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Summary

The offshore wind power is an attractive renewable energy resource. To improve the
wind power generation capacity, there is a strong desire for offshore wind turbine to
go to deep waters. For offshore fixed wind turbine, stronger foundation like jacket
structure has a good applicability for deeper water depth. A 70-meters jacket
substructure for offshore wind turbine is designed. This thesis focuses on the dynamic
structural response analysis of this jacket substructure, with a particular focus on hot
spot stress of critical points on tubular joints.

Three types of models are applied for analyses in this thesis. For eigen-value analysis
the entire modal including the wind turbine, tubular tower and jacket supporting
structure is used in the program USFOS-VPOne. For hydrodynamic analysis the
refined substructure model with complete jacket structure and tubular tower is applied
in USFOS. The equivalent monopile model is constructed in HAWC?2 to predict wind
loads.

Eigen value analysis is performed to check the validity of decoupled method for
dynamic response analysis. The first eigen period is about 2.9s, far less than the main
wave input periods, which implies the wave loads are mainly quasi-static, therefore
the simplified decoupled analysis method can be applied. The global modes, the blade
modes and the modes related to jacket braces are identified.

Hydrodynamic analysis is performed to compare wave loads with different regular
wave theories, including: Extrapolated Airy theory, Stretched Wave theory, Stoke’s 5™
order wave theory and Stream Function theory. It is proved that for extreme wave
conditions, higher order wave theories such as Stoke’s 5" order wave theory and
Stream Function theory should be applied since linear wave theories will
under-estimate the structural reactions.

Dynamic structural response analysis is performed in time domain with decoupled
analysis method. The effect of misalignment of wind and wave on hot spot stress at
joints is studied. It is observed that wave propagation directions has more significant
effects on structural response than wind directions, while wind force has more
significant influence on dynamic structural response rather than wave forces no matter
in which directions they are propagating.
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1. Introduction

1.1 Background

Wind energy has been utilized for power generation for more than two thousand years.
But wind technology develops slowly in the history, until the globe has been
confronted with the pressure from both oil crisis and climate change since several
decades ago. Sustainable energy resources need to be applied as soon as possible.
Wind power, as an important source of renewable energy, has got a good application
to generate electricity primarily through the use of wind turbines on land.

Land-based wind energy will remain dominant in the immediate future, but
installations at sea will become increasingly important. Compared to onshore wind,
offshore wind is more complex and costly to install and maintain but also has a
number of key advantages. Winds are typically stronger and more prevalent and stable
at sea than on land, resulting in significantly higher production per unit installed.
Besides, dimensions of wind turbines at sea can be larger than on land because of the
logistical difficulties of transporting very large turbine components from the place of
manufacturing by road to installation sites on land. What’s more, wind farms at sea
have less potential to cause concern among neighboring citizens and other
stakeholders unless they interfere with competing maritime activities or important
marine environmental interests. Therefore, a trend has been to move wind turbines
offshore.

Nowadays, offshore fixed wind turbines are all installed in shallow water depth
(<30m) off the coast of Europe, with the typical gravity based supports of Monopile
and Tripod structures. However, there is a strong demand that the application of
offshore fixed wind turbine could be extended to deep water where winds are stronger
and steadier. Some research work on going is for water depth like 70-100m. For this
increasing depth, stronger support structures like jacket and gravity foundation are
needed to replace the Monopile and Tripod structures. For even larger depth
(100-300m), floating wind turbines might be the only choice, but a lot more
researches still need to be done before this concept become commercially competitive.
Therefore the growth of offshore wind energy may rely on fixed structure for many
years.

Due to applicability and economic efficiency requirements, wind turbines with larger
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blade dimensions need to go to deeper water depth. As offshore fixed wind turbine
will still domain in the growth of offshore wind energy in the near future, research
work has been ongoing for offshore fixed wind turbine with larger working depth like
70-100m. In this thesis, a jacket structure designed by Aker Solutions is applied, with
a 5SMW NREL wind turbine, for the working depth of 70m.

Deep Water Wind Turbine
Development

Figure 1.1 Progression of Expected Wind Turbine Evolution to Deeper Water (Source:
National Renewable Energy Laboratory)

1.2 Motivation and Objective for the Study

As water depth increases, dynamic responses of OWT support structures become an
important issue. Firstly, the total height of jacket sub-structure increases due to deeper
working depth. According to simple beam theory, the increase of beam length will
cause more flexibility to the beam. This means, the global flexibility of OWT support
structure increases, therefore dynamic stresses in jacket braces increases. Secondly,
compared with offshore oil and gas platforms, a wind turbine will experience more
wind forces due to its large blades. And these wind forces will have larger influence
on supporting foundations than wave loads, which means higher dynamic stresses will
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be generated due to wind loads. Summing up above two reasons, dynamic response
analysis is an important aspect for design of offshore wind turbine substructures, and
thus will be a main focus in this thesis.

The objective of this thesis work is to study the dynamic behavior of the jacket wind
turbine; to study the influence of wave-induced responses using linear and nonlinear
wave theories; and to study the effect of wind-wave misalignment on jacket structural
responses.

1.3 Scope of Work

In this thesis, integrated analysis is carried out by using the time-domain software
USFOS-VPOne. Firstly, eigen-value analysis is performed for the entire model of
OJWT including jacket substructure designed by Aker Solution and full-blade wind
turbine. Secondly, a refined model of 70-meter jacket structure with wind turbine
substituted by a point mass sitting on top of the tubular tower is used for
hydrodynamic analysis to compare four different wave theories applied in USFOS.
Afterwards, extensive time-domain simulations are carried out to investigate the
effects of misalignment of wind and wave on hot spot stress at tubular joints. The
organization of this master thesis project work is established as follows:

1. Literature study: Regular wave theories, irregular waves, hydrodynamics and
aerodynamics, fatigue analysis, USFOS user manual and theory description.

2. Eigen value analysis of the entire model including the wind turbine, tubular tower
and jacket supporting structure, to identify the eigen modes, including the global
modes, the blade modes and the modes related to jacket braces.

3. Perform the hydrodynamic analysis, to compare regular wave loads only with
different wave theory, including linear wave theory (Airy theory), linear wave
theory with Wheeler stretching, Stoke’s 5™ order wave theory, and stream function
wave theory. Extreme wave conditions will be considered herein.

4. Extensive time-domain simulations are carried out with separated and combined
wind and wave loads considering non-collinear wind and wave directions, based
on the refined node-mass model of jacket wind turbine.

5. Stress analysis of jacket joints is performed. Hot spot stress is calculated based on
the time series of members’ forces, by summing up the member forces from
separate wind and wave simulation results based on the linear superposition
principle. Fatigue is also a focus, however, only the time series and variance of the
hot spot stress is compared because there are many different load cases.
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6. Discussions:
- On the comparison of four regular wave theories;
- On the comparison of structural response due to wind and wave loads;

- On the effect of non-collinear wind and wave directions.
7. Reporting
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2. Wave Theories and Morison Formula

2.1 Regular Wave Theories

According to USFOS user manual, there are four types of wave theory available in
USFOS:

- Extrapolated Airy theory

- Stretched Airy theory (Wheeler modification)

- Stoke’s 5™ order wave (Skjelbreia, Hendrickson, 1961)
- Stream Function Theory (Dean, Dalrymple)

The above four wave theories will be all introduced in this chapter, with a particular
focus on their differences.

2.1.1 Airy waves

Figure 2.1 Definitions of wave propagating along x-axis (USFOS hydrodynamics)

Airy wave theory is often referred to as linear wave theory, which gives a linear
description of the propagation of gravity waves on sea surfaces. To simplify the
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expressions, a wave propagating along positive x-direction is considered herein, with
the origin locating at the sea surface, and the global z-axis pointing upwards, as

showed in Figure 2.1 above

In Figure 2.1, a wave propagating along x-direction is defined, with wave amplitude
of h, wave length of |. The water depth is d. Here we only study the Airy theory for

infinite water depth (% > 0.5):

The free sea surface can be expressed as:
1 = h cos(wt — kx)

The corresponding wave potential is:
¢ = gw—he‘kz cos(wt — kx)

Where,

g is the gravity acceleration;
w s the circular wave frequency;
k is the wave number, defined as:

27T
k=—
l

And the relationship between k, g, and w can be expressed as:

Then the horizontal partical velocity and acceleration are expressed as:

2 .
u= % = whe*? sin(wt — kx)
9
a, = 6—1; = w?he*? cos(kx — wt)

Similarly, the vertical partical velocity and acceleration are expressed:

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)
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w =22 = whe*” cos(wt — kx) (2.7)

_ow
Y

a, = —w?he® sin(kx — wt) (2.8)

And the hydrodynamic pressure can be got based on Bernouli equation (2™ order
non-linear dynamic part omitted):

p = —pgz + pghe™** sin(wt — kx) (2.9)
Here we can observe that the total hydrodynamic pressure is composed of two parts:

- The 1% part is a static pressure of p, = —pgz increases as water depth increases;
- The 2" part is a linear dynamic part, and the dynamic pressure decreases with water
depth at an exponential rate.

Then the hydrodynamic pressure is integrated along the contact surface between
structure and wave, to obtain the wave forces acting on structures:

F=4¢ p-ds (2.10)
From the above formula for hydrodynamic pressure calculation,

2.1.2 Extrapolated Airy theory

The Airy wave theory is limited to waves with infinitesimal amplitudes. For finite
amplitude waves, assumptions must be made about wave kinematics. That is the
reason why extrapolated and stretched Airy theory are introduced, in other words,
these two theories introduce different assumptions regarding wave kinematics.

For Extrapolated Airy theory, the Airy wave kinematics is used up to surface elevation
in wave trough and wave forces calculation for structure members free from water are
excluded. In wave crests, wave kinematics above mean sea level (z=0) is assumed
constant, equal to the value at z=0, as illustrated in Figure 2.2:
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-

Figure 2.2 Illustration of extrapolated Airy theory (USFOS hydrodynamics)

In extrapolated Airy theory, when integrating the hydrodynamic pressure to true
surface, the dynamic part of the hydrodynamic pressure is assumed to be constant
above the mean surface level in wave crests, while in wave troughs the “true”
dynamic contribution is used below mean surface level, as illustrated in Figure 2.3:

Wave crest

. ]

X ]
\

X ]

% ¥

'

Wave trough

]
i

1
v
1

Dynamic

PSS sl pressure | . Static pressure
i T~ x /
1 ] ‘\
I . 1 r .\
Static pressure '|  Total pressure

Figure 2.3 Hydrodynamic pressures in wave troughs and wave crests (USFOS
hydrodynamics)
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2.1.3 Stretched Airy Theory

By stretched Airy theory, for wave kinematics in both wave crests and wave troughs,
the wave kinematics at the mean surface level are applied to the true surface. And then
the distribution down to the sea bed is sketched correspondingly. This can be achieved
by replacing the original vertical coordinate z, with a scaled parameter z’, where:

7' =(z— n)ﬁ (2.11)

Here 7 is the surface elevation as expressed before in formula (2.1).

The procedure can be easily understood with a sketch in Figure 2.4:

P

Figure 2.4 lllustration of Stretched Airy theory (Wheeler modification) (USFOS
hydrodynamics)

The difference between Extrapolated Airy theory and Stretched Airy theory can be
observed easily by comparing Figure 2.2 and Figure 2.4. And we can find that both of
them use rough estimations of wave kinematics with different assumptions introduced
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regarding wave crests/troughs.

2.1.4 Stoke’s 5" order wave

By Stoke’s 5" order wave theory, the wave potential is given by a series expansion
including five terms. The detailed expression will not be listed in this thesis. But with
regarding to our interest in the accuracy of different wave theories, it is worth noting
that the linear Airy theory is a 1% order Stoke’s theory. What’s more, inherent in the
method of Stoke’s 5™ order wave is that all terms of order greater than 5 are omitted.
Thus if the discarded terms are still significant, then this theory will give us poor
results.

2.1.5 Stream Function Wave Theory

The stream function wave theory was developed by Dean (J. Geophys. Res, 1965). It
is a purely numerical procedure to examine fully nonlinear waves. A stream function
wave solution has a general form of:

Y(x,z) = cz+ XN_, X(n) sinhnk(z + d) cos nkx (2.12)
Where,
c is the wave celerity,
N is the order of this wave theory.

The required order of the Stream function depends on the wave parameters steepness
and the shallow water parameter. It is a measure of how nonlinear the wave is.
Generally speaking, the order can be low in deep water, while in the shallow water
more terms are required so as to give an accurate representation of the wave. On the
other hand, the closer to the breaking wave height, the more terms are needed for
accuracy consideration. Thus it can be observed that the Stream function theory has a
broader range of applicability than the wave theories above.

One method to decide which order to use is to choose an order and then increase or
decrease it by one to get another solution. By comparing the results, if they don’t
change a lot, then it means the right order has been chosen. It is also worth mention
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that the Stream function theory is reduced to linear wave theory for N=1.

In USFOS the default order of Stream function is set to 10.

2.2 Irregular waves

Previously we introduced regular waves. However this simplified model does not give
a realistic description of the sea state because the wave shapes seem more or less
random. Anyway this forms a basis for describing the “real” waves at sea, indicated
by irregular waves.

The description of sea surface is done statistically, based on random processes theory.
The sea surface is assumed to be constructed by a series of long crested waves, with
different amplitudes, frequencies and phase angles. Thus the surface elevation of the
irregular sea is described as:

$(x, ) = Xf=1an cos(wnt — knx + &) (2.13)
Where,
(an 1 the amplitude of harmonic wave component n;
wy, s the angular frequency of harmonic wave component n;
k,, is the wave number for harmonic component n;
&, Isthe random phase angle for of harmonic component n.

The amplitude of each harmonic component (g4, is determined by:

Jan = \/ 2 [, S (w)dw (2.14)

Where w,;, and w,, are the lower and upper angular frequency limit for wave
component n.

For Fatigue Limit State analysis (FLS), the dynamic effects, buoyancy effects,
hydrodynamic damping and other non-linear effects become significant. Thus the time
domain simulation of irregular waves will give us a better prediction of the real sea
state. For irregular wave simulations wave kinematics are usually generated based on
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wave spectrum. In USFOS two types of standard wave spectra are provided: the
Pierson-Moskowitz spectrum and the JONSWAP spectrum, as shown in Figure 2.5:

100
g0 J —— Jonswap

80 - — Pierson-Moskowitz

60 X

Energy density Siw)
[
[

0 5 10 15 20 25 30
Period [s]

Figure 2.5 Pierson-Moskowitz and JONSWAP wave spectra (USFOS hydrodynamics)

The wave spectra is used to describe sea state, thus for the same sea state, the total
energy will be the same. In other words, the area under the spectrum gragh will be the
same even for different wave spectra. It can be found from Figure 2.5 that the
difference between the P-M and JONSWAP wave spectra is how the energy is
distributed along the period or frequency axis. More energy concentrated near the
peak frequency and less energy on frequencies further away from the peak frequency
in the JONSWAP spectrum than in the P-M spectrum.

The experimental data for the JONSWAP spectrum is based on a location in the North
Sea with relatively shallow water and close to the shore. And the JONSWAP spectrum
is frequently used in calculations on offshore structures for fully developed sea states.
In this thesis the JONSWAP spectrum is also selected for sea state simulations.

2.3 Force Model

To determine the wave loads on offshore structures, both viscous effects and potential
flow effects might be important. The potential flow includes the wave diffraction and
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radiation around the structure. Figure 2.6 below is always used to help judge when
viscous effects or different types of potential flow effects are important. The sketch is
based on results for horizontal wave-induced forces on a vertical cylinder, which sits
on the seafloor and penetrates the free sea surface.
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D
drag forces
~-10 4+ wave breaking limif, ~— S mSm S S m SRS Ssm mmmmmmmmmnm
inartia forces
1
I
i
wave |
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0 ,' >

0

A
-

-
o

Figure 2.6 Dominating wave forces on marine structures

Morison’s equation (Eq(2.15)) is usually applied to calculate wave loads on circular
cylindrical structural members of fixed offshore structures, especially when
considering viscous forces. The horizontal wave force dF acting on a strip with height
dz of a vertical rigid circular cylinder (see Figure 2.6) is expressed as:

nD? p
dF = pszCMa1 +ECDDdZ|u|u (2.15)

Where,
p is the mass density of water;

D is the cylinder diameter;
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u and a; are the water particle velocity and acceleration, which are evaluated at the
midpoint of the strip;

Cy and Cp are mass coefficient and drag coefficient respectively, which are
empirically determined and depend on the parameters including Reynolds number,
Roughness number, and so on.

PO s s iiZann
-

e Ty

Figure 2.7 vertical cylinder strip

For offshore jacket wind turbine (OWJT) the jacket braces are cylindrical elements,
with the diameter D much smaller than wave length. In our project the jacket brace
diameters are between 0.6 to 0.95 meters. Therefore, in most situations the
dominating force will be inertia force, i.e the first term in Morison’s equation. And for
extreme load case with H=10m, the viscous forces will give more contribution.
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3. Model Description

An offshore jacket wind turbine model designed by Aker Solutions for a working
water depth of 70m is applied in this thesis. A general sketch of the 3D perspective of
the OFWT is showed in Figure 3.1 below:

Figure 3.1 3D perspective of the OFWT for 70 meter water depth

As showed above, the complete OFWT model includes wind turbine, tubular tower,
middle section, and jacket foundation. Sitting on top of the tower is a NREL 5SMW
wind turbine, with major properties listed in Table 3.1. Wind turbine might confront
with a lot of changes during its life, including extreme wind loads, fatigue damage of
blades, etc. And these effects are mainly related to aerodynamics. For offshore
structure designers, our focus is the supporting structure of offshore wind turbine.
Therefore, no further detailed studies will be carried out for turbine technology. Wind
load is also one of our concern, thus the wind loads will be simulated in Aerodynamic
software and then imported to USFOS. The wind turbine is simplified as a point mass,
on which the wind forces can be acting.
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Table 3.1 Properties of NREL 5MW wind turbine

Rating

SMW

Rotor orientation Upwind

3 blades

Cut-In Wind Speed

3m/s

Rated Wind Speed

11.4m/s

Cut-Out Wind Speed

25m/s

Rotor / Hub diameter

126m/3m

Concentrated Mass at Top-Nacelle

295 M kg

Concentrated Mass at Top-Turbine

115 M kg

Blade Diameter

126m

3.1 Jacket Model in USFOS

3.1.1 Dimension Study

The dimension of the jacket sub-structure is decided during the design carried out by
Aker solution. Since the size, shape and type of structure is of great importance when
evaluating the wave loads, the dimensions of jacket model need to be studied.

159.0m,

9B.0m
89.5m

—rL BT

700m|_

. E50m

25m /
00m

' Na

cons

32m

Figure 3.2 Main dimensions of the Jacket-Tower
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The jacket structure is designed for a water depth of 70 meters, thus the jacket is
designed to be 89.5 meters high, and the tubular tower sitting on top of the jacket
substructure is designed with a height of 63.5 meters. In order to make the
connections rigid in USFOS, some theoretically rigid beam elements are introduced
between the jacket legs and the interface, as well as between the interface and tubular
tower. Since the rigid beams’ dimensions are quite small, we will not cover their
details herein. The main dimensions of the whole jacket with tower are showed in
Figure 3.2 above. View from bottom at sea bed, the dimension of the jacket

foundation on the sea bed is 32 meters square.

Brace
Dimensions

20.8m T20mm

20.6m T20mm

20.7m T20mm

@0.7m T20mm

20.7m T20mm

20.8m T20mm

20.9m T25mm_

Leg Dimensions

—RSSm Tlms

— 05 0em 128w
— % tm IMmm

—HLImT4Smm
—RLATm TX0mm
—RLimTiEnm
—RL17m T0mm
—RlimTismn
L. 15m TI0mm
—RLim T4Sms
=Sl 130 00
b TaSme
SlLimT Ko
—RLbm T4

Figure 3.3 Dimensions for legs and braces of Jacket-Tower

In Figure 3.2, when viewing from the front or side, the jacket substructure is
composed of five storeys of vertical braces and horizontal braces at the bottom of first
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and third layers. The leg diameters vary from 1.8m with a thickness of 40mm at the
bottom to 1.17m with a thickness of 30mm at the top layer. Besides, for each tubular
joint, both the leg diameter and thickness are increased. All the joints have the
thickness of 45mm, and the leg diameters at tubular joints are increased due to
connection requirement.

Figure 3.3 listed the dimensions for legs and braces. The vertical braces diameters
vary from 0.8m to 0.6m, with the same thickness of 20mm for all vertical braces. And
it is observed that the vertical braces at the bottom and top have the largest diameters.
The reason for this design is that the mean sea level is on the fourth layer (refer to
Figure 3.2), thus the top layer will experience more wave impact. The dimensions of
vertical braces at each storey always keep the same. The horizontal braces at the
bottom layer has the diameter of 0.9m with thickness of 25mm, while at the bottom of
third layer it has a diameter of 0.75m with thickness of 20mm.

3.1.2 Finite Element Model

Figure 3.4 Finite element models for Jacket-Tower

USFOS is a finite element program based on updated Lagrangian formulation. The
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whole substructure (including tower and jacket foundation) of this JacketTower is
modeled by 1286 elements. The basic structural unit used is the two-node beam. For
jacket foundation, 492 beam elements are used. The interface is modeled by shell
elements, including quadrilateral and triangular shell elements. For fatigue analysis,
tubular joints are of most interest. Thus, particular attention is paid to the connection
parts of relevant braces. USFOS use a very coarse finite element mesh, but still can
obtain reliable and accurate results. The major finite element meshes for the jacket
and middle section is showed in Figure 3.4 above.

3.1.3 Materials

A summary of element types and corresponding material properties defined in USFOS
model control file are tabulated in Table 3.2.

Table 3.2 Element types and material properties

Place Element E-mod Poisson | Yield N | Density | ThermX
N/m2 Kg/m3
Jacket Beam 2.10E+11 | 3.00E-01 | 4.20E+08 | 12670 | 1.200E-05
Interface |  Shell 2.10E+11 | 3.00E-01 | 4.20E+08 | 7850 1.200E-05
Tower Beam 2.10E+11 | 3.00E-01 | Infinite 7850 1.200E-05

The parameters in Table 3.2 are described as followed:

- E-Mod: Modulus of elasticity

- Poiss: Poisson ration

- Yield: Yield stress
- Density: Material Density
- ThermX: Thermal Expansion Coefficient

Li Yu
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3.2 Monopile Model in HAWC?2

Figure 3.5 Equivalent monopile model in HAWC2

Since wind load effect will be considered later in this thesis, the wind loads need to be
simulated and imported into USFOS as external loads. The aerodynamic software of
HAWC?2 is used for simulating blade aerodynamics of wind turbine. The HAWC2
program is capable of doing aeroelastic analysis, however, this software is only
suitable for modeling simpler support structures like monopile rather than jacket.
Therefore a simplified equivalent monopile model is used in HAWC?2 to predict the
aerodynamic loads with a detailed rotor blade model, as showed in Figure 3.5 above.

For the equivalent monopile model, the five layers of jacket structure are substituted
by five equivalent pipe structures. The interface structure is also modeled by a pipe
with quite high stiffness. In order to make sure that the mass and bending stiffness
match the original jacket model, the external diameter and thickness of pipes are
calculated. According to previous work of Zhen Gao (2010), a verification of the
equivalent model in terms of mass, stiffness, and hydrodynamic load distribution has
been carried out [1]. And by comparing the hydrodynamic loads calculated with
HAWC2 with those with USFOS in his paper, it has been proved that the equivalent
monopile model can be used for predicting the global response of jacket structure.
Therefore, the monopile model is used in HAWC?2 to estimate the wind force acting
on the nacelle.
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4. Eigen-value Analysis of Full-blade OJWT

4.1 Objective

An important feature of offshore structure is its natural periods and the corresponding
eigen-modes. When eigen-periods of a structure are close to environmental periods,
it’s most easy to cause resonance, which will make the structure oscillate significantly.
This will bring great damage to structures, especially in long term operations. For an
offshore jacket wind turbine structure, some of the eigen-modes have strong effect on
bottom of the substructure, which will cause damage to foundations, and some others
may cause local damage to jacket braces or wind turbine blades.

Eigen mode/period is an inherent character of a structure, only determined by the
mass distribution and equivalent stiffness of this structure. Therefore, to avoid
maximum dynamic responses, designers should ensure the model eigen-periods come
far from those environmental periods.

4.2 Eigen-value analysis for OJWT

Modeshape .

Available Eigenperi odsi‘
) 2 90339 Bl
‘Wind Turbine

74 2. 8445
1. 83105
1.7771
Tubular Tower 1. 85793
1. 5426 e
L .3

K
Wumber of steps |10 3:

— e —

Foundation
Factor: |10
Clo=e

Figure 4.1 JacketWT Model in USFOS  Figure 4.2 Displayed natural periods

As described previously, the jacket substructure with tubular tower neglecting wind
turbine will be applied for further analysis. Thus the wind turbine sitting on top of the
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tower is modeled as a point mass in USFOS. However, in order to identify the eigen-
modes of both the jacket sub-structure and the blades of wind turbine, eigen-value
analysis is performed for the entire model including full-blade wind turbine, tubular
tower, and jacket sub-structure, as showed in Figure 4.1.

The program USFOS-VPOne is used for eigen-value analysis of full-blade jacket
wind turbine. The number of eigen-modes for identification can be defined in input
files according to our needs. A list of natural periods of this JacketWT model is shown
in Figure 4.2. For our entire OJWT model including five-layer jacket substructure,
tubular tower and full-blade wind turbine, 30 eigen-modes are calculated to include
the global modes, the blade modes and the modes related to jacket braces. The
eigen-periods of 70 meters water depth OJWT are tabulated as below:

Table 4.1 Eigen values of JacketWT model

Eigen-mode | Eigen-period | Eigen-mode | Eigen-period | Eigen-mode | Eigen-period
1% 2.90339 11" 0.687186 21 0.479291
2" 2.8445 12" 0.679734 22M 0.412746
3 1.83105 13" 0.671204 23" 0.391331
4" 1.7771 14" 0.587648 24" 0.390606
5t 1.65793 15" 0.574155 25 0.366606
6" 1.5426 16M 0.566194 26" 0.365463
7" 1.02699 17" 0.560901 27" 0.341639
gt 1.01452 18" 0.531791 28" 0.339241
om 0.700709 19" 0.50154 29" 0.338115
10" 0.691614 20™ 0.500747 30" 0.320071

From Table 4.1 we observe that the first eigen-period is 2.90339 seconds. It is far
from typical wave periods. This means for normal wave loads, the structure resonance
seldom happens.

However, it is still necessary to consider the eigen-modes to understand possible
structure vibrations. All the eigen-periods calculated above are animated in USFOS to
identify the global modes, the blade modes, the modes related to jacket braces, and
the higher order modes as well. Some representative eigen-mode movements of
OJWT are showed below.
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first eigen mode second eigen mode

fifteenth eigen mode
-

Figure 4.2 The first, second and fifteenth eigen modes of JacketWT

Figure 4.3 shows the movements of jacket wind turbine in the first, second, and
fifteenth eigen modes. The same displacement scaling factor of 20 is used to amplify
the movements. The JacketWT is oscillating globally in the first eigen period, with the
wind turbine and tubular tower move together in x-direction, while the jacket
substructure keeps stationary. The second eigen mode is also a global mode, the same
as the first one but oscillate in y-direction. The first eigen mode is fore-aft bending
mode of the whole structure, while the second one is side-to-side bending mode of the
whole structure. The fifteenth eigen mode is global bending of JacketWT about x-axis.
And in this mode the jacket substructure oscillates together with the bending of the
tubular tower and wind turbine instead of keeping stationary in the first and second
eigen mode.

Figure 4.4 shows the movements of JacketWT in the 17", 18" and 19" eigen period,
with a same displacement scaling factor of 10. For these three modes, all the
oscillationgs are located locally on jacket braces. The horizontal braces at the bottom
layer oscillate in z-direction in the 17" eigen period, vibrating up and down while the
other components of the jacket structure keep stationary. For the 18" eigen-mode, the
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vertical braces at the bottom layer oscillate in x-direction, and the movements of
opposite braces are symmetrical with opposite direction. The braces in the second
storey are also oscillating, but that is passive motions due to movements of first layer
braces, instead of active vibration from themselves. For the 19™ eigen-mode, the
vertical braces at the bottom layer oscillate with the same direction of motion in
y-direction.
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Figure 4.3 the 17", 18", and 19" eigen mode of JacketWT

Moreover, some more modes with blade motions are showed in the following figures.
In figure 4.5 the third and thirtieth eigen mode of JacketWT is showed. The
displacements are amplified by using the same scaling factor of 20. It is observed that
these two are blade modes with the left and right blades of wind turbine oscillating in
x-direction while the tubular tower and jacket substructure keep stationary. The left
and right blades are vibrating in opposite directions in both modes. The difference
between the third and thirtieth eigen mode is that the later one is a second order mode
since a entire wave shape is generated on the blade. It is worth noting that the third
mode is a torsion mode, with torsion moment about Z-axis.
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¥ third eigen mode thirtieth eigen mode
Figure 4.4 the third and thirtieth eigen mode of JacketWT

What’s more, another three modes with blade motions are figured below in Figure 4.6.
We find that both the fourth and the sixth eigen modes are flap-wise modes. The
difference between these two modes is for the later one, all the three blades are
oscillating in the same direction, while for the fourth mode, the top blade is oscillating
in the direction opposite to the other two. On the contrary, the seventh eigen mode is a
edge-wise mode. The difference between flap-wise and edge-wise modes can be
easily observed in Figure 4.6. All the displacements in Figure 4.6 are amplified with
the same scaling factor of 20.
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fourth eigen mode sixth eigen mode seventh eigen mode

Figure 4.5 the fourth, sixth and seventh eigen mode of JacketWT
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5. Hydrodynamic Analysis

By hydrodynamic analysis, the regular wave loads with different wave theories are
compared, including: linear wave theory, linear wave theory with Wheeler stretching,
Stoke’s 5™ order wave theory and stream function wave theory. Since only wave loads
are considered in this chapter, the simplified node-mass model with complete jacket
substructure will be applied for analysis.

5.1 Analysis Set-up

As introduced in Chapter 2, four types of wave theories are applied in USFOS. The
wave type and regular wave parameters are specified in USFOS Analysis Control files,
as shown in Figure 5.1:

i Ildc=  <type: H FPeriod Direction Pha=ze Surf_ Lewv Depth
WAVEDATA 2 4 10 14 90 0.0 0.0 20

Dynres G Tvpe
Dynre=s G WaveElew
Dynres G FeaciDir
Dynres G FeacYDir
Dynres G FeaciDir
Dynres G Feaciion
Dynre=s G Feac¥Hom

Figure 5.1 Example of hydrodynamic analysis set-up
In USFOS, the wave types are defined as following:

- Wave Type 1:  Extrapolated Airy theory;

- Wave Type 1.1:  Stretched Airy theory;

- Wave Type 2: Stoke’s 5" order wave theory
- Wave Type 4: Stream Function theory

For comparison we define three load cases in this chapter: H =3m, T =10s; H=5m, T
=12s; and an extreme wave condition with H =10m, T =14s will also be considered
herein. For all the cases the waves are propagating in positive y-direction.

To compare the results for different wave theories, we will focus on the surface
elevation and structural reaction forces for each case. Thus we specify global
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quantities including wave elevation and reaction forces to be saved every time step
during the dynamic analysis, as showed also in Figure 5.1.

5.2 Results and Discussion

The analysis results are stored in DYN files, and by creating dynamic plot in USFOS,
the time-series wave elevation, global reaction forces in global X, Y, Z direction, the
reaction moments about global X, Y axis, and local element forces can all be plotted.
The plots can be saved as TXT files, and then imported to Matlab to process. For each
load case, the maximum and minimum values of surface elevations, reaction forces in
global Y-direction, reaction moments about global X axis, and the axial forces for a
selected brace (Element 1254) are compared for four wave theories, as tabulated in
Table 5.1- 5.4. The time-series curves are plotted, see the following figures. To make
the figures more clear, the results within only 30 seconds’ time period is extracted
from the whole time series.

5.2.1 Regular wave analysis results for load case H=3m, T=10s
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Figure 5.2: H3T10 Surface elevation
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Figure 5.4: H3T10 Reaction X-moment
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Figure 5.5: H3T10 Element1254 Axial force

Table 5.1 Results and comparison for load case h=3m, t=10s

Wave Maximum | Percentage | Minimum Percentage
theory Value Value
Surface Airy-Extr 15 96.97% -15 103.23%
Elevation Airy-Stret 15 96.97% -15 103.23%
Stoke’s 5" 1.5492 100.15% -1.4552 100.15%
Stream Func. 1.5469 100.00% -1.453 100.00%
Reaction Airy-Extr 2.2690E+05 100.50% | -2.2683E+05 100.51%
Airy-Stret 2.2840E+05 101.17% | -2.2581E+05 100.05%
Y-component | stoke’s 5™ 2.2651E+05 100.33% | -2.2648E+05 100.35%
Stream Func. | 2.2577E+05 100.00% | -2.2569E+05 100.00%
Reaction Airy-Extr 9.7315E+06 100.45% | -9.7604E+06 100.41%
X-moment Airy-Stret 9.6626E+06 99.74% | -9.8760E+06 101.60%
Stoke’s 5" 9.7130E+06 100.26% | -9.7380E+06 100.18%
Stream Func. | 9.6876E+06 100.00% | -9.7206E+06 100.00%
Element Airy-Extr -3.4388E+04 99.35% | -1.2901E+05 100.16%
Force Airy-Stret -3.4528E+04 99.76% | -1.2922E+05 100.33%
Element Stoke’s 5" -3.4474E+04 99.60% | -1.2890E+05 100.08%
1254 Dof 1 Stream Func. | -3.4612E+04 100.00% | -1.2880E+05 100.00%
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From Figure 5.2 we observe that for load case H=3, T=10, the wave heights of four
wave theories are all around 3m, and the wave periods are 10s, which can be used to
judge if the input parameters in analysis set up are correct or not. By comparison, the
Extrapolated Airy theory and the Stretched Airy theory almost give the same results
for surface elevation, while the Stream Function theory and Stoke’s 5™ order wave
theory almost give the same results. The difference between the first two and last two
theories is not quite large, but can be distinguished. The higher order wave theories
give larger give wave crests which are larger than wave troughs, while linear wave
theories give the same wave crests as wave troughs.

The global reaction forces and moments, axial forces in element member are cannot
be distinguished in Figure 5.3- 5.5 due to tiny difference. But the differences can be
observed when referring to the results in Table 5.1. The results of Stream Function
theory are selected to be references, since it has a broader validity and might be more
accurate. The results of other theories are compared with Stream Function theory.

For global reactions, except the Stretched Airy theory gives relatively small peak
values, the other two wave theories give slightly larger results than Stream Function
theory. For axial force in Element 1254, all the other three wave theories give larger
peak values and smaller valley values than Stream Function theory.

5.2.2 Regular wave analysis results for load case H=5m, T=12s
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Figure 5.6: H5T12 Surface Elevation
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x 10
2 T T r r T
airy-extr
15k ot A T airy-stret |
£ N stoke
/ / stream
1 / "1 i ﬁ i
—_ ! f
E f 1 f
2 s ' / \
= 05 { 1 ! :
5 f /
£ \ { \ ;’ \
= Sl j g / ]
> ! JI ) rf ‘;\
S 1 i FI 1
T -05f | { | I \ .
] | ! 1
o | .3; i ! 3
19 ; f /
il, /’ 1 / ‘,\ I
] Y
\‘ i 1\. ;.f/] 'LR\ lr.f
15F A o ~?
2 1 1 1 1 1
60 65 70 75 50 85 90
Time(s)

Figure 5.8: H5T12 Reaction X-moment
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Figure 5.9: H5T12 Element1254-Axial force

Table 5.2 Results and comparison for load case h=5m, t=12s

Wave Maximum | Percentage | Minimum Percentage
theory Value Value
Surface Airy-Extr 2.5 96.00% -2.5 104.36%
Elevation Airy-Stret 2.5 96.00% -2.5 104.36%
Stoke’s 5" 2.6108 100.25% -2.4015 100.25%
Stream Func. 2.6042 100.00% -2.3956 100.00%
Reaction Airy-Extr 3.98E+05 98.77% -4.02E+05 98.72%
Airy-Stret 4.03E+05 99.91% -3.97E+05 97.51%
Y-component | stoke’s 51 4.04E+05 100.17% |  -4.09E+05 100.51%
Stream Func. 4.03E+05 100.00% -4.07E+05 100.00%
Reaction Airy-Extr 1.59E+07 98.98% -1.52E+07 99.58%
X-moment Airy-Stret 1.54E+07 96.22% -1.55E+07 101.77%
Stoke’s 5" 1.61E+07 100.54% -1.53E+07 100.13%
Stream Func. 1.60E+07 100.00% -1.53E+07 100.00%
Element Airy-Extr -3.01E+03 131.62% -1.61E+05 99.56%
Force Airy-Stret -3.48E+03 152.59% -1.61E+05 100.01%
Element Stoke’s 5" -1.76E+03 77.10% -1.61E+05 100.10%
1254 Dof 1 | Stream Func. -2.28E+03 100.00% -1.61E+05 100.00%
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From Figure 5.6 we observe that for load case H=5, T=12, the wave heights of four
wave theories are all 5m, and the wave periods are around 12s, which proves that the
input parameters in analysis set up are correct. The same as results for last load case,
the Extrapolated Airy theory and the Stretched Airy theory almost give the same
results for surface elevation, while the Stream Function theory and Stoke’s 5™ order
wave theory almost give the same results. But the difference between the first two and
last two theories is larger when compared with the load case of H=3, T=10. The
higher order wave theories give larger give wave crests which are larger than wave
troughs, while linear wave theories give the same wave crests as wave troughs.

It can be observed from Figure 5.7- 5.9 that the differences between global reaction
forces and moments, axial forces in element member are larger compared to those of
last load case. Refer to the results in Table 5.2, Stoke’s 5" order wave theory gives
larger global reaction forces and moments than Stream Function theory. Both
Extrapolated and Stretched Airy theory give smaller peak values for global reactions.

5.2.3 Regular wave analysis results for load case H=10m, T=14s
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Figure 5.10: H10T14 Surface Elevation
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Figure 5.13: H10T14 Element1254-Axial force

Table 5.3 Results and comparison for load case h=10m, t=14s

Wave Maximum | Percentage | Minimum Percentage
theory Value Value
Surface Airy-Extr 5 92.62% -5 108.68%
Elevation Airy-Stret 5 92.62% -5 108.68%
Stoke’s 5" 5.4466 100.89% -4.6371 100.79%
Stream Func. 5.3984 100.00% -4.6008 100.00%
Reaction Airy-Extr 8.72E+05 99.38% -9.33E+05 96.00%
Airy-Stret 9.13E+05 104.03% -8.91E+05 91.64%
Y-component | stoke’s 51 8.76E+05 99.87% | -9.97E+05 102.59%
Stream Func. 8.77E+05 100.00% -9.72E+05 100.00%
Reaction Airy-Extr 3.77TE+07 95.57% -3.27E+07 100.91%
X-moment Airy-Stret 3.50E+07 88.74% -3.48E+07 107.58%
Stoke’s 5" 4.04E+07 102.43% -3.24E+07 99.90%
Stream Func. 3.95E+07 100.00% -3.24E+07 100.00%
Element Airy-Extr 1.08E+05 82.82% -2.62E+05 103.91%
Force Airy-Stret 1.08E+05 82.82% -2.62E+05 103.91%
Element Stoke’s 5" 1.33E+05 101.56% -2.52E+05 99.95%
1254 Dof 1 | Stream Func. 1.31E+05 100.00% -2.52E+05 100.00%
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This load case with wave height of 10m, wave period of 14s is quite an extreme wave
condition. Obviously the difference between results for four wave theories are
significant larger than previous load cases. Thus it’s much easier for us to compare
and summarize some disciplines from the results in this extreme wave condition.

From Figure 5.11 we observe that the wave heights of four wave theories are all 10m,
and the wave periods are around 14s, which gives us an indication that the input
parameters in analysis set up are correct. The same as results for previous two load
cases, the Extrapolated Airy theory and Stretched Airy theory give exactly the same
results for surface elevation, while the Stream Function theory and Stoke’s 5™ order
wave theory almost give the same results. The difference between results of the first
two and last two theories is much larger than previous load cases. The higher order
wave theories give larger give wave crests which are larger than wave troughs, while
linear wave theories give the same wave crests as wave troughs.

According to Figure 5.12 and Figure 5.13, the differences between global reactions
are more significant. The results for peak values of global reaction moments (see
Figure 5.13) and the valley values of global reaction forces (see Figure 5.14) follow
the same disciplines between four wave theories, which is, Stoke’s 5" order wave
theory gives larger reactions than Stream Function theory, while Airy theories give
smaller ones, and reactions for Stretched Airy waves are smaller than for Extrapolated
Airy waves.

5.3 Conclusion

In this chapter three load cases are selected to compare the wave loads with four
different wave theories, among which the extreme wave condition gives the most
significant differences. Extrapolated Airy theory and Stretched Airy theory give
exactly the same surface elevations, with wave crests and wave troughs values being
equal. Stream Function theory and Stoke’s 5" order wave almost give the same
surface elevations, with wave crests larger than wave troughs. The global reactions for
four wave theories follow this discipline: Stoke’s 5" order wave theory > Stream
Function theory > Extrapolated Airy theory > Stretched Wave theory. Therefore, for
extreme wave conditions the linear wave theories are not recommended since they
will under-estimate the structural reactions. In this case, the higher order wave
theories are recommended.

Li Yu NTNU Master Thesis, Spring 2011



38

6. Dynamic Response Analysis of OJWT
under Wind and Wave Loads

6.1 General

Dynamic response analysis of offshore structures needs to consider environmental
loads induced by wind, waves and currents. Compared with offshore oil and gas
platforms, the wind load effects are more significant than waves for OWT due to its
large dimension blades. Thus, it’s necessary to estimate both aerodynamic and
hydrodynamic loads accurately for structural response analysis of OWT. There are
some academic and commercial computer programs used for blade aerodynamics,
such as HAWC2, FAST and BLADED [1]. For hydrodynamic analysis of offshore
jacket structures, there are more computer codes applicable, such as USFOS.
However, it seems that up till now there isn’t any efficient analysis tool for complex
sub-structures like jacket when considering combined wind and wave loads.
Therefore, aerodynamic software and hydrodynamic one are combined to obtain the
structural responses.

The combination of aerodynamic and hydrodynamic analysis can be done in a
coupled analysis, by communicating two computer programs at each time step. But
for time domain simulations, especially for long term fatigue analysis, this method is
really time-consuming. In contract, decoupled analysis method cost much less time,
meanwhile it has been proved to give very accurate responses under the condition if
the natural period of the structure is far smaller than wave input period. This has been
validated by the work of Seidel et al. (2004, 2009), Gao et al. (2010) [1].

According to the results of eigen value analysis in Chapter 4, the first eigen period is
2.90339 seconds, far less than the typical wave period. Thus, the decoupled analysis
method is applicable for further analysis in this thesis.

In decoupled analysis, the wind forces acting on the nacelle are estimated in HAWC?2,
by using a simplified equivalent beam model, as described in Chapter 3. Then these
forces are imported to USFOS.

Since this thesis mainly focus on the jacket substructure, the model in USFOS is also
simplified, only including the complete jacket structure with tower, as described in
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Chapter 3, and the wind turbine sitting on top of the tower is modeled by a point mass.
The results of aerodynamic forces from HAWC?2 are imported to USFOS and acting
on this point mass as external forces, to estimate the structural responses together with
wave loads.

First of all, extensive time-domain simulations will be carried out in USFOS to get the
forces and moments of jacket braces under wind and wave loads. Then we need to
perform post-processing, to read the time series from .dyn files with separate wind
and wave result, sum up the members’ forces from these two analyses and calculate
the stress using a linear combination of member forces. Fatigue is also a focus for this
thesis, and hot spot stress is calculated. However, only the time series and statistics of
the hot spot stress are compared, since there are many different load cases, meanwhile,
both the simulations and the post-processing are quite time consuming.

6.1 Environmental Conditions

6.1.1 Load Cases Based on Previous Study for Fatigue

Analysis

6.1.1.1 Wind Conditions:

According to Dong’s previous study, the fatigue damage of the wind turbine in
operational condition is mainly considered, the range of 1-hour mean wind speed U,
IS 6m/s-24m/s with an increment of 2m/s; the range of significant wave height Hs is
2m-9m, with an increment of 1m; the range of spectral peak period T, is 8s-16s with
an increment of 2s [2]. For wind loads, a turbulence intensity of wind is taken as 0.15.
Here the turbulence intensity, I, is defined as

I o
VlOmin

Where,

Viomin 1S the mean wind speed within 10 minutes;
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o s the standard deviation of the wind speed within the 10 minute time series.

6.1.1.2 Combined Wind and Wave Conditions

In our thesis, fatigue is also a focus and hot spot stress will be calculated. Thus, we
will choose the extreme environmental condition corresponding to the maximum
contribution to fatigue damage according to Dong’s work, which is a combination of
wind load with Uy, =20m/s, | =0.15, and wave load with Hs=5m, T,= 20s, as one of
our load cases. To be compared, another representative environmental condition with
a combination of wind speed U,=12m/s, significant wave height Hs=3m, T,=10s is
also to be investigated.

Therefore, there are totally 400 (10 x 8 X 5 = 400) different combinations of Uy,
Hs, and T, considered in his work. And results show that maximum contribution to
fatigue damage is identified to have a wind speed of 20m/s, a significant wave height
of 5m, and spectral peak period of 12s.

6.1.2 Wind/Wave Directions

In addition, environmental conditions with wind and wave loads come from different
directions will be mainly considered in this thesis. This is based on the requirement
from NORSK standard N-004, 2004 [6], which mentions that for offshore oil and gas
platforms, the deterministic fatigue analysis should be based on minimum eight wave
propagation directions in the detailed design phase, as showed in Figure 6.1. The
necessity of this requirement due to the possibility that different combinations of load
directions might result in quite different effects on spaced frame structures like jackets
with beams having different orientations.
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Figure 6.1 Sketch of eight wave propagation directions

The above eight wave propagation directions are firstly combined with the same wind
propagation direction of 90 degree (in y-direction). Besides, an extra wind direction of
135 degree will also be considered, and in this case the corresponding combined wave
direction will be 135 (with wind and wave coming from the same direction), 165, 180
and 225 degree. The purpose is to investigate the effect of hydrodynamic loads on
side-to-side vibration of the whole structure where aero dynamic damping is very
small. All the environmental conditions including turbulent wind and irregular waves
are summarized and listed in Table 6.1 below:

Table 6.1 Defined environmental conditions for dynamic response analysis

Wind Wave
Uw I Direction Hs T Direction
12 0.15 90 3 10 90, 120, 135, 180
20 0.15 90 5 12 90, 120, 135, 180
12 0.15 135 3 10 135, 165, 180, 225
20 0.15 135 5 12 135, 165, 180, 225

6.2 Time-domain Simulations

In this thesis, the dynamic response analysis for OWT is performed in time domain,
using decoupled analysis method as introduced previously in Section 6.1. For
turbulent wind loads, the blade momentum theory (BEM) is used. For wave loads, the
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Morison equation is applied. The structural response due to wave and wind loading is
calculated separately for each simulation. The time step for each simulation is set to
be 650s, with 50s cut-in. And totally 10 simulations are carried out for each load case
to obtain the statistics.

6.2.1 Joints in USFOS Model

For an offshore jacket structure, the number of brace elements is quite large. However,
not every element needs to be concerned. To over concern about the not necessary
elements will waste a lot of computing time as well as occupy too much saving space
in a computer, especially for time domain simulations. Therefore, we only focus on
those element members connected with particular tubular joints which are main
focuses in further analysis.

Le.-;;n-Jc;i-le

Leg 4

L-._x Leg 1

Figure 6.2 Selected tubular joints with different types and locations

As showed in Figure 6.2, four typical joints of the 70-meter jacket substructure are
selected for analysis, representing different characteristics regarding configuration,
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geometry and location. They are named as Legl-Joint2, Legl-Joint3, Leg2-Joint2,
Surl2-Jointl, respectively. As we can see they totally include three types of tubular
joints: both Legl-Joint2 and Leg 1-Joint3 are DK joints, symmetrical about the
XZ-plane; Legl-Joint3 is DKT joint, and Surl2-Jointl is X joint. The element
members connected with these joints are specified in USFOS analysis control files, as
showed in Figure 6.3. The element forces for these concerned members will be
calculated and saved every time step during the simulations.

'Dynres E Type Elem ID End Dof

'Ieg 1
‘Joint 2
Dynre= E Force 1243
Dynre=s E Force 1243
Dynre= E Force 1243
Dynres E Force 1243
Dynres E Force 1243
Dyvnres E Force 1243
Dynre= E Force 1245
Dynres E Force 12456
Dynres E Force 1245
Dynres E Force 1245
Dynres E Force 1245
Dynre= E Force 1245
Dynre= E Force 1249
Dynre=s E Force 1249

I S S el o T el T T U S L LN
I S e i R R S i T P L

Figure 6.3 Defined Element Forces in USFOS Analysis Control Files

In decoupled analysis, wind and wave simulations will be carried out separately. For
only wave simulations, the wind speed is set to be equal to zero in analysis control
files, the JONSWAP spectrum is applied for irregular waves, with six different wave
propagating directions (90, 120, 135, 165, 180, and 225 degrees) for two sea states
(Hs=3s, Tp=10m; Hs=5s, T,=12m) specified in USFOS analysis control files. For only
wind simulations, the wave parameters are set to 0. The aerodynamic forces and
moments at the nacelle shaft are simulated in HAWC?2 in time series. Then these
time-series forces are imported to USFOS and taken as external loads acting on point
mass with six degrees of freedom on top of the tubular tower. And different wind
propagating directions (90 and 135 degrees) will be considered with two different
mean wind speed of 12m/s and 20 m/s, respectively.

For each simulation, the simulating time is taken as 650 seconds, of which the first 50
seconds will be discarded due to unstable condition at the beginning of simulation,
and the rest 10 minutes will be used to represent a 3-hour steady sea state, as required
by DNV 0S-J101, 2010 [14]. For each load case, 10 simulations are run to reduce the
statistical uncertainties.
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6.2.2 Results of Element Forces

There are totally 16 load cases (12 load cases for only wave simulation and 4 wind
load cases), and for each case 10 simulations are carried out. Therefore we will not
present all the results here because the hot spot stress will be out main concern, and
the final results after post-processing will be given out in Section 6.3. Here we only
take one example to show the force results of Element 1243 in the first simulation.
Both the results under wave loading with a Hs=5, T,=12 propagating in 90 degrees,
and wind load with speed of 12m/s propagating in 90 degrees will be showed for
elementary comparison.

Main Structure

B |Element 1243

Frame: 29 ;
¥ Time: 261 805
Load Casg@step: 1/ 10441

Figure 6.3 Highlighted Element 1243 in USFOS Xact

The specified element 1243 is highlighted in USFOS XACT, as showed above in
Figure 6.3. By creating a dynamic plot, all the element forces defined in analysis
control files can be showed in either time domain or frequency domain. The results of
Element Force Element 1243 are plotted as time series and showed in the following
figures, in 6 degrees of freedom (Units: Time [s], Element Forces [N]).
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6.4 Element Forces
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Figure 6.5 Figure 6.4 Element Forces of Element 1243 in 6-dofs under wind load of
Uy =12m/s propagating in 90 degrees

Li Yu NTNU Master Thesis, Spring 2011



47

6.2.3 Comparison of Wind and Wave Load Effects

To compare the wind load effect with wave, these plots of time series forces can be
saved as .txt file, which could be read by Matlab code and then plotted in Matlab.
Take the element force of the first d.o.f. for Element 1243 in the first simulation as an
example, as showed below in Figure 6.6:

% 10°

k ! ! . ! ! '

wave

— wind

ElementForce Element1243 End2 DOF1 Sim1

4
0 100 200 300 400 500 £00 700
Time

Figure 6.6 Comparison for wind and wave load effects on Element 1243

In Figure 6.6, the wave load effect is due to a sea state of Hs=5, T,=12 propagating in
90 degrees, which is an extreme wave loading condition according to previous study.
In contract, the wind load effect is caused by a wind condition with mean wind speed
of 12m/s, which is a relatively moderate wind loading condition. However, we
observe that the element force due to moderate wind load is nearly two times of those
due to extreme wave load. This means that the wind load effect on jacket foundation
of OJWT is much stronger than wave loads. What’s more, we can also find that the
variance of the response due to wind is much larger than that due to wave. This means
wind load will have more contribution to structure fatigue damage than wave loads.
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7. Stress Analysis of Jacket Joints

In Chapter 6, totally 160 simulations are done for 16 different load cases in USFOS.
The results of element forces for specified element members connected with typical
tubular joints are saved in DYN-files. However, it’s not easy to compare the results
with DY N-files in USFOS, especially when there are a lot of different load cases with
a large amount of defined brace elements in each case. Therefore, to perform
post-processing for previous results of dynamic response analyses is quite necessary.
We use a Matlab-code to read those time series from DY N-files, and rewrite them into
DAT-files, which could be easily read and dealt with for further analysis.

What’s more, besides reading the time series from DY N-files with separate wind and
wave results, this Matlab-code will also sum up the members’ forces from these two
analyses and calculate the hot spot stress using a linear combination of member forces.
On one hand, through calculating hot spot stress, some critical points which will
suffer the most cumulative fatigue damage can be chosen among all the saddle/crown
points on tubular joints for comparison. These points are limited, but representative.
And compared with the brace forces in all the elements connected with tubular joints,
to analyze the results for critical points will reduce the workload to a great extent. On
the other hand, the results for hot spot stress of critical points could also be applied to
long-term fatigue damage analysis for future work. Therefore, the hot spot stress for
critical points under different environmental conditions will be calculated and
analyzed statistically in this chapter. It is noteworthy that fatigue is also a focus for
this thesis, and hot spot stresses are calculated, however, only the time series and
statistics of the hot spot stresses are compared since there are many different load
cases, meanwhile, for each load case both the simulations and the post-processing are
quite time consuming.

7.1 Hot Spot Stress Calculation

The hot spot stress analysis method is one of the approaches for fatigue analysis of
welded joints. Based on previous experience from offshore oil and gas industry, in a
jacket support structure, most cumulative fatigue damage happens at weld toes at
tubular intersections. That is the reason why 4 tubular joints (refer to Figure 6.2) are
selected for dynamic response analysis or further analysis for fatigue, as previously
described in Section 6.2.1.
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7.1.1 Selection of Critical Points

In previous study, hot spot stresses at the brace toe and brace saddle locations of each
brace-chord intersection (see Figure 7.1) for each tubular joint are calculated to obtain
the cumulative fatigue damage at these points. Then the results of cumulative fatigue
damage are compared for all points in each joint, to get the critical one with most
cumulative damage.

<:>|/\ Point C1, C3 are crown

points of reference brace

Point S2, S4 are saddle
S4 points of referencebrace

Figure 7.1 Locations of hot-spot stress around the brace-chord intersection [2]

Point 54
on
Brace2

Legl-Joint2 Legl-Joint3

X

Surfl2-Jointl Leg2-Joint2

Point C1 on Bracel

Point S2 on Bracel

S

Bracel

Figure 7.2 Critical hot spot location for four tubular joints

In this thesis, the critical points for hot spot stress calculation will be selected
according to previous work carried out by Dong, 2010. However, in his paper only the
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load cases with wind and wave directions both along the positive direction of y axis
are considered (i.e. wind 90 degrees, wave 90 degrees corresponding to our definition
of load cases as showed in Table 6.1). In this thesis the wind and wave loads coming
from different direction will be a focus. Therefore, the location of critical points might
change because of the effect of load direction on spaced jacket braces. We will discuss
about the direction effects with more detailed results later in this chapter. The selected
critical points are showed in Figure 7.2.

7.1.2 Method and Procedures

Hot spot stresses at the four selected points L1J2B1P1, L1J3B2P4, Sur12J1B1P2, and
L2J2B1P1 (refer to Figure 7.2) are calculated based on linear superposition principle,
to sum up contributions from all the member forces of braces connected with each
tubular joint. The general expressions for linear combination of brace stresses are got
from the work of Efthymiou, 1988, as expressed below []:

M ) .
¢, = SCF,. —SCFp0,, + z IF, .o
i=1

+1Fp_ac '(ZO-J'AJ cos ¢, -sin Hj]

= (7.1)
M . . . _ )
05, = SCFys0, = SCRyop0y, + Z 1P ps -0+ Z IFe_yiop * Oz
i=1 i=1
HIFp_a '(ZO-JAJ' COS 2¢); - sin 91.]
= (7.2)
rll . -
Ocs = SCF,0, —SCFyp0 + D IR a0,
i=1
+IFp_ac -(ZajAj cos ¢, -sin 01.]
= (7.3)
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m ™
_ i i i i
054 =SCFys0, + SCRp0,, + z IFe x50, + z IFe vop " O
i=1

i=1

+IF e -LZO'J-A] COS 2¢); -sin GJ}
=1

(7.4)

Among which,

Ox: Omy and oy, are the maximum nominal stresses due to axial load and in-plane
or out-of-plane bending at the brace end,;

SCF,s is the stress concentration factor at the saddle for axial load;
SCF,¢ is the stress concentration factor at the crown;

SCF,;p is the stress concentration factor for in plane moment;
SCFy0p s the stress concentration factor for out of plane moment;

ol and o, are nominal stresses due to axial load and bending out-of-plane at the i
planar brace end respectively;

o; is the nominal stress due to axial load at the j™ non-planar brace end.
ny is the total number of other planar braces for the reference brace in each joint;
n. is the total number of other non-planar braces for the reference brace in each joint;

IFj_,¢ is the influence function at the saddle of the reference brace arising from a
nominal stress of unit magnitude due to axial load acting on the ith planar brace of the
joint;

IFi_,c is the influence function at the crown;

IF}_y0p is the influence function at the saddle of the reference brace arising from a
nominal stress of unit magnitude due to bending out-of-plane acting on the i" planar
brace of the joint;

IFyp_4s 1S the influence function at the saddle of the reference brace arising from an
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axial load of unit magnitude acting on all non-planar braces of the joint;

IFyp_4c 1S the influence function at the crown;

A; is the cross section area of the j™ non-planar brace.

]

The definition of @; and 6; is shown in Figure 7.3.

reference brace,i

chord

J r
! ’
, ] '
1 /’
1 -
1 ,'
B non-planar brace,j
1
Pl
¢ 1
4 1

Figure 7.3 Definitions of @; and 6; inEq. (7.1) [2]

In these expressions, the calculation of all contributed stress components from braces
is based on results of brace forces we got from dynamic response analysis in USFOS
in Chapter 6, as showed in Figure 6.4-6.5. Here we take Legl-Joint2 as an example,
see Figure 7.4. All the elements contributed to hot spot stress are highlighted. For
each brace member, the results of brace forces in six degrees of freedom have been
saved in DYN files and converted to DAT files by Matlab. So the nominal stress due
to axial load and bending moment components are calculated as following basic
formulas:

(7.5)

(7.6)
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Where, both F and M are time-series member forces we got from Chapter 6. A and W
are the section properties defined in post-processing Matlab code for each brace.

A

lement 12

ert 1243

'

=

Element 1254

Figure 7.4 Contributed components for Legl-Joint2

Table 7.1 Parameters for SCF calculation

Tubular joints | Legl1-joint2 | Legl-joint3 | Sur12-joint1 | Leg2-joint2

_d 0.58 or 0.58 or

g 0.67 0:8 a8 0.67
=% 044 0.44 or 0.56 0.67 0.44

'r'=% 13.33 13.33 13.67 13.33

a2 473 5.12 4.00 473

G B ; ;

¢=p 0.11 0.13 0.1

The stress concentration factors in Formula (7.1) — (7.4) are determined by parametric
formulas given by Efthymiou (1988), with basic parameters tabulated in Table 7.1.
These parametric formulas for stress concentration factor calculation are also adopted
by DNV-RP-C203 (2010), with the definition of relevant parameters is showed in

Figure 7.5.
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Figure 7.5 Geometrical definitions of tubular joints (DNV RP-C203 (2010))

It is worth noticed that in USFOS the dynamic forces for beam elements always refer
to local beam coordinate system [21]. And the results of stress components are scalar
quantities. Therefore, some rotation angles for the coordinate transform need to be
defined. And the nominal stress component results to be used for calculation in
Formula (7.1) are projected with these rotation angles.

7.2 Short-term Hot Spot Stress Analysis for Separate Wave

and Wind Simulations

Aimed at comparing the difference between wind and wave loads effect, hot spot
stress analysis is carried out separately for only wave and only wind simulation firstly.
Totally 12 wave loading cases are chosen, including two sea states combined with 6
wave propagating directions, as summarized in Table 6.1. The same four critical
points as described in Section 7.1.1 are investigated for all wind/wave load cases, with
an emphasis on mean value, standard deviation, maximum and minimum value. And
the standard deviation of time-series hot spot stress is of most important for fatigue
concern.
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7.2.1 Results

7.2.1.1 Results for Critical Point L1J2B1P1

Table 7.2 Statistics for L1J2B1P1 (Hs=3;Tp=10)

Load Cases Statistics for L1J2B1P1

Spectrum | Wave mean Std max min

Parameter | Direction

Hs=3; 90 -1.9828E+07 | 8.7072E+05 -1.7074E+07 | -2.2590E+07
120 -1.9829E+07 | 7.2384E+05 -1.7394E+07 | -2.2087E+07

Tp=10 135 -1.9828E+07 | 5.7620E+05 | -1.7825E+07 | -2.1636E+07
165 -1.9825E+07 | 2.1083E+05 -1.8971E+07 | -2.0558E+07
180 -1.9824E+07 | 1.9512E+05 -1.9211E+07 | -2.0415E+07
225 -1.9823E+07 | 6.9371E+05 -1.7678E+07 | -2.1824E+07

Table 7.3 Statistics for L1J2B1P1 (Hs=5;Tp=12)

Load Cases Statistics for L1J2B1P1

Spectrum | Wave mean Std max min

Parameter | Direction

Hs=5, 90 -1.9796E+07 | 1.3567E+06 -1.5261E+07 | -2.4591E+07
120 -1.9796E+07 | 1.1101E+06 -1.5890E+07 | -2.3719E+07

Tp=10 135 -1.9792E+07 | 8.6569E+05 | -1.6618E+07 | -2.2861E+07
165 -1.9780E+07 | 3.2369E+05 -1.8525E+07 | -2.0934E+07
180 -1.9776E+07 | 3.8493E+05 -1.8587E+07 | -2.0899E+07
225 -1.9772E+07 | 1.1118E+06 -1.5863E+07 | -2.2924E+07

Table 7.4 Statistics for L1J2B1P1 (Only Wind)

Load Cases Statistics for L1J2B1P1

Wind Wind mean Std max min

Speed Direction

Uw=12 90 -5.2413E+07 | 1.5711E+06 -4.6709E+07 | -5.8123E+07
135 -4.8917E+07 | 1.5627E+06 -4.3291E+07 | -5.4815E+07

Uw=20 90 -5.1605E+07 | 2.7904E+06 -4.0466E+07 | -6.2079E+07
135 -4.9700E+07 | 2.7164E+06 -3.9345E+07 | -5.9954E+07
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7.2.1.2 Results for Critical Point L1J3B2P4

Table 7.5 Statistics for L1J3B2P4 (Hs=3;Tp=10)

Load Cases Statistics for L1J3B2P4

Spectrum | Wave mean Std max min

Parameter | Direction

Hs=3; 90 -1.3743E+07 1.9179E+06 | -7.8751E+06 | -1.9474E+07
120 -1.3743E+07 2.0581E+06 | -7.5840E+06 | -1.9851E+07

Tp=10 135 -1.3746E+07 | 1.9197E+06 | -8.0225E+06 | -1.9393E+07
165 -1.3753E+07 1.2555E+06 | -1.0046E+07 | -1.7275E+07
180 -1.3757E+07 7.9953E+05 | -1.1417E+07 | -1.6002E+07
225 -1.3769E+07 9.6972E+05 | -1.0607E+07 | -1.6852E+07

Table 7.6 Statistics for L1J3B2P4 (Hs=5;Tp=12)

Load Cases Statistics for L1J3B2P4

Spectrum | Wave mean Std max min

Parameter | Direction

Hs=5, 90 -1.3690E+07 3.2523E+06 | -2.6820E+06 | -2.3396E+07
120 -1.3687E+07 3.5788E+06 | -1.9495E+06 | -2.4069E+07

Tp=10 135 -1.3691E+07 3.3882E+06 | -2.6851E+06 | -2.3443E+07
165 -1.3711E+07 2.3524E+06 | -6.2238E+06 | -2.0273E+07
180 -1.3725E+Q7 1.5937E+06 | -8.8926E+06 | -1.8141E+07
225 -1.3773E+Q7 1.4673E+06 | -8.9364E+06 | -1.9070E+07

Table 7.7 Statistics for L1J3B2P4 (Only Wind)

Load Cases Statistics for L1J3B2P4

Wind Wind mean Std max min

Speed Direction

Uw=12 90 -2.7011E+07 2.2143E+06 | -1.8884E+07 | -3.5015E+07
135 -2.4783E+07 2.1987E+06 | -1.7077E+07 | -3.2568E+07

Uw=20 90 -2.9716E+07 3.7419E+06 | -1.5352E+07 | -4.4280E+07
135 -2.7880E+07 3.5410E+06 | -1.4276E+07 | -4.1415E+07
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7.2.1.3 Results for Critical Point L2J2B1P1

Table 7.8 Statistics for L2J2B1P1 (Hs=3;Tp=10)

Load Cases Statistics for L2J2B1P1

Spectrum | Wave mean Std max min

Parameter | Direction

Hs=3; 90 -1.3743E+07 1.9179E+06 | -7.8751E+06 | -1.9474E+07
120 -1.3743E+07 2.0581E+06 | -7.5840E+06 | -1.9851E+07

Tp=10 135 -1.3746E+07 | 1.9197E+06 | -8.0225E+06 | -1.9393E+07
165 -1.3753E+07 1.2555E+06 | -1.0046E+07 | -1.7275E+07
180 -1.3757E+07 7.9953E+05 | -1.1417E+07 | -1.6002E+07
225 -1.3769E+07 9.6972E+05 | -1.0607E+07 | -1.6852E+07

Table 7.9 Statistics for L2J2B1P1 (Hs=5;Tp=12)

Load Cases Statistics for L2J2B1P1

Spectrum | Wave mean Std max min

Parameter | Direction

Hs=5, 90 -1.9858E+07 4.0643E+05 | -1.8683E+07 | -2.1065E+07
120 -1.9861E+07 9.1806E+05 | -1.7114E+07 | -2.2790E+07

Tp=10 135 -1.9862E+07 | 1.1307E+06 | -1.6424E+07 | -2.3533E+07
165 -1.9867E+07 1.3606E+06 | -1.5493E+07 | -2.4470E+07
180 -1.9870E+Q7 1.3632E+06 | -1.5327E+07 | -2.4691E+07
225 -1.9865E+07 8.7066E+05 | -1.6686E+07 | -2.2957E+07

Table 7.10 Statistics for L2J2B1P1 (Only Wind)

Load Cases Statistics for L2J2B1P1

Wind Wind mean Std max min

Speed Direction

Uw=12 90 -5.5581E+07 1.5736E+06 | -5.0264E+07 | -6.1151E+07
135 -5.5163E+07 1.5438E+06 | -4.9921E+07 | -6.0634E+07

Uw=20 90 -5.3195E+07 2.5577E+06 | -4.3632E+07 | -6.2576E+07
135 -5.3087E+07 2.5218E+06 | -4.3465E+07 | -6.2170E+07

Li Yu NTNU Master Thesis, Spring 2011




58

7.2.1.4 Results for Critical Point S12J1B1P2

Table 7.11 Statistics for S12J1B1P2 (Hs=3;Tp=10)

Load Cases Statistics for S12J1B1P2

Spectrum | Wave mean Std max min

Parameter | Direction

Hs=3; 90 -2.3300E+06 1.5432E+06 2.2849E+06 | -6.9099E+06
120 -2.3326E+06 1.6583E+06 2.5500E+06 | -7.2051E+06

Tp=10 135 -2.3345E+06 | 1.5560E+06 | 2.2156E+06 | -6.8525E+06
165 -2.3380E+06 1.0844E+06 8.0338E+05 | -5.4252E+06
180 -2.3394E+06 7.6396E+05 | -8.3979E+04 | -4.5061E+06
225 -2.3440E+06 7.2244E+05 | -1.4876E+05 | -4.6358E+06

Table 7.12 Statistics for S12J1B1P2 (Hs=5;Tp=12)

Load Cases Statistics for S12J1B1P2

Spectrum | Wave mean Std max min

Parameter | Direction

Hs=5, 90 -2.3151E+06 2.7928E+06 6.5347E+06 | -1.0371E+07
120 -2.3229E+06 3.2071E+06 7.3156E+06 | -1.1249E+07

Tp=10 135 -2.3280E+06 | 3.1180E+06 | 6.8788E+06 | -1.0866E+07
165 -2.3404E+06 2.4037E+06 45141E+06 | -8.8017E+06
180 -2.3456E+06 1.8322E+06 2.7992E+06 | -7.2731E+06
225 -2.3633E+06 1.0404E+06 9.5771E+05 | -6.1800E+06

Table 7.13 Statistics for S12J1B1P2 (Only Wind)

Load Cases Statistics for S12J1B1P2

Wind Wind mean Std max min

Speed Direction

Uw=12 90 -2.2985E+07 2.1447E+06 | -1.5229E+07 | -3.0607E+07
135 -2.3173E+07 2.0509E+06 | -1.5801E+07 | -3.0551E+07

Uw=20 90 -2.5581E+07 3.5713E+06 | -1.2015E+07 | -3.9156E+07
135 -2.5154E+07 3.4350E+06 | -1.2130E+07 | -3.8292E+07
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7.2.2 Wind Load Effect Study

To investigate the wind load effect, the hot spot stress results for four critical points
under wind directions of 90 and 135 degrees, with mean wind speed of 12 and 20 m/s
are compared. Here we will only focus on standard deviation of time-series for hot
spot stress, because for fatigue analysis, the variance of hot spot stress range is a key
factor which will determine the cumulative fatigue damage. The results are extracted
from Table 7.4, 7.7, 7.10, and 7.13, and are tabulated below in Table 7.14 for
comparison:

Table 7.14 Standard deviation comparison for wind load effects

L1J2B1P1 L1J3B2P4 L2J2B1P1 S12J1B1P2
Wind90speed12 1.5711E+06 2.2143E+06 1.5736E+06 2.1447E+06
Wind90speed20 2.7904E+06 3.7419E+06 2.5577E+06 3.5713E+06
Wind135speed12 1.5627E+06 2.1987E+06 1.5438E+06 2.0509E+06
Wind135speed20 2.7164E+06 3.5410E+06 2.5218E+06 3.4350E+06

From Table 7.14 we observe that for each selected point, the standard deviation of hot
spot stresses under different wind load cases always follow the same rules.

For the cases with wind propagating in the same direction, the standard deviation is
much larger when the mean wind speed is higher. The results under wind speed of
20m/s are about 1.7 times of those under wind speed of 12m/s for each chosen
position.

It can also be found that the wind direction has some effects on hot spot stress
variation (standard deviation), but this effect is slight when compared with mean wind
speed. The Std values under wind direction of 90 degree are larger than those under
wind direction of 135 degree. But this kind of difference varies with different position
and different wind speed. For cases with wind speed 20m/s, the direction change has
more significant effect on L1J3B2P4 and S12J1B1P2 than on the other two points. This
IS because the jacket is a complex structure with spaced beams in different planes with
different directions. Thus for points at different location, the wind direction effect on
beam elements is uncertain.
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7.2.3 Wave Load Effect Study

Similar to wind load effect study, the hot spot stress results for four critical points
under 6 wave directions with 2 pairs of wave spectrum parameters are compared, as
plotted in Figure 7.6 — 7.9 below.
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Figure 7.6 Standard deviation comparison for wave load effects on L1J2B1P1
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Figure 7.7 Standard deviation comparison for wave load effects on L1J3B2P4

Li Yu

NTNU Master Thesis, Spring 2011




61

L2)2B1P1

1.6000E+06
1.4000E+06 —a
1.2000E+06

1.0000E+06 /( \\

c
S
®
= ’,
[ /—_\
g 8.0000E+05 / / —4—hs3tp10
‘g" 6.0000E+05 / \7 —B—hs5tp12
©
&  4.0000E+05 —/
2.0000E+05 /

0.0000E+00

90 120 135 165 180 225

Figure 7.8 Standard deviation comparison for wave load effects on L2J2B1P1
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Figure 7.9 Standard deviation comparison for wave load effects on S12J1B1P2

For each selected point, the standard deviation values for hot spot stress under the
wave loading with significant wave height of 5m and peak period of 12s are obviously
larger than those under the wave loading with Hs =3m and Tp =10s, no matter which
direction the wave propagations. And this Std value difference due to wave spectrum
parameters has some relationship with wave direction. For the wave direction which
causes the largest standard deviation for hot spot stress of each selected point, the
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difference between results of Hs=3, Tp=10 and Hs=5, Tp=12 is also the biggest. For
the wave directions which cause smaller standard deviation values, this difference due
to wave spectrum parameters also shrinks.

What’s more, according to Figure 7.6-7.9, we observe that for wave load, the wave
propagaing direction has stronger effect on structural response than wave spectrum
parameters. Here we can take the results for L1J3B2P4 as an example, as shown in
Figure 7.7. It can be found that the biggest difference due to wave spectrum
parameters happens at the load case with a wave direction of 120 degree, and this
difference is 1.5x10°. However, for the load case with Hs =5, Tp =12, a wave
direction of 120 degree gives the largest standard deviation, with the value of
3.5x10°, while the wave direction of 225 degree gives the smallest standard
deviation, with the value of 1.5x10°. The difference value between these two load
cases with different wave directions is 2x10°, larger than that difference between
two load cases with different wave spectrum parameters. The results for the other
three selected points also follow this rule. In other words, the wave directions have
more influence on hot spot stress variance than wave spectrum parameters. Therefore,
for fatigue design of jacket platforms, the wave direction should also be taken into
consideration when defining environmental conditions.

It could also be observed that for points at different locations (see above selected four
points), the maximum and minimum standard deviation may happen at different wave
directions. This is quite similar to the results for wind load cases. It’s due to the
complex spaced jacket braces in different planes and directions.

7.2.4 Discussion

It is required by NEK IEC 61400-3 that at least six 10-minutes stochastic realizations
shall be carried out for each mean wind speed and sea state considered in the
simulations [15]. All the results showed above in this section are based on 10-times
simulations, which satisfied the requirement from NEK IEC 61400-3, and the hot spot
stress comparisons are statistical and convictive.

For fatigue analysis the variance of hot spot stress range is a main factor which will
determine the cumulative fatigue damage. However, in this thesis only the standard
deviations of hot spot stress instead of stress range are compared because there are too
many load cases. These results of hot spot stress cannot be used directly in fatigue
damage calculations, but they follow the same trend as stress ranges, thus they are
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indicated for fatigue concern.

In this thesis the choice of representative point is based on previous study of Dong
(2010). However, we observe that as load direction changes, the contributed beam
forces will change, and thus the critical location for most cumulative fatigue damage
might also changes. More points need to be investigated for fatigue design when load
directions are taken into consideration.

7.3 Short-term Hot Spot Stress Analysis for Combined Wind

and Wave Simulations

In last section the hot spot stress analysis is performed for only wind and only wave
simulation, separately. And in the following we will investigate how the results will
vary between different load directions when wind and wave effects are combined.
Based on previous work carried out by Dong (2010), the extreme load case which will
cause most cumulative fatigue damage is a combination of wind loading with U,
=20m/s, wave loading with Hs =5m, T, =12s. For comparison we will define another
load case, which is a combination of Uy, =12m/s, Hs =3m, T, =10s. The wind and
wave direction will be combined according to Table 6.1. For these cases the linear
superposition principle is applied. The results are tabulated below in Table 7.15-7.16.

Table 7.15 Standard deviation results for load direction effects (Hs =3, T, =10)

Load Direction L1J2B1P1 L1J3B2P4 L2)2B1P1 S12J1B1P2

wind90wave90 1.7893E+06 2.9271E+06 1.5719E+06 2.6346E+06
wind90wavel20 1.7222E+06 3.0206E+06 1.6560E+06 2.7032E+06
wind90wavel35 1.6646E+06 2.9264E+06 1.7137E+06 2.6401E+06
wind90wavel80 1.5706E+06 2.3369E+06 1.7954E+06 2.2570E+06
wind135wavel35 1.6597E+06 2.9179E+06 1.6862E+06 2.5669E+06
wind135wavel65 1.5693E+06 2.5234E+06 1.7651E+06 2.3064E+06
wind135wavel180 1.5674E+06 2.3254E+06 1.7686E+06 2.1712E+06
wind135wave225 1.7045E+06 2.3866E+06 1.6402E+06 2.1560E+06
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Table 7.16 Standard deviation results for load direction effects (Hs =5, T, =12)

L1J2B1P1 L1J3B2P4 L2J2B1P1 S12J1B1P2

wind90wave90 3.0805E+06 4.9392E+06 2.5641E+06 4.5169E+06

wind90wavel20 2.9784E+06 5.1633E+06 2.6928E+06 4.7892E+06

wind90wavel35 2.8943E+06 5.0328E+06 2.7728E+06 4.7308E+06

wind90wavel80 2.7865E+06 4.0409E+06 2.8741E+06 3.9969E+06

wind135wavel35 2.8267E+06 4.8911E+06 2.7438E+06 4.6308E+06

wind135wavel65 2.7084E+06 4.2364E+06 2.8456E+06 4.1813E+06

wind135wavel80 2.7165E+06 3.8635E+06 2.8458E+06 3.8779E+06

wind135wave225 2.9141E+06 3.8105E+06 2.6413E+06 3.5627E+06

To be easily compared, the results above are plotted with wind and wave loads come
from different directions. The results for different sea states and wind speed are
compared for each point. See Figure 7.10- 7.13.
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Figure 7.10 Standard deviation comparison for load direction effects on L1J2B1P1
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Figure 7.11 Standard deviation comparison for load direction effects on L1J3B2P4
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Figure 7.12 Standard deviation comparison for load direction effects on L2J2B1P1
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Figure 7.13 Standard deviation comparison for load direction effects on S12J1B1P2

From Figure 7.10 - 7.13, we observe that for all the selected points, the standard
deviations of hot spot stress for load case of U,=12, Hs=3, T,=10 is much smaller
than those for U,=20, Hs=5, T,=12. This means the load conditions including mean
wind speed, significant wave height and spectrum peak period have a great influence
on fatigue damage. And this influence is much larger than wind/wave load directions.

By comparing the above combined wind and wave load results (Figure 7.10 - 7.13)
with previous separated wave load effects (Figure 7.6 — 7.9), we can find that the
trends of curves are quite similar same regarding load direction results. Since the
effect of wind load direction is relatively smaller when compared with the wave load
direction effects, thus for combined wind and wave loads the influence of load
direction will mainly depend on wave load directions.

What’s more, the wind loads has much larger contributions to standard deviations of
hot spot stress, or in other words, wind loads contribute much more to fatigue damage
than wave loads. This can also be easily observed by comparing the time series, as
showed in Figure 7.14 below:
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Figure 7.14 Hot spot stress time series for L2J2B1P1, 10" simulation.

Figure 7.14 is an example of hot spot stress time series plotted in Matlab. With regard
to our interest, the time series of hot spot stress for the selected four points under all
the load cases as summarized in Table 6.1, with contribution from wind load, wave
load, combined wind and wave loads are plotted in Appendix. Since for each
environmental condition there are 10 simulations carried out, and for 16 combined
load cases we will have 160 plots. To be concise, we will only choose the results for
hot spot stress of one joint to plot in the Appendix.
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8. Discussion and Conclusion

Three types of models are applied in this thesis, considering the objective and
complexity of analysis. The entire mode including the wind turbine, tublar tower and
jacket supporting structure is used for eigen-value analysis in the program
USFOS-VPOne. The jacket substructure model is applied for hydrodynamic analysis
and time domain simulations in USFOS. The equivalent monopile model is
constructed in HAWC?2 to predict wind loads.

Eigen value analysis has been performed for the entire model to identify the
eigen-modes, including the global modes, the blade modes and the modes related to
jacket braces. The first eigen-period is about 2.9s, far less than typical wave periods,
thus for normal wave input periods the structure resonance seldom happens. Moreover,
based on this result, the decoupled analysis method can be applied for dynamic
response analysis.

Hydrodynamic analysis is carried out to compare regular wave loads with different
wave theories. Three load cases are selected, among which the extreme wave
condition gives the most significant differences. Extrapolated Airy theory and
Stretched Airy theory give exactly the same surface elevations, with wave crests and
wave troughs values being equal. Stream Function theory and Stoke’s 5™ order wave
almost give the same surface elevations, with wave crests larger than wave troughs.
The global reactions for four wave theories follow this discipline: Stoke’s 5™ order
wave theory > Stream Function theory > Extrapolated Airy theory > Stretched Airy
theory. Among the four wave theories, Stream function wave theory gives the most
accurate result and has a broader range of applicability than the other three.

Dynamic response analysis for OWT is performed in time domain by using
decoupled analysis method. Wind forces generated in HAWC2 are imported to
USFOS as time-series point load on top of the tower to estimate the dynamic
responses in jacket structure due to wind load. Irregular waves generated on the basis
of JONSWAP spectrum are defined in USFOS with the parameters of significant
wave height and spectrum peak period to estimate the structural responses due to
wave loads. Different wind and wave conditions are simulated. The non-collinear
wind and wave directions are considered. The decoupled analysis can give quite
accurate results when the jacket wind turbine is relatively stiff, so that the
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wave-induced responses are mainly quasi-static, while the wind loads can induce
flexible eigen modes of the structure.

Hot spot stress is calculated for jacket joints by doing post-processing in Matlab. The
wind and wave load effects on hot spot stress variance are compared. For wind load,
the wind direction effect is quite small. For wave loads the wave propagation
directions have a great influence on structural responses. For combined wind/wave
loads, the variance of hot spot stress is obviously influenced by wave propagation
directions; however, the statistics is mainly dominated by wind load effects. The
non-collinear wind and wave directions may cause larger variance to hot spot stress of
jacket joints than collinear wind and waves, thus to take the effect of wind-wave
misalignment into consideration is necessary for fatigue design of jacket structures.
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9. Recommendation for Future Work

Long-term time domain simulations and hot-spot stress analyses are recommended in
future to study the effect of misalignment on jacket structural responses. It is
suggested that hot-spot stress should be calculated for all the crown/saddle points in
each tubular joint, since the wave propagation direction will have quite large influence
on member forces. The location of critical points might change with wave load
directions.

Dynamic response analysis is carried out in this thesis, with time-dependent hot spot
stress results. With these results we are quite close to fatigue calculations. And fatigue
analysis for non-collinear wave and wind load directions is recommended for future
work.
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Appendix

Time series of hot spot stress for L1J2B1P1 (U,,= 20, Hy=5,
T, =12, wind and wave directions of 90 degress, 10
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