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Summary

The purpose of this graduation thesis Comparative numerical and experimental study of
the global responses of the spar-torus-combination in extreme waves due to the bottom
slamming effect is to investigate the effects of nonlinear loads caused by slamming on the
spar torus combination (STC) concept.

The STC concept is a device that integrate wind and wave energy and is composed of a 5
MW spar-type floating wind turbine and an axisymmetric wave energy converter (torus)
that heaves along the spar to extract energy from waves through a hydraulic power take-off
system (PTO). Among renewable energy resources, both offshore wind and wave energy
have a great potential. However, the development of wind energy technology has already
been commercialized while wave energy technology is still immature. In order to bring
offshore renewable energy applications closer to the market, structures like the STC have
been proposed under the European Commission FP7 Marine Renewable Integrated Appli-
cation Platform [1] (MARINA PLATFORM) project. Several benefits might be identified
from the integration of wind and wave energy devices in one single structure, such as the
reduced investment cost derived from the use of the same infrastructure, the positive syn-
ergy in terms of dynamic responses of the structure and augmentation of the produced
power [2].

Experimental data for this thesis were collected at Sintef Ocean for different survival
modes proposed for the STC to ensure the structural integrity under extreme environmental
conditions due to large wave forces on the torus. Tests performed in the Mean Water Level
(MWL) survival mode, where the torus is fixed to the spar at mean water level, highlighted
water exit and entry phenomena due to excessive heave motions of the floater, which leads
to significant wave slamming loads on the bottom of the torus.
Nonlinear hydrodynamic properties have been studied in order to compare the experimen-
tal results with the time-domain code SIMO [3], which is based on the linear potential
theory. A simplified nonlinear wave load model in SIMO (which is basically a correction
of the linear model considering the nonlinear buoyancy force, the nonlinear Froude-Krylov
force, and the slamming force) have been developed and implemented, with focus on the
interface forces between the torus and the spar.
Slamming phenomena have been investigated applying the strip-theory approach in the
local x-direction. For each strip, the local Wagner-type solution is considered. Moreover,
nonlinear Buoyancy and Froude-Krylov force have been studied using both pressure inte-
gration and Sclavounos [40] methods and implemented in SIMO.
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On the basis of the results of this research, it can be concluded that it is possible to reach
good agreement between experimental and numerical results implementing in SIMO the
nonlinear loads.

The author recommends further modification on the model in SIMO in order to be able
to implement Wagner’s slamming solution. Furthermore a structural assessment on the
structure should be carried out considering the slamming force and the vibrations that it
generates.
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Chapter 1
Introduction

1.1 Background
According to most climate scientists, human activities, after the pre-industrial period, cre-
ated an extreme change in Earth climate [4]. Global warming trend caused by the ex-
pansion of the ”greenhouse effect” has been proved to be almost ten times faster than the
average rate of ice-age-recovery warming [5]. Studies shows that among the gasses that
increase the greenhouse effect, a main role is played by the carbon dioxide, which level in
the atmosphere rapidly increased after the Industrial Revolution and is still growing as it
can be clearly seen from Figure 1.1.
Effects that result from global climate change and that are visible nowadays are: loss of
sea ice, shrunk of the glaciers, changes in precipitation patterns, stronger and more intense
hurricanes, increasing of the sea level, more droughts and heat waves,etc. [6]. Moreover,
if species will not adapt to new climate patterns, the global worming will lead to a loss of
species [7].

Figure 1.1: Change in global surface temperature, CO2 levels measured at Mauna Loa
Observatory, Hawaii, in recent years, comparison of atmospheric samples contained in ice cores

and more recent direct measurements of the atmospheric CO2[6] in order from the left.
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Chapter 1. Introduction

Looking at the major sources of anthropogenic CO2 emissions in Figure 1.2 is clear the
main role played by the production of electricity.

Figure 1.2: Major sources of anthropogenic CO2 emissions [8].

Emissions can be lowered by becoming energy efficient and by progressing towards an
energy system based on fuels with low, or no-carbon, content (de-carbonisation). Environ-
mental friendly policy have been applied in many countries and are rising the production
of renewable energy tanks to new installation but also to the large investment in research
that allows to produce more efficient devices.
Marine Renewable Energy (MRE) represents a treasure trove of powerful winds, waves
and tides whose energy could be harnessed to relieve dependence on conventional forms
of energy. The EU is actively developing programmes to support this renewable alterna-
tives [1].

1.2 Wind energy and offshore wind turbine
Wind power has been harnessed by humans since early recorded history. In the past, wind-
powered machines have been used to ground grain and to pump water. The first windmill
used for the production of electric power was built in Scotland in July 1887 by Prof James
Blyth of Anderson’s College, Glasgow [9]. A significant impulse to the use of wind as
energy resource has been given from the oil crisis of 1973 [10].
A wind turbine is a machine that transforms kinetic energy in the wind to mechanical
energy using a shaft and then into electrical energy in a generator. A typical modern wind
turbine presents the following characteristics [11]:

2



1.2 Wind energy and offshore wind turbine

• Horizontal axis wind turbine (HAWT);

• Upwind;

• Three-bladed;

• Pitch-regulated;

• Variable speed.

Figure 1.3: Development of wind turbines in size [11].

From the study of the basic aerodynamics for wind turbines it is possible to define a power
coefficient, CP as the ratio between the actual power obtained by a wind turbine and the
maximum available power in wind. Furthermore a theoretical upper limit of the aerody-
namic efficiency for wind power extraction is denoted by the Betz limit, and is 0.593.
The gradual upscale of machines (shown in Figure 1.3) and the developments on both the
structure and the rotor, allowed to reach an efficiency of 0.5 (2000s) [11] and to reduce the
maintenance costs.
The increasing interest in the use of wind energy can be clearly seen from Figure 1.4 where
the global power capacity and annual additions are plotted.
The installation of wind turbines is not limited to the land-based WTs but also to turbine
installed offshore. Offshore wind farms presents several advantages such as the absence of
noise and visual impact moreover they work in favorable conditions (higher wind velocity
and less turbulent wind) and the transportation is somehow easier than on land. On the
other hand the offshore WTs presents some cons: the working environment is more corro-
sive, the loads on the structures are higher, the access for installation and maintenance is
more complicated.
Figure 1.5 shows the increasing power offshore global capacity. The main issue of offshore
WT is represented by the depth limitation of the classic bottom-fixed turbines. Many coun-
tries does not have wide areas with shallow water (<45m) as for example USA, Norway
and Japan.

3



Chapter 1. Introduction

Figure 1.4: Global power capacity and annual additions, 2006-2016 [12].

Figure 1.5: Wind power offshore global capacity, by region, 2006-2016 [12].
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1.2 Wind energy and offshore wind turbine

For all the sites with water depths greater than 50 m, the floating wind turbine (FWT)
concepts are more feasible and competitive. Floating foundations for WT, as it can be
observed from Figure 1.6, can generally be categorized into three main types [13]:

• Spar

• Tension leg platform
(TLP)

• Semi-submersible

Figure 1.6: Floating offshore wind turbine substructures
[2].

The choice of one system over the others depends on the water depth, the environmental
conditions, the installation and from the distance to shore.
The three different floating foundations mentioned above are characterized from different
physical principle or strategy that are used to achieve static stability [15]:

1. Ballast: used in Spar-buoys platforms. Stability is achieved by using ballast weights
hung below a central buoyancy tank which creates a righting moment and high in-
ertial resistance to pitch and roll and usually enough draft to offset heave motion.

2. Mooring Lines: used in TLP platforms. Stability is achieved through the use for
mooring line tension.

3. Buoyancy: used in Semi-submersible platforms. Stability is achieved through the
use distributed buoyancy, taking advantage of weighted water plane area for righting
moment.

Even though the use of floating wind turbines is still limited, increasing interest on this
type of foundations is shown in Figure 1.7 where the floating offshore wind market grows
prevision is plotted.
The first world floating wind park has been installed in Scotland from Statoil [14] and
started to produce electricity in October 2017.

5



Chapter 1. Introduction

Figure 1.7: Floating offshore wind market outlook [14].

Being the Spar the type of floating foundation at the base of the structure studied in
this Thesis some more information are provided in the following subsection.

1.2.1 Spar-type wind turbine

Figure 1.8: Spar wind turbine [14].

Main advantage of the spar-type foundation is
the good performance in heave motion. The
good behaviour in have motion comes from the
deep draft and the small water plane area, char-
acteristics that distinguish the spar WT, as it
can be seen from Figure 1.15. This character-
istics can reduce the first-order wave force and
mean drift force. On the other hand the spar
presents poor performance in pitch and roll mo-
tions [2].
The main disadvantage of the spar-type foun-
dation is the requirement of large water depth,
indeed it cannot be used in less than 100 m of
water depth, due to the necessary draft. The
large draft could make major maintenance dif-
ficult and expense [16].

6



1.3 Wave energy and wave energy converters

1.3 Wave energy and wave energy converters
The idea of generating energy from ocean waves interested man for centuries. The first
known device was patented in Paris by two Frenchmen in 1799 and was a shoreline device
made to pump fresh water to a nearby village. Since that initial idea development in the
area has been sporadic. The interest in wave energy had two real boom periods, one in the
1970s and one that which began in the mid-1990s. As for the wind energy, the driver of
the 1970s boom was the oil crisis [17].
Being the total wave energy resource of the same order of magnitude as world electricity
consumption (∼2 TW) this energy source could give a significant contributor to human
energy demands, even not representing a panacea [18]. The exploitable limit is probably
at most about 10-25%, in the areas where the ocean-wave energy is more persistent and
spatially concentrated [19].
What slow down the development of the wave energy converter (WEC) is the theoretical
difficulty of the hydrodynamic process that governs the wave energy absorption together
with the difficulty related to the conception of the power take-off mechanism (PTO).
The physical law that governs the operation of a WEC is the conservation of energy. The
WEC interact with the waves in order to reduce their amount of energy that is otherwise
present in the sea [19]. Wave energy has high energy density and is proportional to the
wave period and to the square of wave amplitude [2].
Several way to classify wave energy systems can be considered, but if the principle of
absorbing wave energy is analyzed, the following categorization can be done [20]:

• oscillating bodies

• oscillating water columns

• overtopping devices

as shown in Figure 1.9.

Figure 1.9: Basic principles of absorbing wave energy: a) oscillating bodies, b)oscillating water
columns, c) overtopping devices [2].

Being the Wavebob concept the type of oscillating body at the base of the structure
studied in this Thesis some more information are provided in the following subsection.
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1.3.1 Wavebob concept and other oscillating bodies technology

Figure 1.10: Wavebob concept [22].

Oscillating bodies extract wave energy by
the oscillation of the structure relative to a
floating or fixed structure using a PTO sys-
tem that can convert the wave power into
mechanical or electrical energy. PTO sys-
tem can be classified as [18]:

• air turbine

• linear generators

• hydraulic system

Oscillating bodies can be both floating or
fully submerged.
The disadvantages of the oscillating bod-
ies are the mooring system, the access for maintenance and the need of long underwater
electrical cables.
Another possible categorization of oscillating bodies can be considered as follows [20]:

• Single-body heaving buoys. The simplest oscillating-body device is the heaving
buoy that react against a fixed frame of reference that can be either the sea bottom
or a bottom-fixed structure. Such systems are usually conceived as point absorbers
which means that their horizontal dimensions are much smaller than the wavelength.
An alternative design consists in a buoy that is connected to a bottom-fixed structure
by a cable which is kept tight by a spring or similar device. The relative motion
between the wave-activated float on the sea surface and the seabed structure activates
a PTO system.

• Multi-body system in which the energy is converted from the relative motion be-
tween two bodies oscillating differently. This configuration avoid the difficulties of
single floating body related to the distance between the free surface and the bottom
and/or to tidal oscillations in sea level but introduces special control problems.

• Fully submerged heaving systems that as the other two system mentioned are nomi-
nally heaving systems, i.e. the energy conversion is associated with a relative trans-
lational motion.

• Pitching devices in which the energy conversion is based on relative rotation (mostly
pitch) rather than translation.

• Bottom-hinged systems in which a single oscillating-body device operate in pitching
mode and are based on the inverted pendulum hinged at the sea bed concept.

• Many-body systems where the device consists of a large set of floating point ab-
sorbers that react against a common frame and shares a common PTO.
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The Wavebob, which has been developed in Ireland between 1999 and 2013 [24], is a two-
body heaving device [23] that use the circular wave motion to move the PTO in the vertical
direction capturing the energy of the wave [22]. A schematic representation of this device
is presented in Figure 1.10. The structure consists of two co-axial axisymmetric buoys,
whose relative axial motions are converted into electric energy through a high-pressure-oil
system. The inner buoy is rigidly connected to coaxial submerged body located under-
neath, whose function is to increase the inertia and allow the tuning to the average wave
frequency.

1.4 Combined wind and wave energy converters

Multi-purpose platforms for marine renewable energy (MRE) are a great promise for the
future in order to exploit as much power as possible in an offshore field. The combination
of different energy devices in the same structure could bring considerable environmental
and economic benefits [25]. Different combination are possible, for example combining
offshore wind farms, marine aquaculture or the wave and tidal energy converters [2].
To stick to the argument of this project only the combination of wind and wave are going
to be considered.
Offshore wind and wave energy are always related which means that in the same field it
is possible to use the same structure to exploit both wind and wave power reducing the
investment, creating a positive synergy in terms of dynamic responses of the structure and
augmenting the produced power. Unfortunately, the combination of two different system
that are still not completely known is anything but trivial.

Figure 1.11: Some of the wind and wave energy devices studied. From top left: STC concept,
SFC, WindFloat+OWC, WindFloat+point absorber, Wavestar+wind turbine, and Floating Power

Plant [2].
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Some of the challenges that can be identified in the combined concepts are [2]:

• survivability in extreme sea states

• limited experience with model tests

• numerical analysis require tools with strongly nonlinear features

• design of the interface between FTWs and WECs that ensure functionality

• power output optimization in order to achieve higher efficency

The European Commission FP7 Marine Renewable Integrated Application [1] Platform
project is a project in which the integration of wind and wave energy devices on a sin-
gle platform have been studied focusing on floating concepts for deep water applications.
Among the project studied there are the spar-torus combination (STC) concept, the semi-
submersible flap concept (SFC) and the oscillating water column (OWC) array with a wind
turbine, as shown in Figure 1.11.

1.4.1 The Spar-Torus Combination concept

Concept

The STC concept, shown in Figure 1.12, consists of a spar floater to support a 5 MW wind
turbine and an axisymmetric wave energy converter (torus) that heaves along the spar to
extract energy from waves through a hydraulic PTO system. It is moored by a three-line
catenary system. The reference wind turbine selected is the NREL 5 MW [26] while the
WEC model is the Wavebob.

Figure 1.12: STC concept and components [2].

10
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• NREL 5 MW:
The reference 5 MW
Horizontal-Axis Wind
Turbine converts the wind
power. As shown in Figure
1.13 the cut in is at 3 m/s, the
rated at 11.4 m/s and the cut
out at 25 m/s. The configu-
ration of the control system
adopted for the three blade
wind turbine is a conven-
tional variable speed, variable
blade-pitch-to-feather. In or-
der to maintain constant the
generator power when the
wind speed increase (flat part
of the second graph in Figure
1.13) the blade-pitch control
is activated. In extreme wind
conditions, the wind turbine
is shut down and parked
and the blade are aligned
to the wind to reduce the
aerodynamic loads.

Figure 1.13: Rotor thrust and power
curves at different wind speeds at full scale [26].

• Wave energy converter:
The torus is free to move in the vertical direction along the spar without large fric-
tions thanks to the rollers and to a mechanical system. The relative heave motions of
the torus respect to the spar is absorbed by an hydraulic PTO system. The hydraulic
circuit of the power take off stores the energy in an high pressure (HP) accumula-
tor. As it can be seen from the schematic sketch in Figure 1.12, the PTO is also
equipped with a low pressure (LP) reservoir, which aim is to smooth the absorbed
irregular power. The energy is then converted by an hydraulic motor that produce
electricity trough an electrical generator. The WEC has a rated power of 0.5 MW
[2]. Moreover a system is installed in order to limit the heave motion in operational
conditions. A mechanical brake is present to stop the relative motion of the torus in
extreme conditions or in case of emergency.

• Mooring system:
the offshore site for which the STC concept have been designed is located 30 km
from the west coast of Norway [27]. For the installation in this area a delta-shaped
mooring system is used in order to provide an additional yaw stiffness and damping
to prevent excessive yaw motion [2].
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Basic parameters of the STC
In Table 1.1 are presented the dimensions of the different parts that compose STC.
The spar-type FWT is composed by:

• wind turbine

• tower

• mooring system

• spar lower part

• spar upper part including the cone structure.

The wave energy converter is installed on the upper part of the spar.

Spar floater Design values Wind Turbine Design values
Total length 130 m Rated power 5 MW
Draft 120 m Rotor diameter 126.3 m
Lower part diameter 10 m Nacelle mass 110 m
Lower part length (including cone) 110 m WEC Design values
Upper part diameter 6.5 m Rated power 0.5 MW
Upper part length 20 m Height 8 m
Fairlead position for mooring -70 m (From SWL) Inner diameter 8 m

Tower Design values Outer diameter 20 m
Diameter 6.5 m Draft 4 m
Length 77 m
Tower base position 10 m (From SWL)

Table 1.1: Design dimensions of the different parts of the STC [2].

The natural periods and damping ratios of the STC have been identified from the decay
test performed in the model test. The results are presented in Table 1.2.

D.O.F. Surge Sway Spar heave Torus heave Roll Pitch
Natural periods [s] 81.3 84.4 30 6.4 40.1 39.5
Damping ratios [%] 5 7 - - 3 3

Table 1.2: Results from the decay test [2].

From the table above it is possible to notice that the natural periods in surge, sway, roll
and pitch are the same for the spar and for the torus while the motion in heave is different.

Survival modes proposed for the STC
When the wind speed reaches 25 m/s the wind turbine should be parked, while the torus
should be in the non-operational mode when significant wave height is larger than 6 m.
Four different survival modes have been proposed for the spar torus combination concept.
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The main purpose of this survival modes is to reduce the wave loading on the WEC or to
transfer the wave energy on the WEC to other types of energy [2]. Common features of all
the survival modes are:

• turbine parked

• PTO system is released.

Figure 1.14: STC different survival mode proposed [2].

As shown in Figure 1.14, the characteristics of the four survival modes are:

• Mode I or released survival mode: the torus is free to move along the spar and its
motion is limited only by the end stop system.

• Mode II or MWL: the torus is locked mechanically to the spar at the mean water
level (MWL).

• Mode III or SUB: as for Mode II the torus is locked mechanically to the spar, but in
this case ballast is added to the torus or to the bottom of the spar and the two bodies
are submerged to a specifically position.

• Mode IV: the torus is ballasted by sea water and submerged until the end stop limit
position.
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Mean water level survival mode
In extreme wave conditions when STC is in the MWL configuration mode, water exit and
entry phenomena have been observed due to excessive heave motions of the floater, which
leads to significant wave slamming loads on the bottom of the torus. The cases in which
this phenomena were observed are listed in Table 1.3.

T [s] 9 11 12 13 14 15 17 19 21 23
H 2 m
H 9 m

Table 1.3: Occurrence of the nonlinear phenomena in the MWL survival mode. Strong WEE in case
of wave height of 9 m and WEE in the case of wave height of 2 m [2].

Furthermore, Table 1.4 shows the natural periods and the damping ratios at full scale for
the MWL survival mode founded from the decay tests done at MARINTEK.

D.O.F. Surge Sway Heave Roll Pitch
Natural periods [s] 98 93.1 12.8 36 36.6
Damping ratios [%] 4.4 - 6.5 - 4

Table 1.4: Natural periods and damping ratios for the MWL survival mode [2].

Due to the resonant behaviors and the strongly nonlinear phenomena in the MWL sur-
vival mode the numerical analysis in the time-domain code SIMO [3], which is based
on the linear potential theory, cannot provide reliable results. So, the numerical analysis

Figure 1.15: Mean water level survival mode.

require a nonlinear numerical model
based on a nonlinear potential-flow
solver [28, 29] considering a lo-
cal impact solution for bottom slam-
ming events and an approximate
model for the water shipped on the
deck.
Another way to numerically predict
the behaviour of the STC in the MWL
survival mode is to develop and im-
plement a simplified nonlinear wave
load model in SIMO. In order to ac-
count for the strongly nonlinear fea-
tures, nonlinear buoyancy force, non-
linear Froude-Krylov force, and a
simplified slamming force need to be
incorporated.
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Furthermore in order to guarantee the structural integrity under extreme sea state for the
MWL mode condition the limit state design (LSD) should be carried out considering the
large local pressure on the torus due to slamming or wave forces.

1.5 Theoretical Background

1.5.1 Description of the problem
In order to predict the dynamic response of the STC a global integrated analysis is needed.
If the STC is in operational conditions in order to evaluate the dynamic response it is
necessary to investigate the rigid body motions, the relative motions between spar and
torus, the mooring line forces, the PTO forces, the absorbed power, and further the strongly
nonlinear effects such as water entry and exit, as well as the wave impact on the structure
[2].
For the study of the interface vertical forces acting on the torus for the mean water level
survival mode, object of this Thesis, some simplification on the integrated analysis can be
applied. In the MWL survival mode the torus is locked to the spar which means that the
torus is not heaving along the spar. This implies that there are no PTO force component,
no friction force between the two structures and no force is generated for stopping the
motion of the torus.
In the MWL survival mode strong nonlinear loads, that could compromise the integrity of
the structure, act on the STC. It has been found that the phenomena like the water entry
and exit (WEE) phases, water on deck (WOD) and slamming (SLA) appears for incident-
wave with periods within the resonance region of heave motion. The structure has been
tested for different wave height and periods. This work focus mainly on the analysis of the
slamming loads which, for regular wave tests, appears for wave height of 9 m. Table 1.5
shows the different wave periods that have been considered.

Wave Height [m] Wave Period [s]
9 11
9 13
9 15

Table 1.5: Analyzed regular wave tests with occurrence of strongly nonlinear phenomena.

In order to account the nonlinear phenomena in the numerical study of the motion of the
structures in the linear time-domain SIMO it is necessary to add to the equation of motion,
which is solved at each time step by the code, the nonlinear loads.
The study of the vertical forces acting on the torus requires an accurate analysis of the time
series in order to determine the occurrence of the slamming phenomena. The slamming
loads are really sensitive to the impact angle which need to be considered. This relative
angle of the structure at the time of the impact is given by the difference between the
pitch of the STC and and the local wave’s steepness. Furthermore during this test the
torus passes from being totally submerged to be out of water which means that nonlinear
buoyancy and Froude-Krylov forces need to be taken into account.
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To study this complex problem is essential to understand the hydrodynamic loads and the
motions that these induces on the structure. To do that, the terms of the equation of motion
have to be analyzed and a more detailed investigation on the slamming phenomena is
necessary. Being the WT parked in the extreme operational conditions it has been decided
to not analyze the aerodynamic loading, that are dominant in the operational conditions.

1.5.2 Hydrodynamic loading
The hydrodynamic forces on an offshore floating structures, considering the potential flow
theory, can be divided into wave excitation forces and radiation forces as shown in Figure
1.17.

Figure 1.16: Decomposition of the linear wave-structure interaction problem [35].

From the first term of the equation sketched in Figure 1.17 it can be seen that the excita-
tion forces are caused by the incoming regular waves when the structure is restrained from
oscillating. The excitation forces include the Froude-Krylov force caused by the undis-
turbed wave pressure field and the diffraction force caused by the existence of the body in
the waves. The second term of the equation shows how radiation forces are caused by the
body motions with the wave excitation frequency. In this second case there are no incident
waves and the hydrodynamic loads generated by the oscillation of the body are the added
mass, damping and restoring.
Summing the incoming wave velocity potential (Φ

I
) to the diffraction potential (ΦD) and

to the radiation potential (ΦR) the total velocity potential can be defined as:

Φ = ΦI + ΦD + ΦR (1.1)

Moreover, the incident wave dynamic pressure and the diffraction dynamic pressure along
the mean wetted surface and the radiation forces can be written as:

Fext(t) = −
∫
S0B

ρ
∂ΦI
∂t

ndS −
∫
S0B

ρ
∂ΦD
∂t

ndS (1.2)

Frad(t) = −
∫
S0B

ρ
∂ΦR
∂t

ndS (1.3)

where:
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• ρ is the water density;

• S0B is the mean wetted hull surface;

• n is the normal vector projection on the relevant degree of freedom.

As the STC is a moored structure, the second order effect has to be investigate in order
to see its contribution on the response of the structure. Newman’s approximation [35] has
been chosen in order to estimate the slow-drift motions. This method allows to evaluate
the second-order transfer function by knowing only the mean drift transfer function. In the
MWL survival mode the second order forces are applied to the torus in order to consider
the larger reflected waves generated [2].
For a moored structure slow-drift resonance oscillations occur in surge, sway and yaw.
According to Newman’s approximation the second order transfer function for the differ-
ence frequency loads does not change very much when ωi = ωj (ωi, ωj wave frequen-
cies). That is why to solve the second-order transfer function only the first-order solution
is needed. Furthermore, instead of calculating the slow-drift excitation force in a time se-
ries, it could be convenient to write it in a spectral form [35]. The low frequency part of
the wave force spectrum is calculated according to Pinkster as:

SF = 8

∫ ∞
0

S(ω)S(ω + µ)
( F̄i(ω + µ/2

ζ2
a

)2

dω (1.4)

where,

• µ = ωi − ωj ;

• S(ω), S(ω + µ) are the wave spectral values for ω and ω + µ;

• F̄i(ω+µ/2)
ζ2a

is the mean drift force transfrer function. ζa represent the incoming wave
amplitude.

The viscous forces on a slender body, as the one studied, have been expressed in terms of
Morrison’s equation as [2]:

FD =
1

2
ρCDA(V0 −V1)|V0 −V1| (1.5)

where:

• A is the cross-section area of the slender element;

• CD is the quadratic coefficient;

• V0 is the incident wave velocity vector at the center of the element strip, perpendic-
ular to the element in vertical direction;

• V1 is the body motion velocity vector at the center of the element strip, perpendicular
to the element in vertical direction.
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Once integrated this equation for all the slender elements that combined define the STC, it
is possible to define the total viscous force on the spar and on the torus.

While studying the behaviour of the STC in extreme conditions in the MWL survival
mode it is important to remember that the torus is locked to the spar to prevent the relative
motions. In the model tests load cells have been installed between the two structures in
order to measure the the coupling forces. In the numerical modelling, the PTO stiffness
coefficient KPTO and the PTO damping coefficient DPTO are set to very high values to
prevent the relative motion between the two structures.

1.5.3 Equation of motions
When the hydrodynamic forces have been computed it is possible to set up the equations of
rigid body motions. If the STC is considered as a rigid floating system with zero froward
speed, the equation of motion, taking into account the first and second order weave and
wind loads can be written in frequency domain [41] as:

− ω2(M + A(ω))x(ω) + iωB(ω)x(ω) + Rx(ω) = F(ω) (1.6)

herein:

• ω is the wave frequency;

• M is the structural mass matrix;

• A(ω) is the added mass matrix dependent from the frequency;

• B(ω) is the radiation damping matrix dependent from the frequency;

• R(ω) is the linear restoring force term considering buoyancy and gravity;

• x(ω) is the motion vector;

• F(ω) is the external force vector.

Figure 1.17: STC model composed by spar floater and torus.
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Using the equation of motion in frequency domain the linear problem can be solved in an
efficient way. For what it concern the study of the STC several terms are nonlinear as the
viscous effect, the geometry and the mooring system and strongly nonlinear hydrodynamic
forces acts on it, like the slamming and the nonlinear buoyancy and Froude-Krylov forces.
In order to solve this problem is then necessary to introduce the equation of motion in time
domain. For a single floating rigid body the equation of motion in time domain can be
written as:

(M + A(∞))ẍ(t) + Cẋ(t)|ẋ(t)|+
∫ t

0

k(t− τ)ẋ(τ)dτ + Rx(t) = F(t, x, ẋ) (1.7)

where:

• x displacement vector in time domain;

• ẋ velocity vector in time domain;

• ẍ acceleration vector in time domain;

• A(∞) added mass matrix at infinite frequency;

• C is the quadratic viscous damping coefficients matrix;

• F(t, x, ẋ) is the summation of external forces in time domain;

• k(τ ) is the radiation impulse response function matrix due to the wave memory
effects.

It should be noticed that the equation in frequency domain and time domain are not equiva-
lent. Indeed in the time domain formulation viscous effect are considered and the external
forces are also dependent from the position and velocity of the body while the external
force vector is only dependent on the frequency in the frequency domain formulation.
The convolution term can then be written as:

k(τ) =
2

π

∫ ∞
0

[B(ω)−B(∞)]cos(ωt)dω = − 2

π

∫ ∞
0

ω[A(ω)−A(∞)]sin(ωt)dω

(1.8)
where B(∞) is the radiation damping matrix at infinite frequency, and in the case studied
where the body has no forward speed, is zero.
Even if in this study the only condition of the STC that is going to be considered is the
MWL survival condition, where the torus is locked to the spar, spar-torus interface forces
are still present. That means that the equations of motion have to be rewritten to take into
consideration the two bodies.

[
(M + A(∞))11 A(∞)12

A(∞)21 (M + A(∞))22

] [
ẍ1(t)
ẍ2(t)

]
+

[
C11 0

0 C22

] [
ẋ1(t)|ẋ1(t)|
ẋ2(t)|ẋ2(t)|

]
+

+

∫ t

0

[
k11(t− τ) k12(t− τ)
k21(t− τ) k22(t− τ)

] [
ẋ1(τ)
ẋ2(τ)

]
dτ +

[
R11 R12

R21 R22

] [
x1(t)
x2(t)

]
=

[
F1(t, x, ẋ)
F2(t, x, ẋ)

]
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where 1 or 11 and 2 or 22 corresponds to the two bodies, the spar (1) and the torus (2).
Subscript 12 or 21 signifies coupling terms between the spar and the torus.
The external forces, represented by the term in the right hand side can be divided into:

• excitation forces: hydrodynamic forces, mooring line forces and current forces. All
of these forces depends on the position and on the environmental conditions.

• coupling forces: spar-torus interface forces. These forces represents the coupling of
the two bodies.

1.6 Previous studies
– Made Jaya Muliawan:

The main objective of his Doctoral thesis [30] was to study numerically the global re-
sponses of a two-body FWEC, an overtopping FWEC,and the STC, focusing on the me-
chanical couplings and on the mooring system. Muliawan compared the performance of
the STC concept and the spar FWT in mild sea states. In operational conditions the be-
haviour of the STC resulted to be comparable to the spar FWT. Some issue, instead, have
been founded in extreme conditions where the structural integrity in not guaranteed. For
the study of the extreme conditions, Muliawan proposed several survival modes for the
STC.

– Ling Wan:
In his Doctoral thesis [2] Wan investigated the integrated global performance of the
STC concept and compared the numerical analysis with the model tests for both the
functionality and survivability simulations. Being the survivability of the STC a weak-
ness of the system, the numerical model for two of the survival modes proposed have
been analyzed. The model test, performed in two different facilities, resulted to be close
to the numerical model for the survival mode in which the torus is submerged (SUB)
while several discrepancies have been founded for the second survival mode tested in
which the torus is locked mechanically to the spar at the mean water level (MWL). In
the MWL mode strongly nonlinear phenomena, caused by the water entry and exit of
the torus together with green water and slamming, have been observed. To solve the
strongly nonlinear hydrodynamic problems a nonlinear solver, proposed by Greco and
Lugni [28], successfuly validated by Greco et al. [29], have been applied from Wan.

– Haobin Liu:
In his master thesis [32] Liu presents the results of a nonlinear stress analysis of the
interface structure between the spar and the torus in the combined wind and wave energy
concept (STC). Constant loadings have been applied to investigate the local interface
model performance under different loading conditions. Different parameters for the
interface design have been investigated performing sensitivity studies.

– Sevyllen Kistnen Appiah:
In the master thesis [31] Appiah analyzed numerically the unstable motions for regular
and irregular wave conditions that have then be compared with the experimental tests.
Appiah focused on Mathieu instability that occurs when the time period of the wave
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excitation is equal to half of the natural period of the pitch motion and thus, pitch res-
onance develop. Mathieu instability occurs because the heave motion influences the
restoring term of the pitch motion which then varies in time. This phenomenon may
induce significant loads in the structural components which should be investigated.

1.7 Objectives and scope of the thesis
The main objective of this Thesis is to numerically and experimentally investigate the
performance of the STC concept under the mean water level (MWL) survival mode in a
comprehensive way.
The significant wave slamming loads on the bottom of the torus observed in extreme wave
conditions when the torus was fixed to the spar at the mean water level is numerically
analyzed using the SIMO code which is based on the linear potential theory. The code
for the MWL mode, provided a valid model for the regular wave cases with a small wave
height of 2 m and in small sea states when there was no water entry and exit of the torus but
resulted unreliable in regular wave cases with a wave height of 9 m and extreme sea states
when there was water entry and exit of the torus. Consequently, a simplified nonlinear
wave load model is develop and implement in SIMO considering:

• nonlinear buoyancy force

• nonlinear Froude-Krylov force

• simplified slamming force

1.8 Thesis Overview
The aim of this graduation thesis is to investigate the effects of nonlinear loads caused by
slamming on the spar torus combination (STC) concept. The thesis is organized in the
following way:

Chapter 1: Introduction. Describes the general background of this study and presents
the STC concept which is the structure studied in the whole Thesis. Furthermore in this
chapter the theoretical Background is presented. This section focuses on the basic theories
for studying the motion of the STC concept considering linear and nonlinear features.

Chapter 2: Slamming. Presents the slamming phenomena and the theory applied for the
study of this force for the STC concept in the MWL survival mode.

Chapter 3: Nonlinear buoyancy and nonlinear Froude-Krylov force. Nonlinear buoyancy
and nonlinear Froude-Krylov force are analyzed considering both the pressure integration
method and the approach proposed by Sclavounos in his study of ”Nonlinear impulse of
ocean waves on floating bodies” [40].

Chapter 4: Experimental Results. Describes facility and structure of the model tests done
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at MARINTEK and presents the results obtained for the survival mode in extreme wave
conditions.

Chapter 5: Numerical analysis. Briefly explain SIMO code and shows the results of the
numerical analysis done with SIMO considering the nonlinear loads. This chapter presents
also the comparison of experimental and numerical results in cases with strongly nonlinear
phenomena for the STC in the MWL survival mode.

Chapter 6: Conclusion, discussion and recommendations for future work. Presents the
conclusions and discussions and provides recommendations for future work.
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Chapter 2
Slamming

2.1 Introduction

In this section the nonlinear phenomena, that has been observed on the torus under ex-
treme sea state (e.g., Hs>6 m), is going to be introduced. The analysis of slamming load
is necessary to ensure the integrity of the structure under extreme environmental condi-
tions due to large wave forces on the torus. The study focus on the MWL survival mode,
in which strongly water entry and exit (WEE) phenomena, accompanied with the green
water shipped on the torus top and the wave impact on the torus bottom, have been ob-
served [2]. The research will focus only in the vertical loads which resulted to be the most
critical. But, as highlighted from Haobin Liu in his Master Thesis [32], is important to
remember how the slamming under severe sea state increase also the force between spar
and torus in the horizontal direction.

Figure 2.1: Body divided in strips with plane parallel to the
xz plane and relative angle β in order from the top.

Slamming is caused by sud-
den retardation of a volume of
fluid which causes a considerable
force to act on the structure [33].
In other words slamming can be
defined as an impulse load with
high pressure peaks that occurs
during the impact between a body
and water. The duration of slam-
ming pressure is of the order of
milliseconds and it is very local-
ized in space. This means that the
spatial and time scales involved
in the solution of the problem, are
so small that can be seen as a per-
turbation of the flow variables nu-
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Chapter 2. Slamming

merically obtained at the impact instant [34]. Furthermore, the position where high slam-
ming pressure occurs changes with time and depends on how the structure hits the water
[35].
The non-linearity of the slamming phenomena has been extensively studied by Abramson
at al. and presented in Liquid Slosh in LNG Carriers [36], where experimental results of
the slamming pressure due to sloshing in tanks have been analyzed. The outcome of this
study is that even if the tank is forced to oscillate harmonically the pressure is neither peri-
odic nor harmonic. The pressure peaks varies from cycle to cycle and this is the evidence
on how the slamming phenomena presents nonlinear problematic.
The impact on the bottom of the torus caused by the slamming are expected to start from
the outer circle of the torus for long incident waves. The impact angle can be approxi-
mated to the relative angle between the instantaneous body position and the local slope
of the incident wave in the direction of the wave. The problem has been solved applying
the strip-theory approach in the local x-direction. For each strip, the local Wagner-type
solution, derived by Faltinsen et al. [34] for the bottom slamming of a Very Large Floating
Structure (VLFS), have been used. The main characteristic of Wagner method is that it
accounts for the local up-rise of the water, while von Karman method neglect the spray
effect, hence the wetted surface length is smaller [37].

2.1.1 Wagner’s slamming model
Wagner slamming model assumes a local small angle β [38]. This model can be used to
asses the space-averaged pressures that matters for structural stresses [37].

Figure 2.2: Definition of outer, inner and jetflow domain
on the top. Uprise of the water caused by the impact on the

bottom.

For the purpose of this work, only
the outer flow domain, shown in
Figure 2.2, is described. The in-
tersection between the free sur-
face and the body surface, within
the outer flow domain, is very
close to the spray root. As shown
in Figure 2.2, V0 · t corresponds
to the submergence of the lowest
point of the structure relative to
the calm water surface. However,
as shown in Figure 2.2, the im-
pact cause the up-rise of the wa-
ter.
At each time instant the boundary
value problem, shown in Figure
2.3, have to be solved. Being the
angle (β) small (0◦ < β < 4◦),
the body boundary condition re-
quires that no flow through the body surface is transferred to a straight line between -c(t)
ant c(t) using Taylor expansion. Furthermore, in Figure 2.3, is possible to notice that the
free-surface condition ϕ = 0 at z=0 is used, considering that, during the impact, the fluid
accelerations in the vicinity of the body dominate over gravitational acceleration.
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2.1 Introduction

The solution of the boundary value problem, shown in Figure 2.3, is given from the com-
plex velocity potential [39]:

Φ = ϕ+ iψ = iV0Z − iV0(Z2 − c2)1/2 (2.1)

where, Z=x+iz is a complex variable, ϕ is the velocity potential and ψ is the stream func-
tion.

Figure 2.3: Boundary-value problem for the velocity potential ϕ in the analysis of the impact
between a two-dimensional body and the water.

Knowing the complex velocity potential is then possible to derive the complex velocity as:

dΦ

dZ
= u− iw = iV0 − iV0

Z

(Z2 − c2)1/2
(2.2)

Equation 2.2, considering the boundary conditions and the underside of the body z=0−,
gives:

Φ = ϕ+ iψ = iV0x− V0(c2 − x2)1/2 for |x| < c, z = 0− (2.3)

which means that the velocity potential on the body can be written as:

ϕ = −V0(c2 − x2)1/2 for |x| < c, (2.4)

2.1.2 Application of Wagner’s model to the STC

Figure 2.4: Formation of an air pocket during entry of a
body with a horizontal flat bottom.

The shallow draft of the torus im-
plies that slamming will occur in
wave conditions where the wa-
ter is shipped on deck. Further-
more, the angle between the free
surface and the bottom is smaller
than 5◦ and very rapid changes of
the wetted area close to the edge
occur.
For a body with a horizontal flat
bottom that hits the free-surface,
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Chapter 2. Slamming

as the one shown in Figure 2.4, it can be noticed an initial phase identify by the forma-
tion of a compressible air pocket between the body and the free-surface. In order to take
into account the effect of the air cushions, the airflow is neglected and the cavity pressure
related to the cavity volume is modelled by an adiabatic relationship:

p = pa

[ V ol0
V ol(t)

]γ
(2.5)

Herein,

• pa is the atmospheric pressure;

• V ol0 is the initial volume at closure of the air cushion;

• γ = 1.4 treating the air as an ideal gas.

In order to analyze the problem it is important to notice that close to the first impact
location, the water free surface can be approximated by a straight line. Furthermore is
going to be assumed that the involved spatial and time scales are so small that the local
solution can be approximated as a perturbation of the flow variables numerically obtained
at the impact instant. Finally the possibility that on the front side of the structure air
cavities of the type shown in water-shipping phenomena are formed is neglected.
The vertical velocity of the body, V0, before the impact is supposed to be constant. The
flow due to the impact is then solved in the same way Wagner did for two-dimensional
impact of a rigid body on an initially calm free surface. Differently from Wagner’ solution,
it is assumed that the body-free surface intersection point (x=0) does not change.
The following section presents the local analytical solution for the slamming load of the
STC.

2.2 Wave impact on the torus
In coordinate system x1o1z1, the velocity potential Φ on the wetted body surface according
to equation 2.2 is:

Φ = −V0(c2 − x2
1)1/2 |x1| < c(t) (2.6)

From the solution of the boundary value problem, it follows

∂Φ

∂z
=

V0|x1|√
x2

1 − c2(t)
− V0 on z = 0, |x1| > c(t) (2.7)

and

WR =
∂Φ

∂z
+ V0 =

V0|x1|√
x2

1 − c2(t)
− V0 on z = 0, |x1| > c(t) (2.8)

herein, WR is the relative vertical velocity between the fluid particles on the free surface
and the body.

28



2.2 Wave impact on the torus

Figure 2.5: Two coordinate systems at the front of a wetdeck.

The relation between the coordinates xoz and the coordinates x1o1z1 is{
x = x1 + c
z = z1

(2.9)

Then we can obtain the reformation of equations 2.6, 2.7, 2.8 in coordinate system xoz as

Φ = −V0

√
c2 − (x− c)2 = −V0

√
x(2c− x) 0 < x < 2c(t) (2.10)

∂Φ

∂z
=

V0|x− c|√
(x− c)2 − c2

−V0 =
V0|x− c|√
x2 − 2cx

−V0 on z = 0, x < 0 or x > 2c(t) (2.11)

WR =
V0|x− c|√
x2 − 2cx

on z = 0, x < 0 or x > 2c(t) (2.12)

Focusing on one fluid particle with a given x-coordinate, at time instant t, this particle
intersecting the body surface, then the distance during this time period that the particle
moves is

ηb(x) =

∫ t

0

V0|x− c|√
x2 − 2cx

dt (2.13)

here t=0 corresponds to initial impact and ηb(x) is a known function which is

ηb(x) = xtanβ (2.14)

Equation 2.13 is an integral equation that determines c(t), then let

µ(c)dc = V0dt (2.15)

The moving intersection on the right is considered, so (x-c) is positive, then equation 2.13
can be reformed as

ηb(x) =

∫ t

0

V0|x− c|√
x2 − 2cx

dt =

∫ x
2

0

(V0dt)|x− c|√
x2 − 2cx

=

∫ x
2

0

µ(c)(x− c)√
x2 − 2cx

dc (2.16)
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Chapter 2. Slamming

To find an approximate solution of equation 2.16, we can assume that

µ(c) ≈ A0 +A1c (2.17)

Then

ηb(x) ≈
∫ x

2

0

(A0 +A1c)(x− c)√
x2 − 2cx

dc =
2

3
A0x+

1

5
A1x

2 (2.18)

From equations 2.14 and 2.18, it follows

xtanβ =
2

3
A0x+

1

5
A1x

2 ⇒
{
A0 = 3

2 tanβ
A1 = 0

(2.19)

From equation 2.15, it follows

3

2
tanβdc = V0dt (2.20)

Integrate both side of the above equation, it gives∫ c

0

(3

2
tanβ

)
dc =

∫ t

0

V0dt ⇒ c(t) =
2V0t

3tanβ
(2.21)

where t=0 corresponds to initial impact.
Using the velocity potential defined in equation 2.10 define the impact pressure and the
vertical force on the wetdeck:

p = −ρ∂Φ

∂t
= −ρ ∂

∂t

[
− V0

√
x
(
− x+

4V0tx

3tanβ

)]
=

2ρV 2
0 x

3tanβ
· 1√

x
(
− x+ 4V0tx

3tanβ

)
(2.22)

Finally the 2D vertical force acting on the impacting body at time instant t can be expressed
as

F3 =

∫ 2c

0

pdx =

∫ 2c

0

2ρV 2
0 x

3tanβ
· 1√

x
(
− x+ 4V0tx

3tanβ

)dx =
2ρV 2

0

3tanβ

∫ 2c

0

x√
−x2 + 2cx

dx

(2.23)
Let

x = c+ c cosθ θ ∈ [0, π] ⇒ dx = −c sinθdθ (2.24)

Then from equation 2.25 the vertical force is

F3 = − 2ρV 2
0

3tanβ

∫ 0

π

c(c+ c cosθ)sinθ√
−(c+ c cosθ)2 + 2c(c+ c cosθ)

dθ =
2ρV 2

0 cπ

3tanβ
=

4ρπV 3
0 t

9tan2β
(2.25)

30



2.3 Computation of the Slamming force in MATLAB

In this analysis gravity have been neglected which means that the generation of surface
waves as well as the Froude-Krylov and hydrostatic force are disregarded. The latter two
forces are introduced and explained in the next chapter. Being the impact angle between
the structure and the free surface small, the nonlinear Froude-Krylov and hydrostatic force
results to be important relative to the slamming forces [37].

2.3 Computation of the Slamming force in MATLAB
In order to compute the slamming force on the bottom of the torus, the procedure explained
in the previous section have been applied for the torus in MATLAB. Once the slamming
model have been implemented the results have been compared to the experimental results
before writing a Dynamic-Link-Library (DLL) in FORTRAN which is necessary to add to
the equation of motions in SIMO the slamming loads.
The first step of the calculation has been to determine the initial and the final time for each
strip. The strips have been divided in three different categories, as shown in Figure 2.6 and
Figure 2.7:

• central strip

• ”divided” strips

• ”entire” strips

Figure 2.6: Torus central strip.

The impact time is defined as the point where the bottom of the torus touch the water sur-
face. In order to find this impact time the shallow-water approximation, being the waves
long in the studied cases, is considered. This means that even if the slamming will start
from the outer diameter of the torus, the time of the slamming impact is approximated to
the time in which the central point of the bottom of the torus touch the water. Other as-
sumptions, as previously explained, are the relative angle and the vertical velocity which
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Chapter 2. Slamming

are considered to be constant during the slamming phenomena. Furthermore, while study-
ing the slamming loads on the STC it has been chosen to not consider the effect of the spar
but to study the torus as if it was a single body.
After have determined the impact instant, the slamming force have been founded integrat-
ing on time the force for each strip. The initial time is different for each strip and has been
calculated through the geometrical consideration, shown in Figure 2.6 so that:

Lsinβ = V0t ⇒ t =
Lsinβ

V0
(2.26)

while the final time have been founded considering the watted surface due to the spray
effect, as explained in the previous section:

2c =
4V0t

3tanβ
⇒ t =

3(2c)tanβ

4V0
(2.27)

Figure 2.7: Torus ”divided” and ”entire” strips.

Finally, as shown in Figure 2.8 the sum of the forces acting on the three different type of
strips have been summed to obtain the slamming loads acting on the torus at each time
step.
In Figure 2.9 the results for the three different type of strips id presented, while in Figure
2.10 the total slamming force is plotted.
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2.3 Computation of the Slamming force in MATLAB

Figure 2.8: Summation of the slamming force on each strip.

In Figure 2.9 it can be clearly seen that the influence of the spar is not considered. That
explain why the force drops to zero. The strip on the right and on the left of the spar, under
this assumption, have been considered to be independent. Moreover, it is possible to notice
that the value of the two peaks of the central strip is the same, while for the ”divided” strips
the second peak presents a lower magnitude. This behaviour can be explained considering
that the diameter of the spar is smaller than the diameter of the torus so the strips will
touch the water at different times. Faster for the strip that touch first the water and slower
for the strips after the spar, as it can be see from the curve at 0.05 s.

Figure 2.9: Slamming force on the central, divided and entire strips considering V0 = 0.2 m/s and
β = 2.3◦.
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Chapter 2. Slamming

The plot of the slamming force on the ”entire” strips shows how this part of the torus
presents the highest values. This result would be different if the affection of the spar is
considered.
From the sum of the forces, presented in Figure 2.10 , it can be notice that the slamming of
the structure is not symmetric. As explained before, this behaviour is due to the difference
between diameter of the spar and of the torus.

Figure 2.10: Total slamming force on the torus considering V0 = 0.2 m/s and β = 2.3◦.
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Chapter 3
Nonlinear buoyancy and nonlinear
Froude-Krylov forces

3.1 Pressure integration method

3.1.1 Calculation of forces with body at mean water level
The response of the STC is calculated for regular long crested deep water waves. Being the
wave very long compared to the diameter of the torus, for the estimation of both the non-
linear buoyancy and the nonlinear Froude-Krylov forces, the shallow-water approximation
is considered.

Figure 3.1: Torus at the mwl position for the calculation of the hydrostatic and Froude-Krylov
forces.

The linear wave theory according to Faltinsen [35] has been used in order to determine
the nonlinear loads on the STC. As the linear forces are already computed in SIMO, is
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Chapter 3. Nonlinear buoyancy and nonlinear Froude-Krylov forces

necessary to add only the nonlinear part, so the difference between the linear and nonlinear
loads. Nonlinear forces are caused by the heave motion of the torus which on the analyzed
conditions passes from being totally submerged to be completely out of the water.
The first step have been to calculate the loads for the torus at mean water level which is
close to the linear case. The linear free surface is described by the z-coordinate as z=0 and
the floater, while calculating the forces, is supposed to be in the mean water level position,
as shown in Figure 3.1. As already pointed out, the approximation of using the mean
position of the torus, is reasonable being the waves long. Indeed studying long waves
means that the depth variation of the velocities and the dynamic pressure which varies
according to ekz is small. Herein, k is the wave number and z is the coordinate system
with zero value at the mean free surface and negative downwards. Froude-Krylov and
hydrostatic forces are calculated according to the linear theory.
After the calculation of the forces for the case with the torus at mean water level, the
nonlinear time and space dependent hydrostatic and Froude-Krylov pressure forces are
studied. According to this second approach, the time dependent position of the torus and
the time dependent wave elevation are considered, as shown in Figure 3.2. Also in this
second case hydrostatic and dynamic pressure are calculated using the linear wave theory,
but the forces are found by integrating the pressures over the exact wetted surface at each
time step [42].

Figure 3.2: Torus and wave elevation different at each time step for the calculation of the nonlinear
hydrostatic and Froude-Krylov pressure forces.

Even if the pressures according to this approach are calculated using the linear theory, the
procedure will be referred to the nonlinear buoyancy and Froude-Krylov forces.
The general formulation of the pressure comes from Bernoulli equation [43]:

p− pa = −ρgz − ρ∂Φ

∂t
− 1

2
ρ|∇Φ|2 (3.1)

where:

• pa is the ambient pressure;
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3.1 Pressure integration method

• ρ is the water density;

• Φ is the velocity potentialfor regular sinusoidal propagating waves on infinite water
depth according to the linear theory [35]:

Φ =
gζa
ω
ekzcos(ωt− kx) (3.2)

herein,

– ω is the circular frequency: ω = 2π/T ;
– k is the wave number: k = 2π/λ;
– T is the wave period;
– λ is the wave length: lambda = (g/2π)T 2;
– ζa is the wave amplitude;
– g is the acceleration of gravity;
– t is the time variable;
– x is the direction of wave propagation;
– z is the vertical coordinate.

In equation 3.1 the first term represents the linear hydrostatic pressure, the second term is
the dynamic pressure linear part while the third terms represents the quadratic part of the
dynamic pressure.
Under the assumptions of inviscid fluid, according to the linear potential theory, the forces
and moments are obtained by integrating the pressure along the wetted surface of the body
[43].

Figure 3.3: Linear hydrostatic, dynamic and total pressure underneath a wave crest and a wave
trough in order from the left. The figure is based on a similar figure in [35].
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Chapter 3. Nonlinear buoyancy and nonlinear Froude-Krylov forces

The linear Froude-Krylov force is obtained integrating the linear part of the dynamic pres-
sure according to the following equation:

pdyn = ρgζae
kzsin(ωt− kx) (3.3)

where x is considered to be equal to zero considering the shallow-water approximation.
The hydrostatic pressure is evaluated with the formula:

phyd = −ρgz (3.4)

The linear pressure behaviour according to linear theory is presented in Figure 3.3. From
the figure it can be notice that the dynamic pressure is negative under a wave trough while
is positive under the wave crest. Furthermore is important to remember that the linear
theory assumes the velocity potential to be constant from the mean free-surface to the
free-surface level [35].
The figure shows also the linear behaviour of the hydrostatic pressure with respect to z.
The hydrostatic pressure is negative above the mean free surface and positive below it.
Being the pressure given relative to the atmospheric pressure means that it goes to zero
at the free surface, so the static and dynamic contributions must balance each other [43].
As it can be seen in the left part of the figure this is exactly satisfied at a crest but not at
a trough, where a higher-order error appears using the linear solution. Higher order error
means that the error is proportional to ζna with an order n ≥ 2.

Figure 3.4: Nonlinear buoyancy and Froude-Krylov forces acting on the torus for the case with
H=9 m and T=11 s and body at mean water level calculated applying the pressure integration

method.

Once the pressure distribution is known for each point of the domain, considering that
the torus is always at mean water level the pressure have been integrated over the top and
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3.1 Pressure integration method

bottom surfaces depending from the wave elevation at each time step.

F =

∫
S

pndS (3.5)

Figure 3.4 shows buoyancy, Froude-Krylov forces and the sum of the two contribution for
the case with the body at mean water level. It can be notice that the dynamic pressure
have a really spiky behaviour but the sum of the two contributions is more regular. Also
because of the strange behaviour of the dynamic pressure it has been chosen to compare
this calculation with another model, later presented, to prove the consistency of the results.
The accuracy of this solution could be higher considering Wheeler stretching, which is
presented in Figure 3.5. But for comparing the results with another method for calculating
buoyancy and Froude-Krylov force, explained in the next section, this approach has not
been chosen.
Wheeler stretching method is based on the observation that the fluid velocity at the still
water level is reduced compared with linear theory [33]. When applying this model, the
pressure distribution is calculated as explained before until free surface. But, instead of
considering the pressure constant above the free surface, the vertical coordinate is stretched
up to the free surface elevation.

Figure 3.5: Linear hydrostatic, dynamic and total pressure underneath a wave crest and a wave
trough considering the Wheeler stretching approach in order from the left.

3.1.2 Calculation of Nonlinear Forces

Hydrostatic and dynamic pressure have been calculated according to the linear wave the-
ory, but the combination of the variation of the wetted surface with the motion of the torus
will give rise to nonlinear excitation forces [42].
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Chapter 3. Nonlinear buoyancy and nonlinear Froude-Krylov forces

The nonlinear Froude-Krylov force is obtained integrating the linear part of the dynamic
pressure according to the following equation:

pdyn = ρgζae
kz′sin(ωt− kx′) (3.6)

where x′ is considered to be equal to zero considering the shallow-water approximation
and z′ is the actual vertical position of the bottom and of the top of the torus.
The hydrostatic pressure is evaluated with the formula:

phyd = −ρgz′ (3.7)

The nonlinear forces are plotted in Figure 3.6 where it can be seen a that also in this case
the dynamic pressure curve presents several peaks.

Figure 3.6: Nonlinear buoyancy and Froude-Krylov forces acting on the torus for the case with
H=9 m and T=11 s calculated applying the pressure integration method.

3.2 Sclavounos method
This section presents the new formulation of the nonlinear loads exerted on floating bodies
propose by Paul D. Sclavounos [40]. The application of this method saves computational
time, indeed, forces and moments are calculated deriving in time the fluid impulse, while
in the traditional approach the terms of Bernoulli’s equation are derived in time and space.
The application of this method leads to the generalized equations of motions for a rigid
body in an ideal fluid.
Sclavounos formulation consider the nonlinear loads exerted by steep irregular surface
waves on floating bodies in time domain. Instead of applying the momentum conserva-
tion principle, that for this kind of waves does not result consistent, Bernoulli’s equation is
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3.2 Sclavounos method

used to obtain the hydrodynamic pressure acting on the instantaneous body wetted surface.
Knowing the hydrodynamic pressure is then possible to integrate it over the wetted surface
and determine force and moment.
In order to model the irregular ambient waves with large amplitude the linear potential
theory is applied considering a perturbation or a nonlinear method. Furthermore, also the
radiation and diffraction wave disturbances caused by the floating body are studied with
the potential flow theory.
As shown later, the nonlinear wave force acting on the body is founded to be the sum of
the nonlinear hydrostatic force to the time derivative of the Froude-Krylov and radiation-
diffraction impulses. In this formulation the viscous effects are neglected.

Figure 3.7: Body boundary in the center of the figure, fully nonlinear free surface (solid curves)
and ambient wave surface (dashed curve). The ambient wave surface does not consider the

disturbances caused by radiation and diffraction [40].

In Figure 3.7 is presented the boundary value problem. The floating body interacts with a
nonlinear irregular ambient wave.The origin of the coordinate system XYZ is fixed on the
calm water surface.
The main steps to derive equation 3.19, which define the exact nonlinear forces acting
on the floating body, are going to be explained. The total velocity potential ϕ(X,Y, Z, t)
satisfies the following conditions:

• Laplace equation:
∂2ϕ

∂X2
+
∂2ϕ

∂Y 2
+
∂2ϕ

∂Z2
= 0 (3.8)

• the normal velocity of the total potential on the body boundary is equal to the normal
velocity of the body boundary Un:

∂ϕ

∂n
= Un on SB(t) (3.9)

• the total velocity potential satisfies the nonlinear free-surface condition on the non-
linear free surface Z=ζT (X,Y, t):(∂2ϕ

∂t2
+ g

∂ϕ

∂Z
+ 2∇ϕ · ∇∂ϕ

∂t
+

1

2
∇ϕ · ∇(∇ϕ · ∇ϕ·)

)
Z=ζT (X,Y,t)

= 0 (3.10)
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ζT (X,Y, t) = −1

g

(∂ϕ
∂t

+
1

2
∇ϕ · ∇ϕ

)
Z=ζT (X,Y,t)

(3.11)

condition that is satisfied also from the ambient wave potential ϕI

To find the hydrodynamic forces, the hydrodynamic pressure obtained from Bernoulli’s
equation is integrated over the instantaneous body wetted surface SB(t):

F(t) = −ρ
∫
SB(t)

(∂ϕ
∂t

+
1

2
∇ϕ · ∇ϕ+ gZ

)
nds (3.12)

An important assumption of Sclavounos method is that at large distance from the radiation-
diffraction waves vanish.
Applying the transport theorem on the fluid volume enclosed by the nonlinear free surface,
V(t):

d

dt

∫ ∫
V (t)

∇ϕdv =

∫ ∫
V (t)

∂

∂t
∇ϕdv +

∫
S(t)

∇ϕ∂ϕ
∂n

ds (3.13)

where S(t) is the control surface in which are contained the ambient wave and the body-
induced radiation and diffraction wave disturbances.
Applying Gauss’s theorem on the first term on the LHS of equation 3.13 and on the first
term on the RHS:

d

dt

∫
S(t)

ϕnds =

∫
S(t)

[∂ϕ
∂t

n +∇ϕ∂ϕ
∂n

]
ds (3.14)

if then the quadratic term in Bernoulli’s equation are added:∫
S(t)

[∂ϕ
∂t

+
1

2∇ϕ · ∇ϕ

]
nds =

d

dt

∫
S(t)

ϕnds−
∫
S(t)

[
∇ϕ∂ϕ

∂n
− 1

2
∇ϕ·∇ϕn

]
ds (3.15)

and considering that ∫
S(t)

[
∇ϕ∂ϕ

∂n
− 1

2
∇ϕ · ∇ϕn

]
ds = 0 (3.16)

is valid for any velocity potential over a close surface S(t), it is possible to write∫
SB(t)

[∂ϕ
∂t

+
1

2∇ϕ · ∇ϕ
+ gZ

]
nds =

d

dt

∫
SB(t)+ST (t)

ϕnds+ g

∫
SB(t)+ST (t)

Znds

(3.17)
herein,

• SB(t) is the instantaneous wetted surface;

• ST (t) is the nonlinear free surface exterior to the body where the hydrodynamic
pressure vanishes.

If then the body is considered as a point, with no displacement, equation 3.17 becomes:

0 =
d

dt

∫
SI(t)

ϕInds+ g

∫
SI(t)

Znds (3.18)
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3.2 Sclavounos method

where ϕI is the ambient wave velocity potential (ϕ = ϕI + ϕD) and SI(t) is the free
surface of the ambient wave without the body. Equation 3.18 is the free-surface condition.
The meaning of the equation is the integral balance between inertial and restoring effects.
Now, taking the difference between Equation 3.17 and Equation 3.18, multiplying by −ρ
and considering the ambient wave surface inside the body (SWI ) and its surface outside the
body, applying Gauss’s theorem and making some rearrangements it is possible to arrive
to the final expression founded by Sclavounos to describe the nonlinear force acting on the
body:
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(3.19)

3.2.1 Nonlinear buoyancy force

The first term on the RHS of Equation 3.19 represents the nonlinear buoyancy force. Ap-
plying Gauss’ theorem:

FB,1(t) = −ρg
[ ∫

SW
B (t)

Zn+ds+

∫
SW
I (t)

Zn−ds
]

= ρg∀W (t)k (3.20)

Herein, ∀W (t) is the volume enclosed by the body wetted surface and the ambient wave
surface interior to the body and k is the unit vector pointing in the positive z-direction.
From the equation is possible to notice that the nonlinear hydrostatic force on the floating
body point vertically upwards.

3.2.2 Froude-Krylov impulse force

The second term on the RHS of Equation 3.19 represents the nonlinear Froude-Krylov
force which is defined as the time derivative of the Froude-Krylov impulse.
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FB,2(t) = −ρ d
dt

[ ∫
SW
B (t)
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∫
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]

=
dIF−K
dt

(3.21)

IF−K = −ρ
∫
SW
B (t)

ϕIn+ds− ρ
∫
SW
I (t)

ϕIn−ds = ρ

∫ ∫
∀W (t)

∇ϕIdv (3.22)

Where IF−K is defined as FK impulse.

3.2.3 Radiation and diffraction body and free surface impulses and
forces

The third term on the RHS of Equation 3.19 represents the body radiation and diffrac-
tion disturbance impulse and force, while the fourth and fifth terms are the radiation and
diffraction disturbance over the ambient wave free surface. This terms has not been taken
into account. The free surface radiation and diffraction impulse is small compared to the
Froude-Krylov impulse and the body radiation and diffraction forces may be neglected.

3.2.4 Results obtained applying Sclavounos method
As done for the pressure integration method, also with Sclavounos approach, it has been
evaluated the buoyancy and Froude-Krylow force considering the body at his mean posi-
tion. The results are presented in Figure 3.8. From the figure it can be clearly seen that
in this case the Froude-Krylov force has a smoother shape compared to the one obtained
using the pressure integration method. Furthermore, also the magnitude of this force is
smaller.

Figure 3.8: Linear buoyancy and Froude-Krylov forces acting on the torus for the case with H=9 m
and T=11 s calculated applying Sclavounos method.

44



3.2 Sclavounos method

To calculate the strongly nonlinear buoyancy and Froude-Krylov forces the time depen-
dent position of the torus and the time dependent wave elevation have been taken into
account. Considering the shallow-water approximation the body wetted surface, neces-
sary to calculate both buoyancy and Froude-Krylov forces, have been always computed as
the difference between the bottom of the torus and the wave elevation at each time instant,
which means that the force in considered to be constant along the x-direction at each time
step.

Figure 3.9: Nonlinear buoyancy and Froude-Krylov forces acting on the torus for the case with
H=9 m and T=11 s calculated applying Sclavounos method.

Figure 3.11 shows that considering
the Froude-Krylov force it has been
noticed that evaluating the velocity
of the body constant in the vertical
direction and multiplying it for the
wetted surface of the torus gives re-
sults close to the formulation pre-
sented where is considered the dif-
ference of the velocities, plotted in
Figure 3.10.

Figure 3.10: Horizontal velocity distribution
under a wave crest and under a wave trough

according to the linear theory.
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Figure 3.11: Difference in considering constant or varying velocity in Sclavounos method.

3.3 Comparison between the pressure integration method
and Sclavounos method

Finally, in Figure 3.12 and in Figure 3.13 are presented the comparison between the two
methods considered for calculating the buoyancy and Froude-Krylov forces.

Figure 3.12: Comparison between the pressure integration and Sclavounos method for the case
with H=9 m and T=11 s and the structure at mean water level.
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3.3 Comparison between the pressure integration method and Sclavounos method

For both the case with torus at mean water level and with the torus moving, it can be clearly
seen that both the buoyancy and Froude-Krylov forces present a different behaviour. If the
sum of the vertical force is considered, it can be notice that the results are really close. For
the case with the floater at mean water level the vertical force is almost the same while for
the case that consider the motion of the torus, a small difference is noted for the time in
which the body is fully submerged.

Figure 3.13: Comparison between the pressure integration and Sclavounos method for the case
with H=9 m and T=11 s considering the motion of the structure.

As Sclavounos method presents an easier formulation it has been chosen as solution to be
implemented in SIMO.
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Chapter 4
Experimental results

4.1 Description of the model test
In order to have a clear understanding of the test results is important to understand the
conditions under which the model tests have been carried out. For this reason this section
describes the test set up. The information have been taken from the doctoral thesis of Ling
Wan [2].

Figure 4.1: Layout for the testing facility in the MAARINTEK [2].

The test set up layout in the MARINTEK towing tank is shown in figure 4.1. The towing
tank has a length of 260 m a breadth of 10.5 m and a water depth of 10/5.6 m. In the studied
case the model was placed in the area with 10 m depth. During the tests four-resistance-
type wave probes were used to evaluate the wave elevation, while the body motions have
been tracked by cameras that were sending the data to the amplifiers and then to the control
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system. The wind conditions have been generated by two rows of fans located in front of
the model.
In the survivability test, eighteen HBM DF-2S water-proof bending load cells have been
installed in order to measure the forces between the spar and the torus. The cells rigidly
connected the bodies and measured the total forces. The body motions have been recorded
using the Qualis system with 3 reflection balls and 8 cameras.

4.2 Model used for the MARINTEK survivability test

Figure 4.2: STC model, coordinate systems and various components in the MWL with large disc
survival modes in the MARINTEK survivability test.

In Figure 4.2 is presented physical model that have been used in the MARINTEK surviv-
ability test. Figure 4.2 shows the inertial coordinate system used, where the z-direction is
positive upwards, x-direction is positive in the wave maker direction and the y-direction is
established following the right-hand rule. The origin is set at the intersection between the
still water surface and the vertical axis of the spar.
In the survivability tests, the aerodynamic effect of the wind turbine have been modelled
using a small disk with a diameter of 15 cm, while in the operational conditions the disk
diameter used if of 1.85 m.
The dimension at full scale of the model tested at MARINTEK are presented in Table 4.1,
while in Table 4.2 the mass properties for the MWL model are reported.
Finally in Table 4.3 shows the natural period and the damping ratios, already presented in
Table 1.4, founded performing the decay tests are presented for surge, sway, heave, roll
and pitch.
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4.2 Model used for the MARINTEK survivability test

Dimension
Diameter [m] 10Spar lower portion Length [m] 108
Diameter [m] 6.45Spar upper portion Length [m] 24
Diameter [m] 5.5Tower Length [m] 77

Spar and Tower Draft for MWL mode [m] 122
Height [m] 8
Outer diameter [m] 20
Inner diameter [m] 8Torus

Draft for MWL mode [m] 4

Table 4.1: Dimensions of the models tested at MARINTEK at full scale [2].

Mass properties MWL survival mode STC Spar, Tower and Wind Turbine Torus
Total weight [ton] 10036.25 8891.25 1145.00
Ballast [ton] 4276.25 4276.25 0.00
C.O.G. form WL [m] 67.50 76.50 0.00

Rxx 88.50 94.50 7.00
Ryy 88.50 94.50 7.00

Radius of gyration

with respect to WL [m] Rzz 4.5 4.00 7.00

Table 4.2: Mass properties in the MWL survivability mode for the model tested at MARINTEK [2].

D.O.F. Surge Sway Heave Roll Pitch
Natural periods [s] 98 93.1 12.8 36 36.6
Damping ratios [%] 4.4 - 6.5 - 4

Table 4.3: Natural periods and damping ratios for the MWL survival mode [2].

Finally in Table 4.4 are presented the scaling factors for different variables. The model
tested at MARINTEK was down scaled using Froude scaling with a ratio of 1:50.

Variables Scale factor Value
Linear Dimensions (D) λ 1:50
Fluid or structure velocity (u) λ1/2 1:7.07
Fluid or structure acceleration (a) 1 1:1
Time or period (t) λ1/2 1:7.07
Structure mass (m) λ3 1:1.25·105

Structure displacement volume (V) λ3 1:1.25·105

Force (F) λ3 1:1.25·105

Moment (M) λ4 1:6.25·106

Table 4.4: Scaling factors for different variables [2].
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4.3 Test results
In this section, some results for the three environmental conditions studied for the STC in
the MWL survival mode are presented 4.5.
The test examined have been carried out with regular waves.

MWL STUDY CASES
H [m] 9 9 9
T [s] 11 13 15

Table 4.5: Regular wave test studied in order to investigate the slamming phenomena.

Due to the shallow draft of the torus and the large body motions, in the survivability model
test the phenomena of water entry and exit is accompanied by slamming and water on
deck. The nonlinear phenomena have been observed for-incident wave periods within the
resonance region of heave motion.
In Figure 4.3 presents the snapshots for the incident waves with H=9 m and T=13 s. From
the figure it can be clearly seen that being the waves regular, slamming is periodic. Fur-
thermore it can be notice that the magnitude of the vertical force is much bigger than
the magnitude of horizontal force. As previously pointed out, it is possible to see how
slamming loads appears in both the vertical and the horizontal forces.

Figure 4.3: Strongly nonlinear phenomena in the model test for incident waves with H=9 m and
T=13 s.

Figure 4.5 shows the physical investigation of motions and interface forces for the incident
waves with H=9 m and T=13 s. In the lower part the relative vertical motion, heave and
pitch motions are plotted. The relative vertical motion (sr) is defined as the difference
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between undisturbed wave elevation (ζ0) estimated at the origin of the coordinate system
and the measured heave motion of the torus (η3):

sr = ζ0 − η3 (4.1)

In order to define when the torus is totally in or out of the water the relative vertical
motion and the torus draft and freeboard are compared assuming the wave length to be
much bigger then the torus diameter and the surge motion at the still water line small
compared with the wave length.
In the figure both x and y axes are non-dimensional, indeed the time is divided by the wave
period T, the transnational motions are divided by the incident-wave amplitude ζa = H/2,
the rotational motions are divided by the incident wave steepness kζa, while the force
parameters are divided by ρV g with ρ the density of the water, V the submerged volume
of the torus and g the gravitational acceleration.
To better understand Figure 4.5, the different phenomena and the position of the STC can
be seen in Figure 4.4 and described as:

Figure 4.4: Strongly nonlinear phenomena in the model test for incident waves with H=9 m and
T=13 s. In order from the left: water entry (a,b), green water (b,c) and water exit (c,d).

Figure 4.5: Physical investigation of motions and interface forces for the cases with H=9 and T=13.
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a) water entry:
beginning stage of the wave entry event. The torus is going downwards and the pitch
motion is negative. This condition induces high-frequency and relevant peaks on the
interface force;

b) water entry/green water:
at this instant the water reaches the torus top and invades the deck, starting the WOD
event;

c) green water/water exit:
after have reached the maximum amount of water shipping the torus goes upwards
and reach instant c where the torus starts going out of the water;

d) water exit:
at this instant the torus is totally out of the water, the gravity force starts to be
dominant. This instant is followed by a new water-entry event with slamming.

The occurrence of slamming and WOD is also plotted in Figure 4.6. In both Figure 4.5
and 4.6 the yellow lines represent the top and the bottom of the torus.
In the process described, characterized by the WEE, slamming and WOD phenomena, the
interface forces are strongly influenced by the nonlinear forces induced by the incident
waves while the motions responses are not significantly affected.
Finally it is important to notice how, in the test done for the MWL survival mode the heave
motion amplitude is not the only parameter affecting the slamming peaks but also the rel-
ative phases between the different motions and the wave elevation counts.

Figure 4.6: Occurrence of slamming and green water for the cases with H=9 and T=13.
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4.4 Slamming peaks and validity of the slamming model
selected

Table 4.6 shows the experimental results for the slamming force that are also plotted in
Figure 4.7. As explained in the Slamming Chapter, in order to predict the slamming force
is necessary to know the relative angle of the torus and the velocity at the impact instant.
This data are reported in the table below together with the results obtained from the MAT-
LAB script for the slamming force. As it can be clearly seen from the table the results are
quite accurate. Furthermore it can be notice that the angle at the impact instant is between
4 and 5 degrees.

Slamming
Time [s] 82.25 84.09 85.93 87.77 89.61
Relative angle [Deg] 4.814 4.830 4.834 4.845 4.859
Velocity at the impact instant [m/s] 0.325 0.323 0.320 0.320 0.325

Force peaks due to slamming
Experimental results [N] 82.25 84.09 85.93 87.77 89.61
Calculated in MATLAB [N] 86.69 85.34 83.70 83.50 85.90

Table 4.6: Slamming force and parameters for the calculation of the slamming in MATLAB.

Figure 4.7: Slamming peaks for the cases with H=9 and T=13.
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Chapter 5
Numerical analysis

5.1 Inroduction

In this Thesis, in order to study the behaviour of the STC in the MWL survival mode
under extreme environmental conditions, numerical simulations are performed using the
time-domain code SIMO [3] , which is based on the linear potential theory. Furthermore,
a simplified nonlinear wave load model in SIMO (which is basically a correction of the
linear model considering the nonlinear buoyancy force, the nonlinear Froude-Krylovforce,
and the slamming force) have been developed and implemented in the code.
SIMO is a time domain simulation program for investigate the motions and station keep-
ing of multibody systems. It includes flexible modelling of station keeping forces and
connecting force mechanisms.
SIMO calculates the response by nonlinear time domain analysis by imposing dynamic
equilibrium in every time step. As explained in the introduction section, the dynamic
equation of motion depends on both time and frequency. Retardation functions consider
the frequency dependent added mass, damping terms and harmonic loading [44]. The
frequency domain equation of motion is reached starting from the dynamic equation of
motion in time domain and then applying a convolution theorem, Fourier transform and
establishing the retardation functions. The aim of retardation functions is to calculate si-
multaneous response dependent on both frequency and time.
The works done by the external loads is equal to the works absorbed by the structure which
includes internal, dissipative and inertial forces and is used to account the structural damp-
ing. The main assumption of Rayleigh damping is that the damping is proportional to the
mass and stiffness matrices of the dynamic equation of motion.
The Newmark-Beta implicit iteration method is used for time integration.
In case of load histories with turning points and limit points, the load-displacement history
is calculated applying Newton-Raphson method.
As SIMO is a linear code, it calculates linear buoyancy and Froude-Krylov forces.
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5.1.1 Simulation parameters
In Table 5.1 are listed the time parameters of the simulations. Time step identify the
time length at which the dynamic equilibrium equation is solved by SIMO, while the time
increment is the time in which SIMO records the outputs requested.

Simulation Length Time step Requested time series length Time increment
5000 s 0.001 s 5000 s 0.005

Table 5.1: SIMO simulation’s parameter.

5.2 Nonlinear numerical modelling
To obtain accurate results in SIMO slamming, nonlinear buoyancy and nonlinear Froude-
Krylov forces are studied and implemented to the solver. If for the slamming analysis
the angle between the torus and the local slope of the incident waves in the incident-wave
direction is considered, both the nonlinear buoyancy and the nonlinear Froude-Krylov are
estimated considering the shallow-water approximation, being the waves long in the stud-
ied cases.
The impact on the bottom of torus is considered to start from the outer circle, being the
incident waves sufficiently long. The evaluation of the angle between the torus and the
incident wave make possible to apply a strip-theory approach in the local x-direction. For
each strip the local Wagner-type solution.
This force components are then added to the equation of motion at each time step to de-
scribe the dynamic responses of the STC.

5.2.1 Slamming
As pointed out in the Slamming chapter, the slamming loads are founded considering:

• instant of the impact (ti)

• velocity at the instant of the impact V0

• angle at the instant of the impact β

The solution have been chosen after the analysis of the experimental results where the
impact angle has been founded to be in the order of 2◦ - 5◦. The angle depends mostly
on the pitch angle of the structure, being the waves considered long. As it can be clearly
seen in Figure 5.1 the pitch in the simulation done with SIMO is not stable and does not
converge. Furthermore the pitch angle, shown in Figure 5.2 has been founded to be with
a value always close to zero at the instant of the impact. This mean that the slamming
solution proposed, based on the velocity and the angle of the experiments, is not reliable.
Indeed with small angles the method analyzed gives really high value which does not allow
SIMO to find the equilibrium at each time step.
An unstable behaviour, as shown in Appendix A have been founded also for the surge,
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5.2 Nonlinear numerical modelling

sway and roll motions. Furthermore heave and yaw motions are convergent but presents
an offset.

Figure 5.1: Pitch angle for the case with H=9 m and T=11 s.

Figure 5.2: Focus on the pitch angle for for the case with H=9 m and T=11 s.

The unstable behaviour of the pitch could be caused by the nonlinear Buoyancy and
Froude-Krylov forces that are applied to the center of the torus in the z-vertical direc-
tion. This loads could cause a moment that makes the simulation unstable. But what is
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clear, also when no external forces are added is that the pitch of the model does not agree
with the experimental data. This means that is not possible to implement the external DLL
slamming force to the torus.

5.2.2 Nonlinear buoyancy and Froude-Krylov forces

As explained in the chapter Nonlinear buoyancy and nonlinear Froude-Krylov forces,
Sclavounos method has been chosen to evaluate the nonlinear buoyancy and nonlinear
Froude-Krylov loads on the STC.
As the linear forces are already considered by SIMO it have been necessary to remove
from the total nonlinear vertical force calculated with Sclavounos method the linear part.
Considering the equation of motion in the vertical direction:

(M33 +A33)ẍ3(t) +B33ẋ3(t) + C33x3(t) = F ′D(t) + F ′FK(t) (5.1)

and defining FV as the sum of nonlinear buoyancy and nonlinear Froude-Krylov:

(M33 +A33)ẍ3(t) +B33ẋ3(t) = FV (t)− (F ′FK(t)− C33x3(t)) + F ′D(t) (5.2)

Figure 5.3: Vertical nonlinear Sclavounos, linear hydrostatic and linear Froude-Krylov forces for
the case with H=9 m and T=11 s.

Figure 5.3 shows the vertical nonlinear Sclavounos, linear hydrostatic and linear Froude-
Krylov forces while in Figure 5.4 is presented the total nonlinear load that have been
implemented as external DLL force and implemented in the SIMO analysis.
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Figure 5.4: Total nonlinear load for the case with H=9 m and T=11 s.

5.3 MWL SIMO tests

5.3.1 H=9 m and T=11 s

Figure 5.5: Coupling force in the vertical direction for the case with H=9 m and T=11 s.
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Figure 5.5 presents the results of the interface force in the z-vertical direction for the
case with H=9 m and T=11 s. As explained before, this is the numerical results obtained
from the SIMO simulation in which the nonlinear buoyancy and nonlinear Froude-krylov
forces calculated using Sclavounos method have been implemented to the model as ex-
ternal force. In the figure it can be notice that the vertical force increases while the body
is going into the water and reach the minimum value when the body is completely out of
water. The force is periodic being the test done in regular wave conditions.

5.3.2 MWL test for H=9 m and T=23 s (linear case)
Figure 5.6 presents the numerical results of the analysis of the linear case (H=9 m and
T=23) of the STC in the MWL survival mode. The motions of this simulation, presented
in appendix A, are all convergent. In this case there is not the necessity to implement
additional loads to the analysis. From the figure it can be seen that the forces on the
structure are much smaller. Indeed in this case the structure is never fully submerged or
out of water so the loads results to be reduced compared to the one presented in Figure
5.5.

Figure 5.6: Coupling force in the vertical direction for the case with H=9 m and T=23 s.

5.4 Comparison of experimental and numerical results

5.4.1 MWL test for H=9 m and T=11 s
Figure 5.7 presents both the experimental and the numerical results of the interface force
in the z-vertical direction for the case with H=9 m and T=11 s. The different phase,
explained in Figure 4.5 can be founded in both the experimental and numerical results.
From the figure it can clearly seen the accuracy of the maximum value of the force while
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the behaviour of the body when body out of water is not accurate. indeed this phase seems
to last much longer in the experimental results. Furthermore the curve of the experimental
results shows the slamming loads and the vibrations that are consequence of the violent
impact of the structure. For the numerical results, as explained this force have not been
implemented.

Figure 5.7: Comparison of numerical and experimental results for the coupling force in the vertical
direction for the case with H=9 m and T=11 s.
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Chapter 6
Conclusion discussion and
recommendations for Future Work

6.1 Conclusion

When the STC have been tested adopting MWL survival mode under extreme sea states,
the resonance in heave was excited. This induces large heave motions and wave impacts on
the torus. Due to the resonant behaviors and the strongly nonlinear phenomena the linear
model in SIMO can not provide reliable results. This is why in this Thesis the nonlinear
loads have been investigated.
In order to understand motions and loads of the STC in the MWL survival mode, the
equation of motion have been presented together with a detailed analysis on slamming,
nonlinear buoyancy and nonlinear Froude-Krylov forces.

Slamming has been defined as an impulse loads with high pressure peaks that occurs dur-
ing the impact between the torus and the water. It has been pointed out how the duration of
slamming pressure is of the order of milliseconds and it is very localized in space. Further-
more, the position where high slamming pressure occurs changes with time and depends
on how the water hits the structure.
The shallow draft of the torus and the large body motions in the survivability model test
caused the phenomena of water entry and exit is accompanied by slamming and water on
deck that have been explained. The nonlinear phenomena have been observed for incident
wave periods within the resonance region of heave motion. But as explained the slamming
peaks are not affected only by the heave motion amplitude but also by the relative phases
between the different motions and the wave elevation.
The strip theory approach in the local x direction have been chosen to study the problem.
In each strip the local Wagner-type solution for the bottom slamming is applied. This
theory assumes that the free surface can be approximated to a straight line at the impact
location, that the spatial and time scales are so small that the local solution is studied as a
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perturbation of the flow variables numerically at the impact instant and that no air cavities
are formed on the front side.

The linear wave theory has been used in order to determine the nonlinear buoyancy and
nonlinear Froude-Krylov forces on the STC. Nonlinear forces are caused by the heave mo-
tion of the torus which on the analyzed conditions passes from being totally submerged to
be completely out of the water. Nonlinear buoyancy and nonlinear Froude-krylov forces
have been investigated with both the pressure integration and Sclavounos methods. The
pressure integration method consist on the integration over the wetted surface of the hydro-
static and dynamic pressure. The behaviour of the nonlinear Froude-Krylov force resulted
to be strange so in order to confirm the accuracy of the results it has been compared with
the results given by Sclavounos method.
Sclavounos method has been developed in order to save computational time while study-
ing the nonlinear loads exerted on a floating body by steep irregular surface waves. Forces
and moments are calculated deriving in time the fluid impulse, while in the traditional
approach the terms of Bernoulli’s equation are derived in time and space.The application
of this method leads to the generalized equations of motions for a rigid body in an ideal
fluid. According to this method, the nonlinear wave force acting on the body is the sum of
the nonlinear hydrostatic force to the time derivative of the Froude-Krylov and radiation-
diffraction impulses. The nonlinear hydrostatic force on the floating body is shown to point
vertically upwards and the nonlinear Froude-Krylovforce is defined as the time derivative
of the Froude-Krylov impulse. Nonlinear radiation and diffraction forces are expressed as
time derivative of two impulse, a free surface impulse and a body impulse but they haven’t
been considered in this work.
The comparison of the results provided from the two method for both the case in which
the torus is at mean water level and for the case in which is considered the motion of the
structure confirmed the accuracy of the calculations.

Once the nonlinear loads have been studied and the results for the STC plotted using
MATLAB, the numerical analysis using the linear time domain code SIMO started. The
MATLAB codes have been translated into Fortran in order to create a DLL which is then
implemented in SIMO as external force at each time step of the simulation. The results of
the nonlinear buoyancy and nonlinear Froude-Krylov forces resulted to be consistent with
the experimental results. The implementation of slamming loads showed that something
in the simulation went wrong. The motions of the structure resulted to not be convergent
and the relative angle between the bottom of the torus and the free-surface resulted to be
much smaller than the one obtained from the experiments in the MARINTEK’s towing
tank. This instability of the motions could be caused by the implementation of nonlinear
buoyancy and Froude-Krylov forces, while the reduced pitch angle could be caused by
some problems in the model used for the SIMO simulations.
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6.2 Discussion
The study of the hydrodynamic loads acting on the STC have been really interesting and
challenging. Finally, once the results for slamming, nonlinear buoyancy and Froude-
Krylov forces have been founded with great disappointment it comes out the problem
of the relative angle of the torus that blocked the implementation of the slamming force.
All the studies related to this topic gave me a deeper knowledge on hydrodynamic loads on
a floating structure. With more time it would have been interesting to see from a structural
point of view the influence of this forces on the torus bottom and to analyze the vibra-
tions induced by the slamming loads on the structure in extreme extreme environmental
conditions that could compromise the structural integrity.

6.3 Future work
The aim of this Thesis was to understand the model, the slamming phenomena and the
nonlinear buoyancy and Froude-Krylov forces. Based on this work recommendations for
future work can be summarized as follows:

• Detailed study of the body motion in the SIMO simulations and analysis on the
pitch angle of the structure. Also without the addition of the nonlinear loads, the
pitch angle results to be much smaller than the one measured in the experimental
test. A check on the model could lead to the correction of this problem.

• Implementation in SIMO of the proposed slamming model. The slamming model
proposed gives good results considering the velocity and the angle at the impact in-
stant of the experimental results. Once the problem of convergence and motions are
fixed in SIMO the implementation of the slamming loads could give really accurate
results and the comparison with the experimental results could be really close.

• Structural analysis considering the slamming loads. Implementing the slamming
force and reaching consistent results could be the starting point to study the effects
of the loads on the STC in the MWL survival mode. The analysis should include the
effect caused by the vibration that are created by the impact of the structure with the
free surface.
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Appendix
Global total position of the STC

Figure 6.1: STC coordinate system with the definition of motions in the 6 D.O.F..

6.3.1 Case with H=9 m and T=11 s
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Figure 6.2: 6 D.O.F. motions for the case with H=9 m and T=11 s.
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6.3.2 Case with H=9 m and T=23 s
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Figure 6.3: 6 D.O.F. motions for the case with H=9 m and T=23 s.
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