in Simo and Riflex are presented in Figure 7.8 for both

spread and co-linear weather conditions. The figure shows that the total, LF and WF

filtered time series of the heave motion are approximately the same for both Riflex

and Simo. This means that the vessel’s heave motion is not considerably affected by

the dynamic motions of the mooring lines. The heave motion is completely domi-

nated by the WF motions of the vessel. In other words, the first order waves control

the FPSO’s heave motions, which is expected because it follows the waves.

The heave time series’ statistics are shown in Table 7.3. The statistics verifies that the

max, min, mean, and standard deviation of the heave motion is approximately the

same between Riflex and Simo in spread and co-linear weather conditions, thus the

vessel’s heave motion is not affected by the dynamic line behavior.
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Figure 7.8: Total, LF and WF heave time series of the vessel’s COG.

Table 7.3: The max, min, µ and σ of the vessel’s COG heave translation.

Spread
Riflex Simo

Heave MAX MIN µ σ MAX MIN µ σ

Total [m] 9.9 -9.7 -0.2 2.1 10.2 -9.7 -0.2 2.1
LF [m] 1.6 -0.4 -0.2 0.1 1.6 -0,4 -0.2 0.11
WF [m] 9.6 -10.0 0.0 2.1 9.9 -10.0 0.0 2.1

Co-linear
Riflex Simo

Heave MAX MIN µ σ MAX MIN µ σ

Total [m] 9.2 -9.4 -0.2 2.0 9.3 -9.3 -0.2 2.1
LF [m] 1.5 -0.4 -0.2 0.1 1.5 -0,4 -0.2 0.1
WF [m] 9.0 -9.6 0.0 2.0 9.1 -9.5 0.0 2.1

PSD

Studying the heave motion energy spectrum in Figure 7.9, the energy peak occurs

at a frequency of fW F = 0.05274s−1. This frequency corresponds with a period of

19s which is close to the generated wave period, thus the total heave energy comes

from the WF first order wave loads. The heave energy is slightly larger in the spread
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weather compared to the co-linear weather, thus spread weather excites larger WF

heave motions which may be a result of a greater surge-heave-pitch coupling. The

FPSO’s heave RAOs shows that the heave natural period is 12s which corresponds to

a frequency of f = 0.0833. There exist some heave energy at the natural frequency but

there is no energy peak which indicates that resonance occur. The generated waves

have a period of 18.5 seconds which is 6.5 seconds away from the heave natural pe-

riod, thus resonance is not expected.

Figure 7.9: Heave energy spectrum.

7.2.5 Roll Motion

Time Series

Figure 7.10 shows the roll time series of the FPSO, and the roll motions are domi-

nated by the WF loads. The LF loads are close to zero and does not excite any signif-

icant roll motions. The vessel’s roll motion is larger in the spread weather condition,

which is expected because the weather is propagating with an angle relative to the

bow thus will lead to environmental forces from the side. The time series shows that

the system in Riflex experiences a larger roll peak than in Simo during spread weather

condition, which is interesting. This might be a result of a roll resonance occurrence

in both Simo and Riflex in combination with dynamic line effects that is captured

in Riflex. The roll motion between Simo and Riflex in co-linear weather is however

approximately the same, and in this environment there is almost no rolling.
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Figure 7.10: Total, LF and WF roll time series of the vessel’s COG.

The statistics in Table 7.4 show that the spread weather condition achieves a greater

roll maximum, minimum and σ. As mentioned above, Riflex experiences larger roll

peaks than Simo in spread weather and that is verified in the table below. Riflex

achieves larger WF roll motions, but less LF roll motions than Simo during spread

weather. The maximum, minimum, µ andσ are the same between Simo and Riflex in

co-linear condition, and the roll motion significantly smaller than in spread weather.

Table 7.4: The max, min, µ and σ of the vessel’s COG roll rotation.

Spread
Riflex Simo

Roll MAX MIN µ σ MAX MIN µ σ

Total [deg] 5.3 -6.2 0.2 1.0 4.1 -4.8 0.2 1.0
LF [deg] 0.8 -0.7 0.2 0.2 1.1 -1.3 0.2 0.3
WF [deg] 5.4 -6.0 0.0 0.9 4.2 -4.7 0.0 0.9

Co-linear
Riflex Simo

Roll MAX MIN µ σ MAX MIN µ σ

Total [deg] 1.0 -0.7 0.1 0.2 1.0 -0.7 0.1 0.2
LF [deg] 0.2 -0.1 0.1 0.1 0.2 -0.1 0.1 0.1
WF [deg] 0.9 -0.8 0.0 0.2 0.8 -0.8 0.0 0.2
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PSD

The roll energy spectrum in Figure 7.11 show that Simo achieves a larger amount of

LF roll motions than Riflex in spread weather, while there are no LF roll energy in the

co-linear environment. Large interesting WF energy peaks occur in the spectrum at f

= 0.04104s−1. This frequency corresponds to a period of 24.4s which is 1.1s away from

the vessel’s roll natural period of 25.5s, thus resonant roll motions occur in spread

weather. Riflex experiences a smaller resonant roll motion and smaller LF energy

than Simo, however Riflex experiences larger WF energy from the first order waves

outside the resonance range which might be because of the dynamic line effects.

Studying the co-linear energy spectrum there are almost no energy related to roll mo-

tion, which makes sense because all environmental forces is propagating towards the

bow. However, there is a tendency of a small energy peak at the roll natural frequency

and some, almost unnoticeable LF energy close to f = 0, which might be a hint from

the LF wind gusts.

Figure 7.11: Roll energy spectrum.
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7.2.6 Pitch Motion

Time Series

In this section, the FPSO’s pitch motion will be studied. Figure 7.12 shows the total,

LF and WF filtered pitch time series, and there are no visual differences in the vessel’s

pitch motions between Riflex and Simo in both spread and co-linear weather condi-

tions. Similarly as the FPSO’s heave motion, the vessel’s pitch motion in Riflex is not

considerably affected by the dynamic motions of the mooring lines. The pitch mo-

tion is fully dominated by the WF first order waves, where the slowly varying motions

are close to zero.

The pitch time series’ statistics are shown in Table 7.5. The statistics verifies that the

maximum, minimum and σ of the pitch is approximately the same between Simo

and Riflex in both weather conditions, however Riflex achieves slightly smaller maxi-

mum and minimum pitch response which may be a result from the dynamic mooring

behaviour that dampens the pitch responses.

Figure 7.12: Total, LF and WF pitch time series of the vessel’s COG.
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Table 7.5: The max, min, µ and σ of the vessel’s COG pitch rotation.

Spread
Riflex Simo

Pitch MAX MIN µ σ MAX MIN µ σ

Total [deg] 8.9 -8.8 0.2 1.9 9.4 -9.4 0.2 2.0
LF [deg] 0.7 0.1 0.2 0.0 0.7 0.0 0.2 0.0
WF [deg] 8.7 -9.0 0.0 1.9 9.2 -9.6 0.0 2.0

Co-linear
Riflex Simo

Pitch MAX MIN µ σ MAX MIN µ σ

Total [deg] 9.0 -8.9 0.2 1.9 9.4 -9.4 0.2 2.0
LF [deg] 0.6 0.1 0.2 0.0 0.6 0.1 0.2 0.0
WF [deg] 8.8 -9.1 0.0 1.9 9.3 -9.6 0.0 2.0

PSD

The pitch energy spectrum is showed in the figure below. It verifies that the pitch mo-

tion is completely dominated by the WF loads, and there is no pitch motion due to LF

loads in the energy spectrum. The spectrum shows two peaks within the WF range

with a frequency of 0.05481−1 and 0.07094−1. These corresponds to a period of 18.3s

and 14.1s. The period of 18.3s, is as mentioned earlier in section 7.2.4 approximately

the same as the generated wave period of 18.5s, thus the waves excites large pitch

motions. The pitch energy peak at 14.1s is in the area of the pitch resonance period

of 15s, thus resonant pitch motions occur. The heave natural frequency is 0.083s−1

which is also within the energy interval, thus a pitch-heave coupling is possible. It is

worth to mention that the spread environment excites larger pitch energy in the res-

onance region, while the co-linear environment excites larger pitch energy outside

the resonance region. The spectrum also shows that Simo achieves a slightly larger

pitch energy compared to Riflex in the energy spectrum, which can also be seen in

the statistics, thus the dynamic behaviour of the mooring lines have a slightly effect

on the vessel’s pitch motions.
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Figure 7.13: Pitch energy spectrum.

7.2.7 Yaw Motion

Time Series

When studying the yaw motion time series in Figure 7.14, it is easy to see that the yaw

motion varies more in spread weather compared with co-linear weather. The vessel’s

initial heading in spread weather is 140 deg and then the vessel starts to weather-

vane by yawing towards the wind direction. However in co-linear weather the vessel’s

heading is more or less stays the same. The vessel’s yaw motion in spread environ-

ment is dominated by the LF loads. Having said that, the yaw motion is also excited

by dynamic WF loads which is likely to be a result of the waves that propagates with

an angle relative to the vessel’s bow. On the other hand, the vessel’s yaw motion in

co-linear weather visually stays the same with a hint of small LF yaw excitation, while

there are no WF yaw motions present in this environment. It is also noticeable that
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Simo achieves larger yaw motions than Riflex in spread environment.

Figure 7.14: Total, LF and WF yaw time series.

The time series’ statistics are shown in Table 7.6. Statistics show that the vessel weath-

ervanes and achieves a mean heading of 157.0 deg, which is a heading between the

wind and wave direction in spread weather in both Riflex and Simo. The mean head-

ing in co-linear weather is however approximately 137.6 deg in both Riflex and Simo.

All weather is propagating in 320 deg which is towards the vessel’s initial heading, but

the vessel seems to achieve a mean heading of 137.6 degrees. This is a result from the

wind gusts which excites yaw motion due to the non-symmetry of the FPSO’s super-

structure. The vessel’s wind coefficients presented in Table B.1 in Appendix B shows

that the vessel starts to yaw when the wind is coming in towards the bow. Notice

that the maximum yaw motions in spread weather are smaller in Riflex compared to

Simo, which most probable is due LF damping from the mooring lines.
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Table 7.6: The max, min, µ and σ of the vessel’s COG yaw translation.

Spread
Riflex Simo

Yaw MAX MIN µ σ MAX MIN µ σ

Total [deg] 169.6 137.5 157 3.2 171.5 136.5 157.0 3.7
LF [deg] 168.1 137.7 157.0 3.2 170.3 136.8 157.0 3.6
WF [deg] 2.5 -1.6 0.0 0.5 2.3 -1.6 0.0 0.5

Co-linear
Riflex Simo

Yaw MAX MIN µ σ MAX MIN µ σ

Total [deg] 140.1 136.1 137.6 0.6 140.1 135.9 137.5 0.7
LF [deg] 140.1 136.3 137.6 0.6 140.1 136.1 137.5 0.7
WF [deg] 0.3 -0.4 0.0 0.1 0.3 -0.3 0.0 0.1

PSD

The yaw PSD spectrum in Figure 7.15 verifies that the vessel’s yaw motion is domi-

nated by the LF loads in both spread and co-linear weather, where the WF yaw en-

ergy is almost negligible in comparison. The LF yaw energy in spread weather has an

energy peak at frequency 0.001296 which corresponds to a period of 771.6 seconds,

which means that environmental loads with extremely large periods are causing the

yawing. The wind gusts have such large periods and is likely to excite these LF mo-

tions. The LF energy in the co-linear environment has no clear peak, but the yaw

energy is increasing for decreasing frequencies towards zero, thus wind gusts excite

these LF motions too. It is noteworthy that the yaw motion in spread weather condi-

tions is slightly smaller in Riflex compared to Simo, which may be a result from the

dynamic line damping.

Small yaw WF motions in spread weather are observed in the time series and a small

energy peak is observed at fW F = 0.054s−1 which corresponds with the generated

wave period of 18.5s. The WF motions in spread weather is approximately the same

in Simo and Riflex. There exist no WF yaw energy in the co-linear environment, thus

only the LF wind gusts excite LF yaw motions in this environment.
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Figure 7.15: Yaw energy spectrum.

7.2.8 Most Probable Maximum, Minimum and 90% Fractile Motions

This subsection will present the most probable maximum, minimum and 90% frac-

tile motion response in all six dof in ULS conditions. The characteristic design value

of the vessel’s offset is given as the most probable maximum, and is found from the

Gumbel probability distributions that are based on all simulations in all dof in both

weather conditions in Simo and Riflex. Figure 7.16 shows an example of two gumbel

probability density function illustrations in surge (Figure 7.16a) and in sway (Figure

7.16b). The MPM and 90% fractile values are calculated from these distributions.

Simo seems to achieve larger maximum and minimum surge and sway response

compared to Riflex. It is also noteworthy that the Riflex gumbel distributions are

much slender and more closely distributed towards the MPM than in Simo, thus the

standard deviation is larger in Simo compared to Riflex.
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(a) Max.&Min. Surge PDF (b) Max.&Min. Sway PDF

Figure 7.16: Max.&Min. Gumbel pdf of the surge (7.16a) and sway (7.16b) translation
in Riflex and Simo for both spread & co-linear weather in ULS conditions.

Table 7.7 presents the MPM and 90% fractile values of the vessel’s six dof motions in

both weather conditions in Simo and Riflex. Based on these extreme motion statis-

tics the MPM surge, sway, roll and yaw motions are considerably larger in the spread

weather compared to the co-linear weather. This is expected because spread weather

excites larger motion response in these dof as previously seen in the motion time se-

ries and PSDs. To give an illustration, the MPM of the vessel’s surge motion have been

compared in Riflex, and the surge MPM is 46.1% larger in spread weather. The MPM

of the vessel’s heave and pitch motions are however approximately the same between

spread and co-linear weather, and are not significantly affected by the different nu-

merical softwares, thus not considerably affected by the dynamic line behaviour. It

is noticeable that the MPM surge, sway and yaw motions in Riflex are smaller than

in Simo for both weather conditions, which is as mentioned earlier a result from the

dampened maximum values due to the dynamic line damping.
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Table 7.7: The most probable and 90% fractile max, min, and µ and σ of the vessel’s
motions based on the 50 ULS spread simulations.

Spread Weather ULS Condition
Riflex Simo

Max Min Stat Max Min Stat
MP M 90% MP M 90% µ σ MP M 90% MP M 90% µ σ

Surge [m] 48.8 53.9 19.1 15.0 32.7 4.0 50.4 57.9 5.7 -3.1 30.3 6.1
Sway [m] 30.7 33.2 3.4 -2 20.1 3.9 34.4 39.5 -2.4 -9.8 19.5 5.3
Heave [m] 7.5 9.4 -8.3 -10 -0.2 2.1 7.7 9.6 -8.4 -10.1 -0.2 2.2
Roll [deg] 3.8 5.1 -5 -6.7 0.2 1.0 3.7 4.8 -5.2 -7.2 0.2 1.0
Pitch [deg] 6.9 8.5 -7.3 -8.8 0.2 1.9 7.3 8.9 -7.8 -9.4 0.2 2.0
Yaw [deg] 165.5 168.7 136.6 136.0 157.0 3.4 168.1 173.4 135.8 135 157.0 3.7

Co-linear Weather ULS Condition
Riflex Simo

Max Min Stat Max Min Stat
MP M 90% MP M 90% µ σ MP M 90% MP M 90% µ σ

Surge [m] 26.3 31.3 -0.9 -4.1 11.5 3.8 29.8 37.8 -12.8 -20.4 10.1 6.1
Sway [m] -3.3 0.0 -26.7 -30.5 -12.5 3.2 5.5 12.2 -31.4 -37.9 -11.5 5.3
Heave [m] 7.2 8.9 -8 -9.6 -0.2 2.1 7.3 9.1 -8,1 -9.6 -0.2 2.1
Roll [deg] 0.8 1.1 -0.6 -0.7 0.1 0.2 0.8 1.2 -0.6 -0.8 0.1 0.2
Pitch [deg] 6.9 8.5 -7.3 -8.8 0.2 1.9 7.2 8.9 -7.8 -9.4 0.2 2.0
Yaw [deg] 140.1 140.2 135.2 134.2 137.6 0.7 140.1 140.4 135.0 133.8 137.6 0.8

7.3 Accidental Limit State Motion Analyzes

This section will present and discuss the MPM and 90% fractile statistics based on

Gumbel distributed maximum motions from the 50 ALS simulations in spread and

co-linear weather. The ALS time series, its statistics and PSDs of the six dof motions

are not presented in the report, but can be found in Appendix C.

7.3.1 Surge-Sway Translation

Figure 7.17 illustrates the vessel’s offset in the horizontal plane in ALS co-linear and

spread weather conditions. The offset is similar as in the ULS conditions, however

the offset is more chaotic and covers a larger area. The illustration clearly shows the

LF mooring damping effect on the sway and surge motions of the Riflex system.
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Figure 7.17: The FPSO’s surge-sway translation of the COG in the global axis system in
ALS co-linear and spread weather conditions.

7.3.2 Most Probable Maximum, Minimum and 90% Fractile Motions

This subsection will present and discuss the extreme six dof motions in ALS co-linear

and spread weather conditions. The extreme six dof motion statistics are calculated

from the Gumbel probability density distributions. Figure 7.18 below shows the Gum-

bel distributions of the surge (Figure 7.18a) and sway (Figure 7.18b) translation in ALS

conditions.

By studying the surge and sway Gumbel distributions, the largest most probable max-

imum and minimum translations occurs in spread and co-linear weather respec-

tively. The most probable maximum or minimum is located as the maximum or peak

value in the pdf distributions, while the motion’s 90% fractile value corresponds to the

90% area below the Gumbel distribution. Similar to the ULS Gumbel distributions in

section 7.2.8, the ALS Riflex Gumbel distributions are much slender and more are

closely distributed towards the MPM than the Simo distributions, thus the standard

deviation is larger in Simo compared to Riflex.
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(a) Max.& Min. Surge PDF
(b) Max.& Min. Sway PDF

Figure 7.18: Max.& Min. Gumbel pdf of the surge (7.16a) and sway (7.16b) translation
in Riflex and Simo for both spread & co-linear weather in ALS conditions.

The MPM and 90% fractile values of the vessel’s extreme six dof motions in both ALS

weather conditions in Simo and Riflex are presented in Table 7.8. Similar to the ULS

extreme motion statistics, the ALS MPM surge, sway, roll and yaw motions are con-

siderably larger in the spread weather compared to the co-linear weather. As ob-

served from the ULS yaw motions in section 7.2.7, the vessel has larger difficulties

to weathervane in spread weather due to the different weather directions, which is

also the case in the ALS simulations and can be observed in Appendix C. As a result

of this the vessel achieves larger sway, surge, roll and yaw motion response. These

dof’s extreme motions are also as expected larger in ALS compared to the extreme

ULS motion responses, which is because of the one line failure. For comparison, the

spread MPM surge value in Riflex in ALS is 5.2% larger than in ULS. A line break will

lead to larger tensions and dynamic behaviour in the adjacent lines, which will thus

lead to larger MPM surge, sway, roll and yaw motions.

The MPM heave and pitch motions are exactly the same between ALS and ULS, which

means that a line break does not affect these vessel motions. As observed in the ULS

heave and pitch motion time series, they are approximately the same between Ri-

flex and Simo, thus these motions are not considerably affected by the dynamic be-

haviour of the lines. A line break will increase the line tensions and dynamic be-

haviour of the adjacent lines, but it apparently does not affect the vessel’s maximum



7.4. ULTIMATE LIMIT STATE TENSION ANALYZES 95

heave and pitch motions.

Similar to the ULS MPM values, the ALS MPM surge, sway and yaw motions in Riflex

are smaller than in Simo for both weather conditions as a result of the dynamic line

damping in Riflex. The standard deviation in Simo is thus much larger than in Riflex,

which means that the surge and sway variation are larger and thus the vessel covers

a larger range in Simo.

The vessel yaws freely about the turret, but the turrets MPM yaw motion is larger after

a line break. The vessel’s mean heading based on the 50 simulations is however the

same between the ULS and ALS simulations.

Table 7.8: The most probable and 90% fractile max, min, and µ and σ of the vessel’s
motions based on the 50 ALS spread and co-linear simulations.

Spread Weather ALS Condition
Riflex Simo

Max Min Stat Max Min Stat
MP M 90% MP M 90% µ σ MP M 90% MP M 90% µ σ

Surge [m] 51.5 56.7 20.7 16.5 35.0 4.2 53.4 61.1 6.7 -2.8 32.5 6.4
Sway [m] 37.2 40.2 8.6 3.0 26.0 4.0 40.7 46.6 2.7 -5.6 25.3 5.5
Heave [m] 7.5 9.4 -8.3 -10.0 -0.2 2.1 7.7 9.6 8.4 -10.1 -0.2 2.2
Roll [deg] 3.7 5.1 -5.1 -6.8 0.2 1.0 3.7 4.7 -5.3 -7.6 0.2 1.1
Pitch [deg] 6.9 8.5 -7.4 -8.9 0.2 1.9 7.3 8.9 -7.8 -9.5 0.2 2.0
Yaw [deg] 166.7 170.3 134.1 132.5 157.0 3.6 169.7 175.5 133.5 132.2 156.9 3.9

Co-linear Weather ALS Condition
Riflex Simo

Max Min Stat Max Min Stat
MP M 90% MP M 90% µ σ MP M 90% MP M 90% µ σ

Surge [m] 32.7 37.6 4.9 1.9 17.5 3.9 36.4 44.1 -7.4 -15.9 16.1 6.2
Sway [m] -6.2 -2.7 -30.1 -33.7 -15.9 3.3 2.6 10.3 -35.7 -42.2 -15.0 5.6
Heave [m] 7.2 8.9 -8 -9.6 -0.2 2.1 7.3 9.1 -8,1 -9.6 -0.2 2.1
Roll [deg] 0.7 1.0 -0.6 -0.7 0.1 0.2 0.8 1.2 -0.6 -0.8 0.1 0.2
Pitch [deg] 6.9 8.5 -7.3 -8.9 0.2 1.9 7.2 8.9 -7.8 -9.4 0.2 2.0
Yaw [deg] 139.8 140.3 135.2 134.2 137.7 0.75 140.0 141.2 134.7 133.6 137.6 0.9

7.4 Ultimate Limit State Tension Analyzes

As shown earlier in the section 7.2, large motions of the vessel’s COG are excited when

the moored floating FPSO are exposed to extreme weather conditions. As mentioned

earlier in section 3.1.1, the turret motions are important because they excite dynamic

tension loads in the mooring lines. The turret’s heave-pitch-surge elliptic motions

are observed in both ULS and ALS simulations. Figure 7.19 shows the turret’s ellip-

tic heave-surge motion pattern in an ULS simulation in spread weather conditions.
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The straight lines in the figure are the mooring lines which extends from the anchor

positions to the turret. Notice that the lines are formed as catenaries in the simula-

tions and not straight like in the figure. The Long lines are the windward lines which

experiences a large mean tension, but a smaller dynamic tension. The Longer and

Longest lines are the leeward lines which experiences a larger dynamic tension due

to the larger elliptic diameter which can be observed in the figure.

Figure 7.19: Turret’s heave-surge WF-translation in ULS spread weather in Riflex.

The line tension results will in the sections below be presented. One windward and

leeward line will be discussed and presented in form of time series, PSDs and statis-

tics.

7.4.1 Windward Line Long 4

Time Series

Figure 7.20 shows the total, low frequency and wave frequency filtered time series of

line Long 4. The WF filtered time serie gives a great illustration of the dynamic dif-

ferences between Simo and Riflex, where the latter achieves a much greater dynamic

tension response. The vessel’s heave-pitch-surge motions excite dynamic top end

motions, which creates dynamic line motions and thus dynamic tension responses.

The LF filtered time serie shows that Simo achieves a larger LF tension response com-
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pared to Riflex. The slowly varying tension loads in the cutted time serie have a period

of approximately 180s. It is noticeable that among the total time series of line Long

4, the largest tension response in Riflex occurs during spread environment, which is

probably a result of the weathervaning difficulties in spread weather.

Figure 7.20: Total, LF and WF tension time series of line Long 4.

Tension statistics of line Long 4 is presented in Table 7.9. The statistics show that

the percentage difference in the maximum dynamic WF line tension between Riflex

and Simo is 57.3% and 52.3% in spread and co-linear weather, respectively. Riflex ob-

tains over twice as much dynamic tension than Simo, and the difference is because of

the mass and damping forces that are excited from the dynamic line motions, which

are not considered in Simo. The maximum LF line tension is slightly larger in Simo,

and the difference between Riflex and Simo is 3.1% and 5.6% in spread and co-linear

weather respectively. Even though Simo slightly overestimates the maximum LF ten-

sion forces, the LF standard deviation in Simo is 34.9% and 31.8% larger than in Ri-

flex in respectively co-linear and spread environment. The LF tension variation is

thus larger in Simo however, the WF tension variation is larger in Riflex. It is notice-

able that the mean tension forces are larger in Riflex during both weather conditions,
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thus the mean tension forces are underestimated in Simo. The max LF forces are

larger than the max WF forces.

Table 7.9: Max, min, µ and σ of the tension in windward line Long 4.

Spread
Riflex [kN] Simo [kN]

Long 4 MAX MIN µ σ MAX MIN µ σ

Total 8162.4 131.0 2867.9 583.0 6055.5 1586.3 2779.2 463.1
LF 4419.9 2035.9 2867.5 276.8 4560.8 1493.6 2778.5 405.65
WF 3762.3 -2955.0 -0.1 503.2 1605.2 -711.3 0.1 161.5

Co-linear
Riflex [kN] Simo [kN]

Long 4 MAX MIN µ σ MAX MIN µ σ

Total 7163.7 254.6 2901.7 525.0 5902.3 1609.9 2805.1 455.9
LF 4293.9 2131.2 2901.3 263.4 4547.8 1586.4 2804.4 404.5
WF 2888.0 -2847.6 0.0 444.6 1377.7 -606.7 0.2 147.9

PSD

The figure below shows the PSD spectrum of Long 4. The spectrum verifies that the

LF tension forces dominates the total tension in Simo, and that Simo achieves greater

LF tension response compared to Riflex. The LF energy peak is concentrated around

f = 0.005284s−1 which corresponds to a slowly varying period of 189s. Energy is also

concentrated around f = 0.054s−1 which is the frequency of the waves. The energy in

this region verifies that the dynamic WF tension is larger in Riflex, and it also show

that the dynamic WF tension is larger in spread environment.

The spectrum in Riflex shows that there exist energy within the frequency interval f =

[0.065 0.09]s−1, which corresponds to a period interval of T = [15.4 11.1]s. The FPSO’s

heave and pitch natural period is respectively 12 and 15 seconds, and heave and pitch

resonance may be the reason for the tension energy within the energy interval in

question.
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Figure 7.21: Caption

Figure 7.22: Tension energy spectrum of line Long 4.

7.4.2 Leeward Line Longest 4

Time Series

In this section, the tension in leeward Longest 4 from cluster 3 will be discussed.

The tension time series of Longest 4 in Figure 7.23 shows that the largest line tension

occur in spread weather. The wave frequent line tension in Simo is significantly lower

than the WF line tension in Riflex when studying the WF filtered time serie. The WF

tension in Simo is visually the same in co-linear and spread weather with a small

amplitude, however the WF line tension in Riflex is larger in spread compared to co-

linear weather. The dynamic WF tension is significantly larger in Riflex than Simo.

The LF filtered time series show that the spread weather excite larger LF motions

than co-linear weather.

An interesting phenomenon occurs in the total time serie. The tension in Longest 4

goes to zero and the term for this is slack. Slack in Longest 4 occurs three times con-
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secutively during the cutted time serie, and causes large stresses in the line. These

cyclic slack events is very important with regards to fatigue limit state analyzes, how-

ever this have not been studied in this thesis.

Figure 7.23: Total, LF and WF tension time series of line Longest 4.

The table below shows the time series’ statistics. The first thing that attracts atten-

tion, is the significant differences between the WF line tension between Riflex and

Simo of 89.0% and 88.0% in spread and co-linear weather respectively. Here the im-

portant dynamic contribution from the mooring line motions is observed. The max-

imum LF line tension is however larger in Simo compared to Riflex with a percentage

difference of 5.8% and 9.2% in spread and co-linear. The vessel’s offset motions are

dampened by the mooring lines in Riflex which will result in smaller LF tension loads.

The line damping is not considered in Simo thus larger LF motions and tensions will

occur.

The statistics from the total time serie shows that the maximum line tension differ-

ences between Riflex and Simo is 61.3% and 63.1%, in spread and co-linear weather

respectively. The difference is dominated by the WF dynamic forces which are much
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larger in Riflex. Notice that in the total minimum value in Riflex is negative comapred

to Simo which occurs in both weather conditions. This means that Longest 4 goes

slack in Riflex, but not in Simo. It is also noticeable that the WF differences between

Riflex and Simo, are larger in the time series for the leeward Longest 4 compared to

the windward Long 4.

Table 7.10: The max, min, µ and σ of the tension in leeward line Longest 4.

Spread
Riflex Simo

Long 4 MAX MIN µ σ MAX MIN µ σ

Total [kN] 8117.3 -225.3 2301.7 691.1 3141.9 1562.0 2268.2 247.3
LF [kN] 2664.3 1955.6 2301.7 123.0 2827.8 1673.1 2268.8 193.6
WF [kN] 5499.6 -2816.6 -0.2 678.6 606.4 -622.1 0.1 133.5

Co-linear
Riflex Simo

Long 4 MAX MIN µ σ MAX MIN µ σ

Total [kN] 6686.0 -260.6 1769.2 609.1 2465.1 123.9 1839.2 175.5
LF [kN] 1991.4 1595.4 1769.2 66.2 2193.0 1549.6 1839.5 116.5
WF [kN] 4840.5 -2086.6 -0.1 605 582 -534.3 0.2 123.2

PSD

Figure 7.24 shows the PSD spectrum which shows where the tension energy is con-

centrated in the frequency domain. There are three energy peaks that attracts atten-

tion, and these occur at 0.005189s−1, 0.05481s−1 and 0.07094s−1 and corresponds to

a period of 193, 18.2 and 14.1 seconds. The energy peaks at 193 and 18.2 seconds is

a result of line tension excited by the slowly varying wave motions and the wave fre-

quent wave motions respectively. The energy peak at 14.1 second is close to the pitch

natural period, and dynamic line tensions may occur because the vessel achieves

pitch resonance.

The dynamic line tension dominates the total tension in Riflex, however in Simo the

slowly varying line tensions are dominating. Notice that Riflex achieves both a larger

WF and LF energy in spread weather compared to co-linear.
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Figure 7.24: Tension energy spectrum of line Longest 4.

7.4.3 Line Characteristics of Windward Long 4

The figure below illustrates the difference in tension behavior of line Long 4 in both

Riflex and Simo. The line characteristic in Riflex is more chaotic compared to the

line characteristics in Simo. The line characteristic in Simo goes back and forth in a

slightly non-linear curve, with some dynamics which is due to the dynamic top end

motions of the vessel. Riflex however, achieves greater tension dynamics due to the

dynamic top end motion of the vessel in combination with the dynamic motion of the

mooring lines. It can also be observed that the vessel’s surge motion is dampened in

Riflex as a result from the damping provided by the mooring lines.
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Figure 7.25: Surge line characteristic of the vessel’s COG.

7.4.4 Most Probable Maximum, Minimum and 90% Fractile Tensions

The extreme line tension statistics are based on the Gumbel distribution and is pre-

sented and discussed in this section. The characteristic design line tension are simi-

lar to the vessel’s offset given as the most probable maximum, and will be presented.

Spread Weather

Figure 7.26 is based on the each line’s gumbel probability distribution, and gives an

illustration of the most probable- and 90% fractile- max and min of each line during

spread environment. The most probable max(MP MM AX ) line tension during spread

weather is largest in the Longest lines, and the smallest most probable max is in the

Longer lines in Riflex. In Simo however, the most probable max is largest in the Long

lines and smallest in the Longer lines. The most probable min(MP MM I N ) in Riflex

is positive in the Long lines, which means that the Long lines are most probably not

going slack. The Longer and Longest lines however have a negative most probable

min and are most probably going slack. The most probable minimum in Simo is

however positive in all lines, and no lines go slack.
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Figure 7.26: The MP Mmax , 90%max , MP Mmi n , 90%mi n line tension in Riflex and
Simo during spread weather.

The table below show the statistics values of the most exposed cluster Long and

Longest in Figure 7.26. Based on the 50 simulations, the mean line tension values

between Riflex and Simo are quite similar where the mean tension values in Riflex is

slightly larger than in Simo. The mean line tension, as observed from the previous

line tension time series, has only a contribution from the slowly varying LF tension

forces which is quite similar between Riflex and Simo. The standard deviation how-

ever, is larger in Riflex due to the large WF dynamic tension responses which creates

a larger variation in the tension response. Based on the statistics, it is the line Longest

3 which achieves the second largest line tension and is thus chosen to be removed in

the ALS spread simulations.
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Table 7.11: The most probable and 90% fractile max, min, and µ and σ of the most
exposed lines’ tension in spread simulations.

Spread Weather Condition
Riflex [kN]

MP MM AX 90%M AX MP MM I N 90%M I N µ σ

Long 1 5990 6958 20 -398 2745 560
Long 2 6036 7020 63 -373 2792 563
Long 3 6077 7074 110 -357 2837 564
Long 4 6112 7118 160 -332 2881 565
Long 5 6145 7151 208 -298 2923 564
Longest 1 6155 7171 -236 -307 2446 653
Longest 2 6160 7184 -251 -323 2394 665
Longest 3 6168 7204 -268 -355 2345 676
Longest 4 6174 7213 -273 -365 2299 688
Longest 5 6162 7211 -269 -348 2249 696

Simo [kN]
MP MM AX 90%M AX MP MM I N 90%M I N µ σ

Long 1 4820 6771 1529 1335 2680 438
Long 2 4911 6886 1551 1353 2719 444
Long 3 4992 6982 1576 1373 2756 448
Long 4 5063 7049 1602 1394 2793 451
Long 5 5116 7082 1629 1418 2827 452
Longest 1 3352 3650 1577 1398 2390 240
Longest 2 3352 3664 1521 1344 2350 248
Longest 3 3352 3677 1467 1291 2310 256
Longest 4 3350 3692 1417 1245 2270 263
Longest 5 3345 3705 1368 1202 2230 269

The breaking strength of the top chain segment of each mooring line is T BS = 24073kN ,

and the Norwegian ULS safety factor is given as 2.2 in Table 2.1. Line Longest 4 and

Long 5 achieves the largest line tension of all the lines during spread weather in Riflex

and Simo respectively. The MP MM AX tension value is taken to be the characteristic

tension, and is multiplied with the Norwegian safety factor to see if the design ten-

sion exceed the breaking strength. This design check is performed and the results are

shown in the table below. The design tension is far below the breaking strength for

both simulation softwares.

Table 7.12: Design check between the line’s breaking strength (T BS) and characteristic
design tension (T DLS

C h ) in spread weather

Design Check [kN]
T DLS

C h Riflex 13582.8
T DLS

C h Simo 11255.2
T BS 24073
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Co-linear Weather

The figure below illustrates the most probable- and 90% fractile- max and min of

each line in co-linear. The most probable max line tension during co-linear weather

is largest in the Long cluster, and the smallest most probable max is in the Longer

cluster in both Riflex and Simo. Similar to the most probable min in spread weather,

the MP MM I N of the Long cluster in Riflex is positive which means that the Long lines

are most probably not going slack. On the other hand, the minimum 90% fractile

tension is negative, so there exists a 10% possibility that the Long lines goes slack in

this extreme weather. The Longer and Longest lines however have a negative most

probable min and are most probably going slack. The most probable minimum in

Simo is however positive in all lines, and no lines go slack. This is verified in Table

7.13 which shows the tension statistics of cluster Long and Longest in Figure 7.27.

Based on the statistics in the table, it is line Long 5 which achieves the second greatest

tension and is thus removed when performing the co-linear ALS simulations.

Figure 7.27: The MP Mmax 90%max , MP Mmi n , 90%mi n line tension in Riflex and Simo
during ULS co-linear weather conditions.
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Table 7.13: The most probable and 90% fractile max, min, and µ and σ of the most
exposed lines’ tension in the co-linear simulations.

Co-linear Weather Condition
Riflex [kN]

MP MM AX 90%M AX MP MM I N 90%M I N µ σ

Long 1 5731 6636 434 -44 2904 506
Long 2 5751 6663 429 -51 2910 509
Long 3 5762 6678 425 -58 2913 511
Long 4 5768 6684 420 -63 2914 5121
Long 5 5765 6678 416 -70 2912 512
Longest 1 5148 5977 -340 -425 1851 592
Longest 2 5148 5982 -337 -405 1821 598
Longest 3 5149 5991 -330 -386 1793 604
Longest 4 5148 6006 -321 -373 1769 610
Longest 5 5154 6013 -325 -376 1743 614

Simo [kN]
MP MM AX 90%M AX MP MM I N 90%M I N µ σ

Long 1 4892 6420 1615 1403 2809 447
Long 2 4920 6482 1614 1401 2814 450
Long 3 4933 6509 1614 1402 2817 451
Long 4 4930 6501 1615 1403 2818 451
Long 5 4913 6460 1618 1406 2816 448
Longest 1 2523 2658 1364 1286 1908 157
Longest 2 2538 2690 1322 1239 1885 166
Longest 3 2554 2724 1281 1196 1863 174
Longest 4 2569 2757 1242 1156 1842 182
Longest 5 2585 2790 1206 1120 1822 189

The tension response in co-linear weather is smaller than in spread weather, thus the

design tension is below the breaking strength in both Riflex and Simo.

7.5 Accidental Limit State Tension Analyzes

Figure 7.28 shows the turret’s elliptic heave-pitch-surge motion pattern in an ALS

simulation in spread weather conditions. As shown in the previous time series and

PSD spectrum from the ULS analyzes, this motion plays an important role with re-

gards to the dynamic tension in the mooring lines. Similar to the turret’s elliptic mo-

tion in ULS, the Long lines are the windward lines which experiences a large mean

tension, but a smaller dynamic tension in ALS. The Longer and Longest lines are the

leeward lines which experiences a larger dynamic tension due to the larger elliptic

diameter.
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Figure 7.28: Turret’s heave-surge WF-translation in ALS spread condition in Riflex.

The line tension results will in this section will be presented in form of extreme statis-

tics from the gumbel distributions. Line tension time series, PSD spectrum and time

series statistics in ALS can be found in D.

7.5.1 Most Probable Max and 90% Fractile Tensions

Spread Weather

Studying Figure 7.29, the Longest cluster achieves the largest most probable max in

Riflex which is expected because Longest 3 is broken and removed from the ALS sim-

ulations. The Longest lines must therefore compensate by absorbing more loads.

However, the most probable max tension in Simo is largest in the Long lines. The

Longer cluster achieves least line tensions in both Riflex and Simo. Both the cluster

Longer, Longest and line Long 1 are most probable to experience slack lines in Ri-

flex, however the margin for line Long 2, 3, 4 and 5 to experience fully slack lines is

not large. The lines in Simo are not probable to achieves slack lines, not even for the

minimum 90% fractile value. The statistical extreme MPM and 90% fractile values are

presented in Table 7.14.
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Figure 7.29: The MP Mmax , 90%max , MP Mmi n , 90%mi n line tension in Riflex and
Simo in ALS spread weather conditions.
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Table 7.14: MPM, 90% fractile, µ andσ of the most exposed lines’ tension in ALS spread
simulations.

Spread Weather Condition
Riflex [kN]

MP MM AX 90%M AX MP MM I N 90%M I N µ σ

Long 1 5781 6745 -21 -450 2620 541
Long 2 5852 6835 33 -406 2680 546
Long 3 5910 6917 82 -370 2738 551
Long 4 5918 6993 138 -323 2797 554
Long 5 6041 7059 194 -283 2854 557
Longest 1 6738 7806 -224 -312 2751 730
Longest 2 6744 7826 -250 -335 2689 745
Longest 4 6752 7846 -276 -364 2574 772
Longest 5 6735 7837 -280 -362 2513 781

Simo [kN]
MP MM AX 90%M AX MP MM I N 90%M I N µ σ

Long 1 4626 6430 1444 1248 2560 430
Long 2 4743 6600 1472 1271 2612 438
Long 3 4853 6756 1502 1295 2663 446
Long 4 4953 6896 1534 1322 2713 452
Long 5 5045 7014 1568 1351 2762 457
Longest 1 3808 4174 1704 1470 2685 285
Longest 2 3811 4184 1644 1415 2637 294
Longest 4 3805 4198 1529 1310 2540 311
Longest 5 3796 4200 1473 1260 2491 317

Line Longest 4 and Long 5 achieves the largest line tension of all the lines during

spread weather in Riflex and Simo respectively. This design check is performed for

these lines, and the results are shown in the table below. The design tension is far

below the breaking strength for both simulation tools.

Table 7.15: Design check between the line’s breaking strength and design tension in
spread weather.

Design Check [kN]
T DLS

C h Riflex 10102.5
T DLS

C h Simo 7567.5
T BS 24073

Co-linear Weather

The illustration in Figure 7.30 shows that the Long cluster achieves the largest most

probable max in both Riflex and Simo, which is expected because Long 5 is broken
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and removed from the co-linear ALS simulations. The Long lines are therefore ab-

sorbing more loads getting a larger tension, while the Longer cluster achieves least

line tensions in both Riflex and Simo. Both the cluster Longer and Longest are most

probable to experience slack lines in Riflex, however the margin for cluster Long to

most probably experience fully slack lines is not large. Similar to the spread weather

simulations, the lines are not probable to achieve slack lines. The statistical extreme

values can be found in Table 7.17.

Figure 7.30: The MP Mmax 90%max , MP Mmi n , 90%mi n line tension in Riflex and Simo
in ALS co-linear weather conditions.
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Table 7.16: MPM, 90% fractile, µ and σ of the lines’ tension in ALS co-linear simula-
tions.

Co-Linear Weather Condition
Riflex [kN]

MP MM AX 90%M AX MP MM I N 90%M I N µ σ

Long 1 6513 7600 598 78 3310 584
Long 2 6557 7660 596 74 3323 589
Long 3 6585 7698 594 70 3332 592
Long 4 6599 7717 591 66 3337 594
Longest 1 5074 5906 -337 -403 1807 579
Longest 2 5047 5886 -330 -387 1767 581
Longest 3 5025 5865 -331 -394 1730 583
Longest 4 5011 5859 -336 -396 1698 585
Longest 5 4982 5839 -337 -395 1664 585

Simo [kN]
MP MM AX 90%M AX MP MM I N 90%M I N µ σ

Long 1 5558 6613 1776 1505 3198 535
Long 2 5594 6660 1779 1506 3210 539
Long 3 5614 6684 1782 1508 3218 540
Long 4 6454 9310 1785 1511 3236 570
Longest 1 2480 2627 1318 1238 1859 160
Longest 2 2479 2644 1268 1184 1826 167
Longest 3 2478 2661 1221 1137 1794 174
Longest 4 2479 2678 1179 1096 1764 180
Longest 5 2479 2696 1140 1056 1735 186

The tension response in co-linear weather is smaller than in spread weather, thus the

design tension is below the breaking strength in both Riflex and Simo.

7.6 Turret Forces Analyzes in ULS

As the title describes, the turret forces will be presented and discussed in this section.

The time series and PSD spectrum with the largest response of the boogie forces,

moments, and radial wheel forces and their contributions will be presented in the co-

linear environment, because this environment excite the largest turret load response.

The time series and PSD spectrum of the boogies and radial wheels in spread weather

is attached in the Appendix E, and is not presented in the report because the time se-

ries and PSD spectrum are similar to the co-linear weather.. Extreme turret statistics

based on the gumbel distributions have been investigated and will be presented in

both weather conditions.
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7.6.1 Turret Forces and Moments

Time Series

Figure 7.31 below shows three time series: radial wheel forces, vertical boogie forces,

boogie moments and their contributions. The contributions to the radial wheel forces

come from the turret and added water inertia, turret mass and mooring shear force.

The inertia and turret mass forces are oscillating in the wave frequency interval with

a mean equal to zero, and from the time series it looks like they often are out of phase

and cancelling occur. The total radial wheel forces are therefore dominated by the

shear force from the mooring lines. Looking at the time series, the mooring shear

forces is oscillating with the wave frequency but also with a slow varying period.

The turret and added water inertia, turret mass and the mooring axial force are the

contributions to the vertical boogie forces. These force contributions is oscillating

with the wave frequency, however the turret’s mass oscillation is so small that it can

not be observed in the time serie. The inertia and axial mooring force are sometimes

out of phase and some cancelling will occur. This happens because the dynamic

mooring force accelerates the FPSO, however the FPSO’s inertia will resist the outer

force by accelerating in the opposite direction. The turret mass is supported by the

boogies, thus the non-visual variation in the turret mass contribution. The turret

mass is the largest force contribution to the vertical boogie forces.

The boogie moment is a result of the moment contributions from the turret’s inertia,

radial wheel and mooring shear force. The radial wheel moment is so small com-

pared to the other forces due to its small moment "arm". The moment from the in-

ertia and shear force are often out of phase, but there are some occurrences where

they are in phase and creating larger boogie moment responses. The moment from

inertia is oscillating with the wave frequency with a mean equal zero. The shear mo-

ment also oscillates with the wave frequency, however it also oscillates with a low

frequency and has a large mean value. The significant contributions to the boogie

moment is mainly the mooring shear moment and secondly the inertia from the tur-

ret and added water mass.
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Figure 7.31: The force and moment time series of the radial wheels (F R AD
X ), boogies

(F BOG
Z & M BOG ) and their force and moment contributions in co-linear weather con-

ditions.

In the table below, the statistics of the radial wheel and boogie time series are shown

to quantify the forces and moments contributions. The largest contribution to the ra-

dial wheels is the mooring shear force, which actually is larger than the maximum ra-

dial wheel force. This means that force cancelling occurs due to the different phases

of the force contributions, which was mentioned earlier. The percentage difference

between the mean radial wheel and mooring shear force is 4.4%, thus the mean forces

is dominated by the shear force.

The largest contribution to the vertical boogie forces is the turret weight, which is

almost not varying by looking at the small standard deviation. The contribution from

the axial mooring force is also important, however some of the force magnitude is
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cancelled by the inertia due to different phases. The difference between the mean

boogie and turret mass force is 29.4%, thus approximately 70% of the mean boogie

force results from the turret weight.

The boogie moment is dominated by the mooring shear moment where the percent-

age difference between the maximums is 14.6%, which means that other forces con-

tributes to the maximum boogie moment. The boogies also absorbs some moment

from the turret inertia, however the contribution from the radial wheel forces is negli-

gible compared to the other moments. The mean forces are dominated by the moor-

ing moment.

Table 7.17: Max, min, µ and σ of the radial wheel forces, boogie forces and moments
and their contributions in co-linear environment.

Radial Wheel Forces [kN]
MAX MIN µ σ

F R AD
X 18933.7 -8063.0 3756.7 2487.4

(M + A)ẍ 6781.3 -7323.9 0.1 1668.2
F C T

x 19006.1 -8702.7 3589.9 2360.6
W ∗ si nθ 7263.5 -6658.7 166.7 1991.4

Vertical Boogie Forces [kN]
F BOG

z 115212.7 57114.7 84684.5 7319.9
(M + A)z̈ 23048.6 -20108.7 0.2 5717.4
F C T

z 57695.7 3172.8 24876.6 6052.0
W ∗ cosθ 59841.0 59398.5 59807.6 46.0

Boogie Moment [kNm]
M BOG 522876.9 -176567.3 86522.0 55652.1
ICOG ∗ θ̈ 98851.3 -106365.6 -0.3 26800.5
F R AD

x (a − c) 10886.9 -4636.2 2160.1 1430.2
F C T

x ∗ c 446643.5 -204514.2 84362.2 55474.6

PSD

The PSD illustrations of the radial wheel forces, vertical boogie forces, boogie mo-

ment and their contributions are showed in Figure 7.32. The radial wheel forces have

a LF and two WF energy peaks at frequencies 0.005, 0.05462 and 0.07566s−1 respec-

tively. These energy peaks is a result from the second order slowly varying and first

order wave loads. There exist also shear force energy for frequencies close to zero,

and this energy is excited by the extremely slow varying wind gusts. The energy peak
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at 0.07566−1 corresponds to a period of 13.2 seconds which is 1 seconds away from

the heave natural period, thus heave resonance could be the reason for this energy.

There exist also a lot of energy in the frequency interval [0.06057 0.09208] which cor-

responds to a period interval of [16.5 10.9]seconds. The pitch natural period is 15

seconds which is within the energy interval and could be the reason for some of this

energy. Notice that the radial wheel WF energy is lower than all the WF energy con-

tributions at frequency 0.05462, which represents the generated waves with a period

of 18.5 seconds. This verifies that the force contributions are out of phase and can-

celling occurs. The turret mass is responsible for a lot of the energy within the fre-

quency interval that was previously discussed, which may be a result of heave and

pitch resonance. The LF energy consists only of the mooring shear force.

The vertical boogie energy is concentrated in the WF region and both the shape and

the frequency range are almost identical to the pitch motion PSD in Figure 7.13. The

vertical boogie response is thus a result from the first order generated waves, where

pitch resonance occur and a possibility for a pitch-heave coupling. According to the

PSD, there are only two contributions to the vertical boogie force. The PSD only con-

siders loads that are significant when oscillating, thus the turret mass contribution

can not be seen in this scale. The PSD shows that the boogie forces is a combination

of both the axial mooring force and the turret’s inertia.

The boogie moment energy consists of both LF and WF energy. The LF energy contri-

bution comes from the slowly varying moment loads of the mooring shear moment,

while the WF energy contribution comes from both the shear moment and the tur-

ret’s moment of inertia. The turret’s moment of inertia achieves two energy peaks,

one representing the wave period and one at a frequency of 0.07s−1 which corre-

sponds to a period of 14.3 seconds. The pitch and heave natural period are 0.7 and

2.3 seconds away from this energy peak, and thus some pitch resonance and heave-

pitch coupling may contribute to this energy. The shear moment energy is similar to

the shear force energy in the PSD of the radial wheel forces, where there slowly vary-

ing wave and wind loads excite shear moment energy, and the first order wave forces

excite the WF loads. The PSD shows that the boogie moment consists of a moment

contribution from the mooring and the inertia, and that the contributions must be

out of phase since the boogie PSD in the WF interval is lower than the mooring con-

tribution.
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Figure 7.32: Shows the force and moment PSDs of the radial wheel (F R AD
X ), boo-

gie (F BOG
Z &M BOG ) and all of their force and moment contributions in ULS co-linear

weather conditions.

7.6.2 MPM and 90% Fractile Forces & Moments

This section will present the MPM and 90% fractile forces and moments in the ra-

dial wheels and boogies. The extreme statistics will be presented in tables, and are

based on the Gumbel probability distributions in Figure 7.33. The figure gives an il-

lustration of the quantity of the most probable maximum and 90% fractile forces and

moments within the turret. The characteristic design loads in the turret is given by

the 90% fractile value and will be investigated.
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Figure 7.33: Gumbel distribution of the radial wheel forces and boogie forces and mo-
ments in ULS weather conditions.

The extreme boogie and radial wheel loads are presented in the table below. The ra-

dial wheel forces and boogie moments are larger in the co-linear weather compared

to spread, while the vertical boogie forces are larger in spread weather. The signif-

icant difference between the 90% fractile boogie moment in co-linear and spread

weather attracts the immediate attention, where the percentage difference is 20.4%.

The mean boogie moment is however larger in spread weather. The standard devia-

tion of the boogie moment is 37.9% larger in the co-linear weather compared to the

spread weather, which means that the dynamic turret loads are varying more in the

co-linear environment.
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Table 7.18: The MPM, 90% fractile, µ and σ of the forces in the radial wheels(F R AD
X )

and boogies(F BOG
X & M BOG ).

Co-Linear Weather Condition
MP MM AX 90%M AX µ σ

F R AD
X [kN] 13859.0 16406.0 3765.3 2399.7

F BOG
Z [kN] 116244.0 123214.0 84692.1 7327.0

M BOG [kNm] 351142.0 432724.0 86732.8 52824.4

Spread Weather Condition
F R AD

X [kN] 12092.0 13724.0 4864.2 1809.2
F BOG

Z [kN] 117333.0 124010.0 84990.5 7561.1
M BOG [kNm] 292016.0 344654.0 113134.5 32827.5

7.6.3 Forces in One Boogie & Radial Wheel

The figure below shows the time series of the total boogie force and its contributions

in the most and least exposed boogies. Boogie 1 and 2 to have the same contribution

from the vertical boogie force, however since these boogies are on the opposite side

of the turret, the moment contribution will work in opposite direction which is ob-

served in the figure. Both boogies achieves a moment contribution larger than the

vertical boogie force, thus one of the boogies experience uplift. The figure shows that

Boogie 1 experience a large down force while Boogie 2 experience uplift. The time

series show that it is the dynamic boogie moment which is the crucial factor that

decides whether uplift occurs or not.
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Figure 7.34: Force time series of boogie 1 & 2 and its force contributions during ULS
co-linear weather condition.

Figure 7.35 shows the Gumbel probability density distributions of the forces in boo-

gie 1 & 2 and in one radial wheel during co-linear and spread environment. The

minimum PDF of boogie 2 show that the most probable minimum force is negative

in co-linear weather, which means that the turret is most probable to achieve uplift

in boogie 2. In spread weather however, the most probable minimum in boogie 2 is

positive but the 90% fractile minimum may be negative. The statistics from the figure

below and the 50 simulations are presented in Table 7.19 . The statistics show in fact

that the 90% min fractile force in boogie 2 is negative during spread weather, which

means that there is a 10% probability of experiencing turret uplift. To prevent uplift

and satisfy the 90% fractile design load criteria in spread and co-linear weather, the

turret weight must be larger than 6778 and 9440 tonnes respectively.
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Figure 7.35: Gumbel pdf of the extreme forces in boogie 1 & 2 and in one radial wheel.

Table 7.19: The most probable and 90% fractile max, min, and µ and σ of the forces in
boogie 1 & 2 and one radial wheel. The required turret weight to prevent uplift is also
presented.

ULS Spread
MP MM AX 90%M AX MP MM I N 90%M I N µBOG1 σBOG1 µBOG2 σBOG2 µR AD σR AD

Boogie[kN] 3863.0 4297.0 174.0 -182.0 3587.2 252.5 2078.8 398.9 - -
Radial Wheel[kN] 1612.0 1830.0 - - - - - - 648.6 241.2
Req. Weight[ton] - - - 6778 - - - - - -

ULS Co-linear
Boogie[kN] 5046.0 5628.0 -350.0 -912.0 3401.3 280.2 2244.9 537.4 - -
Radial Wheel[kN] 1848.0 2188.0 - - - - - - 502.0 320.0
Req. Weight[ton] - - 7355 9440 - - - - - -
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7.7 Turret Forces Analyzes in ALS

As the title describes the analyzes of the turret forces in ALS will be studied. The

results from the ALS analyzes will be presented in the form of extreme turret load

statistics from the Gumbel probability distributions. The total forces in all and one

single boogie and radial wheel will be presented and turret uplift in ALS will be in-

vestigated. The ALS turret time series and PSDs is not presented in the report, but is

attached in the Appendix F

7.7.1 Most Probable Max and 90%Frac. Forces&Mom.

The gumbel probability distribution of the radial wheel and boogie forces and mo-

ments during both weather conditions in ALS are illustrated in the figure below. The

Gumbel distributions in ALS is almost identical to the ones in ULS, which indicates

that a line break will not affect the turret forces. They are found to be quite similar

thus only the extreme statistics from the Gumbel distributions will be investigated.

Figure 7.36: Gumbel pdf of the radial wheel and boogie forces and moments in ALS
weather conditions.

The extreme turret loads Gumbel statistics from the ALS study are shown in the table

below. The boogie moment gets slightly larger while the boogie and radial wheel
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forces are slightly smaller in ALS compared to the ULS extreme statistics in Table

7.21, however the difference is small.

Table 7.20: The most probable and 90% fractile max, min, and the µ andσ of the forces
in the radial wheels(F R AD

X ) and boogies(F BOG
X &M BOG ) based on the 50 ALS co-linear

simulations.

Co-Linear Weather Condition
MP MM AX 90%M AX µ σ

F R AD
X [kN] 13516.0 16363.0 3750.0 2285.5

F BOG
Z [kN] 112665.0 119154.0 82838.2 7048.4

M BOG [kNm] 351627.0 436250.0 86639.2 51415.2

Spread Weather Condition
F R AD

X [kN] 11729.0 13437.0 4849.3 1721.0
F BOG

Z [kN] 113415.0 119333.0 83278.7 7258.5
M BOG [kNm] 294270.0 346336.0 113029.9 32727.2

The previous table showed that there was a slightly increase in the boogie moment

in ALS compared to ULS. It was shown in the ULS boogie uplift time serie that the

boogie moment contribution is the crucial factor in deciding whether uplift occurs,

thus it is interesting to see if the required turret weight to avoid uplift is larger in

ALS than ULS. According to the table below, the required turret weight that prevents

uplift and satisfies the 90% fractile design load in ALS during spread and co-linear

weather is 6850 and 9653 tonnes respectively. The percentage difference between

the required turret weight in ULS and ALS is 1.1% and 2.2% in spread and co-linear

weather respectively. A system with a line break will thus lead to a slightly larger turret

uplift than an intact system, however the difference is small.

Table 7.21: The most probable and 90% fractile max, min, and µ and σ of the forces in
boogie 1 & 2 and one radial wheel. The required turret weight to prevent uplift is also
presented.

ALS Spread
MP MM AX 90%M AX MP MM I N 90%M I N µ σ µBOG2 σBOG2 µR AD σR AD

Boogie[kN] 4722 5028.0 157.0 -198.0 3529.5 250.3 2022.4 386.8 - -
Radial Wheel[kN] 1564.0 1792.0 - - - - - - 646.6 229.5
Non-Uplift[ton] - - - 6850 - - - - - -

ALS Co-linear
Boogie[kN] 4927.0 5519.0 -407.0 -980.0 3338.9 267.5 2183.7 523.3 - -
Radial Wheel[kN] 1802.0 2182.0 - - - - - - 500.0 304.7
Non-Uplift[ton] - - 7555 9653 - - - - - -



Chapter 8

Summary, Conclusion and Further Work

8.1 Summary

Spread mooring, single point mooring, and thruster assisted mooring systems are

considered permanent, while dynamic positioning and mobile mooring systems are

mobile station keeping systems. Mooring systems have typically a catenary or a taut

configuration or a mix of both, where the mooring hardware components can con-

sists of buoyancy elements, clump weights, connection links, anchor, and lines of

chain, steel wire, synthetic fibre or a combination of these. The station keeping sys-

tem studied in this thesis is a single point turret moored FPSO, with a line configura-

tion of studless chain in the top and bottom section, whereas the midsection consists

of a spiral strand steel wire. The lines are anchored with suction anchors.

In the design of a mooring system there are three design limit states that must be

investigated: Ultimate limit state ensures that the mooring lines remain intact after a

100 year storm, Accidental limit state ensures that the system remain stable after one

or two line failures in a 100 year storm, Fatigue limit state ensures that the mooring

lines withstands cyclic loading. The Norwegian safety factors for the mooring lines

of permanent oil storage and production units, are in a 100 year storm 2.2 and 1.5

in ULS and ALS, respectively. The fatigue safety factor for mooring lines which are

not regularly inspected is given as a function of the fatigue damage ration between to

adjacent lines and is minimum 5.0.

The FPSO’s RAOs show that the FPSO achieves a surge, heave and pitch cancelling

effect when the the wavelength is approximately same as the vessel length. The ves-

sel’s natural period in heave, roll and pitch are 12, 25.5 and 15 seconds respectively.

The FPSO’s most critical response is in roll with a maximum response of 9.9 deg/m,

thus it is very important for the FPSO to be able to weathervane. The sway-yaw sta-

bility is thus a crucial factor to consider. The simple sway-yaw stability calculations

show that the vessel is stable and is able to weathervane with a distance of 120 and

70 meters between the center of gravity and turret, and is unstable with a distance of

124
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30 meters.

The software Sima have two numerical tools called Simo and Riflex which are used

to analyze different marine systems and operations. Simo performs a quasi-static

time domain analysis and captures the vessel’s six degree of motions due to WF and

LF loads. In Simo the mooring lines are modeled by the catenary equations and are

functioning as springs that provides stiffness.

Riflex performs a non-linear time domain finite element analysis of slender systems,

for instance a mooring system, and describes the lines’ fully behavior by solving the

whole equation of motions. A Simo-Riflex coupled analysis will solve all the con-

tributions in the equation of motions, thus the vessel’s and the mooring lines’ fully

behaviour will be captured.

The turret moored FPSO is modeled in Simo and Riflex, whereas the model in Riflex

performs a Simo-Riflex coupled analysis by solving the fully behaviour of the vessel

and the mooring lines. Simulations performing a system characteristic and surge de-

cay test is conducted in order to investigate the surge natural period and the system

stiffness between Riflex and Simo. The results show a 1.2% difference in surge nat-

ural period between Simo and Riflex, whereas the system characteristic show that

the system in Riflex is at most 3.3% stiffer than in Simo. The larger stiffness in Riflex

is a result of an increased elastic stiffness due to a larger bottom friction in Riflex,

however the bottom friction in Simo is unknown thus this should be more closely

investigated. The larger stiffness in Riflex will lead to a slightly smaller motion and

tension response than if the stiffness was the same as in Simo.

Wave contour analyzes are performed in Riflex to find the system’s worst significant

wave height and peak period, and is found to be 15.5m and 18.5 seconds respec-

tively. ULS and ALS simulations is performed in both Simo and Riflex, and co-linear

and spread weather conditions is compared. 50 simulations is found to be sufficient

to properly describe the line tension, and thus 50 simulations is performed in each

analysis.

The systems responses that is investigated in this thesis are the vessel’s six degree of

freedom motions, the mooring lines’ tension response and the turret loads. 50 simu-

lations are performed in ULS and ALS conditions in spread and co-linear weather in

both Riflex and Simo. The Gumbel distribution is used to distribute the maximums

and minimums and to find the MPM and 90% fractile motions, line tension and turret

loads.
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8.2 Conclusions

As mentioned in the summary, the systems responses that is investigated in this the-

sis is the vessel’s six degree of freedom motions, the mooring lines’ tension response

and the turret loads. The following conclusions are made:

• The motion analyzes in ULS and ALS shows that the FPSO’s surge, sway, roll

and yaw motions are larger in spread weather conditions, whereas the heave

and pitch motions are more or less the same in spread and co-linear weather.

The extreme motion statistics show that Simo overestimates the vessel’s ex-

treme surge, sway, and yaw motions, while the extreme heave, pitch and roll

motions are approximately the same as in Riflex. The mean surge, sway and

yaw motions are however larger in Riflex. The damping provided by the moor-

ing lines are not considered in Simo thus the low frequent slowly varying surge

and sway motions will be larger in Simo. Keep in mind that mooring system

in Riflex is slightly stiffer than in Simo, and that the motions in Riflex would

be slightly larger if the system stiffness was the same. In the ALS the vessel’s

extreme surge, sway and yaw motions gets larger, however the heave, roll and

pitch motions are the same as in the ULS results. Simo can be used in the early

stages of the FPSO’s motion design, however a Simo-Riflex coupled motion de-

sign is necessary to describe the correct motions.

• The ULS and ALS line tension analyzes show that the tension loads are larger

in spread weather compared to the co-linear condition. The time series of the

windward and leeward lines clearly show that Simo does not consider the dy-

namic behavior of the line, and thus neither the dynamic line tension that oc-

curs from this behaviour. By looking at the PSD spectrum in Riflex, the dynamic

line tension are concentrated in the wave frequency range where the heave and

pitch natural frequencies are located. This indicates that the dynamic tension

responses are a result from the dynamic surge-heave-pitch coupled motions.

• The windward lines in Riflex achieves a combination of both a large LF mean

tension and a WF dynamic tension, while the leeward lines is dominated by the

WF dynamic tension loads. The mean LF tension loads in the leeward lines are

much smaller than the large WF dynamic loads, thus these lines often becomes

slack. In Simo however, both the windward and leeward lines are dominated

by the LF slowly varying tension loads and does not go slack. Due to the cyclic

events where the leeward lines becomes slack it is recommended to reassess
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the pre-tension of the lines. The large line tension differences between Riflex

and Simo is so large that it is not recommended to use Simo in ULS and ALS

design. However, in operations where the dynamic line behaviour is negligible,

Simo can be used in the early design stages.

• The ULS and ALS results in Riflex show that the Longest lines achieves the

largest line tension in spread weather, closely followed by the Long lines, whereas

the Longer lines achieves least line tension. However, in co-linear weather the

Long lines achieves the largest line tension, closely followed by the Longest and

then the Longer lines. All the mooring lines in both weather conditions satis-

fies both the ULS and ALS requirement for permanent mooring units on the

Norwegian Continental Shelf.The turret mooring line system is thus well set-

up and distributes the tension loads well.

• The largest load contribution to the turret’s radial wheels and boogies are the

forces from the mooring lines. Solutions to decrease the forces from the moor-

ing lines should thus be investigated, like for instance by decreasing the "arm"

or the distance between the mooring line fixing point and the turret’s COG. The

inertia forces are small in comparison. The radial wheel forces and the boogie

moment consists of both LF and WF forces, while the boogie forces only con-

sists of WF forces.

• The results show that the turret is more probable to experience uplift in co-

linear compared to spread weather, and that uplift occurs in both the ULS and

ALS simulations. The turret loads are designed such that the turret withstands

uplift in the 90% fractile load in the extreme turret load statistics, however uplift

occurs in both weather conditions in both ULS and ALS. To avoid uplift in the

90% fractile ALS turret load, the turret must gain weight and become 850 and

3653 tonnes heavier in spread and co-linear weather respectively.

8.3 Further work

Possible work in the future is to perform FLS-analyzes in the leeward lines which

experiences cyclic occurrences of going slack. This is a fatigue problem that must

be investigated. It would be interesting to study the occurrences of slack lines, and

to investigate different solutions to this problem for instance by increasing the line

pre-tension and length.
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As mentioned turret uplift occurs in both ALS and ULS during co-linear and spread

weather. Solutions to prevent uplift, like for instance increasing the turret weight or

mooring line length should be investigated more closely. The turret is today designed

to prevent uplift for a 90% fractile loading, but is it necessary to design the turret for

such large loading? It would be interesting to do a literature review of all turret uplift

coincidences, and to investigate if it is reasonable to design the turret loads with a

most probable maximum instead of a 90% fractile turret load.

Analyzes and design of the mooring system together with the riser system should be

conducted. The risers will also provide damping to the system which may lead to less

vessel motions and system loads. The vessel’s total offset should also be investigated

with respect to the requirement of maximum riser offset.
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Figure A.1: Mooring line data
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Wind and Current Coefficients

Table B.1: Quadratic wind coefficients
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Table B.2: Quadratic current coefficients



Appendix C

Accidental Limit State Motion Response

C.0.1 Surge Translation

(a) Total, LF and WF surge time series. (b) Surge energy spectrum.

Figure C.1: Total, LF and WF surge time series of the vessel’s COG, and the correspond-
ing energy spectrum in both Riflex and Simo in ALS co-linear and spread weather.

Table C.1: The max, min, µ and σ of the vessel’s COG surge translation in ALS spread
and co-linear condition in Figure C.1a.

Spread
Riflex Simo

Surge MAX MIN µ σ MAX MIN µ σ

Total [m] 58.4 21.5 34.7 4.4 59.6 7.3 32.3 6.6
LF [m] 52.0 21.9 34.7 3.8 53.0 8.4 32.2 6.0
WF [m] 7.1 -6.6 0.0 1.7 8.7 -6.7 0.0 1.8

Spread
Riflex Simo

Surge MAX MIN µ σ MAX MIN µ σ

Total [m] 37.3 4.5 17.3 4.0 40.4 -7.0 15.8 6.2
LF [m] 31.6 6.6 17.3 3.5 34.9 -4.0 15.8 5.7
WF [m] 6.5 -6.4 0.0 1.7 7.3 -6.6 0.0 1.7

XI
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C.0.2 Sway Translation

(a) Total, LF and WF surge time series. (b) Sway energy spectrum.

Figure C.2: Total, LF and WF sway time series of the vessel’s COG, and the correspond-
ing energy spectrum in both Riflex and Simo in ALS co-linear and spread weather.

Table C.2: The max, min, µ and σ of the vessel’s COG sway translation in ALS spread
and co-linear condition in Figure C.2a.

Spread
Riflex Simo

Sway MAX MIN µ σ MAX MIN µ σ

Total [m] 41.1 11.4 25.8 4.4 41.1 5.4 25.1 5.7
LF [m] 37.6 14.0 25.8 4.1 39.3 7.6 25.1 5.3
WF [m] 5.0 -5.2 0.0 1.4 5.1 -5.5 0.0 1.5

Co-linear
Riflex Simo

Sway MAX MIN µ σ MAX MIN µ σ

Total [m] -5.6 -27.4 -15.8 3.4 4.2 -32.5 -14.9 5.5
LF [m] -8.3 -26.1 -15.8 2.9 1.5 -30.2 -15.0 5.0
WF [m] 4.9 -5.4 0.0 1.3 5.0 -5.7 0.0 1.4
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C.0.3 Heave Motion

(a) Total, LF and WF surge time series. (b) Heave energy spectrum.

Figure C.3: Total, LF and WF heave time series of the vessel’s COG, and the correspond-
ing energy spectrum in both Riflex and Simo in ALS co-linear and spread weather.

Table C.3: The max, min, µ and σ of the vessel’s COG heave motion in ALS spread and
co-linear condition in Figure C.3a.

Spread
Riflex Simo

Heave MAX MIN µ σ MAX MIN µ σ

Total [m] 9.9 -9.7 -0.1 2.1 10.2 -9.7 -0.1 2.1
LF [m] 1.5 -0.4 -0.1 0.1 1.6 -0.4 -0.1 0.1
WF [m] 9.6 -10.0 0.0 2.1 9.9 -10.0 0.0 2.1

Co-linear
Riflex Simo

Heave MAX MIN µ σ MAX MIN µ σ

Total [m] 9.2 -9.4 -0.2 2.0 9.4 -9.3 -0.2 2.1
LF [m] 1.6 -0.4 -0.1 0.1 1.5 -0.4 -0.1 0.1
WF [m] 9.0 -9.6 0.0 2.0 9.1 -9.6 0.0 2.1
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C.0.4 Roll Motion

(a) Total, LF and WF surge time series. (b) Roll energy spectrum.

Figure C.4: Total, LF and WF roll time series of the vessel’s COG, and the corresponding
energy spectrum in both Riflex and Simo in ALS co-linear and spread weather.

Table C.4: The max, min, µ and σ of the vessel’s COG roll motion in ALS spread and
co-linear condition in Figure C.4a.

Spread
Riflex Simo

Roll MAX MIN µ σ MAX MIN µ σ

Total [deg] 5.2 -6.1 0.2 1.0 4.1 -4.9 0.2 1.0
LF [deg] 0.9 -0.7 0.2 0.3 1.1 -1.4 0.2 0.3
WF [deg] 5.3 -5.9 0.0 0.9 4.3 -4.8 0.0 0.9

Co-linear
Riflex Simo

Roll MAX MIN µ σ MAX MIN µ σ

Total [deg] 0.9 -0.7 0.1 0.2 1.0 -0.6 0.1 0.2
LF [deg] 0.2 -0.1 0.1 0.1 0.3 -0.2 0.1 0.1
WF [deg] 0.8 -0.8 0.0 0.1 0.8 -0.8 0.0 0.2
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C.0.5 Pitch Motion

(a) Total, LF and WF surge time series. (b) Pitch energy spectrum.

Figure C.5: Total, LF and WF pitch time series of the vessel’s COG, and the correspond-
ing energy spectrum in both Riflex and Simo in ALS co-linear and spread weather.

Table C.5: The max, min, µ and σ of the vessel’s COG pitch motion in ALS spread and
co-linear condition in Figure C.5a.

Spread
Riflex Simo

Pitch MAX MIN µ σ MAX MIN µ σ

Total [deg] 9.0 -8.9 0.2 1.9 9.4 -9.4 0.1 2.0
LF [deg] 0.6 0.1 0.2 0.0 0.7 0.0 0.2 0.0
WF [deg] 8.8 -9.1 0.0 1.9 9.2 -9.6 0.0 2.0

Co-linear
Riflex Simo

Pitch MAX MIN µ σ MAX MIN µ σ

Total [deg] + 9.0 -8.9 0.1 1.9 9.4 -9.4 0.1 2.0
LF [deg] 0.7 0.0 0.1 0.0 0.6 0.1 0.1 0.0
WF [deg] 8.8 -9.1 0.0 1.9 9.3 -9.6 0.0 2.0
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C.0.6 Yaw Motion

(a) Total, LF and WF surge time series. (b) Yaw energy spectrum.

Figure C.6: Total, LF and WF yaw time series of the vessel’s COG, and the corresponding
energy spectrum in both Riflex and Simo in ALS co-linear and spread weather.

Table C.6: The max, min, µ and σ of the vessel’s COG yaw motion in ALS spread and
co-linear condition in Figure C.6a.

Spread
Riflex Simo

Pitch MAX MIN µ σ MAX MIN µ σ

Total [m] 171.3 135.8 156.9 3.6 178.0 135.1 156.8 4.1
LF [m] 168.9 136.1 156.9 3.6 175.9 135.4 156.8 4.0
WF [m] 2.6 -2.2 0.0 0.49 2.7 -3.1 0.0 0.5

Co-linear
Riflex Simo

Pitch MAX MIN µ σ MAX MIN µ σ

Total [m] 140.1 135.3 137.7 0.8 140.8 134.6 137.6 1.0
LF [m] 140.1 135.7 137.7 0.8 140.8 135.0 137.6 1.0
WF [m] 0.4 -0.4 0.0 0.1 0.4 -0.5 0.0 0.1
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Accidental Limit State Tension Response

D.0.1 Windward Line Long 4

(a) Total, LF and WF tension time series of Long
4.

(b) Tension energy spectrum of Long 4.

Figure D.1: Total, LF and WF tension time series of windward line Long 4, and the
corresponding energy spectrum in both Riflex and Simo in ALS co-linear and spread
weather. In this case Simo actually achieves a larger line tension compared to Riflex
in both weather conditions. This is because the effective line length is in Simo fully
streched out and pulls on the anchor which is the reason for the large tension response
in Simo.

XVII
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Table D.1: The max, min, µ and σ of the tension time series of windward line Long 5
in ALS spread and co-linear weather conditions in Figure D.1a.

Spread
Riflex Simo

Long 4 MAX MIN µ σ MAX MIN µ σ

Total [kN] 7715.2 235.8 2796.1 588.2 9468.2 1444.2 2717.7 532.8
LF [kN] 4808.9 2090.9 2796.3 316.5 5677.5 1201.7 2717.7 469.6
WF [kN] 2912.1 -3060.8 -0.2 482.4 3797.9 -990.3 -0.3 179.8

Co-linear
Riflex Simo

Long 4 MAX MIN µ σ MAX MIN µ σ

Total [kN] 9286.1 561.9 3333.3 635.0 13140.0 1643.0 3247.0 710.2
LF [kN] 5832.1 2478.1 3333.1 371.2 7982.9 1157.4 3246.8 622.7
WF [kN] 3464.5 -3038.8 -0.2 496.4 5203.1 -1888.5 -0.3 252.1

D.0.2 Leeward Line Longest 4

(a) Total, LF and WF tension time series of
Longest 4.

(b) Tension energy spectrum of Longest 4.

Figure D.2: Total, LF and WF tension time series of leeward line Longest 4, and cor-
responding energy spectrum in Riflex and Simo during ALS co-linear and spread
weather.
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Table D.2: The max, min, µ and σ of the tension time series of leeward line Longest 4
in ALS spread and co-linear weather condition in Figure D.2a.

Spread
Riflex Simo

Long 4 MAX MIN µ σ MAX MIN µ σ

Total [kN] 8784.7 -265.9 2577.7 774.6 3643.8 1738.8 2536.7 288.5
LF [kN] 3025.1 2118.1 2577.8 152.1 3188.9 1794.4 2537.4 234.7
WF [kN] 5841.1 -3161.4 -0.3 757.8 689.2 -696.5 0.1 146.3

Co-linear
Riflex Simo

Long 4 MAX MIN µ σ MAX MIN µ σ

Total [kN] 6485.6 -242.2 1698.2 584.9 2394.1 1189.5 1761.8 172.6
LF [kN] 1928.2 1527.1 1698.2 63.9 2109.1 1462.8 1762.0 118.5
WF [kN] 4702.5 -2038.5 -0.1 50.9 567.6 -512.2 0.2 118.3



Appendix E

Ultimate Limit State Turret Forces

E.1 Spread Weather

Figure E.1: Force and moment time serie of (F R AD
X ), (F BOG

Z &M BOG ) and all of their
force and moment contributions in ULS spread weather.
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Figure E.2: Force and moment PSDs of (F R AD
X ), (F BOG

Z &M BOG ) and their force and
moment contributions in ULS spread weather.

Table E.1: Max, min, µ and σ of (F R AD
X ), (F BOG

Z &M BOG ) and their contributions in
spread environment in Figure E.1.

Radial Wheel Forces [kN]
MAX MIN µ σ

F R AD
X 14645.6 -4078.9 4836.0 1850.8

(M + A)ẍ 6494.1 -7850.4 0.2 1743.8
F C T

x 12747.5 -3046.2 4666.8 1489.1
W ∗ si nθ 7261.8 -6645.4 169. 1996.8

Vertical Boogie Forces [kN]
F BOG

z 116992.0 56950.1 84990.5 7549.3
(M + A)z̈ 25108.9 -21165.8 0.5 5955.2
F C T

z 59896.9 2754.4 25182.6 6254.9
W ∗ cosθ 59841.0 59398.7 59807.4 46.2

Boogie Moment [kNm]
M BOG 389744.2 -48593.5 112449.0 34342.0
ICOG ∗ θ̈ 109861.0 -117729.9 -1.5 27818.5
F R AD

x (a − c) 8421.2 -2345.4 2780.7 1064.2
F C T

x ∗ c 299565.8 -71586.5 109669.8 34994.8
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Figure E.3: Force time series of boogie 1 and 2, which are placed opposite of each other,
and their force contributions in ULS spread weather.
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Accidental Limit State Turret Forces

F.1 Spread Weather

Figure F.1: Force and moment time serie of (F R AD
X ), (F BOG

Z &M BOG ) and their force and
moment contributions in ALS spread weather.
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Figure F.2: Force and moment PSDs of (F R AD
X ), (F BOG

Z &M BOG ) and their force and mo-
ment contributions in ALS spread weather.

Table F.1: Max, min, µ and σ of (F R AD
X ), (F BOG

Z &M BOG ) and their contributions in
spread environment in Figure F.1.

Radial Wheel Forces [kN]
MAX MIN µ σ

F R AD
X 14882.5 -4059.6 4840.5 1881.3

(M + A)ẍ 6900.1 -8396.4 0.3 1867.7
F C T

x 12797.9 -2418.7 4662.7 1398.1
W ∗ si nθ 8182.1 -7516.2 177.6 2250.7

Vertical Boogie Forces [kN]
F BOG

z 120644.8 62305.9 90633.5 7525.8
(M + A)z̈ 26969.7 -22983.1 0.4 6414.2
F C T

z 55430.5 2580.3 23472.5 5825.1
W ∗ cosθ 67198.5 66698.5 67160.5 52.3

Boogie Moment [kNm]
M BOG 391550.6 -52936.9 112354.7 34251.2
ICOG ∗ θ̈ 109979.2 -118557.3 -1.1 27956.6
F R AD

x (a − c) 8557.5 -2334.3 2783.3 1081.8
F C T

x ∗ c 300750.2 -56839.5 109572.6 32855.7
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Figure F.3: Force time series of boogie 1 and 2, which are placed opposite of each other,
and their force contributions during ALS spread weather.
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F.2 Co-Linear Weather

Figure F.4: Force and moment time serie of (F R AD
X ), (F BOG

Z &M BOG ) and their force and
moment contributions in ALS co-linear weather conditions.

Figure F.5: Force and moment PSDs of (F R AD
X ), (F BOG

Z &M BOG ) and their force and mo-
ment contributions in ALS co-linear weather conditions.
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Table F.2: Max, min, µ and σ of (F R AD
X ), (F BOG

Z &M BOG ) and their contributions in
co-linear environment in Figure F.4.

Radial Wheel Forces [kN]
MAX MIN µ σ

F R AD
X 19075.9 -7904.5 3760.2 2475.1

(M + A)ẍ 7267.7 -7900.4 0.1 1787.6
F C T

x 20084.4 -8387.0 3585.9 2266.1
W ∗ si nθ 8205.2 -7502.9 174.1 2244.1

Vertical Boogie Forces [kN]
F BOG

z 119348.5 63217.7 90189.1 7308.4
(M + A)z̈ 24992.4 -21563.8 0.5 6156.9
F C T

z 53978.0 3315.4 23027.8 5604.9
W ∗ cosθ 67198.5 66695.7 67160.8 52.0

Boogie Moment [kNm]
M BOG 550153.8 -168119.8 86430.9 54395.3
ICOG ∗ θ̈ 100641.2 -106365.6 -0.9 26913.1
F R AD

x (a − c) 10968.7 -4545.1 2162.1 1423.2
F C T

x ∗ c 471982.3 -197093.4 84269.7 53253.1

Figure F.6: Force time series of boogie 1 and 2, which are placed opposite of each other,
and their force contributions during ALS co-linear weather.
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