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Background
The purpose of the mooring system is to keep a floating vessel safely at a required position. It

normally consists of 8-16 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
arclic areas). .

- There are more operations adjacent to other installations (flotel operations and tender
support vessel operations).

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

In addition, mooring failure rate is unacceptably high. Some incidents have been multiple line
failures, leading to vessel drifting. The investigations show a variety of direct causes covering
both inaccurate design, bad quality on mooring line components and lack of personnel
competence related to operation of the system. A particular design issue is that today’s
analysis methods usually neglects the excitation related to viscous drift forces. This is
considered a major shorlcoming for the mooring design of small semisubmersible platforms.
In spite of the advances in the numerical procedures for mooring analysis, there have been a
too large number of incidents with mooring line failures over the recent years. These incidents
point to the possibility that mooring lines are overloaded during storms. In fact, several
mooring line failures have been reported for North Sea floating structures along the recent
years during severe conditions in storms and typhoons worldwide. This has uncovered a need
to improve methods, procedures and standard industry practice in design prediction of
nonlinear wave loadings in high and steep seas. In particular, the methods for prediction of
viscous drift forces and wave-current interaction cffects on the slow drift wave excitation.

The response quantities to be studied comprise extreme motions (offset) of the floating vessel
and extreme tensions in the most loaded mooring lines. Acceptable design is controlled by
check of the ultimate limit state (ULS) and accidental limit state (ALS) design criteria. Focus
of this thesis shall be on the load effect related to the viscous drift forces.

Analysis methods for estimating ultimate mooring line tension and vessel offset can be
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divided into frequency domain (FD) methods and time domain (TD) methods. Using FD
methods, the low frequency (LF) load effects and the wave frequency (WF) load cffects are
analysed separately and then combined into characteristic values used in recipes for ULS and
ALS design. The dynamic system describing the behavior of the vessel must be linearized and
the maxima of vessel motions and line tensions are usually assumed to be statistically
distributed according to the Rayleigh distribution. Sometimes empirical corrections for non-
Rayleigh distributions are, however, performed. When using TI) methods, all non-linearitics
in the dynamic system (stiffness and damping) and in the excitation can be taken into account.
The results of TD simulations are time series of selected responses that must be carefully
analysed by relevant statistical mecthods in order to establish an accurate estimate of the
characteristic load cffect.

Scope of Work

1) Describe the ULS and ALS acceptance criteria (safety factors and recipes) relevant for the
Norwegian Continental Shelf (NCS).

2) Review relevant literature and describe the different aspects and differences of FD and TD
analysis methods for analysis of extreme vessel offset and extreme mooring line tension based
on the short term storm approach. In particular an assessment and study of different models
for viscous load effects and the resulting impact of viscous drift forces on vessel response
shall be made.This shall include a review of the different models available for modelling
viscous drift forces. The models shall be described and an assessmest shall be made on their
availability in present software packages.

3) Establish numerical simulation models for TD analysis in SIMA. Select the water depth,
mooring system and metoccan design basis studied during the project work. Listablish
characteristic vessel offset and mooring line tensions according to recipes in rules and
regulations. Make a thorough comparison of the FD and TD results. The comparison shall
cover both mean, [.I' and WF responses as well as the total response. The contribution of the
viscous elTects to the resulting response shall be discussed. As a part of this, a comparison
shall be made with an exisling empirical model for correction of wave drift forces (to be
discussed and agreed together with the supervisor).

4) Conclusions and recommendations for further work.

General information

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 the thesis 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 possibilitics for obtaining relevant literature.
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Abstract

Recent years floating structure are widely used for different marine operations. So increases the
usage of mooring system rapidly to perform its position-keeping function. However, high failure
rate of mooring system catches people’s attention. The overloaded mooring lines in operation
uncovers the hidden danger in insufficient prediction of low-frequency excitation and damping
force. Based on previous theoretical analysis and model tests, the failure is mainly due to the
ignorance of viscous effect on the structure. Therefore this thesis mainly focuses on viscous
drift force modelling on a semi-submersible under extreme weather condition.

Important theory were developed first. Three viscous models were established with their
expressions derived. Then the Frequency Domain method and Time Domain method were ex-
plained and compared. They had different ways to deal with a given signal with their own ad-
vantages and shortcomings. Different software were applied accordingly. For calculating the
tension in mooring line, quasi-static method and dynamic method were explained and com-
pared.

Floatel Superior was modeled with 12 mooring lines evenly spread in shallow water with
150m depth. The mooring lines consisted of chain and fibre. The structure was researched
under 100-year return period weather condition. Since it had been researched in Frequency
Domain by MIMOSA in Autumn 2015, in order to keep the model with same characteristic and
vessel file as before, the SIMO input file was verified with the MIMOSA file before doing further
analysis.

Force coefficients, transfer functions, restoring force, decay test and structural response un-
der one specific case were compared one by one. Only the linear damping value in SIMO file
was modified. All results showed that SIMO file was consistent with MIMOSA file, only with a
relative lower damping value.

In order to take viscous effect into account, two different methods were applied: slender
element method and correction formula method. They had different strategy to account for vis-
cous force. Based on the increase in tension and motion, it was concluded that viscous effect
was really important in structure response analysis. Ignoring viscous effect will certainly induce

an underestimation of LF excitation force and damping force, then further provide a conserva-
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tive estimation in mooring line tension and structure motion.

Both methods were effective, while slender elements brought a more accurate and reliable
result and correction formula was doubted. Extra damping modification were applied to im-
prove the correction formula method. It worked but not so realistic in real practice.

A sensitivity test was performed to know how the variation in drag coefficient affect the re-
sponse. The 'tuning’ equation was applied to tune the drag coefficient on column and pontoon.
Two parallel comparison group were created. The smaller coefficient would induce a smaller
drag force on structure.

In order to figure out the relative importance of different loads, the model was researched
under single environment load separately. According to the response result, wave was domi-
nating among all three loads, and it had interaction with current when they existed at the same
time. Wind gave largest effect in static analysis, due to its large velocity and large exposure ares
of structure.

The most-loaded line was selected and modeled in RIFLEX. The 3-hour motion series from
SIMO was imported as input and the corresponding tension result was used to compare with
the SIMO result. The motion series was verified to be consistent through the export and import
among software. From the plot, tension result from RIFLEX and SIMO had almost overlapped
with each other, which means they were consistent. Only in Wave Frequency band, the RIFLEX
result had larger standard deviation value, and had a larger crest and trough in the figure. Due to
RIFLEX used the Finite Element Method and dynamic method to calculate the tension, it had a
higher tension result. Therefore it gave an amplification effect to the SIMO result. The Dynamic

Amplification Factor was calculated as well.
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Chapter 1

Introduction

1.1 Background

Offshore floating structures have their usage increased rapidly because of their recognition of
good performances concerning small motion and stability, and may be a viable economic al-
ternative to conventional bottom standing structures. At the same time, in order to keep the
floating structure at desired position, mooring systems are always applied. The requirements

for mooring systems have become more strict and complex as well. The reasons are as follows.

1. The amount of marine operation activity keeps increasing. Especially most of them are
performed adjacent to other installations, under those cases the impact on other unit and

the safety distance between them should be considered.

2. The industry is moving into new frontiers, i.e. in ultra-deep water down to 3000m depth
and into arctic areas. Then the material type, mooring line length and diameter should be

assessed carefully.

3. Many units are at the end of their lifetime, thus the fatigue and fracture detection and
maintenance of structure should be considered. More severe, new operation units are

needed whose dimension becomes much larger.

In addition, the unacceptable high failure rate of mooring system in real practice also catches

our attention. Several incidents have been reported for floating structure in North Sea along
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recent years, that the mooring lines are overloaded during extreme weathers (Kvitrud (2014)). It
means that the preliminary estimation of external load is not accurate and has great discrepancy
from the real one. Also more model testing of semi-submersible floating production units has
shown that presently available analysis methods are insufficient to predict both the excitation
forces and the damping forces(Stansberg et al. (2015)). All the facts uncover a need to improve
the analysis methods.

Offshore structures often operate under severe environmental conditions and the motions
and mooring tension are dominated by an extremely complex environmental loading partic-
ularly combined by waves, currents and winds. The insufficient prediction of excitation and
damping force are due to the ignorance of viscous drift force and wave-current interaction ef-
fects on slow drift wave excitation. It is always the main reason for the inaccurate estimation in

analysis, also the main shortcoming of the analysis.

1.2 Historical review

The wave drift force on a floating structure has been the subject of many investigation in the
past few years. The drift forces on ships or barges are computed by the conservation of mo-
mentum principle (Newman (1967)). For large offshore structures, a three-dimensional source-
sink method and the second-order Bernoulli’s equation are applied to obtain the second-order
wave drift force (Pinkster (1974)). These methods are generally satisfactory for certain type of
structures, when the viscous force is less dominant. However, for other types of structures, e.g.
semi-submersibles, tension leg platforms .etc, whose columns and pontoons have small ratio
of cross-section dimension, viscous effect on the wave drift force can be equally or more impor-
tant. Thus it is important to know when the viscous effect is dominant and should be included
in the overall analysis.

In this section, a review is given concerning the past developments in both theories and
experiments related with viscous drift forces on vertical cylinders and floating structures, like
semi-submersibles and TLPs.

Pijfers et al. (1977) investigated a method to calculate the viscous drift forces on semi-submersible

structures due to wave-current interaction. The semi-submersible structure can be either free
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floating or fixed. Drag coefficient is used as a weighted average value under the effect of both
Reynold number and Keulegan-Carpenter number. The influence of current velocity on the drift
forces was shown by subtracting the force due to current from the total force due to steady flow.
Also a method was given to calculate the slowly varying drift force in irregular waves in time
domain.

Ferretti and Berta (1980) applied the Morison equation to calculate the mean drift force
on a vertical cylinder due to potential effects and provided numerical results. Drag coefficient
used were obtained from potential theory. Those results were compared with those by Newman
(1967) for both fixed and floating conditions. It was showed that wave height on the splash zone
caused the viscous mean drift force. Finally the wave-current interaction effects were explained
at mean water level, and the interaction effect showed much stronger influence than the linear
superimposing effect.

Lundgren et al. (1982) discussed the contributions for the potential and viscous mean drift
forces on a fixed cylinder in a particular sea state condition. Wave-current interaction effects
were also discussed. The derivation is only valid when current velocity is less then 10% of the
maximum wave velocity. This approach would lead to erroneous result when considering wave-
current interaction.

Burns (1983) researched on the TLP structure and discussed the three different modes of
structural horizontal motion when subjected to wind, wave and current. He came up with an
idea to generate a “viscous drift” transfer function incorporating these effects using Morrison
equation. The proposed transfer function is valid when the current velocity is higher than the
maximum water particle velocity.

Kobayashi et al. (1987) showed that the viscous drift force is a significant component besides
wave drift force. He calculated the viscous drift force for regular wave conditions considering the
fluctuation of the wet surface area of a TLP. Comparing the wave drift force from theoretical cal-
culation result and from experiment result, a big difference existed and should not be ignored.
However, after adding the viscous contribution, the result improved.

Standing et al. (1991) contributed an expression for the mean drag force of a single column
of a semi-submersible. Wave-current interaction and free surface elevation were accounted for.

The theoretical mean surge force had a big improvement after adding the viscous mean drift
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force to the potential mean drift force. He suggested the variation of drag coefficients cause the
discrepancy between predicted and measured low frequency motion.

It is concluded from the review that most articles and researchers share a common a view
that viscous drift force plays an important role in the analysis and it can not be ignored for most

cases related with semi-submersibles or TLPs.

1.3 Objectives

Based on the industry background and historical review, this thesis mainly focuses on the fol-

lowing parts:

1. Describe the ULS and ALS acceptance criteria relevant for Norwegian Continental Shelf

(NCS);

2. Review relevant literature regarding viscous effect and compare the Frequency Domain

(FD) analysis method and Time Domain (TD) analysis method theoretically;
3. Illustrate and compare different models in viscous effect and derive related expressions;

4. Establish numerical simulation models for TD analysis in SIMA, and study the response
quantities which include extreme motions of the floating vessel and extreme tensions in
the most loaded mooring lines with and without viscous effect; discuss the contribution

of viscous effect;

5. Run sensitivity test of drag coefficient and check the corresponding change in structure
response; check the structure response under single environment force and analyze the

contribution/interaction of forces.

1.4 Outlines

In Chapter 1, the research background and historical review related with viscous effect are sum-

marized; and accordingly set the main objective of this paper: research the response of Floatel
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Superior under 100-years return period with and without viscous effect in time domain; com-
pare the response quantities so as to figure out the importance of viscous effect.

In Chapter 2, a systematic theory development is presented. It is mainly divided into three
parts. The first part illustrates three available models for modeling viscous drift force, which
are due to free surface, wave-current interaction and cross-flow on pontoon respectively. Then
the second part explains the mooring system analysis methods on the basis of the equation of
motion. Frequency domain analysis method and time domain analysis method are developed
and compared, including relative expressions derived. The last part is about the calculation
methods of mooring line tension. Both quasi-static method and dynamic method are explained
with sketch and compared in aspect of motion components.

In Chapter 3, details are presented about the Norwegian rules and regulations related with
the mooring system in operation. Three different limit states mainly in use are illustrated with
important parameters. Then the ULS and ALS acceptance criteria equation is presented based
on breaking strength and safety factor.

In Chapter 4, three software for mooring system analysis are introduced. MIMOSA is mainly
applied in frequency domain, while SIMO and RIFLEX are used in time domain. SIMO uses
quasi-static method to calculate the mooring line tension while the other two use dynamic
method.

In Chapter 5, the vessel description is provided first with the layout in MIMOSA and SIMO.
The preliminary result in frequency domain in master project in Autumn 2015 is introduced
roughly. Then the SIMO input file is verified by comparing with the MIMOSA input file. The
verification is done in aspects of vessel file, restoring force and decay test. The restoring force
shows great matching and consistent result; while the 15 order motion transfer function in ves-
sel file and decay test show too low damping condition in SIMO file. Then the linear damping
value in surge and sway is modified according to MIMOSA file. The new linear damping value is
around 30% of critical damping and it becomes reasonable.

Then one special seastate with Hs=16m,Tp=18.2s is picked out, the tension of the most-
loaded mooring lines and the maximum motion are compared between MIMOSA and SIMO.
A discrepancy exists, but in a tolerable range. Based on the comparison, it is concluded that the

SIMO input file is consistent with the MIMOSA file and is reasonable and valid to use.
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In Chapter 6, in order to take the viscous effect into account, two methods are applied. First
is slender elements method, with six slender elements created along columns and pontoons.
For columns, the viscous models due to free surface and wave-current interaction apply; while
for pontoons, only the cross-flow on pontoon applies. The drag coefficients are chosen and
calculated based on the regulation DNV-RP-C205. Later the drag coefficient is modified for a
sensitivity test.

The second method is correction formula method, whose strategy is to correct the wave
drift coefficient by using an empirical formula. Viscous-induced wave drift force is taken into
account and added to the potential-flow induced drift force. Then all the results are compared.

Based on the result, both methods are valid to account for viscous effect since an obvious in-
crease in both motion and tension is observed. However, the correction formula method shows
dramatic effect of great doubt, which may due to the ignorance of viscous effect on damping
term. Then the damping level of this case is modified to match with other cases.

In Chapter 7, relative importance of single environmental load effect is checked by separat-
ing the external force. Then the contribution of each force and their interaction is analyzed.

In Chapter 8, RIFLEX is used as an extra verification of simulation result. It analyzes the
most-loaded line under the same environment condition. The motion series from SIMO is used
as input for RIFLEX, and the corresponding tension result of the most loaded line is compared.
Dynamic amplification factor is calculated to show the difference between two sources of result.

Chapter 9 gives the main conclusion of this thesis work and Chapter 10 provides some rec-

ommendation for further work.



Chapter 2

Theoretical development

2.1 Viscous effects

As illustrated in Chapter 1, neglecting of viscous drift forces becomes a big shortcoming in struc-
tural analysis, since it may underestimate the excitation and damping, especially in LF band,
on marine structures. According to Faltinsen (1993), both viscous effects and potential flow ef-
fects may be important in determine the wave-induces motions and loads on marine structures,
while the potential flow includes wave diffraction and radiation around structure. In order to
judge when viscous effects or different types of potential flow effects are important, it is useful

to refer to Figure 2.1.

VISCOUS

FORCES

L1004  WAVE BREAKING S

LIMIT
MASS
i FORCES
WAVE |

DIFFRACTION -

Figure 2.1: Relative importance of mass, viscous, diffraction forces on marine structures

The parameters in the figure are: H: wave height; D: diameter of column; A: wave length.

7
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The purpose of this section is to show the development of expressions for the various drift
forces on a semi-submersible due to viscous effects, both on columns and pontoons. Here sim-
ple cylinder model is considered: a vertical cylinder across the mean water line (MWL) mod-

elling the column, and a horizontal submerged cylinder modelling the pontoon.

2.1.1 Viscous drift force due to free surface

The forces on a small vertical cylinder due to wave is represented by the Morrison equation.
For a unit length of the submerged portion of cylinder, the drag force is given by Morison et al.

(1950):

1
o= EPDCD|M| u 2.1)

where u: wave particle velocity;
Cp: drag coefficient;
p: mass density of water;
D: cylinder diameter.

After replacing u by u = yycoswt, the Euqation 2.1 becomes:
1 2
fp= EpDCD uglcoswt|coswt (2.2)

where 1: maximum water particle velocity.
w: wave frequency;
t: time.
Here the expressions apply to fixed cylinder. If the cylinder is allowed to oscillate harmon-
ically with a displacement amplitude of xj at a phase angle of a with respect to the wave, then
Equation 2.1 becomes:

1 . .
o= EpDCDIu—xI(u—x) (2.3)

where X = wxycos(wt — a).
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Then the force per unit length can be written as:
1
fD:EpDCDV2|COS(wt+<p)|(a)t+(/>) (2.4)

where the quantities V and ¢ are defined as:

1
V = [uj + (wx0)? — 2wupxgcos a)? (2.5)
wXxpsina
¢ = arctan (—) (2.6)
Uy — WX COS A

Comparing Equations 2.2 and 2.4, it is concluded that for a moving structure in waves, 1y should
be replaced by V, and wt by wt + ¢. That is the only difference between fixed cylinder and
oscillating cylinder.

This form of drag force in Equations 2.2 and 2.4 at a submerged location has a zero mean over
one wave cycle, but it is not case at the free surface zone. Due to the changing in free surface,
the force will produce a mean drift force at MWL. In order to obtain the expression of the free
surface force on a vertical cylinder, Morison equation is used. Current is not considered here
since current is generally considered present up to the MWL. Then the derivations of the mean
drift force are provided as follows, and all derivations are done only for a fixed cylinder.

According to Chakrabarti (1984), the linear theory is assumed to be applicable to surface

zone with the maximum velocity uy is given as:

_ 8kHcoshky

= 2.7
2wcosh kd 2.7)

where H: wave height;
k: wave number;
d: water depth;
y: elevation form bottom.

Then the total force is obtained from integral along the wave elevation:

n
Fe fo Fody 2.8)
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Based on the integral, the drag force due to free surface effect has a average value over one

wave cycle after normalized by pgDCp/k? as:

F (kB 1
pgDCpl/k? 127 |sinh2kd

+ Cy (kH)coth2kd (2.9

where C; is a function of kH between 0 to 1.0 (Chakrabarti (1984)).
From Equation 2.9, it is observed that the mean drift force from free surface effect is a func-

tion of cubic of the wave height.

2.1.2 Viscous drift force due to wave-current interaction

Wave-current interaction happens both in splash zone and submerged zone, which covers the
transition area from MWL up to instantaneous sea level, and area from MWL down to the bottom
of the cylinder. The current velocity is considered as constant over MWL, and varies according to
the exponential term e*# with the increase of water depth (Figure 2.2). When current is present
along with waves, a non-zero mean drift force is generated from the drag force.

The expression is derived at MWL with the maximum wave particle velocity. However, in
order to calculate the total mean drift force on the complete submerged zone, the submerged
zone is divided into many small segments. The water particle velocity at center of each segment
is used as mean velocity to calculate the wave drift force. Then the wave-current interaction is

considered accurately.

—
- =T
=5 —
]
L/
—_ A P u
U Z{ 1 !
il
i
L

Figure 2.2: Cylinder in waves

Here horizontal wave orbital speed u is assumed constant across splash zone. For sub-

merged strips the speed decays and the speed at the centre is used. U is the current velocity.
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With the speed of current U, the drag force is given by:
1
fD:EpDCD|u+U|(u+U) (2.10)

For |U| = uy,

1
o= iEPDCD

1
U2+§u§(1+c032wt)+2Uu0coswt] (2.11)

where the negative sign applies to the case of negative current.

For |U| < uy,

1 1
fo=%+5pDCp U?+ zué (1+cos2wt) +2Uugcoswt| x sgn (u+ U) (2.12)

in which sgn is a sign function and takes on values of +1.
When normalized by % pDCp ug, these quantities for unit submerged length of a vertical

cylinder are given as follows. In order to make the expressions simpler and clearer, a new quan-

tity v is introduced:
U
w:cos‘l(——),ogwgn (2.13)
Uo
Then for |U| > uy, .
1 (U?
; Jp === (—) (2.14)
3pDCpug 2 \u
For |U| < uy,
fo 1{(U)2(21// )+4Usim//+( ”+1sin2w)} (2.15)
— == -m)+4— ——+= .
%pDCDu(Z) 7w (\ug U v 2 2

where fp denotes the average mean drift force value over a wave cycle.

2.1.3 Viscous drift force due to cross-flow on pontoon

As Faltinsen (1993) explained, when wave drift forces become small, viscous effects may con-
tribute to drift forces. A horizontal submerged cylinder that has heave and surge motion is
considered. With a simple cross-flow around, the forces can be decomposed into components

along the global coordinate system. By averaging the forces over one wave period, a non-zero



CHAPTER 2. THEORETICAL DEVELOPMENT 12

mean wave loads that are proportional to the cube of the wave amplitude is obtained. For a

semi-submersible, this effect always applies to pontoon.

Z

LT

I

Figure 2.3: Sketch for calculation of the viscous drift force contribution from pontoon of a semi-
submersible

Here is the equation for incident wave potential:

w

[0) cos(wt— kx) (2.16)

This means the vertical incident fluid velocity can be written as

w= g—f = wl ze** cos (wr - kx) (2.17)

The drag force normal to pontoon in the N-direction can be written as

L/2 o
FN:—Zf —CDbVRIVRIdx (2.18)
-L/2 2

Here Vg is the relative velocity in the N-direction between a strip of the platform and the incident

wave field. it can be written approximately as

d d
Jdns  dns

1% x 2.19
R dr e 19

This result in a viscous drift force in surge direction:
Fyx = Fnmns (2.20)

This also applies to the structure when it turns to port-side and has an opposite N direction.
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2.2 Mooring system analysis methods

2.2.1 Equation of motion

The mooring system analysis methods are based on the motion equation as Equation 2.21.

M+A) F+Cw)-F+D;-i+Dg-FlF|+K(r)-r=Q(t,1,7) (2.21)

where M: mass matrix

A (w): frequency-dependent added mass matrix

r: positive vector

C (w): frequency-dependent potential damping matrix

D;: linear damping matrix

Dg: quadratic damping matrix

K (r): stiffness matrix (non-linear)

Q (¢, r, 7): excitation force vector

Since surge, the translation in x direction, is more important compared to other degree of

freedoms, the equation will be simplified into only focusing on one degree of freedom as Equa-

tion 2.22, and further analysis will be based on this.
(M+Aw) -Xi+Cw) - X+D;-x+Dg-%|x|+K(x) x=Q(t,x,X) (2.22)

1. Excitation Force and Moment

The excitation forces and moments Q (¢, x, X) are added to the right side of the equations
of motions. The external forces on the structure are typically environmental loads, which
includes wind force ¢,,;, current force g, and wave force q,,,, and may be composed
Equation 2.23:

Q(t,x,X) =quwi+qcu+ qua (2.23)

If the system is thruster assisted, it will have additional thruster force.

e Part A: Wind forces

Wind force q,,; under low frequency are characterized by a combination(Figure 2.4):
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— mean value due to mean wind speed

— LF forces due to wind gust

7 — «Mean» wind velocity
Wind )
velocity — Wind gust

Figure 2.4: Wind force composition

Wind forces is expressed as:
Qui = Cui- U (1)? = Ci [(T + u(0) - xi)? (2.24)

where (U + u (1)) — xir represents the relative velocity between wind and LF motion.

Here we assume U > xjr and U > u(t), then Equation 2.24 is simplified as:
Qui = Cui [U*+20u(t) - 2UxiF] (2.25)

where the wind coefficient is Cy,; = %pm- ++Cp - A. The force components from left to

right are constant force, LF excitation force and LF damping force.
e Part B: Current force
Similarly to wind force, current force g, are also characterized by two parts:

— mean value due to mean current velocity

— current turbulence is neglected

Current forces is expressed as:
Qcu= Ccu(V_xiF) |V—Xip| =Ccu (V_xiF)Z (2.26)

where V — xjr represents the relative velocity of current and LF motion. Here we

assume V > xjr, then Equation 2.26 is simplified as:

Qcu=Cey (Vz - ZinF) 2.27)
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where the current coefficient is C.;, = %pwmer -Cp- A. The force component from left
to right are constant force and damping effect.
e Part C: Wave force
Compared to wind force and current force, wave force is more complicated, since it
has three components as follows:
- 1% order forces (wave drift) proportional with wave amplitude, described by
force transfer functions
- mean value due to 2" order wave loads

— LF forces excited by 2" order wave loads

In FD, wave force will be divided into WF and LF band; while in TD it is treated as a com-

plete signal in analysis. More explanations are in the following sections.

2. Stiffness

Stiffness K (x) provides the restoring force of the system and controls the mean offset and
LF motion. It is provided by both geometric and elastic properties and both of them are

based on the catenary equation. Figure 2.5 shows the catenary model.

T .ds T +dT
X
d,s EA (ﬂ+d(ﬂ
lw
o F dy

V dx

T

Figure 2.5: Sketch of forces on a two-dimensional mooring line

The following equations can be obtained under the static equilibrium of a segment of

length ds:

Tangential direction:

] T
dT = [a)smu/—F(H-ﬂ)] -ds (2.28)

Normal direction:

T-dyT=

T
wcosw+D(l+ﬂ)] -ds (2.29)
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Horizontal offset:
1 (Vv Ty
xX=—
w Jy, cosa

-cosYoda (2.30)

¢ Geometric stiffness K¢

It is mainly provided by:

— line weight or separate clump weights

- line buoyancy or separate buoys

b2 (a

W
5 “” " !

Figure 2.6: Geometry stiffness sketch

When talking about line weight, the weight of chain segment is dominate, while the
influence from fiber part is too small to mention. Thus the catenary equation is used

without elasticity (#; < 1).

The equilibrium equation for this model is expressed as:

Fp-D=Wy-a 2.31)

¢ Elastic stiffness Kg

K is provided by line axial elongation (stretch) and fiber segment is the mainly sup-

plier of the elastic stiffness. At this time, the elasticity has to be considered (EA).
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Figure 2.7: Elastic stiffness sketch

The equilibrium equation for this model is expressed as:

F,-D=Fy-a (2.32)

¢ Total stiffness Ky

The total stiffness K7 can be obtained by Equation 2.33.

1 1 1
— =y (2.33)
Kr K¢ Kg

3. Damping

The LF damping forces D;- X+ D- x| X| are important in order to limit resonant LF motions
in surge, sway and yaw. The damping forces reduce the LF motion. The main resource of

damping are as follows (Larsen K., 2014):

* Viscous loads on the floater hull (provided by skin friction and flow separation)

Wave drift damping (since the wave drift forces change with floater velocity)

Drag forces on mooring lines and risers

Damping due to wind (wind loads also change with floater velocity)

Propellers and thrusters

In FD analysis method, the damping term, which consists both quadratic damping and

linear damping, should be linearized.
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2.2.2 Frequency domain analysis method

FD analysis refers to the analysis of mathematical functions or signals with respect to frequency;,
rather than time. It is always linear because of the linear superposition principle. All sources
of non-linearity should be linearized by either a direct linearization approach or an iterative
linearization approach (Low and Langley (2006)).

The methodology of FD analysis is based on separation of WF motion (T=5-30s), and LF
motion (T=30-500s). But these two parts are not totally isolated, they have effect on each other.
On one hand, there are damping effects from WF that will have an effect on the LF motions,
which should be included as input transfer functions; on the other hand, in shallow water with
a non-linear stiffness, the LF motion will have impact on the WF line tension estimates due to

the variation of the geometric stiffness of the mooring line.

1. Separation of excitation

The excitation components is explained in the last section, however, the wave force needs
more detailed derivation in frequency domain since it has more complex components in

LF and WF band.

In WF band, the Response Amplitude Operators Hy , (w) are used as input transfer func-

tions connecting wave spectrum S;, (w) and WF motion spectrum Sy r(v) as Equation 2.34.

Sswrw = |(Hwryw) |2 -Sp (W) (2.34)

In LF band, the non-linear components in motion equation (Equation 2.22) should be

linearized according to linear superposition principle as Equation 2.35.

where D.4 and K, are the equivalent terms after linearization. Further analysis is based

on this equation.

The mean drift force is expressed by the wave drift force coefficient with the wave spec-



CHAPTER 2. THEORETICAL DEVELOPMENT 19

trum:

Gwa=Cwa-n° (2.36)

where the amplitude 1 can be illustrated by the wave spectrum as 172 =28, (w) dw, and the

mean drift force is obtained by integrating the Equation 2.36 along the spectrum as:

quwa =2 f Cwa () Sy (w) dw (2.37)
0

And the LF wave drift force with frequency u is expressed as:

o0 1 p
Swa = 8f0 Cuwa[w+ 5) Cua 0+ E) Sy (@) - Sy (w+ ) do (2.38)

To make it more clear and logic, the excitation regimes are concluded in Table 2.1.

Table 2.1: Excitation regimes

Excitation Mean(static) Wave frequency  Low frequency
Wave mean 2"9 order 15t order force  LF 2™ order force
Wind mean wind speed wind gust

Current  mean current speed

2. Separation of motion

Accordingly, the total motion consists of three parts, the mean offset of system X, the WF
motion Xy, and the LF motion X;r . After separating the excitation, the corresponding

motion can be obtained correspondingly.

e Part A: Mean motion

The mean motion is obtained by setting the damping and mass components in the
motion equation as zero. Thus Equation 2.22 is simplified into K (x) - X = Q, where
Q means mean excitation force, which consisting of mean wind force, mean current

force and mean wave drift force.

Q=CyuiU*+Ce V> +2 f Cuwa (@) Sp (W) dw (2.39)
0
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e Part B: WF motion

In WF band, the 1% order wave force provides all the external excitation. In order to
get the motion in WF band, the Equation 2.34 is used. Based on the transfer functions

between wave elevation amplitude and WF motion amplitude

XwEaq (W)

@) (2.40)
a

Hywrn (@) =

The corresponding standard deviation of response is computed using Equation 2.41.

OxWF = \/fo Sxwr(w)dw (2.41)

In order to calculate the significant and largest motion it is assumed that the re-
sponse is a narrow-banded Gaussian process, so that the peaks are Rayleigh dis-
tributed. The significant value is the mean value of the one-third highest peaks of
motion from Rayleigh distribution and it is almost twice the value of the standard

deviation. On this basis, the significant and largest motion are defined as:

X% =20 wr (2.42)
X%gx =0OxWFV ZlnNWF (2.43)

where Ny r is the number of WF structure oscillation in the duration of the environ-

mental state. It is normally 3 hours.

e Part C: LF motion

The LF response is obtained by using the linear motion equation (Equation 2.35).

Q here consists of two parts, wind gust and ond

order wave drift force. Using the
frequency-response method, the motion spectrum is obtained from the force spec-
trum.

SxLr (@) = H (@)*- Sq1r () (2.44)

Here the force spectrum is a combination of wave drift spectrum Sywapeprif: (@)

and wind gust spectrum S;;,q4 (). And transfer function is expressed with the lin-
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earized equivalent terms as:

1
|H ()I* = ’ (2.45)
Keg—[M+A(0)-0?]” + D5, - w?
Then the corresponding standard deviation is also obtained:
[e.©]
OxLF = fo Sxir(w)dw (2.46)
Similarly with WE for LF motion:

X, 8 =20F (2.47)
Xz)}t:ax =O0xLFV ZlnNLF (2.48)

where N is the number of LF structure oscillation in the duration of the environ-

mental state. It is normally 3 hours.

e Part D: Combination of motions

After obtaining all the motion components, FD analysis have to combine all the com-
ponents in a proper way to get the final result. The total motion in surge is expresses
as:

max sig
Xip o+ Xyr

max sig (2.49)
Xy +Xp

Xmax = X + max

2.2.3 Time domain analysis method

TD analysis is the analysis of mathematical functions, physical signals or time series of envi-
ronmental data, with respect to time. It is able to model the nonlinear effects. The signal or
function’s value is known for all real numbers, for the case of continuous time, or at various
separate instants in the case of discrete time.

The equations of motions is solved in the time domain by dividing the desired time period
into a number of time steps and perform equilibrium iterations at each time step. The solution

is obtained by using the start conditions from the previous time step and assuming a motion
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pattern. The solution will then in turn become the start conditions for the next time step.

1. Two Approaches for Analysis

In time domain, there are two approaches to do analysis to a mooring system.

Separated analysis Coupled analysis
STEP 1: STEP 2:
Vessel motion analysis Dynamic mooring and riser analysis
. Z[t) Apply top end motion x(t) and ={t)
) " =(t)
Large
body i ' x(t)
model - x(t) | \
Stiffnes: I J
k(x.z) PN mooring/risers !
i / \ and vessel are f;‘

modelled directly /
rd

Figure 2.8: De-coupled and coupled analysis
(Ormberg and Larsen (1998))

¢ De-coupled approach

Use two different models: one for vessel and one for the mooring system. First step,
simulate the top end motions (in x-z plane) by the vessel model with simplified even
neglected influence from mooring lines. Step 2, simulate the mooring tensions by
the mooring system model, and take the top end motions of vessel from Step 1 as

input for the second model.

The main shortcomings of a de-coupled approach are: (a) mean loads on mooring
lines due to current is normally not accounted for, particularly in deep water; (b)
The important damping effect from the mooring system on the LF motion can only

be included in a simplified way.

¢ Coupled approach

Vessel and mooring system are simulated simultaneously in a complete model: the
vessel is simulated as a large body hydrodynamic model, while the mooring system

is simulated as a finite element slender model.

The main reason for performing a coupled analysis is to avoid the limitations of the

de-coupled approach and take the important coupling effects into account. Conse-
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quently, the estimates of the vessel motions and the dynamic responses in the moor-
ing lines will be more accurate. The main disadvantage is that the coupled analysis

is time-consuming and require a large data storage.(Ormberg et al. (1997))

2. Frequency-dependent Coefficient

The main focus in time domain analysis, also its unique part, is to solve the frequency-
dependent term added mass coefficient A(w) and damping coefficient C(w) on a time se-

ries. (Reinholdtsen and Falkenberg (2001))

Assume the Equation 2.22 can be transformed into the following equation:
(M+AW))-¥+C(w)-X+K(x)-x=Q—-D;-%—Dgy-x|x| = f'(1) (2.50)

With regard to frequency-dependent coefficient only, the equation of dynamic equilib-

rium can be written:
A)-¥+Cw)-x=f ()= f' (1) -K(x)-x—mk (2.51)

provided that the right hand side force varies sinusoidally at one single frequency, w. In

frequency domain, Equation 2.51 is written:
[~w?Aw) + ioC ()] X (@) = F (w) (2.52)
Using the following relations:
Aw) =Ax + a(w) Cw)=Cx+cw)=0 (2.53)

where Ay, = A(w =o00) and Cy, = C (w = 00)

Then Equation 2.52 is written as:

— szooX (w)+iva(w)+cw)ivX (w) =F (w) (2.54)
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Using the inverse Fourier transform,

+00

Aoo)'é(t)+f h(t—1)x(T)dr = f (1) (2.55)

—00

Physically, when £ <0 or 7 > ¢, values of 1 (f — 7) = 0.

Substitute f (¢) from Equation 2.55 and f’(t) from Equation 2.50. Then the equation of

motion becomes:
t
(M+Aoo)-5é+Dl-5c+Dq-f(5c)+K-x+f h(t—-1)x(1)dt=Q (¢, X,X) (2.56)
0

The retardation function % (7) can be computed by the frequency-dependent added-mass

term and damping term:
h(t) = %f [c(w)cos(wT) —wa(w)sin (wT)] dw (2.57)
0

From causality, h (1) = 0:
1. For 7 <0, the two parts in the integral must be opposite;

2. For 7> 0, the two parts in the integral must be identical mathematically. Thus for 7 > 0,

(e ¢]

h(r)= %f ¢ (w)cos(wt)dw = —%f wa(w)sin (wt) dw (2.58)
T Jo T Jo

This means that the frequency-dependent mass and damping components can be found

from the retardation function:

a(w) = —if h(7)sin (wt) dt c(w) = —f h(t)cos(wt)dTt (2.59)
0 0

2.2.4 Comparison between TD and FD analysis

After the detailed explanation of TD analysis and FD analysis, main differences between them

can be summarized here:

1. FD analysis uses spectrum to analyze the signal during the process; while TD analysis
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depends on numerical integration of the whole period signal.

2. FD analysis mainly gives analysis about how much of the signal lies within specific fre-

quency band; while TD analysis analyzes how a signal change over time.

3. FD analysis separates the low frequency and wave frequency components, and obtains
the corresponding tension and motion respectively, then combines them together to get

the final result.

However, TD analysis always does the whole analysis at one go, and gets the final results
directly. If the result in different frequency band is needed, frequency filter is used. After
setting the cut-off frequency, the high-pass filter is used to save the high frequency com-
ponents, which corresponds to the wave frequency result. And the low-frequency filter is

used to save the low frequency component, which is the low frequency result.

4. During the analysis process, FD method will pick out all the non-linear components and
linearizes them due to linear superposition principle. TD method just takes all the non-

linear components into account directly.

5. In order to get the maximum of the result, FD analysis always assumes Rayleigh distribu-
tion; while TD assumes Weibull distribution to get the maxima. If a series of samples is
given, the distribution of the maximum should be obtained is modeled by Gumbel distri-

bution.

Both methods discussed have their advantages and disadvantages. These have to be con-
sidered before performing an analysis. Requirements on accuracy, computational effort, and
degree of non-linearity in the system will often determine the choice of method. The most im-

portant properties of these methods are listed in Table 2.2.

Table 2.2: Properties of Frequency Domain and Time Domain

Frequency Domain Time Domain
Low computational cost Non-linearity included
Advantages . . .
No statistical uncertainty Transient response
. Require linearisation Statistical uncertainty, require more simulations
Disadvantages

Only steady response High computational cost
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2.3 Calculation methods of mooring line tension

Since mooring line tension is one of the important parameter to assess the structural response,
it is necessary to know how it comes to a result. The following section will talk about the two
calculation methods of it and the difference between. For illustration, only horizontal motion is

used.

2.3.1 Quasi-staic method (QS)

In this approach, only the top end position gives the mooring line tension, T = T (x). Force
actions are taken into account by statically offsetting the structure by environment-induced
motion. Dynamic actions on the mooring lines associated with mass, damping and fluid ac-

celeration are neglected.

EA

Figure 2.9: Sketch of quasi-static method

where X: the top end position
T: mooring line tension
w: submerged mooring line weight

E A: linear axial stiffness

2.3.2 Dynamic method (DM)

In dynamic method, the top end motion gives the mooring line tension T = T (x, %, X¥), which
includes position x, velocity X, acceleration X with darg force and inertia force accounted. The
time-varying effects are calculated with 6 d.o.f motions. Dynamic models are used to predict
mooring line response on the fairlead motions.

where X, T, w, and E A are as same as those in QS method;

K,: drag resistance
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Figure 2.10: Sketch of dynamic method

2.3.3 Difference between QS and DM

Here is a sketch of motion and force components explaining the difference of Quasi-static and

Dynamic Method (Figure 2.11).

Tseatic Twr base Twr max

max
XWF

Figure 2.11: Motion explanation in sketch

In quasi-static method, the total motion is divided into three parts in frequency domain as

Xmax

Equation 2.49: mean motion X corresponds to static force, max motion under LF effect il

significant motion under WF effect X;l,% And the corresponding max tension is calculated at
the mooring line terminal at max offset.

However, the dynamic method has different calculation process. The analysis starts from
the max total motion and subtracts the X{%* from it as Equation 2.60. Then the WF dynamic
force, which is the combination of T{f’v‘?e and T'%*, is obtained at the new offset X.

WF >’

X = Xpax — X495 (2.60)

The Tssqric and Té’v‘?e can be calculated based on catenary equation. But the T}/%* has to be

calculated by Finite Element Method, which divides the mooring line into many sub-elements
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and the force for each element is calculated and combined. That’s also the reason why dynamic

method is always more accurate than quasi-static method.



Chapter 3

Rules and regulation for mooring systems

Before designing an offshore structure, also including applied mooring system, it is necessary
to think about which rules and regulations are necessary to be taken into account. Those rules
and regulations can be both generally with broad applicability; and locally, which related with
the location of the structure.

For a mooring system, the main body are the mooring lines. Mooring lines shall resist all
known loads with a sufficient margin, in the representation of maximum tension and offset from

origin position. Different design limit states have to be checked for this purpose.

3.1 Category of Design Limit State

Norwegian Continental Shelf (NCS) is mostly used in Norway as mooring system design code.
It is design against overload according to three limit states in order to ensure no failure of the

mooring lines.

3.1.1 Ultimate limit state (ULS)

Ultimate limit state refers to design against overload for an infact mooring system under ex-
treme environmental loads (Veritas (2008) DNV-OS-E301). The extreme environmental loads
is typically taken to be the value corresponding to an annual exceedance probability of 102,
which also called the 100-year return period seastate (Snell et al. (2008)). By ULS control it shall

be ensured that all foreseen loads can be resisted with an adequate margin.

29
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For characteristic line tension, two components are considered:

* Tc-mean: the characteristic mean line tension, also the mean tension, due to pretension
and mean environmental loads. The mean environmental loads are caused by static wind,

current and mean wave drift forces.

* Tc-ayn: the characteristic dynamic line tension induced by LF and WF motions.

For motion, the following response statistics are determined in each environmental state

considered:

* Xmean: mean horizontal distance of the upper terminal point of the mooring line from the

anchor.

* 0, r: standard deviation of horizontal, LF motion of the upper terminal point in the mean

mooring line direction.

® OxwF-:

— In Quasi-static method: standard deviation of horizontal, WF motion of the upper

terminal point in the mean mooring line direction.

— In Dynamic method: standard deviation of the WF component of line tension, which

is computed for a specific location X as Equation 2.60.

If all lines are identical, then the statistics are only needed for the line having the maximum

tension. If the lines are different, then the statistics are needed for each line.

3.1.2 Accidental Limit State (ALS)

Accidental damage limit state refers design against overload for a damaged mooring system un-
der extreme environmental loads. The extreme environmental loads is typically taken to be the
value corresponding to an annual exceedance probability of 10, which also called the 10000-
year return period seastate. By ALS control it shall be ensured that a given accidental scenario
does not lead to a complete loss of the integrity of the structure.

In order to do the ALS control, one mooring line is always assumed to have failed and re-

moved from the analysis.



CHAPTER 3. RULES AND REGULATION FOR MOORING SYSTEMS 31

e Ifall mooringlines are identical, one mooring line should be picked out in order to identify

its impact on maximum tension on an adjacent line.

e If the mooring lines are not identical, it is necessary to consider different cases with dif-

ferent breaking lines, so as to check the maximum resulting tension in each line.

3.1.3 Fatigue Limit State (FLS)

Fatigue limit state is also an important design control regarding safety. It is design against fatigue
failure talking all possible seastates into account, and ensures that the structure is designed with
proper margin against fatigue failures. The characteristic fatigue damage refers to the summa-

tion of the accumulated damage in a mooring line component as a series of repetitive loading.

N
de=)_d, (3.1)
i=1

Also a S-N curve can be used to represent the fatigue process.

3.2 Characteristic capacity for ULS and ALS

A mooring line is usually assembled from different material components of a few types. It is
known that the strength of a long line is expected to be less than the average strength of the
components that make up the line. This effect is taken into account when considering the char-
acteristic capacity.

The following parameters are required for checking the system:

¢ Tc: Characteristic tension in line

e SF: Safety Factor, representing the margin of strength of the lines
* Syps: Minimum breaking strength of the line

And characteristic capacity equation is obtained:

Tc:SF < Spyps (3.2)
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In a mooring system, this equation should be satisfied for every mooring line in order to be a

qualified system.(Haver et al. (2001))

3.3 Safety factor of main body

From the previous section, Equation 3.2 is obtained to check capacity of mooring line. If chang-
ing the form of the equation, expression of safety factor is obtained as Equation 3.3:
_ Swmss

SF = 3.3
Te (3.3)

Since Sjps for a certain type of mooring line always has a constant value and is tabulated,
while T¢ can be obtained through software analysis, a calculated SF can be obtained. It can
be used as a reference to check whether the mooring line has enough strength margin under
specific occasion by comparing the calculated SF with the standard SF given from regulation.

According to connecting unit type, operation objective and working duration, mooring sys-
tem can be divided into mobile mooring system, permanent mooring system and weather re-
stricted mooring system; while the first two types are more widely used in the offshore industry.
Correspondingly, the safety factor also have two categories as SF for permanent mooring system

and SF for mobile mooring system as Figure 3.1.
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Consequence class
Class 3 Class 2 Class 1
Analysis Dynamic Dynamic Dynamic
Intact condition 220 2,00 1.50
One failure 1,50 1,35 1,20
One failure, transient 1,10 1,10 1.05
Two failures 1,50 1,35 N/A
Two failures, transient 1,10 1,10 N/A
(a)
Consequence class
Class 3 Class 2 Class 1
Analysis Dynamic Dynamic Dynamic
Intact condition 1,90 1,80 1.50
One line failure 1,30 1.20 1,10
One line failure, transient 1,10 1,10 1.05
(b)

Figure 3.1: Safety factor for (a) Mobile mooring system (b) Permanent mooring system

Based on the two tables in the figure, it is observed that the safety factors are divided into
three consequence classes depending on operation conditions and units type. The description

of consequence classes are as follows:

e Class I: Apply to drilling unit when it is disconnected to the well;

e Class 2: Apply to production unit in shut-down condition with a flotel nearby in stand-off

state; or drilling unit with connection to well, but not in operation;

* Class 3: Apply to production unit with a flotel nearby; or a drilling production which is

operating.

The classes are ranked according to the severity of the consequence, with severity increasing
from Class 1 to Class 3. From the description of classes, it is observed that the production unit
with flotel will never be in Class 1, which implies that its operation condition is always more
complex, and its consequence is usually severe.

However, since the model Floatel Superior is researched under 100-year return period weather

condition and max operation condition, which is also regarded as the standby condition; the
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above tables for safety factor are not suitable for this case. The standard SF used here should

refer to Figure 3.2. (Lecture note of TMR4225 Marine Operation)

Reference

NMMD #998 - Parag
14(f) - CC2

Int-100y

1.8

SLF-100y

1.2/1.1

DLF-Maxop

NfA

Reference NMMD #998 - Parag
Reference NMD #998 - Parag 14(f) - CC2
141 - cc2 Flotel/TSV
Int=100y 1.8
Int-100y 1,8 Standby
SLF-100y 1.2/1.1
SLF-100y 1.2/1.1
DLF-Maxop NSA
DLF-Maxop MN/A
Refersnca MMD #998 - Parag
14(f) = CC2
Int-100y 1,8
SLF-100y 1.2/1.1
DLF-Maxop N/A

Figure 3.2: Safety factor for standby condition flotel(Larsen K., 2014)

3.4 Partial factor

After the main body is designed to have strength margin over the breaking strength, other com-
ponents in the mooring line such as connecting links and terminations should also be designed
to have strength exceeding the characteristic strength Sc of the main body of the mooring line,
with high level of confidence. Thus partial safety factor is introduced.

Two consequence classes are introduced in the ULS and ALS, defined as:

 Class 1, where mooring system failure is unlikely to lead to unacceptable consequences
such as loss of life, collision with an adjacent platform, uncontrolled outflow of oil or gas,

capsize or sinking.

¢ Class 2, where mooring system failure may well lead to unacceptable consequences of

these types.
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The partial safety factors given in Section 3.4.1 and 3.4.2 are applicable to chain, steel wire

ropes and synthetic fibre ropes.

3.4.1 Partial factor for ULS

The design equation for the ULS is given by:

Sc = Tc-meany mean — Te—aynYdyn=0 (3.4)

where Tc-mean and Tc— gy, are defined above;
Sc is the characteristic strength of mooring line;
Y mean and gammaygy,, are partial factor on mean tension and dynamic tension respectively.

Partial safety factor need in Equation 3.4 are given in Table 3.1.

Table 3.1: Partial safety factors for ULS

Consequence Type of analysis Partial safe factor on Tc-meqan Partial safe factor on Tc_gy5

class of WF tension Y mean Ydyn
1 Dynamic 1.10 1.50
2 Dynamic 1.40 2.10
1 Quasi-static 1.70
2 Quasi-static 2.50
Remark:

o If Te_mean > %Tc_dyn, when applying a dynamic analysis in consequence class 1, then a
common value of 1.3 shall be applied as the partial factor instead of the separate static
and dynamic safety factors given in Table 3.1. This is intended to ensure adequate safety

in cases dominated by the mean tension component.

* For several types of single point mooring systems, the system is designed without redun-
dancy. Therefore ALS is not applicable. These systems may be accepted provided that the
safety factors given in Table 3.1 are increased by a factor of 1.2 and further that the loss of

the mooring system is not resulting in a major pollution or major damage to the unit.
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3.4.2 Partial factor for ALS

The design equation for the ALS is identical to the ULS, but the partial safety factors are given in
Table 3.2.
Table 3.2: Partial safety factors for ALS

Consequence Type of analysis Partial safe factor on Tc—eqn Partial safe factor on Te_gy,

class of WF tension Y mean Yayn
1 Dynamic 1.00 1.10
2 Dynamic 1.00 1.25
1 Quasi-static 1.10
2 Quasi-static 1.35

The combination of an accidental line failure with characteristic loads based on a 100-year
return period is relatively conservative. Hence, the partial safety factors in Table 3.2 are relatively

small.
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Software programs

4.1 MIMOSA

MIMOSA mooring software is mainly used for Frequency Domain analysis, and it offers to cal-
culate the vessel’s motion and mooring line tension by separating different frequency bands.
What's more, several options are available for analysis of the properties of the mooring system
and individual mooring lines.(Lie et al. (2003))

MIMOSA mooring software is interfaced with WADAM to ease the input of frequency depen-

dent transfer functions and wave drift coefficients.

4.2 SIMO

According to the user manual, SIMO (Simulation of Marine Operations) is a time domain sim-
ulation program for study of motions and station-keeping of multi-body systems. It is inter-
active and modular, i.e. the results from one module becomes the input for the next module.
The vessels are described with a set of coefficients that are frequency-dependent. The hydro-
dynamic coefficients like added-mass and radiation damping, the 1t order wave force and 2"4
order mean drift forces are usually obtained from a diffraction solver like WAMIT or WADAM.
Wind and current forces are computed by a set of direction-dependent coefficients, which in-
cludes both quadratic and linear forces (Reinholdtsen and Falkenberg (2001)).

Since the purpose of SIMO is to give good description of the floater motion, the slender ele-
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ment structures can only be included with a crude finite element (FE) model. the mooring lines
are assumed to form catenaries, and are modelled by the catenary equations. The results are
presented as time series, statistics and spectral analysis of all forces and motions of the bodies

in the analysed system.

4.3 RIFLEX

Originally, according to the user manual (Fylling et al. (1998)), RIFLEX is a computer program
developed as a tool for analyzing flexible marine riser systems. However the program can also
be used for analyzing other types of slender marine structures (e.g. mooring lines and umbil-
ical). It is developed by MARINTEK and based on the non-linear finite element time domain
formulation. The program features an extremely efficiency for irregular wave analysis; and high
flexibility in modelling, enabling analysis for a wide range of structures.

The mooring lines are represented by a detailed FE model. Each slender element has two
supernodes, one at the coordinate of anchor and the other one on the surface vessel. Each line
may be built up by several segments with different length and properties. It ensures a conve-
nient configuration of the mooring lines.

The surface vessel usually is modelled as a supply vessel, and floater motion must be given
as an input to the analysis. Then the dynamic analysis can provide the corresponding response

in tension.
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Establishing and verification of SIMO model

In the autumn semester of 2015, I have done the master project with the topic “Analysis and
design of mooring system in harsh environment”. During that project, the Floatel Superior was
the main research target. Its maximum offset in surge and max tension in mooring line were
analyzed in frequency domain by using MIMOSA under different seastates.

In this thesis, this structure will be continually studied and focuses more on the viscous force

modelling by using SIMO.

5.1 Vessel description

The model Floatel Superior is an accommodation and construction support vessel, also a stabi-
lized semi-submersible vessel. The buoyancy is provided by two pontoons and four rectangular
shaped stability columns. The water depth is 150m, which is typical shallow water. The structure

is shown in Figure 5.1.
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Figure 5.1: Floatel Superior overview

The principle dimension of it are as follows:

Table 5.1: Principle dimension of Floatel Superior

Principle Dimension

Length Overall (Approx.)

Breadth Overall

Length of Pontoon

Gangway height above water at operational draft
Transit draft

Survival draft

Operational draft

Transit displacement (Approx.)
Survival displacement (Approx.)
Operational displacement (Approx.)
Transit draft air gap from MWL
Survival draft air gap from MWL
Operation draft air gap from MWL

96.0m
91.0m
64.5m
25.0m
8.425m
13.0m
18.0m
21,385t
25,472t
29,030t
19.08m
14.50m
9.50m

40

Itis designed with 12 mooring lines evenly distributed, which combines chain and fibre. The

basic characteristic of the mooring lines are summarized in Table 5.2.
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Table 5.2: Mooring line characteristic

. . Elastic Breaking
Segment Material Diameter[m] Length[m] modulus(kN/m2]  strength[kN] Cpn Cpi
1 Chain 0.084 1200 60040000 8500 2.6 1.4
2 Fibre 0.185 1200 6430000 8500 1.8 0.18
3 Chain 0.084 250 60040000 8500 2.6 1.4

In MIMOSA, the segment number is counted from anchor to fairlead, which means segment
1 is near the anchor while segment 3 has the top end. Figure 5.2 shows the mooring system

layout in MIMOSA.

PLOT NO: PLOT MO

HORTZONTAL PROJECTION OF MOORING SYSTEM ' VERTICAL PROJECTION OF MOORING SYSTEM ®

North (m)

2000

1000
-80 -&0
L L

- 1000
1
- 100
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L

environelental N\ s

-2000
L

T T T T i 7 T
-2000 - 1000 o toco 2000 -2000 - 1000 o 1000 2000

Eost tm) Horizenial projection disiance (m)
Heading aof vessel = [ERtele deg. rel. Norih Orweniction of projection planei 0.0 dagrees (From noeih
MIMOSA - MARINTEK — MIMOSA - MARINTEK —
(@ (b)

Figure 5.2: Mooring system layout in MIMOSA (a) top view (b) side view

In SIMO, the coordinate system is different from MIMOSA. The system setting is as follows.
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CemhwErnDDNDDS

SIMA version 3.2.1

(b)
Figure 5.3: Mooring system layout in SIMO (a) top view (b) side view

The structure is set as Bodytype 1 in SIMO, which represents large volume structure, with

total motion simulated in time domain with 6 degrees of freedom.

5.2 Environmental condition description

Here 100-year return period environmental condition is selected as the extreme weather condi-

tion. It includes the 100-year wind case, 100-year wave case and 10-year current case.

e Wind

According to Veritas (2008), a 1-hour mean wind speed at 10m above the sea level, with
a return period of 100 years is normally be used. The wind load is treated as a steady
component in combination with a time varying gust component. The time varying wind

is here described by a NPD wind spectrum.
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Table 5.3: Wind input value

Return Period Wind Height Wind Speed

Wind 100 years 10m above MWL 36m/s

e Wave

Seastates with return periods of 100 years shall normally be used as well. Combinations of
significant wave height and peak period along the 100-year contour, defined by the Hei-
drun Metocean Design Basis (Figure 5.4), shall be applied. The peak point of the contour

is selected as the input for the comparison case in Section 5.4.4.

10000-year
100-years
1-year

15 0 3 3 £

Spectral peak penod (s)

Figure 5.4: 100-year extreme contour lines in the Hs — Tp plane

Table 5.4: Wave input value

Return Period Hs Tp

Wave 100 years 16m 18.2s

A JONSWAP double peaked wave spectrum is used for modelling the seastate. The waves

are given with an average propagation direction without any spreading function.

e Current

A surface current speed with a 10-year return period should normally be used, based on
the marginal distribution of current speeds at the location. Different from wave and wind
such are stochastic process, current is always assumed to be stationary, with its speed

and direction constant with time. However it can vary with water depth. Thus a current
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profile is specified by setting the current speed and direction constant with increase of
water depth.

Table 5.5: Current input value

Return Period Water Depth Current Direction Current Speed

Current 10 years Om 0° 0.94m/s
-25m 0° 0.94m/s
-50m 0° 0.94m/s

All the environmental loads are assumed to be acting in the same direction, 0°, which is along

the positive x-axis.

5.3 Projectreview

In the master project, Floatel Superior was researched under three different seastates with differ-
ent combinations of Hs and Tp: (a) Hs=16m, Tp=18.2s; (b) Hs=15.5m, Tp= 15.5s; (c) Hs=15.5m,
Tp=19.8s. Two different force incoming directions (0° and 45°) were performed in MIMOSA.

Under ULS, the intact system was analyzed and the maximum offset in surge and maximum
tension in mooring lines were obtained as the required response reference. Line 7, the first line
encountering the incoming force(see Figure 5.2), always showed the highest tension among all
the lines. It also had the lowest SF, which was used to compare with standard SF in Figure 3.2.
If it was smaller than the standard one, it was assumed to be risky and have great possibility to
break in real practise. But if it had great margin over the standard SF, it was assumed to be safe
and could be modified to be more efficient, i.e. reduce the diameter or length of mooring lines.

Later, different lines were designed to break in order to check the whole structure stability
under ALS. Three seastates were used as well. Line with the second largest tension (line 8) and
the closest line to line 7 in layout (line 6) were designed as failure one by one. Correspondingly,
when there was one line failure, line 7 showed an obvious increase in tension value, while the
whole structure shifted a larger offset from original point.

The seastate with severest consequence under ULS ans ALS were picked out respectively and
their motion components were analyzed. Later in Section 5.4.4, one special case is picked and

compared with the result of SIMO file.
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Then the sensitive test was carried. Different parameters, i.e. elastic modulus of fibre, pre-
tension of all lines, damping coefficient and normal drag coefficient, were modified to see the
change in structural response. The elastic modulus gave the largest impact on the response due
to the great length of fibre segment. It reduced the offset from original point but increased the
mooring line tension. Thus modification on elastic modulus required a careful balance between

these two impacts.

5.4 Verification of SIMO model

Though the model under research are the same, the SIMO input file and the MIMOSA input file
are from different sources. Also the global coordinate system setting in these two software are
different from each other. Thus all the coordinates of structure and force direction should be
revised. What’s more, the MIMOSA input file is of 3 d.o.fs, while the SIMO input file is 6 d.o.fs;
several parameters are obtained by hand calculation. Thus it needs to verify that the SIMO input

file has consistency with the MIMOSA input file and is valid to use for further analysis.

5.4.1 Comparison of vessel file

The vessel file here includes different coefficients and transfer functions. All parameters are
compared between two input files. The detailed comparison and analysis are in Appendix A.

Based on all the comparison, some conclusions are obtained:

1. The SIMO input file is consistent with MIMOSA input file in all checked parameters. Even
some of the plots show little discrepancy in phase or amplitude, the same trend is guaran-

teed. Therefore it is reasonable to use SIMO input file in the future analysis;

2. In the aspect of 15t order motion transfer function, the SIMO input file has consistency
in all translation d.o.fs, but shows a lower damping level in rotation d.o.fs, which may
cause some difference in the future comparison about dynamic analysis. More analysis

regarding this effect will be discussed later.
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5.4.2 Comparison of restoring force

Plot of restoring force can reflect the hydrostatic stiffness of the vessel. A static analysis is per-
formed given an expected offset in surge in order to obtain the restoring force. The offset is
limited within 30m, which is about 20% of the water depth. It should not be too large, since the
flotel always works and connects to other units, the safety distance should be kept. Then the

plot of restoring force versus offset can be obtained as Figure 5.5.

Restoring Force
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Offset from current position (m)

Figure 5.5: Restoring force curve from MIMOSA and SIMO

Observation:

The blue line represents the restoring force obtained in MIMOSA. When the offset is zero,
the restoring force for the whole system is also zero; when the offset reaches the maximum, the
restoring force increases to 9500 kN. And the restoring force curve is really linear. Thus no more
linearization is needed.

After setting the non-environment condition and running the static analysis, the restoring
force curve in SIMO is obtained as the red line. It is observed that when the offset is zero, the
restoring force for the whole system is almost zero; when the offset reaches the maximum, the
restoring force increases to 9200 KN approximately. And the restoring force curve is also really
linear.

Comparison:

It is concluded that they match with each other well, since they have nearly same slope,

which means the two files have similar hydrostatic stiffness. There is little discrepancy between
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two lines when reaching the maximum offset. It is due to the lower damping level of the SIMO
input file, however, it doesn’t affect much. Thus in aspect of restoring force, the SIMO file is

consistent with MIMOSA file.

5.4.3 Decay test

A motion decay test, often called a free oscillation test, is carried out by giving the system an
initial displacement and then leaving the system free to oscillate. It discovers the damping level
of the structure. Here the initial displacement is set as 20m, and the structure is released without
any external environmental effects. Only the effect of linear damping drives the structure have
the trend to do the pendulum action and stop at the original point gradually. The decay graph

is obtained as Figure 5.6.

0.1
20
=0
-20.1+ T T T 1 T T T T T T T T T T T T T T T T T 1

0E0 SEZ 1E3 1.5E3 ZE3 Z.5E3 3E3 3.5E3 4E3 4.5E3 5E3 5.5E3 6E3 6.5E3 TE3 7.5E3 8E3 8.5E3 9E3 9.5E3 1E4 1.1E4
time [2]

——HCtranslationTotalmotion (max= 20.00, min=-13.53, mean=-0.1422, dew= 13.23]

Figure 5.6: Decay test before adjusting the damping level

But the preliminary result is not so satisfying, since Figure 5.6 shows little decay among such
a long period of time. Thus it is assumed that the damping level of the SIMO input file is too
low. This is also the conclusion from the comparison of vessel file between two inputs (referred
to Section 5.4.1). Then the linear damping value from the input file is checked.

Figure 5.7 shows the original data of linear damping. The damping value in surge and sway

seem to be a factor 1000 too low compared to other degree of freedom.
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Surge | Sway | Heave | Roll | Pitch | Yaw |
Surge 2078.8 0.0 0.0 0.0 0.0 0.0
Sway 0.0 16103 0.0 0.0 0.0 0.0
Heave 0.0 0.0 1.9053e+06 0.0 0.0 0.0
Roll 0.0 0.0 0.0 1.1609e+09 0.0 0.0
Pitch 0.0 0.0 0.0 0.011712e+09 0.0
Yaw 0.0 0.0 0.0 0.0 0.0 1.3448e+07

Figure 5.7: Linear damping value of SIMO input file [Ns/m]

Then the damping level is adjusted according to the MIMOSA file. The damping value in
surge and sway are increased to 1.5 x 108 Ns/m, then a more satisfying result is obtained as
Figure 5.8. In order to show an accurate decay period, the picture is zoomed to a proper scale. It

is observed that the motion decays to zero quite quickly, within 100 seconds.

XGtranslationTotalmotion

-10.567 T T T T T T T T T T T T T T T T T 1
2.74 20 40 &0 g0 100 120 140 160 180 200 220 240 260 280 300 320 340 358.82
time [s3]

‘—XC—::anslat.\.::ﬂ':talncticn (max= 10.83, min=-4.663, mean=0.03201, dev=0.3081) ‘

Figure 5.8: Decay test after adjusting the damping level

In order to check whether the modified damping value is reasonable, the damping level in

surge is checked.

_ LinearDamping 5.1)
" CriticalDamping ’

Theoretically, the linear damping should be around 30% of the critical damping, which means
the value of 1 is around 0.3. This empirical requirement is always used to check whether the lin-
ear damping value is reasonable.

Since the restoring plot is obtained in the last section, accordingly the hydrostatic stiffness

K is obtained as the slope of the plot. Thus K = 3.07 x 10° N/m. From the input file, the mass
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components is obtained as M = 2.5603 x 10” kg. Then the critical is calculated as follows:

Deri =2V (M+ A K=5.61%x10°Ns/m (5.2)

Then A is obtained as 0.267, which is quite close to 0.3. Then it is concluded the modification
in linear damping value is reasonable. The modified linear damping value is used afterwards in

the analysis.

5.4.4 Comparison of results for a specific case

Here a special case under ULS is picked out and the results from both files are compared. The
environmental condition is set as Section 5.2.

In MIMOSA:

The max tension in all mooring lines are calculated by dynamic analysis and listed in Figure
5.9. Among them, line 7 is regarded as the most-loaded line with the lowest SF 1.78. By compar-
ing it with the standard SF 1.70 from Figure 3.2, it is clear that line 7 still has some margin over
the break limit. It means that line 7 has higher risk than others lines in real practise, but still in a
controllable and safe status under extreme weather condition. The static force and the standard

deviation are obtained as well and of importance in the later comparison.

* MAXIMUNM LINE TENSIONS. LF AND WF MOTION =

Line -———-————-—————-— Top tension (ki) --—————-—————————————— Safety Segm.
No. [Static|[5tD LF|] Max LF ¥F Base Max ¥F [Max Tot| factor Wo.
1 | 684.3| 1021 3226 953.5 206.2 842.3 | 1795.8| 4.73 3
2 | 715.9| 100.1 3352 9se.e 1739 7131 | 1671.7| S.08 3
3 | 773.7| 8.0 3059  966.5 137.1  S67.8 | 1534.4| 5.5¢ 3
¢ |1358.6| 200.0 1077.6 2176.3 153.9  611.8 | 2788.1| .05 3
5 |1547.7| 320.7 1798.4 2054.9 220.1  864.0 | 3818.9| 223 3
6 |1703.9| 431.4¢ 2418.5 363¢.0 2720 1072.7 | 4706.6| 1.81 3
7 |1730.2| 438.2 o2446.2 3687.0 272.8 1075.9 | 4762.9| 1.78 3
8 |1568.5| 337.6 1829.7 3005.6 221.1  867.5 | 3873.1| 2.19 3
o |1373.6]| 216.0 1109.2 2220.5 154.5 613.5 | 2834.0| 3.00 3
10 | 780.9| 852 3021 9722 137.0 Se6.4 | 1538.6| 5.52 3
11 | 718.4| 99.8 33,1  @ss.1 173.4  710.7 | 1669.8| 509 3
12 | #83.7] 100.4 316.2 948.5 204.4 839.4 | 1787.9] 4.75 3

Figure 5.9: Maximum tension in mooring lines (0°)
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On the other hand, the motion of the structure is divided into three parts as Equation 2.49.
The mean offset is obtained as the equilibrium position of the structure, which is 12.52m. Then
the vessel is moved to the equilibrium position and further calculate the vessel motion under
the combination effect of LF and WE Its maximum offset in surge is around 36.75m from equi-

librium position. It is combined with the LF max offset and the WF significant offset, referred to

Figure 5.10.
# LF MOTION #
Statistics of : Fosition
1. dezree of freedom: SURGE
* LF + WF NOTION =* IEstimated maximum amplitude ( 180 min. ) .. : 30.20 mI
—————————————————— Significant amplitude ............c...c.oe.. @ 11,17 m
Zero crossing period ....iieiiiiiiiierninann : BB.BZ s
Statistics of . Pooitio Standard deviation ..... ... oiiiiiiiiiiiia, o 5.58m

1. degree of freedom: SURGE
* *
Estimated maximum amplitude 180 min. } .. : [36.73 m _JT‘_JE?L

Statistics of ¢ Fosition Statistics of :  POSITION

2. degree of freedom: ELEY 1. degree of freedsm: SURGE

Estimated maximum amplitude { 180 min. ) .. : 0.0 m Estinated maximum amplitude { 180 min. ) .. : 12.35 n
Significant amplitude ............covviunnn : 6.95 m

Statistics of : Position Zero crossing period ........... 15.85 =

3. degree of freedom: Ty Spectrum width parameter ........ cee. o 003077

Estinated maximum amplitude { 180 min. } .. :  0.40 deg [Standard deviation ................c..ov.o... i 827 nf

(a) (b)
Figure 5.10: Offset under (a) combined LF and WF effects (b) LF and WF components respec-
tively

Three motion components consist the max offset of model in MIMOSA, which is 49.27m.
In SIMO:
A 3-hour simulation is performed in time domain. With the same environment condition,

the structural response is obtained following the post-processor chart as Figure 5.11.

Ll Statistics
max |
SimoResults M Window maxabs \
- ™ R
[ ——f= > | — min
—* | out | — ) . [
& |in mean

kurtosis
skewness

standardDeviation

Figure 5.11: Post-processor chart to find max value in one simulation

The 'window’ filter is used to limit the signal from 1200s to 12000s, since the very beginning

of the signal is unstable and meaningless to mention. From the ’statics’, many options are avail-
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able. Usually the max value, mean value and standard deviation are necessary for analysis. Both
tension and motion are available after analysis.

Then the wave seed is set as a variable, which controls the phase of the wave input. Each
seed represents one 3-hour simulation, and the maximum tension in one simulation is obtained

through the inner-workflow in SIMO, as Figure 5.12.

Hs
)

5\
\ FS.Initial
Tp \-‘ é PostProcessorTask.FindMaxima
()
Hs
\’4 X . MaxTension
TP out _—— SimoR.esults MaxTension — E

randomseedWaves

randomSeedW...
(0]

Figure 5.12: Inner-workflow in SIMO to find maxima

20 simulations are carried by variation in wave seeds and the series of result data are fitted
to Gumbel Distribution as a straight line as Figure 5.13. Gumbel distribution is used to model
the distribution of the maximum of a number of samples. A 90% probability maximum tension

in 3-hour simulation is obtained as the tension result in a specific line.
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Figure 5.13: Fitted Gumbel distribution of maximum tension in Line 1

Similarly, all the tension in lines are obtained. Furthermore, static force—represented as

mean tension, and standard deviation are also obtained. Since SIMO doesn’t separate the LF and
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WF effect, so there is only one combination result of standard deviation. Then this parameter
will be just observed roughly instead of numerically. The detailed results are summarized as

Table 5.6.

Table 5.6: Maximum tension in mooring lines from SIMO (0°) (unit:[kN])

Line No. Max Tension Mean Tension Standard Deviation

1 1162.8 711.16 79.478
2 1131.9 746.18 73.704
3 1094.3 800.81 63.847
4 2441.4 1358.8 171.85
5 3194.7 1544.7 267.98
6 3791 1698.2 346.31
7 3787.6 1708.8 348.06
8 3200.4 1551.7 269.49
9 2454.6 1362.4 173

10 1095.5 803.02 64.056
11 1136.7 746.58 73.807
12 1171.8 710.13 79.448

Then the offset is obtained as well following the same workflow. Here only the motion in
surge is of great importance. Since SIMO doesn’t separate the frequency band, so in order to
obtain the LF max offset and the WF significant offset, frequency filter is used. A low-frequency
pass filter is used to get the LF max offset. It allows the signal whose frequency is lower than cut-
off frequency to pass through. According to the LF period range T > 30s, the cut-off frequency is
set as 0.03333[1/s]. Also a high-frequency pass filter is applied to get the WF significant offset. It
allows the signal whose frequency is higher than the cut-off frequency to pass through. Accord-
ing to the WF period range T = 5—30s, the cut-off frequency is also set as 0.03333[1/s]. Then the
motion result is obtained with different components contribution.

Table 5.7: Motion from SIMO input file (unit:[m])

Translation Max Mean LFpa; WFig
x(surge) 38.27 1227 29.99 3.3

Summary:
To make the comparison more clear, the tension result from two files are presented in the

same plot. The horizontal axis represents the line number while the vertical axis represents the
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tension.
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Figure 5.14: Result comparison in (a) max tension (b) mean tension (unit:[kN])

And the motion comparison is showed in Table 5.8:

Table 5.8: Motion comparison (unit:[m])

Translation in surge Max Mean LFp,c WFig

MIMOSA 49.27 12.52  30.2 3.27
SIMO 38.27 12.27  29.99 3.3

Observation:

After comparison, there are some observations of great interest.

1. Based on Figure 5.14, the tension plot is symmetry for both files. It is due to the layout
of the mooring lines. The lines which locate symmetrical about the force propagation

direction always have similar tension value. It applies to both files.

2. There is certain discrepancy between the results from two software. Based on Figure
5.14(a), max tension values in MIMOSA—the blue line, are usually higher than the re-
sults from SIMO, represented by the red line. The difference between two largest tension
value is almost 1000kN. The similarity is that, lines near environmental propagation (line
4-9) have larger tension value while the other side lines are in a more slack condition with

lower tension.

However, it doesn’t apply to mean tension. Mean tension results are really close, and the

two lines almost overlap with each other. This applies to all mooring lines.
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3. In SIMO, line 6 shows the highest maximum tension about 3791kN, and line 7 has a really
close value following. In MIMOSA, it is line 7 which has the highest tension. Both line 6
and 7 are the first lines encountering directly with environment forces and they are in a

symmetry layout. Thus no matter which one has the highest tension, it is quite reasonable.

4. In SIMO, all the results are obtained based on 20 simulations with the variation in wave
seeds. The mean tension values and standard deviation values don’t show much differ-
ence in 20 simulations. Then the 90% maximum value of them after fitted to Gumbel
distribution, are quite close to the whole series of data. Therefore it is concluded that the
wave seeds, which controls the wave phase, doesn’'t have much impact on mean tension

and standard deviation.

5. In SIMO result, when trying to add three components of motion together, the sum is close
to the max offset. Thus it matches with the motion Equation 2.49. It is a nice way to check
the validity of the results. It doesn’t require the sum has exactly same result with the max
offset. Because each components is based on 20 simulations and obtained after filtering
the frequency band, thus they can’'t appear at the same time. The sum is similar to the

total one is good enough.

6. Based on Table 5.8, the motion components, i.e. mean offset, LF,4, offset and W Fy;¢
offset, from both files have quite similar value, but the max offset is quite different from
each other. The max offset from SIMO is smaller than MIMOSA, because the SIMO result
is based on 20 simulation and takes the 90% maximum value as the motion components.
Frequency filter is also used. The 'max’ result can’t appear at the same time. What’s more,
MIMOSA achieves the result by separating the frequency band and doing the dynamic
analysis; while SIMO just uses frequency filter and ignore the dynamic effect. Thus the

result from MIMOSA is more accurate and larger.

Explanation:

The main reasons for the differences are analyzed as follows:

1. Analysis methods are different
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MIMOSA uses Frequency Domain analysis method, which means that the force and mo-
tion are divided into low frequency band and wave frequency band, then the final result
is combined from the two parts. And also all the non-linear components are linearized
before doing the calculation. SIMO uses Time Domain analysis method, which does the
analysis in one-go, ignoring the effect of different frequencies. All the non-linear compo-

nents are taken into account directly.

The detailed difference between these two analysis methods refers to Section 2.2.4.

2. Calculation methods are different

MIMOSA calculates tension and motion by Dynamic Method with the top end motion
giving the mooring line tension T = T (x, X, X). It takes the drag force and inertia force
into account. Discretion is also applied to the mooring lines according to Finite Element
Method. However, SIMO uses Quasi-static method to do calculation, that only the top end

position gives the mooring line tension, T = T (x).

Thus the MIMOSA result is more accurate than SIMO result due to the discretion and it
should be larger than SIMO result since it includes the drag dynamic effect. The detailed

difference between these two calculation methods refers to Section 2.3.

3. MIMOSGA file has a higher force coefficient

Based on Section 5.4.1 and Appendix A, it is observed that MIMOSA input file has a higher
value in several coefficients and transfer functions compared to the SIMO input file. It has

certain effect on the tension and offset.
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Chapter 6

Assessment and comparison of models for

viscous loads

Based on the illustration of three different types of viscous effect model in Chapter 2, two meth-

ods are applied in order to add viscous effect on Floatal Superior.

1. Slender element method

Slender element method is to create slender elements along columns and pontoons, select
proper drag coefficients from regulation and calculate the external effect on the slender
elements. Then the excitation on slender elements is added to the whole structure to get
the total external excitation. However, the excitation on the slender elements also includes
the current force, which means the same effect is counted twice. Thus the corresponding
quadratic current coefficients from the input file should be set as zero when using the

slender elements in the analysis.

2. Correction formula method

Correction formula method is to use an empirical formula to modify the wave drift coef-
ficient. The original wave drift coefficients in the input file is only based on the potential
flow, and the extra viscous-induced wave drift force on structure should be added by us-
ing the formula. No extra elements are needed, only use the formula and calculate a new

series input data of wave drift coefficients.

S57
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6.1 Slender elements method

6.1.1 Create slender elements

In order to account for viscous effect on Floatel Superior, several slender elements are created
along columns and pontoons. The length of the slender elements are exactly same with the
original column or pontoon. When determining the coordinates of slender elements, the sur-
vival air gap and draft are used (referred to Table 5.1). The detailed dimension of columns and

pontoons, and their placement number are set as Figure 6.1.

c4 c3

18.875m

p1 90m p2

cl c2

64.5m

(@) (b)
Figure 6.1: (a)Dimension (b)Placement of columns and pontoons in global coordinate system

Then the coordinates of slender elements are obtained in Table 6.1. And the local coordinate
system is built accordingly as the new x-axis is set from point 1 to point 2. (Reinholdtsen and
Falkenberg (2001))

Table 6.1: Coordinates of slender elements

Slender Element Point 1 [m| Point 2 [m|
X y V/ X y v/
Column 1 -25.25 -25.5 14.5 -25.25 -255 -4.375
Column 2 25.25 -25.5 14.5 25.25 -255 -4.375
Column 3 25.25 255 14.5 25.25 255 -4.375
Column 4 -25.25 25,5 14.5 -25.25 25,5 -4.375
Pontoon 1 -25.25 45 -8.6875 -25.25 -45 -8.6875

Pontoon 2 25.25 45  -8.6875 2525 -45 -8.6875
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6.1.2 Drag coefficients from theory

After determining the coordinates of slender elements in previous section, the quadratic drag
coefficient of them need to be figured out. When using Morison’s equation to calculate the hy-
drodynamic loads on a structure, one should take care of the variation of drag coefficients. It is

expressed as a function of Reynolds number, Keulegan-Carpenter number and the roughness.

Cp =Cp(Re,KC,A) (6.1)

Here the regulation DNV-RP-C205 “Environmental Conditions and Environmental Loads”
is used as reference (Veritas (2010)). In this regulation, drag force per unit length of slender

element is expressed as:

1
f=5 pCpsDu? (6.2)

where Cps represents drag coefficient in steady flow; D is the characteristic width[m].
Since the cross-sections of columns and pontoons are rectangular with rounded corners,

"Type 4’ is selected from the regulation as the base case.

4. Rectangle with rounded corners LD RD Cp LD RD Cp
0.3 0 25 20 0 16
0.021 22 0.042 14
0.083 19 0.167 0.7
0.250 1.6 0.50 04
1.0 0 22 6.0 0 0.89
0.021 20 0.5 029

0.167 12

0.333 1.0

R~ 10°

Figure 6.2: Drag coefficients for rectangular cross-section

The drag coefficients are selected in two directions on the cross-sections of columns and
pontoons. These two directions corresponds to the y and z in local coordinate system. The

proposed drag coefficients are summarized in Table 6.2.
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Table 6.2: Base drag coefficient for slender elements

Element Cross-section L/D R/D Cps

R=3
- foss ~1 024—0167 Cgy=12
<>
I=14

Column
R=3
\. 1 ~1 021—0.167 Cyz,=1.2
<>
=125
d
R =2 0.347— 050 Cgy =04
=14
Pontoon )
' ID:” ~05 0.214—0.25 Cy,=1.6
<>

[
O

=8.625

However, value in Table 6.2 can not be used directly in SIMO. Because the quadratic drag

coefficient in SIMO is defined as:

1
Cp = 5pCosD (6.3)

with unit [Ns2/m?3].

Then the input values of quadratic drag coefficient are calculated accordingly as Table 6.3:

Table 6.3: Quadratic drag coefficient for slender element

Cox Gy Coz

Column 0 76875 8610
Pontoon 0 1768.1 11480

Explanation:

1. Cyy is set as zero since only the cross-flow is of great importance and gives the drag force
and lift force to the column or pontoon, which corresponds to the force from C,, and C;..
And Gy, corresponding to local axis x, but in global coordinates, corresponds to the heave
direction. Vibration and velocity in heave is too small compared to other directions. Thus

the effect from C», can be regarded as zero.

2. The selected coefficient only applies to steady flow according to the regulation. In our
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case, the oscillating flow should be considered. For oscillating flow, the drag coefficient is

considered as the coefficient in steady flow multiply with a factor as Equation 6.4.
Cpo =Cps % factor (6.4)

Now, the preliminary comparison will be done in order to see the effect of taking viscous

force into account. So the Cpg is used as a base case.

After settling the drag coefficients, the original current coefficient in surge are set as zero in
order to avoid the double-calculation of current force. Since only surge motion matters in this
paper, only current coefficients in surge are set as zero. All directions are chosen, instead of only
force propagating direction 0°, since even current comes in other directions, it will also have a

partial component in 0°. In this way all current effects are eliminated totally

6.1.3 Sensitivity test of drag coefficients

In this section, a sensitivity test about drag coefficients is done. The value of drag coefficient
is tuned, and the structural response is analyzed correspondingly. The change in motion and

tension reflects the influence of drag coefficients on viscous effect.
File _ Column Pontoon
cEile = 4c§ +2Ch (6.5)

Equation 6.5 is used for tuning the drag coefficient. Based on the equation, it is easy to see that
the viscous effect are contributed from both columns and pontoons. Then the strategy for the
sensitivity test is to assume all viscous effect are coming from only one source, i.e only from
column or only from pontoon. Since only the cross-flow is important for the viscous effect, then
only the drag coefficient in y direction (Cz) in local system) is considered.

The quadratic current coefficient under 0° force direction in surge is set as the value of Cgfje,
due to it has the most important direction of force and degree of freedom. So Cgile =3.129 x
10°Ns?/m3. Then when assuming all viscous effect comes from pontoons, the coefficients of
column is set as zero and a tuned Cg""“"’” is obtained; similarly, when assuming all viscous

effect comes from columns, the coefficients of pontoon is set as zero and a tuned Cg"l umn jqg
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obtained. Table 6.4 represents the result of tuned drag coefficients.

Table 6.4: Tuned drag coefficient on columns and pontoons

Tuned Case CSolumn  cPontoon

a 4144.37 0
b 0 1738.33

Compared the tuned drag coefficient from Table 6.4 with the proposed drag coefficient from
Table 6.3, it is obvious to see the Cg"l umn decreases almost 50% while Cﬁ"”“’"” has a quite sim-
ilar value. By using the tuned coefficient, it is expected to see the impacts of variation in drag

coefficients.

6.2 Correction formula method

Stansberg et al. (2015) provided a research in The Joint Industry Project (EXWAVE) and con-
firmed the need to improve or at least apply adjustments on theoretical models applied in the
industry for slowly varying forces based on the 1% order potential theory, for applications in high
seastate and with current.

Until generally accepted improved methods and procedures have been established, some
immediate precautions should be taken by industry. A simple empirical correction formula for
wave drift force coefficients of semis is proposed. It applies to high waves and in current, which
is in the direction of wave propagation and with a current component U parallel to the waves. It
is a sum of two terms as Equation 6.6: the first term from potential flow effects and the second

term from viscous effects.
fo=Fp(,U, Hy) I A* = [ f4,por * (1+Cp* U) + B(G* U + Hy)] (6.6)

* From potential flow:
fa,por= 274 mean wave drift coefficients from 1% potential theory
A= wave amplitude

Cp= potential flow wave-current interaction coefficient, chosen to be 0.25
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* From viscous effect:
B =B’ xdg,m; where B' =k * p, dsym =Y. d;
k=wave number= %2
p = exp[-1.25(kDg)?],[kN/m?]
Dy= diameter of main columns

G= 10 (with dimension time,[s]), this parameter comprises the viscous wave-current in-

teraction part, found empirically

The basic idea of the viscous drift formulation in B = B’ * dgy,, = k* p* Y. d; is adopted from
the Morison equation drag force approach (Veritas (2010), DNV-RP-C205). The extra parameter
p limits the upper frequency range in which viscous effects are included, determined from the
normalized upper wave number kD, and based upon the assumption that viscous drift force
do not contribute significantly in short waves.

Since the environmental force propagating in 0°, and the motion in surge is more important
than other d.o.fs, the wave drift coefficients in surge under 0° force is modified according to the

formula. Here is the comparison.

Wave Drift Coefficient

55 62 70 B85 100 115 150 145 17.0 200 23.0 26.0 35.0 60.0

Period (s)
— WAy e drift coeff. From potential flow e—\Wave drift coeff. After correction

Figure 6.3: Wave drift coefficient in surge under 0°

The blue line represents the original wave drift coefficient which is only based on potential
flow. The red line represents the corrected wave drift coefficient with viscous effect. It is clear
that the new curve shows a higher coefficient value and comes to zero at a later period ( also can

say at small frequency band). The discrepancy between the two lines is due to the extra viscous
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effect on the structure. It is believed that new coefficient will give more accurate response result

than the previous one.

6.3 Comparison between two methods

Both methods try to take viscous effect into analysis. Their aims are the same, but with different
approaches.

Section 6.1 uses slender element method by introducing new slender elements along pon-
toons and columns. The extra wave drift force due to viscous effect is added to the structure.
This method has impact both on excitation and damping term.

Current force on a strip is expressed as Equation 2.26. But for slender elements, the velocity

form in the equation is modified.
Qcu= Ccu[(‘_/“‘ u)_xl:ot] |(V+ u)_xfot| (6.7)

Qcu=Ceu[(V+u) = (xip+xwr)] |(V + u) = (xip + x1wp)| (6.8)

The original relative velocity V — xir, is replaced by (V + u) — X;or = (V + u) = (Xip + Xy F).
Here (V + u) is the total velocity of both current and wave, which results from external excita-
tion; (xzr + xwr) is the structural oscillating velocity.

As this equation can be separated, it is observed that it not only includes a term to in-
crease the external excitation, i.e. C.y, (V+ u)z, but also has a term to increase the damping,
i.e. C., (xir + xwr)?, which can be moved to the left side of the motion equation.

When the damping term increases, the response of structure will be suppressed. But when
the external excitation increase, the structure will have larger response. Thus slender element
method is working under the balance of damping and excitation.

However, correction formula method focuses on modifying the wave drift coefficient directly
to account for the viscous drift force, which only has an positive impact on the excitation. Thus
itis expected to have a more obvious change in response compared to slender element method.

More comparison in response under these two different methods will be illustrated in fol-

lowing section.
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6.4 Case summary
This section mainly gives the description of all design cases and establish the comparison group.

e Casel

Case 1 can be also called as the original case. "Original" means that it is the standard base
case. It only uses the SIMO input file directly without any method related with viscous

effect (the file after modifying the linear damping value, referred to Section 5.4.3).

e Case?2

From Case 2, all the cases try to take viscous effect into account by different methods. Case
2 is regarded as the main viscous model, since the slender elements method is assumed
quite reasonable and accurate. It introduces the slender elements as Section 6.1.1 and
find the proposed drag coefficient as Section 6.1.2. In order to avoid double-calculation of
the current effect on structure, the current coefficient in surge under all directions are set

das zero.

e Case3

Case 3 is a further development of Case 2, since it not only takes viscous effect into ac-

count, but also tries to test the sensitivity of viscous effect by adjusting drag coefficient.

Case 3 introduces slender elements and proposed drag coefficient as Case 2. And it as-
sumes all the viscous effect are from columns by setting current coefficient of pontoon as
zero, then a tuned value of Cgl‘:l umi js obtained. The input drag coefficient is as Table 6.5,

also corresponds to Table 6.4 tuned case a.

Table 6.5: Input drag coefficient in Case 3

Column Pontoon
CCu CCu

Case3 4144.37 0

e Case4

Case 4 is another further development of Case 2, paralleling with Case 3. It introduces

slender elements and proposed drag coefficient as Case 2. And it assumes all the viscous
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effect are from pontoons by setting current coefficient of column as zero, then a tuned
value of Cé’;'”‘w” is obtained. The input drag coefficient is as Table 6.6, also corresponds
to Table 6.4 tuned case b.

Table 6.6: Input drag coefficient in Case 4

Column Pontoon
CCu CCu

Case 4 0 1738.33

e Case5

Case 5 represents the correction formula method, corresponding to Section 6.2. It mainly
use an empirical equation to correct the wave drift coefficient in surge. The original wave
drift coefficient results from potential flow only, while the new one includes the effect from
viscous flow. Since the correction equation is empirical, the accuracy of this method is not
certain or clear. This case will be used to compare with other cases to assess the level of

accuracy.

To make it more straight-forward, all the cases and the main characters are summarized as
Table 6.7.

Table 6.7: Cases summary for viscous effect

Quadratic

Slend . C ti
Case no. ender current coefficient Tuned Cy orrection
elements formula
1
2
3 x,tuned C¢
4 x,tuned Cp
5

6.5 Result analysis

After defining all the cases, the same SIMO analysis in time domain (as Section 5.4.4) is applied

and the corresponding structural response is obtained.
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6.5.1 Comparison in motion

All motion components in surge is summarized as Table 6.8. The LF,, offset and W Fy; offset

are obtained by using frequency filter as the same process in Section 5.4.4.

Table 6.8: Motion in all cases (unit:[m])

38.27 12.27  29.99 3.3
42.38 139 34.73 3.26
39.33 1094 31.79 3.33
38.57 12.09 30.65 3.29
53.45 15.65 4291 3.35

QL > W N~

Observation:

1. Based on data of the 5™ column, it is observed that W Fj; ¢ offset don’'t have much differ-
ence in value among all the cases. The difference in maximum offset is due to the variation

in mean offset and LF;,,, offset.

2. Compare Case 1 with Case 2: the increase in offset reflects the extra viscous-induced effect

on columns and pontoons.

3. Compare Case 1 with Case 5: there is really dramatic increase in motion components,
especially in LF,,,, offset and mean offset. The correction in wave drift coefficients has

great impact on the structural response.

4. Compare Case 2 with Case 5: both two cases are used to include viscous effect in the anal-
ysis. From the result, both cases have certain good effect in introducing viscous effect on
structural response, while the correction formula has much more obvious influence. Since

Case 5 uses the empirical formula,the accuracy of the result is not certain to us.

5. Case 3 and 4 are established for sensitivity test of drag coefficient. Both cases assume that
viscous effect only originates from one type of elements and adjust the drag coefficient
correspondingly. Then it is obtained that a relative smaller motion response compared to

Case 2.
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Analysis:

1. From observation 1, W F;;¢ offset doesn’t change much because offset in WF band is con-
trolled by transfer function from potential flow. All the modification, i.e. introduce slender

elements or use correction formula, only have effect on LF and mean excitation.

2. From observation 2, it is concluded that slender elements method can indeed include the
viscous effect in the analysis. Since model Floatel Superior is a really big structure, it al-
ways has inertia dominated response. But in high seastate, viscous effect may have large
impact. According to Section 6.3, the slender element method has impact both on excita-
tion and damping: larger excitation makes larger motion while larger damping suppresses

the motion.

From the motion result, the structure still has larger translation in surge compared to the
original one. Then it is assumed that the impact on excitation is more dominated than the
impact on damping. As the main viscous model, it is believed that result from Case 2 is

quite reasonable.

3. From observation 3, Case 5 shows a much larger motion value than Case 1, especially in
LF,,4y offset and mean offset. It can be explained by the expression for the mean drift

force and LF wave drift force illustrated in Chapter 2.
o0
qua = zf Cya(w) Sn (w)dw
0

o0
Swa :8f Cwa(w+ﬁ)-Cwa(w+H)-S,,(w)-S,,(w+,u)dw
0 2 2
After using the correction formula, the wave drift coefficient C,,, increases a lot. Thus
qwa and S, have an increase at different extent. That’s why Case 5 has extremely obvious

increase in these two term.

4. From observation 4, it is concluded that correction formula method has great impact on
the structure by including viscous-induced wave drift force. It matches with the expecta-

tion in Section 6.3.
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However, the accuracy of this formula is uncertain. Since it has too much difference from
Case 2, which is due to the effect of damping term, it is assumed that it may exaggerate the

viscous effect by ignoring the viscous-induced damping term and not so accurate to use.

5. From observation 5, it is reasonable to have smaller motion in Case 3 and 4 than Case 2.
Because Case 2 accounts for viscous effect both from column and pontoons; while Case
3 accounts that only from columns and Case 4 accounts that only from pontoons. Also,
according to Table 6.4, all the tuned coefficient are smaller than the original calculated

ones. Thus it is expected to have smaller result.

If comparing the Case 3 and Case 4, which represents the difference in viscous sources,
Case 3 has a bit larger motion than Case 4, which means the viscous effect from column
is stronger than that from pontoon. According to Section 2.1, it is easy to determine that,
viscous in Case 3 is mainly based on the first two models about free surface and wave-
current interaction, while Case 4 is based on the third model related with cross-flow on

pontoon.

It is concluded that, viscous effect due to free surface and wave-interaction is more dom-

inating in practise than that due to cross-flow on pontoon.

6.5.2 Comparison in tension

Based on the comparison case in Section 5.4.4, it is observed that line 6 and 7, which are in
symmetrical layout as Figure 5.3, are the first group of lines encounter the propagating environ-
mental force, and also the most-loaded line. Thus in this section, only line 6 and 7 will be picked
out and compare their tension in different cases. Detailed tension information for all lines can
be found in Appendix B.

Here is the summary table of tension of line 6 and 7 in all cases.
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Table 6.9: Tension of line 6 and 7 in all cases (unit:[kN])

Line 6 Line 7
Case
Max Mean Standard Deivation Max Mean Standard Deivation
1 3791 1698.2 346.31 3787.6 1708.8 348.06
2 4139.1 1813.6 382.97 4149.2 1824.1 384.65
3 3876.6 1613.8 360.81 3884 1623.4 360.81
4 3812.4 1686.7 347.03 3815.7 1696.7 349.01
5 5115.6 1947.1 493.72 5109.7 1958.4 494.81
Observation:

1. For all tension components, line 6 and 7 share quite close value in all cases.

2. Compare Case 1 with Case 2: the increase in tension components reflects that both lines

are in a more stretching status. It has consistency with the increase in offset.

3. Compare Case 1 with Case 5: there is really dramatic increase in tension value. The net
increase amount in tension is assumed as the viscous-induced wave drift force. However,

the accuracy level of this method is still a doubt.

4. Compare Case 2 with Case 5: both two cases are used to include viscous effect in the anal-
ysis. From the result, both cases have certain good effect in introducing viscous effect on

structural response, while the correction formula has much more obvious influence.

5. Case 3 and 4 are established for sensitivity test of drag coefficient. The tension results have
same trend with the motion result. Both cases have a relative smaller tension value than

Case 2.

Analysis:

1. For observation 1, line 6 and 7 are symmetrical about the force propagating direction in
the system layout, with same exposure area and angle to the propagating environment

forces. Thus they are expected to have similar tension response.

2. The tension value of mooring system always varies corresponding to the fairlead dis-

placement. If the fairlead has a positive displacement, and make the lines become more
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stretching, then the tension will increase; on the contrary, if the fairlead have a negative
displacement and make the line stay in a more slack status, the tension in line will de-

crease.

In all the cases, since the structure moves in positive surge direction, so do the fairlead

displacements of line 6 and 7, their tension also increase in consistency with offset.

3. The difference between Case 2 and Case 5 is explained in Section 6.3, which mainly about
the damping term. The damping term also has great impact on the tension result. That’s

why Case 5 has a extremely higher value than Case 1 and Case 2.

6.6 Modify damping term in Case 5

Case 2 and Case 5 use different methods to take viscous effect into account and obtain the re-
sponse in motion and tension respectively. Based on the result analysis in the last section, it is
found that both cases shows a higher value in tension and motion, which represents that the
viscous-induced structural response is included in the analysis. However, Case 5 shows a dra-
matic increase in both results, whose accuracy is doubted.

The main difference between these two methods are the damping term. Since slender el-
ements method is a "play" about the balance between excitation and damping, it is supposed
have a more realistic result. On the contrary, Case 5 only cares about the viscous effect on exci-
tation and ignore effect on dynamic terms.

The purpose of this section mainly focus on improving the correction formula method and
raising the accuracy of the analysis. It is glad to know how much extra damping is still needed to
have a better result. Here Case 2 is assumed to be reliable, and the damping term in Case 5 will
be modified, in order to match its result with Case 2.

Four new cases are created by adjusting the linear damping value with other input keep the
same. It is increased little by little, from 50% to 300% of the original value. The extra damping

cases and their character are summarized in Table 6.10.
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Table 6.10: Extra damping comparison group

Case Original Increase New
linear damping [Ns/m] linear damping [Ns/m]
Slender element(Case 2) / /
Correction formula(Case 5) 0 1.5x 108
) 6
. . ! 1.5 x 10 20% 22510
Modify Case 5 with ii 100% 3x10
extra damping iii 200% 4.5 x10°
iv 300% 6 x 10°

6.6.1 Comparison in motion

After adjusting the linear damping value as Table 6.10, all response under different cases are
obtained followed the sme process as before. All results are based on 20 simulations. Here the

motion results are listed in Table 6.11, including Case 2 and Case 5 as comparison groups.

Table 6.11: Motion results after modification in damping (unit:[m])

Motion
Cases

Max Mean LFpyax WFsig

Slender element(Case 2) 42.38 13.9 34.73 3.26
Correction formula(Case5) 53.45 15.65 4291 3.35

i 51.53 15.63 40.75 3.29

Modify Case 5 with  ii 49.86 15.6 39 3.23
extra damping iii 47.04 1555 36.22  3.09
iv 4463 1549 34.12 2.94

Observation:

1. Comparing Case 5 and those modification cases from i to iv, the damping term shows a
depressive effect on the motion response. When the linear damping value increases, the
max offset decreases, which is mainly due to the decrease in LF,,,,. But the mean offset
doesn’t have much change. W F;¢ shows a trend to decrease, but with very small and slow

progress.

2. The depressive effect is not so obvious if the damping term only increases a little. Until the
damping term increase by 300%, it finally has a closer result to the Case 2 . At that time,

the LF;,,x has the closest value with Case 2.
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Analysis:

1. The mean motion is obtained by setting the damping and mass components in the motion
equation as zero. Thus the motion equation is simplified into K (x)- X = Q. Damping term
only has influence on mean wave drift force, while mean wind and current excitation have

the stable which is expressed as the following Equation.

Q;ua = 2[0 Cwa () Sn (w)dw (6.9)

The wave drift coefficient C,, (w) in the input file is obtained from test, which doesn’t
change with damping term. Thus the mean wave drift force and also total mean excitation
Q keep a constant value. No matter how much variation the damping term may have, the

mean offset will not have much difference.

2. The main effect from damping term is on LF response. Based on LF motion derivation
from Equation 2.44 to Equation 2.46, it is obvisous to obtain that:
SxLF (W)

o ~y 6.10
xLF Doy ( )

Here D, is the equivalent damping term after linearization of linear damping term D; and
quadratic damping term Dg. Since there is no quadratic damping term in the input, so
D.q4 = D,. Therefore D; is inversely proportion to LF response. When the linear damping

value increases, the LF response will decrease.

3. The correction formula method is not reliable to use compared to slender element method,
since it ignores the viscous effect on other terms in motion equation except excitation.
The damping effect makes great difference, and according to the result, it still needs a
really large extra damping to make the result reasonable. More improvement should be

done to this method in the future.
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6.6.2 Comparison in tension

74

Similarly, only line 6 and 7 are picked out and their tension are compared under different damp-

ing value. Detailed tension information for all lines can be found in Appendix C.

Table 6.12: Tension of Line 6 and 7 after modification in damping (unit:[kN])

Line 6 Line 7
Cases
Max Mean Star.ldr.ad Mean Star}da}rd
Deviation Deviation
Slender element(Case 2) 4139.1 1813.6 382.97 4149.2 1824.1 384.65
Correction formula(Case 5) 5115.6 1947.1 493.72 5109.7 1958.4 494.81
i 49474 1941.5 457.47 4942 1953 458.16
Modify Case 5 with ii 4800.8 1937.2 430.37 4795.1 1948.9 430.88
extra damping iii 4552.4 1929.6 390.31 4550.1 1942 390.77
iv 4340.8 1922.7 360.1 4339.9 1935.5 360.63

Observation:

1. For all tension components, line 6 and 7 share quite close value in all cases.

2. With the increase in damping term, the max tension value and standard deviation drop

obviously, while mean tension value has the trend to decrease but with slow and little

process.

3. When the Case iv has the closet offset with the slender element case, there is still certain

discrepancy in the tension value. Both the max tension and mean tension are larger than

Case 2.

Analysis:

1. For observation 1, line 6 and 7 are symmetry about the force propagating direction in the

system layout, with same exposure area and angle to the propagating environment forces.

Thus they are expected to have similar tension response.

2. The mean tension corresponds to mean offset, since mean tension is obtained at the dis-

placement of mean offset as Figure 2.11. When there is little variation in mean offset as

Table 6.11, it is supposed to have stable value in mean tension.
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3. The tension value of mooring lines is calculated at specific fairlead displacement. When
the motion changes, the tension value will vary. Since the damping term has a suppressive

effect on the structural motion, the tension will also be suppressed.

6.6.3 Evaluation of damping increase

Increasing the linear damping value is indeed having an impact on the structural response. And
the 300% percent increase shows the closest result with Case 2. But it is essential to consider how
much percent increase is reasonable in real practise. Therefore, the damping level is considered
again.

When the linear damping value is 1.5 x 10°, the damping level is around 27% of the critical
damping. When the critical damping holds the same value, the increase linear damping value

will cause an increase in damping level. The increased damping level is summarized in Table

6.13.
Table 6.13: Damping level comparison
Case Original Increase New
damping level [Ns/m] damping level [Ns/m]
Correction formula(Case 5) 0 27%
i 50% 40.5%
Modify Case 5 with ii 27% 100% 54%
extra damping iii 200% 81%
iv 300% 108%

In real practise, the linear damping value will not beyond 70-80% of the critical damping.
Thus the Case i v is not practical. And Case iii shows acceptable result which close to Case 2. In

practise, Case iii will be selected.
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Chapter 7

Relative importance of different

environmental load effects

In this chapter, model with slender elements is checked under single environment force, i.e.
only wave, only wind, and only current. From the separation, the contribution of each force and
interaction between forces are analyzed.

The motion equation is used again in order to analysis the environmental force effect on
structure response.

M+ A)-X+C(w)-X+D;-%+Dg-x|x|+K(x) - x=Q(t,x, X)

where Q (¢, x, X) = qui + qcu + Gua-

And for slender elements, the current excitation on a strip is expressed as:
qeu=Cey [(V+ u) _xiot] |(V+ u) _xt.ot|

where X;o; = XIF + XWF.

7.1 Separation of environmental excitation

The case as the comparison base is selected as Case 2 in Section 6.4. It contains six slender

elements with zero quadratic current coefficient in surge. These two conditions also applies to

77
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the following single environmental excitation cases.

* Casea: Only wave

When there is only wave affects the model, Q (¢, x, X) = guwq + qcu- Here g, exists due to

the wave-current interaction, since there is also wave velocity component in this term.

When the current velocity V = 0, g, becomes:
qeu = Ceu (u_xl:ot)z (7.1)

When expanding this equation, the term with structure response velocity C,, - X2 Can
be moved to the left side of motion equation and become a quadratic damping term. The
term with wave velocity C,, - u? remains the excitation term and stays at the right side of
equation.

* Case b: Only wind

When there is only wind affects the model, Q (¢, x,X) = qui + qcu. Here q., exists due to
the structure response, since there is also structure response velocity component in this

term.

When the current velocity V = 0 and wave velocity u = 0, g, becomes:
Geu=Ceu (xl:ot)z (7.2)

Thus this term is total related with the structure response, and should be moved to the left

side of equation and become a damping term.

* Case c:Only current
When there is only wind affects the model, Q (z, x, X) = g¢y-

When the wave velocity u = 0, ¢q., becomes:

qeu=Ccy (V - xz‘.ot)2 (7.3)
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When expanding this equation, the term with structure response velocity Cc,, - X/o;> can
be moved to the left side of motion equation and become a quadratic damping term. The
term with current velocity C,, - u? remains the excitation term and stays at the right side

of equation.

To make it more straight-forward, all the cases and the main characters are summarized as

Table 7.1.
Table 7.1: Cases summary for single environment excitation
uadratic current coefficient )
Case Slender Elements Q c 0 Wave Wind Current
21 =
Base case X X X X
a X X
b X X X
C X X X

7.2 Result analysis

Since wave and wind are stochastic process, the wave seed and wind seed are set as variable to
control the phase angle of different components. Then 20 simulations are proposed. However,
current is always considered as stationary, thus there is no "current seed" concept. Only one

simulation is available.

7.2.1 Comparison in motion

All motion components in surge is summarized as Table 7.2. The LF, 4 offset and W Fj; ¢ offset

are obtained by using frequency filter as the same process in Section 5.4.4.
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Table 7.2: Motion for single environments (unit:[m])

Case Max Mean LF,,.x WFsig  Simu. no.
Base case 42.38 13.9 34.73 3.26 20
a 31.15 4.31 23.41 3.27 20
b 12.28 6.42 11.93 0.1518 20
C 1.3166 1.3089 / 0.004512 1
Observation:
1. WF;;g of the base case is almost the same with that of Case a with only wave effect, while

4.

the other two cases almost have no contribution in the WF response.

. When adding the max offset from Case a,b and c, the result is 44.76, a little bit higher than

the value in the base case. On the contrary, when adding the mean offset from Case a,b

and c, the result is 12.04, a little bit smaller the base case.

. Current doesn’t have LF response, thus the LF response of the base case only consists of

wave effect and wind effect. And its value is almost the same with the summation of Case

aand b. The 2" order wave loads provides more LF response than wind gust does.

Wind gives the largest mean offset compared to other two forces.

Analysis:

1.

Based on the separation of wave effect in a frequency domain, it has a 15 order forces
(wave drift) proportional with wave amplitude in the WF band, which is described by force
transfer functions. The wave effect is the only origin of W Fy;¢ in base case, since the other
two environmental almost have no response in the WF band, only some noise which can

be ignored.

. The response of three forces can not be added up directly, because they are not working

separately. It always has some interaction between each other, especially the wave-current
interaction, which is really important in the viscous effect. Thus it is concluded that the
wave-current interaction has a smaller impact on motion than just adding these two effect
together. Because wave-current interaction will produce extra damping to the system,

further has an suppressive effect on the motion.
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3. Wind only affects the superstructure over MWL and can not give much effect on the slen-
der elements. Thus when we try to compare Base case with Case a in aspect of viscous
effect, the main difference has nothing to do with wind, but strongly connects with wave-

current interaction.

4. For Case ¢, it is observed that current has really close value in max offset and mean offset
due to its stationary characteristic. On the contrary, wind and wave are stochastic process,

and have great variation under different phase of components.

7.2.2 Comparison in tension

Here only line 6 and 7 are picked out as the most-loaded lines, and their tension are compared

under different environment condition. Detailed tension information for all lines can be found

in Appendix D.
Table 7.3: Tension for single environments (unit:[kN])
Cases Line 6 Line 7 Simu.no.
Max Mean Star.ldr.ad Max Mean Star.lde.lrd
Deviation Deviation
Base Case 4139.1 1813.6 382.97 4149.2 1824.1 384.65 20
a 3180 1228.5 261.05 3177 1226.6 260.51 20
b 1665.4 1305.5 88.884 1704.3 1322.6 94.02 20
C 1061.3 1060.9 89.66 1059.3 1058.9 89.777 1
Observation:

1. For all tension components, line 6 and 7 share quite close value in all cases.

2. Wave has the largest max tension, it is more dominating than the other two environmen-
tal forces. Wind has quite large mean tension. Current has really stable response in the

simulation.
Analysis:

1. Line 6 and 7 are symmetry about the force propagating direction in the system layout,
with same exposure area and angle to the propagating environment forces. Thus they are

expected to have similar tension response.
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2. The tension components corresponds to the motion components distribution. For exam-

ple, when wind has the largest mean offset, it has the largest mean tension.

For wave motion, it consists of mean motion, LF motion and WF motion. The mean mo-
tion corresponds to static response, while the other two corresponds to dynamic response.
When it has a limit value in static response, the dynamic effect is absolutely more domi-
nating. This also apply to tension. When it has a limit mean tension, the dynamic effect is
dominating. That’s why the mooring line has the largest max tension but with a moderate

mean tension under wave condition. The dynamic effect makes this happen.

3. Then mean wind force is expressed as q,y; = Cy; U 2 The 100-year wind case has a velocity
of 36m/s, which is quite large; also wind affects the superstructure directly and has a larger
exposure area than other two forces. Therefore the mean wind force is really large, so the

mean tension in mooring line under wind condition has the largest value.

4. For Case c, it is observed that current has really close value in max tension and mean ten-
sion due to its similar value in offset. On the contrary, since wind and wave are stochastic
process, and have more complicated displacement components, they have different max

tension and mean tension.



Chapter 8

Effect of line dynamics-comparison of

results between SIMO and RIFLEX

Since RIFLEX is a finite element program developed as a tool for analyzing slender marine struc-
tures, it is used in this chapter to check the response of most-loaded line of Floatel Superior un-
der same environment condition in one simulation. The motion series in 3-hour from SIMO is
used as an input for RIFLEX. The most-loaded line is selected as Line 6 based on previous result,

and the tension results of it in RIFLEX will be compared with that in SIMO.
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Figure 8.1: 3D view of the most-loaded line in RIFLEX

8.1 Difference between SIMO and RIFLEX

1. Segment setting

83
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In SIMO, the segment number is counted from anchor to the topside as Table 5.2. How-
ever, different from SIMO, the segment number setting in RIFLEX is counted from fairlead
to the anchor as Figure 8.2. Therefore it is the segment 1 matters and the node 1 is the

attachment point connected with the supply vessel.

Segment 1: Chain

Segment 2: Fibre

Segment 3: Chain

Figure 8.2: Example of a typical line segment composition in RIFLEX

2. Calculation method

SIMO uses the quasi-static method to calculate the tension in mooring line. It regards
the mooring line as a whole, assumes it to be static and ignores the dynamic effect from

velocity and acceleration. Only the position of the fairlead matters.

For RIFLEX, it uses the Finite Element Method and does the calculation in a discrete
way. The mooring line is divided into several small elements. It is important to decide
the amount of the elements. More elements will bring a accurate result, but too time-
consuming. Each element is calculated one by one with small time step. And it is more
dynamic, since the mooring line will move with the fluctuation of motion series. Therefore

it is supposed to be more accurate than SIMO result.

Due to the difference in calculation methods, it is expected to have some discrepancy in

tension result.
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8.2 Process

In Chapter 5, the SIMO tension results are obtained from 20 simulations. But here only one
simulation is performed just for comparison. Case 2 using slender element method in Section
6.4 is selected as the comparison case. It is the main viscous model, and it is necessary to check,
with viscous effect considered, whether the tension value in most-loaded line in SIMO and that

in RIFLEX have consistency with each other. The main process are as follows.

e Step I: Create the supply vessel

Based on Figure 8.1, only the most-loaded line is modeled in RIFLEX. However, the moor-
ing line should be attached on a structure in order to let the fairlead move with the struc-
ture and have corresponding response. Therefore a supply vessel is created. It locates at
the original point (0,0,0) and doesn’t have mass considered. The first order motion trans-
fer function is copied from SIMO and added to the support vessel. It is used to control the
WEF response of mooring line. Then the fairlead of line 6 is made connect to the support
vessel. The motion series will be imported and added to the supply vessel later, and line 6

will move with the motion series as well.

e Step 2: Verify the motion series

The motion series is obtained in SIMO under one simulation as the result file. But for
RIFLEX, this motion series is used as an input file. Since it has been exported and imported
between two software, it is essential to make sure it still keeps the same characteristic as
before. The output motion in SIMO and the input top motion in RIFLEX is plotted as

Figure 8.3. Motion both in x and z direction are plotted.
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Figure 8.3: Motion series in (a) x direction (b) z direction

The red signal is obtained from RIFLEX and the blue one is obtained from SIMO. Almost
all the signal series is overlapping with each other. To see the detail of the plot, the highest

peak in the whole series is selected to zoom in. The period is around 4000-5000s.
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Figure 8.4: Zoomed motion series in (a) x direction (b) z direction

From the plot, it is observed that the motion series keeps the same characteristic through
the import and export, especially in x direction, where the two lines overlap each other
all the time. In z direction, RIFLEX shows much larger standard deviation value, which
represents the motion series in z direction is not stable as before and have more obvious

fluctuation, but it doesn’t matter. It still oscillates around the same mean value.

Thus it is concluded that the motion file has consistency with each other and is valid for
the further analysis.

Step 3: Set the environment condition and line characteristic

The motion series imported is obtained under the common effect of environmental forces.
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So it already includes the environmental force information, and it is not necessary to reset
all the force in detail in RIFLEX. Here only the wave spectrum is specified as a JONSWAP
double peaked spectrum with Hs=16m, Tp=18.2s.

The segments are discrete into many small elements. In order to make the calculation
both accurate and efficiency, the length of elements are set as 25m for all segments. Details
can be referred to Table 8.1. In this way, the calculation won’t be too time-consuming or

tedious, but with a pretty good result.

Table 8.1: Segments setting in RIFLEX

Segment Material Length No. ofelements Length of each element

1 Chain 250 10 25
2 Fibre 1200 48 25
3 Chain 1200 48 25

e Step 4: Run dynamic analysis

Tension value and envelop curve for the most-loaded line are stored as desired results.
The simulation length is set as 12000s as same as that in SIMO, which represents a 3-hour
period of time. The time step is set as 0.01s, and each result is stored every 50 steps, equal
to half a second time. If the result stored at too small time step, the computer doesn’t have

enough space and the software will stop running.

After running the dynamic analysis, tension series in a 3-hour simulation is obtained. It is

expected to be plotted with the SIMO tension result and to see if there is any difference.

8.3 Results analysis

Figure 8.5 is the plot of total tension series in 3-hour simulation, where the blue signal represents
the result from SIMO, and the red signal represents the result from RIFLEX. In order to see the

detail, the peak crest is zoomed in, around 4200-4700s.
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Figure 8.5: Tension series (a) original (b) zoomed

It is observed that both lines have same trend with same phase, and similar crest and trough
at a global extent. However, the red line has much stronger variation. It covers most of the blue
signal, but at certain frequency, it has a lower trough or higher crest than the SIMO result. In
order to see the effect on different frequency bands, a frequency filter is used, and the cut-off

frequency is set as 0.03333[1/s] to divide the LF band and WF band. Several peaks is selected
and zoomed to see the detail difference.
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Figure 8.6: Tension series (a) in Low Frequency band (b) in Low Frequency band after zoom

In LF band, the result from RIFLEX shows a little bit lower mean than SIMO result. Because
Figure 8.6(a) shows that the red line always has a lower crest than the blue line. After zooming
in around 4000-4800s, where locates the highest peak, Figure 8.6(b) shows a more obvious dis-
crepency between two lines. In most part the RIFLEX line has a lower tension value than SIMO
result. But the difference is very small, at most 80kN in line. The difference is an acceptable
range.

Therefore it is concluded that in LF band, there is not much difference between two signals.
RIFLEX signal matches with SIMO signal with same trend and phase, but alittle bit lower tension

value overall.
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Figure 8.7: Tension series (a) in Low Frequency band (b) in Low Frequency band after zoom

In WF band, the RIFLEX signal matches with the SIMO result in a perfect way. They overlap
each other at most time. However, RIFLEX has an obvious higher crest and lower trough than
SIMO signal at certain time, which represents it has a larger standard deviation value.

The discrepancy is mainly due to the different calculation method of tension, referred to
Section 8.1. RIFLEX takes dynamic effect into account by calculating tension with position, ve-
locity and acceleration at the same time. The total line moves with the motion series. And the
discretion makes the tension in RIFLEX more accurate than SIMO.

It is concluded that the dynamic calculation method has more impact on the WF band re-

sponse. RIFLEX shows more accurate and higher tension result than SIMO result.
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8.4 DAF calculation

According to previous section, the tension plot of both SIMO and RIFLEX shows that there is
certain discrepancy between each other, mainly due to the different calculation methods. Here
the dynamic amplification factor (DAF) is calculated based on the tension result from SIMO and
RIFLEX. DAF is used to see how much difference exists between these two software in a more
straightforward way.

First the tension series are plotted seprately as Figure 8.8, and different tension components

are summarized in Table 8.2.
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Figure 8.8: Tension components in (a) SIMO (b) RIFLEX
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Table 8.2: Tension components in both sofaware

Result Maxtension Mean tension Standard deviation

SIMO 3556 1806 379.3
RIFLEX 3494 1696 414.9

Then DAF is expressed as Equation 8.1.

DAF = (Tmax - Tmean)RIFLEX

8.1)
(Tmax - Tmean)SIMO

Then DAF is obtained as 1.027. Since it is larger than 1, it proves the assumption that RIFLEX
brings an "amplification’ effect to the tension result, due to its dynamic and discrete calculation

method. Though the amplification effect is not so large, because the DAF is only a little bit larger
than 1.
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Chapter 9

Conclusion

Based on the result and discussion presented above, several important conclusions are made.

1. Comparison between FD analysis and TD analysis

FD analysis and TD analysis have the same theoretical basis on the equation of motion.
Given a same signal, the fundamental difference between these two methods is how they
deal with the signal: FD method separates signal into LF and WF band, and uses the lin-
earisation principle to linearize all the non-linear term; while TD analysis uses numerical
integration, solves the signal at one-go. Thus FD method is easy to apply, while TD method

is more accurate. They are both widely used and complete each other.

2. Viscous effect

Viscous effect is really important in the marine operation, especially for the structure with
small cross-section. Ignoring viscous effect may induce an obvious underestimation of LF
excitation force and damping force, then further provide a quite conservative estimation

in mooring line tension and structure motion.

3. Methods for accounting for viscous effect

Based on the result and comparison in this thesis, the slender element method is a reliable
method to account for viscous effect. It accounts for viscous effects both on LF excitation
and damping term, and obtains the structural response under the balance of excitation

and damping.
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however, the accuracy of correction formula is doubted since it only accounts the viscous
effect on excitation. Adding extra damping to the system will make this method become
more accurate and reliable, but the process is slow and requires a large extra damping

term. More research should be performed on improving this method.

4. Sensitivity test of drag coefficient

The drag coefficient is modified according to 'tuning’ formula. It assumes that all the vis-
cous effect comes only from column or only from pontoon. The tuned drag coefficients
are always smaller than the proposed one from regulation. Modifying the drag coefficient

will certainly affect the viscous effect. Smaller coefficient brings smaller viscous force.

5. Relative importance of different environmental loads

In aspect of response under single environmental condition, wave force is more dominat-
ing than other two forces. Wind ranks the second due to its large velocity under 100-year
case and big exposure area of the structure. Instead of working separately, wave and cur-

rent have interaction between each other.



Chapter 10

Recommendation for further work

Following are some recommendation for future work in connection with this thesis.

1. In Section 2.1.1, linear theory is applied to obtain the maximum velocity uy and further
derive the expression for viscous drag force. However, linear theory is applicable for in-
finitesimal wave amplitudes and is valid up to MWL, use of the expressions for the wa-
ter particle kinematics up to the free surface of a finite wave is questionable. Thus some

'stretching’ formulas should be applied to cover this shortage.

2. The water depth was remained fixed during the case studies. Previous literature reviews
suggest that the importance of mooring line forces on the system response increases with
the water depth. Similar investigation as performed in this thesis should be studied for

different water depth and check whether the water depth alters the overall trends.

3. This case study is performed without bottom friction, which may has an impact on the
mooring line characteristics, and consequently the restoring characteristic and stiffness.
This is likely to reduce damping estimate, as the bottom friction will restrict the vessel

motion.

4. When applying the slender element method, the drag coefficients are selected from the
regulation. However, the drag coefficient selected from DNV-RP-C205 is applicable for

steady flow. In our case, the oscillating flow should be considered. For oscillating flow,
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the drag coefficient is considered as the coefficient in steady flow multiply with a factor as

Equation 6.4. Thus in futher work, the drag coefficients need further modification.

5. When applying the slender element method, the total drag force is obtained by calculating
the force on each slender element and add them up. However, for the four columns, sim-
ply adding is not accurate. According to the layout in Figure 6.1(b), it is observed that the
left two columns encounters the environment force with total exposure area in the first
group, while the other two columns meet the force later and are somewhat covered with a
smaller exposure area. Thus the drag force on the latter two columns are smaller than the

previous one. Simply adding them up may give a larger estimation in drag force.

6. The correction formula should be researched and modified in the future work. It shows
quite low reliability in this paper. Though adding extra damping makes it show a more
acceptable result, it requires too large damping term and maybe not practical in real prac-

tise.

7. Through the thesis, the viscous effect is considered under ULS only. If having enough
time, more analysis should be done under ALS. It will be worthy to see how the viscous
force affect a damaged system, and whether the intact mooring lines show a more intense

response.

8. In Chapter 8, only the most-loaded line is verified in RIFLEX. More lines can be selected
and verified, in order to prove the validity of SIMO result and also discover the difference

between SIMO and RIFLEX.
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Appendix A
Comparison between two input files

This is an example of an Appendix. You can write an Appendix in the same way as a chapter,

with sections, subsections, and so on.

A.1 Quadratic wind coefficient

There are 25 directions chosen evenly from 0 deg to 360 deg. Based on the chosen directions,
the coefficients of six degrees of freedom are plotted. The quadratic wind coefficient in surge is

chosen as the example, the other five d.o.f are similar.

Quadratic wind coeff. in Surge
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1000

[==]
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Figure A.1: Quadratic Wind Coefficient in Surge

From the plot, it is easy to tell that the quadratic wind coefficient in surge in both files are
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consistent with each other, though with a little discrepancy in values.

A.2 Quadratic current coefficient

There are 25 directions chosen evenly from 0 deg to 360 deg. Based on the chosen directions,
the coefficients of six degrees of freedom are plotted. The quadratic current coefficient in surge

is chosen as the example, the other five d.o.f are similar.

Quadratic current coeff. in Surge
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Figure A.2: Quadratic Current Coefficient in Surge

From the plot, it is observed that there is certain discrepancy between two lines, especially
in 0,180 and 360 deg. However, the trend of the lines are similar, thus it can be regarded as

consistent.

A.3 Second order wave drift force

In order to compare the 2" order wave drift force, only the overlapped frequencies are chosen
(31 frequencies in total), and its corresponding values are used in the plot. And the chosen
directions under comparison are 0, 45 and 90 deg.

Here only the plots of 2"Y order wave drift force in surge under 0 deg and in sway under 90
deg are plotted and analyzed in the following. Since these two are much more important than

other d.o.f or direction.
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Surge; O deg
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Figure A.3: Wave Drift Force in Surge under 0 deg

From the plot, an obvious difference in phase is observed, but the whole lines are in same

trend. Both amplitudes approach 0 around 14s, which is more important.

Sway; 90 deg
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Figure A.4: Wave Drift Force in Sway under 90 deg

Similar as Figure A.4, there is also an obvious difference in phase when checking the wave
drift force in sway under 90 deg, but the whole lines are in same trend. Both amplitudes ap-

proach 0 around 14s.
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A.4 First order motion transfer function

The 1%t order motion transfer function is expressed both in amplitude and phase. Amplitude has
a much higher importance than phase does. Then only the plots of amplitude will be showed.
Only 35 common frequencies are chosen since they appear in both input files. Similarly, three
directions are chosen, including 0, 45 and 90 deg. Only some of the plots will be showed here

and analyzed.
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Figure A.5: 1% Order Motion Transfer Function in (a) Surge;0 deg (2) Sway; 90 deg

The 1% order motion transfer function in surge under 0 deg and in sway under 90 deg are
always the important cases need to check. From the plots, it is observed the two input files are

consistent with each other, with similar trend and minor discrepancy in amplitude.
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On the contrary, the 1% order motion transfer function in surge under 90 deg and in sway un-
der 0 deg are always 0 because of the perpendicular directions of motion and d.o.f respectively.

Little discrepancy in amplitude is observed in the plot, with the main trend are the same;
and both input files have the resonance period around 19s.

Based on Figure A.5 and Figure A.6 above, it is concluded that the SIMO input file is con-
sistent with the MIMOSA input file in all three translation degree of freedom. Then the three

rotation d.o.f are checked.

Heave; O deg

[}

[}

(=] [=] = = (=]

Amplitude (m/m)

MINMOSA SIMC

Figure A.6: 1% Order Motion Transfer Function in Heave; 0 deg

Based on Figure A.7, an obvious discrepancy is observed between two lines. It is assumed
that SIMO input file has a lower damping level, then further leads to the lower amplitude in
transfer function. However, both the lines show a similar trend. Thus here comes the conclu-

sions:

e The SIMO input file is consistent with MIMOSA input file in all parameters checked. Even
some of the plots show some discrepancy, but the same trend is guaranteed. Therefore it

is reasonable to use SIMO input file in the future analysis;

* In the aspect of 1% order motion transfer function, the SIMO input file has consistency in
all translation d.o.fs, but shows a lower damping level in rotation d.o.fs, which may cause

some difference in the future comparison about dynamic analysis.
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Figure A.7: 1% Order Motion Transfer Function in (a) Roll; 90 deg (b) Pitch; 0 deg (c) Yaw; 45 deg



Appendix B
All lines tension comparison in viscous cases

Here all the tension results are listed in the following tables under category of max tension, mean

tension and standard deviation. The cases description is referred to Section 6.4.

Table B.1: Max tension result of all lines in viscous cases(unit:[kIN])

Max Tension
1 2 3 4 5

1162.8 1142.7 1413 1222.3 1106.7
11319 11159 1327.6 1179 1086.6
1094.3 1083.7 1219.2 1124.7 1061.6
2441.4 2636.3 2491.7 2456.9 3190.1
31947 3478 3265.4 3213.8 4273.4
3791 4139.1 3876.6 38124 5115.6
37876 4149.2 3884 3815.7 5109.7
3200.4 34904 3275.8 3221.1 4271.7
2454.6 2649.7 2503.8 2466.9 3192.5
1095.5 1084.9 1225.2 1126.8 1067.3
1136.7 1119.9 1339.6 1185.4 1091.7
1171.8 1149.9 1433.2 12344 1111

Line no.

—
D8 ©®No U W

[—
\S)
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Table B.2: Mean tension result of all lines in viscous cases(unit:[kN])

Mean Tension
1 2 3 4 5

711.16 6879 738.04 715.15 666.94
746.18 724.5 770.55 749.88 704.14
800.81 781.86 821.04 803.83 763.66
1358.8 14103 1317 1353.3 1483.2
1544.7 1634.1 1479.6 1535.9 1738.2
1698.2 1813.6 1613.8 1686.7 1947.1
1708.8 1824.1 1623.4 1696.7 1958.4
1551.7 1640.9 1485.5 1542.1 1746.2
1362.4 1419.6 1319.6 1356.1 1488.1
803.02 783.77 822.99 805.75 765.81
746.58 724.81 770.79 750.11 704.65
710.13 686.96 736.89 714.03 666.2

Lino no.

—
D8 ©®ONo U W

p—
\S)

Table B.3: Standard deviation result of all lines in viscous cases(unit:[kIN])

Standard Deviation
1 2 3 4 5

79.478 77.434 98.446 82.862 84.168
73.704 72.591 89.405 76.458 80.017
63.847 63.355 74.786 65.72 70.933
171.85 191.08 180.11 172.52 249.35
26798 29736 279.56 268.66 385.5
346.31 382.97 360.81 347.03 493.72
348.06 384.65 363.36 349.01 494.81
269.49 298.74 281.17 270.04 387.13

173 192.06 180.8 173.27 251.25
64.056 63.595 75.082 6596 71.143
73.807 72.712 89.821 76.653 80.001
79.448 77.422 98.886 82971 83.904

Line no.

—
D80 ®ON® U W

o
)

Observation and analysis:

e Common for all cases:

1. The variation trend for max tension, meant tension and standard deviation are the

same.

2. Since the layout of line 1-6 are symmetry with line 12-7 about the force propagating
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direction correspondingly, their tension value are always close to each other.

3. Line 4-9 always have larger tension value than the other 6 lines. Because they are
located at the side near force propagating direction, they stay in a more stretched

status when the structure have a offset in the same direction with the force direction.

4. When the tension value of line 4-9 increase, which means they become more stretched,
maybe due to a larger motion of structure, the tension of other 6 lines will have de-

creasing tension, which means they are in more slack status. Vice versa.

 For separate cases:

1. Compared to Case 1, the original case, both Case 2 with slender elements and Case
5 with correction formula show a increase in tension of line 4-9. It corresponds to
the larger offset in surge under the extra effect due to viscous effect. Meanwhile, the

tension of other 6 lines decrease.

2. After modifying the drag coefficient in Case 3 and Case 4, they not only have a similar

offset with Case 1, but also similar tension values.



Appendix C

All lines tension comparison with different

damping value

Here all the tension results are listed in the following tables under category of max tension, mean

tension and standard deviation. The cases description is referred to Section 6.6.

Table C.1: Max tension result of all lines with different damping value(unit:[kN])

. Max Tension
Line no.
S.E(case 2) C.F(Case5) i ii iii iv
1 1142.7 1106.7 1025.7 979.57 938.97 918.47
2 1115.9 1086.6 1021.5 983.04 948.69 931.35
3 1083.7 1061.6 1016.3 988.51 961.93  949.2
4 2636.3 3190.1 3093.7 3009.3 2866.8 2745.5
5 3478 4273.4 4135.7 4015.8 3812.8 3639.6
6 4139.1 5115.6 4947.4 4800.8 4552.4 4340.86
7 4149.2 5109.7 4942  4795.1 4550.1 4339.9
8 3490.4 4271.7 4135.5 4016.5 3818.1 3648.4
9 2649.7 3192.5 3097.8 3015.5 2878.4 2762
10 1084.9 1067.3 1019.2 990.45 963.29 950.3
11 1119.9 1091.7 1023.4 984.06 950.77  932.7
12 1149.9 1111 1026.7 980.06 941.63 920.28

111
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Table C.2: Mean tension result of all lines with different damping value(unit:[kN])

. Mean Tension
Line no.
S.E(case 2) C.F(Case5) i ii iii iv
1 687.9 666.94 665.14 664.1 663.02 662.61
2 724.5 704.14 702.66 701.81 701.02 700.85
3 781.86 763.66 762.54 761.84 761.12 760.84
4 1410.3 1483.2 1480.1 1477.6 1473.5 1469.7
5 1634.1 1738.2 1733.5 17299 1723.7 1718.1
6 1813.6 1947.1 1941.5 1937.2 1929.6 1922.7
7 1824.1 1958.4 1953 1948.9 1942 1935.5
8 1640.9 1746.2 1741.7 1738.3 17325 1727.2
9 1419.6 1488.1 1485 1482.7 1478.7 1475.2
10 783.77 765.81 764.72 764.08 763.45 763.25
11 724.81 704.65 703.15 702.32 701.57 701.42
12 686.96 666.2 664.36 663.3 662.2 661.77

Table C.3: Standard deviation result of all lines with different damping value(unit:[kN])

Standard Deviation

Line no.
S.E(case 2) C.F(Case 5) i ii iii iv
1 77.434 84.168 76.495 71.552 65.034 60.455
2 72.591 80.017 72.946 68.259 61.964 57.492
3 63.355 70.933 64.955 60.816 55.01 50.748
4 191.08 249.35 230.42 216.29 195.45 179.79
5 297.36 385.5 356.9 335.52 303.94 280.15
6 382.97 493.72 457.47 430.37 390.31 360.1
7 384.65 494.81 458.16 430.88 390.77 360.63
8 298.74 387.13 358.28 336.81 305.21 281.46
9 192.06 251.25 232.21 218.05 197.22 181.58
10 63.595 71.143 65.185 61.065 55.28 51.031
11 72.712 80.001 72.881 68.18 61.877 57.404
12 77.422 83.904 76.15 71.184 64.671 60.104
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Observation and analysis:

e Common for all cases:

1. Since the layout of line 1-6 are symmetry with line 12-7 about the force propagating

direction correspondingly, their tension value are always close to each other.

2. Line 4-9 always have larger tension value than the other 6 lines. Because they are
located at the side near force propagating direction, they stay in a more stretched

status when the structure have a offset in the same direction with the force direction.

¢ For separate cases:

1. Compared Case 2 and 5, they have great difference in tension value, due to the viscous-
induced damping effect. After modifying the linear damping value, there is certain
effect on the max tension and standard deviation. Table C.1 and Table C.3 show that,
with the increase in damping, tension of all lines decrease. It means that the whole

structure bears less damping force, so all lines are in less tensioned status.
However, it doesn’t apply to mean tension as Table C.2. The mean response doesn’t

change much with the increase of damping term.

2. After modifying the drag coefficient in Case 3 and Case 4, they not only have a similar

offset with Case 1, but also similar tension values.



Appendix D

All lines tension comparison under different

environment condition

Here all the tension results are listed in the following tables under category of max tension, mean

tension and standard deviation. The cases description is referred to Section 7.1.

Table D.1: Max tension result of all lines under different environment condition (unit:[kN])

. Max Tension
Line no.
Base Case a b c
1 1142.7 1662.8 958.33 951.04
2 11159 1519.7 964.54 958.22
3 1083.7 1344.4 97494 971.02
4 2636.3 2117.3 1350.5 1035.9
5 3478 2707.6 1525.1 1050.1
6 4139.1 3180 1665.4 1061.3
7 4149.2 3177 1704.3 1059.3
8 3490.4 2705.6 1544.7 1049.6
9 2649.7 2116 1354.3 1036.7
10 1084.9 1345.5 975.19 971.08
11 1119.9 1527.2 963.11 959.04
12 1149.9 1677.6 956.16 952.67

Observation and analysis:

¢ Common for all cases:

1. The variation trend for max tension, meant tension and standard deviation are the

114
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Table D.2: Mean tension result of all lines under different environment condition (unit:[kN])

. Mean Tension
Line no.

Base Case a b C

1 687.9 890.49 813.85 950.83
2 724.5 906.17 842.46 958.05
3 781.86 929.73 883.16 970.83
4 1410.3 1120 1166.1 1035.7
5 1634.1 1179.2 1243.4 1049.8
6
7
8
9

1813.6 1228.5 1305.5 1060.9
1824.1 1226.6 1322.6 1058.9
1640.9 1178.6 1252.7 1049.3
1419.6 1120.5 1168.4 1036.5

10 783.77 929.69 886.79 970.89
11 724.81 906.87 841.76 958.87
12 689.96 891.93 809.04 952.46

same.

2. Since the layout of line 1-6 are symmetry with line 12-7 about the force propagating

direction correspondingly, their tension value are always close to each other.

3. Line 4-9 always have larger tension value than the other 6 lines. Because they are
located at the side near force propagating direction, they stay in a more stretched

status when the structure have a offset in the same direction with the force direction.

4. When the tension value ofline 4-9 decrease, which means they become less stretched,
maybe due to a limited motion of structure, the tension of other lines will have in-

creasing tension, which means they are more balanced than previous.

e For separate cases:

1. The base case is the one with all forces, thus it has the largest tension compared to

other three separate cases.

2. Case a under wave effect is more dominating than other two forces, since it has the
largest tension value and also the max offset in surge. The dynamic effect consists of

both LF response and WF response.
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Table D.3: Standard deviation result of all lines under different environment condi-
tion(unit:[kN])

. SD Tension
Line no.
Base Case a b c
1 77.434 138.24 40.006 58.541
2 72.591 117.64 36.045 47.846
3 63.355 88.208 26.592 51.717
4 191.08 134.74 45.09 51.869
5 297.36 203.87 69.947 73.416
6 382.97 261.05 88.884 89.66
7 384.65 260.51 94.02 89.777
8 298.74 203.63 72.692 73.087
9 192.06 134.68 46.001 51.666
10 63.595 88.283 25.698 52.079
11 72.712 118.09 36.14  48.29
12 77.422 139.19 40.284 58.973

3. Case b under wind effect has largest mean tension compared to other cases, due to

the largest static response.

4. Case c under only current effect has the most stable value in all tension parameters.

Because current is always assumed as a stationary process.
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