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Hydrodynamic Behaviour of a Floating Linkspan
A Study on Wave Responses

YOUSEF AMIRI

POUYA SHEIKHOLESLAMI

Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract

Maritime transport is an important part of global trade. Ro-Ro transports standing for roll-on-
roll-off is a an important part of maritime transport. Ro-Ro transports is closely related to the
concept of linksapn. Tide and waves can make access to quay difficult. A linkspan, as a solution
is a facility to provide a good connection between shore and ship for discharging and loading.

In this thesis firstly, a hydrodynamic study is performed on an integral tank linkspan to understand
how environmental factors such as wave at extreme tide levels (Highest and Lowest Astronomical
Tide) in combination with extreme loading conditions (Full and Empty) affect the motion of the
linkspan. Secondly, a load mapping approach is performed to study the wave impacts from a
structural strength perspective. This approach is based on using inertia information from the
hydrodynamic or the structural model, since these are not the same. The feasibility of the load
mapping approach is also assessed.

Heave and pitch motion is studied in head sea (180° wave heading angle) while roll motion is studied
in beam sea (90° wave heading angle) in the hydrodynamic analysis. The results have shown that
at small wave periods the pitch motion is unfavorable at the highest tide level. Maximum roll
motion is obtained at smaller wavelength to structure length ratio in comparison to the heave
motion.

The load mapping reflects the wave situation fairly good and the wave impact can be reflected in
the deformation contour-plots. It is found that the maximum stress in the load mapping part is
obtained at the hinges. It is also found that by using inertia from structural model a more realistic
result in terms of deformation is obtained.

Keywords: potential flow, Source Distribution Method, Ansys Aqwa, Response Amplitude Opera-
tor, Finite Element Method, incident wave, diffraction wave, radiation Wave, wave spectra, heave,
pitch, roll.
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1

Introduction

Maritime transport plays a key role in the global economy. According to UNCTAD (United Nations
Conference on Trade and Development, ), during 2018, 80% of global trade was by volume seaborne,
which corresponded to be 70% by value (UNCTAD, 2018).

One part of the maritime transport is Ro-Ro transport, standing for Roll-on-Roll-off transport,
which is indicating that vehicles drive on and off for example a ferry. This is an important form of
transport, particularly in United Kingdom, UK (Osborn, 2010). According to (DfT, 2020), during
2019 over 50% of cargo arrivals in the major ports of UK was constituted by Ro — Ro transport.

The Ro-Ro transport brings in turn the topic of linkspan to agenda. Linkspan is a term that is
being used broadly in the marine industry, referring to the connection between a vessel deck and
a shore on which vehicle can pass at roll-on-roll-off terminals (Osborn, 2010).

A linkspan is of four major types according to (BSI, 2007), these are:

1 the mechanically lifted type, which are by definition hoisted using mechanical lifting equip-
ment, like for instance hydraulic cylinders.

— Hoist
Lifting equipment tower

Abutment
or
banksea

Figure 1.1: A mechanically lifted type

2 the pontoon type, consists of a floating part that is being accessed through a bridge. This
means that this can adapt to the incoming tide. The floating part forms the interface with
the vessel.
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Link bridge

Guide pile

Pontoon

Figure 1.2: The pontoon type

3 the semi-submersible type, is supported by a submerged floating object and a rope is used
to give further support by the vessel.

Pendant ropes

Figure 1.3: The semi-submersible type

4 the integral tank type, which is similar to the second category, but instead with a rigid
connection to the bridge.
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Figure 1.4: The integral tank type

Mentioning the design of these structures, a number of codes of practice are established. Furocode
is the most important one (Malm Gustafsson, 2021). It is used to verify the structural strength.
Eurocode also includes fabrication and installation procedures. However, Eurocode is limited to
only land based structures.

British Standard (BS) is often used together with Eurocode, which defines load cases specifically
for linkspan and also loads from wave and current (Malm Gustafsson, 2021). Furthermore, Lloyds’s
Register is used. LR is mainly used when the linkspan is to be classified by a third party. The rules
of LR covers all aspects of linkspan design and can also be used as reference, even if the linkspan
is not to be classed in a classification society (Malm Gustafsson, 2021).

Since these structures are partly floating, wave impact is one of the challenges that engineers have
to deal with. According to (Osborn, 2010) there has been a misconception that linkspans are
located at a sheltered locations. This is far from the truth, contradictory to this notion, a large
number of linkspans are in fact located at places where wave impact is high (Osborn, 2010). The
River Mersey in Liverpool is an example. Significant wave heights are in order of 1.5-2 m (Osborn,
2010), which emphasizes the importance of hydrodynamic response awareness of these structures.

Traditionally, tests are conducted in an ocean basin to obtain a prediction of the motion of a floating
body. Several numerical methods have been developed to analyse the hydrodynamic behaviour of
floating bodies (Ibinabo & Tamunodukobipi, 2019). This is a growing area and there is an increased
demand for such simulations, that is because, they are cheaper and easier to perform.

A commercial software for characterizing the hydrodynamic behaviour of floating structures is
Ansys Aqwa. It is of interest to analyse global strength of these structures. Thereby, it is beneficial
to use hydrodynamic simulation results in combination with structural numerical methods such as
Finite Element Method (FEM) to analyze the structure from a strength point of view.

1.1 Aim and Issue

The objective of this thesis consists of two major parts. Firstly, a hydrodynamic study is performed
on a floating Integral tank linkspan. The aim is to understand how environmental effects such
as waves at different extreme tide levels in addition to extreme loading conditions influence the
behaviour of the linkspan in terms of structure motions.
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Secondly, the aim is to assess the feasibility of a hydrodynamic load mapping approach for further
structural strength FE analyses. These two aims will be accomplished using a 3D radiation/d-
iffraction software called Ansys Aqwa and the FEA program Ansys Mechanical. The project is
carried out in collaboration with MacGregor.

1.2 Limitations

The following limitations fall outside the scope of this project:
1. The studied load cases are based only on extreme high and low tidal levels. Reason for this
limitation is that meteocean data were provided only for these cases.
2. This study does not focus on structural safety analysis. It means that structural analysis,
such as fatigue or ultimate strength is out of scope.
3. Current effects are neglected which in reality exists and can have a significant effect on the
simulation results, if accounted for.
4. In this thesis the integral tank concept is used as a case study.
In the response analysis, only wind generated waves are taken into consideration.
7. Computation Fluid Dynamics, CFD, simulations are out of scope of this thesis.

ot



2

Theory and Background

This section provides, a theoretical description of hydrodynamic simulations, which are used in
this project. This chapter has its main source from Aqwa Theory Manual (ANSYS Inc., 2021a)
and lecture notes by (Carl-Erik Janson, 2015). Fig. 2.1 gives an overview of where the different
wave theories are applicable.

= 4.
= 0.040 L = 0500

d
L
d d
4. 00155 4 _ o072
f gr gr? ll

Shallow Water—b—|—1—Transitiuna[ Water —r—l-:— Deep Water
U'm T T T T TTIr

| B T S e L LIS B e B R B L E e o |

o : S 5
wl BREAKNG & /)
F A

0.008
0.006

0.004

0.002

gTe 0.001
0.0008
0.0006

0.0004

Linear (Airy) Theory

= -
g\ll

Ll T 11

i L1 Py [ Lo M ok 8] S 21 {F e B
0.0004 0.001 0.002 0.0040.006 0.01 0.02 0.04 0.06 0.1 02 0304

—da
gT

Figure 2.1: Validity regions for different wave theories, according to (Le Méhauté, 2013)

Source Distribution Method approach is employed in Aqwa to solve the Laplace equation, which
describes the flow. Hydrodynamic diffraction simulations performed by Aqwa are carried out using
Linear Airy wave theory (ANSYS Inc., 2021a) which can be seen in Fig. 2.1 among other theories.

In Aqwa the coordinate system is placed on the still water surface. An example of it can be
seen in Fig. 2.2, where the model of the pontoon part, is used in the hydrodynamic study. Since
Agwa is a rigid body analysis program, it is by Fig. 2.2 further illustrated what the different
orientations of all degrees of freedom for a rigid floating body are and along which axes they act.
The three translations are; surge, sway and heave which are along x, y and z axes respectively.



2. Theory and Background

The three proceeding rotations are denoted roll, pitch and yaw, which are rotate around z, y and
z axes respectively.

Figure 2.2: Local body motion modes for the pontoon. Red colour implies global x axis, green
is y axis and blue is z.

2.1 Basic assumption

In the hydrodynamic field, the flow is normally assumed to be ideal (potential), namely:

e Incompressible
e Inviscid
o Irrotational

Potential theory is applicable for calculation of hydrodynamic parameters such as incident wave
force, diffraction wave force and radiation wave force.

2.1.1 Potential theory

Potential flow can be described by potential theory. In this theory, a velocity potential, which is a
scalar function, is defined as:

_ 99
Y= o
_ 99
_ 99
Y= 0

Substitution of the velocity potential in Eq. 2.1 into the equation of continuity gives the Laplace
equation:

02 0? 02

99, 09 09_, (2:2)

0x2  0y? 022
This is a linear second order partial differential equation which can be used to describe small
amplitude water wave motion. Adequate boundary conditions are required to solve this equation.
Agwa handle these boundary conditions by itself. However, for illustration purposes, boundary
conditions will be mentioned. The boundary conditions are as follows:
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1. Linear free surface condition i.e. at z = 0:

9¢
2
— — =0 2.3
W+ g5 (2.3)
For linear wave theory this condition means that fluid particles that float on the surface will
remain on the surface.
2. Sea bed condition i.e. at z = —d:
oo

5, =w=0 (2.4)

3. Body surface condition on the mean wetted surface Sy are defined differently for different
potentials:

- Radiation potential

% = —iwn; (2.5)
- Diffraction potential
0¢ 0¢
kA 2.6
an on (26)
4. An additional boundary to ensure mathematically that radiation waves do not travel in wrong

direction.
For further details about how these conditions are employed, it is referred to the Theory Manual
of Aqwa (ANSYS Inc., 2021a).

The wave loading under unit amplitude wave a,, = 1 is estimated by the potential theory to
obtain the Response Amplitude operators, RAOs, see Section 2.3. By harmonic assumption the
velocity potential can be written as:

p(x,t) = ayp(x)e™ " (2.7)

where the spatial variation of the velocity potential is described by ¢(x).

As stated previously, the Laplace equation 2.2 is a linear differential equation. Using linear super-
position, the solutions can be added together according to Eq. 2.8. The spatial part of the velocity
potential has three solutions. These are; radiation potential, due to all six rigid body motions as
illustrated by Fig. 2.2 (implied by the summation), and a part related to incident wave potential
and diffracted wave potential of the wave (ANSYS Inc., 2021a). Superposition reads as:

n=6
P(x) = ¢1+ da + Z Grii (2.8)

i=1

The expression for first order wave potential ¢ (a, t) is given for finite depth water by linear regular
wave theory. By taking the time derivative of the velocity potential, using linearized Bernoulli’s
equation, the first order hydrodynamic pressure can be obtained:

O(z,t ) o
o = 2D gyt (2.9)
For solving the Laplace equation for the three potentials, the source distribution method is em-
ployed. This is accomplished by introducing a so called pulsating Green’s function that fulfills all
condition above.
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2.2 Response

As was stated in Eq. 2.7, the velocity potential is following harmonic assumption. This implies
that the exciting wave loads, as linear dynamic loads, are harmonically oscillating at a frequency
that the structure motion does. This implies that the pontoon is influenced by steady-state wave.
The hydrodynamic wave problem is principally classified into two kinds of forces:

1 Wave excitation loads, where Froud-Krylov force is the incident wave force and diffraction
force that are induced by disturbance of the incident waves by the non-oscillating body.
These forces are thereby independent of the structure oscillation.

2 Added Mass, Damping and restoring forces act on the body when it oscillates at the same
frequency as the wave excitation frequency.

2.3 Response Amplitude Operator (RAO)

The harmonic response of a floating body to regular waves are obtained by solving a number of
linear algebraic equations of motion. These responses are referred to as RAOs and have the unit
m/m and °/m which means translational and rotational response per unit amplitude, respectively.
The equation of motion reads:

[~w?(M + A) — iwB + C + AC] [n] = [F] (2.10)
Where
M Structural mass matrix
A Hydrodynamic added mass matrix for

all diffracting panel elements calculated by Aqwa

B Hydrodynamic damping matrix for
all diffracting panel elements calculated by Aqwa

C  Assembled hydrostatic stiffness matrix calculated by Aqwa

AC Additional hydrostatic stiffness matrix
explained in sections 4.2.1

Eq. 2.10 can also be written as
[n] = H [F] (2.11)

Where H = [—w2 (M+A)—iwB+C + AC} ~ is referred to as the transfer function, relating
force to response. It is worth mentioning that the hydrodynamic added mass matrix and damping
matrix are all frequency dependent. This equation is solved in frequency domain for a unit wave
amplitude to give the structural response, 7.

2.4 Wave induced forces

Wave forces consist of two types, active and reactive (ANSYS Inc., 2021a). The active forces
that also are referred to as wave excitation forces, are two types; Froude-Krylov and the diffraction
forces (ANSYS Inc., 2021a). The reactive force are created by the structure, inducing wave motions,
which also are referred to as radiation forces. For fixed structures the active forces are primarily
of significance. On the other hand, for free floating structures, both forces need consideration
(ANSYS Inc., 2021a). The wave excitation forces constitute the right-hand side of equation of
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motion 2.10, and the radiation forces due to damping and added mass take place on the left hand
side. Wave excitation forces are in Aqwa calculated as (ANSYS Inc., 2021a):

Frj = —iwp [, ¢1(x)n;dS  incident wave
Fyj = —iwp fSo ¢a(x)n;dS  diffraction wave (2.12)
Frj, = —iwp fSo ori(x)n;dS  radiation wave

where in the radiation force matrix for example F,33 means heave radiation force due to heave
motion of the body. Unit normal n; corresponds to each rigid body mode j = 1,2, 3,4, 5, 6:

o nj with j =1,2,3
"= { rXn; withj=12,3 (2.13)

with r being the position vector for each panel relative to center of gravity. As implied by expres-
sions Eq. 2.12 all of the forces depend on the mean wetted surface. It will determine the number
of diffracting panels, in addition to mesh size.

2.5 Wave conditions

A sea state at a stationary form is normally described by two parameters (Det Norske Veritas,
2010); T, which is referred to as peak period measured in seconds, and significant wave height
denoted as Hg measured in meters.

The significant wave height Hy is defined as the mean of one third of the highest (1/3) of a set of
wave heights in a certain wave spectrum. The peak period T}, is given by peak frequency w, at
which the spectral ordinate attains its maximum, as:
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T, = (2.14)

Wp
where w,, is expressed in rad/s. According to (Det Norske Veritas, 2010), the Joint North Sea Wave
Project, JONSWAP, spectrum is frequently used. It can define a more realistic spectra, because
it offers more flexibility with its five parameters. They are chosen from wave statistic combined
with systematic parameter fitting (Carl-Erik Janson, 2015). According to Aqwa’s theory manual
(ANSYS Inc., 2021a), JONSWAP wave spectrum is given by Eq. 2.15:

2 lompe)”
ag® _qo5(®p)t , 207
Sjonswap(w) = e 1.25(%2) e b (2.15)
Where

¥ peak enhancement factor
w wave frequency in rad/s
Wy peak frequency of the spectrum
o spectral width parameter

«a  factor which relates wind speed to wave frequency

The « factor is computed as:

o= (W(w 4)2) (2.16)
B 202:)2 w
fooo g%7° — " e 125(58) du

This means that H,, w, and v serve as inputs in Aqwa to obtain a JONSWAP spectrum. The
spectral width parameter is defined as:

o= { 0.07 for w < w, (2.17)

0.09 for w > wy
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By defining peak frequency, and the v (see Eq. 2.15), Aqwa calculates the first and last frequencies
based on the following relations, the first frequency calculates as follows:

0.05(y -1
w1 = wp <0.58 + (1’3)> (2.18)
and the last frequency as:
wn, = wp - F(7) (2.19)

where F () is a weighting function and for v = 5 (see Section 4.2.3) F () is equal to F(y) = 3.70
and w is expressed in rad/s (ANSYS Inc., 2021a). According to (Det Norske Veritas, 2010),
JONSWAP is reasonable for:

3.6 < Ty <5 (2.20)
VH;
Outside this interval, which is the case for conditions given in Table 4.2, this model is recommended
to be utilized with caution. In Aqwa, the required input parameters for the JONSWAP spectrum
are T, and H,. Given a formulated wave spectrum as above, the wave amplitude for each wave
component can be obtained using the following relation:

a; = /25 (w;)Aw; (2.21)
where Aw; = w;11 — w;, which can in turn be used to calculate each wave height H; as:

This will serve as one input to the load mapping, as mentioned earlier in Section 3.1.3.1. This
is an irregular wave for which wave surface elevation is computed a summation over n individual
regular wave surface elevations:

(= Z a; cos (k;x — wit + ¢;) (2.23)

Here, k; = 27/\; denotes the wave number for each individual wave. ¢; is a random angle in the
range of 0° —360° degrees. n denotes the number of regular waves that are added according to Eq.
2.23, that is 50 using standard settings by Aqwa. Reason for this is to save computational time.

2.5.1 Steepness criterion

According to (Det Norske Veritas, 2010), the following steepness criterion are used in short-term
wave response:

2rHy .
Sg = —ﬂ-ﬁ with a limit of Sg = 1/10 for T}, < 6s
g 1z
(2.24)
2r H, . o
Sp = i—z with a limit of S, = 1/15 for T, < 8s
g T
where T, zero-up crossing period, can be for the range of (1 <~ > 7) obtained as:
T, 2 3
7= 0.6673 + 0.05037~ — 0.006230~v* + 0.0003341~ (2.25)

P

This gives a value of T, = 2.8664s and T, = 3.3736 for case one and two respectively, as per Table
4.2. Using standard earth gravity, g = 9.80665 m/s?, it can be shown that the steepness criterion
for given environmental data will be fulfilled.

10
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2.6 Application of Ansys Aqwa for numerical analysis

Several earlier studies have been carried out for hydrodynamic analysis and load mapping analysis.
Some of them are mentioned below.

In a study preformed by (Ibinabo & Tamunodukobipi, 2019) on a Floating Production Storage and
Offloading (FPSO) unit, a similar workflow is utilized to determine the RAOs. The hull geometry is
considered as a panel model similar to the present thesis work. However, the geometry is modelled
by a toolbox named DesignModeler, which is a CAD-program in Ansys. SpaceClaim is used in the
present work for modelling. The geometry is sliced by the cut water plane to visualize the draught
and the wetted surface. The global coordinate system’s origin is located at the stern of the ship,
whereas in this thesis, it is located precisely at the middle of pontoon on the water surface level.
Mass properties are set as point mass and point buoyancy, similar to the present work, but only
with point mass given as input. This is the same as the case of (Wallnofer, 2015) which will be
explained later.

In another study performed by (Masoudi & Zeraatgar, 2017), different breakwater sections and
models are being compared based on their response to sinusoidal waves. In this study, the software
Ansys Aqwa is used to solve diffraction problem of four different types of breakwater:

e rectangular
e cylindrical
o triangular
e trapezoidal

The study is done by using the boundary element method by means of the above mentioned
software. According to the study, for the validation of the results from Ansys Aqwa comparison
is made to the previous researches for the rectangular breakwater. This comparison has shown
that, given the same weight, triangular breakwater has lowest reflection coefficient and therefore the
lowest efficiency. However, rectangular cross Section breakwater has better transmission coefficient
among others (Masoudi & Zeraatgar, 2017).

Similarly, in another study on hydrodynamic analysis performed by (Xu, Neng, & Yang, 2019),
the three-dimensional potential flow theory and software Ansys Aqwa is used. In this study, a
heave compensation system is to be designed and therefore the motion of a mining vessel during
operation is analysed. Further in the study, the time-frequency response characteristics of mining
vessel under the coupling of wind, wave and flow is analysed by using the mentioned software. The
response amplitude operator at various wave headings for all six degrees of freedom at different
currents were obtained. RAOs, although on another structure, are also obtained in the present
thesis but only considering wave response. The results obtained in the study by (Xu et al., 2019),
shows that the wave angle has an influence on the RAOs in all six degrees of freedom and the
maximum response angle of the roll is estimated to be 4°. The time domain analysis results expose
that the hull roll motion response is larger than the pitch. Furthermore, the effect of sea current
velocity on the surge, sway, and heave motion is different. However, the frequency corresponding
to the RAO peak is relatively close (Xu et al., 2019).

2.6.1 Load mapping analysis

A research carried out by (Wallnéfer, 2015) pinpoints two steps of analysis. These are determi-
nation of the hydrodynamic results primarily such as RAOs, followed by a more detailed global
FE-analysis based on the design waves. However, in the case of a more detailed analysis, buckling
and fatigue should also be considered according to classification society rules (Wallnofer, 2015).

The problem of a seamless interface between hydrodynamics and structural analyses were studied
in a paper by (Ji et al., 2014). In this study, pressure distribution on hydro model is calculated from

11
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sea-keeping analysis and is to be transferred to structural model for estimating structural strength
and its integrity. Due to differences in the computation and illustration methods for both analyses,
the load on the hydro model may not be fully and correctly transferred to the structural model.
This leads to a different load distribution on the structural model, which also in turn is resulting
in some unbalanced force and moment components and in this paper a method is introduced to
eliminate this problem. This is preformed by applying a pressure distribution on the hydro model,
which in turn is mapped on the structural model through projection (Ji et al., 2014). Force and
moment imbalances on the structural model are solved by optimization of the nodal forces on the
structural model.

Sea-keeping declares motions of a floating body when waves, winds and currents exist. The motions
in such conditions can be evaluated using fluid forces that act on a body by means of potential
theory. By using the wave load’s forces as an input, equation of motion with respect to time is
solve for the body. In addition, these calculated loads are important from the structural design
point of view, because the body should be designed to keep away from any structural failure under
such external loads(Ji et al., 2014).

12



Methodology

The flowchart in Fig. 3.1 visualizes an overview of the workflow in the present thesis. The colours
represent certain software programs. The green colour is representing a CAD software, called
SpaceClaim that is used for managing the geometries, explained in Section 3.1.1.

Ansys Mechanical is used for the purple blocks, explained in Section 3.1.4. Aqwa package is used
for the blue blocks, explained in Section 3.1.2. The workflow can be divided in two major parts.
First part is the hydrodynamic part and second part is referred to the load mapping part.

For the hydrodynamic diffraction, it is necessary to have a very simplified geometry. Therefore,
the provided structural geometry needs to be simplified to obtain a panel geometry model. This is
because the Aqwa solver has a limitation regarding diffracting elements, the number of elements
should not exceed 30000 diffracting elements. From the hydrodynamic part, RAOs results will be
obtained.

In the second part, the provided structural geometry is used to create a mechanical model. In
the equilibrium, a fixed displacement boundary condition is applied on pontoon bottom (see Fig.
4.1) in order to capture the buoyancy effects in terms of reaction forces and reaction moments.
Thereby, a condition for equilibrium to the hydrostatic forces is obtained.

In the next step, balancing, the fixed displacement will be removed and the obtained reaction forces
and moments are applied instead. Here, the model is sensitive to rigid body singularities if more
loading is applied. The model is now ready for load mapping, but the actual load mapping, for
which information comes from AqwaWave software, is not done yet.

The load mapping is initialized by creating a simplified version of the Mechanical model. This is
referred to as ASAS model. This contains element data for load mapping in terms of ASAS files,
which contains the structural information from the ASAS model. Now based on the .asas file,
AgwaWave generates load mapping files that come from hydrodynamic analysis. Aqwa wave output
files contain pressure on each element as surface loads and balancing accelerations, as explained in
Section 3.1.3.3.

These are required steps for Aqwa load mapping. Once the load mapping is done, before applying
the mapped loads, weak springs solver control by Ansys Mechanical is used to prevent rigid body
singularities. Results can be reviewed, and load mapping is completed.

13
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Panel Geometry Structural Geometry

Hydrodygalmc ASAS. Model Mechanical Model
diffraction
AqwaWave Equilibrium

Creation of
.asas file

Balancing

Result review

Aqwa load analysis

|

‘ Result review ‘

Aqwa Line

AqwaWave

SpaceClaim
Mechanical APDL O

Figure 3.1: Workflow of load mapping with the weak springs solver control

An alternative approach, as illustrated by Fig. 3.2 to the load mapping part will be also investi-
gated. It is called inertial relief. This approach calculates balancing acceleration based on the
structural model’s inertia. Workflow for this approach is a little different. In this approach, the
equilibrium and balancing analyses are skipped. Heading directly from the mechanical model to
Agwa load analysis, the inertial relief control solver handles rigid body motions by itself. This
approach is expected to give more realistic results. Inertial relief is mainly used in the aviation
sector. It should therefore be looked up if the classification rules for marine industry recommends
this approach as well.
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Figure 3.2: Workflow of load mapping with the inertial relief solver control

3.1 Analysis software programs

In this section, the used analysis software are introduced.

3.1.1 SpaceClaim

SpaceClaim is a modelling CAD (computer-aided design) program, which is developed by Space-
Claim Corporation. The design capabilities of SpaceClaim are divided into five steps:

o pulling

e moving

o filling

e combining

o reusing 3D shapes

In this project, pulling and moving have been mostly of use.

3.1.2 Ansys Agwa

Ansys Aqwa is a toolbox within the Ansys package. It provides understanding of the hydrodynam-
ics floating behaviour of marine structures. Ansys Aqwa is accessed through the Hydrodynamic
Diffraction and Hydrodynamic Response analysis systems in Ansys Workbench.
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Agwa Hydrodynamic Diffraction is utilized for primary hydrodynamic studies required for further
complex response analyses. Here 3D linear radiation and diffraction analysis is done based on
inputs such as

e mass properties
o water depth and structure geometry
o wave direction and wave frequency.

Hydrodynamic Diffraction analysis is carried out in frequency domain, that is, Eq. 2.10 is solved
for various frequencies defined by the user. The structure geometry is defined by so called panels.
The program uses the source distribution approach. Ansys Aqwa is a package that contains many
parts. Two of the used parts are:

1 Agwa Line is a 3D diffraction and radiation analysis software that is utilized for hydrodynamic
and hydrostatic calculations. Theory that is used for this part is explained is the theory
chapter.

2 AgqwaWave works as a link between Aqwa Line to transfer hydrodynamic loads to the FE
program Mechanical APDL for strength FE analysis.

3.1.3 AqgwaWave

AgwaWave is the link between the hydrodynamic model and structural model and is a part of
the Aqwa package. Load mapping is a process involving the transfer of wave loads on a floating
structure explained in Section 3.1.2 to a FE model for further structural analyses such as global
stress analysis.

Hydrodynamic diffraction analysis results in a set of pressures that are being calculated at the
centroid of the panels. These are a result of incident, diffracted and radiated waves, and additionally
hydrostatic variation for a user-defined interval of wave periods and headings. However, this
pressure is related to a unit wave amplitude, and when a certain wave height is defined by the
AgwaWave user, this pressure is scaled by AqwaWave (ANSYS Inc., 2021b). The pressure consists
of a real and an imaginary part.
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3.1.3.1 AqgwaWave Input
AgwaWave transfers a wave load-case, that is specified by (ANSYS Inc., 2021b):

1. Frequency ID, that is the frequency number in the hydrodynamic diffraction analysis, applied
to the floating body (in this case the panel model).

2. The next input, direction ID, which is the heading angle of the wave, is measured relative to

the global X axis.

The wave height, which is the double of the wave amplitude is the next input.

4. The wave phase angle ¢ in degrees, is used according to

©w

¥
dt=T — 3.1
360 (3-1)
where dt is the elapsed time since a wave crest progressed through the COG of the structure.
Here T is the wave period. ¢ is positive.

An example of an input data file can be found in Appendix A.1. This is used to generate the load
mapping from Ansys Aqwa to Ansys Mechanical.

Running AqwaWave requires three major components (ANSYS Inc., 2021b):
1. An input data file is used as a reference to process the Aqwa hydrodynamic and structural
files, including load generation from the available Aqwa model.
2. An .asas file, is created by running the APDL command ANTOASAS in Static Structural that
is an Ansys Workbench analysis system. This step is further explained in Section 3.1.3.2.
3. Database for the Aqwa model that is used, is obtained by running an analysis of hydrody-
namic diffraction. This is another Ansys Workbench analysis system.

3.1.3.2 Asas model

The ANTOASAS APDL command in Ansys Mechanical generates an .asas file from which model
information is obtained from the database for FEA system, which is established on a chosen set of
elements. The following data is sorted in such file:

e Nodes

o Elements

o Material data

o Geometry data

o Section data

o ANSYS element components (ASAS sets)
¢ Boundary conditions

o Loads

¢ Solution control options

The .asas model is chosen to be the wetted surface on which the hydrodynamic diffraction analysis
by Aqwa is conducted.

3.1.3.3 AgwaWave Output

By running AqwaWave, load information files are generated, and are called according to file
_aqld#### . dat with digits 1001 for the first load case. This file gives pressure distribution in-
formation on each FE mesh element, in addition to balancing acceleration (ANSYS Inc., 2021b)
which constitutes the inertial loads. Load result files will give the following APDL command:

SFE, Elem, 2, PRES, 0, VAL, VAL2, VAL3, VAL4

Here, SFE is an ADPL command intended to specify surface loads on elements. Its inputs are given
thereafter. Elem denotes the element number on the FE model on which the surface load will act.
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The value 2 is used to give a specification on points. PRES is a Surface Load Label that denotes
pressure. The input value 0 implies further that VAL to VAL4 are the real components of the
pressure. For further information on SFE comand it is referred to APDL manual.

The interpolation by AqwaWave consists of three steps:
1. Extracting panel pressure from the hydrodynamic solution.
2. Transferring the pressure from centroid to the connected panel nodes through weighted av-
eraging as per Fig. 3.3.

o [ Jas
[ 1 [ J&6

@ @ N—
[ J& [ J&s

A-@ @ z—
or; [ J&3

Figure 3.3: Panel pressures that are stored at panel centroid are extracted and interpolated to
the Aqwa element (panels) nodes.

3. Locating the FEM model mesh on the Aqwa mesh and interpolate the pressure from panel
nodes to FEM element nodes, as portrayed by Fig. 3.4.
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FEM.lnode .’

Figure 3.4: An example of interpolation from Aqwa panel to FE element.

3.1.4 Ansys Mechanical APDL

Mechanical APDL is a large-scale and multipurpose finite element program in which different
engineering problems can be solved. It can analyze the following problems:

« static structural

¢ dynamic structural

e steady-state and transient heat transfer problems
o mode-frequency and buckling eigenvalue problems
e static or time-varying magnetic analyses

and various types of field and coupled-field problems (ANSYS Inc., 2013a).
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4

Basis of the analysis

In this chapter, input parameters and how the simulations are set up will be explained. It starts
with a brief introduction to the studied geometry. Thereafter, hydrodynamic diffraction simulations
are explained, and the different load cases are presented. It is explained also how structural
behavior in terms of roll and stiffness are captured in the hydrodynamic analysis. Last part of
the chapter is about load mapping and how different boundary conditions are defined in the FE
model.

4.1 Features of the geometry

Fig. 4.1 visualizes the different parts of the studied geometry. In Section 4.2 the pontoon part
is considered. This includes the forward part of the model, where river side, pontoon bottom,
ship side and shore side are different parts. However, in the hydrodynamic model, only the outer
surface is considered as it was visualized by Fig. 2.2. Structural steel is the material that is used
in the model.

Quay side Hinges

Shore Side

v/ Ship Side L{*
Pontoon X

bottom

River side

Figure 4.1: Geometry features
4.2 Hydrodynamic diffraction simulations

In this thesis hydrodynamic diffraction simulations are performed at four load cases, presented in
Table 4.1.
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Table 4.1: Load cases

Load case Combinations
1 Lowest Astronomical Tide with self-weight condition
2 Lowest Astronomical Tide at fully loaded condition
3 Highest Astronomical Tide at self-weight condition
4 Highest Astronomical Tide at fully loaded condition

Extreme tide levels Lowest Astronomical Tide (LAT) and Highest Astronomical Tide (HAT) give
a water depth of d = 5.11m and d = 15.71m respectively, which makes the structure to pitch at
5.71° (clockwise) and —2.61° (counterclockwise) respectively. Mass data for loaded and self-weight
conditions is explained in Section 4.2.4.

Common for these conditions is solving Eq. 2.10 at various frequencies. However, these frequencies
are in this thesis given in different ways. First part is based on a periodic interval of 1.2 — 30s.
In Agwa it is possible to define this interval using two further possible ways, illustrated by Fig.
4.2. While load case 2 as per Table 4.1 is simulated period based interval division according to
Fig. 4.2b, other three cases are simulated using frequency based interval division, according to
Fig. 4.2a. This means that for the frequency based interval division, the "mesh" is much finer at
small wave periods. It can be thought of as a geometric progression shaped mesh. For the period
based interval division, calculation points are instead uniformly distributed.

Frequency based interval
T

1.2 5 10 20 25
Regular wave period [s]

(a) Frequency based interval

Period based interval

1 1 1 1
1.2 5 10 20 25 30
Regular wave period [s]

(b) Period based interval

Figure 4.2: Ilustration of the two different interval division. Each calculation point is marked
by a plus sign.
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Wavelengths for this set of period can be seen by Fig. 4.3. These are calculated using a code
programmed by (Gabriel Ruiz Martinez, 2021), which calculates dispersion relations for water
waves using Newton-Raphson’s method. Shallowness of the water waves is based on Fig. 2.1. As
implied by Fig. 4.3b no shallow water waves appear at HAT due the higher water depth.

LAT HAT
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0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Regular wave period [s] Regular wave period [s]
(a) Depth d =5.11m (b) Depth d = 15.71m

Figure 4.3: Wavelengths for the present set of periods.

RAOs are obtained for stated wave periods to visualize the structural response. Furthermore,
wave excitation forces as explained in Section 2.4, are obtained and will be discussed in the results
section. Thereby, an overview of the wave impact is achieved and the coupling of wave excitation
force to RAOs will be discussed. Since the structure is in fact prevented from translating in x
and y directions, RAOs for surge, sway and yaw are not considered in the hydrodynamic analysis.
However, pitch, roll and heave motions are resonant modes for floating bodies (Carl-Erik Janson,
2015). The pontoon is simulated as a floating body. In the load mapping analysis surge, sway and
yaw motions play an important role in terms of interface forces and accelerations.

The second set of the hydrodynamic diffraction simulations are carried out using a formulated
wave spectra. Here meteocean data in Section 4.2.3 results into two cases, where the goal is to
map the obtained solutions to the FE-model of the linkspan.

4.2.1 Stiffness evaluation

In order to capture the stiffness behaviour in the different orientations, two load cases in terms of
roll and pitch have been performed according to Fig. 4.4. Here, prescribed rotations at 1-5 degrees
are applied along each axis to give a trend line. The slope of each line shown in Fig. 4.5a and 4.5b,
will be used as additional restoring hydrostatic stiffness to Aqwa. Roll and pitch stiffness are given
as AC33 and ACyy components of the additional hydrostatic matrix, AC, in Eq. 2.10 in Aqwa.
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(a) Roll

(b) Pitch

Figure 4.4: Prescribed rotations to capture the structural stiffness behaviour.

Fig. 4.5 gives a visualization of the structure stiffness. Roll stiffness is calculated with respect
the transverses as portrayed by Fig. 4.4a. Stiffness in pitch is similarly obtained with respect to
longitudinal plates.
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Figure 4.5: Stiffness evaluation based on the FE model of the linkspan
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A linear expression for Fig. 4.5a is:
M. (0,) = 5097856, — 24 (4.1)

Resulting in a torsional stiffness of 50.9785 kNm/° which will be given as additional hydrostatic
stiffness to hydrodynamic analyses.

Fig. 4.5b gives an illustration of the structural stiffness around y — azis with respect to transverse
stiffners according to Fig. 4.4b. As it is illustrated, for each degree rotation a significantly higher
pitch moment is required. A linear expression for Fig. 4.5b is:

My, (6,) = 269685000, + 333 (4.2)

Resulting in a torsional stiffness of 26968.500 kNm/° which will be given as additional hydrostatic
stiffness to hydrodynamic analyses. As mentioned earlier, this is a much higher value than the
roll’s stiffness.

4.2.2 Wave directions

Fig. 4.6 illustrates the different wave angles that are employed in the analysis. As per Fig. 4.6,
two cases; one beam and one head sea are chosen for which the results will be presented. Results
for the rest of directions are presented in Appendix. The position of fixed reference axes, where
Center of Gravity (COG) lies, is shown as well. However, the position for COG can differ from
case to case.
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Figure 4.6: All wave directions spanning from 60°—180°, where beam and head sea are illustrated.

Fixed reference axes
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4.2.3 Design waves

Based on the metocean data report (Chamberlain, 2020) a number of environmental conditions
are defined according to Table 4.2. These are defined using two discrete JONSWAP wave spectra,
that are plotted in Fig. 4.7a.

Table 4.2: Design Waves

Design wave

Return period

significant wave height H, [m]

peak period T}, [s]

1

1 year

1.22

3.56

2

100 year

1.76

4.19

According to meteocean data provided by (Chamberlain, 2020), Table 4.2 data are based on locally
generated wind within the Mersey river. According to recommendation of (Det Norske Veritas,
2010) for the ratio of T,,/v/Hs < 3.6, the peak enhancement factor for the defined JONSWAP
spectra is set to 7 = 5.

Fig. 4.7a illustrates two JONSWAP spectra for the conditions that are mentioned in Table 4.2.
Here, the peak period is instead given as peak frequencies according to Eq. 2.14. As implied by
Fig. 4.7a, the major part of the wave energy is located between a period range of 2-6 seconds.
Fig. 4.7b visulizes the amplitude spectrum. It is calculated using Eq. 2.21. The amplitudes are
doubled to give the wave heights that are used as an input to the load mapping.
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(a) Wave spectrum. (b) Amplitude spectrum.

Figure 4.7: Wave and amplitude spectrum.

In order to keep the extent of the thesis reasonable, load mapping analyses are performed on the
empty loaded hydrodynamic diffraction analyses as per Table 4.3.

Table 4.3: Extent of the load mapping

Wave heading [°]

Design wave

LAT

90, 180

1

HAT

90, 180

2

4.2.4 Mass and geometrical data

Table 4.4 presents mass input data for the hydrodynamic diffraction analysis. Data from Table
4.4 defines the structural mass matrix in Eq. 2.10. The draught will determine the wetted surface
for which diffracting elements will exist. At these diffracting elements the software will solve the
hydrodynamic problem using potential theory explained in Section 2.1.1.
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Table 4.4: Mass input data for hydrodynamic diffraction analysis

Empty Loaded

Fully Loaded

Mass on Pontoon [kg] 367668 535034
Draught [m)] 0.92 1.34
z [m] —3.88 —5.15
y [m] 0 0
z from pontoon bottom [m] 1.70 4.083

The above data are adapted to the draught, and the pitching angle mentioned in Section 4.2.3 .
Additionally, radii of gyration are given measures. Radii of gyrations are depending on geometry
and mass distribution which is structure itself, load, and ballast water if exists. Following relations
relate radii of gyration to moments of inertia around each axis:

Lo =m- k:?m
I, =m- kiy (4.3)

— 2
L,=m- k;,

Here m is the total mass, and ks, kyy and k.. denotes radius of gyration around respective axis.
Table 4.5 gives input values of the different radii used in the analysis.

Table 4.5: Radii of gyration

Empty load | Full load
Ky [m) 6.56 6.38
kyylm 10.65 19.53
k.xlm 12.07 19.85

4.2.5 Panel models

Two examples of calculations models used in Aqwa are illustrated in Fig. 4.8. The green sphere
indicates the defined point mass. It is the mass of the structure (including the bridge part as well)
as per table 4.4. The different pitch angle and different water depth is visualized in Fig. 4.8. It
can be observed that due to different pitching angles (around y axis) mentioned in Section 4.2.3
different water displacements occur. For example, in Fig. 4.8a the displacement is larger due to
the larger pitching angle than HAT in Fig. 4.8b, despite the same draught. A mesh with maximum
element size of 0.25m is used in the panel models to be able to simulate the minimum period of

B L.

(a) (b)

Figure 4.8: Calculation panel models used in Aqwa for the two self-weight load cases.a)LAT
empty panel model with pitch angle (around y axis) 5.71°. b) HAT empty panel model with pitch
angle (around y axis) —2.61°.
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4.3 Design wave load mapping

This part of the thesis is realted to the FE model presented in Fig. 4.1. In this part, a very fine
mesh with maximum element size of 0.2 m is used.

4.3.1 Boundary conditions

In order to capture the correct structural behaviour, it is crucial to have proper boundary condi-
tions. The boundary conditions of the hinge structure is visualized by 4.9.

Figure 4.9: Hinge conditions

The hinge structure has the following boundary condition:

1. Free rotation around y axis.

2. Fixed translation in y direction.

3. Fixed translation in z direction.

4. Fixed translation in z direction.
Furthermore, there are additional fixed y translation boundary conditions. according to Fig. 4.10
near the shore side shown in Fig. 4.1, there is a pile gives fixed y translation.
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4. Basis of the analysis

Figure 4.10: Pile conditions

In addition to this, since the structure is at a floating condition, buoyancy force is considered.
Here, initially, a fixed displacement boundary condition, i.e. fixed translations and rotations is
applied to the pontoon bottom, as visualized by Fig. 4.1, in order to capture the buoyancy effects
in terms of reaction force and reaction moment. This is thereby a condition for equilibrium to
the hydrostatic forces. However, when the fixed displacement is removed, the reaction forces and
moments are applied instead.

At this stage, the structural model is unstable due to rigid body motion. Ansys Mechanical
has a solution to tackle this problem, called weak spring conditions. By enabling this option, rigid
body motion singularity are removed automatically which results in a reasonable solution to the
problem of free floating. For the weak springs option, the balancing accelerations as a result of the
mapping pressures are based on the Aqwa model’s mass and inertia matrix applied.

A solver control option employed in the analysis for comparison purpose is inertial relief. This
option calculates the balancing accelerations based on the FE model. These are based om mass
and inertia matrix information that Ansys Mechanical calculates. Inertial relief option, like weak
springs option, is able to handle the issues related to rigid body motion as well.

A top view of the boundary conditions can be seen in Fig. 4.11. Hinge boundary conditions
are explained earlier. The conditions for pile are seen as well.

[&] 1BC_Pile +Y
tBC_Hin+Z.
[€] tBC Hout-x
D] BC_Pile-Y
[E] rBC_Hout-v
[F] rBC Hout-Z
[G] rBC_Hout+Z
[H] rBC_Hin-Z
[T] rBC_Hin-x
[T 1BC_Hin+y

Figure 4.11: Boundary conditions in the linkspan model
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Results and discussion

In this chapter, simulation results for both the hydrodynamic and the load mapping part are
presented.

5.1 Rigid body hydrodynamic diffraction analysis

In the upcoming subsections, in order to facilitate the explanation of the underlying physics, the
worst case results in terms of wave direction is taken into consideration. RAQOs are implied via
equation of motion (Eq. 2.10) and they are related to wave excitation forces and moments. Three
types of forces caused by waves are accounted for in this analysis. The first one is radiation waves
which are induced by structure motion in waves and are on the left hand side of the Eq. 2.10,
including added mass force, radiation damping and hydrostatic restoring stiffness. The other two
are incident wave and diffracting wave, which are usually mentioned together. They constitute the
wave excitation effect and are external forces that act on the structure. They are defined on the
right hand side of Eq. 2.10 and generate the structure response. An example for the HAT full case
in 90° is illustrated in Fig. 5.1 and Fig. 5.2, it is calculated by Aqwa using a wave grid. Fig. 5.1
shows that the waves travel perpendicular to the structure. The diffraction waves can be see in
the upper part of the Fig. 5.1, where they are disturbed by the stationary structure.

16147 Max [
0.90701
059336
027971
-0.033936
-0.34758
-0.66123
-0.97488
-1.2885
-1.6022 Min : I

LT T T T LT i

Figure 5.1: Incident and diffracted wave surface elevation in meters at T'= 1.63 s

It can from Fig. 5.2 be observed that radiation waves travel in radial direction. Incident waves
are undisturbed waves, that after collision with the body and becomes disturbed, scattered and
constitute the diffracting waves. At smaller wavelengths as in this case, it can be seen that radiation
waves are smaller in terms of surface elevation. In the upcoming sections, contour plots for wave
surface elevation including the combined effect of these three waves will be shown.
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0.064648
0.033511
0.0023735
-0.028764
-0.059901
-0.001038

-0.12218
-0.15331 Min

Figure 5.2: Radiation wave surface elevation in meters at T'=1.63 s

5.1.1 Heave

Fig. 5.3a shows the heave response in different load cases for 180° waves.

As shown in Fig. 5.3a, the heave response amplitude is in the vicinity of 1 m per unit wave
amplitude, which is not significant in our case. This is indicative of the additional restoring
stiffness in pitch, as explained in Section 4.2.1, that is able to dampen the heave amplitude.

An observation from Fig. 5.3b is the sudden break in the continuity of the LAT full and empty
graphs. The reason for this is that present wavelengths are smaller in the case of LAT. It can also
be confirmed by Fig. 4.3a. The reason for smaller wavelengths at LAT is related to the water
depth which is smaller than HAT.

Another observation related to LAT graphs in Fig. 5.3 is that there is no well-defined peak
response in comparison to HAT graphs. This can be explained by the pitch angle, which is larger
in LAT, 5.71°, and pointing downwards. As shown in Fig. 4.8b, the panel model for HAT pitches
counterclockwise and thus is less favourable for incident 180° (head sea) waves.

In pitch as mentioned in Section 4.2.1 there was an additional restoring stiffness. Since it was able
to dampen the response, it means that there is a heave-pitch coupling. The restoring pitch stiffness
"delays" maximum response in terms of wavelengths if it would be compared to roll results in Fig.
5.6b where the additional restoring roll stiffness is smaller.
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1 P ] — 1
-
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° — — LAT ful ° i — — LAT full
z d ———LAT empty 5 ———LAT empty
T 04 d — — HAT full T o4l — — HAT full
) ——— HAT empty ! ——— HAT empty
02 02
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0 ‘ ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
5 10 15 20 25 30 0 5 10 15 20 25
Regular wave period [s] AL [-]
(a) Heave RAOs at different periods (b) Heave RAOs at different \/L

Figure 5.3: Visualization of heave response for different load cases at 180° waves. L is the length
of the pontoon and A is wavelength.
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Fig. 5.4 illustrates the peak response scenario given in Fig. 5.3a for HAT empty case. This
contour plot shows that wavelength is approximately 4 to 5 times larger than the structure length,
as illustrated by the HAT empty graph in Fig. 5.3b.

119.87
04,751
69,629
44,506
19.384
-5.7385
-30.861
-55.983
-81.108
-106.23

Figure 5.4: Visualization of wave surface elevation at heave peak in cm at HAT empty.

Fig. 5.5 visualizes the incident and diffracted heave force for different load cases at 180° waves.

A common observation is that generally, the LAT case attains a larger wave excitation effect. This
is related to the larger wetted surface in the case of LAT. Furthermore, the graphs in Fig. 5.5
tends to grow with increasing wavelengths. This is in correlation with RAO curves in Fig. 5.3a
and Fig. 5.3b.

It is worth being mentioned that the response of cases of HAT are larger, whereas in contrast, the
wave excitation force in case of LAT is larger. This can be related to equation of motion 2.10,
where with a smaller external force F', as in the case of HAT, radiation effects decrease to maintain
the higher peak response. Therefore, radiation effects are worth mentioning as well.
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Figure 5.5: Visualization of incident and diffracted heave force for different load cases at 180°
waves.
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5.1.2 Roll

Fig. 5.6 shows the roll response for different wave cases due to 90° incident waves.

As depicted in Fig. 5.6, it can be seen that at the wave period around 7' = 5s, maximum response
occurs. This corresponds to wavelength to structure length ratio in the range of 1 to 2 which is
a smaller ratio than the case of heave in Fig. 5.3b despite the fact that the pontoon’s breadth
to length ratio is /L ~ 1.7. In other words, although the pontoon is larger in y-direction than
a-direction, smaller A\/L leads to maximum response.

7 7
= = LAT full = = LAT full
LAT empty LAT empty
or N — — HAT full or ( ‘\ — — HAT full
n \\ = HAT empty I { \ = HAT empty
sk st
— y\" — \
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~ ST S [a=1 i \: N
20 N T~-C Ml e
ot 1 N A ~ ~ = -
N S
2 Ui O 2t <
Ui S s
= 1 <.~
i S= il ==
i/
0 . . . . . ) 0 . . )
5 10 15 20 25 30 0 5 10 15

Regular wave period [s]

AL -]

(a) Roll RAOs at different periods

(b) Roll RAOs at different A/L

Figure 5.6: Visualization of roll response for different load cases at 90° waves. L is the breadth
of the pontoon and A the wavelength.

Wave excitation roll moments for the same load cases as in Fig. 5.6 are presented in Fig. 5.7. A
direct observation is that in the case of LAT, wave moments are significantly larger than the case
of HAT. This has to do with the higher angle of pitch which makes the draught larger in LAT.
A larger wetted surface results in larger wave excitation moments, since these are a summation of
surrounding hydrodynamic pressure distributions, as defined in Eq. 2.12. It is further observed
that roll moment tends to decrease for increasing wavelengths. This can be related to larger
periods, and consequently smaller frequencies.

3<106

| per unit wave amplitude

Nm
m

Roll moment [
[

= = LAT full
— LAT empty
— = HAT full
= HAT empty

ML=

Figure 5.7: Visualization of incident and diffracted roll moment for different load cases at 90°

waves.
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Fig. 5.8 illustrates the LAT wave surface elevation for 90° peak response wave in case of empty
and full. As shown by Fig. 5.6b, looking at the peak of the LAT graphs, near \/L =~ 1.5, there is
a peak response. This is also confirmed by Fig. 5.8. The magnitude of wave surface elevation is a
function of incident wave amplitude, which is 1 m in this case.

105,43
82,004
58.582
35159
11.737
-11.686
-35.108
-58.531
-81.953
-105,38

(a) Peak response wave for LAT full

100.76 Max
77,602
54,625
31.559

8493
-14.573
-37.639
-60,705
-83.772
-106.84 Min

(b) Peak response wave for LAT empty

Figure 5.8: Visualization of wave surface elevation at roll resonance in cm.
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5.1.3 Pitch

Fig. 5.9b and 5.9a show the pitch response. It can be seen that pitch response contains a number
of peaks regardless of load case. At pitch, small wavelengths are clearly unstable for the structure.
However, since the actual linkspan has other conditions according to Section 4.3.1, these enable the
actual structure to be more stable against these peaks. It is evident that the response decreases
with increasing wave period and wavelength, similarly to roll response in Fig. 5.6.
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Figure 5.9: Zoomed visualization of pitch response for different load cases at 180° waves at peak
areas. Here L is the length of the pontoon.

Figure 5.10 is showing pitch moment as a function of wavelength to structure length ratio. It can
be observed that for all graphs in contrast to RAOs in Fig. 5.9b, for growing wavelengths, the
pitch moment is growing as well. For the case of LAT full, the pitch moment is largest due to
largest possible wetted surface.
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Figure 5.10: Visualization of incident and diffracted pitch moment for different load cases at
180° waves.
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5.2 Flexible body analysis due to wave loads

In the upcoming sections, load mapping results are presented. As stated in Table 4.3, in the case
of HAT, design wave 2 is mapped. This is a spectrum with return period of 100 years, significant
wave height of 1.76 m and peak period of 4.19s. Correspondingly, in the case of LAT, design wave
1 is mapped. This is a spectrum with return period of 1 year, significant wave height of 1.22 m
and peak period of 3.56s. The load mapping has been performed only for the empty cases.

The input parameters for AqwaWave was listed in Section 3.1.3.1. The input parameters that
generated the maximum response in terms of directional deformation in z direction and equivalent
(von-Mises) stress are presented in Table 5.1. Wave height for the individual waves are calculated
by doubling the wave amplitudes. Wave amplitudes are obtained using Eq. 2.21 for the JONSWAP
spectra shown in Fig. 4.7a.

Table 5.1: Input parameters that generated the maximum response

Load case | Wave phase angle [°] | Wave height [m] | Wave period [s] | Wave Direction
LAT 21.5 0.4 3.4 90°
LAT 169.6 0.4 3.7 180°
HAT 169.6 0.6 4.3 90°
HAT 169.6 0.6 4.3 180°

As earlier mentioned in Section 3.1.3.3, AqwaWave calculates the balancing accelerations based on
the hydrodynamic model in terms of mass and inertia matrix information. The origin for balancing
accelerations for the cases of HAT and LAT is shown by Fig. 5.11a and Fig. 5.11b respectively.
This is the place where the fixed reference axis is located in the hydrodynamic model. Fixed
reference axis is shown by Fig. 4.6 and discussed in Section 4.2.2.

x = —3.7949
y=0

Location: [m]
z = 1.9548

(a) HAT

x = —4.0378%

Location:[m] y=20
z = 1.3851

(b) LAT

Figure 5.11: Location for the origin of the acceleration coordinate system in the linkspan FE
model.

5.2.1 Beam sea

The mapped balancing accelerations due to the beam sea waves for both cases is tabulated in
tables Table 5.2 and Table 5.3. The origin for these is shown in Fig. 5.11.
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Table 5.2: Linear accelerations at 90° waves.

Linear accelerations in m/s? ay ay a, |a]
HAT -0.0050 | -0.0100 | 0.0810 | 0.0818
LAT -0.0030 | 0.1490 | 0.0670 | 0.1634
Table 5.3: Angular accelerations at 90° waves.
Angular accelerations in rad/s” Qy Qy Q | o
HAT -0.0050 | -0.0020 | -0.0010 | 0.0055
LAT -0.0110 | -0.0020 | 0.0050 | 0.0122

Fig. 5.12 portrays the wave surface elevation at a particular phase angle, period and wave height,
for which the load mapping is carried out. These parameters for each case are specified by Table
5.1. It can be seen that there is a wave crest at river side and middle of the pontoon, which causes

the structure to rotate counterclockwise.

33.486 Max
26,337
19,189

12.04

4.8911
-2.2577
-9.4085
-16.555
-23.704
-30.853 Min

Figure 5.12: Wave surface elevation at the situation shown in 5.13 in cm.

Fig. 5.13 shows the stress results. Maximum equivalent stress is obtained at the hinge structure,
which counteracts the torsion of the bridge due to the wave impact. However, it is still a very

small maximum stress in both cases.
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Equivalent Stress
Type: Equivalent (von-Mises) Stress - Top/Bottom
Unit: Pa
Time: 15
30-May-21 3:37 PM

6.361e7 Ma
7.3249¢6
6.511e6
5.6972e6
4.8833e6
4.0694e6
3.2556e6
2.4417e6
1.6278e6
8.1398e5
117.86 Min

0.000 15.000 30.000 (m)
7.500 22.500

Figure 5.13: Maximum equivalent (von-Mises) stress results at LAT, subjected to beam sea for
design wave 1 according to Table 4.2 occurs at a period of T = 3.4s.

Fig. 5.14 illustrates the deformation in z direction of the linkspan. It is clearly seen that there
is a motion in upward direction on the river side, while the shore side goes down. This can be
correlated to the wave surface elevation contour plot in Fig. 5.12, where there is a crest in the
vicinity of the river side. See Fig. 4.1 for description of sides.

Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: cm
Global Coordinate System
Time: 15
30-May-21 3:57 PM

15.96 Max
13.878
11.796
9.7138
7.6318
5.5498
3.4677
1.3857
-0.69639
-2.7784
-4.8605
-6.9425 Min 750.00 2250.00

0.00 1500.00 3000.00 (cm)
1

Figure 5.14: Deformation in Z direction in the same situation as figure 5.13.

Fig. 5.15 shows the wave surface elevation at the beam sea wave scenario, where the load mapping
has been performed for HAT. This indicates that the pontoon is lying between two wave crests.
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25,338 Max
19,972
14,606
59,2404
3,8744
-1,4915
-6,8574
12,223
-17,589
-22,955 Min

Figure 5.15: Wave surface elevation at the scenario shown in figure 5.16 in cm.

Fig. 5.16 illustrates the stress results for HAT subjected to beam sea waves for design wave 2
according to Table 4.2.

It can be seen that maximum stress in Fig. 5.16 is obtained at the hinge structure, here as well,
since the torsion of the bridge is essentially taken up by the hinges. The torsion can be visualized
in the directional deformation in z direction, as per Fig. 5.17.

D: Load mapping 90 deg

Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top/Bottom
Unit: Pa
Time: 13

7.2823e7 Max
5,8259e6
5,0977e6
4,3695e6
3,6412e6
2,913e6
2,1848e6
1,4566e6
7,2833e5
109,31 Min

Figure 5.16: Maximum equivalent (von-Mises) stress results at HAT, subjected to beam sea for
design wave 2 occurs at a period of T' = 4.3s.

0,000 15,000 30,000 (m)
]
7,500 22,500

Fig. 5.17 is visualizing the directional deformation of the linkspan due to beam sea waves at HAT.

This reflects the stress results obtained in Fig. 5.23, where a counterclockwise direction around x
axis is occurring.
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D: Load mapping 90 deg
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: cm

Global Coordinate System

Time: 13

53,036 Max
47,087
41,138
35,189
29,24

23,291

17,342
11,393 P
5,444 X

-0,50497 Min

0,00 1500,00 3000,00 (cm)
— — )
750,00 2250,00

Figure 5.17: Deformation in z direction in the same scenario as figure 5.16.

5.2.2 Inertial relief

Compared to Fig. 5.17, where weak springs solver control was employed, Fig. 5.18 illustrates the
directional deformation field where inertial relief option is instead employed. It is clearly noticeable
that deformations are by order of 20 smaller. This can be seen as an indication that the simu-
lations performed using weak springs option, where in contradictory it follows the hydrodynamic
model, are over-predicting the wave impact. In other words, there is a difference in pre-defined
inertia in the hydrodynamic model in Aqwa according to tables Table 4.4, Table 4.4, Table 4.5
and calculated inertia for the structural model by Ansys Mechanical. Inertial relief option is fol-
lowing the structural model’s mass and inertia matrix information when calculating the balancing
accelerations.

Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: cm
Global Coordinate System
Time: 7

1,5192 Ma
1,3497
1,1803
1,0108
0,84132
0,67185
0,50238
0,3329
[
0,16343 X
-0,0060432 Min
0,00 1500,00 3000,00 (cm)
L
750,00 2250,00

Figure 5.18: Deformation result for inertial relief condition at HAT

5.2.3 Head sea

As a result of load mapping, the balancing linear and balancing angular acceleration vectors are
calculated by AqwaWave. These are presented in tables 5.4 and 5.5 respectively. At HAT, accel-
erations are calculated at the wave scenario shown by Fig. 5.22. The corresponding wave scenario
for LAT is illustrated by Fig. 5.19.
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One significant observation is that the balancing acceleration vectors are by magnitude larger in
HAT than LAT, as shown in tables 5.4 and 5.5. This can be related to the contour plot in Fig.
5.22, where in this case the pontoon is located between two crests in a worse wave scenario.

Linear accelerations in m/s? ay ay a, |a]
HAT 0.1040 | -0.0020 | 0.2290 | 0.2515
LAT -0.1340 | 0.0040 | 0.0300 | 0.0054

Table 5.4: Balancing linear accelerations at 180° waves.

Angular accelerations in rad/s> Qy Qy Q, | o
HAT 0 -0.0370 0 0.0370
LAT -0.1340 | 0.0040 | 0.0300 | 0.1374

Table 5.5: Balancing angular accelerations at 180° waves.

Wave surface elevation as per Fig. 5.19, reflects the present wave scenario at the particular mapped
wave in Fig. 5.20. It can be seen that the pontoon (hydrodynamic model) is facing a wave crest.
This causes a large deformation in z direction, as seen in Fig. 5.21.

25.646 Max
20015
14.385
2.7536
11228
-2.5081
-3.139
-13.77
-19.401
-25.032 Min

Figure 5.19: Wave surface elevation at the situation shown in figure 5.20 in cm.

Fig. 5.20 illustrates the equivalent (von-Mises) stress results at LAT, for the wave scenario that
is shown in Fig. 5.19. The structure senses the stress the hinge part mostly, since it is prevented
from translation in z direction.
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Equivalent Stress
Type: Equivalent (von-Mises) Stress - Top/Bottom
Unit: Pa
Time: 13
30-May-21 3:45 PM

2.7774e7 Max
2.4213e6
2.2012e6
1.9811e6
1.761e6
1.5409e6
1.3208e6
1.1006e6
8.8052e5
6.604e5
4.4028e5
2.2016e5
45.353 Min 7.500 22.500

0.000 15.000 30.000 (m)

Figure 5.20: Maximum equivalent (von-Mises) stress results at LAT, subjected to head sea for
design wave 1 occurs at a period of T' = 3.7s.

Deformation in Fig. 5.21 reflects the behavior of the structure when influenced by the wave impact,
portrayed in Fig. 5.19. The structure is deformed more on the shore side. This can be related to
the unsymmetrical nature of the geometry.

Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: cm

Global Coordinate System

Time: 13
30-May-21 4:31 PM

-0.1359 Min

1500.00 3000.00 (cm)
]
750.00 2250.00

Figure 5.21: Deformation in z direction in the same situation as figure 5.20

Wave surface elevation as per Fig. 5.22 reflects the present wave scenario at the particular mapped
wave in Fig. 5.23 at HAT. It can be seen that the pontoon is facing a large wave crest from front
at this particular phase.
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54,956 Max
19,449
14,789
10,129
54623
0,80248
-3,8503
-8,5101
13,17
7@
22,489
27,149
-31,809
-36,469
-41,129 Min

Figure 5.22: Wave surface elevation at the situation shown in figure 5.20 in cm.

Fig. 5.23 portrays the maximum stress results. The stress results is clearly reflecting the deforma-
tion in Fig. 5.24.

Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top/Bottom
Unit: Pa

Time: 7

1,1899e8 Max
1,0984e7
9,9851e6
~— 8,9866e6
— 7,9881e6
6,9896e6
59911e6
4,9926e6
3,9941e6
2,9956e6
1,9971e6

9,9857e5 0,000 15,000 30,000 (m)
76,831 Min —
7,500 22,500

4

Figure 5.23: Maximum equivalent (von-Mises) stress results at HAT, subjected to head sea for
design wave 2 occurs at a period of T' = 4.3s.

By comparing Fig. 5.24 and Fig. 5.22 it is shown how the structure responds to the incident wave
in terms of deformation in z direction. Since the structure in not symmetric the head sea wave
seems not have the same effect on the linkspan structure than it has on the free floating body. This
is an effect of the higher level of details that are present in the FE model, which adds complications
to the analysis.

42



5. Results and discussion

Unit: cm
Global Coordinate System
Time: 7

28,861 Max
24,584
20,307

16,03

11,753
74761
3,1991
-1,0779
-5,3549
-9,6318 Min

Figure 5.24: Deformation in Z direction in the same situation as figure 5.23

5.2.3.1 Inertial relief

Fig. 5.25 illustrates a contour plot of deformation in z direction of the model which is significantly
smaller in relation to computed version by weak springs solver control, as Fig. 5.24 shows. This
can be interpreted, similar to results for beam sea in Fig. 5.18 as an indication that the calcu-
lated inertial loading in terms of balancing accelerations in table 5.4 and 5.5 are over-predicting
the external pressure force and that there is a difference between the structural model and the
hydrodynamic model in terms of inertia.

Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: cm

Global Coordinate System

Time: 7

0,046365 Max
-0,23477
-0,5159
-0,79703
-1,0782
-1,3593
-1,6404
-1,9216
-2,2027
-2,4838 Min

0,00 1500,00
750,00 2250,00

3000,00 (cm)

Figure 5.25: Results from inertial relief constraint for HAT case.
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5. Results and discussion

5.3 Discussion

As Fig. 4.2 showed, two types of interval definitions were conducted in this thesis. By observing
the hydrodynamic graphs, almost all of them has shown that at smaller wave periods there is
a need for having a fine mesh when solving the hydrodynamic problem, since this is when the
peak response occurs. For the case of roll and heave, the period interval of 5-10s has shown peak
responses. By observing Fig. 4.2a and Fig. 4.2b it is seen that for example for the case of pitch in
Fig. 5.9a the configuration in Fig. 4.2a is a better approach since it is at the peak response region
Fig. 4.2a have a finer interval definition. In the case of roll, as per the RAO curves in Fig. 5.6a,
it can be seen that the period based interval, as in case of Fig. 4.2b provides a better division of
the peak response period interval. Nevertheless, the overall behaviour of the RAO curves looks
similar despite the different interval definitions. A more optimized way of definition is probably
a combination of both Fig. 4.2a and Fig. 4.2b. Practically, this can be accomplished by dividing
the whole interval, and run simulations with period based approach for a certain interval where
for example a finer mesh is sought and for the rest the uniform option according to Fig. 4.2b can
be used. To obtain a good first approximation, it is however better to go with 4.2b and combine
thereafter with a good judgement.

As stated in AqwaWave’s manual, elements in the FE model generally do not correspond to the
elements in the Aqwa model. This is true in this thesis project as well. Furthermore, the wetted
surface that has been defined for the load mapping does not correspond exactly to the wetted
surface that is actually considered by Aqwa solver. The asas file contained the whole pontoon
model (panel model), whereas in Aqwa the submerged part, as shown in Fig. 4.8 is only considered
in the analysis. Thereby, a number of warnings related to this have been obtained during the load
mapping, which was due to excessive interpolation, as explained in Fig. 3.4. It was however
observed from stress contours that the distribution of panel pressures were applied correctly since
the water line could be seen, if the colorbar was sufficiently adjusted.

A further common observation for the stress contour plots is worth mentioning. The maximum
von-Mises stress is small, which depends on the wave amplitudes that are small as well, as it was
illustrated by Fig. 4.7b.

Since there is a difference between structural geometry and hydrodynamic geometry, inertial loads
may not be in exact balance with pressure loads. Thereby, this can affect the trustworthiness of
the actual result, which leaves space for improvement and development of the current approach.

Ideally, it would be better to be able to carry out hydrodynamic analysis of the whole linkspan
model. This cannot be afforded due to limitation in the Aqwa solver in terms of diffracting and total
element number. Furthermore, the actual linkspan model contains a lot of geometry complications
which is not appreciated by Aqwa solver. Therefore, in this thesis the pontoon par was chosen.

Another improvement could be that inertial relief option could be explored more. This requires
that the hydrodynamic model and the structural FE model should have the same CoG, which
was not the case, related to the issue addressed in the previous paragraph. Despite this issue, the
inertial relief option seemed to work, despite that it might not have been the ideal way of use. The
inertial relief option was accomplished by not considering the mapped accelerations, contradictory
to when the weak springs option was used.

When choosing wetted surface, as mentioned in Section 3.1.3.2, it can be a good idea to reconsider
the choice of wetted surface to which the mapped pressures will apply. This was not easily doable
and splitting edges could result in damaging the geometry file. Therefore in case of future work, it
is good to include the aspect of wetted surface and load cases in an earlier phase of design process,
namely when building the model from scratch, the wetted surface can be kept in mind.
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5. Results and discussion

In this thesis, hydrodynamic simulations that have been carried out are using linear airy theory.
This a sufficient theory to model the physics of this problem, since no second order terms related
to drift is necessary for stationary structures as linkspan.

As a validation, results have been compared with Wamit analyses that are done before, and findings
were correlating, especially the wave forces. This can be considered as a validation for the results
in the hydrodynamic part.

For the load mapping part, it has not been easy to validate. Since this case study has not been
covered anywhere else it has been difficult to obtain a good validation. Performing own testing
has not either been possible since most of the time for the work has been put to explore the
possibility to carry out such simulations. It is therefore important, in case of future work, to have
the validation step in mind to ensure that the results obtained are free from errors and model the
physics sufficiently correct.
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Conclusion

Heave response at HAT cases attain a larger value at the period interval of 5-15s. For all cases, it
can be seen that after the peak wavelength, the response becomes eventually constant. The exci-
tation forces in heave looks a little different. The graphs tend to grow with increasing wavelength,
although with a smaller rate towards A\/L =~ 10. LAT has a slightly larger wave excitation force
than HAT, which can be related to larger wetted surface.

When it comes to roll response, the peak is obtained in the vicinity of the same period as for
heave, but this corresponds to a much smaller A/L i.e. when wavelength X is closer to structure
length L. In this sense, the structure is stiffer in head sea (heave and pitch) than beam sea (roll).
Similar to heave excitation force, roll excitation moment is larger in the case of LAT. Roll response
and roll excitation moment decrease after their respective peak.

Pitch response is critical at smaller wavelengths at HAT. The response tends to decrease for larger
wavelengths and periods. Wave excitation effects are generally larger for LAT case.

A common conclusion from the load mapping part is that the maximum stress is obtained at
the hinge structure. Load mapping Load mapping is a good tool to use to understand wave in-
fluence on structural strength, however it requires improvements. As an example, structural and
hydrodynamic model should have matching inertia in order to obtain a more proper load mapping.
It is good to find a validation for this part to ensure that the results are free from errors.

For a future work, it is good idea to try to have the same geometry in the FE model and the
hydrodynamic model. Hydrodynamic model should have same CoG as structural model. It was
however not possible in this thesis because that would require higher level of detail than the ca-
pacity of Aqwa. Since inertial relief seemed to give more realistic results, it is good to check this
approach towards the classification rules before proceeding to use it in real-life projects. It can
also be a proper future work to expand the load mapping approach for fully loaded condition to
understand stability aspects more.
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Appendix A

A.1 Input Data file

According to below the input data file used in AqwaWave is placed below (ANSYS Inc., 2013b).

x Standard lines for ASAS style data:

SYSTEM DATA AREA 5000000

JOB NEW LINE

PROJECT ANSY xAt present ANSYS files default to project ANSY
x Extension of the output files (*.txt)
EXTENSION txt

END

x Define structural model

* (in this case output from anstoasas command)
stru asas file.asas

% Define hydrodynamic model

hydr aqwa analysis

END

AQWAID

* Following commands set target structural

x analysis system as ANSYS Mechanical

FELM

FEPG ANSYS

END

LOAD

* Load information

x Case Current_ID Frequency_ ID Direction ID Wave Height Phase
END

x*Stop processing this file.

STOP



IT
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Figure B.1: Visualization of heave response for different load cases at 60° — 180° waves angles.
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Figure B.2: Visualization of heave response for different load cases at 60° — 180° waves angles.
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Figure B.3: Visualization of pitch response for different load cases at 60° — 180° waves angles.
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Figure B.4: Visualization of pitch response for different load cases at 60° — 180° waves angles.
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Figure B.5: Visualization of roll response for different load cases at 60° — 180° waves angles.
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Figure B.6: Visualization of roll response for different load cases at 60° — 180° waves angles.
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B.2 Forces and moments

7 X 10°
......... 60°
. - = .75°
oy T
i —e— 120°
5r ] —=— 135°
" —+— 150°
H —e— 165°
4r - — .180°

"

W

Force per unit wave amplitude |
N

—

5 10 15 20 25 30
Regular wave period [s]

(a) Incident and diffracting surge force at different wave directions and periods
for the HAT full case.

g x10°
......... 60°

_Tr - S o :-:-gg:
=| g / ~ 105°
=| & , < — 105
% 61 ; N —e— 120°
;E | N < —m— 135°
= N —+— 150°
% 5F 1 > < —a— 165°
= ] ~ < - = .180°
Zar ' SRS

= 1 =,

—~ ' =

g 3r 1 09066

&-4 A OO

= ] TP9es

=% G ‘::‘:_

w2 1 g T o98eeg

S Coeeagg

= ~—— P 00000000a. i

= 1L v:"‘“;‘ '/a—-\h\.\. bl =222

IR T
0 (45" ‘ ‘ et bttt r———————— -
(0} 5 10 15 20 25 30

Regurlar wave period [s]

(b) Incident and diffracting surge force at different wave directions and periods
for LAT full case.

Figure B.7: Visualization of incident and diffracting surge force at different wave directions,
periods and cases.
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Figure B.8: Visualization of incident and diffracting sway force at different wave directions,
periods and cases.
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Figure B.9: Visualization of incident and diffracting heave force at different wave directions,
periods and cases.

XI



B. Appendix B

(3
10 <10
.—97
==
o 8
iy
=
= 7t
=
g of
L gl
=
= L L
= S b
= i
E 4r
= o
=, 3 - [
= 5 %
= af
= ] —
17 — - o e = o o
——__———___-—-__
o ‘ | | | | |
s 10 15 20 25 30

Regular wave period [s]
(a) Incident and diffracting roll moment at different wave directions and periods for the
HAT full case.

()
14 =10
Lemmmml e 60°
2 =z - — -75°
Z ~
Sl=12 y S s - - -7
= o e is —— 105°
= £ s s —e— 120°
=17 44 e = 3o —m— 135°
g 4 e ST ——150°
= /7 Sog .\.\. P
T st / oo tmen. — o 1000
% T Sag L
e -
= b SSee -~_~-~
= el N ——
= / ==
g /
j=3 4 -
5
L
g 4
L / 1
= i
A — e mm mm o m— e— = _— e - — - -
ff e e e e mm - — ———— =
o . ‘ | ‘ ‘ |
o 5 10 15 >0 >5 S0

Regurlar wave period [s]
(b) Incident and diffracting roll moment at different wave directions and periods for LAT
full case.

Figure B.10: Visualization of incident and diffracting roll moment at different wave directions,

periods and cases.
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Figure B.11: Visualization of incident and diffracting pitch moment at different wave directions,
periods and cases.
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Figure B.12: Visualization of incident and diffracting yaw moment at different wave directions,
periods and cases.
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