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SUMMARY

This thesis presents a model to predict the environmental forces on a tension leg platform.
The response of the platform and the loads in the mooring lines are also formulated.

In the first part, the loading model to predict the forces due to waves, wind and current is
developed.

Chapter 2 introduces the frequency domain method used for the validation of the model.

Chapter 3 presents two models for the calculation of the first order wave forces. The first
one is based on a simple Morison approach, combined with the strip theory.

The second model is based on analytical solutions of the diffraction and radiation wave
potentials for an array of cylinders.

These two methods are compared and validated with the results of a 3D diffraction
radiation code.

In chapter 4, two models for the calculation of second order wave loads (steady and
slowly varying drift) are developed. They are based on two analytical solutions of the wave
diffraction potential. The models are validated with the results of a diffraction radiation code.

Chapter 5 introduces the models to predict the wind and current forces. Different
formulations of wind spectra are used. The influence of the current velocity profile is
investigated.

In the second part, the loading model is used in time domain simulations to calculate the
responses of the TLP and the forces in the tendons.

Chapter 6 presents the time domain model used in this study. Different non linearities
such as the free surface effects and the coupling due to the mooring system are taken into
account.

The effects of the non linearities are investigated for two TLP designs (Snorre and
Heidrun).A comparison between a linear and a non linear model is also carried out for a
whole range of wave frequencies.

Finally, the effects of the directionality of the environmental forces on the tendon forces
are investigated.

Xv



1.

1.1

CHAPTER 1: INTRODUCTION

CONCEPT AND HISTORY OF THE TENSION LEG PLATFORMS

Most of the oil resources in shallow waters are already in production. The offshore
production is now looking at deeper oil fields. The fixed platform designs are not suitable
for these kinds of fields. A new design has been developed over the recent years to address
this problem. The tension leg platforms are a new type of platforms that enable oil
production in deep seas.

TLPs are a quite recent design as Mercier's review [1.1] shows. The first concept was
tested in 1973, off the coast of California. It was only a third scale model, known as TLP-
X1. The three leg platform proved the feasibility of this kind of design.

The first operational TLP was launched in 1984. It has been developed by Conoco for
the Hutton field (See Figure 1). Because of the innovative design, many problems rose. The
lack of rules and recommendation turned the project into a very long and expensive one.
However, a lot was learned from that first experience when the second TLP, Jolliet, was
developed and installed in 1986 in the Gulf of Mexico. At the time, Jolliet was the deepest
production platform, with a water depth of 536m. Three more TLPs were constructed
afterwards. The Snorre TLP was installed in the North sea in 1992. In 1994, the Auger TLP
broke the record of Jolliet with a water depth of 872m. Finally during the summer 1995, the
Heidrun TLP, was installed.

Oil companies are currently considering the use of TLPs for the developments of the
fields off the Shetlands. Although, FPSO systems will be use for the early production, Mini
TLPs may be used during a later stage.

There are large differences between the design of these platforms. The Hutton TLP is
based on six columns connected with rectangular hulls, whereas the other ones only have
four legs. The Jolliet TLP is of relatively small dimensions. The Heidrun TLP has been
designed with a concrete hull instead of the usual steel. It implies very large dimensions, a
large draught and a low centre of gravity. For the Shetlands' fields, TLPs of very small size
are considered. If a geometry of four large circular legs and small pontoons seems to have
become a rule, many possibilities are still under investigation for the TLP design.

The TLPs present several advantages compared to other platforms. They can be installed
in deeper water than the conventional fixed production platforms. They are also easier to
decommission. This has not been seen as such an advantage in the earlier developments, but
it is becoming an important issue. Due to their very low motions in heave, the TLP are more
suitable for production than other compliant designs such as semi-submersibles.

Because TLPs are different from usual platforms, new problems have risen in their
design. (See Natvig et al [1.2] Nielsen et al [1.3] on this subject). A lot of importance has to
be brought to dynamic effects. They condition the design of the tendons that are the most



critical part of the platform. The TLP natural periods avoid the range of the first order waves.
The natural periods in the horizontal plane are about 100 seconds. They can then be excited
by wind gusts and second order slowly varying waves.

In the vertical plane, the natural periods are about 2 seconds. The heave, roll and pitch
motions are then excited by second order sum frequency waves, causing springing. These
loads are much more difficult to calculate than the first order wave loads.

Another phenomenon that causes problems in the TLP design, is the ringing. It creates
high frequency loads in the tendons, causing fatigue problems. The causes of ringing are not
very well known yet. It seems to be related with steep waves causing an impact on the
structure.

The TLP design presents a new challenge for the ocean engineers.

PREVIOUS WORK

Because of the novelty of the concept, a lot of research has been done on TLPs, during
the recent years.

A lot of work has been concentrated on the determination of the second order wave loads
and the corresponding response of the platform. Two different approaches have been used,
an experimental one based on model testing [1.4] or a numerical one based on computer
software [1.5]. The rumerical methods are based on the Boundary Element Method (BEM)
[1.6]. This kind of program requires heavy computations, and takes a lot of time to run. No
simple way is available at the moment to approximate the second order Quadratic Transfer

Function (QTF).

The first order wave loads are simpler to calculate. The strip theory [1.7], using the
Morison formula, could be applied since the structure consists of circular and rectangular
cylinders. For more accurate results a Diffraction/Radiation code could be used.

Kim [1.8] has been developing recently another way to calculate first order wave loads on
TLPs. It is based on analytical solutions of the first order diffraction and radiation potentials
for an array of vertical circular cylinders.

This kind of method was first introduced by MacCamy and Fuchs [1.9]. They calculated
an analytical solution of the first order diffraction potential for a bottom mounted cylinder.

In 1971, Garrett [1.10] extended the problem to a truncated cylinder.

Then, in 1984, Chakrabarti [1.11] used the solution proposed by MacCamy and Fuchs to
calculate the steady drift on a fixed bottom mounted cylinder.

Eatock-Taylor et al [1.12] proposed a formulation of the steady drift for 2 cylinders.

A major step was taken by Linton and Evans [1.13] when they proposed a solution of the
first order diffraction potential for an array of fixed cylinders. The solution was then used to
deduce the first order forces, the steady drift, and the free surface.

This was then extended by Kim [1.14] and [1.15], to the radiation problem. He also
proposed to use a series of approximations to use this method to calculate the first order
wave forces, the added mass, the potential damping and the steady drift of a TLP. This
method presents the advantages that it is much quicker than the Diffraction Radiation (D/R)
codes and is more accurate than the Morison approach.

Extensions of the theory are currently under way to calculate the second order QTF’s and
the drift damping.

1.2



The wind effects also take an important place in the design of tension leg platforms. The
wind gusts, in particular, are important in the vertical plane. Several methods are available to
calculate them, from a simplified single point loading, to a multiple point loading [1.16].
There are also many wind gust spectra that can be chosen [1.17]. They are all very different
in their formulation and give results with large variations [1.18].

All these methods are usually applied in frequency domain based studies. However, to
take into account the non-linear effects, and to calculate the tendon loads, a time domain
simulation is required [1.19].

One of the main non-linear effects, that should be investigated, is the non-linear stiffness
of the mooring system of the TLP. Matsui et al [1.20] proposed a way to model, up to the
second order, the interactions of the tendons and the hull for the calculation of the mooring
stiffness.

The second main non-linearity is the free surface effects. These are supposed to be a main
cause of the ringing phenomenon. For irregular seas, a stretching method has to be applied.
Indeed, the Airy theory overestimates the wave kinematics in the wave crest region [1.21].
Rainey et al [1.22] proposed an original approach. They showed that the most common
approach, the Wheeler stretching, is not suitable. Mekha et al [1.21] compared different
stretching methods and reached to the same conclusion. A second order stretching method
seemed more appropriate.

Natvig [1.23] proposed a simple time domain method to model the free surface effects.
He used a very simple stretching method, but put the emphasis on the multiple effects of the
free surface. In his model, he included force, added mass, and damping variations, but also
wave slapping and a term depending on the time derivative of the added mass. From this, he
was able to generate through a numerical simulation, a ringing event observed during
experimental model tests.

BJECTIVE

The main objective of this thesis is to analyse the dynamic response of a tension leg
platform in extreme weather conditions. The motions in five degrees of freedom are studied -
surge, sway, heave, pitch and roll.

The effects of the different environmental loads are investigated. This includes - the first
order waves, the steady drift, the slowly varying waves, the steady wind, the wind gusts
and the current.

The non-linear effects are also modelled and the forces in the tendons are calculated.

The wave, wind and current are first modelled in the frequency domain. For this purpose
the geometry of the Snorre TLP is used. The main characteristics of the TLP are given in
Table 1.1.

The method developed by Kim is adapted, to calculate the first order wave forces, the
added mass, the potential damping and the steady drift. The slowly varying drift is then
deduced from the latter using Newman'’s approximation. The whole method is compared and
validated in the frequency domain with the results from a D/R code and a Morison approach.
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Both steady, and varying wind are modelled in the frequency domain. Different wind
spectra are experimented for the calculation of the dynamic wind forces.

The current is also studied. Two different models are compared in terms of forces and
displacements.

Having fully validated the prediction of the forces in the frequency domain, a time domain
approach is developed. It simulates regular seas only. Several non-linearities are taken into
account. The non-linear mooring stiffness due to the coupling of the hull and the tendons is
formulated. The free surface effects are simulated following the model given by Natvig. The
viscous damping, the drag forces, the large displacements of the TLP, and the coupling
between the different motions are also accounted for.

The effects of each of these non-linearities on the displacements of the platform and on the
tendon forces are studied. This study is first carried out for the Snorre TLP. Then, the
Heidrun design is considered. The effects of the non linearities on the two TLPs are
compared to see how the geometry influences the response and the tendon forces.

Then simulations are run with whole range of wave frequencies. The variation of the
response and the tendon forces with the wave frequency is then analysed.

Finally, the influence of the direction of the environmental forces is investigated. The TLP
responses and tendon forces are calculated for non collinear environmental forces.
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SNORRE TLP CHARACTERISTICS

Spacing between the columns centres
Columns diameter

Pontoon width

Pontoon height

Draught

Total Mass

Tether pretension

Roll moment of inertia

Pitch moment of inertia

Vertical position of CoG above free surface
Length of the mooring tethers
Section of the tethers

Young modulus of the tethers

Surge Stiffness

Heave Stiffness

Roll Stiffness

Surge natural frequency

Heave natural frequency

Roll natural frequency

76 m
25 m
11.5m
11.5m
37.5 m
8.00E+07 kg
2.25E+08 N
1.48E+11 N.m.s*2
1.48E+11 N.m.s*2
13.5m
310 m
1.157 mA*2
2.10E+11 N/m~*2
7.26E+05 N/m
8.04E+08 N/m
1.12E+12 N/m
0.06 rad/s
2.6 rad/s
2.2 rad/s

Table 1.1
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2.

CHAPTER 2: FREQUENCY DOMAIN METHOD

INTRODUCTION

This chapter introduces the frequency domain method. This method is used in the
following three chapters to predict the displacements of the TLP, as a function of the
environment forces.

The spectral approach and the concept of significant values are also presented here.

In the first part of the study, the frequency domain approach is used to validate wave
force prediction techniques developed with three dimensional diffraction/radiation code
results.

The frequency domain method has certain limitations. It cannot take the non-linear
phenomena into account. However, it is a simple way to calculate the displacements of the
platform as a function of the forces. It is therefore suitable to validate theoretical calculations.

The other advantage of the frequency domain approach is its ability to study not only
regular seas, but also irregular seas.

The time domain method, which takes non-linearities into account, is much more complex

to develop.

There is not a simple way of applying the time domain based prediction tools to irregular
seas. '

The time domain simulation is only used in the last chapter to investigate the effect of the
non-linearities in TLP motions.

THE FREQUENCY DOMAIN METHOD

The problem of the dynamic response of the TLP, is based on the equations of motion,
given by Newton’s laws.

dmv - i::
B
o M
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When these equations are applied to the TLP, it comes:

]+, DE FCIE H (K. + K HX}={F} 2-2)

Where:
X: displacement vector of the platform
M: mass and inertia matrix
M,: added mass matrix
C: damping matrix
K,: hydrodynamic stiffness matrix
Kqm: mooring stiffness matrix
F: force vector

The expression of these different components of the equation is given in the following
section.

The frequency domain method gives a simple way to solve this equation, giving a direct
relation between the unknown X and the forces applied to the TLP.

It is based on two main principles. The forces and motions are assumed to be harmonic,
and it is assumed that the equation is linear.

Using a Fourier transformation, the equation can be expressed in term of frequency. This
way, the displacements are derived from the forces using a simple transfer function.

X(@)= Fo) Q@) 2-3)
Where the transfer function Q can be written as:

1
= 2-4
%) (K. + K, - o' (M+M,))-i(cC) @4
In case of a steady force, Q becomes:
Q= @-5)
- (K, +K,)

Since the equation is linear, the displacements due to each environmental force can be
studied independently.
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The limitation of the method comes from the two main assumptions:
- harmonic forces and displacement
- linearity of the equation

It means that non-linearities such as the displacement of the platform, the coupling
between the different degrees of freedom, the non-linearity of the mooring system, or the
free surface effects cannot be taken into account. However, the effects of these non-
linearities are studied later, in a time domain simulation.

MOTI EQUATION EFFICIENT

As stated before, the problem is based on the following motion equation:

]+ M, D 1K (K, 1+ K )XY = {F} (3-D)

The centre of the co-ordinate system is chosen at the centre of gravity of the TLP, and the
X, ¥, and z axes correspond respectively to surge, sway and heave.

The formulation of the added mass matrix, the potential damping matrix, and the force
vector are given in chapters 3, 4, and 5, where effects of environmental forces are studied.
The forces taken into account in this study are the ones due to waves, wind and current.

The wave forces studied are the first order wave forces (See Chapter 3), the second order
steady and slowly varying drift (See Chapter 4), the steady and varying wind forces and the
steady current force (See Chapter 5). The drag forces due to waves are not taken into
account since they are small compared to the inertia forces on a structure with large cross-
sectional members. Furthermore, they would have to be linearised for the frequency domain
study. However, their effect is taken into account in the time domain simulation. The sum
frequency force due to waves is not taken into account, because no simple theory exists to
calculate them.

The study is carried out for five degrees of freedom: surge, sway, heave, roll and pitch.
The original problem based on a 6x6 linear system, is simplified in a 5x5 system.

The displacement vector X then becomes:

IR

V]
N

—
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(3-2)
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the components corresponding respectively to surge, sway, heave, roll and pitch.
The Mass-Inertia matrix can be written as:

™M 0 0 0 O]
0 M 0 0 O
[M]=|0 0 M 0 0 (3-3)
0 0 0 I O
|0 0 0 0 ]

Where M is the mass of the TLP and I, and I, are the inertia about the x and y axis.

The damping matrix C can be split into two terms. The potential damping C, (See
chapter 3) and the viscous damping C,.

[cl=[c, +c.(X)] (-4)

The viscous damping is not linear since it depends on the squared velocity of the
structure. This term is usually linearised using a first order expension of the sinus function.
Another method is used here, the expression of the damping is calculated in the frequency
domain, by using an iteration algorithm to solve the motion equation.

The viscous damping is usually bigger than the potential damping. It can be important
for the surge motion, for which the first order waves and the slowly varying drift can excite
the natural frequency.

The viscous damping matrix can be written as:

[C.]= [Cvij] (3-5)
Where:
C,;=0 fori#]

C,, = %p(4C§x D, +2C5, D, )X,

m=5p(4C5 D, +203 D)X}
Cin= %p 4C;, D, +4C, Dpx) Xsl
1 ( ~Zg 3 Y.
Cou = P 4Cg, D, Izz 4dz+2C5 D, Jyz ly|dy ‘X4‘ (3-6)
\ -d-zg e/ J
1 -zg A A
Cyss = EpK4C§x D, [7|4dz+2CLD,, [x*[xdx|[X,|

—d-zg Ly )
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Where: p: water density
D.: column diameter
d: draught
Zg: height of the centre of gravity
D, and D,,: breadth and height of the pontoons
L,: length of the pontoons
c:. and c ¥, : drag coefficients of the columns and the pontoons in direction i.

K}, represents the hydrostatic stiffness matrix:

00 O 0 0
0 0 0 0 0
[K,]=|0 0 pgS,, O 0O (3-7)
00 0 K, O
00 0 0 K|
Where:
1 2 T~ o~
ky, = P-g-Vw(V—- I y'dS - BGJ
Yo (3-8)
K. =pgV.|— [x*ds-BG
s =P8 Vul - .SM
Where:
g: gravity acceleration
S.i: cross section of the TLP at the water level
Vw. Wet volume
G: centre of gravity of the structure
B: buoyancy centre
K, represents the linearised mooring stiffness matrix due to the tendons:
(%, 0 0 0 0 ]
0 % 0 0 0
[Kn]=| 0 O % 0 0 (3-9)
0 0 0 £ o
0 0 0 0 &Ly

Where: T: pretension in the tendons
L.: tendon length.
A: total section of the tendons
E: Young module of the tendons
L: spacing between the columns (centre to centre)

25



SPECTRAL ANALYSIS

In the frequency domain, the varying environmental effects are expressed in terms of
energy spectra. These spectra give a relation between the amplitude of the phenomena and
the frequency. For the waves for example, the wave amplitude is related to the energy
spectrum Sy, by the following relation:

A? =8, (0)do 4-1)

Where A is the wave amplitude and ® the frequency.

Similarly for the slowly varying wind:
v2 =8, .4(0)dw 4-2)

Where vy, is the wind varying velocity.

Different formulation of wave and wind spectra are available. They are related to the wind
velocity or the sea state. These formulations can be found in chapters 4 and 5 where waves
and wind forces are calculated respectively.

From these spectra, force spectra can be derived for the varying forces. For the first order
waves for example:

SE,.(®)=S5, (co(ﬁ"—:\@)z 4-3)

Where: SF.w: first order wave force spectrum
Fow: first order wave force

Similarly response spectra, corresponding to the displacement can be derived:
2
E,.(®
RS, (®)=S, (m)(-“-wx(-z) Q*(w) (4-4)
For the varying wind:

stind(co)=swind(m)(gi:ff—m))zw(m) (4-5)
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From these spectra, one can determine two particular values useful for a design project-
the significant value and the maximum value of the spectrum.

For a wave spectrum, the significant value, called H ¥ corresponds to the mean height of

the one-third of the highest waves. The maximum value H,,,, represents the average value of
the highest wave of the sea state. The same values can be defined for the response spectra.

In order to calculate these values, one must introduce the moment m, of order n of a
spectrum S.

m,6)= [ 0" S(@)o “6)

The wave height, and the motions of the TLP are supposed to follow a Rayleigh
distribution (narrow banded spectrum).

This assumption is true if

Using this assumption, the significant and maximum values of a spectrum can be
calculated as follows:

For the wave spectrum:

Hy = 41,m0(Sw)

H, =2|2ZhN L 5.) @
= + ———Jm
max w m 0( w
‘Where:
Ny: the number of waves appearing during the sea state (about a thousand for a
three hour storm).

v=0.5772 is the Euler constant.
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For the response spectra the significant and maximum values are given by:

X ¥ = 24fm O(RS
’ m, (RS,)
"2 ln—
Where:
T is the sea state duration
sz = 21t M
“ m,(RS,)

is the average upcrossing period

@-9)

(4-10)
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1.

CHAPTER 3: FIRST ORDER WAVES

INTRODUCTION

Mainly, two methods may be used to calculate the forces due to first order waves on a
large offshore structure, the Morison equation or Green functions through a diffraction
radiation code.

The Morison equation has the advantage of being simple and of giving results quickly,
needing few calculations from the computer. The major inconvenience of the formula is that
it gives only a rough approximation of the loads.

The radiation codes give more precise results but require extensive computational time and
are slow. The time factor is an important one if the loads have to be calculated in the time
domain.

The other drawback of this method is that a mesh has to be generated for the special
geometry of the platform. At the initial design stage, generating a new mesh every time the
geometry is changed is not feasible.

A third method can be applied in the case of geometries based on vertical circular
cylinders. This method uses analytical solutions of the first order diffraction and radiation
potentials.

The Morison approach and the analytical method are developed for a TLP geometry in
section 2 and section 3 to calculate the wave loads. The results based on the Morison
approach and the analytical method are compared with those obtained from a diffraction
radiation code in section 4.

3.1



2.  MORISON APPROACH

Section 2.1 describes the calculation of the forces due to the waves. Section 2.2 presents
the calculation of the added mass. The potential damping is not calculated with this method.

2.1. FORCES

The forces are calculated in the co-ordinate system (G,x,y,z), but the wave potential is
written in the co-ordinate system (O,x,y,z). The origin O corresponds to the projection
of the centre of gravity G, along the z axis, on the mean water level.

Following Airy theory, the first order waves are represented by a sinusoidal shape.
The potential representing first order waves is given as:

b= A8 ke sin(kX - ot) (2.1-1)
Q)
Where:
kX =kcosax+ksinay (2.1-2)
2
k=2 (2.1-3)
g

A: wave amplitude
o: wave frequency
oi: wave propagation angle

We assume here that the water depth is infinite. This assumption can be made because
TLPs are moored in deep waters.

This formula is given for a regular sea. For irregular seas, we suppose that we have an
infinite sum of regular waves with different frequencies and amplitudes. The potential
becomes a sum of sinus:

o= Z%—g—e""’ sin(k, X -0t (2.1-4)

Since the equations are linear, each frequency is independent of the other. So we can
write the equation with only one frequency, like for a regular sea.



The acceleration of the waves, a,, is defined as:

3, = %(%) (2.1-5)

or:
a,, = Ao’ cosa e*sin(kX - ot)
. (2.1-6)

a,, = Ao’ sino.e® sin(kX - ot)

a,, = Ao’ e cos(kX - at)

The wave forces are written using the Morison formula describing hydrodynamic
forces on cylinders.

F =pC_S, a,, +%p CyD, U] Ux (2.1-7)

Where: F, is the force in the x direction for unit length cylinder of section S and
diameter D..
awx and u,y are respectively the acceleration and the velocity of the waves in
the x direction.
C and C4 are the inertia and drag coefficients.
p is the water density.

As stated before, the second part of the equation, called the drag term, is neglected
since it is small compared to the first one.

The formula is applied for each pontoon and column, and the sum is considered to be
the total force applied on the TLP.

2.1.1. Columns

By integrating the force over the draught d of the TLP columns we get:

4
Ff =pC: %Dng cos o (1 - e"‘d)z sin(kx; — ot) (2.1-8)

i=1

Where: kx; =kcosaX  +ksinaY, (2.1-9)

X,; and Y, are the co-ordinate of the centre of the four columns.
Similarly:

4
F =pC;, %DiAgsin a(1-e™) 3 sin(kx, - ot) (2.1-10)

i=1
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The vertical component of the force can not be found using the Morison formula.
It is calculated by integrating the pressure over the base of the column, it corresponds
to the Froude Krylov force. The pressure is simply calculated at the centre of the
bottom of the column, and multiplied by the section. These approximations should
give a correct result since:

- the diffraction effects are small in this region

- the dimension of the column is small compared to the length of the
waves having an effect at that depth.

The pressure is given by the following formula:

p= _p%i: (2.1-11)

The vertical force on the columns:

4
F; = p—}Dng e cos(kx; — wt) (2.1-12)

i=l

Where all the symbols have been previously defined.

The moment in roll and pitch are given by a combination of the loads in the
horizontal and vertical planes:

0
M® = [ypdS- [(z-Z¢)F dz=M, +M,
-d

base

0 (2.1-13)
M: = [(2-Z¢)F; dS- [xpdz=M, +M,
-d base
Where Zg is the height of the centre of gravity above the water level.
4
M, = pAg—}Dz e 3", cos(kx, - ot) (2.1-14)
i=1

M, = —pAw?C: L D? sina(—d— g™ —L(l— e““’) —ﬁ—(l— e"‘d)j isin(kx. - ot)
2 mg4e k k? k ‘ ‘

i=1

(2.1-15)
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. d 1 wy Z )
M, = pAa’C, chosa(ke“—l—(;(l—ekd)—-—ki(l—ekd)j-zsm(kxi—mt)

i=1

(2.1-16)

M, =—pAg pze ""ZX cos(kx; — ot) (2.1-17)

i=1

2.1.2. Pontoons

For the integration of the forces, the pontoons of length L, are divided into N
consecutive cylinders of length L/N. The Morison formula is applied on each of
them, and the total force on the pontoons is equal to the sum of the forces on the
strips.

The horizontal forces act only on two pontoons, so the total component of the
force on the pontoons in x direction is:

Dl’z
FP =pAn’C:,D,_D coso{e k(d JJ pZ(sm(kx —wt)+sm(kx —mt))

px~ pz
i=0

(2.1-18)
Where C? is the inertia coefficient for the rectangular pontoons of height Dy, and
width D,.
and:

L L L iL
kx, =kcosa —7 +ksina —7+ —L P

2N N
(2.1-19)
L, L, Lp iL,
kx,, =kcosa| == |+ksina| -—>++—=
2 2 2N N

For the y direction:

px~ pz

] %% (sin(kxi3 — ot) +sin(kx;, - cot))

i=0

42
F! =pAe’Cl D,D_sina|e
(2.1-20)
Where:

L L iL L
kx, —kcosa(——P+ P +l pj+ksina(——p]
2 2N N 2

L L iL (L
kx,, =kcoso| ——2+—2+—L| +ksina| =
2 2N N 2

(2.1-21)
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Similarly, the vertical forces on the pontoons can be written as:

F? = —pAn’

4 N-i

C'D,D,,e™> > cos(kx

1 i=0

Where all the symbols have been previously defined.

For the moments:

Z,)F dx=M, +M,

= J'(z—ZG)Fx dy—§sz d=M,+M,
-L

M? = §yF,dl- j(z
—L/
A
2
Where:
M, = -pAe’Cl D, D, e™

)
)

M, =pAn®CP

D_D_e™

px™ pz

ol
NN

-1

1 0

23

S

N-1

;- ot)

Z cos 10(“ - CDt) - Cos(kxiz - C‘)t)) +

=0

L, L,

P

22NN

1L

) Zcos( ; —cot)J

(2.1-22)

(2.1-23)

(2.1-24)

(2.1-25)

(2.1-26)

(2.1-27)
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2.2. ADDED MASS

The added mass and the potential damping correspond to the forces applied on the TLP
by the radiation potential. The added mass is an important factor since it is directly linked
to the natural frequency calculation.

However, the potential damping is not as important. In fact, its value is very small
compared to the viscous damping.

Only the added mass is calculated here. The potential damping is considered as equal to
zero.

The added mass is calculated following the method given by Hooft [3.1]. The added
mass is calculated separately on the columns and the pontoons. The total added mass is
obtained as the sum of the added mass of each separate element. The interaction between
the different elements of the structure is neglected.

2.2.1. Columns

For a circular cylinder of unit length, the added mass in surge or sway direction is
given by the following formula:

M, =p§D3 2.2-1)
The surge or sway added mass for four columns:
c c T 2
M; =M; =4p ZD° d (2.2-2)

In the vertical direction, the added mass can be neglected since it is very small
compared to the mass of the structure:

Me =0 (2.2-3)

For the roll and pitch motions:

-Zg
MS, = M:, = 4p§-D§ jzzdz=%p1tDz(d+ZG)3 - zg) (2.2-4)
~d-Zg

The moment calculation is carried out for an angular motion about the centre of
gravity G.
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2.2.2. Pontoons

For the rectangular pontoons, the added mass is found by the same formula, only
using a shape coefficient K;. The value of this coefficient can be found in tables given
in reference [3.2].

M, =pK, %Df, (2.2-5)

In horizontal directions, only two pontoons are taken into account, the added mass
of the pontoons whose axes are parallel to the direction of oscillations is neglected:

2
D
ME, =M? =2K, pn( 2") L, (2.2-6)

Where K is the shape coefficient of the pontoons in the horizontal directions.

For the heave, with four pontoons:

D 2
ME =4K2p1t( 2‘”‘) L, (2.2-7)
Where K, is the shape coefficient of the pontoons in the vertical direction.

For the roll and pitch:

L D 2
ME, =MI, = pg(Kz D2, —3*-’- +K, D;sz(d - 2pz + ZG) J (2.2-8)

Where L, is the length of the pontoons.
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ANALYTICAL METHOD

3.1. INTRODUCTION

An analytical method derived in this section is an alternative way to calculate the loads
on a TLP. It is based on analytic solutions of oncoming, diffraction and radiation
potentials of the first order waves on vertical circular cylinders. The columns of the TLP
are considered as circular cylinders.

In order to calculate the loads on the pontoons the Morison formula is used. This
should yield acceptable results since the pontoons have a deep draught.

The method is here applied to a TLP configuration but it can be applied to any structure
based on circular columns.

The method is based on the work developed by Linton and Evans [3.3] and Kim [3.4].
Linton and Evans give the analytical solution of the diffraction potential for an array of
circular cylinders. Kim has extended the solution to the radiation problem.

The analytical solutions are correct for complete cylinders extending from the sea bed
to the water surface. Kim has demonstrated that the solutions are still valid if applied to
cylinders of deep draught (See references [3.4] and [3.5]). Nevertheless, the theory can
only predict the forces in the horizontal plane. In order to obtain the forces applied to the
columns in heave, Kim proposed to use the Froude Krylov approximation.

An alternative method is used in this study to calculate vertical forces. The results in
heave are obtained using an analytical solution for one truncated circular cylinder (See
Garrett [3.6]). This solution can be used to obtain the wave forces, damping and added
mass. The influence of the columns on each other is neglected.

This theory can be extended to calculate the second order drift (See Chapter 4), and the
diffracted free surface (See Chapter 6).

The first part presents the method used in the horizontal plane for the diffraction and
the radiation problems.

In the second part, the vertical forces due to diffraction and radiation are formulated.

In the final part, the problem in roll and pitch is solved.
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3.2. HORIZONTAL PLANE

In the following section, the potentials are assumed to take the following form:

®(x, y,z,t)=Re ((p(x, y, z)e‘i"*) (3.2-1)

3.2.1. Diffraction

The potentials are expressed in N different polar co-ordinate systems (rj,Oj,z),

whose origins are on the mean free surface and at the centre of the N different vertical
circular cylinders extending from the sea bed to the mean free surface.

To simplify, the expressions of the potentials, we write:

o(x,y,2)= ¢, y)f(2) (32-2)

Where:
igA coshk(z+H)
®  coshkH

f(z) =

(3.2-3)

Where:
H: water depth
A: wave amplitude
o: wave frequency
k: real solution of:
® 2
k tanh(kH) = -g— (3.2-9)

In the jth co-ordinate system, the potential of the incoming wave becomes:

¢i=1. iJ n(k.rj). (7o) (3.2-5)

n=—w

Where:

Ij — eik(x,j sosa+Y‘j.sin a)

X and Y are the co-ordinates of the centre of the jt2 column in the
global co-ordinate system.
o wave angle
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Similarly, the diffraction potential is written:

0 = 3 AL ZLH, (k)™ 6.2

Where: a
32 ()
H, ()

J. and H,, are respectively the Bessel ﬁmctlons of the first and third kind
of order n.

a; : radius of the jth cylinder

Ok

Jth cylinder kth cylinder

v

The forces on an array of N vertical circular cylinders are given by the incident and
the diffraction potentials. So the total potential is written as:

o=> di+65 (3.2-7)

=l

Using Graf's addition theorem for Bessel functions, and applying the boundary
condition:

g6 =0 on r=a, k=12,.,N (3.2-8)
dr,

we obtain the following infinite system of linear equations:

N +wo ) .
AL+ DAL Z ™, (R, )=-1, m)
&l n=— (3 2-9)

=k

k=L.,.N —-oo<m<+w

311



Using this result, the potential on the jz/ cylinder becomes:

© AL
6(z;9;)=- nkaj HH' (ka) ° (3.2-10)

In order to find the coefficients A! | the infinite system is truncated to an N(2M+1)
system of linear equations:

N M . . H v .
AX +Z ZA; zi en(n—m)ﬁ,an_m (kRjk)= I i (2-)
Fl n=-M (3.2-11)

zk
k=1L.,N -M<m<+M

In order to obtain enough accuracy, the value of M should be taken between 6 and
12. The choice of M depends on the geometry and on the frequency. M should be
increased for columns close to each other, and for high frequency.

The first order force on the jth cylinder is given by integrating the pressure over
the surface of the cylinder:

Fi = Re(X! e™) (3.2-12)

Where:

X' = -ipo j f(z)dz j d(a;, J)(C.O Se").dej (3.2-13)

sin Gj

Where d is the draught of the cylinder

The upper elements of a bracketed pair refer to the force in the x-direction and the
lower elements to that in the y-direction.

Evaluating the integral gives:

. =_@ 2pgA shkH-sh k(H—d)(Ajl(—)A{) (3.2-14)
kH; (ka; ) ch kH 4+
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3.13
3.2.2. Radiation

The added mass and the potential damping are given by integrating the radiation
potential over the surface of the cylinders.

We need first to express the radiation potential for an array of N cylinders.

For convenience, the radiation potential is written as a summation of normalised
radiation potentials in each mode.
6

Pr =D -0 &, (3.2-15)

k=l

Where &, is the displacement in the direction k.

@} corresponding to a radiation potential for a unit velocity in direction i for the jth
cylinder is given by:

g (z) (k r)

kK (k,a

i(,0,2)= ( 0()—0&3

(3.2-16)

Where:
_ coshk, (z+H)
L@)= cosh k h

£(2)= cosk,(z+H)
E

ko and k, are respectively the solutions of:

2 2

k, tanh(k H)=2— k tan(k H) = -2
0 0 g 1 1 g

As previously, we use the Graf's addition theorem and the boundary condition to
find the following infinite system of equations:

Ck +Z ZCJ A (koak) 1(n-m)ﬁ;k H o (koRjk)= Rﬁu‘ gi, (H) (3.2_17)
Fl n=—w H (ko J)

0 v e Inlka) (i-mBx i K
L+ 2Ly K,.(R;)=R\g®) (32-18)

H o= K(k )

*

Where: k=1,.,N —-co<m<+wo 1<l<+40
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and:

Rk ==3

mi =504 fori=1 (surge)
R =—-;—u§i,,m fori=2 (sway)

_4coshk,H (sinh k,H - sinh k,(H - d))

= . - 2
go( ) 2k H +sinh 2k H fort=1
_4coskH (sin k,H-sin kx(H _ d)) i=
g )= 2k H +sin 2k H fori =12

Where 0, is the Kronecker function, and I, and K, are respectively the modified
Bessel functions of the first and second order of order n.

In order to determine the coefficients CX and L%, we need to truncate the system

at n=M and I=L to obtain L+1 sets of N(2M+1) systems of equations. Values of M=6
and L=8 give a good accuracy for the results.

The expression of the potential on the k2 cylinder is given by:

0, (@, 0y,2)= i [fo @) ok +ifl(z)<p‘;ﬁ) e™* (3.2-19)

Where:

oh=i (C(H A (k°a“)) gé(H)R,‘;J—"(kﬁ“l] (3.2-20)

H. (koa,) 71 (koa ) T2 (koay)

R L R ROk ) IS

The added mass M, and the damping C in mode i are given by the following
formula:

aij

C
M,; +i—L=p[o¢,n;dS (3.2-22)
@ sb

Where n; is the component in the direction j of the vector normal to the wet surface
Sp-



After integration, the added mass and the damping on the 4#h cylinder, in mode i
are given by:

C. © .
M,; +1—+= Z(cpi; Q +Z(p',§,iQuj ncoa p fori=12
W

n=t1 I=1

Where: ¢, =1 and ¢, =inn

_ sinh k,H —sinh k,(H - d)

; fori=12
k, cosh k,H

Q, = sin k,H —sin k,(H-d) fori =12
k, cos kH

The previous analysis is exact for H=d, i.e. in the case of complete cylinders. We
have assumed that the theory can be applied to deep draught cylinders with a good
approximation. This point is discussed later in section 4.

3.3. VERTICAL PLANE

The previous analysis cannot be applied to predict heave forces. Since the theory has
been developed for circular cylinders extending from the sea bed, it cannot be used to
calculate the forces in heave.

Kim [3.4] is proposing to use the Froude Krylov approximation for the calculation of
the heave forces.

A more accurate method is used here. Analytical solutions of the diffraction and
radiation potentials for one truncated cylinder have been developed by Garrett [3.6]. The
solutions are applied independently to the four columns of the TLP. The diffraction due
to the interaction between the columns is not taken into account, but one can expect it to
be small on the bottom of deep draught cylinders.

The radiation problem is solved by the same method, in order to calculate added mass
and potential damping. The same assumption concerning the interaction between the
columns has to be made. This may have more influence in radiation than in diffraction.

The validity of both resolutions is discussed in section 4.

The vertical forces on the pontoons are calculated with the Morison formula.
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3.3.1. Diffraction

We now use a polar co-ordinate system, whose origin is the projection on sea bed
along the z axis, of the centre of the cylinder (See sketch below).

The domain is divided into two areas.
1 The domain referred as inferior below the cylinder:
0<z<Z, ad O0<r<R,

2 The domain referred as exterior:

0<z<H and R _<r<+w

Where Z,, is the z co-ordinate of the bottom of the cylinder, R, the cylinder radius,
and H the water depth.

z
Free Surface H
Z,
SeaBed R, T
Q .
The incident potential is written as
chik,z) & .. ch(k,z
o :—1% ch((k H)) Z:oam.l T4 (kor).cos(mb) = ((k H))chm cos(m6)
(3.3-1)
Where:
8m = 2m8m0

ko is defined by: ©* = gk, tanh(k,H)



The diffraction potentials are:

For the exterior domain:

= h(k, «
0° = gcos(me)(Amo ;Cogs%(%o_lzi))-ﬂm (kor)+ E A, cos(k,z)K,, (knr)) (3.3-2)

For the interior domain:

m=0 c

¢ = i cos(mO{Bmo (-RL) + i B,,, cos(A,2)L,, (Knr)J (3.3-3)

Where k, is defined by: ©” = —gk, tan(k,H)

nw

and A, is defined by: A = Z

b

The global potential is given by:

in the exterior domain: ¢ = @; + ¢° (3.3-4)

in the inferior domain: ¢ = ¢’ (3.3-5)

The following matching conditions for R =R _ determine the coefficients Ay, and
B

for m =0,00;
QL = 0y, + 05, 0<z<Z, (3.3-6)

(pin,r = (‘plm.r +(pjn,r 0=<z< Zb

To simplify the mathematical development, we rewrite the potentials redifining Ap,
and B, as a,,, and b,

o°R..6,2)= icos(m@{iamfn (z)) (3.3-7)

65 (R.0,2)= 3oos(m0] 3 00 0) 639
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Where;

And

Where:

cosh(k,z)

cos(k,z)

") \/Icoshz(koz)dz fn(Z)zm

— Hx'n (kORc) _ (k
%o = Ko H, (k,R,) O = Ky K, (k.R,)

¢'[R.,6,2)= i cos(m6 i bmg,,(z))

m=0 n=0

01 (.8.9)= 305 3:b..8.05.)

e()= 1 8. ()= : cos(A,z)
vz, \’ ! cos’ (A, z)dz
m I' (A

Bmoz-R_c an—;\'nl gx ;

If we write the first matching condition as:

)
)

(3.3-9)

(3.3-10)

Z VA
[ol, &, (20z = f(p; -8, (2)dz + ?(le g, (2 m=0w  (3.3-11)
0 0 0

due to the orthogonality of the functions g, , we obtain the following linear system:

{B}=[BA}{A}+{D/}

Where:

(3.3-12)

{A} (mO’ ans- 7a’mN,) {B} (mo: ml>- meh)

[BA] i[bf (2).8,(z).dz

{D, }p =C,, ]:fo (z) gp(z). dz



If we apply the same method to the second matching condition:
H H ) H
[0%-£,(2)dz= [ 0. £,(2)dz - [ 010, £, (2)d2 (3.3-13)
0 0 0

due to the orthogonality of the functions £, , we have:
{A}=[aB]{B} +{D.} (33-14)

Where:  [4B],, = 2= [BA], {D3}=(—C1m k(,;"“?;—:i“% 0 . o)

Combining the two systems we get:
[1-BA.AB]{(B} =[BA] {D,}+{D,} (3.3-15)

Where I is the identity matrix.

By solving this system, we get the coefficients by, for n=0,N, . The system has

to be solved for each value of m. When the heave motion is considered, the
coefficients by, are needed only. For a good accuracy, one should take values of N,
and N, equal to 50.

The force in heave is given by integrating the pressure on the base of the column:

F, =Re(Ze™) (3.3-16)
Where:

2nRe

z=ipo [ [0%0@ 2, )r drdo (3.3-17)
00

After integration, it comes:

On

1) Rer (x )J (3.3-18)

Z —lpCOZ‘It(

This gives the force for one cylinder. If we want the force for an array of N
cylinders, we have to recalculate the coefficients by, for each column, taking into
account the phase of the waves at the bottom of each cylinder. This is done by

multiplying the incident potential by the following factor, @ = oKty Si““))
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3.20

The forces on the columns are then added together in order to obtain the total force
on the structure.

3.3.2. Radiation

For heave the radiation potentials for a unit velocity, are given by:

exterior domain:

O O 3319)
inferior domain:

¢i(r,2)= bogo(z)+2b )IIZO” r))+ A [z —’2_2) (3.3-20)

By applying the same method as for the diffraction, one can find the coefficients a’,
and b’, corresponding to the following boundary conditions:

R, 2)=0R,,2) 0<£z<7Z,

i (3.3-21)
(P,lr (Rc’ Z)= (p,er(Ru Z) 0<z< Zb
The added mass and the damping are given by the following formula:
C,
M, +i—e=p jo'@z,)s (3.3-22)

Base

After integration, it becomes:

¢ (R} 1 1 (., R, LO.R.)
MA,+“J‘2“‘{b°T'JZ_'Z+ z, (R ’ __]+2b = V,;—l LG.R ))

(3.3-23)

The added mass and damping correspond here to one truncated cylinder. They
should be multiplied by the number of column to obtain the total added mass and
damping.
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3.4. ROLL AND PITCH

By combining the loads in surge, sway and heave, the moment in roll and pitch can be
calculated.

3.4.1. Diffraction

The moments on the cylinders are given by the following formula:

Mg, = I(zpny—ypnz)dS=Izpnde- jypnzdS

Surface Side Bottom (3. 4_1)
Mg, = J(xpnz-zpnx)dS= prnz dS—_[zpnde
Surface Bottom Side

Where n = (nx, n,n, ) is the vector normal to the cylinder surface and p the local

pressure.

The moment on the array of cylinders can be written as:
M(t)= Re((M,ig. + Migom)e ™) (3.4-2)

First, we integrate the pressure on the side of the jth cylinder:

[M;}d%]_(lj 2pgA kdshk(H - d)—chkh +ch k(H - d)rAi,(] )

~-i)K°H/(ka;) ch kH \

(3.4-3)

7 \ ‘ s LA
[0 2 oo 22 voec

This gives the moment in the local co-ordinate system. In order to calculate the
moment in the general co-ordinate system, the following formula is used:
[ 2 b7 b))

M, =M, +POxF (3.4-4)

The moment due to the pressure on the bottom of the jt2 cylinder can be written
as:

M}J;onomx =ipm Ta 108; a2 —sin(oc) )
[M;omj P ( +2( 1) 2 7oLl ,)I Cos(a)] (3.4-5)

The same formula as previously is used to obtain the moment in the general co-
ordinate system.



3.4.2. Radiation

The added mass is calculated with the strip theory.

The potential damping is taken equal to zero. The damping is of insignificant
influence on the roll and pitch motions since the natural period is far out of the range
of frequencies where the waves occur most frequently.

3.5. PONTOONS

The equation derived in the previous sections are for an array of cylinders. We have to
consider now how to take the pontoons into account.

Since the pontoons have a deep draught, the forces on the pontoons can be calculated
by the Morison formula.

So by using Morison formulation to obtain the forces, we get a reasonable
approximation.

The interaction between the pontoons and the columns is neglected. However,
Berhault et al [3.9] have shown that these interactions are small compared to the other
forces and can be neglected.

In the same manner, the added mass is calculated using the strip theory and the
potential damping is taken equal to zero.

The formulations of the forces and the added mass for the pontoons are described in
section 2 of this chapter.
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YALIDATION

To validate the program based on the Morison formulation and the analytical solutions
developed in the previous sections, a comparison is made with a 3D diffraction radiation
code. The comparison is made in terms of forces, added mass, damping and displacements.

The comparisons of the forces added mass and damping are carried out for four different
geometries. The first three are used only with the analytical method to validate the different
assumptions made during theoretical developments. The fourth one is used with both
methods, the analytical solution and the Morison approach.

- Geometry 1 is a simple truncated cylinder of 25 meters of diameter. It is used
to validate the program for the vertical potentials, since the theory gives a
complete analytical solution for this case. The mesh used for the diffraction
radiation code can be seen in Figure 3.1.

- Geometry 2 is an array of 4 bottom mounted cylinders. The spacing between
the cylinders corresponds to the position of the columns of the Snorre TLP
(See below). The column height and thus the water depth has been chosen as
150m. It is used to validate the program for the horizontal potentials, since the
theory gives a complete analytical solution for this case. The mesh is

presented in Figure 3.2.
Disposition of the 4 cylinders
O O
25m 76m

5 O}

76m

- Geometry 3 is an array of 4 truncated cylinders. The draught (37.5m) and the
water depth (340m) correspond to those of the Snorre TLP. The geometry is
identical to the Snorre TLP, neglecting the pontoons.



It is used to validate the following approximations of the analytical
method:

For the horizontal motions, the theory can be extended from bottom
mounted cylinders to deep draught cylinders.

For the vertical motions, the interaction between the cylinders can be
neglected.

The corresponding mesh is presented in Figure 3.3.

- Geometry 4 is the whole Snorre TLP, columns plus pontoons. For the
analytical method, it is used to check that the pontoons have little influence in
waves compared to the columns therefore the use of Morison formulation and
strip method lead to little inaccuracy.

It is also used to compare the final results on a complete TLP obtained from
true Morison approach, the analytical method, and the diffraction radiation
code.

The results on the Snorre TLP were calculated by Dr Hoi-Sang Chan, of the
Department of Naval Architecture and Ocean Engineering at Glasgow
University.

Once the forces, the added mass and the potential damping found from each theory, the
displacements of the Snorre TLP are calculated in the frequency domain.

The validation is first carried out for surge and sway forces and motions, then for heave
forces and motions, and finally for roll and pitch forces and motions. All these calculations
use head seas with unit amplitude waves.

The last section presents calculations carried out for directional seas to complete the
validation.

4.1. SURGE AND SWAY FORCES AND MOTIONS

The validation is first carried out for the diffraction problem, to check the forces. In
addition the solution of the radiation problem was validated by using different methods
and the results were compared, checking the added mass and the potential damping.
Finally, the displacements of the Snorre TLP were calculated.

4.1.1. Diffraction

Figure 3.4 compares the first order surge forces for the geometry 2 obtained from
the analytical solutions and the D/R code. We have a good agreement between the two
results. For higher frequencies, a better correlation can be reached by going further in
the summation of the Bessel function series in analytical solutions.
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Figure 3.5 presents the same results on geometry 3. The agreement is still good and
the same remark applies for high frequencies. It can be assumed that the theory based
on bottom mounted cylinders can be extended to deep draught cylinders.

Finally the pontoons are taken into account using geometry 4. The results are
shown in Figure 3.6. Agreement between the analytical method and the D/R code
results are good. It is reasonable to calculate the forces on the pontoons with Morison
formula. The influence of the pontoons is small compared to one of the columns and
the error induced by the empirical formula is still quite low.

The Morison formulation does not give as a good agreement with the D/R code. It
tends to overestimate the loads in high frequencies.

4.1.2. Radiation

Figures 3.7 and 3.8 show comparisons for the surge added mass and damping for
the geometry 2. Good correlations between the results obtained from the analytical
method and the D/R code validate the program.

The results for geometry 3 are shown in Figure 3.9 and 3.10. The agreement is still
good. Thus, the radiation theory as well as the diffraction theory, can be extended
from bottom mounted cylinders to deep draught cylinders.

Figure 3.11 presents the added mass comparison for geometry 4. The added mass
from the pontoons calculated with strip theory was added to the results obtained from
the analytical theory for the columns. The figure shows an error of approximately 12%
between the two results. One should note that this error decreases to 6% of the value of
the mass plus the added mass.

The value obtained from the strip theory value is also plotted. It is a straight line,
since it does not take into account the variation with the frequency. However, the result
gives quite a good mean value of the added mass.

Similarly, Figure 3.12 shows the potential damping for geometry 4. In this case the
potential damping from the pontoons is simply neglected. This assumption is explained
by the fact that the viscous damping is predominant on this part of the structure.

The correlation is good for low frequencies. The maximum values at 0.9 rad/s show
a large difference between the two results. However, since the natural period is about
0.1 rad/s this difference will not have significant effect on the surge response values.

4.1.3. Displacements

The surge response results, obtained from the different theories, are very similar
(See Figure 3.13). The only difference appears around the natural frequency (Between
0.05 and 0.1 rad/s). In this region the high values of the transfer function amplify the
differences between the force results.

If we take a closer look at that region (Figure 3.14), we can see that the analytical
solution also has a slightly higher natural frequency than the Morison formulation.
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The values of the response at the natural frequency are really high because the
viscous damping was not taken into account.

Figure 3.15 shows the motion response values at about the natural frequency with
or without the viscous damping. It can be seen that the viscous damping has a very
large influence and that it is largely more important than the potential damping in this
region.

4.2. HEAVE FORCES AND MOTIONS

4.2.1. Diffraction

Figure 3.16 presents a comparison of the results for the heave force on a truncated
cylinder (geometry 1). We have a good agreement between the D/R code and the
correct analytical solution.

Figure 3.17 shows the forces on geometry 3. The force due to the analytical
solution takes into account the phasing of the waves but not the interaction between the
columns. Nevertheless, the correlation is good. As expected, for the force calculation
in heave, the interaction between the different columns can be neglected.

In Figure 3.18 the force in heave for the geometry 4 is presented.

The results obtained from the analytical method and the D/R code correlate well. As
with the forces in the horizontal plane, in heave, the forces on the pontoons can be
taken into account with the Morison formula.

The Morison approach agrees well also for the force calculation in Heave. We
notice that the solution given by the R/D code is shifted to the left compared with the
two other results. This is due to the interaction between the columns which is not taken
into account by the two other methods.

We can notice that the simple solution given by the Morison approach compares
really well with the more complicated formulation used by the analytical method.

4.2.2. Radiation

Figure 3.19 shows the added mass in heave for geometry 1. The correlation is
roughly good. The values are slightly different but the trends match well.

In Figure 3.20, the added mass is presented for geometry 3. The results indicate
that, the interaction between the cylinders cannot be neglected for low frequency
waves. The maximum error is about 40% for 0.1 rad/s. ,

However one has to note that the added mass is small compared to the mass in
heave. When the mass of the platform is added, the error drops down to 6.5%.

Figure 3.21 presents the added mass for geometry 4. The shapes of the two curves
given by the analytical solution and the D/R code results match well, but the values are
quite different. The difference between the two sets of results is about 20%.
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It should be noted that this error compared to the sum of the added mass and the
structural mass is only 7.5%. This induces an error of 3.6% in the heave natural
frequency calculation. Thus, approximating the added mass of the pontoons by the
strip theory and neglecting the interaction between the columns gives a result of
reasonable accuracy.

The added mass calculated with the strip theory, gives a really low value compared
to the other two methods. This is due to the fact that the added mass of the columns
has been neglected. Once again, this has to be related to the fact that the value of the
added mass is small compared to the mass of the structure.

The potential damping for a single truncated cylinder, presented in Figure 3.22,
shows quite different results from one theory to the other. Indeed, the analytical
solution gives smaller values.

From Figure 3.23, we can see that for geometry 3, the potential dampings are
completely different in term of values. Obviously, the interaction between the columns
has significant importance for the damping.

Finally, in Figure 3.24, we can see that for the complete TLP the potential damping
is completely different from the analytical theory to the D/R code. The interaction
between the columns and between the columns and the pontoons cannot be neglected
for the calculation of the potential damping in heave.

The potential damping in heave will be taken as zero for the rest of the study. This
can be justified by the fact that the damping is important only for frequencies around
the natural period. For the heave motion, the natural frequency (around 2.5 rad/s) is
not in the range of frequencies where the first order waves are significant.

Thus taking the damping as zero should lead to a small error when calculating the
motions of the TLP as described in the next section.

4.2.3. Displacements

For the Morison approach and the analytical solution, the displacements are
calculated with a damping equal to zero. Nevertheless, the results agree well with D/R
code (See Figure 3.25) . In fact, the damping has no influence in heave. The large
variations of added mass values do not have much influence on the response of the
TLP either. As stated before the added mass is small compared to the mass.
Furthermore, the mooring stiffness, because of its high value, is largely predominant
for the transfer function calculation, in the wave frequency range.

This high value is also the reason of the low values of the displacement in heave.
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4.3. ROLL AND PITCH

4.3.1. Diffraction

Figure 3.26 presents the moments on geometry 2. Only the moment due to the
horizontal forces is used in this case. The results from the analytical theory and the D/R
code show good agreement, validating the theory.

On geometry 3, the bottom correction due to the vertical forces was added to the
moment calculation. The agreement is mainly good (See Figure 3.27). There are small
differences for low frequencies. This can be explained by the fact that in this range of
frequencies the approximation on deep draught cylinders is not fully verified. Indeed,
low frequency waves have a slower decay with depth and their influence at deep
draught cannot be fully neglected. In the case of the moment, the error is amplified by
the moment arm. However, the error is still small, and the approximation of the
moment is good.

Figure 3.28 presents the moment in pitch for the complete TLP (geometry 4). The
agreement is good between the D/R code and the analytical theory whereas the Morison
formulation tends to overestimate the moments for higher frequencies.

4.3.2. Radiation

The added mass comparison is presented in Figure 3.29. Since the added mass for
the analytical solution is calculated with the strip theory, the values obtained are not
dependent of the frequency. However, the correlation is good, the maximum error
being 4.2% of the added mass and 1.6% of the sum of the added mass and the inertia.

The damping approximation is very rough since the analytical solution assumes that
the potential damping is zero. However, the potential damping has little significance at
frequencies far from the natural frequency. For roll and pitch motions, the natural
frequency of the Snorre TLP is about 2 rad/s, above the excitation frequency of any
loading considered in this study.

4.3.3. Displacements

The D/R code and the analytical solution give very similar results (Figure 3.30).
The Morison formulation overestimates the displacement in higher frequencies. This is
clearly correlated with the same phenomenon already observed for the moment. The
large difference in the damping for the two formulations does not seem to pose any
problem.

It should be noticed that the amplitude of the motions is very small with a maximum
of 0.023 degrees.
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4.4. DIRECTIONAL SEAS

To test the validity of the program, in directional seas, the forces and the displacements
have been calculated on geometry 4, with a 22.5° and a 45° heading sea.

The forces and the displacements show a good agreement in Figure 3.31 to 3.34. The
same remarks as for head seas apply. In heave, the D/R code results are shifted to the left,
due to the interaction between the columns. In roll and pitch small differences appear
between the D/R code and the analytical theory for the low frequency region. The
moments are overestimated by the Morison formula for high frequencies.

However, the results are mainly good and are validated both for head and directional
seas.

CONCLUSION

The present study shows that the analytical solution presents a good alternative to solve
the first order diffraction and radiation problems on a TLP.

It compares well with a D/R code results both for head seas and directional seas. The
differences in the results for the radiation problem in heave do not have much importance on
the response calculations.

The Morison approach gives reasonable results too, especially for low frequencies, but
the analytical solution is more precise.

Furthermore the analytical method is much faster than the D/R code. Indeed about a
minute is needed to solve the first order diffraction and radiation problems for a range of 20
frequencies. On a similar machine (DEC Alpha), the D/R code requires about 10 hours of
CPU time to carry out the calculation.

The analytical method can also be extended to calculate the steady drift and the diffracted
free surface. This is explained in chapters 4 and 6.

For all these reasons, the analytical method will be preferred to the two others to calculate
the wave loads in the time domain explained in Chapter 6.
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1.

2.

CHAPTER 4: SECOND ORDER WAVES

INTRODUCTION

This chapter describes the forces due to second order waves, and the corresponding
motion responses of the TLP.

The steady drift force is calculated using analytical solutions. From the formulation of the
steady drift, the difference frequency forces are deduced using Newman’s approximation.

The sum frequency forces are not calculated since no simple theory is fully available for
the moment.

In the first section, the theories underlying the calculation of the steady drift forces and
their extension to the slowly varying drift forces, are presented. Two different analytical
methods are used to calculate the second order forces.

In the second part, the results from both theories are validated and compared with a D/R
code.

THEOQORY

2.1. STEADY DRIFT

The steady drift forces depend only on the first order potential. In the force
calculations, the structural members (circular cylinders) are considered as fixed. The
radiation potential is not accounted for. In this case the steady drift force is given by:

E = %Idt{ j pgn®a_drl, - js j pVOO’H_ dsb} (2.1-1)

0

I',: waterline
S, : wet surface
i : vector normal to the surface

[\]

n®: free surface elevation due to first order theory

®Y: first order potential
T: wave period
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Two theories are investigated. The first one uses the expression of the first order
diffraction potential for a single circular cylinder. The force is then multiplied by the
number of columns in order to obtain the total force.

The second theory is based on the first order diffraction potential for an array of
vertical circular cylinders, developed in the previous chapter.

The second method is obviously more precise. However, the first one presents the

advantage of being easier to develop needing simpler mathematical equations.

2.1.1. Single cylinder

The formulation is based on the extension of the work of MacCamy and Fuchs
[4.1] by Chakrabarti [4.2].

The forces and moments, about Ox and Oy respectively, are calculated from the
first order diffraction potential for a fixed bottom mounted cylinder.

2
. 4pgA’R. . ( 2kH )) ”(n(n+1) ] 1
F, +iF, =—=—ceia| 14— -1
=TT R,) Sinh (2kH z:; kR.Y H; (R ) [H,.. (R Y
(2.1-2)
M, = —Im@ld) (2.1-3)
M, =Re(M, ) (2.1-4)
Where:
2
i A2 %—-‘;?(Cosh(ZkH)— 1)+ ,
_ - lpg ia -
¢ AR STh (D) “(“+1)(_H1-L(c°sh(zkn)-1)) H, (R,)H; (R ,)
(ch)2 2 4k?
(2.1-5)
Where:

A: wave amplitude

k: wave number

o wave angle

H: water depth

R.: cylinder radius

H,: first kind Hankel function of order n
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In order to find the forces on the complete TLP the following assumptions are
made:

- the columns are supposed to be bottom mounted. This is explained
by the very fast decay of the potential with depth. The drift forces
act mainly around the free surface level.

- The forces on the pontoons are neglected since no simple theory is
available to predict the drift forces on pontoons. This assumption is
also based on the decay of the potential. The drift has little influence
on the deep draught pontoons.

The two previous assumptions are valid for surge and sway, but may
be questionable in pitch and roll due to the moment arm.

- The cylinder is supposed to be fixed and only the diffraction
potential is used.

- The interactions between the columns are neglected. To find the
forces acting on the TLP, the force is simply multiplied by the
number of columns.

- The steady drift in heave is not calculated since we consider bottom
mounted cylinders. However, the steady drift force is small in heave
and can be taken as zero.

This method can be simplified if one is only interested in the horizontal forces. The
surge and sway forces can be written as:

2
. _4pgA’R, ia[ 2kH J =(n(n+1) 1
F, +iF,, = (R Y (kR e 1+Sinh(2kH) é[(ch)z 1 R )1 »

(2.1 6)

Where R is the drift coefficient that can be approximated by Ry

CE (R, )SZ(I&L)I) J n(ch)rl Rw:%(%)s

n+1

(2.1-7)

This approximation is valid for kR smaller than 0.5, which corresponds, in the
case of the Snorre TLP (R:=12.5m), to ® < 0.6rad/s.

This approach is appealing for early design stage since the drift can be calculated
without having to deal with series of Bessel functions. It works only in the horizontal
plane, but roll and pitch are not so important. Indeed the main action of the second
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order forces appears when the slowly varying drift excites the low natural frequencies
in surge and sway.

The validity of this approximation is discussed in section 3.

2.1.2. Armay of cylinders

The first order diffraction potential developed in the previous chapter can be
combined with Equation 2.1-1 to find the drift force on an array of bottom mounted
vertical circular cylinders.

The theoretical developments can be found in references [4.3] and [4.4].

The force and moment on one column are given by:

o _PEA'R( n(n+1) \ A A",
F, +iE, =
d,"*'1 dy ﬂ(ch) \ Smh(ZkH))Z (ch)z }H (kR) +l(ch)
(2.1-8)
M, =-Im(¥, ) 2.1-9)
M, =Re(M, ) (2.1-10)
Where:
ot < in--‘ulc—z(Cosh(ZkH)—l) A A
p n+l
IR, Sinh(ZED B o) RO TR
(R,) e
(2.1-11)

Where A, is the first order potential coefficient (See chapter 3).

Similar assumptions to the single body case are made:
- The columns are supposed to be bottom mounted.
- The pontoons are neglected.

- The cylinders are supposed to be fixed and only the diffraction
potential is used.

- The steady drift force in heave is equal to zero.

This time the interaction between the columns is fully taken into account.
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4.5
2.1.3. Displacement

From the forces, the displacement in irregular seas can be calculated using the
following formula:

_ 17 F, (o) )
X, _E!sw(m)-A—z-dm (2.1-12)

Where Sy, is the Pierson Moskowitz wave spectrum related to the wind velocity, K;
is the total system stiffness in the direction i and A is the wave amplitude.

The wave spectrum is given by:

s, (@)=—mE ) 2.1-13)

0)5

Where:
Uj g5 is the wind velocity 19.5 meters above the sea level
Olpr and B, are two adimensional coefficients:

Ot = 8.1 107 Bom = 0.74

2.2. SLOWLY VARYING DRIFT

The following method to calculate the slowly varying drift forces and displacements is
developed by Molin in reference [4.5].

The slowly varying drift can be deduced from the drift force using Newman’s
approximation:

F9(0, 0,)=F, () (2.2-1)

Since the steady drift in heave is chosen as zero, the slowly varying force in that
direction is equal to zero too. However, the slowly varying drift is only important at low
frequencies. It has an effect mainly on surge and sway where it can excite the natural
frequencies. In heave, roll and pitch, the effects are small.

The response spectrum in direction i is calculated from the following formula:

FO(no+p)

RS,.q(@)=8] S (11)8. @ + 1) Q} (@) ———du (2.2-2)
s 0 [T Th



3.

Where Q; is the transfer function in direction 1 (See Chapter 2). A, and A, are the
wave amplitudes corresponding to frequencies p and @+ respectively.
This becomes, using Newman's approximation:

RS_4(0)= 8]3 S, (WS, (0 +1) Qf(a))F"‘;—(zu)du (2.2-3)

From this spectrum, significant values of the response can be obtained (See chapter
2):

X2 = 2,/m°(RSwdi) (2.2-4)

The Newman's approximation is applied to both analytical methods and to the D/R
code to obtain the slowly varying forces and the displacement.

These are compared in the next chapter.

VALIDATION

This chapter covers the validation of the previously developed theories.

First the drift coefficient approximation is tested.

Then, the validation of the steady drift force predictions is carried out. The assumptions
used by both methods are discussed through a comparison with D/R code results. Both
forces and steady displacements are compared.

Finally, the comparison is extended to the slowly varying forces and displacements.

Unless otherwise is stated, the figures presented in this section correspond to results for
head seas.

3.1. DRIFT COEFFICIENT APPROXIMATION

Figure 4.1 compares the drift coefficient R with its approximation R,,, defined in
equation 2.1-7. It shows a very good agreement for frequencies below 0.6 rad/s.
However, for higher frequencies, R, diverge completely and cannot be used at all.

The steady drift force can be calculated accurately with the approximation for a range
of frequencies between 0 and 0.6 rad/s.
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If the displacement in irregular seas has to be calculated, the following formula should
be applied:

1% F, (o
X, = ru { S (m)%dco (3.1-1)
The value of the upper limit of the integral, UL, is theoretically infinity. In a computer
calculation, it has to be chosen to ensure acceptable convergence.
Figure 4.2 shows the values of the steady drift response calculated with the exact
analytical theory for different values of the upper limit. The curves correspond to sea
states due to 20m/s and 50m/s winds.

For both sea states, the convergence of the integral is reached for a value of UL above
1 rad/s.

The approximation could only be used with a maximum value of 0.6 rad/s for the
upper limit. The frequency range is not wide enough to get a good numerical
convergence.

The same problem appears for the slowly varying drift response spectra:

RS, (@)= 8jsw(u)s (@+ p)Q% (0)—= ‘“(”) (3.1-2)

Figures 4.3 and 4.4 show the response spectra for different values of the upper limit
UL in the case of wind speed of 20 m/s and 50 m/s respectively.
A good convergence is reached for the value of UL of about 1 rad/s.

Calculating both steady drift displacement and slowly varying drift response with an
upper limit value of 0.6 rad/s would largely underestimate the second order effects (by a
factor varying from two to four, depending on the sea state).

The approximation cannot be applied properly for the TLP design and one has to
consider the use of the exact coefficient R.

3.2. STEADY DRIFT

For the validation of the steady drift, the D/R code has been run with three different
geometries:

- Geometry 1: an array of bottom mounted cylinders. This should give
a validation for the analytical solution for an array of cylinders. This
is used also to see the effects of the interaction between the cylinders
when comparing with the analytical solution for a single cylinder.
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- Geometry 2: an array of truncated cylinders, corresponding to the
design of the Snorre TLP without the pontoons. The assumption
over the depth of the cylinders is tested. The value of the drift force
in heave is checked.

- Geometry 3: the complete Snorre TLP, with the pontoons. The
effects of the pontoons are studied.

During the calculations with the D/R code, the TLP was considered as fixed, thus as
the analytical solutions, it does not take into account the movements of the structure.
Only the diffraction potential is used in the drift force calculation.

The steady drift forces and displacements calculated with the two analytical theories,
and with the D/R code for the three different geometries are compared for surge, heave
and pitch.

The computations have been carried out for a head sea and unit amplitude waves,
except in the last part which validates the theory for directional seas.

3.2.1. Surge

Figure 4.5 presents the results for the surge forces calculated using the two
analytical solutions, and the D/R code on geometry 1.

The solution for a single cylinder gives values of the same order as the other two
but clearly present differences because it does not take into account the interaction
between the cylinders.

The results from the analytical solution and the D/R code match well, validating
the program.

Figure 4.6 presents the steady drift force in surge calculated from:

- D/R Code on geometry 2
- D/R Code on geometry 1
- Analytical solution for an array of 4 cylinders
The three sets of results match very well, proving that we can calculate the force

on bottom mounted cylinders and extend the result to truncated cylinders.

Finally, in Figure 4.7, the analytical solution for an array of cylinders is compared
with the results of D/R Code on Geometry 3.
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The main difference appears in the high frequency region where the pontoons seem
to have the larger influence. However, the overall results are quite well correlated.

Figure 4.8 shows the steady displacement in irregular seas due to drift as a
function of the wind velocity. It compares the two analytical solutions and the R/D
code results for geometry 2.

The results match well except for high velocity winds. However, the steady
displacement in this range is largely dominated by the displacement due to the wind.
The error can be neglected since it is small compared to the total steady displacement.

3.2.2. Heave

Figure 4.9 presents the heave force for the complete TLP calculated by the D/R
Code. The value of the force does not exceed 35 kN. The corresponding value of the
displacement in regular sea is about 25. 10,

In irregular sea, the displacement is about 0.025m for a 50m/s. This is very small
when compared to the displacement due to the first order waves equal to 0.66 m.

This effect also appears to be very small when compared to the vertical offset of
the platform when a full coupling of the tendon/TLP system is considered. The
explanation of this effect can be found in the last chapter of the thesis.

The steady drift in heave is very small and its effects can be neglected.

3.2.3. Pitch

Figure 4.10 presents the steady drift in pitch calculated thh the two analytical
theories and the R/D code for geometry 1.

The results do not show as good agreement as in surge. The values of the moment
are rather low. Indeed, the moment arm is small since the forces mainly act at the
water level.

As in surge, the results of predictions for a single cylinder do not present the same
shape, although magnitudes are of the same order.

In Figure 4.11, the analytical theory for an array of cylinders is compared with the
results from the D/R code for geometries 2 and 3.

The results agree quite well for frequencies between 0.5 and 0.9 rad/s. For lower
frequencies, the pontoons seem to have some effects on the moment. In fact, low
frequency waves go deeper into the sea, and create relatively more loads on the
pontoons. In the case of the moment, the effect is amplified by the moment arm.

The steady displacements created for irregular seas show few differences when
calculated using different theories (See Figure 4.12). The larger differences appear for
high velocity wind. However, for such values, the steady displacement in pitch due to
waves is small compared to the steady displacement due to the wind.
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3.2.4. Directionality

The formulations derived in this study and the D/R code take into account the
directionality of the waves. To validate the wave angle dependence, the steady drift
forces have been compared with the D/R code results in the case of 22.5° and 45°
heading seas.

The results are presented in Figures 4.13 and 4.14. The agreement is as good as for
head seas.

For the array of cylinders, surge and sway are giving good results. The heave force
can be neglected since very small. The results in roll and pitch present a good
approximation despite a small difference at lower frequencies.

For the single cylinder theory, the forces and moments are similar in magnitude, but
not in shape, because of the interaction between the columns.

3.3. SLOWLY VARYING DRIFT

Since the quadratic transfer functions (QTF) for the difference frequency forces are not
calculated by the D/R code, the Newman’s approximation is also used for the calculation
of the slowly varying drift utilising the steady drift force calculated by the program.

Geometry 2 has been preferred to the complete TLP for computational reasons. The
D/R code was giving problems for low frequency calculations for the complete TLP.
Furthermore, due to the fact that 50 different frequencies were required, a lot of time was
saved by using a simpler mesh.

The integration given in equation 2.2-3 was carried out for a range of frequencies from
0.02 to 1 rad/s with a frequency step of 0.02 rad/s.

3.3.1. Surge

Figure 4.15 presents the response spectra due to the slowly varying drift forces
calculated using three different methods, for the wind velocity of 50 m/s.

The responses, calculated with the analytical theory for an array of cylinders and the
R/D code, show good agreement.

The solution for a single cylinder presents a lower peak at the natural frequency,
underestimating the response.

Figure 4.16 presents the significant values of the responses for a range of wind
speeds from 5 m/s to 50 m/s. We have a good agreement between the analytical
solution for an array of cylinders and the results of the D/R code.

The solution for the single cylinder yields underestimate of the significant response
for high velocity winds.
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3.3.2. Heave

The slowly varying drift force and response in heave are taken as zero by both
analytical solutions.

The R/D code gives a significant response of 0.04 m for 50 m/s wind. Since this is
very small compared to the displacement due to other forces, it can be considered as
zero.

3.3.3. Pitch

Figure 4.17 and 4.18 present the responses due to slowly varying drift forces for
the wind speed of 50 m/s and the significant values of the displacement for different
wind velocities.

The agreement is quite good between the analytical theory for an array of cylinders
and the R/D code results for geometry 2.

As in surge, the analytical solution for a single cylinder tends to underestimate the
displacements.

However, one should note that the values are very small, and that the slowly
varying drift do not have much incidence on the pitch displacement.

CONCLUSION

The application of the analytical solution of the first order potential for an array of bottom
mounted cylinders to the calculation of the steady drift, and the slowly varying drift has been
presented here. This theory gives results that compare well with results from a D/R code.

The analytical theory presents a great advantage in terms of computation time, especially
for the slowly varying drift that requires to cover a large range of frequencies with a small
step, in order to calculate the integral with accuracy.

The theory based on the solution for a single column does not give such a good
agreement. The method underestimates the movement of the TLP. However, the method is
simpler to apply than the second analytical solution, and can give a quick estimation of the
drift force. This estimation is important in the case of TLP's since the drift should not be
neglected in the horizontal plane.

However, when this theory is applied, the exact drift coefficient should be used. The
approximated coefficient, which avoids the calculation of the series of Bessel function,
cannot be applied. The range of validity of the approximation is too small to calculate
correctly the steady drift displacement or the slowly varying drift response.

One should note that the steady drift is mainly important for low velocity winds. For high
velocity winds, the steady wind force is predominant.
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For a TLP, the slowly varying drift is important mainly in the horizontal plane, where it
can excite the natural frequencies. In heave and pitch, because of the high stiffness of the
tendons, the natural frequencies are in the high frequency range, and cannot be excited by
the slowly varying drift. Thus the slowly varying forces have very little effect on the
response of the system in these directions.
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1.

CHAPTER 5: WIND AND CURRENT

INTRODUCTION

Apart from the waves, two other environmental effects produce loading on offshore
structures, the wind and the current. Their action should not be neglected since they can be
rather important.

The wind loading can be decomposed into two components - a steady part and a slowly
varying part. The steady wind force creates a steady offset of the structure. The varying
force produces low frequency displacements. The second part is smaller in term of force
amplitude. However, it could be important for TLP’s in term of displacements, since it can
excite the natural frequencies in surge and sway.

The current is quite a complicated phenomenon. A simplified formulation is used here.
The current is considered as the results of tides, displacement of large volumes of water, and
storm surge, surface effect due to the wind.

The first part introduces the wind effects on the TLP. Both steady and varying winds are
accounted for. The forces and the displacements are calculated.

In the second part, the current effects are studied. The two different representations of the
current that are used to calculate the forces and the displacements are compared.

WIND

In the first part of the study, the steady and varying force formulations are derived. They
are then used to determine both steady and slowly varying displacements.

Five different wind spectrum formulations are presented to calculate the dynamic
response. The displacement values are predicted using each of them and the results are
compared. The aim is to determine the most suitable spectrum formulation for offshore
structures.

2.1. WIND FORCES

The lift force due to the wind is very small and is neglected, only the drag force is
considered.
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The wind velocity can be divided into two parts:

Where:
V., is the mean wind speed
vy is the fluctuating wind speed, representing the wind gusts.

The drag force due to the wind in the x direction is calculated as follows:

F,, =-%-p,CdAx (¥, +v.) cos?p

Where:
P, is the air density
C, is the drag coefficient
A, is projection area exposed to wind in x direction
B is direction of the wind

The force can also be divided in 2 parts:

FWX = FWX +fwx

The mean wind force:

F = %p.CdAx V? cos? B
and the fluctuating wind force:

f,

W,

x = paCdAx vw vw COSZB

5.2
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(2.1-2)

2.1-3)

(2.1-4)

2.1-5)

The term consisting of %p.CdAx vZ cos?P is neglected since it is very small

compared to the others ( 2v,V, >>v?2 ).



The wind velocity changes with the height z, the following formula can be used to
describe these variations:

v, (2) =Vw(10)(%j% 2.1-6)

Where V,,(10) is the wind speed at 10m above the sea level.

To calculate the wind force, the loads should be integrated over the height of the
structure to take the height variation into account.

The wind forces in the horizontal plane can be calculated as:

- 1 o H_
F, = Ep’Csty cos® B_([ V.(z)dz (2.1-7)
H’_
o =P.CiD,, cos’B [V, (2) v, (2)dz (2.1-8)
0
1 i
F,, =-p.CiD, sin’ B [V2(2)dz (2.1-9)
0
H._—
f,, =p,CyDy, sin’ BJ'Vw (z)v.(z)dz (2.1-10)
[
Where:

H;: height of the structure
D, and Dg,: length of the structure in x and y directions.

Since no lift force is considered the force in heave is equal to 0.

F, =0 f.=0 (2.1-11)

r4 wzZ

The moments about the centre of gravity G are given by the following formula:

Hl
M, = —%paCdDm sin? B [ (2 Z,) V() dz (2.1-12)
0

m, =-p,C,D,, sin Bf(z ~Z;)V,(2)v,(2)dz (2.1-13)
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M,, = %paCsty cos’ B [ (z- 2,) Vi(2)dz 2.1-14)
m,, =p,C,D,, cos BI(Z Z)V,(2)v,(z)dz (2.1-15)

In the program, the integral is evaluated by dividing the structure into strips of small
height where the wind velocity is assumed to be constant. The force on every strip is
then added to obtain the total force.

2.2. DISPLACEMENT

2.2.1. Steady Displacement

The steady wind force induces a steady offset. The steady offset in the direction i is
calculated as follows:

peol

X, =

wi

' (2.2-1)

1

7~

Where K; is the total stiffness of the system TLP/tendons in the direction i.

2.2.2. Fluctuating Wind Motion

Since every load is considered harmonic, the varying wind velocity can be written
as:

=|v,[sinot 2.2-2)

As for the waves, the relation between the amplitude of the velocity and the
frequency is given by a spectrum.

|vw(co)|2 = S,ma(@)do (2.2-3)

Using the above equation, the response spectra can be calculated:

RS, (@)= Sw.nd(w)( }Q(‘D) i(@) (2.2-4)
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Where f;; is the aerodynamic admittance function which is introduced by Simiu et al
[5.1]. It takes into account the departure from perfectly correlated flow:

f ()= - 2.2-5
(@) o 7~ (2.2-5)

V.(10)

-

Indeed, the formulation developed for the wind assumes a perfectly correlated flow.
The wind field is supposed to be the same on every point of the structure. This is
hardly the case in reality. One simple way to account for the variations of the perfectly
correlated flow is to introduce the admittance f,. A multiple point loading approach
(See Kareem et al [5.2]) would give more accurate results. However, the method is
quite complicated and does not present any real advantages in the case of a simplified
geometry of the deck. This method should be used during the final design stage, when
the geometry of the deck is well known and when more accurate results are needed.

2.3. WIND SPECTRA

Several wind spectrum formulations have been developed over the years. They are all
based on wind measurements. However, some of them have been derived for civil
engineering applications, and are based on measurements over land.

They may not be fully representative of the wind at sea, but they are used frequently in
the design of offshore structures. One reason is that they were the only ones available at
one time. However, new spectra have been developed recently, based on measurements at

sea.

The response spectra of the varying wind are calculated with five different spectra and
the results are compared in order to determine which one would be the more appropriate.

These spectra are:
- the Harris wind spectrum
- the Davenport wind spectrum
- the Kaimal wind spectrum
- the Ochi-Shin wind spectrum

- the Slettringen wind spectrum
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2.3.1. The Harris wind spectrum

This spectrum has been derived by Harris [5.3] from land based data, but is widely
used for the prediction of wind response of offshore structures.

Siaie (f) - M) (2.3-1)
(2+f’zfg

Where:
Ly =1200m at sea
x=8-10"+64-107V,(10)
fl = __fLH
V. (10)

f=w / 27 is the varying wind frequency

2.3.2. The Davenport wind spectrum

This spectrum has been developed by Davenport [5.4] for land structures, and is

considered to represent wind at sea not so well. In particular, the energy at low
frequencies is underestimated.

However, a number of designers in the offshore industry still use it.

4 x f

S bavenport (£) = —2——~ 2.3-2
(f) e (2.3-2)

Where all the symbols have already been defined.

2.3.3. The Kaimal wind spectrum

This spectrum is very revelant since it has been derived by Kaimal [5.5] from sea
based data:

200 (£ V., (10))°
(%00 .
£(1+£7)

Saimal (f) =

Where:

Unlike the others this spectrum is function of the height z. z is taken as the centre
of the surface exposed to wind.



2.3.4. The Ochi-Shin wind spectrum

This spectrum is based on data measured over a sea-way. It has been developed
recently. The formulation has been given by Ochi and Shin [5.6] in 1988.

k VZ(10)f'

S(f)=583 for  0<f’<0.003

xk V2(10)£°7
f (1+f10.35)l 15
k V2(10)f'

Where:

S(f)=420 for  0003<f <01 (2.3-4)

,_ fz
Sl 5

Like the Kaimal formulation, the spectrum is a function of the height z. The first
part of the spectrum (for f* < 0.003) is just an artificial extension of the spectrum since
wind velocities cannot be measured for such low frequencies.

2.3.5. The Slettringen wind spectrum

This is the more recent of the wind spectrum presented here. It has been developed
from measurement taken at sea offshore Norway. This spectrum should be considered
for offshore structures designed for the North Sea.

It is given as a reference by the NPD [5.7].

o 320 (vwl(;())]zg%)%
(1+ f”‘)7

(2.3-5)

Where:
n = 0.468

£ =172f (i)“ (w]-oﬂg

10 10
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2.4, RESULTS

To calculate the wind forces, a simplified geometry of the deck has been adopted. The
geometry considered for the wind calculation is presented below.

Geometry of the surface exposed to wind

101m
¢ »

101m
I 15m

Deck
Columns
—

25m

The geometrical idealisation of the deck shown above yields an approximate offset due
to the wind.

The response spectra calculated with the different wind spectrum formulation are also
compared.

Following the API recommendations [5.8], the drag coefficients are taken as 0.5 for
the columns and 1.5 for the deck.

The area is divided into horizontal strips and the forces are computed on each of them
taking into account the variation of the wind velocity with the height. (See section 2.1).
For the calculations carried out below, a zero degree heading wind has been chosen.

2.4.1. Steady response

Table 5.1 gives the steady wind displacement, in surge and pitch as a function of
the wind velocity.

For high velocity winds, the surge steady displacement due to wind largely
dominates the displacement due to the steady drift and the current. For lower velocity,
the force due to the wind is rather small compare to the two other phenomena. The
steady wind has to be calculated carefully in extreme weather conditions since it is the
more important steady phenomenon.

In pitch, the importance of the wind is less significant. This is largely due to the
high level of the centre of gravity of the Snorre TLP, which decreases the moment
arm. One should note that in the case of the moments, the effects of the wind and the
steady drift and the current cancel each other.



2.4.2. Dynamic response

The different wind gust spectra are plotted in Figures 5.1 and 5.2 for the mean wind
speed of 20 and 50 m/s. Whilst they show a very good agreement at high frequencies,
they present very large differences in terms of shape and values for low frequencies.

One should look closely at the region between 0.04 and 0.1 rad/s. Indeed, it is this
part of the spectra that excite the natural frequencies in the horizontal plane, and
produces the bigger displacements of the TLP.

The Ochi-Shin spectrum gives very high response values compared to those
obtained from other spectra. The Slettringen spectrum presents a similar shape. This
spectrum can reach high values at low frequencies, but is comparable to the Kaimal
spectrum for higher frequencies.

The Harris spectrum and the Kaimal spectrum present quite similar shapes,
although the latter yields smaller response values.

The Davenport spectrum is the only spectrum which approaches zero at low
frequencies. It seems to underestimate the energy carried by the wind at low
frequencies.

One should note, in Figure 5.2, the flat region of the Ochi-Shin spectrum. This part
does not represent any physical phenomenon. In this region, the frequencies are too
low to obtain any reliable measurements. Therefore the spectrum has been extended
arbitrarily by a straight line. This implies that we are not able to model the actual wind
energy distribution in the low frequency region which is important for accurate
prediction of the motion response due to dynamic wind. The differences experienced
due to the use of different wind spectra become more predominant as the wind velocity
increases.

Figures 5.3 and 5.4 present the surge response spectra of the TLP due to dynamic
wind forces. It is very clear from these figures that the main response appears at the
natural frequency (0.06 rad/s). The difference between the response clearly increases
as the wind velocity increases. Higher response values are obtained from the Ochi-
Shin and the Slettringen spectra.

These figures can be correlated with Table 5.2 that presents the significant values of
the response spectra for different wind velocities. The spectra present different
behaviour depending on the wind velocity. The Ochi-Shin spectrum always gives the
highest motion responses. However, the Slettringen spectrum gives smaller motion
responses than the Harris spectrum for low wind velocities. Whereas for the wind
speed greater than 20 m/s, the Slettringen spectrum yields larger response values. A
similar kind of behaviour can be observed between the Kaimal and Davenport spectra.
The Kaimal spectrum gives higher response values for high velocity winds.

The differences in term of significant values found in this study are large for high
velocity wind, but they can be correlated with the calculations carried out by Wichers
[5.9]. From the calculation of wind loads on a tanker, Wichers found a factor of 1.5
between the significant values of the response calculated with the Ochi-Shin and the
Harris spectra, for 30 m/s mean wind.

Figures 5.5 and 5.6 show the pitch response spectra. The dynamic wind does not
have the same importance for pitch response predictions as it has for surge response.
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The natural frequency is in the high frequency region (over 2 rad/s), and is not
excited by the dynamic wind. The response is then quite small.

Table 5.3 presents the significant pitch response values. They vary from one
spectrum to another, but not in such an extend as in surge.

Finally, one should note that the significant motion response values due to dynamic
wind are of the same order of magnitude as the displacement values of the steady
wind. They can even be bigger in surge for high wind velocities. Thus, the dynamic
wind response cannot be neglected in predicting the behaviour of compliant structures
such as a TLP.

The choice of a correct wind spectrum is not easy, due to significant differences
between the different models. However, since the dynamic wind behaviour is poorly
modelled, conservative models should be used. In this case, the Ochi-Shin and
Slettringen spectra appear to be an appropriate choice. Furthermore, they are the
more recently developed spectra, and are based on sea measurements.

CURRENT

The current is a complicated phenomenon. A series of simplifications is used to model
the current. The current occurs as the result of the tide and storm surge. The velocity profile
is considered, constant in time. Thus, only the steady drag forces are taken into account,
and the current loads can be calculated independently from the wave forces.

Two simplified geometries of the velocity profile are used and the displacement values
obtained using two different current profiles are compared. The first geometry is based on a
velocity profile constant over the water depth, and the second is based on a velocity profile
varying over the water depth which approximates the effects of the storm surge and the
tides. These current profile definitions are given in the guidance notes of the Department of
Energy [5.10].

3.1. CONSTANT VELOCITY PROFILE

The current force in the x direction is calculated as follows:
1 —
F, = -ipCcl A, .U2cos?0
(3.1-1)

Where:

U, = U, +U,: constant current velocity.

U, : mean tidal current velocity

U, : mean storm surge current velocity

Cg: drag coefficient

0: direction of current

A,: surface exposed to current in x direction
p: water density
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Similarly, for the y direction
1 .
F, = =P C,A,.Usin’6 (3.1-2)

There is no component of the force in the vertical direction z.

F. =0 (3.1-3)

cz

The moments in roll and pitch are:

Mcx =(ZG -ZB)E:y (3°1'4)
M,, =-(Zs -Z;)E, (3.1-5)
Where:
Zg: Z co-ordinate of the buoyancy centre.
Zs: Z co-ordinate of centre of gravity G.
3.2. VAR VEL PR E

The varying current velocity profile is the sum of the profiles of the storm surge
current and the tidal current. The resulting form of the profile is presented in the sketch
below. The storm surge current, due to wind, presents a higher velocity near the free
surface. The tidal current velocity decreases near the bottom of the sea. This formulation
of the current is not directly related to the physic of the problem, it is an empirical
formulation based on measurements at sea.

Current Velocity Profile:
Free Surface
L 3
a5
H
L 3
h ’
05H
L L L

Sea Bed
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5.12
3.2.1. Tidal current

The tidal current velocity profile is defined by reference [5.10] as follows:

1

Ut(s)=( > )Ut for 0<s<05H

032H
U,(s)=107T, for 0.5H<s<H

(3.2-1)

Where:
U,(s): the velocity of the tidal current at a height s above the sea-bed

U, : depth-averaged speed of the tidal current
H: water depth

3.2.2. Storm surge current

The storm surge current velocity profile is defined by reference [5.10] as follows:

U,(s)= (SIOh )Uw +U, for h'<ss<H

(3.2-2)
U,(s)=T, for 0<s<h'

Where:
U, (s): storm surge current velocity at a height s above the sea-bed

U, : depth-averaged velocity of the storm surge current

h'=H —IO(UW —'IT,) height above the sea-bed at which the current

profile changes slope
Uw = 0.03xWind speed

In the case of U, > Uy, the velocity profile becomes:

U,s)=T, for 0<s<H (3.2-3)

In order to keep the value of the depth averaged velocity constant, the following

multiplying factor has to be introduced throughout the bilinear profile.

— 1
[i(_U;"ﬁ—Us)zHI (3.2-4)

s



3.2.3. Forces

Due to the varying current profile, the formulation of the forces becomes:

F, 6 = -;-p C, cos*0 I(Ut(s)+ Us(s))zdy ds (3.2-5)
A!
1 .
F,,=pC,sin’0 ,,{ (UtE)+Us(s)) dxds (3.2-6)
F,=0 (3.2-7)
1 . 2
M., =~2pC,sin’6 [6-H-Z,)(Ut(s)+ Us(s)) dx ds (3.2-8)
A’
M,, = %pCd cos’ 0 I(s ~H-Z,)(Ut(s) + Us(s)) dyds (3.2-9)
AX

In order to calculate the above integration, the method used for the wind force
formulations, is used. The structure exposed to the current is divided into small strips
where the velocity is assumed to be constant. The total force is obtained by summing
the forces on all the strips.

3.3. STEADY RESPONSE

Since the current velocity is constant in time, the displacement in the direction i is
given by the following formula: '

F.
X =—d 3.3-1
i g (3:3-1)

1

Where K; is the total stiffness of the system.

3.4. DISCUSSION OF THE RESULTS

Table 5.4 and 5.5 show the steady displacements in surge and roll induced by the
current at seven different locations in the North Sea (see Figure 5.7). For these locations,
the following data are obtained from measurements at sea:

- ﬁt the average tidal current velocity over the water depth
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-U, the average storm surge current velocity over the water depth

-U,, the hourly mean wind velocity

The results are given using methods based on a constant velocity profile, and a
varying velocity profile.

The constant current velocity is the sum of the average velocity over the water depth
of the tidal current and the storm surge current.

U_=0,+0, (3.4-1)
The direction of the current is taken as zero degree for all the computations.

3.4.1. Surge

Two different current profile definitions yield displacements which differ from each
other from 26.5% to 6.43%. The following explains why the correlation between the
two methods varies so much.

The tidal velocity can be written as:

U, =10, + AU, (3.4-2)

Where:
AU, =0.070,

Similarly, the storm surge velocity becomes:

U, =T, +AU, | (3.4-3)

Where:

AU, =(S‘}‘).Uw
10

h=H-10(Uy - T,)
We neglect the factor:

20,20
H-U,

since H,.T, >>5.(U,, —ﬁs)z
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If we neglect the second order term, the force becomes:

F. =FE +AF +AFE (3.4-4)
Where:
AF, =pC,A, (U, +U))AU, (3.4-5)
AF, =pC, A, (U, +U,)AU, (3.4-6)
Where:

A, is the total area exposed to current

A,; is the area exposed to the modified profile of storm surge current,
depending on variable h'.

Table 5.4 gives the values of displacements due to AF, and AF,

Ax, =28 ax, =25 (3.4-7)
K, .

These values are also compared with the displacement due to varying profile
current, and expressed as a percentage:

Where X,;, is the displacement due to the varying profile current.

The column called “verification” gives the value X +AX, + AX , where X,; is

the displacement due to the constant profile current. The correlation with the
displacement due to the varying profile current is good. The values are a little higher
than X, because the correcting factor is neglected in the storm surge profile.

Large variations between the results given by the two current profiles are not due to

the tidal current. Indeed, the largest displacement AX,, occurring at location 3,
corresponds with a small difference between the two computations.

The differences between the results given by the two methods, are mainly due to the
storm surge current. These differences seem to be correlated with the factor
U, - U, which is used to calculate the height h' over which the storm surge current

has a greater velocity profile. High values of the factor give large differences between
the results of the two methods.

However, the biggest variations are observed when the response of the TLP to the
current is at the smallest value. In these cases, the displacement due to the current is
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relatively small compared to the displacement due to the wind. Thus, the error is finally
small when compared to the total steady displacement. The two profiles do not give
such a big difference in terms of total steady surge displacement.

3.4.2. Pitch

The same comparison has been carried out for pitch. The results can be seen in
Table 5.5. The difference between the two methods varies from 19% to 15%. The
variation between the two methods is not so much due to the storm surge. Indeed, the
variation due to the tide is now quite important because it takes place at a larger water
depth where the moment arm is larger. The steady displacements in pitch are small due
to the high stiffness of the system. However, in pitch, the current has the largest
contribution to the steady displacement compared to the wave drift and wind.

This is due to the particular geometry of the Snorre TLP. Because of its high centre
of gravity (13.5 m above the sea level), which gives a large moment arm.

CONCLUSION

Wind and current load calculations for a TLP structure have been presented in this
chapter.

The steady wind calculations can easily be carried out. However, the modelling of
dynamic wind is more complex. The choice of a wind gust spectrum requires a careful
consideration. Indeed, the spectrum formulations are all very different and give large
variations in the results from one to another. Three main reasons lead to the choice of the
Ochi-Shin or the Slettringen spectra. They give more conservative results. They were
derived from recent measurements and finally, the measurements were obtained at sea.

A multiple point loading method for the wind load calculations could be considered for
more precise results.

The study has shown that the wind effects on a TLP should not be neglected. In extreme
weather conditions, the mean wind is responsible for the largest part of the offset of the
structure.

In the same weather conditions, the varying wind loading creates a high surge response.
The dynamic wind response is, at least, as important as the steady response.

In surge, the geometry of the current profile does not seem to be really important.

The differences are larger in pitch. In the case of the Snorre platform, the steady response
in pitch is dominated by the current load. This is purely due to the geometry of the TLP. The
centre of gravity being high above the water level, the current forces yield large pitching
moments due to a large moment arm.

In other geometrical forms, it is very likely to have a steady pitch displacement dominated
by the wind effects. The steady wave drift is not likely to produce large moments, because
forces mainly act near the free surface level.
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Surge Response Spectra
due to Wind Gusts (20m/s Wind)
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Pitch Response Spectra
due to Wind Gusts (20m/s Wind)
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Pitch Response Spectra
due to Wind Gusts (50m/s Wind)
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1.

- CHAPTER 6: TIME DOMAIN STUDY IN REGULAR WAVES

INTRODUCTION

The main environmental effects have been modelled and tested in the frequency domain.
The simplicity of the method allows quick calculations and is ideal for validation. However,
if one wants to take into account non-linearities and to calculate the loads in the mooring
lines, he has to carry out the study in the time domain. Thus, the model developed for the
frequency domain is converted into the time domain. The equations of motion controlling the
movements of the platform do not have to be linear, and the loads are not considered as
harmonic. The differential equations are solved numerically for every time step. This kind of
method is more complicated to implement and it requires high computational time.

The method presented here has been developed for a regular sea only. Due to the non-
linearities, the extension to irregular seas is more complicated than in the frequency domain.
This model is helpful to try to understand the effects of the different non-linearities and to
check their relative importance. An extension to an irregular sea may be carried out later but
is out of the scope of this study.

This chapter is divided into 5 sections. First, the principle of the time domain method is
explained.

Then, a mathematical model to predict the non linear forces and motions in time domain is
developed.

Finally, in section 4, four separate analyses are carried out. First, the effects of different
non-linearities introduced in the model are investigated in terms of responses and tendon
forces using the Snorre design.

The same study is carried out using the Heidrun TLP. The influence of the geometry of a
platform on non linear responses is investigated by comparing the results obtained from the
Heidrun analysis with those obtained from the Snorre analysis. The results are rather
different since Heidrun is a much larger structure. In particular, its response in pitch as
expected is different due to a lower centre of gravity.

Then, the response characteristics of Snorre and the forces in its tendons are investigated
for a range of different regular sea states. For each of these sea states, the linear and non
linear models are compared.

Finally, the influence of directionality of the environmental forces is investigated. The
response values and the tendon forces are calculated for non collinear wave, wind and
current. The aim of this part of the study is to investigate the worst weather conditions in
term of loading in the tendon lines.
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2.

TIME DOMAIN ANALYSIS

The time domain analysis, developed to calculate the motions of the TLP and the forces
in the tendons, can be described in three steps as summarised in the following diagram.

timet

Forces
Calculations

Forces

Motion
Equation

Responses

Tendon
Stiffness

Tendon Force

For the instant t:
1.  Different forces acting on the platform are calculated at time t.

2. Response values are deduced from the differential motion equations:

i(l:l’tr—a) = F(t) (2-1)

The equations are solved numerically using a predictor corrector method. The
expension of equation 2.1 in the case of a TLP is described in section 3.

3.  Displacements are used to calculate the forces in the tendons.
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Once these three calculations have been carried out for the instant t, the program goes
through the same process again for the instant t-+dt.

The final results of the analysis are produced in the form of time histories. For a more
practical interpretation, the time series form of the results were processed through
Fourier analysis and the response and force values are presented in the frequency

domain. This process also enables us to identify super-harmonics corresponding to high
order responses.

MATHEMATICAL MODELLING

This chapter introduces the formulation of the problem in the time domain.
The environmental loads considered are almost the same as in the frequency domain:

- First order waves
- Second order drift
- Steady wind

- Steady current

However, the slowly varying wind is not accounted for. Since the sea is taken as regular,
the effects of the slowly varying drift do not appear in the model.

The model description is divided into two sections. The first presents the linear part of
the model, which corresponds to the frequency domain model. A first formulation of the
tendon forces is also described. It corresponds to a linear stiffness.

The second part describes different non-linearities that are included in the model. The
physical effects are explained and the developments of mathematical models are detailed.

An alternative formulation of the tendon forces based on a non-linear stiffness of the
mooring system is also given.

3.1. LINEAR MODEL

In the linear model the motion equation can be written as:

(b PNl @ (e e [ DEg - F0) @

Where:
M: mass-inertia matrix.
M,: added mass matrix.
C,: potential damping matrix.
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K., and Kj: the mooring and hydrostatic stiffness matrices.

F(t): linear force vector applied to the structure.

X, Xand X: acceleration, velocity and displacement vectors of the
structure.

The coefficients such as mass and stiffness are defined in the frequency domain.
The first order wave forces, added mass and potential damping are calculated at the
wave frequency, using the analytical solutions developed in Chapter 3.3.

In the frequency domain, each force was studied separately. This is not the case in the
time domain. The force vector F includes all the forces applied to the structure. In the
linear model, it corresponds to the time dependent forces such as the wave exciting
force, as well as the steady forces due to the drift, the current, and the wind.

In the linear model, the mooring system is considered as one linear spring. Since the
set down is neglected the elongation of the tendons is given by:

dL= Z (3.1-2)
cosaL,

Thus, the force in the tendons becomes:

AE Z
F.,=T+—— 3.1-3
Tend L, cosa, ( )
Where o is the cable angle given by:
/ 2 2
o, = arctan __}_(_+¥_ (31_4)
L +Z

And:
X, Y, Z: displacements in surge, sway and heave
A: total section of the tendons
E: Young modulus of the tendons
L.: length of the tendons
T: initial pretension

3.2. DEFINITION OF NON-LINEARITTES

Several non-linearities are added to the first linear model:

- the viscous damping: this factor is due to the resistance water during
oscillations of the structure.
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the stiffness of the tendons: the mooring system is not linear because of the
coupling between the different motion of the platform. For example, the
surge displacements create a set down in heave.

- the drag force: this force which is due to the viscous effects is quadratic and
will create a force of higher order.

- the coupling of the movements of the platform: due to the rotations of the
platform, the different motions are coupled together.

- the effects of the free surface: The forces and coefficients are normally
calculated up to the mean water level. In order to investigate the non
linearities due to free surface effects, the integration is carried up to the free
surface level. This may have some importance in the case of steep waves.

- the effect of the motions of the structure on the wave load prediction. In the
linear model, the TLP is supposed to be fixed in formulating the wave
forces. In the non linear model, the wave forces are not calculated at a fixed
reference position anymore, but at the actual position of the TLP.

3.2.1. Viscous damping

The viscous damping is the only non-linearity that was taken into account in the
frequency domain study through an iteration process (see Chapter 2). In the time
domain, its expression is straight forward. The quadratic term is directly included in
the equation:

(M1 pr@DE (C @ [ K (K. 1+ [K, D)= {F1)}

3.2-1)

3.2.2. Stiffness of the tendons

In the frequency domain, the tendons were considered as one linear spring. In the
time domain, it is possible to model the stiffness of the tendons and their coupling with
the TLP in a more precise way.

In the equations of motion, the linear mooring stiffness is replaced by the restoring
forces Fy.

(M} M.@DEF (C. @) [c 1K PxF K 1{X)= FOM 6. X))
(3.2-2)
The following method describes the calculation of these restoring forces induced by

the mooring system on the TLP. The coupling between the tendons and the TLP is
fully taken into account.
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6.6
A formulation of the forces in the tendons is also given.

The assumptions made are:
- The tendons have an elastic behaviour.
- The hydrodynamic effects on the tendons are neglected.
- The tendons are massless.

1. Calculation of the movements at the connection point C between the TLP and the
tendons, in the co-ordinate system centered on G, centre of gravity.

(%)= {X}+[T){X.} (3.2-3)
Where:
CosQ, 0 SinQ,
To=| SinQ SinQ, CosQ, -SinQ, CosQ, (3.2-4)

-SinQ) CosQ, SinQ, CosQ, CosQ,

X.: displacement at point C
Xg: displacement at point G centre of gravity of the platform
X. : co-ordinates of the point C

Q,, Q,: displacements in roll and pitch respectively

The displacement is different at the bottom of each column. Thus, the system is
modelled with four non-linear springs.

In the following, we consider the system formed by one column and one of the
springs representing the tendons.

2. Change of co-ordinate system
To simplify the problem, a new co-ordinate system (C,, X', ¥, z) is considered. It is

chosen so that the vertical axis remains the same and the displacement along y' is
equal to 0. C, is the original position of the point C. (See sketch below).



The angle 3. between the axis X and X' is given by:

B. = arctan@?) (3.2-5)

c

The displacement in the new co-ordinate system then becomes:

X
X' =X 3.2-6
°  CosB, ( )

The restoring forces in surge and sway are given by:

F; = . CosB,

. (3.2-7
Fy, = F SinB, )

3. Restoring Forces

The following sketch shows the geometry of the mooring system and a
representation of the forces applied to the tendons.

— Fro-T/4 (T/4+dT)

_ 7.
c on
™ Fage
L. Lo+dL Tendon
Sea Bed
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From the geometry of the system we have:

. X!
Sina, =

L, +dL
Cosa, = L. +Z,

L +dL

Xl
Tana, = <

L.+Z

4

Where dL is the elongation of the tendons

The equilibrium of the forces gives:

E, = —G + dT) Sinat,

(3 .2'9)
E, —— —(—‘ + dT) Cosa
Mz 4 4 c

Where T is the original pretension and dT is the variation of the pretension.

Assuming that the tendons have an elastic behaviour:

ar=2E 4
aL

<

(3.2-10)

Where: A: total sectional area of the tendons

E: Young Modulus of the tendons

From Equation 3.2-8, we can calculate the angle of the cable:

o ¢ arctan
c c

and the elongation of the tendons:

(3.2-11)

(3.2-12)

(3.2-8)
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Then, the forces become:

+AEdLJ X!
L L. +dL

c

F, = ——(T

F. = —l(T+ AEdL) Cosa, +I
4 L 4

<

Using Equation 3.2-7, the restoring forces in surge and sway become:

1 AE X’

F, =—|T+ dL £ C

M 4( L, )Lc+dL osB.
1 AE X’

Fy =——| T+ dL <—Si

My 4( L, )Lc+dL inB,

The restoring moments in roll and pitch are given by:

My =Y. F,-Z F,
My, =Z Fy — X By

The force in the tendons is simply given by:

T, AEd
4 4L,

FTend =

Where dL is calculated in Equation 3.2-12.

3.2.3. Drag Force

(3.2-13)

(3.2-14)

(3.2-15)

(3.2-16)

The drag forces were neglected in the frequency domain study. These forces can be

linearised, but since the inertia forces are predominant, the drag forces are not of great
interest.

However, in the time domain, it is possible to take into account the drag forces to

study the high order excitations.

The effects of current and waves can be combined in the following drag force

equation:

1
F, = Epcd D, fd lUCur + UWave|(UC“r + UW““"’)dz

Where Uy, and U,,,,. are the current and wave velocities.

(3.2-17)
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The drag force is calculated using the following coefficients:.

C5x=Ciy=06 C§, =082

ng =C§y =ng =2

3.2.4. Coupling between the different modes of motion of the platform

The rotation of the platform in roll and pitch induces coupling between the
different motions of the TLP.

This effect is modelled by a force added to the right hand side of the motion
equation.

The motion equation becomes:

(] + [M. @R} + (€5 @)] + [ TR F) + K, 1) = (B0} + {30} +
{F.()} + {Fmp (t X)}

(3.2-18)

Where F.,, represents the coupling between the different modes of motion and is
written as:

@,z

-Q.Z

{Fow}=-M|-0, X+0, Y (3.2-19)

Where X,Y,Z, Qx,Qy are the velocities of the TLP in surge, sway, heave, roll,
and pitch respectively.

3.2.5. Free surface effects

In the frequency domain, the water level is taken as the mean water level,
neglecting the effects of the free surface. In the case of steep waves, significant
changes can appear if the water level is taken as the free surface level.

The free surface has an effect on the calculation of several forces and coefficients
of the motion equation. Its effects are large and complex.

The solution proposed here is based on a simple model proposed by Natvig [6.1].
Only the non-linear terms that he found significant are taken into account. With this
model, he was able to simulate numerically a ringing phenomenon that he recorded
during model testing.
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6.11

The non-linear terms accounted for are:

- the diffraction force correction

- the drag force correction

- the added mass correction

- the potential and viscous damping correction
The free surface also creates the following terms:

- the derivative of the added mass

- the wave slapping

The first four terms represent the difference between the value of these forces and
coefficients when they are calculated up the free surface level instead of the mean
water level.

The fifth one is due to the fact that the added mass becomes time dependent when
calculated taking into account the free surface.

The last one represents the force due to the impact of waves on the structure.

These effects are expressed as forces added to the right hand side of the motion
equation.

(] + M, (@)X} + ([Cp(co)] + [c]{|x|}){x} +[K, J{X} = {E ()} + {E. (1. X)} + {F. ()} +
{Fo (& X)} + {Fece (6., X))

(3.2-20)
Where:
F

fscor

= AF, i

+AF,,, — ARy, — AF;, — AR, + AF,, + AF

lap

(3.2-21)

First, the free surface level has to be calculated. For that purpose, the first order
diffraction potential is used. Its formulation is given in chapter 3. The effects of the
pontoons and the movement of the TLP are neglected.

3.2.5.1. Diffracted free surface

The free surface is given by:

n=-192 (3.2-22)

gdt z=0



Where @ = ®; + ®p, is the sum of the incident and the diffracted potentials.
Around the jth column the potential @ becomes:

®'(R,,0;)=Re [ f( )3 e = (kR ye fe‘f‘“‘J (3.2-23)

n=—c0
Where:

~i A g cosh(k(z + H))
®  cosh(kH)

f(z)=

(3.2-24)

and:
k: wave number
o: wave frequency
A: wave amplitude
H: water depth
R.: the column radius
H,: the Hankel function of the first kind of order n
A/': the diffraction coefficient

The free surface around the ith column becomes:

nj(Rc,Gj) = Re[;ii; i H'?k:_‘R )ei“e" e"“") (3.2-25)

n=—o

For the free surface corrections, the average of the free surface around the
column is used, this mean value is given by:

_. 1 2iA A} :
b= IR_,6.)JR_dO6. =Re e 3.2-26
i 2ch£"( -0))R. 48, (nkR H(kR.) ] (3:2-26)
3.25.2. Diffraction force corrections

The force correction represents the difference between the force expressed up
to the mean water level and the force expressed up to the free surface level. This
force is positive if the free surface is above the mean water level and negative if
below. Only the forces on the columns are subject to the variation of free surface.
The forces on the pontoons remain the same.

The correction is implemented using the diffraction potential already used to
formulate the forces on the columns.

2n/ M
AF . = Re(j(f —p%?—dzj R, cos6 dGJ (3.2-27)

0 N0
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The correction terms come as:

Api —pd 2ipgA Sinh(k(7 + H)) - Sinh kH (AL, Al =
o k’Hj(kR,) Cosh kH -1 T
(5 _pd _2pgA _Sinh(k( + H)) - Sinh kH (Al 5 &)
Dify sz; (ch) Cosh kH -1 1
AFl%ifiz =0
AMi . =Re _2_pg_A_Q (Aj +Aj) e | L7 AR (3.2-28)
P kR, M
P -2ipgA : N '
o, =R s () o) 2o
Where:
Q, = P_CTih_(_ldT)(kﬁsmh k(R + H) - Cosh k(¥ + H) + Cosh k)

(3.2-29)

This formulation is based on the assumption that the wave particle kinematics

can be defined in the free surface zone as defined in the rest of the fluid. This gives
a good approximation for regular seas. Nevertheless, in the free surface zone, a
stretching formula should be applied since the velocity and acceleration values in
the wave crest are overestimated.

3.2.5.3. Drag force corrections

The corrections for the drag force are calculated following the same principles.
They are:

n .
AFDmg =P cd D ‘“UWav&s + U(,\xrrmtI(UWav&s + UCurrent) dZ
0 (3.2-30)

7
Uwavu + UCurrentI(UWavx + UCun'cnt) (ZG - Z) dZ
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3.2.5.4. Added mass corrections

The use of radiation potentials to calculate the variations in added mass for each
time step is very time consuming.

Instead, the strip theory formulation of the added mass is used, where the added
mass coefficient is directly deduced from the result of the analytical theory:

nD?
M, =C,(»)p —Z-Ld (3.2-31)
Where: D.: column diameter
d: draught
Cn: frequency dependent added mass coefficient for the columns
deduced from the radiation potential.

This way the correction can be expressed as:

AFMax =C (O))p—nx
nD2
AFMay =Cm(m)p_ﬁY
AR, =0
1tD2 n 2.
MM, =C_(0)p—=T|=-2Z, | @,
4 \2
T . Ve
(? ZG) *

3.2.5.5. Potenti vi in ion

(3.2-32)

M, = Cm(m)p

The same principle is used to calculate the potential damping corrections. From
the analytical solution, we now derive the frequency dependent coefficient Cpq.

2

nD
C = de(co)p—44d (3.2-33)

Since the potential damping is taken as zero for heave, pitch and roll motions, the
corrections only occur in surge and sway motions:

D> .
AFcpx = de(m)p Tﬁx
2

D’
AFpr = de(CD)p ﬁ

(3.2-34)
Y
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The corrections for the viscous damping follow the same principle as the drag
forces. It becomes:

AF, = -pC, D, TifX|X

AF,,, =%pCd D, AY|Y

AFCvz = O
(3.2-35)
AM@lepCchn(ﬂ Z) n X
2 2
1 M L.
AM,, =-2pC, D, ( ) iE_ZG |2,
3.2.5.6. Derivative of the added mass

Due to the free surface corrections, the added mass becomes time dependent.
Thus, a new term appears, the derivative of the added mass with respect to time.

According to Natvig [6.1], it has a major importance for modelling the ringing
phenomenon. It comes:

_ D2 dn(X
AFM.(yJ-C() 4 dt(j
AFM.Z=O
nD? dq 2 _(7 Q.
AFM,(Q) Cal0) " ((2 ZG) +T‘(_2" G)][QJ (3.2-36)
3.25.7. Wave slapping

This force represents the impact force of the wave crests on the structure. For
cylinders, it can be written as:

AF "3 Le,c.(0)pD, AN (U e = %)’

Slap
Y.

AF,, ,=0

lap z

_(-1\(x
AFS]a,,["x] B ( 1 ) (E - ZG) AFSIap[;) (3.2-37)

C=1.151: slamming coefficient (See below)

C... added mass coefficient, introduced here to take into account the
interaction between the columns

D.: diameter of the columns

An: slope of the diffracted wave across the column



Uswaves: diffracted velocity of the waves

The above empirical formula is given by Faltinsen [6.2]. The coefficient C; is
deduced from the experimental work carried out by Campbell et al [6.3] for
horizontal cylinders.

The slope of the wave, An, is calculated by the difference of elevation between
the front and the rear of the column.

The introduction of the coefficient C, is not necessary, since the interaction of
the columns is already taken into account in the diffracted wave velocity.

A full study of the effect of slamming on a TLP structure may be interesting.

However, this is out of the scope of this thesis. We will use this simple formula,
that can be easily used in the time domain.

3.2.6. The effects of the displacement of the structure

So far, the wave forces have been formulated assuming that the TLP is fixed. This
assumption may not be acceptable for the large amplitude motions. In the case of
TLP, this means that the surge and sway motions should be taken into account in
formulating the wave excitation forces and moments. Displacements in heave, roll and
pitch are very small and their influence is neglected.

Large amplitude motions are considered to modify the formulation of:
- first order forces
- drag forces
- free surface

The differential equation becomes:

M+ [ @) 2+ (@) + [C I A+ 510 = {7 0} + (R 20} +
{E(t, )+ {Eo (1, X))+ {F (1, X, X))

(3.2-38)

The non-linear terms slow down the time domain program considerably since the
first order forces should be recalculated for every time step. If the structure is
considered as stationary, the spatial dependent part of the force can be calculated
once for all. Then, the only calculation required to obtain the forces at time t, is the
multiplication of the force amplitudes by sin ot.

One should note that the steady drift formulation has not been modified. One could
also take into account the displacement of the structure in the formulation of the
steady drift forces. However, the whole calculation would have been slowed down
even more. Furthermore, this would not change the results significantly. Indeed, we
are considering extreme weather conditions, where the wind clearly dominates all
other steady forces.
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TIME DOMAIN ANALYSIS

Four different analyses have been carried out with the time domain program.

The first one studies the effects of each non linearity on the motions and tendon loads of
the Snorre TLP.

The second analysis studies similar effects using the Heidrun design. The effects of
different geometries on the non linearities are investigated.

In the third study, the time domain program is run for a whole range of wave frequencies.
The aim is to investigate the influence of the different components of an irregular sea state.

For each frequency, a comparison between the linear and the non linear model is carried
out.

Finally, in the last part, the effects of the directionality of the environmental forces are
studied in terms of displacements and tendon loads.

The last two analyses are carried out with the Snorre design.

4.1. EFEE F NON LINEARITIES ON THE RRE TL.P

The simulation is carried out for a regular head sea. The wave frequency and the wave
amplitude are taken as 0.2 rad/s and 13.52 m.

Wind and current are collinear with the waves and their velocities are respectively
40 m/s and 0.6 m/s.

Nine different tests are run during this study.

Test 0 uses the linear model described in the previous section. This was done to
establish a reference during the analysis of the non linearities.

The six following tests are carried out with one of the six non linearities at a time.
Test 1 introduces the non linear stiffness of the mooring system.
Test 2 is carried out with the viscous damping.
Test 3 takes into account the coupling between the motions of the TLP.
Test 4 applies the drag forces on the structure.

Test 5 considers the free surface effects.



Test 6 takes into account the large amplitude motions of the TLP in force
calculations.

Finally the last two tests combine the different non linearities:

Test 7 is run for a model which takes into account every non linearities except for
the large amplitude motions of the TLP

Test 8 is the same as test 7, but includes the non linearities due to the displacement
of the platform.

Test 7 is important because when the non-linear simulations based on the large
amplitude motion model are run, computational time required becomes excessive. If the
displacements of the structure could be neglected, a lot of computation time could be
saved.

During the analysis, the time history of the responses and the loads are transformed to
the frequency domain using a fast Fourier transform (FFT).
The responses and the forces are then divided into four components:

- The steady response/force (offset or pretension)

- The first order response/force corresponding to the response occurring at the
wave frequency (here, 0.2 rad/s).

- The second order response/force taking place at twice the wave frequency
(0.4 rad/s).

- The third order response/force at three times the wave frequency (0.6 rad/s)

The results of the different tests are given in Table 6.1. The results presented here are
in three degrees of freedom - surge, heave and pitch. The loads in the up-stream and
down-stream tendons are also included.

4.1.1. Test O: Linear Model

This test corresponds to a frequency domain analysis where no non linearities are
taken into account. The response has only two components, a steady one
corresponding to the steady forces, and a first order one corresponding to the harmonic
wave forces.

The time history and the FFT of the responses and tendon forces can be seen in
Figures 6.1 and 6.2.
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4.1.2. Test 1: Non Linear Mooring Model

This test presents large differences in the motion responses and the tendon forces
from test 0. (See Figures 6.3 and 6.4)

The displacement in surge is only slightly changed. A second response can be
noticed but it is still very small compared to the first order response (1%).

Large changes can be seen in heave. Due to the set down, a large offset is present.
The first order response is increased by 80%. Finally, a large second order excitation
appears. These three values are of the same order of magnitude.

The response in pitch is also affected. The steady response is largely increased, but
is still quite small compared to the first order response. The first order response is
increased by about 30%. Finally, a second order response can be observed, it
corresponds to about 10% of the first order response.

Due to a new formulation of the tendon loads, an asymmetry now appears between
the forces in the up-stream and down-stream tendons.

The maximum pretension value represents a 7% increase over the linear pretension.
Similarly, the maximum first order force is 11% higher than the prediction of the linear
model.

A second order response is also visible in the frequency plot of the response. It
corresponds to 5% of the first order response. However, it remains quite small
considering the large second order responses both in heave and pitch.

4.1.3. Test 2: Viscous Damping

The viscous damping has an insignificant effect on the response of the TLP. The
only noticeable difference with the linear model is a smaller first order surge response
(about 2% difference).

Being far from the natural frequency, it is expected that the damping would have no
effect on TLP responses.

4.1.4. Test 3: Motion Coupling

The coupling has no significant effect neither on the displacement of the TLP nor on
the tendon forces.

This is due to the very small value of the rotational velocity, because of the high
value of the stiffness in roll and pitch.
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4.1.5. Test4: Drag Force

The drag forces induce some changes in the steady responses and first order
response of the TLP. The surge offset increases by 15%, whereas the pitch steady
response decreases by 54%. This however remains quite small compared to the overall
response. The first order responses are also increased, 1.5% in surge and heave and
6% in pitch.

The higher order response induced by the drag force appears at three times the wave
frequency (See Figure 6.5). Nevertheless, they are very small compared to the first
order response.

The effect on the tendons is small too. The induced third order force is only 4% of
the first order load.

The effects of the drag forces on the tendons are underestimated by the linear
mooring model that does not take into account the rotation of the TLP.

4.1.6. Test 5: Free Surface Effects

The main influence of the free surface effects appears in pitch. The amplitude of the
first and steady response are slightly decreased. More important is the presence of
super-harmonics (See Figure 6.6). The second order response is significant (about
10% of the first order displacement), whereas the third order response is still very
small.

As stated before, the linear mooring model does not take the rotation into account
for the calculation of the forces in the tendons. Thus, the free surface effects have to be
coupled with the non linear mooring model to fully account for their effects on the
tendons.

4.1.7. Test 6: Displacements of the TLP

Heave is left unchanged, and surge shows very little difference.
In pitch a second order response appears (Figure 6.7), but remains small. The
offset is reduced by 15%.

This effect has to be coupled with the non linear mooring model to see significant
changes in the tendon loads.

4.1.8. Test 7: Fully Non Linear Model (except displacements)
The time history and the FFT of the responses are presented in Figure 6.8.

Insignificant changes appear in the surge response.
The heave response is very similar to the one observed in test 1, with a steady, a

first order, and a second order response of the same order of magnitude. However, the
first order response is about 20% higher.
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The pitch response is also very similar to test 1. The second order is quite
important corresponding to about 18% of the first order response.

The values of the pretension are close to the one observed in test 1.

Larger differences in the values of the first order forces between the upstream and
downstream tendons can be observed. This is due to the changes in the pitch steady
offset.

The second order effects are also larger (See Figure 6.9), this is due to the second
order responses in pitch due to the free surface effects. These responses represent
respectively 6% and 7.5% of the first order responses in the down-stream and up-
stream tendons.

4.1.9. Test 8: Fully Non Linear Model (including displacements)

Figure 6.10 shows that the responses are very similar to the ones of test 7. The
main changes are a 10% rise in the surge offset, and the first order heave response.

Insignificant changes are noticeable in the tendon forces (See Figure 6.11).

4.1.10. Conclusion

A graphic presentation of table 6.1 is presented in Figures 6.12 to 6.17. The 3D
charts represent each of the four components of the response for the nine tests.

Figure 6.12 shows that the surge response is hardly modified by the non
linearities.

The bigger difference appears in the offset of the platform, but the effects of the
drag force and the non linear mooring model cancel each other.

Figure 6.13 clearly shows that the non linear mooring model completely changes
the heave response of the TLP. This effect is by far the most important one.

Figure 6.14 shows how the pitch response is affected by the non linear mooring
model, and how the free surface effects, the displacements of the TLP, and to a lower
extend, the drag force create super-harmonics.

Figures 6.15 and 6.16 present the forces in the down-stream and the up-stream
tendons. The forces are mainly changed by the non linear mooring model.

A larger pretension can be observed in the up-stream tendon. A larger first order
force appears in the down-stream tendon. The non linearities also induce super-
harmonics at two and three times the wave frequency.

Finally, Figure 6.17 shows the asymmetry of the forces in the tendons for tests 1,
7 and 8. The tendon force resulting from the linear model is given as a reference.

From this analysis, it clearly appears that the most important effect on both the TLP
responses and the forces in the tendons is the non linear model of the mooring system.
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It produces a very different heave response, and induces an asymmetry in the
tendon loading.

The drag forces, by increasing the values of the steady offset in surge and pitch,
also have an effect on this asymmetry of tendon forces.

The free surface effects to a lower extend are also important since they create
second order responses both in pitch response and in tendon loading.

The effects of the displacement are also noticeable but are nevertheless quite small
and may be neglected if computation time savings are needed.

4.2. EFFECTS OF NON LINEARITIES ON THE HEIDRUN TLP

In this section, the same study as before is carried out for the Heidrun TLP. Since this
TLP is rather different from Snorre, it is interesting to know if the non linearities have
the same effects on the two platforms, or if noticeable changes can be observed.

Heidrun is much bigger structure. Its main characteristics can be found in table 6.2.
Due to its concrete hull, the columns are bigger, and the draught is larger. The behaviour
in pitch may also change due to the position of the centre of gravity that is much lower
than on the Snorre TLP.

The same nine tests are carried out on the new geometry. The results are presented in
table 6.3, under the same format. The sea state conditions also remain the same.

4.2.1. Test 0: Linear Model

The comparison of the displacements of Snorre and Heidrun shows that the
responses are of the same order.

Figures 6.18 and 6.19 show a comparison of the distribution of the responses
between the different frequency components for the two TLPs. Each component of
the response (steady, first, second and third order) is given as a percentage of the
overall response. The surge responses are about the same. The steady offset of the
pitch motion for Heidrun is more important than for Snorre.

The tendon forces are greater for the Heidrun design, however the distribution of
the loads between pretension and first order response is the same. (See Figure 6.20)

422, Test 1: Non Linear Mooring Model

Insignificant changes appear in surge compare to test 0, as it was observed in the
case of Snorre. (See Figure 6.21)

In heave, the response has the same characteristics as for Snorre: a large offset and
second order response. Figure 6.22 shows the distribution of the response between
the different frequencies. It compares well with the results obtained for Snorre despite
a smaller second order response.
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The response in pitch is a little different from the response of Snorre. The offset is
bigger whereas the second order effects are not as important. (See figure 6.23)

However, the same overall effects are observed, an increase in the offset, the first
order and the second order response.

The tendon forces compare also well. (See Figures 6.24 and 6.25). The second
order forces are smaller but the difference is minimal compared to the overall loading.

4.2.3. Test2 and 3: Viscous Damping and Motion Coupling

As with Snorre, these two non linearities have very little effect on the response of
Heidrun or on the forces induced in its tendons.

4.2.4. Test4: Drag Force

As with Snorre, the surge offset is increased by about 15% and the heave motion is
left unchanged.

The main difference with the Snorre response appears at the third order pitch
motion. It does not increase up to the same extend.

However, in both cases this component is very small compared to the overall
response. (See Figure 6.26)

The non linear mooring model would have to be applied to see any significant
changes in the tendon forces.

4.2.5. Test 5: Free Surface Effects

The only significant effects appear in pitch. The pitch offset is increased, whereas it
decreases in the case of Snorre. This is due to the position of the centre of gravity.

The effects on the first and second order response remain the same (a small
increase).

As with the linear model, the main difference is a larger contribution of the offset in
the pitch response of Heidrun. (See Figure 6.27).

The contribution of the second and third order effects are the same for both
platforms.

4.2.6. Test 6: Displacements of the TLP

As before, the main differences appear in pitch. The relative second order response
induced by the non linearity is smaller for Heidrun than it is for Snorre. (See
Figure 6.28).
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4.2.7. Test 7: Fully Non Linear Model (except displacements)

Figure 6.29 shows that in surge, the distribution of the response is very similar.
The super-harmonics are very small. The results on Heidrun show a slightly larger
contribution of the offset.

In heave (See Figure 6.30) the main difference appears in the second order
response. It is smaller for the Heidrun design. However, the responses are quite
similar.

The bigger difference between the responses of the two TLPs appears in pitch
(Figure 6.31). The Heidrun response presents a larger offset and smaller super-
harmonics.

In terms of tendon forces, the results are quite similar, although Heidrun has a
larger offset and smaller second and third order components. (See Figures 6.32 and
6.33).

The asymmetries between the up-stream and down-stream tendons present
significant differences. The difference of pretension between the two sets of tendons is
about 15% of the total pretension for Heidrun. For Snorre, the same value is about
7%.

In terms of first order forces, the asymmetry is about 9.5% for Heidrun and 19%
for Snorre.

These effects can be directly linked with the difference in the pitch response, where
the steady offset is larger for Heidrun and the first order response is larger for Snorre.

4.2.8. Test 8: Fully Non Linear Model (including displacements)

Figures 6.34 to 6.38 show that the configuration observed in test 7 is not changed
significantly by effects of the displacements. The same remarks still apply on the TLP
responses and the tendon forces.

43. EFFECTS OF THE WAVE CHARACTERISTICS ON THE SNORRE TLP

In this section, the influence of different waves on the response of Snorre and on its
tendon forces is investigated. Each wave is considered with a heading of zero degrees.
The wind and the current are collinear with the waves. Their respective velocities are
taken as 40 m/s and 0.6 m/s.

First, a set of waves is generated. They are characterised by a frequency and an
amplitude. The relation between these two values is based on a Pierson Moskowitz
spectrum for a 40 m/s wind velocity.

A = S(0)do (4.3-1)
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Where A is the wave amplitude and S the Pierson Moskowitz wave spectrum. do has
been taken as 0.05 rad/s.

Figure 6.39 shows the wave amplitudes plotted as a function of the frequency.

Two time domain simulations are carried out for each wave. One using the linear
model (same as test O in the previous analyses). The second simulation used the same
non linear model as described in test 7. The displacements of the TLP are not taken into
account in the force calculations because the computations require too much time.
However, it as been observed before that these effects are relatively small.

Tables 6.4 and 6.5 present the results of these two analyses. The wave frequency
varies from 0.15 rad/s to 0.7 rad/s. For each wave the surge, heave and pitch responses
as well as the tendon forces are given in terms of frequency components.

43.1. Surge Response

Figure 6.40 presents the predictions of the linear and non linear models for the
surge offset.

The linear model gives a constant offset. The small fluctuations are due to
numerical imprecision during the Fourier transform.

The value of the offset calculated with the non linear model varies significantly for
frequencies between 0.15 and 0.4 rad/s. This range corresponds to the waves of
largest amplitudes. For smaller waves, however, the value remains more or less
constant. This value is about 13% higher than the prediction of the linear model.

Figure 6.41 shows that the results of the two models for the first order surge
response are very similar.

4.3.2. Heave Response

Three components are important in the heave response, the offset, the first and the
second order responses.

Since no steady force is present in heave, the heave offset calculated with the linear
model is equal to zero. (See Figure 6.42).

However, the non linear model takes the set down effect into account and thus
gives an offset in heave. Its value reaches a maximum of 33 cm for the highest wave.
Then it decreases to a constant value of 12.5 cm.

Figure 6.43 shows that the non linear model gives higher values of the first order
response in heave. This difference is amplified for the largest waves. The maximum
difference between the two predictions is about 30 cm for a 0.25 rad/s wave.

At twice the wave frequency, the linear model predicts no response. However, the
non linear model shows significant values for the highest waves. This response rapidly
decreases as the amplitude of waves is reduced. (See Figure 6.44)
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4.3.3. Pitch Response

The offset calculated with the non linear model is bigger than the value predicted
by the linear model (See Figure 6.45). The behaviour of the offset is similar to what
has been observed in surge. The linear model predicts a constant offset over the range
of frequencies. Whereas the value calculated by the non linear model varies for the
highest waves, and is constant for the smallest ones.

For the first order pitch response, the two models give close results. Only a small
difference can be observed in the low frequency range. (See Figure 6.46)

43.4. Tendon Forces

An important remark that has been made before in the comparison of the two
models, is that the non linear model do not predict the same load in every tendon.

One tendon force is plotted for the linear model whereas the forces in both the
upstream and the downstream tendons are plotted for the non linear model in the
Figures 6.47 and 6.48.

Figure 6.47 presents the results of the two models in terms of pretension.

The value is directly linked to the values of the offset of the platforms. The linear
model gives a constant pretension whereas the non linear results show a variation in
the pretension for the larger waves.

The variations between the two sets of results are quite significant. Compared to
the linear model results, the pretension is 3% smaller in the down stream tendon and
5% larger in the up-stream tendon. '

The values of the first order tendon forces are presented in Figure 6.48. Once
again, the two models show significant differences. For the highest waves, the linear
model predicts a force that is close to the up-stream tendon force. But at lower
frequency, the linear model underestimates the forces both in the up-stream and the
down-stream tendons. At 0.4 rad/s, the difference reaches a maximum of 18.5 Mega-
Newtons.

Finally, one should note that the asymmetry of the forces decreases when the
waves become smaller.

4.4. EFFECTS OF THE DIRECTIONALITY OF THE ENVIRONMENTAL
FORCES

So far, the environmental forces have always been taken as collinear, and only head
seas have been considered.

In this section, the influence of the direction of the three environmental forces on the
Snorre TLP is investigated.

Several tests have been carried out with the time domain program for four different
wave, wind and current angles - 0, 45, 90 and 135 degrees.



The sea state is represented by a regular wave of 13.52 m amplitude and 0.2 rad/s
frequency. The wind and current velocities are respectively 40 m/s and 0.6 m/s.

The time domain program uses the same non linear model as in the previous section.
All the non linear terms implemented in the developed model are used except for the
displacements of the platform because of computational time limitations.

Table 6.6 presents the results in terms of responses and tendon forces for different
combinations of the loading.

The displacements are given in five degrees of freedom in terms of steady offset and
first order response. For heave, the second order response is also included.

The loads in the four tendons are given in terms of pretension and first order force.

The numbering of the tendons (1 to 4) corresponds to following geometry:

Ay

SYTSR
K

The row labelled "Fo-F1", represents the difference between the pretension and the
first order force amplitude. The closer this coefficient comes to zero, the closer the
tendons are to become slack. This value is referred to as the slackness coefficient later in
the analysis.

Finally, the last three rows of the table give the total pretension in the four tendons,
the mean value of the first order force in the four tendons, and the mean value of the
slackness coefficient over the four tendons.

4.4.1. Tendon Force Model Analysis

In order to understand the loading in the tendon, it is useful to relate the tendon
force to the offset and the first order responses of the TLP.
The offset at the tendon connection (point C) is given by the following relation:

Roo = Xog +Qy x X, (4.4-1)

Where  xqc is the offset at the centre of gravity
X is the position of point C
Q, is the steady rotation
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In the same way, the first order displacement is given by:

%io =Xy + 0y X (Xc +5oc ) (4.4-2)
which becomes after developments:

Ric = Kyg +Qy X Koo+ X (X + Q0 xXc) (4.4-3)
The pretension in the tendons can be written as:

F, =T, +K-X,c (4.4-4)

Where: Ty is the original pretension
K is the linear stiffness vector equal to:

T

R=|T (4.4-5)
E%
Similarly, the first order force becomes:
E=K. Xc (4.4-6)

More details regarding these developments, can be found in reference [6.4].

From this analysis, it appears that the asymmetry in the pretension and first order
force are due to the second term of equations 4.4-1 and 4.4-3.

The pretension is directly related with the value of the offset. The offset is mainly
due to the steady wind force. We will then be looking for a relation between wind
direction and pretension.

The influence of the offset in the value of the first order force is small. Thus, the
first order force is mainly related to the wave inertia force. The heading of the wave
should be the most important factor for the first order forces in the tendons.

4.4.2. Pretension

The total pretension in the four tendons remains more or less the same in each of the
tests carried out in this study. The main differences appear in the distribution of the
loads among the different tendons.

6.28



The pretension values are almost constant in tendons 1 and 3. They correspond to
the down-stream and up-stream tendons in terms of wind loading.

Tendons 2 and 4 show more significant variations. As expected, they are directly
related to the wind angle. The pretension is maximum (= 62 MN) in tendon 4 and
minimum in tendon 1 ( 58 MN) for a 0 degree wind heading.

For a 90 degree wind angle, we observe an inversion of the forces, about 62 MN
in tendon 1 and 58 MN in tendon 4.

For 45 degrees, the loads in both tendons are equal (about 60 MN).

4.4.3. First Order Force

The mean values of the first order tendon force show insignificant changes with the
angle of the environmental forces.

However, the distribution of the loads in the different tendons changes. They are
directly related to the wave angle.

Tendon 1 and 3 have roughly constant values for 0 and 90 degrees heading seas -
about 47 MN for tendon 1 and 39 MN for tendon 3.

For quartering seas, this value increases by 6% and 7.5% in tendons 1 and 3
respectively.

However, this effects is compensated by a decrease in the loads of tendons 2
and 4.

4.4.4. Slackness Coefficient

The mean value of this coefficient over the four tendons is very similar in every test.
Yet, the slackness coefficient varies significantly from one tendon to another,
depending on the wave angle.

The smaller values appear for quartering seas in the down-stream tendon. This
corresponds to tendon 1 for a 45 degree wave and tendon 4 for a 135 degree wave.

4.4.5. Conclusion

The overall tendon loads do not vary significantly depending on the angle of the
wave, wind and current.

Yet significant differences, in the forces can be observed between the different
tendons. The loads in the tendons are related to only one of the environmental forces.
The pretension is sensitive mainly to the wind angle. Similarly, the first order forces
changes significantly only with the direction of the waves.

What has been called the slackness coefficient, the difference between the
pretension and the amplitude of the first order force, shows a minimum in the down-
stream tendon for quartering seas.
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TLP RESPONSE: TIME DOMAIN SIMULATION

Snorre TLP Amplitude=13.52m Frequency=0.2rad/s Head sea

Linear ’;ot?"ti::! ;':::l:; Acg:::“ant;on Drag Forces FreEe"?.:::ea Displ t A"(_DE::?S All Effects

Motion Frequency Test O Test 1 Test 2 Test 3 Tost 4 Test 5 Test 6 Test 7 Test 8
Oftset 8.01 6.81 7.996 8.01 9.22 8.27 8.39 7.97 8.82
Surge 0.2 rad/s 15.98 16.04 15.53 15.98 16.209 16.02 15.95 15.61 15.7
Response (m) 0.4 rad/s 2.38E-02 1.82€-01 2.12E-02 2.38E-02 2.87E-02 7.83E-02 1.31E-01 1.45€-01 5.43E-02
0.6 rad/s 1.04E-02 1.09E-02 8.87E-02 1.04E-02 3.56E-02 1.41E-02 1.14E-02 4.97E-02 5.15E-02
Offset 0.000 -0.320 0.000 0.000 0.000 0.000 0.000 -0.332 -0.356
Heave 0.2 rad/s 0.204 0.367 0.204 0.204 0.207 0.204 0.204 0.437 0.48
Response (m) 0.4 rad/s 6.03E-04 0.245 6.03E-04 7.17€-04 6.09E-04 6.04E-04 6.03E-04 0.234 0.236
0.6 rad/s 3.02E-04 5.82E-03 3.02E-04 2.10E-04 7.46E-03 3.02E-04 3.02E-04 7.59E-03 8.30€-03
Ottset 5.2?5-05 3.16E-04 §.26E-05 §.22E-05 2.44E-05 5.00E-05 4.46E-05 2.77E-04 2.91E-04
Pitch 0.2 radss 1.64E-03 2.16E-03 1.64E-03 1.64E-03 1.73E-03 1.60E-03 1.64E-03 2.10E-03 2.12E-03
‘Response (rad) 0.4 rad/s 2.66E-06 2.13E-04 2.61E-06 3.40E-06 3.26E-06 1.65E-04 7.80E-05 3.69E-04 2.89E-04
0.6 radis 3.23€-06 5.34E-06 1.37E-06 1.65E-06 5.11E-05 3.67E-05 5.20E-06 5.35E-05 5.69E-05
Force Ofttset 5.85E+07 5.78E+07 5.85€407 5.85E+07 5.85E+07 5.85E+07 5.85E+07 S5.82E+07|, 5.82E+07
in 0.2 rad/s 3.99E+07 4.22E+07 3.99E+07 3.99E+07 4.05E+07 4.00E+07 3.99E407 4.73E+07 4.76E+07
Tendon 1 (N) 0.4 rad/s 1.19E+05 1.99E+06 1.20E+05 1.35E+05 1.35E4+05 1.20E+05 1.20E+05 2.93E+06 2.36E+06
(Down-Stream) 0.6 rad/s 8.28E+04 1.04E+05 8.53E+04 5.59E+04 1.58E+06 8.29E+05 8.20E+04 1.81E+06 1.89E +06|
Force Offset 5.85E+07 6.25E+07 5.85E+07 5.85E+07 5.85E407 §.85E+07 5.85E+07 6.23E+07 6.25E+07
in 0.2 rad/s 3.99E4+07 4.42E407 3.99E+07 3.99E+07 4.05E+07 4.00E+07 3.99E+07 3.92E+07 3.88E+07
Tendon 3 (N) 0.4 rad/s 1.19E+05 1.85E+06 1.20E+05 1.35E+05 1.35E+05 1.20E+05 1.20E+05 2.93E+06 2.47E+06
(Up-Stream) 0.6 rad/s 8.28E+04 1.14E+05 8.53E+04 5.59E+04 1.59E+06 8.29E+05 8.20E+04 1.42E406 1.37E+06]

Table 6.1
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HEIDRUN TLP CHARACTERISTICS

6.49

Spacing between the columns centres
Columns diameter

Pontoon width

Pontoon height

Draught

Total Mass

Tether pretension

Roll moment of inertia

Pitch moment of inertia

Vertical position of CoG above free surface
Length of the mooring tethers
Section of the tethers

Young modulus of the tethers

Surge Stiffness

Heave Stiffness

Roll Stiffness

Surge natural frequency

Heave natural frequency

Roll natural frequency

80m
31m
15.95 m
13 m
77.3 m
2.52E+08 kg
3.63E+08 N
2.40E+12 N.m.s?2
2.40E+12 N.m.s?2
-18.98 m
268.6 m
2.06 m*2
2.13E+11 N/m*2
1.35E+06 N/m
1.65E+09 N/m
2.62E+12 N/m
4.80E-02 rad/s
2.12 rad/s
1.89 rad/s

Table 6.2



TLP RESPONSE: TIME DOMAIN SIMULATION
Heidrun TLP Amplitude=13.52m Frequency=0.2rad/s Head sea

6.50

Linear 1‘:;'&::::' I\)h:,:;:; Acg:;vﬁant;on Drag Forces F'?"i::f:“ Dispiacement Al:")Eif:;;:ts Al Effects

Motion Frequency Test © Test 1 Test 2 Test 3 Test 4 Jest § Test 6 Jost 7 Test 8
Ottset 7.47 6.86 7.438 7.47 8.63 7.7¢ 7.77 8.62 9.2
Surge 0.2 rad/s 13.97 13.99 13.88 13.97 14.04 13.99 13.95 13.82 13.96
Response (m) 0.4 rad/s 4.06E-02 6.53E-02 4.05E-02 4.06E-02 3.70E-02 4.01E-02 1.05E-01 7.58E-02 3.31E-02
0.6 rad/s 2.24E-02 2.17E-02 2.93E-02 2.24E-02 3.05E-02 1.97E-02 1.98E-02 1.80E-02 1.58E-02
Offset 0.000 -0.272 0.000 0.000 0.000 0.000 0.000 -0.314 -0.334
Heave 0.2 rad/s 0.145 0.362 0.145 0.145 0.146 0.145 0.145 0.460 0.484
Response (m) 0.4 rad/s 4.19E-04 0.166 4.19E-04 4.11E-04 4.27E-04 4.19E-04 4.19E-04 0.164 0.166
0.6 rad/s 1.36E-04 1.59E-03 1.35E-04 1.36E-04 3.08E-03 1.36E-04 1.36E-04 3.45E-03 3.15E-03
Offset 1.67E-04 3.82E-04 1.66E-04 1.67E-04 1.52E-04 1.70E-04 1.64€-04 4.31E-04 4.43E-04
Pitch 0.2 rad/s 1.27E-03 1.70E-03 1.27E-03 1.27€E-03 1.30E-03 1.24E-03 1.26E-03 1.65E-03 1.64E-03
Response (rad) 0.4 rad/s 5.87E-06 1.26E-04 5.99€-06 §.98E-06 6.0SE-06 1.50E-04 1.48E-0§ 3.72E-05 7.59€E-05
0.6 rad/s 3.00E-06 4.58E-06 3.00E-06 3.00E-06 2.34E-05 2.79E-08 3.76E-06 3.11E-05 2.35€E-05
Force Otfset 9.42E+07 8.99E+07 9.42E+07 9.42E+07 9.42E407 9.42E+07 9.42E+07 8.97E+07 8.97E+07
in 0.2 rad/s 5.88E+07 6.29E+07 5.88E+07 5.88E+07 5.91E+07 5.88E+07 5.88E+07 6.79E+07 6.86E+07
Tendon 1 (N) 0.4 rad/s 6.14E+05 1.88E+06 6.14E+05 6.14E+05 6.45E+05 6.14E+05 6.14E+05 8.07E+05 1.56E+06
(Down-Stream) 0.6 rad/s 3.84E405 4.30E+05 3.86E+05 3.84E+08 1.56E+06 3.84E+05 3.83E+05 2.00E+06 1.84E+06
Force Otfset 9.42E+07 1.03E+08 9.42E+07 9.42E+07 9.42E+07 9.42E+07 9.42E4+07 1.04E+08 1.04E+08
in 0.2 rad/s 5.88E+07 6.74E+07 5.88E+07 5.88E+07 5.91E+07 5.88E+07 5.88E+07 6.17E+07 6.07E+07
Tendon 3 (N) 0.4 rad/s 6.14E+05 2.45E+086 6.14E+05 6.14E+05 6.45E+05 6.14E+05 6.14E+05 1.22E+06 1.47E+06
(Up-Stream) 0.6 rad/s 3.84E+05 3.28E+05 3.86E+05 3.84E+05 1.56E+06 3.84E4+05 3.83E+05 1.13E+06 1.30E+06

Table 6.3



UNEAR SURGE RESPONSE
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Figure 6.18

Figure 6.19

Figure 6.20
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NON UNEAR MOORING MODEL SURGE

RESPONSE
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Figure 6.21
NON LINEAR MOORING MODEL HEAVE
RESPONSE
80% -
m 0.6 (rad/s)
M 0.4 (rad/s)
20(70 "
0.2 (rad/s)
200 =
I Offset
Snorre Heidrun
Figure 6.22
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Figure 6.23
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NON LINEAR MOORING MODEL DOWN
STREAM TENDON FORCES
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Figure 6.24
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Figure 6.25



DRAG FORCE MODEL PITCH RESPONSE
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Figure 6.26

Figure 6.27

Figure 6.28



TEST 7: SURGE RESPONSE

100°/c

80% r

Snorre Heidrun
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Figure 6.29

Figure 6.30

Figure 6.31



TEST 7: DOWNSTREAM TENDON FORCES
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TEST 7: UPSTREAM TENDON FORCES
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Figure 6.32

Figure 6.33
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FULLY NON UNEAR: SURGE RESPONSE
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Figure 6.34
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Figure 6.36
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FULLY NON LINEAR MODEL:
DOWN-STREAM TENDON FORCES
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FULLY NON LINEAR MODEL:
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CHAPTER 7: CONCLUSION AND POSSIBLE FUTURE
DEVELOPMENTS

This thesis presents a prediction model to calculate the environmental forces on a tension
leg platform. After validation, this model is used in a time domain program to calculate the
displacements of the structure, and the forces in the tendon lines.

WAVE MODEL

The wave force model based on analytical solutions is a particularly useful contribution. It
gives more accurate results than the conventional Morison approach and can be extended to
calculate the steady drift.

It is not as precise as a diffraction radiation code, but it is much faster, and does not
require mesh generation.

It can be of great help, for the early design stage of a TLP. A computer program based on

this model has been developed which gives results with reasonable precision, and allows fast
calculations. It is very helpful to carry out a parametric study. The input data can be changed
easily, and a new calculation can be run in a few minutes.

With some minor modifications to the program, it can be used to calculate other important
values for the design of a TLP. For example, it would be relatively easy, to calculate the
diffracted free surface under the deck of the platform. It is also possible to calculate local
loads on the columns for a structural design study.

In a recent paper, Kim et al [7.1] presented the latest developments in predicting the wave
forces on circular cylinders. He proposes a method to calculate the drift damping, the
difference and the sum frequency QTFs. The method has not been fully tested yet, in
particular the sum frequency problem.

However, this method could be very appropriate for the TLP study since the second order
poses problems in the dynamic responses of the TLP. At the moment, it is almost impossible
to include the influence of the second order forces in design since the programs available to
carry out these computations are very complicated and require enormous computational
facilities.

IND AND RRENT MODEL

The wind force calculations show that the wind forces play an important role in the steady
surge displacement of the TLP. This is particularly important because they cause a set down
of the TLP in heave. The set down has to be taken into account for the design of the deck
height.
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The varying wind has also an important effect in surge since it can excite the TLP at its
natural frequency. However, a precise calculation of this force is quite difficult due to the
uncertainties in the description of the wind. Wind spectra give a representation of the energy
carried by the fluctuating wind over a range of frequencies. In the frequency range around
the surge natural frequency of the TLP, the wind gusts energy is not very well known, and
the different wind spectra developed until now are not completely satisfactory for design.

The dynamic responses of the platform vary largely from one wind spectrum formulation
to the other, both in terms of response spectra or significant values.

The prediction model developed in this thesis for the wind is very simple. It could be
improved in several ways. A non correlated flow could be considered by using a multiple
loading method. The geometry of the deck has been crudely represented as a rectangular
box. A more suitable geometry could be taken into account. The variation of the wind
velocity with the altitude could also be implemented more carefully specially in the Ochi-
Shin, Kaimal and Slettringen wind spectrum formulations.

However, the more urgent improvement concerning slowly varying wind calculations
would be a better modelling of the wind gusts in the low frequency region.

In this study, the influence of the current has also been investigated. The analysis shows
that taking a constant or varying velocity profile does not make significant changes in the
results.

However, the current loading is important for the calculation of the steady rotations of the
TLP. This has a direct influence on the asymmetry of the forces in the tendons. High
velocity currents can also have a significant influence on the surge offset and thus on the set
down of the TLP.

Some uncertainties remain in the current force calculations. The influence of the wind on
the storm surge current for example. For the moment, only empirical formulae are available.
The influence of the current on the waves could also be investigated. The waves could
become steeper and the free surface effects could be increased by high velocity currents.

TIME DOMAIN MODEL

The time domain model presents two advantages over the frequency domain study.

It can be used to calculate the loads in the tendons that are one of the main important
design parameters for a TLP. It also enables us to include non linearities in the prediction
model.

The analysis carried out here shows that the most important non linearity is the non linear
behaviour of the mooring system. It radically changes the response of the platform in heave.
It enables us to evaluate the set down. In terms of tendon forces, it gives higher values of the
pretension and the first order forces. It introduces some asymmetry between the different
tendons. Finally, it shows second order effects that could play some role in springing.

The analysis on the influence of the directionality of the environmental forces shows that
the loads and responses are not very sensitive to the directionality. However, it should be
noticed that all the effects have not been taken into account. In particular, directionality of the
waves seems to play an important role in the ringing phenomenon. The sum-frequency
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forces are also expected to vary with the wave direction. Thus, the direction of the sea does
not have significant influence on the steady and first order forces of the tendons, but higher
order forces and responses should be investigated.

The time domain model developed here, could be improved. An irregular sea state could
be taken into account. Then, the slowly varying drift could be added to the model, as well as
the slowly varying wind.

This would imply careful modifications in the free surface effect calculations. Indeed the
Airy theory would overestimate the kinematics in the wave crests. A suitable stretching
formula would have to be used. Yet the Wheeler stretching formula is said to pose problems
too. An alternative would be to use a non linear wave crest model such as the Longuet
Higgins model.

A more careful study could also be carried out on the slapping effects on the TLP. At the
moment, the model implemented to predict slapping forces is indeed very simplistic.

Finally, if the sum frequency QTFs can be approximated, it would be useful to implement
them in the time domain program to see their effects. They would induce super-harmonic
responses in heave and pitch, and more importantly the springing effect on the tendon forces
could be calculated.
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